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Expression profiling and functional prediction of
Zn(I1),Cys¢-type transcription factors in Pleurotus
giganteus under cadmium stress

LIU Yue, SONG Xuechao, ZHANG Na, ZHANG Rui, LI Weihuan, CHENG Xianhao,
YANG Shude’

Key Laboratory of Edible and Medicinal Mushroom Technology of Shandong Province, Edible and Medicinal
Mushroom Technology Innovation Center of Yantai, School of Horticulture of Ludong University, Yantai 264025,
Shandong, China

Abstract: Zn(Il),Cyse¢-type transcription factors play pivotal regulatory roles in various biological
processes in fungi, including primary and secondary metabolism, stress responses, and cell division. In this
study, a hidden Markov model (HMM) was employed to screen the whole genome of Pleurotus giganteus,
and 67 genes belonging to the Zn(Il),Cyss-type transcription factor family were identified. Motif analysis
revealed distinct sequence features among the family members. Phylogenetic analysis further classified
these 67 genes into four major clades. Based on transcriptomic data, 53 family genes with differential
expression were identified under 10 pmol/L Cd* stress for 3 h, 6 h, and 12 h, as well as under 100 umol/L
Cd*'stress for 3 h, 6 h, 12 h, and 24 h. By using weighted gene co-expression network analysis (WGCNA),
gene co-expression network topological analysis, and GO/KEGG enrichment analysis of co-expressed
genes, the regulatory functions of some differentially expressed family genes were predicted. This study
provides a scientific basis for further understanding of the role of Zn(Il),Cys¢-type transcription factor
family in the response mechanisms of P. giganteus to cadmium stress.
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WA] LA HABEE 1 ias & i — D IR B Rk
Zn(11),Cyse BUEFE e sk T2 A 47 A
M—REHREN, BEUF—DREERTH Cys-
X,-Cys-X4-Cys-Xs-15-Cys-X,-Cys-Xs-s-Cys FEF8 3k
N LY —Fh 2R & T (Wu et al. 2019; %= o X RRFEIEEEILR), 7 A0 M2 R
EH 2020)0 ERMEHA AT EIRNAAH 58315 2 MR F45 A, N IR 28K (iRl
EEOR, MHERFE, EABT RS, QERM R UFEE . Zn(11),Cyss BAFIE 5 7
R4, Wit S SR ) A S AL L — e B TR T2 5T E R WISORIR BT | P8 R |
HRT AR A, AR R AR S RO g0 4 29 A0 A4 58 A K %5 24 18 B2 (MacPherson
MR Z B FARSE 2021). et al. 2006). 4N, BLiFi(2024)UE5: R 2 1Y
PHEE M —REA FIRRGIE RN Zn(11),Cyse 5245 5 57 I T i 454 SQS I 8+
¥, RAEHBESES TR RTEEA KEEREERY e A RS S T RS =i
[F], FLESH S NRE AR, BRI 20 Gy e g 4 s B B 45 Q021) T [ T ) 4%t B

E KM E- Pleurotus giganteus (Berk.) Karun.
& K.D. Hyde R A, $)8 TEHH
Agaricales, | E-%} Pleurotaceae, | 1Z 4047 T
s FIIE BT 3 X (i 5 55 2022), S IEAR R [ Y

