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& 4t4E Fvpal 1 E£F Y RNAi P& PAL B85 R FE £
BEau

K Y, AT MmA T, THE T EH EHE

1 Ll Bz e & A T Al AR AR re 7 £ FH IR A FH S S0 2= IR & TR AR5
O Rigm R EME SR E, FiF 201403
2 U R AR RS, I 201306

B E: AFRMET 2413 Flammulina filiformis X /& 282 /& 2B 2 A 1 (F. filiformis PAL genel,
Fvpall)4) RNAi #4k, A& E 69 AREA M 0990-O 4 2k, BILRAEHEIRF 5 AN KRR
B AEALT (RNAI-Fvpall 1-5). SAEMET B A5G &0 2R E AR Dan3 #HATLR R, KFSA
A TR 6 BAZAEALT (ZRNAI-Fvpall 1-5), % R0 T BT Fe AL ST £ PDA 7758
FH B A REE. B4 PAL B8, HLAERAFA LG EZ A Fypall AR RZEEHL, v
I4E Fyvpall A B EABAEE4HEREH L. LRIF, 10 MELT8) Fvpall AR R X RFAH
AR PG AR R F T E(P<0.05), HEFi5LF RNAi-Fvpall 1-5 53] T8 83.41%. 75.92%. 79.69%.
66.49% A2 43.22%, %4LF ZRNAi-Fvpall 1-5 44 T8 80.26%. 45.24%. 34.09%. 84.05%%#=
79.62%; 34T ZRNAIi-Fvpall4 ot 89 9 AN3540F 69 PAL B 7% /) #F 2 F1K T i & B #:(P<0.05).
10 NEEALTF 69 22 /2 PDA 354 Loy &L 4 ubdb b XA Bthk, VAT R LERE L
P READF TR, ARV THTRRRELLE L AR, KFRMET 243 Fvpall
A B RNAI K2, RILZAR 248 R LA T KRG RE LA BFEAER, AHit—FFRE4
% Fvpall & B 69 2h 6 2K B AR L 32485 7 2038 3%

FE48iR: A4+, Fvpall £ F; RNA Fik; #é

(B4 3]
Rk, W, XIEEW, Mbes, FEbE, R, B2, 2025. 44045 Fvpall 229 RNAIL K% PAL % & 56 22 6,25 4305
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RNAI of the Flammulina filiformis Fvpall gene reduces PAL
enzyme activities and mycelial pigment secretion
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2 College of Food Science & Technology, Shanghai Ocean University, Shanghai 201306, China

Abstract: RNA interference for the phenylalanine deaminase gene 1 of Flammulina filiformis (F.
filiformis PAL genel, Fvpall) was constructed, and five gene-silenced mononuclear transformants
(RNAi-Fvpall 1-5) were obtained through genetic transformation by using the mononuclear
strain 0990-(5) (yellow) as the receptor. The five transformants were separately crossed with
monokaryotic strain Dan3 (white) to obtain five gene-silenced binuclear transformants
(ZRNAi-Fvpall 1-5). The Fvpall gene expression and traits of the transformants such as
mycelial growth rate in PDA medium, PAL enzyme activity, and mycelial pigment secretion were
further investigated to verify that Fvpall gene has the function of regulating the color of F.
filiformis. The results showed that Fvpall gene expression was significantly down-regulated in all
10 transformants as compared with that in wild strain (P<0.05). Mononuclear transformants
RNAi-Fvpall 1-5 were down-regulated respectively by 83.41%, 75.92%, 79.69%, 66.49%, and
43.22%, and binuclear transformants ZRNAi-Fvpall 1-5 were down-regulated respectively by
80.26%, 45.24%, 34.09%, 84.05%, and 79.62%. All nine transformants except the binuclear
transformant ZRNAi-Fvpall 4 had significantly lower PAL-ase activity than the original strain
0990-(5) (P<0.05). The mycelial pigment secretion of all the 10 transformants grown on PDA
medium was lighter than that of the original strain, and the colour of the binucleate transformants
became lighter even more significantly on woodchip medium. The fruiting body color of the
binuclear transformants is also lighter than that of the strain 0990-(5). In this study, the RNAi system
of Fvpall gene of F. filiformis was constructed, and it was found that this gene had a positive
regulatory effect on the color of mycelium and fruiting body of F. filiformis. The results provide
preliminary evidence in support of further functional gene research of Fvpall of F. filiformis.
Keywords: Flammulina filiformis; Fvpall gene; RNA interference; colour

&% Flammulina filiformis (Z.W. Ge, X.B.  JrAAFIBUE S5 25 M, JEHIRSZ W b 1X f
Liu & Zhu L. Yang) PM. Wang et al., X FRIE . TH 3% 5 % (Ukaegbu et al. 2018; Flik5s 2021;
KL TANEERR, RIBBEELEA Agaricomycetes,  FHEMZE 2021; FE4E 2021; Luo etal. 2022),
EEukE H Agaricales, JZHIA#l Physalacriaceae HRAE 4 SR A 31 €8 R HL 43R 1 B RN B £
A48 Flammulina GEERABHLR 20185 & WS, BPESH@FRRRER 6, HESH
FRLEE 2021), SEEERTMGW . WIEESE, AN REEE RN, AR A
NHAREWERME, CERAERIE NIRRT, O Ek 25 & HA Takemaru il i FRAL5
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B, 2 B M 22 R 2% A2 1M 45 (Sharma et al.
2021); FRESE — & fHas kA =1 1 5
(TSR B ) Tl o B A T e IS . B
(i SRt A o S e g N = I N B s O = R
EHh an A 4 2023),

