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Abstract: Lysurus mokusin (L.f.) Fr., initially described and named ‘mo-ku-sin’ after pronunciation
of Chinese ‘EEF{# by the French missionary Cibot in 1774, is the first scientifically described
fungus from China. To facilitate the correct application of its name, its typification and taxonomic
study according to the current nomenclature code were carried out. The lectotype and epitype
were designated, and mitochondrial genome and nuclear genome of the epitype specimen were
assembled. The circulated mitochondria of L. mokusin totaled 101.1 kb, containing 26 tRNA and
16 protein-coding genes. Each nuclear haplotype contains 11 chromosomes with a total length of
33 Mb and 8/11 fragment contigs of 1.4 Mb. The BUSCO analysis suggested that the genome is
88.5% completed. This is the first genome reported for Lysurus. A high proportion of repeat
sequences (ca. 16%) was detected and, after masking, 8 637 and 8 572 protein-coding genes were
predicted for two haplotypes, respectively. The gene distribution shows a typical pattern of a
“two-speed genome”. In addition, 27 non-redundant biosynthetic gene clusters (BGCs) were
predicted, mainly distributed in Chr0O1, Chr04 and Chr06. Two BGCs are 100% homologous to
known insecticidal and antimicrobial BGCs producing xenotetrapeptide and rhizomide. Our study
provides a model for the typification of numerous early-described species lacking types in China.
Keywords: epitype; DNA barcoding; HiFi sequencing; two-speed genome; biosynthetic gene
cluster

BAARANE ]y — AWy Fh sl Fh T B0 & R AT
JIEACHE I SRR, 2P ol 44 R T A AR B 1)
SARB S, AR TIZF 2 BT8R R O
FRIE . BEChRE 1R BTG4 & 2B 2ot
ESRZ—, BT 1958 4R 5 Afr ikt
(Liicking et al. 2021), M7EILZHT, HTH=14r
LA, IRE R RNARIEATEE
BB E R TAEIE, xR
it FHFNAE OGP A S 7 i ok TARCR IR ME . Ryt
CHEPREEZS . WP Ry 24 0 e T ik
181 X (lectotype) . B fin 455 =X (epitype) Fl#T B54 =X

(neotype) G M ML & . M 44 FR & R B TG B
52 W 6 7 N 7 7 N e | W A
T2 BEmE, A] R IE B R 48 E — 10 b
Ao —IRERE R R Y FE. JFik
a2z miAE E B A B L Bk 4 RO DG K
0 BT A SR 4G A BHIE B R PR AT . AN 2 AR T
S e B, AT LUFE a8 — 03 8T B A RE Sy B n A5
Ao YR EIAREAERS, A] TR R g
T — 3 bR A 5% — i & 7 AR 8 BB X (Turland et
al. 2018).

W53 2824 R — T TR ARG B ) B 2
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BE, RIET 18 MBI, BEF, RATEZRW
SITHZEHE . BN, Bl 2855k,
Horp—2 [ R B AR E R T K KA A
FEIFREMTSE, HIAnvE TR (Cibot PM)., 4847 FL
(Delavay JM) . 75 $ii il (Giralldii P) %% (¥ 35 1
1979). | 1930 4EH EZ=# 0] A C AP R
ZHT, ©AZ 330 Fek A E B R PR
HES, RESHAME = e (RIS 2023),
H T b T Y 26 A R BB, X
R REY AR 2z B e, Hh ik
BRI ED R bl B4 Lysurus mokusin,
iR T 1774 9000 AR A I & 3K (Cibot
1774), WA pIbnARk AdbaT, & Rt
Fl2E Al B B GOT I 1979) IR IEZ 4 R
Y HERR I, A RIS IR B i 44 TR X 1
P Je TR Ar T o 28258, DU LAt
Kz R AR BRI 2% R,
BB RERE THFET. B,

