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ABSTRACT: Objective To conduct molecular identification of common edible fungi and their easily mixed wild
toxic fungi by DNA barcoding technology. Methods MEGA7.0 software was used to analyze and align the ITS2,
nrLSU, and EF1-a gene sequences of fungi obtained from GenBank. The kimura 2-parameter (K2P) genetic distance
within and between each taxonomic group was calculated, the neighbor joining (NJ) system cluster tree was
constructed, and the secondary structure of ITS2 for each species was predicted by ITS2 database. 4Sale software was
used to compare ITS2 secondary structure, and the ProfDistS software was used to construct a profile neighbor

joining (PNJ) evolutionary tree. Results The genetic distance results indicated that there were significant barcoding
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gap in each taxonomic group; the NJ tree results showed that each species could independently branch and had good

monophyletic traits; PNJ trees could also distinguished between edible fungi and easily mixed toxic fungi; there were

significant differences in the secondary structure of ITS2 among different species. Conclusion ITS2, nrLSU, and

EF1-a can be used as a DNA barcode for the identification of edible fungi and their easily mixed wild toxic fungi,

providing a new technological means for promoting the widespread application of fungal molecular identification in

food safety management and ensuring food safety and public health.
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1 MR5ERE

1.1 SEEOH R

AU EE T B FE RSB W [Amanita verna (Bull.Fr.)
Pers]. ##SH Wi[Admanita phalloides (Vaill. ex Fr.) Link],
W B RS B 8 [Amanita virosa (Fr.) Bertil] . #% 8 (Amanita
ocreata Peck) . FAFEMA[ Clitocybe dealbata (Sow. Fr.) Gill] .
MBI 1 (Agaricus crocopeplus Berk. & Br.), WK E H
(Amanita bisporigera). EMA[Clitocybe phyllophila (Pers.
Fr.) Kummer]. VU EE 4 (Agaricus campestris) . B B 7%
(Agaricus arvensis Schaeff), FIMMIGE[Agaricus silvi cola
(Vitt.) Sacc.]. E##[Volvariella volvacea (Bull.) Singer], %X
T EE RS [Agaricus bisporus (Large) Sing]f) 1TS2 41 . EFI-a
¥4 K nrLSU JF 9 RSB 4, I GenBank ¥4 2
T EAH A E S B T R RE B, A 1 PR
12 SEWHE
12,1 2 FARLF 5 69K I, ITS2 7l 49 2R & =21
2& My Fam

M GenBank (https://www.ncbi.nlm.nih.gov/) 53 2+
NARFTIEYIRIAY 1TS2 P4 EFI-o J¥ 5} nrLSU 741
TE ClustalOmega Wil #47 EFI-o J¥ 51 } nrLSU 741
W) X R G o XFF ITS2 Jp4l, ZEF R R n] e
(HMMen)?U ) 1 B )5 3578 1TS2 Databasel® fr k47 1 #%,
A ITS2 B 5 — % 45 A4 T500 2§ (http:/its2.bioapps.
biozentrum.uni-wuerzburg.de/)FEAT — 45 T
122 @AE3E & 6 HAe R A F e Mk

FIFH MEGA7.0™ XA B3t (19 1TS2 J¥ 41 . EF1-a J7 4
M nrLSU A AT ELXT . 2£F kimura 2-parameter (K2P)F
HUPEAT R Y AN R385 1% BE 29 3050, BT K2P BE g 5 AR
A4 4 1 (neighbor joining, NI ITS2 551, EFl-o JF
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Serial numbers and corresponding species information

T IFIN S

Table 1
4 Wik LTS24
MR T Amanita verna
HIH Amanita phalloides
Bl A 11 BRI Amanita virosa
G Amanita ocreata
R AR Clitocybe dealbata
e 5 15 Agaricus crocopeplus
ITS2 XA E TR Amanita bisporigera
P70 Clitocybe phyllophila
Y 6 % 2k Agaricus campestris
Liiggi Agaricus arvensis
[ERIN: Agaricus silvicola
gl Volvariella volvacea
XL T 7 Agaricus bisporus
MR Amanita verna
HRGE Amanita phalloides
AN R RS A Amanita virosa
RS Amanita ocreata
Bl EF-rie Clitocybe dealbata
XA E T Amanita bisporigera
HEF R i Agaricus arvensis
LA P Agaricus bisporus
MR Amanita verna
HERGE Amanita phalloides
BN R RS Amanita virosa
XU IEHEGE TR Amanita bisporigera
nrLSU R Clitocybe phyllophila
DY 2 Agaricus campestris
Y R 2 Agaricus arvensis
[EF ik Agaricus silvicola
B4k Volvariella volvacea

