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Advances in genomics of edible and medicinal fungi
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Abstract: Here we present a comprehensive overview of the current status of genome sequencing in edible and medicinal
fungi, as well as the application of gene mining and modification based on this technology. As of March 2024, NCBI
reports a total of 980 basidiomycete genome sequencing records and 3850 ascomycete genome sequencing records.
Additionally, numerous studies have successfully completed genome sequencing for over 130 species of edible and medic-
inal fungi. Comparative genomics has been applied to investigate genetic diversity, evolution, and secondary metabolite
biosynthesis in specific fungi such as Ganoderma lucidum, Lentinus edodes, and Antrodia camphorata. Furthermore,
CRISPR/Cas9 gene editing technology enables precise manipulation of genes in edible fungi through knockout, insertion,
or point mutation operations. These advancements hold great potential for enhancing the quality and nutritional value of
edible fungi while facilitating the development of new varieties to promote sustainable growth in the industry.
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HRERARFER A . JEgih, B4 w2 R4
M P23 130 B, T — 200 WA 25 FH B, i as
(Lentinula edodes) « R Z (Ganoderma lucidum) - %
HEL(Cordyceps militaris) tK% (Poria cocos) AR
Y (4uricularia heimuer) S W) P O 58 1 2 IR F: R 40
W, Hrp W E /KO &2 7 G akK-F, Xt
U VAR R A EERNA A EEE ., X

15 BRI SRAF RN B T RE 70 H AR St 1 EL 2
BRI AH 2R A3 LT R, RN T il H AR A KA AT
TRHEAR A 1 R S FS B .
1.1 BHRAEREREAENF

#1k 2024 45 3 H 4 NCBI 4k , 48 B 1k [
LN PP AT 980 21T 33 5 T ik R AL I e A o
£ 3850 ZK il AW TUR, HETAH 130 KA R 2y
F B O 28 58 e = DR ZH 0 2, 491 1 22 48 T (Schizo-
phyllum commune) « 7 45 4 # & & (Ophiocordy-
ceps sinensis) « R 2 RZ B 4% (Volvariella volva-
cea)  FA RN HL L B HE XU B % (Agaricus bispo-
rus) ~ a5t 4 (Flammulina filiformis) &2 (Taiwano-
fungus camphoratus ) ~ T EL & (Thelephora ganbajun
Zang) 55,3 1 85 P £ 24 F R R DR 2E 00 ) 1
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Table 1 Genome sequencing of 5 common edible and medicinal fungi

Yrkh RV 3 L Fe RN MFP7K-F FRT

Species Sequencing times  Strain Genome size/Mb  Level GenBank accession number
Tt Lentinula edodes 16 L808 45.87 Chromosome GCA_015476405.1

RZ Ganoderma lingzhi 1 SCIM1006 49.15 Contig GCA_026283605.1

BARH Auricularia heimuer 2 Dai 13782 49.76 Scaffold GCA_002287115.1
U L Ophiocordyceps sinensis 5 ZIB12195 101.10 Scaffold GCA _001648815.1