R C4 TR Co RIGRAHEE 2009), F¥45 T AR HEA
PEEEENEA, @il 58T DNA, RNA,
DNA-RNA ({75 S S R R R ) 2k,

Cordyceps guangdongensis T.H. Li, Q.Y. Lin & B.
Song Y Zn(I1),Cyse Bl% 5% A+ TgPROI, Itk
PR32 K DR T TR 22 AR A S A e BEAS ] T DTG
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HRZRPF I3k 225 5 Zhang et al. (2021)iF W Bt
W Hypsizygus marmoreus 1 Zn(11),Cyse %%
KT HADA-1 TEE224 K . TOURKE . ik
PR S AR T R0 A AR I SO HP ) SRR
i 2K EEQ018) & BLER I & | Beauveria
bassiana 1) 2 > Zn(11),Cyse £E48 55 56 N 17
REZ 5 T Bk R AR AR h EUE AR T, A
M2 173 A 53 HoO,  WIEREL AT sz A
REFUEARE ) 5 R A7 AR (2022) K B R TR £
I T TR 2B B2 5¢IE Valsa mali W) Zn(11),Cyse
PEFR L SR R 5 A I AR K R B AR B 1 B
BRSO s Lu et al. (2014) i bH6E B RESE Magnaporthe
oryzae ' Zn(11),Cyss 2855 5% [ 1 CNF1 Fll CNF2
J5 . RARTERRFEAR T KRR BOR T o

Bl 1 . 24 FH TR L DR ZE 00 e 250 AN T R R
(RUKEE 2015), MOk B2 1275 4 R 2H 7K1
YE Zn(11),Cyse BUREFRTE S I F R 5805, IF
TRA G M7 HAE Z Fh o 55 K1 F 8 R I -
FYFIRBEAL BN, X EREE(2021)8 4 X 4 B ik
Flammulina filiformis (=Flammulina velutipes , %%
EE 202D FEHFAMWIIE, %€ T Zn(11),Cyss %
PERREE SR TR, 430 1 B R R 2
KRR 5 SRS (2021 ES T Sanghuangporus
sanghuang "WYE TIZFEN KR, IFRGEMR T
HAEARRBRIE AT T B 22 Kb ok, &
HEYEIEAF(202 DX A AL () Antrodia
cinnamomea Zn( 11 ),Cyse 5% 55 R 13 R K e it
117 AT, TRV T HAEA [ B B: IR b i
PR 22 AR SR B Bl S IR FHIE X BB 5 R
TRABE# Zn(11),Cyse BEHE kN FTER . 24
PP IS 1 S AR 45 rh iy h g 4 41t 1 8 2
Wi, 2R, HATDCTE RME Zn(11),Cyse %
A i 51 DR G I L IR 194 S 7 I LA o 4 s by
T8 13 R SRR S AT R DL AR

KERHLIEESRG R FEL Cd. As,
Hg. Pb Al CrixX 5 Pt XS H G mou R b &,
JEILL Cd KU 5 ey, -3 & £ 3 LA 78 JE B (%R
M55 2019) W2 H R HA MR S8 5 4%
RET, REMEHE LT I AP R | PPN % is R G AE
Xt CA T &4, AN IE B TS Ye i B4R

AR (Ghosh et al. 2023)., 5T, EE
JHRER &L T BT AR A 20, X s oy
AR HREMFEREY S cdTEsS,
SEIA) A WK [ (Legorreta-Castafieda et al. 2020),
LA 2 M o B 4 )R F% 92 5 1 (heavy metal
transporters, HMATs){t Az E 48, A
HMATs G REA 22 5% . THEPEA(ROS) . —% 1k
R (NO)FIES (Ca) [ 5 76 2E Py b %) 25 4 J Jiipae vh
EIEHER (Liu er al. 2024), 55k A ZLH 40
Ja, TS &RmEAMISNH RS S, TWlRE
IR AW, MIE: H 5 (Priyadarshini et al.
2021). [FIEF, HUAA ARG 2R G0 (s S AL W) B AL T
1o SR Ak S ) () SRS TR 7 A B A h B O
YEF (Xu et al. 2021),

B AR A T BRI B R, Cd™ A bl
Tl R G R ARIE . ASHFSR I T B R 4 2
AL 88, %5 67 4 Zn(11),Cyse T 5¥
P87 S I F R, FE R BT HLAR ST 3 Ak
EHFFIE . A7 53 MIEFGEAYHE N F1E 10 pmol/L
1 100 pmol/L Cd*“Jilrift () 18 22 Ak rh 22 730k, 12
JRHAT BEE A A T AR A B CdP e
MR o ASHIFFT A TR BHRAFR R Y B TR W % Cd™* il
STER 0w a7t S TR R I R R

