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Abstract: To investigate the potential functions of the hydrophobin-encoding gene Unigene0004454 from Ganoderma lucidum
strain ZJ-1, gene cloning, bioinformatic analysis, promoter element prediction, and heterologous expression were performed. The
results showed that the full-length genomic sequence of Unigene0004454 was 436 bp, with a cDNA length of 330 bp encoding a
protein of 109 amino acids. Amino acid sequence analysis revealed the presence of the conserved cysteine pattern characteristic of
hydrophobins and indicated a close evolutionary relationship with hydrophobins from Ganoderma leucocontextum and Ganoderma
sinense. Promoter analysis demonstrated that the upstream regulatory region of Unigene(0004454 contains core promoter elements
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(e.g., TATA box), multiple hormone-responsive elements (e.g., ABRE), and stress-responsive cis-elements (e.g., MBS), suggesting

that this gene may be involved in strain growth, development, and stress responses. For heterologous expression, the recombinant

plasmid pET-32a-Unigene0004454 was successfully constructed and transformed into E. coli BL21(DE3). SDS-PAGE and western

blot analyses confirmed the expression of a recombinant protein with an apparent molecular weight of approximately 27 kDa,

demonstrating the feasibility of heterologous expression of Unigene0004454. These findings provide a molecular basis for further

investigation of the biological functions of Unigene(0004454 and support the potential development of hydrophobin-based functional

applications.
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A pET-32a(+) TEM B, SR FIFFVTE, FE5%H
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Jii i W4 PBST # B ) S bt Hishs 25 22 5o B o i v W
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Ja, RN E S wt.% BRI PBST R (1B
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138 #IBoAT

JBIT Microsoft Excel 2019 % PlantCARE 33 Tl
A HEAT 2 B AR 3, R AR 3L 1 EUE 5 N TBtools
2.11 AT AL B 2% . B PyMoL 3.1 %} Phyre 2.0 [
S IO ¥ B 1 = G S AT 4 M

2 #R5HE

2.1 R * Unigene0004454 5 F o 7 [ X = 9115
B

PLR ZF K 4 DNA F1 cDNA AR i 47 PCR
P38, B VK R 3 IR AR — SRS RR S 1 2R
(Kl 1a). Unigene0004454 2K f¥) DNA 434 Fr Bt KB
N 436bp, BE2ANHNET, 3MMET. cDNA ¥
FrBK N 330 bp, WA 109 MNEFEER, & 8 N Cys

abp M 1 2 b

B (I 1b). Unigene0004454 2 K 15 71 & 3% %2 )
NCBI GenBank, %35 N4 PV580075. 7)) Hritn, %
wEAHRAESIK, HHEBUIA AL T2 19 55 20 fi7
FIEREZ 8] . 23 HT Unigene0004454 5 A 5 5T 45 #4915
RO, 5 5~21 MR NRE X (F R E SN
RER A B, M5 29~104 7 23R 8 T 5K & A1
Ry g kg (B 1e). XWREMF 504, 48R RN
HAX 2 7 &N 11 068.77 Da, Z5HL M N 4.68, —
R LEFI Y Xopp-C-X-C-C-X3p-C-X 3-C-X5-C-C-X ,-C-Xs
(C RRFMEARR, X FRHEATREIER) . HRy,
HHEBUKEAY N FEA, 8 &2 100 NEEER
I8/ Cys, 1 FH/KEAM Cys B3N C-X5-C-C-Xo50
-C-Xg3-C-X57-C-C-X,-CPY, AW 58 1 Unigene0004454
HEAM Cys WBIFFE T KREWBU/KE B IRHE. R R
itk Ae i (& 1d) A &1, Unigene0004454 55k H 1 A
R 2 (Ganoderma leucocontextum). 5 =2 (Ganoderma

sinense) HIB/KE RN —H.