TR% Poria cocos 5 DCH 776 SS20 64.44 Contig GCA_029448655.1

Ohm &5 "%} 24 75 1 (1) 32 [X 21 (38.5 Mb) #4773 #7
7R 7 MR OR BT PR AL . AR T A
6 R R A I B K SRR, H R NCBI 2 35 %%
R R A B IC % . B A L8 KT,
ZR R A O 2 RARIE , H Yo FE IR A
IE B A R IR (H-O B AR, M T & 155
Jo £ 1) G A K S B R4, K 7N 45.87 Mb, 99%
1) 7 30 5 6t 5 7E 10 2k Gtttk b, HLIE G 0k AN [F]
X A TR AR AR o M ot o 3 A7 A 25 R A B0 T, 7
K EfE T EER B L. & RERAE
FtEG e E R Mg g e E S/ LT HR
J3 52, v [ B B A (Hirsutella sinensis) 7& % HUE B
ME— M IERRAS AR . SN 7 SR N 1 i HL AR AN
L FRHLA , Jin S0 A R A B B DR kAT T
FF 5 1 URER A5 78 15 23R >99% [ H [ 4 B 1 1 3 (R 4
(102.72Mb) . R ZR—MBELFHHE, v =42 M
EE G, KA N EA T E 2 A 2000 £
SERIT . Wu MR O R 2R 4 (49.15 Mb)
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[ f AL G 22—, (e R E L HAS 8 E A
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HE DR 2H 235 /) 3 e - 0 PR A | vy et o I A A 3 R
FIRY AT T b
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28 KA (mitochondrion, mt) 1 4 & 24 F B 1) 28
TORERAN, HIERAGEEEMN T REKE
FHETE | HUBHE D20 7 DL K b A4 A 5% 5 9 11 AT
Fio BB HR B KR YT BOZ il sz, i
TSR AE B b ZORLAR T TH W T R IR AR £ (H
St H TARIE TS OOR T, O 58 BOZ K44 35k DR 2H I 7 1)
HF 5 HEE YR 2 RS mE A8,
H AR B e AR B R A AF AR BRI 2 57

T 1% 2E )1k T (Morchella importuna) ¥ 28 R A4 5
KI2H (272.2 kb) /& CL R IE 19 KB S0 P K,
TRENE R AR R 7 TR S HE AN 7
FIEE MBI 5 (Clavaria fumosa) 2% Fi A 3 K]
A2 H ATk i B4 B R ORI AR A B R A
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AR 2 28 R A DR A0, B — AN URE ) SR R 41 26
LA i R AH 2 B A AR AR R R L s N3 T 1Y)
EMPEAE 12 M2 LE H WM B 5EN
A, AR T AEZ LI H @A K A R Ok A
TREBMAN S FRZREGRG M. Li @ 4
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Fernandez-fueyo 550}~ 4 5 K 4H (1) 73 A & B, 76
— MR EREME RS, 2 Dt AL VB A [
AR B A B VR R B 508 O HE TR P e
B S YIEE R TR HEAT T RAE, 8 T HE A
FooE MEAD pH F20E PR 22 7o Li 5870 il B B /K 2
HERBAT | R A0, L E T 4 MHKE
1 2 i 35 L], 5 i 7K g 5 R 2 2 i Jo 0T R 6 Dl T
() e 82 H BAT AN TR e s A =X, B SO AR T
7 FE TR L B AR W A S SRS R Z B K
T B PN | e A A T s e A N A AN A
A DEENE A s R . Kim RS
Bt 1) 4 B DR 2 4 o 4 S P R AR 1Y) 4 e 2 iR
B, 75 15 ANHEN ) AR E R b, R I 4 AN i
BRI & 4 e B 45 G X (10 MNH 2 IR ik Ik
1 AR BRI ED A 4 N5 5K R B2
e =R % %L, 93 Al N folacl s folac2 fvLac3 1 fo-
lac4. 1E fvlaccl (Asn-454) . fvlacc2 (Asn-437 Fl
Asn-455) | flacc3 (Asn-111 Fl Asn-237) fl fvLac4
(Asn-402 Fll Asn-457) ] cDNA J7 51| i %58 B 7E
] N-FHE ZEAL AT 5 (Asn-Xaa-Ser/Thr) , T iX 4 55 A
BT 19~20 2 R IR FE M B A 5 Ik . R B 1
T g 039 2 5 5 il e XU 3 T R L CuS 0. 5%
i) 3% 6 2% i R R 1) 15 3 A oK . R ZR
(ganoderic acids, GAs)/F Ny R 2 5 3L 1) 25 5 P4k
B, e — M= RAE Y H AR T
PLAI AW FE RS, (0 B R TE GAs 2R e A
FILW S R T M A IE . Liu 945 & K4
% .DAP-seq.RNA-seq R =55 AR LK 7314
Vg A AR 27005 e 1 e sie DR 1 [ U 7 o A
45 H (SREBP) R A] BE AL A0, 065 =i 5 BSORA i
JR AR R, O B SREBP 7R/ 15 R 2 A
GAs “EW)& b (8 R F Dy €, JFIE ] SREBP i
A A 7 IX I, AR 3 GALZE 8 BRI RE R A9
B R O BE AR R A 6 5, AT I 9 GAs 22 A1 (S I
A 5T AR RE
4 F TR DAL R 24 H T 3 A
) 3L T 190