1 A5 7%

1.1 #%

AR : B RMIEER 18, R T84
1.2 753
1.2.1 Zn(II),Cyse BU% R E F TR IE RIB LR
vk

A5 M Pam B4 2 (http://pfam . xfam.org/) ™

T Zn(11),Cyse B 55 K 7454438k (PF00172)
BRI TR TS0, 25 AR TR I () B R H- 4
LN, {#F HMMER #{4-(iAs 3.3.2, Nov
2020) A TEEAIRAG 2R, TRE A Zn(1D),Cyss
SERIE R BT . A Clustal W B4 XX
PP A HEA T E X, IR F X 45 SR E A HMM 3C
4. {8 B {E E-value< 0.001 Xf 25 5 JE 1 7k,

PRIME—MER ID MEATS . SRJEFH
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Conserved Domain Database (NCBI-CDD)¥( ¥ %2
X ERE AT HATR R, LS A Gald (45
R, FEPHRIGE (U5 745 R BHE, b
AR
1.2.2 Zn(I1),Cyss B REFLEMERI 5 &
VEES

FIH Mafft 245 B R E Zn(11),Cyse
RN TE T T Z BT 0T, i
PIRSF L5 I Gald 1P HNFRIE RT3 s R 4 7
325, HE—3AA R B ETEIES, I
il Gald Z5F)38 A Logo K4k .
1.2.3 Zn(I1),Cyss B R A FRER A R Gtk
S

fifi I Mafft (v7.515) 3E47 % 5 e xF,
Fasttree (v 2.1.1 )& R 5 A F W, F Interactive
Tree Of Life (TOL)Xf R4t & B W iE1 1Al 4k
1.2.4 Zn(I1),Cyss 255 R E FHIFRIXTE

FETFAERRD CA* HeEE(10 pmol/L . 100 pmol/L)
ANE M ARE TR (3. 6. 12 A1 24 h)AYE R H-H
LA ST AL N B, R DESeq2 fifive
AN o B (R A b BRZH 5 0 h X B2 2 R 25 53 3%
IKHI GRS Zn( 11 ),Cyse TFE S R FHO LR . 24l
ZH 5 B, RS A H 4] A 22 0] 22 5 2L K 1)
SEAEFIAT TR A3, 22 1 3 DR 3Rk 1 A B J o 3
OESSry i o
1.2.5 CA* BT Zn(I1),Cyse B4E FE FHILH
BETILM

FIH R F 1 WGCNA 453 51%F 10 pmol/L
F1100 pmol/L Cd* Wil iy 5 A BE 18 22 1A s 5
L B AT I I R L 3R 3K I 4% 43 T (WGCNA)

% 1 RT-qPCR 3|#57%
Table 1 A list of RT-qPCR primer sequence

(Langfelder & Horvath 2008), #iE Zn( 1l ),Cyss
HUEL 53 DA G ik PR A v o A1 A SR DR BB, K05
THEZA R B 40 M 8 & PR A B (TOM), M
TOM # 4 H42 B Zn( 11),Cyse BIHE 5% K T4t
S R SR IR A S IR B 2 S IR 1 L3 Rk B [
(5 R T A Gephi FRAFF 25 K], A EE fR
H TOM{H , &2t AU AR 53 B FIALEE 53 #r
TE Y X 2 & rp iy s m B R o/ o B A
clusterprofiler f X} F R FLH 1T KEGG &4
ST (Wu et al. 2021), T & £ RN CHHELE
W 53 Rl B R 5 Th g
1.2.6 &4 Zn(11)2Cys6 BEEFHEFRIZER
RT-qPCR &3

I FH#MERE )\ F] (Vazyme Biotech)ft) FastPure
Universal Plant Total RNA Isolation Kit #2Ht£:
10 pmol/L Cd**Hl 100 pmol/L Cd** 43> 4L 0.3 .
6 F1 12 h i E KM H- T 22K 1) 5 RNA . Bl
A HiScript 1l 1st Strand cDNA Synthesis Kit £ 7/%
F %A cDNA, 5] ChamQ Universal SYBR
qPCR Master Mix X} 6 4~ Zn( 11 ),Cyse V%% 55K F 2
TS R R ek K51 T qPCR B E, LA actin 3R
BEERNZ, CAUbHL 0 h MREACXTIR, A
FEARE 3 IREARER, 5I1UEBHEILE 1.