>0M451530.1; >OM451534.1; >OM451533.1; >OM451532.1; >MKS512066.1
>MZ647957.1; >MZ647956.1; >KX449199.1; >KX449211.1; >KX449207.1
>MZ647955.1; >KY924845.1; >FJ176737.1; >JX998030.1; >JX998028.1
>MZ997400.1; >MZ997394.1; >GQ486874.1; >GQ250404.1
>0P681746.1; >0OP681733.1; >OP104060.1; >KY706184.1
>0P508342.1; >KT824783.1; >KT824787.1; >KT824786.1; >KT824785.1
>EU819411.1; >OP743456.1; >0P643388.1; >OP643304.1; >0OP643083.1
>MZ144144.1; >MZ144143.1; >MZ144142.1
>0M985820.1; >MW426145.1; >OM859365.1; >MF616403.1; >0Q510033.1
>0ON171455.1; >MT535720.1; >MH861005.1; >MH854618.1; >MW485429.1
>MW485430.1; >AF059223.1
>MZ621247.1; >0M417506.1; >MW077530.1; >MN738642.1; >MG280839.1
>MH859080.1; >MH856148.1; >KM657921.1; >KM657920.1; >AF432886.1
>0N086254.1; >ON086255.1
>MT977104.1; >EU886739.1
>KJ481999.1; >KJ481998.1; >KJ481997.1; >JX998008.1; >JX998007.1
>KJ481947.1
>EF421080.1
>KJ481936.1
>KX198047.1; >KT951619.1
>0M972899.1; >OM972898.1; >OM972896.1; >OM972894.1; >OM972893.1
>0M423682.1; >OM423681.1; >OM423679.1; >OM423678.1; >OM423677.1
>MH878248.1; >MT862265.1; >MG712357.1; >MG711610.1
>JX998059.1; >JX998058.1; >JX998057.1; >FJ755189.1
>AF097385.1; >AF097384.1; >0Q345779.1; >MWO031169.1; >MW788774.1
>AY207157.1; >MH867847.1
>KR006607.1; >MK277478.1; >MK050630.1; >KT951468.1
>MK617825.1; >KT951454.1
>MH868102.1; >MK029338.1
>MZ621247.1; >0M417506.1; >MW077530.1; >MN738642.1; >MG280839.1

G % nrLSU FFAH) RGEFALRS . | LT 75 (booststrap)
1000 FEAEKGH #5733 SCRFR . XEFTA A 1TS2 751
AT AT SR 4Sale UMY, FI ] ProfDistS %k
PEXTAREN ITS2 741 I G025 K6 UK 60 AL ] T 408
2 9t AL ¥ (profile neighbor joining, PNJ), 1 bootstrap
1000 YA H 4543 3 B A7 ),

2 EREHR

2.1 EFEMAFEEEES S

ik 2 R, SR 1TS2 4 KRR N 5 4 IR 2
(0.000~0.012)F5)/NFFf ]384 1 §(0.037~1.052), HiH, M

T 5 TR T . SRR BRI I . MRS . RS
B B A 35 AL M B 4 5104 0.710, 0.705, 0.826., 0.744,
4K T U o 4 Al N AE R ES 0,000, B B 4 A0 R Y gt
fLHE Bl 0.005, 5 5 BL b M ol 1 44 () b 9 38t A% BE 28 Oy
0.003, BT J% 74k 5 46 % B85 4k 1) P 1) 3t A4 HE %5 R 0.119;
R AL RE B 0.000, B4k 5 el 4 1) b ) st
IR R 0.653. W13 3 FT/R, EF1-a 75 BRI N 15 IR 2
(0.000~0.002)34) /N T 1] 152 4% FH25.(0.028~1.095) AU 7%
RN AL IR 0.002, L5 (IR B | i 1 2R RS
BRI R B O TR B TR 174 o ) £ B S 400 1.033