b 5 £ 24 FH AT 1 ik IR A 508 A AT, DA SR B TR
1) I B B BRI D e i 9 BRIR N, R 0 F B &
Z) AT FE R BSOS N T R LR E A
AR R 2T B M 2R, 322207 045 PEG
I F AL (PMT) « FL T3 8 DR V2 AR A 1 A
FE (ATMTO AR, H A 78 8 24 H B b BT 22 1Y

e 4 -

J& PMT F1 ATMT. Chen £ ATMT $ A K i
B AL B B 7E 5-FOA I FEME FIRBRA T,
Tu 5 8 PMT J772204 Bk pU6-ura3-sgRNA1 5]
ANF|RZ Cas9 HARA ku70 RAE FIRIGEAL T
XoF £ 243 FH B s i) = B R P R D e o R R 3R
1k L DRI BR & 592, o CRISPR/Cas9 4 K 9 5
RGN T EMN—FEZEFE.
4.1 CRISPR/Cas9 EERIEB RS

FLAE 1987 4F, — B IA) % 40 5 52 )% 51 B Ik LE
K12 KIAT 1 4 2 30T s B 3 2002 24 Hay 40
CRISPR, M [ /I KLIH 40% ¥ 24 B 25 (R 41 1
AT 52012 4F L ERE XN E 2 Cas9 &
DL AR AN SR ) crRNA AT tracRNA B SEHL T
PRANO)E S 5 10 J5 e N B2 5Kk e 1 L —
AR, I L 52020 4, Emmanuelle Charpen-
tier F1 Jennifer A. Doudna 1 T /& ¥ CRISPR/Cas9
T 345 V8 DLRAL 222205 CRISPR/Cas9 K 448 4%
A R B ) B DR 3R AT R E B R . CRISPR/
Cas9 J:[H 248 — /B RNA (sgRNA) Fl—Fh i 2%
) DNA V)%l (Cas A% FL ) 2H i, Ho 5 3 32 B AE
sgRNA 5| 5T, Cas9 £ [0 8 3 R AL s b AT 5 7
PEIE], 724 DSB, P FH 3 [7) 5 AR v i 42 (NHEDD
AR E B E (HDRO BT B, I 2500 H brdt
DR il o i 3 0 25 56 R AL BB AR B 1A 0
4.2 CRISPR/Cas9 EFHRmEAGERHAEMR
FEI R A

o 25 R AT AR R S B E R AR
W, N T AR RS ER 0GR 2R 2R
FEN) B R R FH B A% B A 7 V20t T AR T I i
1758 M B8 o A% Ge i [R] 5 25 20 J7 725 25 R e o 250
A%, T BB 2 B 2 8w &k, SR8 a6 R
FORE R, R LA H BT AF7E N 20 B 1A T
CRISPR/Cas9 £ [H4i4H 4 A . CRISPR/Cas9 A &
ERE T LR 2 gm0 1 I S R s A
B F PP f 9w 4 2% . /£ CRISPR/Cas9 i [K 41 4 5
ARG 3 P WK% 1% SRS R Cas9 1% R
IS sgRNA (R AMFRIL Cas9 (1)KL 5 sgRNAD
& N Cas9 1 sgRNA W & (4547 Cas9 ik & Al
sgRNA & & & — B ki) , BL 4K 4b Cas9 Al
sgRNA 7 3 (RNP & & 9O ™. H §i i 2 347
CRISPR/Cas9 HUE I B A HE A Z , I H R Z %L
AT G e 5 DAL 1 DM B L AL, G 2R 2 PR B P
&L TENE 2.

