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Members of the LeATG gene family and their expression
during mycelial colouring process of Lentinula edodes
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Abstract: The autophagy-related gene family members in Lentinula edodes (LeATG family members)
were identified based on the whole genome data of L. edodes using homologous alignment methods, and
their biological information was analyzed. The expression patterns of these family members during
mycelial colouring process were analyzed by combining transcriptome sequencing data and RT-qPCR. The
results showed that 29 LeATG family members belonging to 23 classes of autophagy-related genes were
identified in the L. edodes genome. Chromosomal localization analysis revealed that they were mainly
distributed on chromosomes 4 and 1; no distribution was detected on chromosome 9. The full length of
LeATG family members ranges from 595 to 6 772 bp. The length of protein sequence encoded by the
LeATG gene ranged from 127 to 1 998 aa, with relative molecular weights of 14.8-219.7 kDa and
theoretical isoelectric points of 4.27-9.51. Except for LeATGY9, LeATG22, and LeATG27, the other 24
LeATG proteins contained no transmembrane domains. The phylogenetic analysis showed that the 29
LeATG proteins clustered into three evolutionary branches, and proteins of the same class were dispersed
across different sub-branches, suggesting significant differences in protein structure. Transcriptome data
analysis and RT-qPCR revealed differential expression patterns of LeATG genes before and after mycelial
colouring process: 2 LeATG genes were highly expressed before browning, 5 were highly expressed after
colouring. It was speculated that these 7 genes might be involved in regulating the mycelial colouring
process. This study systematically identified the LeATG gene family in L. edodes, and preliminarily
revealed their expression regulation patterns during mycelial colouring process, laying an important
foundation for further analysis of the molecular mechanism of the LeATG gene during mycelial colouring
process of L. edodes.
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Genescan #{4:(http://hollywood.mit.edu/GENSCAN.
html) , Augustus {4 (https://bioinf.uni-greifswald.
de/augustus/) fil Exonerate %X {4 (http:/ftp.ebi.ac.

uk/pub/software/vertebrategenomics/exonerate/ex
onerate-2.2.0-x86_64.tar.gz)5: X} SP3 JE K 4 17

LTI, 3R15 15 864 M A
1.3 LeATG R A ERFIEE

M NCBI %4 J% (https://www.ncbi.nlm.nih.
gov/) T ZRERIT AR AR IA RS ATG A2 TR
FF3, A BioEdit #f44s H 5 7 4k B A% T bk
SP3 & H P A 74 BlastP LX), 5% 'H e-value
N le-5, SRBARITER = B9 7 4l ATG 11741 .
T Frai SP3 FEFAMMNIGE L, PIEE MR
4 LeATG R:NFFHI %%, KA BWA Hff
(https://github.com/Ih3/bwa)ff 4% %4 reads 522
PEATEEXT, 456 GT-AG HI N 7% TR SF 4504 ) T
L, SRECEER 25015 B . NS FBTIE R
FEHFFFI$E22 2= NCBI $5 21 ORF finder
(https://www.ncbi.nlm.nih.gov/orffinder/) 7 £& ¥
il U S R (5 12 A, I RIS I S5 A 2 S R T
51, K F GSDS 2.0 (http://gsds.gao-lab.org/index.
php)TELL [ 2l 222 1l KL LK 2544 141
1.4 LeATG ZKixk R 2 E R E L

HEF s SP3 R ARSI MR IE G
AL 41 . KA MapGene2Chromosome %X {4
(http://mg2c.iask.in/'mg2c_v2.0/)2: | LeATG Ktk
DR LR 20 v ) 6
1.5 LeATG RIERREBNEMERFEN R