o 38 3 0 28 RN G A8 A T TR N A s
SR s AR AR AT T OF5E, b s ek
PE, FENERYE, HORKRERS T MR PR
SxREM 2438 Je AR R AR A B €8 o (RN 4 B o 7 SR
P4 € S Pl — X S5 35 PR ol 18 2 Pl 22 X S
TSI UL 25 . I, TR 51 HE ST
AR 7 VR At SR B s AR iR AT
RAMSE(Kong et al. 2004; 554 2004; M
FioedE 2007a, 2007b; XIAHME 2016). XA B
(016)F2 ML T B A g4t ahh R, K Hoh
3.4- BN E MR (DOPA)V K A4 25 LA T i
R 8 B 1 8 2R OGRS Ve, & e
04 B 4 1) 8 4R A ) B AL T (SOD) I 4 WY Jd A1
T A, (HEEZRRENE R ER T A6, dF—
o 3o 2 SR L RN S O R B PCR % LIS
F R R CL1942 contig2 . CL1942 contig3 .
CL1942 contigd fEE O &5 PR LR T
H it s, e I R EA R S S R
i it 55 R 1 22 TR B VAR G o

KN & IR f# % I8 (phenylalanine ammonia-
lyase, PAL, EC4.3.1.24)% WL MY MERE T, £
BAE R LR R I 22 2 2R il X R
M2 o PAL W 2 AR P Le it is A2 1) g 5 | & 7], 7R
PIGE AR 1A N 22 OB ARhg %, ] =
ARFORNER, WEE , RE, FOK., &
HE . AREAHAB RSP (Kong 2015),
AN, BRI R L PAL Y 55 HE 4 1 S5 fe 2 45,
A, ITEREYPL | P e F AR (2
ME254E 2017; Fanetal. 2022; HAFHESE 2022;
Zhao et al. 2022; Zhang et al. 2023; Augustine
et al. 2024), A K& HE T PAL BYHHICHF 5T HIE

WD AR /DB R b Bl e 2 M
PAL JE[, XFHIIRE A 5E /D (Yun et al.
2015; Lin et al. 2018; Hou et al. 2019; T
2020; Im et al. 2023). HHiA BT & BURE B il H-
FURA ALY PAL S5 PRLELA 98] 5 P45 W36 1 7
fIVEFH (Hou et al. 2019; i 2020), Yun et al.
QOIS)ES ST wEHh sile T PAL JEPH X HZE A
FRAEDEAT 7200, &P PAL FERIFE 2 FIAS[H
KRB Bk b 4G Rk, HAERmAE RS
WEE T —ZEMINEE, Im et al. (2023) % 58
BaF AL, HESE R Fvpal 1 B A
TAGCGCAC i% 6 MM, F2EE 112 F1 113 i
1) 2 NEFEFR O Z R I &R B ; H Fvpall
A PHAMAN A AGCGCAC Bl iy 1
TS A S AR R AR A 52, SR
WA Fvpall & H 5 A 73Sl ™= A 1 5
A A F 2k, 20 Fypal 1 3 RI7E B E 4
B SR B Ty TR % EEEE ] cFu et al.
(2022) 70 B T ¥ 0 4 i SR I Tt A v i 2R
LA AS Ak, I 43 51 4 rh R 68 K 7] e 2 i
1 2K T & R - R -L- 22 B -5,6- T FR R mg| g
(5,6-dihydroxyindole, DHI)/5,6- 5% H05| 248
12 (5,6-dihydroxyindole-2-carboxylic acid, DHICA)-
BORBREMH, & LA AR BT
FORNREAEY A Ean L. 28 Bk,
I Fyvpal 1 2 (K 7] GE 52 I PAL 7E 4 41 4% 4= K
AR, SRR T A SR
HZE . ZEHAMBORETHESOQHY
Jo A2 il

Bt e 3 U P B AR 1 e R, A 1
0 5 B0 G b v HA R R i SRR R
2 RIRNEE R AR AL T P A S T B, A S
RNA T D TR e A i A5 4 DK 2
BN 22 S B R W B RE AT B . T Ak, A
I RNA THRHE AT &4 0 SR D) aedF 5t
Z WA T —ZE W JERE(Lyu et al. 2021; Yan et al.
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2022)., HEI, Fvpall FEHEH 6 LR sk 5
T 0 BB s SR A G, (R
FI T fE M 5% R B R T 43 ) PAL BTG 2 55
&t o B AR AR = B R G . IRA AT .
AHIF 5T P o F4) 4 4 Fvpal 1 JE R 1) RNA
&R, DI AR AR TR RO R R bk,
% RNA-Fvpall % A & PR, Bl RNAL 1L
T 5 H AR AR R MR T A5, e A
b F AU AL F B 2210 PAL BTG . B 228557
MrECR B . Fvpall JER ARG, IR
WAL T 07 LR B A, SRIRTE 441 2s Fypall
FIRENINBE, AR Fvpall 3N 5 441 75 2
By BERIBR A G, DL RO 5 SR 5% 4 4T 4 T
SR €, 135 ML SR A e S

1 S

1.1 #
1.1.1 I E PR R B

TR TRARN 4 5140 B ) SRR TR R 0990-()
A G BAAZIRE R Dan3, ¥ il R
FheE AR L KB 2 S 40 i
DHS5a FIAAT B EHA105 I T i b A= 4 R
BT 2k DPV AR = . 424,
1.1.2 EFZER5

FREIE N DIRE Spel - MiuT | IS =R Bl
(FEB /KRB 22 7)) 5 Ex Tag Mix . RNA $2HL
P Al AR (R A E R A R e A PR
87l); Evo M-MLV Plus ¢cDNA & ik F & . i
R/ R & (SR R AR YRR BR S Wl )
T4 % B R0 S (R AR AR RHE AL ) A R A
F]]; ABScript Neo RT Master Mix for qPCR with
gDNA Remover T2 & (2 128 5o A YR
ABRAT]); AN R R A & G — YR
B (AR,
1.1.3 EHFRE