REH. BREF, FERREERK, N1k
B, T2 U7 P> A TRER G B, ™
A R RO B 5| B AL R A1 1Y
YEF(Chen et al. 2014), A WFFEFR I EFE X 3)
YA 7%, Al 1AL (Cortez & Rossoni 2014), F&
[ B )~ RAE X KAV TR R A v, i 1
WU Y 7B H W (IR K 20065 E 4R
2014), A R RN TR R I TR el g2
HUrx} Fusarium oxysporum, Botrytis cinerea #il
Pestilopsis sp. %5 Jit HL I H A AR 4 1 40 i 4 1
(EEGFF4E 2017; 5KBEPESFE 2019). Lin et al.
(2021) F AR TBURH €6 335 X 4% 1R V8 28 1 AR
L EWIEAT T PUBE I PEPEAL K AE AL 9145
W T B R B AR U I AR S R R T
T 3 B o AN A B9 R U R R
RN WPt S YI(LMIC), X HEREIK4) o
HICFIEE] 59.77%, Je R EEA PR 1)
(Lin et al. 2020), AMFFEHAL TR A5
i SER A, AR T Tk U A Ik R 4]

FAE SR AR A BRI R, X i R AR E Y
BN, AR I%E AR G AR 4
FHERFEE R A A LR T
Heaih

1 AR

1.1 FRARERFE

WFFEAR AR AE A 7 BUBR DT 5w AR AR
Ui, FRASREE N FE B ARE TR e, I
AT IR S RS D % o AR AR A R
AMAERS, R R T EEPLAE-50 °C&MF T
BT, DR T R 2 B S E A 5T BT R b
AT (HMAS),

1.2 FREALE

MY bR AS B AN IR FR AR D S5 8, XF s
AW TR AE ST WS N A, G T3
R AR RN TBR . Bife . Rk
0 BT b S MR o R O 2% BB B T AR
AW R E N B E .
TR VIEAS T A 4, IR 5% KOH 1A ik
Hr, BT 400-1 000 f5a2% Wiiss Fge, Xt
HRZ YRR LG KR IHEA . X PRARSEATIE A 5

FEEUBRAS DNA, FFJ ITS1F F11TS4B (Martin
& Rygiewicz 2005)# #H ITS /¥4, PCR i
A% . DNA 1 pL (>20 ng/uL), 2xRapid Taq
master mix 10 pL (Fg 50 MEVERH A0 A FRA
Al), IERGIH4 1 L, ddH,0 #ME % 20 pL.
PCR §' 15 251F: 94 °C 5 min; 94 °C 30 s, 52 °C
30's, 72°C20s, 30 MEH; 72 °C S min, ¥
7= A BRI B A A O A R R AT
—ACM ., 3 HE3E NCBI GenBank., %%
ITS 7515 NCBI nt JE F X,

VEHCELE BER Lysurus Mt 4R R2E R
Phallus J784E I FE R AT, A RS H iR
PO R L F 40, FIH 1Q-tree v1.6.12
(Nguyen et al. 2015)f B i R USRBT, b il
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AR RGUR B AL
1.3 EF4H DNA 1B

VIR Y 7524k, A TAE 5 b A
M 75% O BEEA TR 7, VJBOUR 2285 7R3
FEg N ERZHE, R CTAB #:(Conlon et al.
2022)F2HEEIZH DNA, (] 193 HsEe vk
Rl fr e DNA 58818, 735l ffi ] NanoDrop
8000 #4766 11 (Thermo Fisher)Fll Qubit %¢
DGR TG I DNA 402 FIE S o AU R ]
illumina A1 HiFi 57, DNA Hfn ik i
IR B (AL EOA FRA R M 7, illumina
FEME PE150 R BOCH FI TR 20 /M
11, HiFiFEE 15 kb K A BOSOREH T2 K4
HEe
1.4 FEREBARTERE

FIH Jellyfish v2.3.1 (Marcais & Kingsford
2011)F1 GenomeScope v2.0 (Vurture et al. 2017)%}
illumina £{CHE HEAT L 52145 B AN R/NIPAR L 8
HiFi V- & T LA bam SC{F4: bam2fasta T H
W fasta #5305, A Hifiasm v0.16 (Cheng et al.
2021) BRI\ S BN T TR T 28 4k I 2L R AT
%%, B% Liang et al. (2023) )5 2 5 R A%
TR (<2>) M5 Y Jy 31, [l I 0 2 LU X6 31 24 b
K1) contig #ATERIRLA%E, FHFIH MISO2
(http://mitos.bioinf.uni-leipzig.de/index.py)Fl MitoHifi
v3.2.2 (Uliano-Silva et al. 2023)#F TR, £k
R ¥ E 38 32 Chlorobox (https://chlorobox.mpimp-
golm.mpg.de/OGDraw.html) #£ 17 7] #L 4k . ol 43
FEH A contig K3 Mummer v4 (Marcais et al.
2018) KM FRAG I M, 454 s AG I (TTAGG/
CCTAA), 4 contig J#%& R scaffold /K-, FIH
BUSCO v5 (Manni et al. 2021)i#F/7 5L K 4 58 3%
FEVEAY, 5% %R N Agaricomycetes odb10;
2 ¥ ¥4 RepeatMasker v4.0.8 (http://www.
repeatmasker.org/) I RepeatModler v1.0.11