KA IE B LeATG 2 LM 5143 Bl $48
%2 Batch CD-Search (https://www.ncbi.nlm.nih.
gov/Structure/bwrpsb/bwrpsb.cgi) il InterProScan
(https://www.ebi.ac.uk/interpro/) B 4 /&£ 47 IR 5T
SER IR T AN L e RE 5 SR ProtParam (https://
web.expasy.org/protparam/)7E 2k W v X LeATG 24
SRR 9\ AT BARPE AT 5 SR T CELLO v.2.5
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(https://cello.life.nctu.edu.tw/)TELL M i %) LeATG
AT E A 4 s SR H DeepTMHMM-
1.0 (https://services.healthtech.dtu.dk/services/
Deep TMHMM-1.0/)1E4k (Wit % LeATG 5 H #47
s PR gE R 4347 s SR A SignalP-4.1 (https://services.
healthtech.dtu.dk/services/SignalP-4.1/) 7£ £& I’ i
Xf A #7455 BRI
1.6 LeATG ZKikRAEFEAMNZ FIILX RARST
LRI I

M NCBI %l J22 T 20 1 F - 22 R Y
ATG8 R T4, KM Muscle 7753 5%}
LeATG15 51 [ LeATG8 FIEm b1 K i1 2+
HIHEXE, FERIF GeneDoc #44rMriRsFit. TR
B, % A MEME 7E£E %K {F (https://meme-suite.org/
meme/) FUI HARSY BEFP
1.7 LeATG ZKIZHREBHN R GHNL T

K HI Muscle J5 265 %558 1Y LeATG %
FEHHET 2P, JEFIH MEGATL.0 #)ff
T 4B 15 (neighbor-joining, NI R 4t &
B, bootstrap BEEH 1000,
1.8 BEEHERIE

Hs BIPP21020482 18 PR 5%54% 2 90 mm [ PDA
ER P A TTE AL, 25 cCREGEHE ISR 8 d IE Rk
FHEA 1200 g IREERHT8%AMANE . 20%47 %k |
1%F1 1K . 1% I8 . 55% 3 K I A8t lk AT
AIEFERY, 45 d JFRZIERTEL . R0k 5E
AR AER R 2 500 g EAE(T8%ANE . 20%37
B 1% . 1%5H55, 55%%Kia) F, S8
TP FIRRTT (2025) 097 L EA T 158 o 155 1 22
KRR, SRRSO 22; FRE 2258 20
&, W AR 22 ARSI 3 4
WL, IFHREAEAR, 80 CaHl.
1.9 LeATG FRIZ R ERE M RILE D

W EIAR PR BRI DIE D R E B A
PR\ H) R Tllumina Hiseq “F & #E4T RNA AW
M, ISR Raw data 28 FastQC #f4:
(https://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/)fil fastap {4 (https://github.com/Open
Gene/fastp) 1 7 BT DAL 5 BT b B, 3145 = i
1Y Clean data. ] F] HISAT2 %Kk {4 (https:/github.
com/DaehwanKimLab/hisat2.git)¥ Clean data kb X}

Z SP3 ZH LKA . R H] Samtools i (https://
github.com/lh3/samtools) ¥ SAM 3T {4 ¥4 #e N
BAM I H B HERF 5 . A Featurecounts %X
14 (http://subread.sourceforge.net/) X} 3K 15 i) 4 1~
FETEAAREAR T 1Y reads 7141, R TBtools %X
4 (https://github.com/CJ-Chen/TBtools)# count {E
¥k FPKM . T HHEE = F 5 (https:/
international.biocloud.net/zh/dashboard) X} #£ 4 i}F
TN E AT . RS E R LeATG FRMH AL 51 2
WELEK FPKM {H, RAEHE A
(http://www.omicshare.com/tools/) 22 ffil] it X 2% 1K
KL, 5307 LeATG R B R IE K- o
1.10 EE PCR M ERFBXFTEE