LB MRS F7 58 LB [BARE SR 3E; D4
R (PDA) S IR s 8 B4 % B (PDB) 3%

I FH T F(induction media, IM): 1 mL
K-Buffer, 2 mL M-N solution, 0.1 mL CaCl, (1%),
1 mL FeSOy (0.01%), 0.25 mL NH,NO; (20%),
0.5 mL Spore elements, 1 mL N = [(50%), 4 mL
MES, 0.5 mL #Zi##(Q2 mol/L), JoE ddH,0 &
2% 100 mL, fFHIEHIA 100 mmol/L LBt T 7
fill(acetosyringone, AS) 0.2 mL, F NaOH m¥, HCI
P15 pH o 5.6; HHEFRE(Co-IM): 15 FHE IR LR
Jn 20 g/L Bifs#r, F NaOH =i HC1 #4745 pH Ky
5.6 RJEHEFEHEL(100 g): FAKE 40 g, KJE 30 g\
Bz 26 g EXM 3 g AF 1 g, BEKE 65%,
pH 6.5, T fbAkdisigi k. g i T Bt ng
4G FOKIES 38.5%, KM 29.5%, #kH 9.6%, #i
Kot 5.4%, KRELJZ 3.2%, MR 4.8%, Fi=cdk
3.2%, Hitt 3.5%, DALAT 1.6%, B IRRERES 0.7%,
FKERY 65%, pH AR,
1.2 B#rF5Ia95=ERM Fvpall £FE RNAi
RIEBAIE

PEHL Fvpall JE [ i — B sras i, Beit
WSy BV RS 5 19, AT RE 0990-&F1
Dan3 ) cDNA SH#AR 314 H #5551 (388 bp),
BB A7 3L S B RNAL 24k DPV ] Spel .
Miu T A7 XEGY], Pt T4 4 B IE A Y
HirJ7 5545 DPV B2tk B b, &
JEtE S AR B BEIR S AL ML (Hyg) &1
) RNA THiFki RNAi-Fvpall, ¥k RNAi-
Fvpall % A KIGFF Rz 540 DHSa, HREL
HupibE, SREUTRL, 2B FI-F/FI-R 5| # ik
AW PCR BIE, L Spel . Mlu I #E47 WG]
YSUE, PCR =4 [nIi f5 6 4 TAEY) TR (L)
B0 AT PR B AT T o A P 5 1 4 L
=1,
1.3 Fvpall EF& RNAi FHiix TiEEHI&

FIGRAER RNAL-Fvpall Foki S ARFT
EHA105 /&2 8400, il @k PCR kil
TR R A5 AR Lepd F1H ML B
RWARFR (20 pL): WK 1 uL, EM514) FI-F
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*1 AWMRFAARSI

Table 1 Primers used in this study

EIRZE20 519175

Primer name Primer sequence (5'—3")

Fve-F GGACTAGTGGAAATGGACCTGCTACACTC
Fve-R CGACGCGTTGACCAATAGTAGGGTCATCG
Hyg-F GATGTTGGCGACCTCGTATT

Hyg-R TCGTTATGTTTATCGGCACTTT

FI-F GCAGGTCCGAGGTACTAAAG

FI-R ATCTCCGGAGGCTGAGATG

Qgpd-F CTCGCTTTCCGTGTCCCTA

Qgpd-R CATGGCAGCCTTGATCTCC

Qfv-F CAAGGCACTAGTGTCTACGGC

Qfv-R CAAGCCTCAGGCATGCTTG

T NRILA G TSN B

Note: Primer sequences underlined are enzyme cleavage sites.

(10 mmol/L) A1 JZ 7] 5| 4 FI-R (10 mmol/L) 4%
1 uL, Ex Taq Mix 10 pL, ddH,O 7 pL. S
JF: 95 °CHZEYE 5 min; 95 °CZE T 30's, 62 °C
Bk 30s, 72°CHEfH 40s, 33 PMEIR; 72 °CHLE
i 10 min,
14 SHERLHERHBILREIFELIE

B #E 0990-& HARL A 5 mm Y BRH53 51
R T & AR 5 R (Hyg) L HY PDA [ R8s
FRIET, Hyg WEIHEE 0.2.4.6.8, 10 mg/L
6 NERRE, BB 3 ANER, 20 °ClH
ERER SR 15 d, WERZAKIEE, ek
1.5 SHWmEERRUREXFIFELE
151 FIZESHERLER

(1) K7E PDA 5373k B#E5E 7-10 d W45
R 22 (R 3R —, D=90 mm)Pk A 1L
i, SN 100 mL PDB 355235, [AJEITHE 30 s,

(2) BUEBR)H & A R ZZIHAR 30 mL 2 A
Y PDB Yigedkt, 20 °cCRrE RO 4 d, 3
FEHE R TR R, IERTI45 10 s. BEkE
TR0 TR 22 PR T4 BRI B TR, 4 000 r/min
B0 10 min, FF VW, IMABSEREANE
AS)ZBULTEYH , BRI 110”4~ /mL %
R ).

1.5.2 RIFEMEHIES

(1) ZE&A 20 mg/L FI#EF (rifampicin, Rif)
#1150 mg/L K% % (kanamycin, Kan)# LB [E 1A
BE SRR RISl A H SR AR T
T 28 CCHEFRAR P B B G TR 1-2 d.

(2) PRBUARETEEF T ImL LB JAR; 73
(% 20 mg/L Rif 1 50 mg/L Kan), 28 °C. 200 r/min
R 3% ODg9=0.5-0.6

(3) BUEBRQ)BEFRIFIA 50 uL AT TR PRIV,
AT 5 mL PDB #5157 25(% 50 mg/L Kan),
28 °C. 200 r/min ¥ % ODgo=0.5-0.6.