(http://www.repeatmasker.org/) #E17 BEilk 5, F
Funannotate v1.8.9 (https://github.com/nextgenusfs/

funannotate/releases/tag/v1.8.9) it 17 J& [A 4% 14 il
M, BRI LR B 51 X UniProtKB |
Pfam . InterPro. dbCAN. MEROPS Z&%{(y% %
PAT IR RE
1.5 £4E6REREFET

FIH] antiSMASH v6.0 (Blin et al. 2021)#F47
LR G A FE DT DT R 25 R rh 3R B 91
PR =9 A L R A% 0 R (1 P 4,
FHHEXHEZR T H BLAST v2.10.1 B5E 5L ag#%
DIERE A FEFS)S MIBIG v3.0 (Terlouw et al.
2023) AR TUA B T 90 BCHE 2R A T AR b
XA, DA 8 —BOME A A e X x5 5 ) e
HIME B AT 43 ISR 1E

2 BER54M

2.1 ORHEREWIR

1759 4%, 1L EAR AV HEE(Cibot PM)SR
FIPEMRT, PR ZHERBAUR, FEIE 25
R, AL R EM Y M Wb A, JEEET
XX AR AR B R S T 25 CF (Lu 2022),
Cibot (1974)7EVEBL A BRI BE T &R T RN
“Fungus sinensium mo-ku-sin descriptus” HJ3C
B, WEHY R T EEY RS
3C, 3o T HAR IR B — M E A
JERHA R BB AR, VYR Dy HE A4 N
“mo-ku-sin” , AE N E T B
BT YRR R, XS R
MM TRERE ., MLk, (ALY
HOFrcEn) B . AR, iF
HeRmnxg . —FeRER, ARy, 4
FRESRT , AR LRI E Sk B ECE
o PR AR T — b, AT
R AT EIER “BEGE

1781 4=, /INFKZS(Carl Linnaeus)J& T 74 {4
X “mo-ku-sin” AUHEIRFIAGE, AHHIE T
EWAENEEZFR, B Phallus mokusin L.f.
M “mo-ku-sin” XM B2 FRECH TiZP
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FFP IRl (Linné 1781), 1823 4F, HE¥FK I H
Hr (Fries) I iX 4~ 9 F 4 & >~ Lysurus mokusin
(L.f) Fr., X—&ZHB—EHITHES.
2.2 MMEREE RIRE

2B F RS 527 bp BYOITS ¥4
(PQ282963), FFAELIHEMIEH L 3kAT 100%)F
G —E B, ITS /¥ 5 4E NCBI H R I BLAST
FEXT, AR B (B 7 5 AR DL B s AT 50 4%,
H T~ s e e > AR R 1TS &%
JFH), ®i 20 &HE 16 ZHXT ] uncultured
root-associated fungus, 4y HEXF4E R4 & ER
REJR Lysurus, WZEJE Phallus, 2k RERE

=1 ETFITS F5IH) NCBI LExfE R
Table 1

Aseroe. %L HiJ& Clathrus. #t[ /& Laternea
B iE 58 Protubera W, XULE 5 AR
N B TR H Phallales, fUFEVE 45 HE
3% 1, 48 1TS P9 Al Py ph L & iR I 28
Y, AEFFIAHIEACT 90%., BLAIERE R
ElwAhzm 1TS sk, iE—PEiuzm i
% P HIE R LSU, RPB2 L)}z ATP6 #EAT
RNRGELT M 2, B 1), 455 558 F
JFHIFh S Lysurus mokusin 8 —3%, 461558
A=A 7 M A, 0 P AR A o Fobe
BB JZE Lysurus mokusin, R4 532827 M 45
2 R