2 BER500

2.1 Zn(II),Cyss BU5% R E FIB UM R

i NCBI-CDD KilF, fix& e 7] 67 1~
H Gald 580 Zn( 11),Cyse 54 5 TR %
W . BRI R, 20 NEFRE TR

2 ISR ALYl IR 2]

Gene ID Forward primer (5'—3") Reverse primer (5'—3")
EVMO0006476 (Actin) AGTTGACTGCTCTGTCGCCTTC GACTCGTCGTACTCCTGCTTGG
EVMO0007165 GTTGAGTGTGCCCGAGTTGGT AATATAGCCGCCGTGGTGTAGC
EVMO0000130 ACCACCTCTCCTTGCGAACTGT CCAGCCATGAGACCAGCATCAG
EVM0002760 TGGCGATGTCACTGGTGGGTTT GGGAAGCATGGTGGGCAAGAAC
EVMO0010988 GAGAACCAGTCCGTCGTCGAAT TCACAGCAGCGGTAGCCATTG
EVMO0006949 GCCCAACAAGACCTCGGATTCG AGAGTACGCCGTCATCGCTGAT
EVMO0010352 GCTCGCCGCTTCATCCCAATT ACTTCGGGCACGCCTGGATT
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YEE (&R ANT 7), 47 DR TSN, &
15K 341 R 100—1 900 N2 HE R
2.2 Zn(11),Cyss B3R EF 8 Gald L5415 53 47

TE 67 AN E RAMNEL) Zn(11),Cyse Bl 41
BEA, 56 MM F T 1Y Gald G537 F N g,
2 AT C g, HARM T X, A 46 4~
FORFE A MHR (AR XO)Z5F8, 1 56
TOA 31 Gald 53R, 2 MERNFEH 24
Gald 5k, 15 Mgtk & A e &R
BEZE R

Zn(11),Cyse B S8 1119 Gald G505,
HFHFIEZTE Cysl—Cys2, Cys2—Cys3 Fil Cys4—
Cys5 X Bt FEMRRFLL I B BRI, HE
FEERFRILE Ak 2. 6 Fl1 2, il Cys3—Cys4 Fl
Cys5-Cys6 X B2 FLMR 1K B K7 5 R B ]
e, R AEX(E 1), K5 Gald Z5 438 0] 48
X9 7 SRR AR B R A Zn(11),Cyse BUFE
SEHEFZE M 21 MUEE, HP&H C-X,-
C-X4-C-X5-C-Xp-C-X4-C (C FRF B AR, X 1L
FAE B AR, TP R0
P Zn( 11 ),Cyse BIHE R PR 2 (114,
% 2),
2.3 Zn(I1),Cyss BEREATFERARENREZ %
BRSO

JEF 8 AT S A R Bk B
Mr &I 67 A FKIIE W] 43R 4 443 (K] 2) . Gald
ZEFIFET R C-Xp-C-X6-C-X5-C-X-C-X.5-C [
Zn(11),Cyse BUEL SR F FBATES [ 4352, J7
g C-X-C-Xg-C-X-C-X5-C-X0-C 14 Zn( 11 ),Cys 7
T FEAGTES I, BEF R C-X,-C-
X-C-X5-C-X,-C-X-C 1 Zn( 11 ),Cyse 5% 5% [H 1
FENMALN L, PR C-Xo-C-X4-C-Xo-
C-X,-C-Xg.5-C 1 Zn( 11 ),Cyse B 5% N 1 -8y
ATHESR 1 53 3 o B 5o B PR A 25 A0 S8 0 5 s A
TR AT AESs A4 52 .
2.4 CA”"BHEBTEXME Zn(I1),Cyss BiE R A
FEEMFIERIE