(4) BUEERG) T EEFRIF A 1 mL, 4°C,
6 000 r/min £5.0>» 10 min, 3 B3, BilEEET
5 mL SR IR AS 200 pmol/L), 28 °C,
200 r/min 5537 & ODg=0.5-0.6, 1HfLMIARATH
ST BV T4
153 RABENTSHELEREK

(1) BEFTRR 9 4 B 2 P 22 5 R AT A1 TR TR 55
ABURS), #8775 2 min (35 kHz, 160 W), 20 °CH#
B 30 min JEURAT TR ALIEAE R I 57 5
RGN AS 200 umol/L, Hyg 5 mg/L, Sk{EWE
540 Cef 400 mg/L), #% 10 HE

(2) 20 °CipEHEFR , HeRE IR Hyg 5 mg/L,
Cef 600 mg/L, AS 200 umol/L)Z i & i
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Jo, SRR SRSl N PDA i e 5 (F
Hyg 7 mg/L, Cef 600 mg/L) F & 5¢ 478 15 L5 3¢
B RIE 2, 20 °CROEHFE 10 d, it
AR PRI A R TR R T
e [) 0B A BT TR AR Y B TR 22 O HR) 1Y
PDA 1553 (+ Hyg 7 mg/L, Cef 600 mg/L) I3
TrHEFR, BT 20 CCHEFRAAT LR, WSS 22 1Y
KRR O ; PRI % T 22 TR e PR A
iR B TR SR, Bn BRBUA 2R T
TR PDA B, 4k SR 510
1.5.4 HEATFHIIEIE R i

WL s PCR XA FH#EATIR IR, PR
0.1-1.0 pg 2T 50 pL TE buffer #, F PCR Y
H1 97 °CHVE 7 min, FRIFIUFEILF 1M DNA,
BX 2 uL DNA “m#%ti, DA FI-F/FI-R F1 Hyg-F/Hyg-R
J51 YAt PCR Y74, 44 PCR ) InlUs 47
PP A4 T A TR AR A AL, AR
GORTE RS AT
1.6 HUFMBZAEREH Dand XK
PCR I&3iF

W AR R e A 0 TR R A A TR P
Dan3 #4758, A58 PRI o 0 U T A
A BURIK G W Z 58 12, ToaiRIge A I 258
J o K 2 A8 LN B W R R FI-F/FLI-R
Hyg-F/Hyg-R 5| HIKH#HATHIT% PCR Sk,
PCR 7=y Il UG #EA T I (A= T A9 AR (i)
AN Y, AR P 45 SR e S e
1.7 WRHZEE PCR 8 Fvpall EEFRIX
=8

DL Etai gpd JERN NS, AR AL T
DL B R 0990-GF) cDNA R Xt iR, XUk
T LU K H PR 0990-@F Dan3 192422 B bk Y
cDNA Jxf i, FIF RNA $2 U] & (Vazyme)
HEHL RNAi-Fvpall Fll ZRNAi-Fvpall f) RNA,
{i FH ABclonal 1) ABScript Neo RT Master Mix
for qPCR with gDNA Remover i3] & 17 W25
1% RT-qPCR il 25— 20473 i Si I i G 1

cDNA, 55 “EEfT QPCR A, WK Z (20 pl):
2xUniversal SYBR Green Fast qPCR Mix 10 pL,
EAGIH(10 pmol/L)4S 0.4 pL, #ikk cDNA
0.5 uL, Nuclease-free H,O 8.7 pL. KW FEF
95 °CHiZEE: 3 min; 94 °CZEE 5 s, 60 °CiE k
30s, 40 ¥, BRI 3 ANEAL, xRS
HIECRA 27T, HIF qRT-PCR M5 9)F
FIWEE 1,
1.8 BEREBEAFRINZEXFELZEK
REREZLR SRR

WOFE AL B2 K 5 mm 1 BRA% FI AU 64 T
BRR T B4R 2 PDA #i 3 3E FiEITH R, &
4 NEE, RHTFREOGEM GRS 11 d W3
S K, ] Origin B7F pE4T 35 1
43T o
1.9 PAL E§ENE

BIH 1.8 iR 13 d BB 22, FI RN &
fift Z WA G 57— A= BB (L) A BR 2w T
EW 20 PAL Bffi%, H Origin {447 i
G307 o
1.10 WFBEUFERBEFEPHNEK
1HR

Fie R T B SR L mC 5 e B R kL, A
550 g {2k, 121 °Cipi K 4 h, BHIE=R)GE
i ¥ 1 AR BT 22%053°8 1 em x 1 em
LA TR, iR AR | ARSI R IRk
M, $ERVEET 20 CCHERM TR E S, R
P RERIEAS I, AR 24 RN B
1.11 WZEBCFHFIAEEKER

i LLAR F8 0 i St e T P 45 2% 1 ) XA
AL I T R SRS R A 22 KR A A
kP fE, STk B

2 BER54M

2.1 £%t%E Fvpall ZF RNAi BirF513K15E
DU KR 0990-B) 5 RNA FIH# ¥k Dan3 & RNA
AR, 3T Evo M-MLV Plus cDNA & izl
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&IEFT cDNA G, AR EEYIO s 1R 55
¥ Fve-F/Fve-R X315 1) cDNA #4179 14, HLIK
P ST T BT, AT KR 0990-&FN & £ Dan3 fiY
cDNA AR 1414 7= P34 7E 388 bp Ak LA
B, B RN S I —S0E D). K
P PSSR S NCBL _E Y H AR ¥ 51t
FHXF (K 2), Hkk 0990-GF% cDNA $ 14 551
MBS T I RR B 56 345 Bk A 28748 H
T G, {HET gl i) s AN & 2 WEhE , J& IR X
AR, AW S S5, {HEE P Dan3 1) cDNA
Y175 LU R F 51D 6 A (AGCGCAC),
X5 Im et al. (2023)AFFE 4R —5 FIPH I
XTES R =P aifb g T T —25 .
2.2 RNAi EEAFRIEFH A PCR £EKNF
3 E