Blast result of ITS based on NCBI nucleotide database

X4 GenBank % 3% 5 ¥\ 38 55 EfH FPHl—stt sk
Blast result GenBank accession number Query cover (%) E-value  Identity (%) Gaps
Uncultured fungus 0U496306 61 le-167 100 0/326
Uncultured Agaricomycetes OW843550 61 Se-161 98.78 2/327
Lysurus fossatii OMO039464" 80 2e-84 84.68 22/346
Protubera sabulonensis 0Q025166 33 3e-78 98.28 0/174
Lysurus sphaerocephalum KY494897 42 3e-77 98.00 0/175
Lysurus cruciatus OP806015 50 4e-77 97.71 0/175
Phallus indusiatus MG678513 33 4e-77 97.73 1/175
Aseroe coccinea MK541642 40 2e-80 93.52 9/216
Clathrus ruber GQIY81500 57 7e-80 85.81 11/303
Laternea pusilla OM677260 57 7e-80 85.71 15/308
TR R, T

T Type. The same below.

#x2 ATZEFERGABENTHEXFES

Table 2 Sequence information of species used for multilocus phylogenetic analysis

Species Strain Origin LSU RPB2 ATP6
Lysurus sphaerocephalum MLHC-442" Argentina KY494903 KY494867 KY494878
Lysurus sphaerocephalum MLHC-232 Argentina KY494900 KY494865 KY494875
Lysurus sphaerocephalum TNS-F-13132 Japan KY494909 KY494872 KY494885
Lysurus cruciatus MLHC-296 Argentina KY494902 KY494866 KY494877
Lysurus mokusin HMAS 287859 China PQ465261 PQ496839 PQ496840
Lysurus mokusin KH-TBG12-060 Japan KF783245 KF783225 KF783261
Lysurus mokusin KH-TBG12-053 Japan KF783244 KF783224 KF783260
Lysurus mokusin MB02012 China DQ218507 DQ219101 DQ218791
Lysurus periphragmoides TKG-PH80501 Japan KF783246 KF783226 KF783269
Lysurus periphragmoides MBO02016 China DQ218521 DQ219115 DQ218806
Lysurus borealis 0S8C395317 USA DQ218641 DQ219100 DQ218929
Phallus dongsun GDGM 754027 China MN264679 NA NA

24029
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Fig. 1

2.3 47355 Taxonomy

RREERE Lysurus mokusin (L.f) Fr., Syst.

Mycol. (Lundae) 2(2): 288 (1823) &2, &3
=Phallus mokusin L.f., Suppl. P1.: 452 (1781)
=Clathrus mokusin (L.f.) Spreng., Syst. veg.,

Edn 16 4(1): 499 (1827)

=Colus pentagonus (F.M. Bailey) Sawada, Rep.

Dept Agric., Govern. Res. Inst. Formosa, Spec.

Bull. Agric. Exp. Station Formosa 61: 64 (1933)

=Lloydia quadrangularis C.H. Chow [as

‘quadangularis’], Bull. Fan. Memor. Instit. Biol.,

Bot. 6: 27 (1935)

=Lysurus beauvaisii Molliard [as ‘beauvaisi’], Rev.

gén. Bot. 12: [61] (1900)

=Lysurus brevipes Lloyd, Mycol. Writ. (Cincinnati)

(Letter 25): 4 (1909)

=Lysurus kawamurensis Liou & Y.C. Wang, Contr.

Inst. Bot. Natl. Acad. Peiping 3: 401 (1935)

=Lysurus mokusin f. sinensis (Lloyd) Kobayasi,

Now. fl. jap. 2: 53 (1938)

=Lysurus pentagonus (F.M. Bailey) C.T. White,

Qd Nat. 2: 80 (1920)

=Lysurus sinensis Lloyd, Mycol. Writ. (Cincinnati)

5(Letter 51): 718 (1917)

=Mutinus hardyi (F.M. Bailey) F.M. Bailey,

Compr. Cat. Queensland Pl.: 746 (1913)

=Mutinus pentagonus F.M. Bailey, Bot. Bull. Dept.

Agric., Queensland 10: 35 (1895)

=Mutinus pentagonus var. hardyi F.M. Bailey,

Queensland Agric. J. 16: 494 (1906)

=Snolloydia quadrangularis (C.H. Chow) C.H.

Chow [as ‘quadangularis’], Bull. Fan. Memor.

Phylogenetic tree based on LSU, RPB2 and ATP6 sequences from species in Lysurus and Phallus.