& A RNAsimple & RNA #2 B 7 &
(TIANGEN)#2 HU# £k BIPP21020482 74 14 22 5% {4,
AIEFEM B RNA, JRA PrimeScript™ RT
reagent Kit with gDNA Eraser (Perfect Real Time)
Uf G(TaKaRa)¥s RNA [ % 580 cDNA, DL F#
VEIT 38k i BEUERH B ik 7. SR TB Green®
Premix Ex Tag~ 11 (Tli RNaseH Plus)E il
£, 7£ Biosystems® QuantStudio™ 7 Flex SZH}%¢
JtE i PCR AL (FEBR K F A B PRI AR ik
BAREHR 60 °C, THIHF 40 1~ KM Primer
Premier 5 Bt @ s ¥FE+e4A TAY T
FE(EE) B B BR ARG, LA B-E &
(tubuliny NS EH, 5195 L% 1. EEHP
XS B R R 274 O kilb 7315 (Livak &
Schmittgen 2001).
111 HiESH

K H] GraphPad Prism {F#EAT1ER], HT
Student’s t-test LA Z M) 22 57 W&, ™
20 18] DL AE SR AE e /R (*P<0.05, **P<0.01, ***P<
0.001).

2 BER 5097

2.1 LeATG R B EEREE REREH DT
DL NCBI ##i e A T 28009 4% 0 S T 1
B AWEMCE AT NES%, S5F4 SP3 4
WE AR RE X, L% ES 29 4
LeATG FIFER 02 8 o ¥ 5% 4 reads 12 1E LR 45
F(FR 2) , %R 0L P8 2K AT 595-6 772 bp,
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Table 1 Primers sequences
ClE7// A ElE71E2 ] i
Primer Primer sequence (5'—3') Function
Btu-1 F: CAGTTCACGGCCATGTTCA PtEE PCR A
R: CGACGGTGGCATCCTGGTA RT-gPCR
LeATG8-1Q F: ATCGTATTCCTGTAATCTGCG PEJGRE B PCR K
R: TAGACGAACTGCCCCACA RT-gPCR
LeATG27-1Q F: TGATGGCAGCGACAAT G ER PCR #:
R: TGCACCGAGCACAAAG RT-qPCR
R 2 LedATG RIGEHRRERFIIER
Table 2 Gene sequence information of the LeATG family members
Wz SARTEC NS TS TTCIEERE  SumARRIRXKE I E R AR
Gene Number of Number of OREF length/bp Length of the Length of the Gene length
exons introns S'-untranslated region  3’-untranslated /bp
(5'-UTR)/bp region (3'-UTR)/bp
LeATGI-1 10 9 2652 213 305 3152
LeATG2-1 16 15 5997 140 71 6772
LeATG2-2 11 17 1617 1339 56 2248
LeATG3-1 7 6 1116 40 156 1458
LeATG4-1 5 9 3405 577 377 3630
LeATGS5-1 4 3 1101 75 112 1257
LeATG6-1 6 5 1455 17 94 1710
LeATG7-1 10 9 2127 34 36 2614
LeATGS-1 5 4 384 122 221 603
LeATGY-1 10 9 2 865 65 208 3355
LeATG10-1 3 2 636 8 80 741
LeATG11-1 16 15 4020 63 271 4803
LeATGI12-1 5 4 375 19 76 595
LeATG13-1 3 2 2877 152 406 3009
LeATG15-1 5 4 1584 155 132 1996
LeATG15-2 3 2 681 332 151 876
LeATG15-3 6 5 1254 23 136 1 544
LeATG15-4 4 3 1269 34 333 1438
LeATGl6-1 4 3 822 17 134 1 006
LeATG17-1 9 8 1 449 21 165 1 881
LeATG18-1 7 6 1275 20 214 1587
LeATG20-1 8 7 1728 40 216 2 150
LeATG22-1 8 7 1674 1 119 2041
LeATG22-2 14 13 1 608 60 87 2305
LeATG22-3 19 18 1617 58 200 2626
LeATG24-1 8 7 1401 25 214 1768
LeATG26-1 19 18 4 425 64 144 5415
LeATG27-1 5 4 681 204 123 931
LeATG29-1 5 4 1299 78 88 1508

Hr, LeATG2-1 FENKE /AL, LeATGI2-1 %
K T e . AR 25 iR, 6 NI
BN LeATG4-1. LeATGS-1. LeATGI2-1 .