20 30 40 50 60

1
1

ATGTTCGCTCGCGTTGCTGCCTTCACCCTCCTCGCTCTGCCCCTCTTTGCGGTCGCCACTCCCACT
M F A RV A A F T L L A L P L F A V A T P T

2000 76 86 96 106 116 126
67 GTCCTCCGTCGTGACAGCTGCAACACCGGTGACATCCAGTGCTGCAACTCCGTCCAGAACTCCAAC
23 v L R R D S CNTGD 1 Q C CN S V Q N S N
1 000
142 152 162 172 182 192
750 133 GAGACCGCTATCTCCACCCTCCTTAGCCTCCTCGGTGTGAACGCTCAGGACATCACGGGCCAAGTT
500 45 E T A I S T LL S LL GVUNA AU QDTITGO Q V
208 218 228 238 248 258
250 199 GGTCTCCAGTGCAGCCCTCTCACCGTCATCGGTGGGGGCGTTGGTTCCTCGTGCTCTCAGGCCCCT
67 G L Q ¢ s p L TV I GG GV G S S C S Q AP
100
274 284 294 304 314 324
265 GTGTGCTGCCAGAACAACAACGT TGGCGGCCTGATCTCCGTTGGCTGCGTCCCCATCCAGCTCTAA
89 v € €C Q NN NV G G L 1 S VvV G C VvV P I Q L *
92 Ganoderma lucidum Glhyd0004454
4'2’1 Ganoderma leucocontextum (KAI1798183.1)
59 Ganoderma si (PIL27537.1)
98 Ganoderma leucocontextum (KA11798187.1)
498,—; Ganoderma sinense (PIL27530.1)
C Ganoderma sinense (P1L34609.1)
99— Trametes pubescens (OJT07042.1)
L Obba rivulose (OCH93162.1)
69 Fomes fomentarius (KAI0764927.1)
Earliella scabrosa (KA10682237.1)
30 Trametes polyzona (KA10635191.1)
[ | 75 Trametes maxima (KAI0674329.1)
36 Trametes meyenii (KA10648899.1)
99 99 — Trametes versicolor (XP 008040945.1)
L— Trametes pubescens (0JT07043.1)
I | 66 Cubamyces lactineus (KAH9896889.1)
0 100 Epithele typhae (XP_047871397.1)
Dichomitus squalens (TBU59272.1)
—
0.050

Bl 1 Unigene0004454 EFE M5 &R EWME BF 5

Fig.1 Cloning and bioinformatics analysis of Unigene0004454 gene

JE: a: Unigene0004454 3B 64435, ki 1 :

PCR 4734 49 (330 bp); M: DNA Marker (100~2 000 bp). b : Unigene0004454 A B 444% 38 5 BB 7). c: Unigene0004454 & &
A PRTFT S MIRAT. D EIHARL LA R, REXRSAHRKTERT LMK, d: Unigene0004454 & & 5 L€ At Fl R & & o9 %
GLHUA. 5P ARRE G GFIERT.

VA A B 20 DNA A AR 49 PCR 3735 =4 (436 bp); #kid 2: vA cDNA A4
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Xof = 28 e B TR0 43 B B T B AR A 5 DR
# Unigene0004454 & [1 [ & % B 7 %1 $& 2 & Phyre
2.0 IR %5, i#id Intensive mode 75 3 15 H = 4k 45 f
A (B 2a). HZH B NRIEE (schizophyllum
commune) 1 2K Bi K & [ hydl. W J5 F F %
(Phanero chaete carnosa) 1 ZREi/KE A FR TR T 5 H
(Serpula lacrymans) 1 KE/KEH, S5HFEEABINE
SR 43%. 44% F 35%. FEFRIETE 7 %N 100% I
BHOUN, PO AR = R A TS KT 90%. 1E
K=, 56 a-12 04, A g S
e it ER:, TR AN UEE ARG,
WAIRGE MR A, TR RS HBUR N E BT, XRhas
PR HE S B K R [ A 3E AR G by — 55152,

2 Unigene0004454 & H I =4 L5 TN ZE R

Fig.2 The predicted three-dimensional structure of the

Unigene0004454 protein
7 : (a) M 49 Unigene0004454 & & = 4454, (b) 548
B I ARKES hydl Z44HM, (c) AREFER 1 RHAE
Bt (d) REFHBE 1 RHKEE Z L.