Instit. Biol., Bot. 7: 165 (1936)
=Snolloydia sinensis (Lloyd) C.H. Chow, Bull.
Fan. Memor. Instit. Biol., Bot. 7: 166 (1936)

Description: Immature basidiomata
subglobose, 1.5-3.0 x 1.0-2.0 cm, white, smooth;
mature basidiomata 8—18 x 1.5-3.0 cm, consisting
of a pseudostipe arising from the egg-shaped base
and a fertile head. Pseudostipe pinkish red to red,
sometimes whitish; 4- to 6-prismatic, with
longitudinal ribs; equal, spongy, soft, hollow;
encased in a white volva, attached to white
rhizoids under soil. Fertile head up to 3.0 cm long,
fusiform to lantern-shaped; with 4-6 arms joined
together at the tips, occasionally becoming
separated in old age; covered with dark brown to
near black spore slime, smell fetid. Basidiospores
4-6 x 2-2.5 um, Q=2.0-3.4; cylindrical, thin-walled,
smooth; hyaline in 5% KOH.

Habitat: saprobic; solitary or gregarious, on
ground usually in urban environment.

Type: holotype not indicated; China, Beijing,
in Mori radicibus putridis & ipfis in foliis
femiputridis, Cibot, 1774 (Nov. Comment. Acad.
Petrop. XIX. Tab. V., lectotype designated here,
Fungal Names: FN572119); China, Beijing, North
Olympic Forest Park, on ground of forest
plantation dominated by Pinus tabuliformis, 8
Aug. 2023, Ke Wang, Zhuo Du & Qiu-Xia Yang,
Wang Ke-3388 (epitype designated here, HMAS
287859, Fungal Names: FN572118).

Note: This is a pre-nomenclature name, the
type was not indicated by the initial author. The
lectotype material was selected from the line
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drawing of Cibot (1774) (Fig. 2). However, the
features shown in this illustration cannot cover the
complete morphological characteristics of the
species, such as color, shape of immature
basidiomata, etc., so an additional material is
needed to supplement it. The specimen collected
from Beijing, the same locality as Cibot (1774),
was selected as epitype based on the similarity of
morphological characters to that of the original
description.

. AR IR, HA£1.0-3.0cm,
F . SRS B TP B ] F S i A
Wi, % 8-18cm, HAE 1.5-3.0 cm, HIARIELMIR,
WL RLE, AREG; 46 (H o 51K), B
BTN, BIAEIR, TS aTE AR 3 em
K, A 4-6BEtE, LB UmRIEAR, AR

0T, A, BFRAETIEE N, F, A
Bk, AR, 46 x 2-2.5 um, G,
TotiE

AT HCAR B AE TR SR . Apk. =
ML VAR NS AR b b BORE B A S T
MBAL

B FREURIEE ; Rl (TE AL 15
7€, Fungal Names: FN572119), #EJtE, IR
IR SCHRIEIBR Cibot 1774 (Nov. Comment. Acad.
Petrop. XIX. Tab. V.); BnaE=X(#E LAt 2,
Fungal Names: FN572118), H[EJt 5T ELAKDL
SERRMRATE , AR TN TR IS ARG Ay ) 1)
My b, 2023 48 H 8 H, THRM, Fhsififgtk
%, Wang Ke-3388, HMAS 287859,

2 FAIREERENRIEER[Cibot (1774)R R IEH R P A EIR]
Fig. 2 Lectotype of Lysurus mokusin [the illustration of original material in Cibot (1774)].

3 ARMEREZEMNMMER(HMAS 287859)

WG B MEATIUR, TR, WA THERE I

.

A RERATSLRE L FR), HTRKNL] DNA #£
C: I FIER, R 10 pm

Fig. 3 Epitype of Lysurus mokusin (HMAS 287859). A: Immature basidiomata (indicated by the arrow). Its
internal tissues were used for genomic DNA extraction; B: Mature basidiomata covered with dark brown to near

black spore slime; C: Basidiospores. Bar=10 pm.
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W WA kR 2
ST, T DA IR TR L R A v e e A bR
A, ARWFFEM Cibot (1774)% 21 B IAR R %
RS (B 2 e, (A2, X EDR T
2% Tl B 4 IE TG 75 T 55 1K W ol o6 B A TR S AR 1E
mgita . WEICAREE, LA 2SN A R
HFLIKNIE. Cibot (1774)i0 3% TiZMARE A