¥ Spe I Fl Mlu T AUEGYIAL 551 A RNAI H
PRFF Y, S5XUEY R A9 DPV 2P ik 3804 5% 122
¥ 1 2H 22k 8K RNAI-Fvpall (B 3A), KIgHTE
AT PCR A& WL 3B, 5149 FIHh-F/FI-R 3" 4%
25 K/NA 520 bp (F1 153 bp Y Lgpd F1 327 bp
1) RNAI BERFHILK), 6 EA)ET 5 H
K,

PEH Spe I F1 Mlu T WAREEDIA 25 % RNA-
Fvpall 7 8B U0 RSB V) % 58, 3k B
RNAi BP9 R Bl g2 B UIBs, Sl 515

Fypall seq
0990-15_cDNA amplified Fvpall se

Dan3_cDNA amplified Fypall seq G C BGC G C % CTGACCRE CCTCTCRAGCTGCARGC
cactgacca cctctcaagctgcagceagge

Consensus

Fypall.seq i
0990-5)_cDNA amplified Fypall.seq |8
Dan3 cDNA amplified Fvpaliseq |8
Consensus

Fypall.seq C
0990-'5_cDNA amplified Fypall seq |&
Dan3 ¢DNA amplified Fvpali seq |
Consensus

Fvpall seq
0990-5_cDNA amplified Fypall seq g
Dan3_cDNA amplified Fyvpall seq [
Consensus

2 RNAi BFrFHINFEEREEXT

G
agcatctcagcctccggagatttatctectctetcatatgtggetggaaccttgaccgeccaacccatcgatticgegtettegatgga

FIKFE L 12 000 bp LML 2R 1) B — 5571 ;
U5 T 388 bp #1110 000 bp AL ERFEF] T —4¢
THMT R 257 (K 3C), Hirp 388 bp b5 KIS
RNAi HERFFIFEA—EL, 10 000 bp 4N H] LLE
R B JE BAT MR 3 i RNAG-Fyvpal 1 84K,
VLD LI EE T A Hyg B RNAI-
Fvpall JFiki, BEHLPkE 6 1~ RNAi-Fvpall fFT
W TR AR A T PCR J4, Eid59
FI-F/FI-R ¥ 34 H 520 bp 19 A B, HEMAD &
AR R (B 4),

bp M 1 2 3 4

2000
1 000
750
500
250
100

<388 bp

1 &%t% RNAi B#F% PCR =4 1, 2:
PREHERE 0990-69 1 RNAI HARFS; 3, 4: 5§
Witk Dan3 ¥ 1 RNAi HAx)¥751

Fig. 1 RNAi target sequence PCR product of
Flammulina filiformis. M: DL 2 000 DNA marker; 1,
2: The amplified RNAi target sequence of strain
0900-(3); 3, 4: The amplified RNAIi target sequence

of strain Dan3.

LAG AGGC

ACLILAALAILALDLALIGLILGEUGIILICLULLA
tcttcaacatcagcatgctggegtteteccca

Fig. 2 Comparison of sequencing results of RNAI target sequence.
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A lac operator MI13 rev
FI-F (381 .. 400)
CAP binding site Fv-F (574 .. 598)
G1-gpd promoter el

FI-R (882 .. 900)
Fv-R (948 .. 973)

CaMV 35S promoter (enhanced)
CAMY poly4) il
MI13 fwd

RB T-DNA repeat

RNAi-Fvpall
11222 bp

Hyop

\
pVS1 StaA
b
9,
pVSI oriV
B C
bp M123 456728910 bp
s
1
o 7500 10 000 bp
1 000 5000
500 520 bp
250 1
100 000
388 bp
250

3 RNAi #/k RNAi-Fvpall IHERLEE A: RNAi-Fvpall £AEALHE. B: KIBH#EH K
PCR BERZHLVK A5, C: RNAi-Fvpall BU)BE K55 ; M: DL 15 000 DNA marker; 1: RNAi-Fvpall
Fiki; 2. Spel MY RNAi-Fvpall %5747 ; 3: Mlu I #ifff1] RNAi-Fvpall 4547; 4. Spe I A1 Mlu T WU

1] RNAi-Fvpall 574

Fig. 3 Construction and verification of the RNA interference RNAi-Fvpall. A: RNAi-Fvpall plasmid structure
map; B: PCR gel electrophoresis of Escherichia coli liquid; C: Gel electrophoresis of RNAi-Fvpall double
enzyme digestion, M: DL 15 000 DNA marker, 1: RNAi-Fvpall plasmid, 2: Spe I mono-digested RNAi-Fvpal1

bands, 3 : Mlu I mono-digested RNAi-Fvpall bands, 4: pe I and Mlu I double-digested RNAi-Fvpall bands.
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bp M1 23456 78

2000
1 000
750
500
250
100

520 bp

4 RTEIIFEEK PCR BB KE
M: DL 2 000 DNA marker; 1-6: RNAi-Fvpall %
AT TREE R 7: ddH,0; 8: RNAI-Fvpall
kL
Fig. 4 PCR gel electrophoresis of Agrobacterium
engineering bacteria. M: DL 2 000 DNA marker;
1-6:  Agrobacterium  strains  transformed  with
RNAi-FvpalL; 7: ddH,0; 8: RNAi-Fvpal1 plasmid.
23 SHERLNBETTRE FILLER
G 2 ) TR 22 0 T R R AR U AR
&R PDA Kifikk b, a2 Ew 4
K, &AM PDA Bt b, &8ukH
22 AN R B K LG | 2 B SR P ) B Rk
JEOh 4 mg/L I, Bt T 22 i AR K R )
SO LE R B R R R 5 R R TR 22 R PO A A R 2
18, w22 E KB a2 B o R T
6 mg/L I, G5t TE 22 I &AM EE T (K 5).