LeATG15-1, LeATG27-1. LeATG29-1 %3y
SAMHNEF, &30 4. 8 A 10 MMNETFHIRK
WA 3 4. 4 ORF finder T 5 & Fi
29 NG A 0 B R A 7 4 T I AE KR R

375-5 997 bp, 5l EIFEX e 3R ERE XK

FEYE 2510 1-1 339 bp Fil 36-406 bp, KN

YN E5R R EE LA 1,

2.2 LeATG R REE WL BAE DT
T4k SP3 BN GFF R, H

MapGene2Chromosome #1573 41 LeATG FE A

ABERTEY AR AL E . 28 A LeATG G,
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Fig. 1 Schematic diagram of the gene structures of LeATG family members.

BRI S AT 9 SRUadk, 1 AN TR
AU YRR contig [, Chr09 = WLA3AR;
Chr04 . ChrO1. Chr03 FI Chr08 43-4fi it 3 X £ it
B, pHEA 6.5, 4 14 NFEM, T Chr06 .
Chr10. Chr05 Fl1 Chr07 4347 () 5E R $ 4 /b
SEA 20 20 1R AR 2). KRS
MriZin, 34> LeATGIS W51 F 2 2y fafk,
HH LeATG15-1 Ml LeATGI15-4 i T ChrO1,
LeATG15-3 fii T Chr08; 3 4> LeATG22 J§ 51 43 A
F Chr03. Chr04 Fi1 Chr08; 2 4~ LeATG2 251§,
B35 T ChrO1 F1 Chr08, 3B []— 37 581 i 5
Ty oA X S Ak 5 A3 A RHE .
2.3 LeATG FRIEREAMNEMEERZEN

K ProtParam %5 R FITELEMvE /M LeATG
F R D1 B A RRRIE (3 3), LeATG KGRt
EERFIIKETLE A 127-1 998 aa, &AM
FHh 14.8-219.7 kDa, FRIIZZIE R 51 BIAFE1E
BRI EE R 2257 . PS5 i S E Il 4.27-9.51,
Htp LeATG1-1. LeATGI13-1. LeATGI8-1 .
LeATG22-1, LeATG22-2 il LeATG29-1 E 1)
PI KT 7. 439510 8.89, 9.45, 7.58., 7.58.

8.31 F1 9.51, S At 11 o ISPy IR Es R
7%, LeATGY9., LeATG22 Fll LeATG27 W%,
RO E S REEE A, 4. 12 114, Hg
24 > LeATG EHANFESIELEH . 55K E
7N, LeATG15-2 Fl LeATG15-4 43 HIESS 17-18 fif
M 18-19 (s FmikIm A F9 Ik, Hae
27 1~ LeATG & A EA5 T K. 20 B o7 25
KR, A 13 MRS mEMEZT . 61
LR ARTERE A . A S AR A AT
A 4 NSRS, A 1 A B SR TE
SR IRINSE
2.4 LeATG K&K RBVR T &5 4918 73 47

F| ] InterProScan %4k 72 Al NCBI (4 /4 H
) Batch CD-Search 7EZMuliXt&Fah 29 4>
LeATG W& T AT AR SF G538 A, 45
T LeATG & A HA W KGRI RSF 45 F 358,
Batch CD-Search AJFi 25 WA 3, LeATG1-1
1) N Ko S A 380 2 4> LeATG2 19 C i
P& HWEA SR 1 C RImasibiet, fE40/0 5
S AL o) A A W R A AEVEH ;. LeATG3-1
LeATG10-1 ¥ HA A WEAH 8 S RO S 2544
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Fig. 2 Chromosomal distribution of the LeATG family members. Red color represents the members of the LeATG family gene.