1.022., 1.048 F1 0.981, FJR—F RUAL IS i 1) F N 3okt A 1 5
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FF KoP BETRBHERE & T (R RV, AT
W ARSIV I . SRR RS . SRR . (AR
USRI . HPEEAE . PIARHLEE . FAE Y arLSU RS A
1% 14 B5.(0.000) X /Nl 7] 338 14 15 25 (0.006~1.186) . DUl
BELE AR SR S 0.000, HE5 45 T R0 RS T A
A 1T R R TR L ARG R A A R ] gt A% I 40 B

0.194, 0.194. 0.193, 7K F U #6178 4% i ol N st A L 85
Hth, FT nrLSU ARic iy Va8 2i 5 H G IR B A 8 H 4
Z AL B o T A, T A O ol o it A
0.000, H 5 Rk AR AL R B 1114, 15 B 4k 4 Fl
[AERE SR 0.194, RIEgS | BFRE 4k 5 5 IRA 75 18 R RS H

P Z A1 FF AL 25 TR 5 1 [ (barcoding gap).

#2 EFTITS2 9 K2P iBf5ER
Table 2 K2P genetic distance based on ITS2
el T T 2 A
Sz h17 0.000
RO 0.050 0.000
B EREEE 0.076 0.076 0.000
RS H 0.089 0.089 0.043 0.000
H FEAR A 0.546 0.533 0.544 0585  0.000
ey BB 0.734 0.723 0.728 0.856  0.485  0.003
XA E T 0.082 0.104 0.090 0.097 0.583  0.790  0.000
R 0.497 0.484 0.492 0556 0.070 0.428 0.518 0.000
Y 6 2k 0.710 0.681 0.705 0.826 0470  0.061 0.744 0.415 0.000
Lagisis 0.820 0.783 0.833 0981 0551 0.119 0.858 0.501 0.099 0.005
[ bRt 2k 0.848 0.809 0.861 1.017 0585 0.115 0.887 0.533 0.110 0.037 0.012
g 0.963 0.963 0.932 1.052 0729  0.653 0.962 0.645 0.609 0.710 0.734  0.000
XA 0.799 0.786 0.770  0.905 0.506  0.095 0.887 0.448 0.090 0.129 0.132 0.685 0.000
%3 ET EFI-«a {IK2PEfEIEE
Table 3 K2P genetic distance based on EFI-a
HEEE  SFREE BMWNEEREE MEE A TUEBREE BB XU
H R E T 0.000
BERGETE 0.077 0.002
B R RS 0.049 0.067 0.000
B 0.071 0.085 0.030 0.000
AR 0.333 0.293 0.293 0.282 0.000
XU IEHEE TR 0.056 0.083 0.028 0.042 0.289 0.000
Lagisis 0.276 0.284 0.269 0.255 0.279 0.252 0.000
LT P 1.033 1.062 1.022 1.048 1.008 0.981 1.095 0.002
&4 ETF nrLSU R K2P iEREEE
Table 4 K2P genetic distance based on nrLSU
PRI AN VLY ORAMEE PR WS AR
Sz dbear] 0.000
BERGE W 0.012 0.000
AR B RSE TE 0.017 0.006 0.000
WAIEE T 0.006 0.006 0.012 0.000
FFR: 0.186 0.186 0.185 0.178 0.000
U 60 1% i 0.194 0.186 0.194 0.193 0.186 0.000
Lagisis 0.194 0.194 0.193 0.186 0.085 0.023 0.000
bR bz 0.186 0.186 0.185 0.178 0.078 0.006 0.017 0.000
g 1.186 1.114 1.124 1.149 0.996 1.024 0.996 0.996 0.000
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Fig.1 ITS2 secondary structures of all taxa
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Fig.3 PNIJ phylogenetic tree of edible fungi and confusing toxic fungi based on ITS2 sequence and secondary structure joint matrix

——JX998008.1
5 - JX998007.1

sa| | KJ481998.1
L KJ481999.1
s L KJ481947.1 1 RS TF
ON086254.1
98 76 —:ON086255 1) IR
| 100 ——MT977104.1 L
62 [ Busse739.1) HERLTFE
KJ481936.1 ] LR
100 ——KX198047.1
[ Krosisro JEFERS
EF421080.1 3 [ i bFA>
 OM972899.1
 OM972898.1
100l OM972896.1 |RUHLEE 4