5 EARMATREIREFHERR PDA BFHE LM
HLZEKER A B. C. D, E THERNE
WRE B0, 2. 4. 6. 8mg/L

Fig. 5 Mycelial growth of Flammulina filiformis on
PDA medium with different concentration of

hygromycin. The mass concentration of hygromycin
fromAto Eis 0, 2, 4, 6, 8 mg/L, respectively.

RPETHIELE R, AR IEEAE PDA Kkt LR
IR EE R 5 me/L mE = H TR ik e+
BT, 7€ PDA 553558 BUBIVEE R 7 mg/L 1
MR THALFET,
2.4 ¥{LFiFER PCR iE
SR P 35— 2 PDA Bi3R3EfE R
TR IR AL, LW LGN ILE 6A. 41 i
R 22 AR BN G R 5 Bk TSR, 153
10 4~ RNAi-Fvpal 1 #l% 1 (& 6B), 10 41551k
T1E PDA #5570 iR, SRR RS
5 N 223647 PCR 1S, P2 RILE 7. )
i PCR =W 45 SR B A A S A B i Ak 1,
Wk A4} RNAi-Fvpall 1. RNAi-Fvpall 2.
RNAi-Fvpall 3 ,RNAi-Fvpall 4 RNAi-Fvpall5,

6 HFEMERBELTFELEKIFR
Fig. 6 Mycelial growth of RNAIi transformants in
primary and secondary screening.

2.5 HUFFIBEEMEZEEESIEN PCR
WELER

I3 PR AL B BR 0990-(5) . RNA-Fvpall 1-5
5 TR Dan3 #E17858, 6 M IAC MR BE R
J& RIRBABURBCE (B 8), VWA Bk
235 3, ¥ RNAI-Fvpall 1-5 5 B #k Dan3
(232 R il 44 0 ZRNAi-Fyvpall 1. ZRNAi-
Fvpall 2, ZRNAi-Fvpall 3. ZRNAi-Fvpall 4,
ZRNAi-Fvpall 5. % 6 2438 k#1717 PCR
YU, PRIk G R W 9,
2.6 Fvpall EERIEIER

WAERESE 13 d Zess bk w2z, AT
R EHEH RNA J5 %5k cDNA, qPCR 4%
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R

s, HSHEREK 0990-OHtk, HZLT
RNAi-Fvpall 1-5 f i Fvpal 1 35 [F 2636 40 3 F
T 83.41%.75.92%.79.69% . 66.49%Fl1 43.22%
(I 10A), 52432k 0990-&xDan3 ML, 7E
W% AL T ZRNAi-Fvpall 1-5 H1 Y Fypal 1 2 [
TR TV T 80.26%. 45.24%. 34.09%.
84.05%F1 79.62% (%l 10B),
27 BEERASMEREZEKIRENELER
5 R 0990-OFL, A%k T RNAI-
Fvpall 1-5 7£ PDA #5555 LI 2R 34

W2 TR, NGBS | KETHE 114),
Hrp#44kF RNAi-Fvpall 1. RNAi-Fvpall 2 #il
RNAi-Fvpall 3 91 22 28 K 3R i 25 fi o

RNAi-Fvpall 4 fpR 224 K B B 2 (K] 12A),
PP 0990-GI) TR 2231 2% ] 43 Wbt R A8 (I,

5 AR RNAT FEAL T 18 2230 5 3 b 5 1 ) o
R R R R 0990-& 1) (K 11B) . T RE 5
Fupall 5 [RXT 4 5t 4 T 22 1 A= K B A i 9%
YRR, 6T TR 22 8 314 €69 3% L BLAT 1E 4%
AR

A bp M123456780910111213 B wp M123456780910111213
2000 B
1000
1000
750 750
500 520 bp 500 517 bp
250 250
100 100

7 BEAETFHERSIYIPCR A WIERIK PCR A EL5H; M: DL 2000 DNA marker; 1-10:
BAb T 11: JRIATERE 0990-®); 12: ddH,0; 13: RNAi-Fvpall Jfiki; B: RNAi-Fvpall B4 5T
PCR %2458 ; M: DL 2000 DNA marker; 1-10: #5461 11: JFURFE K 0990-©); 12: ddH,0; 13:
RNAi-Fvpall [ i

Fig. 7 PCR for specific primers of RNAi transformants. A: Identification results of RNAi-Fvpall, M: DL 2 000
DNA marker, 1-10: RNAi-Fvpall transformants, 11: The original strain 0990-%), 12: ddH,0, 13: RNAi-Fvpal1l

plasmid; B: PCR identification results of hydomycin gene, M: DL 2 000 DNA marker, 1-10: RNAi-Fvpall
transformants, 11: The original strain 0990-%), 12: ddH,0, 13: RNAi-Fvpall plasmid.