Liu S5 R IFARAG T —Fhdk T &4t 4 ik 4h
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Table 2 Application of CRISPR/Cas9 gene editing system in modification of edible and medicinal fungi
Wt AEIEIR FEAR S R
Species Target gene Main results Reference
i R ura3 JekRic CRISPR-Cas9-TRAMA i (K £H 2w 22 Gt 37 [29]
Cordyceps militaris Establishment of marker-free CRISPR-Cas9-TRAMA genome editing system.
I ura3 CRISPR F LA St 25 U IR BT K (8]
Cordyceps militaris The first successful development of the CRISPR system in a traditional medicinal.
) R Cmwe-1/Cmvvd TUHRIE T 2T AMMI 17755 2 38 PR 2 4ot 45 RORS ff 08 1] 6 PR R 2 o [36]
Cordyceps militaris AMA 1-based mushroom genome editing and precisely targeted gene deletion are de-
scribed for the first time.
i B CmHkl1 UESE T 09 U5 1L 2H CmHK T X5 325 W B RN 275 TR 750 1R UK o [37]
Cordyceps militaris The susceptibility of HK gene CmHKI of C. militaris 111 group to osmotic stress and
fungicide was confirmed.
iy UL Cmhyd! }IE 7 A~ CRISPR/Cas9 ¥L[a] 2R G ¥ 2 4= o MR 45 T 58— DM PURBE N i & [38]
Cordyceps militaris R4,
A safe harbor locus, a safe harbor targeting CRISPR/Cas9 system, and the first dis-
ease-resistant gene-editing breeding system in a mushroom.
B hom?2 T OCHRE TR AT T B s P S TZH 2 1Y Cas9 RNPs. [39]
Schizophyllum The first report of the use of pre-assembled Cas9 RNPs in a mushroom-forming ba-
commune sidiomycete.
P Popcel/Poclpl T FVER B RS A2 BB AL TR R [40]
Pleurotus ostreatus The study provides clues to the conserved and diverse mechanisms of sexual devel-
opment.
FE pyrG B ARIE T A 4 ) Cas9 RNP R Grik AT 25 K 4 4 i [41]
Pleurotus ostreatus The first report demonstrating genome editing using the Cas9 RNP system in the cul-
tivated mushroom P, ostreatus.
1k pyrG ffeyl FIF 4T RNP [f) CRISPR/Cas9 % ARX %5 feyl 1 pyrG #E47 7 Tohrid LR [42]
Pleurotus ostreatus HEE TN
The RNP-based CRISPR/Cas9 was used to achieve the ectopic marker- free ge-
nome-editing of fcy!l and pyrG in P. ostreatus..
4 pyrG /feyl B AR AR B A ] CRISPR/Cas9 7 45 #4725 K 41 2 4 [43]
Pleurotus ostreatus The first report demonstrating genome editing using the CRISPR/Cas9 system in an
edible mushroom.
- 4 mer3/msh4 ST 25 XOURZ VAR F) P 2 LA o [ A A S R [44]
Pleurotus ostreatus Simultaneous gene targeting in both nuclei of a dikaryotic P. ostreatus strain was
demonstrated.
Tk vpl/vp2/p3/62347 R PTG JHiLBI N ZHBIRA . [45]
Pleurotus ostreatus Polygenic mutations were introduced by PTG method.
T fey 35— MR Cas9 5k F1 57 5 e JE4 i LA PR30 T [46]
Pleurotus ostreatus The first to utilize Cas9 nickase and analyze promoter in the Agaricomycetes at the
original site on the chromosome.
it gatl/pex] PR T VAR AR A 2 R AN LR S B 23 LR [47]
Pleurotus ostreatus The diversity and conserved molecular mechanisms of lignin degradation in white
rot fungi (especially P. ostreatus) were revealed.
P PPAR Y CRISPR T HLHi5E 1 FE N ERAZHIZE ] PPAR y (AT HENE . (48]
Pleurotus ostreatus The CRISPR tool identified gene knock out possibilities of control ku70 gene PPAR y.
RZ ku70/ura3 K70 W A8 A A 0 ) 5 DR 47 AT R 450 (147 R A [30]
Ganoderma lucidum The ku70 disruption strains were efficient recipients for targeted gene insertion and
replacement.
RZ ura3/GL17624 T U A sgRNA Z8 G0 4 8 A o Qs 4 w0 0 R R e 2k [49]
Ganoderma lucidum The first description of target gene deletion in non-model mushrooms using the dual
sgRNA system.
RZ cypS15018/cyp505d13/  FIEET GA A& KT EERE R ) CRISPR/Cas9 4 R4t . [50]
Ganoderma lucidum ura3 A CRISPR/Cas9 editing system for functional genes of GA biosynthesis was con-