——OM972894.1
L OM972893.1

~

Kl 4 HF EFl-o JFPHIREN TS
ATEILR NI B
Fig4 NI phylogenetic tree of edible fungi and confusing
toxic fungi based on EFI-a sequence

KJ481997.1 | 4 1 AR BT

——OM423678.1
——OM423677

6 OM42327? {J EE=rg

N

51— MW788774.1

£
=233

—=Ha
0y
(=N
VN
AW

98— MG712

W

) {9
o= x
LPNONGOT

———MH
57, 6 ——JX9980

b

.
oted
oo

O
0%
SS
Vv
Q0oL

9
AN
—1T M 867847' 1J AR

~
w\o

5

| T
£
e
N
(VRN
=
fe=led]
=
[
b
B

100—1(\)4M417506‘1

L MG280839.1

Bl s BT nrlSU FFSIAGEERY T B R -5 2 FLR Y NI B
Fig.5 NI phylogenetic tree of edible fungi and confusing toxic
fungi based on nrLSU sequence



108 B 24 iR AR I 2 4l

FH15E

3 W54

Ze3d 1TS2 AR FpEIAL BE B AT, VOf s os S5
S R A B L DA 19 S K PR 384 B B /N T e/ R ) 3k %
PRES, BPEEAE . B SH R IAR B AR E
WAL . EF1-o M35 AEHEE 252047 T LB X 20 A 2
S5HGRE A EA, I EAN G SR Z ] DL
X 43 FF nrLSU FRic i DU A 2 -5 1 50 RS 10 2 LA
ZIRMEAEAG (I BG; wah . PR 4 5 5 IR A R A R A
Z ) A SRS (R B (barcoding gap). HIAE DNA £0E7S
il PR 3 A5 E s o B S /N TR AT RE S, W =2 IR E B B
B, Bi“barcoding gap”?*73%, AHF7T A Al EC B X HE
RIS IRA TR DNA &L FSIF ITS2, EFil-a
H1 nrLSU J7 81 HA 5N RN N A8 SRR i R e A8 S, L
iOITS2 JPAIRSFRRE HEAT B B s g, BE A A
WFFE AT & FH BRI B2 T .

Figh, Wil 1TS2 M LM EEMNIR, LRI
BH, AN G I RN, At mT % BT e Y Rl
EFI-a flnrLSU A E Y NI R 2B R/ M, B sy
M7 A FFHOITS2 (9 NI A PNT B AH B B,
AR bR AT LA S A R ISA X S

SCIHTAZE DNA KIE YRS, Bt g o8
) DNA ZICRSEHRZE . 3% = 8 A P Fp g a3
., ARG Xy, FEA KA P Bt 12 v e LA R 2 s 45 %
B R 5 L HE B AR B A P H o DNA ZRIB S AR aT L
FERUK- SRS ks, A B TR e Rl TR X A
PREA TR . o s, HA BT R A FH A
AW GER T 1TS2. EF1-a # nrLSU 3 ff DNA 478
T 7 1 AT P TR B L 5 TR AT 7 L I A R I [l iE
HH T ITS2. EFI-o Al nrLSU 3 Fl DNA £5JE 45 v B F 1l
EAEMSESRAESERPEE, HH 1TS2 JFHIEN
DNA Z5JUHS 5 A0 i, XS B 2B 7™ v i A L BRI
A 2 i ) W I 3 A5 AT R

SE MR

(1] 2K, %80, HILR, 5. FEKBEY R IRE S M) B F5
AR AL, 2015.
L1Y, LI TH, YANG ZL, et al. Atlas of large fungi resources in China [M].
Zhengzhou: Zhongyuan Farmers’ Publishing House, 2015.

[2] BXIRVY. EAIRIEE ZK Y H RO ORI LA 2 R 2 T BSR4
REHFWFD]. Bhi/R: B HEACK:, 2022.
ZHAO ZX. Molecular systematics study on the diversity and important
groups of large fungi in the Tomur Peak National Nature Reserve [D].

Alar: Tarim University, 2022.