A B J C h E SO0 ,
'zf‘"b o4 ot e Y |
Wty s *ﬁ\‘_. B & b ,a( 3 £ & NS 2\
ol TR 1 N RO - i) Iy
S hr g e 2 PR N ]
S L0 o] . W 5 3 «
> v A S A ¢ )
o — _

L N e

8 Bk 0990-© K& RNAi-Fvpall 1-5 5Btk Dan3 X EHKSIKEKEEE  A: 0990-OF1 Dan3 2458
PREGBUIRIE S ; B: RNAI-Fypall 1 fil Dan3 Z45C B BRAOBUIRIE S 3 C: RNAI-Fypall 2 il Dan3 2452 i bk
AIBUIRIK S ; D: RNAi-Fvpall 3 Hil Dan3 2852 H BRI BURIK 53 E: RNAi-Fvpall 4 #il Dan3 2258 [H R Y
BRIREE A F: RNAi-Fvpall 5 fil Dan3 2458 B R A BRIREE A

Fig. 8 Clamp connection of mycelia (indicated with circles) of 0900-& and RNAi-Fvpall 1-5 hybridized
with Dan3. A: 0900-® hybridized with Dan3; B: RNAi-Fvpall 1 hybridized with Dan3; C: RNAi-Fvpall 2

hybridized with Dan3; D: RNAi-Fvpall 3 hybridized with Dan3; E: RNAi-Fvpall 4 hybridized with Dan3; F:
RNAi-Fvpall 5 hybridized with Dan3.
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A B
bp ) bp M 1 2 3 4 5 6 7 8
5 i 2 000
00 1000
1250 750 520 bp
517b A
500 P
250
250 100
100

9 ETEMIFRSIMPCR  A: ZCHIM RNAI-Fvpall #5551 PCR %5E45 5%, M: DL 2 000 DNA
marker; 1-5: ZRNAi-Fvpall #1%1LF; 6: 0990-®xDan3 Z%3ZH #k; 7: RNAi-Fvpall Jiiki; 8:
ddH,0; B: Z&ACHEMRIE HEHAY PCR 4552459, M: DL 2 000 DNA marker; 1-5: ZRNAi-Fvpall fi
HAb¥; 6: 0990-®xDan3 JRIGFME; 7: RNAi-Fvpall Jiiki; 8: ddH,O

Fig. 9 Hybrid strain specific primer PCR. A: PCR identification results of the specific sequences of the hybrid
strain RNAi-Fvpall, M: DL 2000 DNA marker, 1-5: ZRNAi-Fvpall transformants, 6: The original strain
0990-&xDan3, 7: RNAi-Fvpall plasmid, 8: ddH,O. B: PCR identification results of hydomycin gene, M:
DL 2000 DNA marker, 1-5: ZRNAi-Fvpall transformants, 6: The original strain 0990-®xDan3, 7: RNAi-Fvpal1l
plasmid, 8: ddH,O.

A
1.2, B i
1.2+
a
1.0 |1
1.0
5 08 8 b
i & H g 08
ot b X & b
® 5 06 i ® B 6 I
= O “— o
= > L
EZ £2E
= 04 ¢ 5 044
e o
d de C ¢
0.2 e L 0.2 i - L
0.0 N N ™ ) 0.0 o] N v i [ “
O N N & NN NN
qu’ . Q\‘Q . QQQ ‘ Q\“Q . QN‘Q . Q\‘Q (@4— . QQQ . Q\‘Q . Q\Q QQQ QQQ
S S
T & & & 9 N S i s &
AL T Ak T KA T
Mononuclear transformants Binuclear transformants

10 Fvpall fE B U F R UL FHRIRAEKFE  A: Fvpal L 74 IRE B 0990-O M HAZ AL T
RNAi-Fvpall 1-5 i3k ; B: Fvpall 7E 0990-®xDan3 and binuclear transformants ZRNAi-Fvpall 1-5
MFRINER. AR AS [FFRE R R TR R (B 4775 35 22 53 (P<0.05), 1A A ) 7 B R TR IR A7 A8 12 5 22 57
(P>0.05), R

Fig. 10 Expression level of Fvpall gene. A: The expression level of Fvpall gene in 0990-®& and
mononuclear transformants RNAi-Fvpall 1-5; B: The expression level of Fvpall gene in 0990-&xDan3 and
binuclear transformants ZRNAi-Fvpall 1-5. Labeling with different letters indicates significant differences

between strains (P<0.05), while labeling with the same letter indicates no significant differences between
strains (P>0.05). The same below.
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El11 BEEESMUBERGEF13A A XEERAAZE L6 PDA 5574 EryA KGR (GET);
B: XA AT/ PDA RKigR3 B AR (), MARI AKX K : 0990-6) .
RNAi-Fvpall 1, RNAi-Fvpall 2. RNAi-Fvpall 3, RNAi-Fvpall 4, RNAi-Fvpall 5; C: X} IRk AR
WAL T1E PDA 159538 EAAE KASHLQET); D Xt R XU AL 776 PDA 1535358 F (0 2E KAF
(s B: XHREERRFIIUZ 56 AL T PR TE PDA ¥5 3R 55(% 7 mg/L Hyg) B AERAFAL(ET), WZERIH
W K. 0990-®xDan3 . ZRNAi-Fvpall 1., ZRNAi-Fvpall 2. ZRNAi-Fvpall 3. ZRNAi-Fvpall 4.

ZRNAi-Fvpall 5

Fig. 11 Observation of colony morphology (cultured 13 d). A: The growth of control strain and mononuclear
transformants in the PDA medium (obverse); B: The growth of control strain and mononuclear transformants in
the PDA medium (reverse), from left to right: 0990-5), RNAi-Fvpall 1, RNAi-Fvpall 2, RNAi-Fvpall 3,
RNAi-Fvpall 4 and RNAi-Fvpall 5; C: The growth of control strain and binuclear transformants in the PDA
medium (obverse); D: The growth of control strain and binuclear transformants in the PDA medium (reverse);
E: The growth of control strain and binuclear transformants in a PDA medium (including 7 mg/L Hyg)
(obverse), from left to right: 0990-®xDan3, ZRNAi-Fvpall 1, ZRNAi-Fvpall 2, ZRNAi-Fvpall 3,
ZRNAi-Fvpall 4 and ZRNAi-Fvpall 5.