2.2 Unigene0004454 3L F tY B 30 F % & 5 Th &
T AT

W R B, Bk E AR R E AR A K REES
P EAE T, R S 3T T RE S A R 2
Fifg 5w . AR R TERE T RE
Unigene0004454 FE [ 3 21 X 38 [1) 2 000 bp /751 Xf
ST AT b, AT T B s (E 3. B
R RN, ZRNTFANEEZMRF I (n
TATA-BOX 1 CAAT-BOX), it f & 2 Flt i 2 Wi
Je . B Gn i B K # R 1) TCA-element JG 4, i B
7 #1182 W i 19 CGTCA-motif J¢ 1 A1 TGACG-motif

76

T, M NV B Y ABRE JGAE, W B AE K R T
AuxRR-core JG 1 fil TGA-element JC 1. X R R Z
Unigene0004454 5: A J5 5)) 1 7] 5 52 31X L2 30 R 10 R 4%,
MBS % I R ThBE . bAl, Unigene0004454 3£ [X
EEZI RN IREAE A LiE | REcE /] 7 B =R I DA vy G P i L
AR LTR Joffs 515 3 1 MBS Joft P A S 28
P53 GC-motif T, FRWIIZEE K W] GEXS 2 FhEA S
A S, DT R i HE N P B B RE . S A,
2R B 5 s e R SC I To i (G-boxs
TCT-motif. GTI-motif Al Spl), 3 B 1% & K 1 ) I
FAF AT R RAE LR B ThRE . PR RO T Ak T
(Flammulina filiformis) i /K & [ 2 K FV-Hyd1 B &
W, H bR S 2 A A R, s
ram R G, IR, T55%), UREERES
MG GRETR A Bk IREE), RUNZIERRIE
ZEZMESEmW, #Ms5RESHENEESKE X
X 2 AR B S 3 B o Soanes 25 PR 7T RS 0 B
(Magnaporthe grisea) Bi/K & %5 K MPG1 & &L,
HA Bh 7 X385 58 pH AR e B 7oA AR o
AbaA £ 7 s B A8 N2 o AR A5, 5 e B R B0 1R
J 5y A AR R B R o

2.3 JR % 3k B AkpET-32a-Unigene0004454 1y
k-3

SRR AR A NTE £ BRI R B
KEFF o R LA Kb B 5 st et O )
SRR AR ED . AW R E o TE ik
47 Unigene0004454 25 [ 1) S IR ik X Unigene0004454
SEIR ) cDNA JPBEATY 18, KRB0 A B (B 4a)
e N TR AR AL B 2H R . R I P B IE TG 1% 1) 2 4 R
PEAT EcoR 1 1 Xho 1 XUEFUIALHE, 25 B IR H i
MM (B 4b), WA I T H br 3 4 iR
pET-32a-Unigene0004454, 3 B D4 i 421 B Ak o

2.4 % 4 Unigene00044547 & thi%k 5 %k &
Western blotting 7 17

X HRH E 20 5 (134T SDS-PAGE 43 #fr, 45
N, HEAXEML, BHEOE REREDOEY
BIAFAE R /NGy 27 kDa I 257, X — 45 R 5
D E 2 Unigene0004454 5 [ R/N—8; fRIEEE ]
F H E 5 [ Unigene0004454 78 i W 76 B BAFAE
(¥ 5a). #E—Pilid Western blotting S8 56 F 2 75
KL dREn, STAMNEMLIL, f£4) 27 kDa
WA R E A, %45 RS SDS-PAGE tailll 15 45
RAHME, UEBH T HE2H 5 [ Unigene0004454 15 K7 FT 14
BL21(DE3) 4l sl i1k (B 5b).
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0 200 400 600 800 1 000 1200 1400 1 600 1 800 2000
W ccaatbox P LR MW Grimotif ™ coTcA-motit M TCT motif
A-boX [ 02-site G_box [ TGA-element . Spl

P Ge-motif TCA-clement ™ ABRE - CAAT-box - G-Box
M AuRRcore T uBs P ratabox MM TGACG-motif
[& 3 Unigene0004454 [2 s FIhEE T
Fig.3 Analysis of functional elements in the Unigene0004454 promoter
a bp M 1 bw M 1 2
2000
5000
3000
1000 2000
750 1500
500 1 000
750
500

250
250

100

100

4 Unigene0004454 EF g #18 (a ) FIEHRANXNEFIIE (b)
Fig.4 Amplification of the Unigene0004454 gene fragment (a) and double enzyme digestion verification of the recombinant plasmid (b)
7 : (a) Wi 1: A BRA 49 Unigene0004454 J 8 1 B, K\ 315 bp. M : DNA Marker (100~2000bp). (b) #ki& 1: &
FUAL, KANAH 6145bp ;s kil 2: Bedne TLA/AL, KAl H 5866 bp. 279 bp. M : DNA Marker ( 100~5 000 bp ).

a kba M 1 2 3 4 b xba M 1 2 3
50 70 . f,
40 50 . L :
35 40

35 /-
25 ‘ .