5; LeATG4-1 HAKEHAEILASHL; LeATGS-1 &%
“APGS 45ti”, 25 HWESEIRIE A ; LeATG6-1
£, ATG6 45 25 X F1“ Apg6 BARA 4543,
TE AR ELA/EN; LeATG7-1 A EMAY
7 B1 BE45H98,; LeATGS8-1 Fll LeATG12-1 #4413
Tz ERE(UBDSE M ; LeATGY-1. ATG13-1.
ATG16-1 Fil ATG27-1 435l J& TN B W AH &
1 ATGY9. ATG13. ATG16 Fll ATG27 Mk ;
LeATG11-1 Fl LeATG17-1 40 & H W& 14
ATG17 FEZERIR; 4 1 LeATG15 3405 I8 il
AL ZE R ; LeATG18-1 HA WD40 45l ;
LeATG20-1 1 LeATG24-1 #4455 PX 1 BAR 45
Fak; 3 A4~ LeATG22 ¥ HAA FEEAEUEF F MFS
5L ; LeATG26-1 f17% PH-GRAMI1_AGT26
25938 ; LeATG29-1 E A ATG29 1) N i 25 A4 35,
AL 5 ATG31 #HZE S -
LeATGS 1A A Wit B iz & A, A
X H TN . W4 LeATGS 5 R iF i )
Saccharomyces cerevisiae . KA BB Laccaria
bicolor L1 4% Russula earlei B ATG8 & [11EfT

ZIFHN X, WL 5L (B 4). BT Exd
FEHIRY N ity B H ] XS PR sF A i, T C o X
WA g, o, J&8 T “ubiquitin-like (Ubl)
domain” A7 FIFE T A PR 88 BERSF o PRST
SR RN, 4 275194 Motifl . Motif2
H1 Motif3 X 3 %0 T AL, A 5 (F
T OB R 2L 45 ) Y 5 A Motifd )7, i
s I8 055 i S [i] HLAA A 1Y Motifs J4%,
FOR T HBAE ATGS E 45K EH T, il
T e BRItk
2.5 LeATG FRIZR A E BN R GH LR 547

F ik — BRI LE N LeATG KR M & H
FIEE R, SR NI L% 29 4~ LeATG & 1
AR RGE R BR(E 5), R 53k 3 4k
fb4r32, Hid LeATG2. LeATGS5. LeATGI12,
LeATG13 Fll LeATG24 RAETE Clade [ 53 ;
LeATG4 . LeATGY9 . LeATG10 . LeATG17 .
LeATG18 . LeATG22 il LeATG27 B4E1E Clade I
Oy B 10 KRR ERELE Clade 111433,
17 141> LeATG & [ MHASF E Y&, LeATG2 .