ML FHRAE PDA 5373 1, 5 X 1.ZRNAi-Fvpall2 fll ZRNAi-Fvpall 3 [ 224 K
b F Mk ZRNAi-Fvpall xRk o8 B E T &R 0990-&xDan3 (& 12B).
(0990-&xDan3)#H b, WL RBAMGL, RunE X RREK(0990-G)xDan3)Fli Ak 0990-6)—
2K BEET (I 11C, 11D); Hikk ZRNAI-Fvpall B, 765 2220 8 Bl i s i e i e, {5
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12 HZLEPDAEFEFMEKREE A XHEEFE K 0990-OF AL F RNAI-Fvpal 1 1-5 [ 5 24
AR B XIRE R 0990-@)xDan3 FIXUZHFL LT ZRNAI-Fvpal1 1-5 (918 22 A K

Fig. 12 Mycelial growth rate in PDA medium. A: Mycelial growth rate of 0990-5 and mononuclear
transformants RNAi-Fvpall 1-5; B: Mycelial growth rate of 0990-®xDan3 and binuclear transformants

ZRNAi-Fvpall 1-5.

i T & HRE 0990-), HBfFEH AR
IR0 1 i B ) o 7 A s A% B . 55 %00 R TR
F£(0990-&xDan3)M kb, 5 AR HAL T 1Y 22
2 i J&] 343 43 0 ) 40 J5 B, 3 % B TR AR (0990-
®xDan3)E %, IL4h, 5 AL T ABRETE &
7 mg/L Hyg ) PDA 35552 BAK, BT &
Bk 0990-& i) Fvpal 1 FEH T HLRCRAE 23S
PRAVRIR KA1
2.8 PAL E§/EMELR

5k EE 0990-OFH b, A 5 Ak T
RNAi-Fvpall 1-5 [H2#) PAL BG40 TR T
41.58%. 13.45%. 34.85%. 40.55%. 14.41%
(E 13A), WAZHEALF ZRNAI-Fvpall 1-5 B#2
i) PAL 55X} HRE#R(0990-&) xDan3)tf L 44
B R R, Horf ZRNAi-Fvpall 1 . ZRNAi-Fvpall 2,
ZRNAi-Fvpall 3. ZRNAi-Fvpall 5 735 5% F
[% 36.05%. 21.00%. 51.39%. 27.70% (/& 13B).
ZE TR, 4 RNAI 54541 Fupall JE[H
SENR T RPRY) PAL [

29 Mz FAEKRBIEAERHIEKER

MAZHAFAEAR B B SR b 15 5% 40 d 94
KAEOLILE 14, X 6 NIRRT S P R 223
A T EAE A T, X IR AR (0990-B)xDan3)
DRI 22 530ty ) AR (0 ) o (8 e TR, LT o A
FURK, ULHIXTH E R R 0990-&iE 1T Fvpall
FEN ) RNAIL G -5 Dan3 2452, fE7E STy
TR 22 35 57 B B R0 1 TR 22 S B 204 6. T3 1Y)
A
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A RABHUILE 15, H R EE 9900-G ) MU H
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1 F1 ZRNAi-Fvpall 2 (7SR Bi (3 b,
ZRNAi-Fvpall 3-5 # 75, HoA sk 1
ZRNAi-Fvpall 1 fil ZRNAi-Fvpall 2 1S4
03 T IR 7R (0990-®xDan3), Fkk 0990 Hi
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13 EZ£H PALEEE  A: XIEEK 0990-©F AL AL T RNAI-Fvpall 1-5 H 221 PAL i ; B:
X HE B RR 0990-G)xDan3 FIXUZ 1L ZRNAi-Fvpall 1-5 T8 2211 PAL F#G
Fig. 13 PAL enzyme activity of mycelium. A: PAL enzyme activity of 0990-® and mononuclear

transformants RNAi-Fvpall 1-5; B: PAL enzyme activity of 0990-&xDan3 and binuclear transformants
ZRNAi-Fvpall 1-5.

14 WEELFERBEFEFHEKERL  MEIHKICH 0990-©xDan3, ZRNAi-Fvpall 1.
ZRNAi-Fvpall2. ZRNAi-Fvpall3, ZRNAi-Fvpall4 #1 ZRNAi-Fvpall 5

Fig. 14 Growth of binuclear transformants in sawdust medium. From left to right: 0990-&xDan3,
ZRNAi-Fvpall 1, ZRNAi-Fvpall 2, ZRNAi-Fvpall 3, ZRNAi-Fvpall 4 and ZRNAi-Fvpall 5.
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STRRERRFIRGZEE U FEL WHIEREG T FEFREKER  WAERIAKIKH 0990, 0990-6)xDan3
0990-@xDan3. ZRNAi-Fvpall 1 fil ZRNAi-Fvpall2

Fig. 15 The proliferation of fruiting bodies of the reference strain and the binucleate transformant under
industrial cultivation conditions. From left to right: 0990, 0990-B)xDan3, 0990-@xDan3, ZRNAi-Fvpall 1 and

ZRNAi-Fvpall 2.

3 Wik

AP, R SRR I B T 3 2 4 SOR
WREY G RER G B AR NI G Y fETE &
HAR B A Y R rh B Tz AR R TR
AT 0 T ik 2 5 R U2 R D S R A i A8 1 G
HE B 3 B (Kong 2015 ; Zhang et al. 2023 ;
Augustine et al. 2024) . PAL JE /b T 2 & s 1
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