25 '
20

o B
15

15
10 10

B 5 EZH Unigene0004454 EHK) SDS-PAGE (a) FIEARENESHHT (b) &R
Fig.5 Results of SDS-PAGE (a) and Western blotting analysis (b) of the recombinant Unigene0004454 protein
E: (a) Wi 1 BRAEF 69 8 FL0E 8 Unigene0004454 ; 3kifl 2~3 : #LAE )G E20% @ Unigene0004454 ¢ L R A=ilizdy;
B4 BAEG pET-32a 9% & . (b) #kid 1: 250 mmol L™ ke 48 A & e BLJG 69 E 405 & Unigene0004454 5 kil 21 4hALIRGE G 89
Unigene0004454 ; 7kif 3 : 4 F:/G pET-32a #9 L7 . M : TureColor Pre-stained Protein Marker.
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WHICR A, B 25 F ST /K B B DN AE T B
FIEB sy, T xF HAE R AT 3 Hh 255 1 AH St
FEM AR XS &b B, “Fah (Pleurotus ostreatus) i
K& HIEE Po.hydl 5F %% (Lentinula edodes) i 7K
W Le.hyd W) Rl-6 587K 8 ELE 52 IR 9 B b s )
ik, FEMEA LA PE DR T AT 4 B 22 R SR L) R
SRR AR Y AR AR B PR FH RS 1 B SE L T KB
1. (Grifola frondosa) Bi7K 5 HGFI 1) 43 WA B 3k
KB TG ER 7K B ) HGFIL J V) 7 S R g B P 3R A, I
RO AR A AR . SR, Wang 255K IR
WAL R hgfT B2 R @ I K #F B BL21 i 4T Rk, &
MEHEAFEARETEEE, EHE2RAR
H, O BK B R RE R AT s Rk ik IE .
AR A% RO RGN M KB (Trichoderma
harzianum) ") S AN B K EE B AT IR RIS, DD
AT 2AEMAED, HEEHEPRNE, XHAE
YR FIRENS 5 S I P A L A S BE . Ahn 265D
¥ 8 th &% (Aspergillus nidulans) F1 1) 1 2K /KE A
DewA ABFFERT R, KT w e F k47 iRk
1K, WHRRIAEGE S IKFFIMEHG K E A FEL
AR A . Fid &R pET-32a #i4k X 1%
R R IE B (Colletotrichum siamense) i 7/K & [ 3k
HAT TR L. SR BN, AR ESKMEL
B /K R R AR FR I R A R A B, TS E S
JR B AR R R I B . XK, fEJEE RIS R
girh, {55 IKBIAELE T e X Bk B I SRk 25 3L
AR o AN SIS I K 22 BRAE 5 K Unigene0004454
FER ) cDNA ol 3| pET-32a A BT H S H &k, 7
FiER R R B E S, AR TS SRR
IR, JESEEL T HZH B Unigene0004454 13845
AL RIL . JR BT TR — AR 3 R R AT
U A S, DRI A E AR

3 LEip

AW S T IR T R 2 5 S I R G b
VRHLER K B A FE N Unigene0004454 JHWF R %, IEAk
D iZIER. PO TSR ER, Unigene0004454
B — AN 109 MEIERA R ES, BE 84
TREFIG Cys 5% 2L, BT 1M AEGKEA. —HEH
AR, Unigene0004454 25 (T A UL B A A% 0 (1)
SEFIHELR. BLAN, X Unigene0004454 3£ A j3 5 1 [X
B (2000 bp) HIBFFE, %7€ 2 ANEERDIRE T,
HEW 12 5 R FT e 52 31 2 M5 5l % (0 4% . il #
pET-32a-Unigene0004454 = 41 Jifi ¥, LI T 1% i /K &
FIE K AT # BL21 (DE3) il igtERixk. ¥ TR

78

Z B K& A RBE SR R L ThRe KA FBL
ANEARR, BN JEEIRANIRTS Unigene0004454 1114E
WY Diae SOT B K d B PR BT 9T 55 2R

I R

[11 BAYRY J, AIMANIAND V, Guijarro J I, et al. Hydrophobins--
unique fungal proteins [J]. Plos Pathogens, 2012, 8(5): €1002700.