Fe SR HT RN, 10 pmol/L Cd* Wk il
P 22 R b ik 22 1 Zn(11),Cyse K% SR T
S LB /0T 100 pmol/L Cd* A ny, If

H Bl a8 B (] B RE G, 22 S 3Rk R 5 TR
K EIEH KR 3), 10 pmol/L CA* i3 3. 6.
12 h 5 0 h XfRAZ A 17 MEFEREN
Zn(11),Cyse BU%% 57 N F b L (15 A B3, 2 4>
T); 100 pmol/L Cd* i 3, 6, 12, 24h F
A 50 P22 7KK Zn(11),Cyse BIFE 5 R T2
TR (40 A I, 10 4R (Kl 4), LEFHE
PAg 53 MEFRBEN, HRBKF-ZBHEF
W AR

15 NE 10 pmol/L CA* rif i 22+ Fi
BRI, B EVMO0011499 1 EVM0002571 22
Hh, HATE 100 pmol/L CA* MM 22
PR, H EEMEEES . 2 T~ EVM0003093
F1 EVMO0008271)7E 10 pumol/L Cd* [kf i) & 22 h
TPEFIAAEER T, EVMO0003093 7E 100 pmol/L
CA™ Wit AT 22 s R Rk, HF R B 4
Ko RBAEER, mkBEPE T EEE R RS
HRIZIE S, K 6).
2.5 HEFRIEN Zn(11),Cyss BUEE R EFHY
IhgE TN

XF 10 pmol/L Cd>' ik 6l 14 T 22 1A 1) s S 21 b
1T WGCNA 53471, B FE R 530 14 e, Hi
H 7 AEFFEN Zo(1]),Cyse BEE 5% 14 il
FE A FE blue fiH, HAABRSEE 1 2%
SR Zn(11),Cyse B SR T 5L A, 11
B blue BLERAY TOM 4EFE, MWHHIRELS 7 4
Zn(11),Cyse BU%E 55 K -G ) Ik R 258 1 L 1A
(3£ 157 4>, TOM {E>0.35), FIJH] Gephi /%
FeSEIR 5 HILFR LR W EAE IR (A 7), [F
BIFIA clusterprofiler fAXfHERIBFL A HIT GO
il KEGG & &K 8).

Zn(11),Cyse 5% 56 R g i JE DR 5 FLAL %
IR LA I 28 F N EE R UL IR 7. 5 R/ INEE T
KU (weighted degree)id 4%, AR B S (HI 5 3
by I PR () LR 5 B R, 9 SR, AT
WS BT s AE A8 TR Y XA . EVMO0002031
AT RE R RE I F (R 7). BRI R AL
H(TOM {H)fF B, TOM {E s W ep], R
S PR [B] SRS i o 7 et 1) 2 €2 ) R AR e B e £
X 25 (modularity class)#5 {4, [A]—Ei{a iRk
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N DRLELAT e B RO, A Bt X 43 FambS L (EVMO0002031), itk 2 4%
DS B B AT O 3 A FEREE (EVMO0003984 Fl EVM0010988), it 7 3
B, MR 1A 1A Zn(1),Cyse BIFE SRR (EVMO0007165, EVMO0000130 1 EVM0002760).
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E 1 EXME Zn(I1),Cyse B RE T Gald LAGFRTFTERF  Group 1-10 fUFEK 2 s il 7 Gald FEFELE F ) 2
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Fig. 1 The conserved motif of Gal4 domain of Zn(1l),Cyss TFs of Pleurotus giganteus. Group 1-10 representing the type of
certain Gal4 zinc cluster domain shown in Table 2; The x-axis indicates the position of the amino acids, and the y-axis represents
the number of hits of per amino acid within the motif.
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% 2 ET Gald 91 FHHFER Zn(1D),Cyss BUEEREF 5 2%
Table 2 Classification of Zn(1I ),Cyss TFs based on the motif sequence of Gal4 domain