(3] SARBL. NZEtvD HEAR A AR RIP CORRU R BEHIRRIAR[D]. WA R

WEE AL K2, 2021,

SHI DM. Preliminary study on the resources of large fungi in the

[10]

[11]

[12]

[13]

[14]

Shariwendu Nature Reserve of Inner Mongolia [D]. Hohhot: Inner
Mongolia Agricultural University, 2021.

RIEAR. ) TEFE R E R P A SRR OB I BE IR 2 53T D).’
TR, 2019,

MOU GF. Investigation and evaluation of large fungal resources in
Nonggang National Nature Reserve in Guangxi [D]. Nanning: Guangxi
University, 2019.

PP U1 R T L ke b DX A 75 e D) £ L B K MR 8 1 7
RPN Z A4 E | IGVERFSY[D]. MIFE: PUARImEASE, 2022.
CHEN Q. Investigation and utilization of large-scale fungal resources in
the Hengduan Mountains region of Western Sichuan, as well as structural
identification and activity study of polysaccharides from gray brown
striped Tricholoma and Cocktail fungus [D]. Nanchong: West China
Normal University, 2022.

AU, AT, XS, F. BRI hR SRR TR R 2
PE[T]. WP, 2022, 41(9): 1416-1429.

LI HJ, ZHANG YZ, LIU ZT, et al. Species diversity of poisonous
mushrooms causing poisoning incidents in Yunnan Province, Southwest
China [J]. Mycosystema, 2022, 41(9): 1416-1429.

X, A, AT, 4. 2018 454 g oA PREE S T[],
ohE A AR AR, 2022, 34(1): 147-152.

LIU H, REN JH, WU YT, et al. Epidemic characteristics analysis for food
poisoning events in China, 2018 [J]. Chin J Food Hyg, 2022, 34(1):
147-152.

LR, HRE RGP REH: BoBREZ R8Il YR, 2020,
3909): 1611-1616.

YANG ZL. Trends in fungal systematics: More and more taxa [J].
Mycosystema, 2020, 39(9): 1611-1616.

S IFEEIE R R 4 TR ISR DNA SIBMS[D]. K& &
Ml 2, 2022,

GAO CH. Study on the DNA barcode of the genus of toxic mushrooms
with liver and kidney damage [D]. Changchun: Jilin Agricultural University,
2022.

ok, BUREPIA KRG M. dunt: B2, 2015.

HE XS. Modern bacterial classification system [M]. Beijing: Science Press,
2015.

JBUEAE, BRFENY, SR hE B R M] AU IR EOR
fittt, 2018.

GU XW, CHEN ZM, WU BR. Chinese mushroom atlas [M]. Hangzhou:
Zhejiang Science and Technology Press, 2018.

FUIH/R, IR, 2. IR RD]. WA, 2014, 333):
517-548.

TU LGER, BAO HY, LI Y. List of Chinese poisonous mushrooms [J].
Mycosystema, 2014, 33(3): 517-548.

O . R R R R R 0] BRI AR, 1991, 3:
160-165.

MAO XL. Toxic bacteria and toxins of the Amanita family in China [J].
Microbiol Bullet, 1991, 3: 160-165.

ZHENG MD, LIU D, ZHANG H, et al. Molecular authentication of



LERE Ul

A

, F JET DNA MR & E SIS R A T HE R 4 E

109

[15]

[16]

[17]

[18]

[19]

[20]

[21]

medicinal and edible plant gnaphaliumaffine (cudweed herb, “Shu-qu-cao™)

based on DNA barcode marker ITS2 [J]. Acta Physiol Plant, 2021, 43:
119.

FRAFI, PABKDR, PO, S LT ITS2 FAI K RS A 2
RS . LA S FZETE I EBETE]. 2EsAAR, 2021, 56(8):
2289-2294.

ZHENG MD, SUN MM, HE ZH, et al. Molecular authentication of the
medicinal species of Rhizoma et radix heraclei, Radix angelicae sinensis,
Radix angelicae pubescentis and Rhizoma et radix notopterygii by integrating
ITS2 and its secondary structure [J]. Acta Pharm Sin, 2021,
2289-2294.