[2] CHENG Y Y, WANG B, WANG Y Y, et al. Soluble hydrophobin
mutants produced in Escherichia coli can self-assemble at various
interfaces [J]. Journal of Colloid and Interface Science, 2020, 573:
384-395.

[3] Rt R AEBKE M E AR R T RER 7T [D]. R R
HR2018.

[4] JEROEN V, TIM T, FLORIAN W, et al. Liquid storage stability
of the class II hydrophobin Hfbl: effect of pH on functional
properties [J]. Process Biochemistry, 2023, 130: 455-463.

[5] WANG L, LU C, FAN M, et al. Coriolopsis trogii hydrophobin
genes favor a clustering distribution and are widely involved in
mycelial growth and primordia formation [J]. Gene, 2021, 802:
145863.

[6] LI X, WANG F, XU Y, et al. Cysteine-rich hydrophobin gene
family: genome wide analysis, phylogeny and transcript profiling
in Cordyceps militaris [J]. International Journal of Molecular
Sciences, 2021, 22(2): 643.

[7] QUARANTIN A, HADELER B, KROGER C, et al. Different
hydrophobins of Fusarium graminearum are involved in hyphal
growth, attachment, water-air interface penetration and plant
infection [J]. Frontiers in Microbiology, 2019, 10: 751.

[8] TAOY, CHEN R, YAN J, et al. A hydrophobin gene, Hyd9, plays
an important role in theformation of aerial hyphae and primordia in
Flammulina filiformis [J]. Gene, 2019, 706: 84-90.

[91 SONG HY, KIM D H, KIM J M. Comparative transcriptome
analysis of dikaryotic mycelia and mature fruiting bodies in the
edible mushroom Lentinula edodes [J]. Scientific Reports, 2018,
8(1):8 983.

[10] LI X, LIU M, DONG C. Hydrophobin gene Cmhyd4 negatively
regulates fruiting body development in edible fungi Cordyceps
militaris [J]. International Journal of Molecular Sciences, 2023,
24(5): 4586.

[11] QIAO J, LIU H, XUE P, et al. Function of a hydrophobin in growth
and development, nitrogen regulation, and abiotic stress resistance
of Ganoderma lucidum [J]. FEMS Microbiology Letters, 2023,
370: 1-10.

[12] HAN J, KAWAUCHI M, SCHIPHOF K, et al. Features of
disruption mutants of genes encoding for hydrophobin Vmh2 and
Vmh3 in mycelial formation and resistance to environmental stress
in Pleurotus ostreatus [J]. FEMS Microbiology Letters, 2023, 370:
1-7.

[13] HAN J, KAWAUCHI M, TERAUCHI Y, et al. Physiological
function of hydrophobin Vmh3 in lignin degradation by white-rot
fungus Pleurotus ostreatus [J]. Letters in Applied Microbiology,
2023, 76(4): 048.

[14] ZERETT, 208, 58 R, 55 D5 22 57K 51 1 PChydFE R 3 i A 50



MK EBBHT

Modern Food Science and Technology

2026, Vol.42, No.5

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

I3 AT R R R R A [J]. B AR I 241, 2020,41(7):1313-1320.
BARANI M, MIRZAEI M, TORKZADEH-MAHANI M, et al. A
new formulation of hydrophobin-coated noisome as a drug carrier
to cancer cells [J]. Materials Science and Engineering:C, 2020,
113: 110975.

DORING J, RETTKE D, RODEL G, et al. Surface functionalization
by hydrophobin-epsps fusion protein allows for the fast and simple
detection of glyphosate [J]. Biosensors, 2019, 9(3): 104.