250259-7



Research paper

22 April 2026, 45(4): 250259

Mycosystema ISSN 1672-6472 CN 11-5180/Q

% 3 LeATG IR RIELIER
Table 3 Physicochemical properties of LeATG family members

K AR ETHIKE ik SN P HRZE R A EL EReZiIN VAt 5 A
Gene Protein length/aa ~ Molecular Isoelectric ~ Transmembrane  Signal peptide  Subcellular localization
weight/kDa  point domain
LeATGI-I 883 98.62 8.89 0 No YiffIF Nuclear
LeATG2-1 1998 219.70 5.43 0 No YiffIF% Nuclear
LeATG2-2 538 58.83 6.99 0 No AR Cytoplasmic
LeATG3-1 371 40.86 4.62 0 No YiffLF Cytoplasmic
LeATG4-1 1134 120.63 6.75 0 No 4ffi%% Nuclear
LeATG5-1 366 40.94 6.46 0 No YiffIF% Nuclear
LeATG6-1 484 54.24 6.96 0 No AiffA% Nuclear
LeATG7-1 708 78.23 5.31 0 No AMfIFT Cytoplasmic
LeATGS-1 127 14.8 5.76 0 No L Cytoplasmic
LeATGY-1 954 107.87 6.64 4 No Ji X Plasma Membrane
LeATG10-1 211 24.11 4.66 0 No J&E Plasma Membrane
LeATGI1I1-1 1339 149.36 6.22 0 No AififA% Nuclear
LeATGI2-1 772 86.58 5.89 0 No kiR Mitochondrial
LeATGI3-1 958 100.10 9.45 0 No iR Nuclear
LeATGI15-1 527 58.31 5.46 0 No YffISh Extracellular
LeATGI5-2 226 24.81 476 0 Yes 44t Extracellular
LeATG15-3 417 46.10 4.88 0 No AAMIAh Extracellular
LeATGI5-4 422 46.67 5.55 0 Yes YIffi4h Extracellular
LeATG16-1 273 30.71 5.45 0 No 4ifif% Nuclear
LeATG17-1 482 54.93 456 0 No 4ifif% Nuclear
LeATG18-1 424 45.62 7.58 0 No i Plasma membrane
LeATG20-1 575 64.49 5.99 0 No YififA% Nuclear
LeATG22-1 557 61.63 7.58 12 No % Plasma membrane
LeATG22-2 535 59.72 8.31 12 No J&E Plasma membrane
LeATG22-3 538 59.94 5.91 12 No J&JE Plasma membrane
LeATG24-1 466 53.03 5.41 0 No 1% Cytoplasmic
LeATG26-1 1474 162.88 6.39 0 No AififA% Nuclear
LeATG27-1 226 24.59 427 1 No iR Nuclear
LeATG29-1 432 46.46 9.51 0 No 4ffiR% Nuclear

LeATG15 l LeATG22 A2 N EHWEKK, &
2= AL, i 4 4> LeATG1S ZK5 %
BySES K R I, 1E Clade IINTE i & 2 HFEE Y
INGYSE, BAGEEAE 98 DUl 2 4~ LeATG2 Al 3 4
LeATG22 ZK % W 51 B 43 | [F] J& Clade I
Clade Il 433, ##F AR Y, R [E—F
FIRME TR E R E 5
2.6 LeATG RIEFMAEFRTELECIRESTH
FKIEERX

KA B 2 5% AR 0 0 22 TG £8

L2 FE S ARAS B FPKM (B HEA T AH M43 B (B 6A),
ZH IR SR BIAH DG TEAE 0.923-0.965 Z[H], Ui BHAE
il A PR SRR, B PR AT 5 AL R A A
KMAE 0.673-0.87 Z 0], KA Z (0] 22 74
K, MG LR FE S A0 22 SR SR B E 7% .
3R LeATG ZRWG L 0% Fk R A 1 22 % (o i 5
FPKM fH, sr#rH kg o(&l 6B, 6C), 29 4
FKN R TE P RE S i R AR U TR],, Herp
2RI EE R LeATG22-3 Ml LeATG27-1
SRR 2R amr s Rk, R\ HR R 22K
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Fig. 6 Transcriptomic analysis of LeATG family genes. A: Correlation analysis plot; B: Heatmap of transcriptomic expression

levels of LeATG family genes; C: Bar chart of some differentially expressed genes (DEGs) within the LeATG family.
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Fig. 7 Expression analysis and conserved structure analysis of LeATG15 family members. A: Bar chart of differential expression
of the LeATG15 gene, LeHW-3x30: Uncoloured mycelia of BIPP21020482; LeHB-3x30: Coloured mycelia of BIPP21020482;
**and *** represent significance at P<0.01 and P<0.001, respectively (n=3). B: Multiple sequence alignment of LeATG15
protein; Sequence similarity is graded from light grey (low similarity) to black (highest similarity). C: Conserved motif analysis

of LeATGI15.
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