MFF, IFRTXMARA TR 7 IEFAN Y, 1E
T IEPIFI AT F R K B AN T

2.4 E[FEB4FE
Hlumina ¥ 5 FHLIEIRTE 11.7 Gb f A B

Wi, AL survey R TSRS BZA,
PR BL I ZH R/NZ 35 Mb (8] 4A), HiFi & T
P3RS 7.2 Gb K R Bt—EUF 4 (circular consensus

ZMH5, AR

sequencing, CCS),

JEHT, AT AL MR AR B — bR ARy

MR, HOR AR 5 R A AR Sk 35.1 Mb fil 35 Mb 2 R IR A2 (hapA il
= — g5
len: 353 116 27 bp  uniq: 79.5% o, & 7
aa: 99%  ab:1%  lepv: 53.3 2 i |
err: 0.368%  dup: 0984 k: 17 p:2
‘: ’ — Observed o;f;"f
: — Full model AN
~ ] ;
2l Unique sequence ’:;;’S-i_ "
2 3 i i — Errors s ol
| ol . i
5 % - Kmer‘PeakS ATPg Lysurus mokusin / ;r;'%
g“ iy i H H . . élmM
o <2 1 mitochondrial genome f%
% g_-) : 101 135 bp \\ e
?SD ‘ trnF
5 ~ trnA
>
S It
o
- |
& : - _— . &  GC content (+)
0 50 100 150 200 250 300 § | Mg m GC content (—)
Coverage M= |‘% A GC skew (+)
o'/ =g ¥
\?Q_g?% %%4 "GCSkGW()
c BUSCO assessment results D Low complexity [ 0.08%
w X 037
M Complete (C) and single-copy (S) ) prexlty 0086
. Simple repeats | 044%
B Complete (C) and duplicated (D) ] —6%;;4
Fragmented (F) B Missing (M) Satellites | 5o
Rolling-circles | 035 hapB
hapA l DNA transposons |- |35 = hapA
LINEs |55,
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(1]
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Fig. 4 Mitochondrial genome, nuclear genome completeness and repeat analysis of Lysurus mokusin, HMAS
287859. A: K-mer analysis suggested two peaks of the dicaryotic genome. B: Mitochondrial map of L.
mokusin HMAS 287859. C: Genome completeness of two haplotypes evaluated by BUSCO v5.0. D: Genome
percentage of each repeat type in two haplotypes.
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hapB), £ 4 35 M1 33 2% contigs, fx K contig
ik 3.5 Mb, N50 43514 2.48 Mb #1 2.34 Mb (5% 3),
X B LR Y contig 73514 5 45 4 45(36 3),
HAPLE AB £ h1tg000027¢ 5 h2tg000028c¢
FEH5e 4 —%, 2 MISO2 B4 & 26 > tRNA
LR 16 MR AL, 345 101.1 kb MR
Rt (E 4B). FIAHE contig FH T 5258 1AL,
TR BUALAREE R 20 5 5 i3k 88.5%, #5 HLAf 1Ay
MEA 25 F 30 R B P DL R 3R
(B 4C) o TR Bt B 35 ALy 90 A7 70T B R
H s TR (NMDC, https:/nmde.cn/), it H -5
& NMDC10019380 , & [K 41 ¥ 51 % 5% 5 A4
NMDC60197951, F 5 J7 41 43 A W] 2 A~ A4
B 15.93%F1 16.39%HEE F4, EE M
R IR K imE BEF Gypsy &2, (B4 BAARRAT,
A 15.15%F1 9.28% 1 A HI &2 )7 51 (K] 4D).
IR, 2 DL R AU o)
BB 11 SFP AR, Hdr Chr03 . Chr09 .
Chr10 F1 Chr11 R4S XUy br ST i 2H 3, K
/NF2.0-4.0 Mb A5, BEAN, KRR AL S
1.39 Mb Fi1 1.45 Mb HyIEGL A fAIKF- contig (3£ 3,
Bl 5)o SEDARINH B 043 XRHE, BIAFEAE