WIS R, 5K 36 B, TR, AR R 2 Sy SO A A AT
R SER [T & 2 18,2013,21(3):158-161.

B T RS R R AL, A R A 3 TV 1 B R R PRI A
HEFR[I].10 446 12,2024,53(5):54-56.

LIU C, SONG X, L1Y, et al. A comprehensive review on the
chemical composition, pharmacology and clinical applications of
Ganoderma [J]. The American Journal of Chinese Medicine, 2023,
51(8): 1983-2040.

LIU D, SUN X, DIAO W, et al. Comparative transcriptome
analysis revealed candidate genes involved in fruiting body
development and sporulation in Ganoderma lucidum [J]. Archives
of Microbiology, 2022, 204(8): 514.

KUALHMEANE S R A R I 5 B e S Ay
PES>HT 3]+ 18,2022,41(11):18-23.

A RN &M, o7 A 0, 58 R Z Qe bt € o Ak 1 g 3 1R
GIDyP1#1GIDyP2 (¥ 38 B J 3k 3 #r [J]. AR & S FHE,2024,
40(8):140-149.

LIU D, DIAO W, CHEN H, et al. Heterologous expression and
characterization of a dye-decolorizing peroxidase from Ganoderma
lucidum, and its application in decolorization and detoxifization
of different types of dyes [J]. World Journal of Microbiology &
Biotechnology, 2024, 40(10): 303.

XU D, WANG Y, KEERIO A A, et al. Identification of hydrophobin
genes and their physiological functions related to growth and
development in Pleurotus ostreatus [J]. Microbiological Research,
2021, 247: 126723.

WOSTEN H A, SCHOLTMEIJER K. Applications of

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

hydrophobins: current state and perspectives [J]. Applied
Microbiology and Biotechnology, 2015, 99(4): 1587-1597.

WA B 45 25 K 4R [ Hyd IR Jacalinift 46 FomJRL1HE [H Dy g
BHIE[D] A I A8 E AR MR A,2016.

XIAO L, FEN W, MENGQIAN L, et al. Hydrophobin Cmhydl is
involved in conidiation, infection and primordium formation, and
regulated by GATA transcription factor CmAreA in edible fungus,
Cordyceps militaris [J]. Journal of Fungi, 2021, 7(8): 674.
SOANES D M, KERSHAW M J, COOLEY R N, et al. Regulation
of the MPGI hydrophobin gene in the rice blast fungus
Magnaporthe grisea [J]. Molecular Plant-Microbe Interactions,
2002, 5(12): 1253-1267.

ZHANG J J, TANG X Y, MOORE B S. Genetic platforms for
heterologous expression of microbial natural products [J]. Natural
Product Reports, 2019, 36(9): 1313-1332.

VP, 48, 5 %2 I Rl ar /K 8 I SRR B rh 1208 L
JEAE S [7].5% T 2%47,2018,33(6):71-81.

KRR, EFA, S R AR, A5 L I 7K 8] I HGFILE BRAP I Bk o 1
Fak . AR BTN E [J]. 5 F R 5 24 (B 28R 1R),2018,
51(4):100-107.

YANG J, GE L, SONG B, et al. A novel hydrophobin encoded by
hgfll from Grifola frondosa exhibiting excellent self-assembly
ability [J]. Frontiers in Microbiology, 2022, 13: 990231.

WANG Z, FENG S, HUANG Y, et al. Prokaryotic expression,
purification, and polyclonal antibody production of a hydrophobin
from Grifola frondosa [J]. Acta Biochimica et Biophysica Sinica,
2010, 42:388-395.

PR PSR B TH3 3B /K 8 1 10 5 5 R 0 1 75 3 M 2 9 4 e
N [D].Ab 5T E RO R 2B, 2020.

AHN S O, LIM H D, YOU S H, et al. Soluble expression and
efficient purification of recombinant class I hydrophobin DewA [J].
Journal of Colloidand Interface Science, 2021, 22(15): 7843.
FACEL 7 S BN R, S AR I 1 (Colletotrichum siamense)
B /K 2R 1 Hydr B R ) 5 e 5 JE AR R IK [ R R 21 25 5 18 F A2
2%,2021,40(1):258-263.

79