56(8):

FRAE G, PR, TRAR, SF. T ITS2 P K kRt N S AR
EHF SR, B SEYEARYM, 2022, 41(4):
93-101.

ZHENG MD, HE ZH, ZHANG C, et al. Molecular Identification of
Perilla frutescens and its varieties, Perillae fructus and its adulterants
based on ITS2 primary sequence and its secondary structure [J]. J Food

Sci Biotechnol, 2022, 41(4): 93-101.

A, Bk, DEEE, 2 BT matK R ITS2 K 2R EE X 25 M 7575
Do HIR O b S5 B0 5 (0], o B ERAR R 2 2%, 2022, 39(17):
2222-2228.

ZHENG MD, ZHANG C, MA RL, et al. Identification of moslae herba
and its adulterants based on matK, ITS2 and its secondary structure [J].
Chin J Mod Appl Pharm, 2022, 39(17): 2222-2228.

KOETSCHON C, FORSTER F, ALEXANDER K, et al. The ITS2
database III-sequences and structures for phylogeny [J]. Nucl Acid Res,
2010, 38: 275-279.

HURHE, TRk, EPE GE BRI R R A EOR RS Y IR
WISEHERET]. Bt & RGN ~# 41, 2023, 14(12): 203-213.

SHEN HJ, ZHANG C, ZHOU S, et al. Research progress of emerging
mycotoxin detection technology and its contamination status in food [J]. J
Food Saf Qual, 2023, 14(12): 203-213.

G, B, WRTEE, A T o BB R AL R AR E AR
WEFEHERET]. 5 2E 2RI 244, 2023, 14(20): 129-139.

YI SJ, LUO L, CHEN ZJ, et al. Research progress on the poisoning
mechanism and detection technology of a-amanitin peptides in poisonous
mushrooms [J]. J Food Saf Qual, 2023, 14(20): 129-139.

KELLER A, SCHLEICHER T, SCHULTZ J, et al. 5.8S-28S rRNA
interaction and HMM-based ITS2 annotation [J]. Gene, 2009, 430: 50-57.

[22]

[23]

[24]

[25]

[27]

(28]

[29]

KOETSCHAN C, HACKL T, TOBIAS M, et al. ITS2 database IV:
Interactive taxon sampling for internal transcribed spacer 2 based
phylogenies [J]. Mol Phylogenet Evol, 2012, 63: 585-588.

KUMAR S, STECHER G, TAMURA K. MEGA7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets [J]. Mol Biol Evol, 2016,
33: 1870-1874.

SEIBEL PN, MULLER T, DANDEKAR T, ef al. 4SALE-A tool for
synchronous RNA sequence and secondary structure alignment and editing [J].
BMC Bioinf, 2006, 7: 498.

WOLF M, RUDERISCH B, DANDEKAR T, ef al. ProfdistS: (Profile-)
distance based phylogeny on sequence-structure alignments [J]. BMC
Bioinf, 2008, 24: 2401-2402.

TELFORD MJ, WISE MJ, VIVEK GS. Consideration of RNA secondary
structure significantly improves likelihood-based estimates of phylogeny:
Examples from the bilateria [J]. Mol Biol Evol, 2005, 22: 1129-1136.
KELLER A, FRANK F, TOBIAS M, et al. Including RNA secondary
structures improves accuracy and robustness in reconstruction of
phylogenetic trees [J]. Biol Direct, 2010. DOI: 10.1186/1745-6150-5-4
CHEN SL, YAO H, HAN J, et al. Validation of the ITS2 region as a novel
DNA barcode for identifying medicinal plant species [J]. PLoS One, 2010,
5:1-7.

CHEN SL, YAO H, HAN JP, et al. Principles for molecular identifcation
of traditional Chinese materia medica using DNA barcoding [J]. Chin J
Chin Mater Med, 2013, 2: 141-148.

WRobhk, IR0, ERE, 45 AP Fie o]
%%, 2019, 44(12): 2421-2432.

- R

CHEN SL, WU WG, WANG CX, et al. Molecular genetics research of
medicinal plants [J]. Chin J Chin Mater Med, 2019, 44(12): 2421-2432.

(% THW Heir)

fEEEn

MmEE, Bt BIER, EEHRAE
AEMEREESTFN.

E-mail: hakuna matata mm@qq.com