A FFHN ALK, AR A% X 8 Ry 32 R 5 X
(# 5y, BRMEESIFIVGE 2 AR S0 0 3k
3 8 637 1 8 572 MGG AL, DL A 115 Fl
112 4~ tRNA,
2.5 REREFEDMEREEZS

i antiSMASH 7& 2 4~ BAA5 1A H 43 514G
| 22 NH 21 DAY G BRI (BGCs), B
5 A% M A 22 B A B R 7% (NRPS/NRPS-like) |
2= 5 O (TS s) . SR & 3 [N
(PKS) . AZAAR A BURBHRE 5 161 K & 1 3 R 7
(RiPP) LA S H A 2 B BL ] 7% (betalactone) 3, - i
AFA A, HPNRPSHZ, TSsikZ ., 4id
RS, HMAS 287859 4:35:45 27 N ETUA
A R % (B 6A), DL NRPS/NRPS-like
F, EFSAT Chr0l, Chr04 FiI Chr06, i
Chr07. Chr08 Ml Chrl10 J:(afk |- A6 2
BGCs. 5 MIBIG X}, HH T Chr02B:16196-
142386 1Y) BGC 5Mg4k R0 T # Xenorhabdus
nematophila & il xenotetrapeptide & A %
100%[F] 5 (& 6B). i F Chr06A:46975-106226
f BGC S5{A7 & /K1 Paraburkholderia sp.
A rhizomide FYEEHFE 100%[AUR (& 6C), X

#*3 HREEREMMER(HMAS 287859)% [E4H4H 5
Table 3 Genomic information of HMAS 287859, the epitype of Lysurus mokusin

hapA hapB
Contig MY No. of contigs 35 33
Contig N50 N50 of contigs (bp) 2479978 2 339 862
kil contig 14X No. of mitochondrial contigs 5 4
IARZERIAR KN Size of circulated mitochondria (bp) 43 000
Scaffold f~4% No. of scaffolds 22 19
Scaffold N50 N50 of scaffolds (bp) 3143618 3079 516
Bett R4 No. of chromosomes 11 11
Pefa K MK Size of chromosomes (bp) 32964 274 32889 113
JrBiAk contig 41 No. of fragmented contigs 11 8
JrBiAk contig K/N Size of fragmented contigs (bp) 1389275 1 453 356
Imih L4 No. of coding genes 8 637 8572
tRNA M No. of tRNA 115 112
GC & GC levels (%) 43.90 43.89
F P91 Percentage of repeats (%) 15.93 16.39
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5
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MANE ARGy G, SRR 22 4

5 RN R S (CCTAA/TTAGG)n; FENHE, EEFIHEE;, GC &

BB 0.4-0.7); Yetfhdbditt; A M & E A 100 000 bp
Fig. 5 Nuclear genome of Lysurus mokusin (HMAS 287859). From outer to inner: Chromosome length, only
22 chromosome-level scaffolds presented and black dots represent telomere sequences (CCTAA/TTAGG)n

detected at the end; Gene density with a sliding window of 1e5; Repeat density with a sliding window of 1e5;
GC percent with a sliding window of 1e5 (0.4-0.7 range); Orthology between two haplotypes.

240296-10



REH F | FHEAYMIENREREEERN: UPEE-—MUERNEEHIIRMERZE RS MR

A

NRPS TIPKS
E——a= e O O =m0 000
ChrO01A/B NRPS terpene
. rEminy -amon i
fungal-RiPP-like

e L [ e B [N N
NRPS-NRPS-like_Xenotetrapeptide
Chr2AB @ . D DE ). Ha—

terpene

Chi03B  ——j— i @

NRPS-like NRPS
-@-¢ e . a H— b
NRPS
— RO - =@
Chr04A/B NRPS NRPS terpene
% - o o /= ) E WD
NRPS NRPS
—+ D . |8
NRPS-like NRPS
—+H—H— R . Hi—
ChTO5AI"B terpene NRPS-like
W i — - me Bet
NRPS-betalactone _rhizomide* terpens
oo = et p
NRPS
Chr06A/B 1 o - 0 m I B —
NRPS-like NRPS
25 = fi—&1 - il i |
terpene
Chr09A/B —
Chrl1A/B L
MAB ) HE R .
terpenc ® Core biosynthetic genes
hltg0000121  —f— ® Additional biosynthetic genes
NRPS terpene B Regular genes
h2tg0000291 } | B pipm ® Other genes
B } C