bk Gal4 S50 5 o Fhizk Gal4 Z5HE A5 i
Category Pattern of Gal4 domain Number of genes Category Pattern of Gal4 domain Number of genes
1 C-X,-C-X4-C-X5-C-X,-C-X4-C 11 12 C-X,-C-X4-C-X3-C-X,-C-Xs-C 7

2 C-X,-C-X4-C-X5-C-X,-C-X¢-C 2 13 C-X,-C-X4-C-Xo-C-X,-C-Xs-C 8

3 C-X,-C-X(-C-X5-C-X,-C-Xs-C 9 14 C-X,-C-X4-C-Xo-C-X,-C-X,-C 4

4 C-X,-C-X4-C-X5-C-X,-C-Xo-C 1 15 C-X,-C-X-C-Xo-C-X,-C-Xs-C 1

5 C-X,-C-X6-C-X5-C-X,-C-X5,-C 1 16 C-X,-C-X-C-X(-C-X,-C-Xs-C 1

6 C-X,-C-X4-C-X¢-C-X,-C-Xs-C 7 17 C-X,-C-X4-C-X;1-C-X,-C-X4-C 2

7 C-X,-C-X4-C-X¢-C-X,-C-X-C 1 18 C-X,-C-X4-C-X,-C-X,-C-X¢-C 1

8 C-X,-C-X4-C-X¢-C-X,-C-Xg-C 5 19 C-X,-C-X4-C-X3-C-X,-C-X¢-C 1

9 C-X,-C-X6-C-X¢-C-X,-C-Xo-C 2 20 C-X,-C-X4-C-X4-C-X,-C-X5-C 1

10 C-X,-C-X4-C-X¢-C-X,-C-X53-C 1 21 5C type 1

11 C-X,-C-X4-C-X7-C-X,-C-X¢-C 1

T AR X AURIEREEIERRI S TR IR

Note: C represents cysteine; X represents amino acid residue; Subscript numbers represent the number of amino acids.

2 EXME Zn(1l),Cyss B REFERARKRGE L EH

Fig. 2 Phylogenetic tree of Pleurotus giganteus Zn(11),Cyss type TF family.
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0
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T6 vs. TO T6 vs. TO

T3 vs. TO

3
(18%

)
0
(0%)

T12 vs. TO

& 3 @i Ca*REMIETZERFIEM Zn(11),Cys, R E FRIEEFE S EE
Fig. 3 Venn diagram of differentially expressed Zn( I ),Cyss TF genes under two different Cd** concentration stresses.
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(Zhang et al. 2021),

AT B ) Cd™ a6 X T 22 B 5% i A5 B g
Z25 . FE 10 umol/L CA WA, B 2Zi@ 1 Iy
N SRR (B R A L. TCA F53F) . ek
PR R WE AR ABC FHis 8 1
KAIEINEE CAP R AR T S TR MR, dERE
AR, M7E 100 pmol/L CA*WHATF, WZNE
Bl 1 BT S 8 5 (PN 5T I A ) AN AR IR A
FEACH (I 2 P450 SRR, SIBLAfN “iE
MEPEAERT T SRR RS AR

B IR 1 TR S B B s L AE A B TR
VT SR B 27 b SR AR R R
Jr1al(Zou et al. 2023). [ BH £ H B B9 L R JE L
il , AT LARR S R TR B R RCR , AR e T
b 3R PR PR A R R B 8 TS 28 (chassis) 1 B 2
AR WIEAE R T ERME Zo(11),Cyse B 5%
NFAE Cd™ it T B ek = % s £ Th g
HRt—P LS HL2E%E Cd i
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