structed.
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Table 2 (Continued)
Yt FLIEDA TR S 30k
Species Target gene Main results Reference
RZ pyrG 81 Cas9-gRNA 52 & g i 5 2 R ) 0% 5 TR A S it R ST IR o [51]
Ganoderma lucidum The efficiency of editing the G. lucidum gene using the Cas9-gRNA complex was
comparable to that of the plasmid-mediated editing system.
A5 0l 5 prG BT T BRI B R R pyrG R R R S [52]
Pleurotus eryngii A highly efficient pyrG gene editing system has been established in P. eryngii.
fiy LeHDI O TR T T CRISPR/ cas9 (175 A1 5 A 40 4l T AL [53]
Lentinula edodes L. edodes developed an efficient CRISPR/ Cas9-based genome editing toolkit for the
first time.
U pyrG L DR 4 4 2 B T A N LB ALY Cas9 5 RE M4 HH i # % i% CRISPR/Cas9  [54]
Lentinula edodes 2R SN o
Genome editing occurred via the transient expression of the CRISPR/Cas9 cassette
in the Cas9 plasmid vector introduced into the fungal cell.
(B ShaPKS VLo 3R B IR, AR B B ShaPKS £:1A . [55]
Shiraia bambusicola The biosynthesis of hypocrellin requires a SbaPKS gene, and hypocrellin is a critical
virulence factor.
| ku80 100% 3 D] #8 m) 451 58 A1 22 2 36 (K] 4 4 4 [56]
Shiraia bambusicola 100% gene targeting frequency and simultaneously multiple genome editing.
S prG H U RNP &Gk 78 6 4 4 h 37 CRISPR/Cas9 B:[F 412w % R4t [57]

Flammulina filiformis

The first to use an RNP complex delivery to establish a CRISPR/Cas9 genome-edit-
ing system in F. filiformis .

HAL MR % B AP CRISPR/Cas9 J [K 4H
R JTVE, OO LN T, 5 AR Tk
FHEE %07 V38 5 1 A8 AT AT S8 DNA, AT £E ST
FIR 548 T IR 75) /7. Boontawon 251N
T Cas9 FIFE[A] feyl A pyrG AN [F] sgRNA 15
KLy A B PC 9 W bR I i 2B R AR e, 72 A2 T )
S S-S s e RS- G LI R AR I P ) B AR
T UCUE B 7E £ F B Al CRISPR/Cas9 & 45 A& 1]
PLIEAT JE A 4B 1« Chen S5 I dt & rp T &
@7 7 hRid i CRISPR-Cas9-TRAMA 3 [K] 4H %
B RGE, it AE HURF R R IR 0 B e
VEYw#E, L@/~ Cas9-TRAMA % %76 & [ i A& o
JE Bl 50 B PEAL AT 10 kb AR 1T A % B Ok HR I R
Fl . Meng S5 8 AR R T AMAL FURLI KB
] 2 K] £ G 6 RTAGG i L ) 2 IR R 2, 7 g HR R b oy
#TETHA AMAL T H 3 5 TR I &R
CRISPR/Cas9 K H 948 R 4t , ol Fu 4 Rl 2
AN J DR PR 45 16 75 T 1 258 DR 4 24 F 50 RN B /R B b b
BRI RE .

CRISPR/Cas9 % [F 2H 9 4 5 40 10 K AL B 1
(1) 8L B~ 3P ke B AN 2, HLst B RTaiE 9
PUIR K 15 , CRISPR/Cas9 i [K 4 g i R G fF KT H
BRI HH IR R FH G R 5 35 R K THAS B AE T R B R

BB o I ) 5 S PR TR 2R R 11 35 R A B
WEA S WM AR ETH T WA L LK
CRISPR/Cas9 RS AL T 5o

5 B H#
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