O H §F o
H N——__/
0/5/)/ ‘*/\ o
N
Hoy
0

. T
. & G, HyN,O, | C3Hi:N,O,,

N7
. | L Xenotetrapeptide - N\ /,." Rhizomide
- N /5‘\. /’ﬁ
- i o “.s"‘\ I —N Ll P .0 (0]
0] H i ™ 8] N ‘—“\{) HN V4 \L
", % < 2 g P~
He SN S ( | H
” N @ J

H 0
O H

6 ET antiSMASH FUME) AR HE R ZEM MR (HMAS 287859 R E R IFE & R E F R
Az BHZAETUAR WA AE Y & R R SE R 4544 5 B: Xenotetrapeptide {62225 ; C: Rhizomide fb2%
451

Fig. 6 Biosynothetic gene clusters of Lysurus mokusin HMAS 287859 predicted by antiSMASH. A: Gene

structure of biosynothetic gene clusters of L. mokusin HMAS287859; B: Chemical structure of
xenotetrapeptide; C: Chemical structure of rhizomide.
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SE Ak A W ok E B R BT M (Wang et al.
2018; Cimen et al. 2022), HAh BGC 5B 41
BGCs HUEMT 30%, nJRefCER T ke R
SEREA IR A A E P B R
3 it
3.1 BFmERBENX

B AR “Pn” R Fh 3R AR5 [
RIS EARFE M B LS e, s e 1k
HEIE K BRI PICH LR Z—, TE 1958 4
5 A fin 44 M P (Licking et al. 2021), £ 5
Wik RH o0, TPz, FEMN
J b A R R S e B T AR s
X, 024 AR A B e DL B s iz 26
FATT Y A FRRRAE T B Fh 25 IR R I, 5
BN RN 74 R B AR

WY ZFE R . REE, 5 TIFSH
AR 20 U S A 3 PR SRR A, I B ) 2
E MR G & F 43 B 19 8 %2 2 % (Schoch et al.
2012; Vuetal. 2019), #RBZAI3ET DNA &
BR T FIT RN, SUREEIE S =50 5%
5 7 B ZFEE(Schoch et al. 2014), i K& LA
Bl R 8 A A i 24 099 B T X LR AR A
KIFH, Rl TERTRELE I EHEZH
P2 Jmbtsr . —Se R RM S EHIT, A1
A AR AR T T 4 T 7 25 R SRR B0E A7
WG, R TFHAERAZ, 4R C Tk
oy 7 90 45 4 5 8 AR o FEEZRIE O
T, MR AG RS M5k 27 3 L R4S BT AR A LA
SE IR, O RS P 44 B A A T A B iz
MAREY K AR R T NH AR R A
HEE L, A S 1 T R B
B, AR 7R T 5 AR SO SR A
B, ML TZ R ITS. RPB2. LSU. ATP6
FZ2N R B aTFH BN, iz
HER S e SR IR ES % |

32 HMERERSAFMR

Tk B AN N2 — Rk Ak 1y v
= B, fErh R E R R E R E
B, MEETHTEINESNREH, B
Az HIAE 3L, 40/8 . 197 P9 Fl(Wang et al.
2023), Melanda et al. (2021)%}i% H it 2 24 4E0F
R JEHAT T LR, WoRAH 20%YF
P Z2/0—5 DNA 3 FIF5, (AR AEERZ
Gy ARAAE, R DR R AKCE L AR A
Bl Lysuraceae "4 & B W 2E & Lysurus Fll 2 Sk
REJE Aseroe [T, RERLRERCHIER
IH A%k F Bl Clathraceae, Z<HF%E L. borealis
5 L. cruciatus i T3 FpR S Y[Rl — 03, X
F# L. boreais /& L. cruciatus ¥ [F]4) 5 4 (Dring
1980), HuIHRE R EE R LT i FE L
LSU. RPB2 Dl K ATP6 S, i ITS fENHEH
i i DNA 4215 (Schoch et al. 2012)7E & T 2E
B YIRS E D N . BEAl, B ARSI
HE FAS 1TSS 97%AH LA Dyl 73 b 4 150 £
(Vuetal. 2020), iR R E A FYIFIE ITS 46
LR 85%, FIAME LZIMIVHUE RERYF
ZRMERAR T A% B A FARFELER G I
33 FELRMERENERERE

K NCBI AILHdeFE, e RS
FREHHRMA 4 NSHILHEL, 2iletr
#JE ) Phallus rubrovolvata (M. Zang, D.G. Ji &
X.X. Liu) Kreisel (Ma et al. 2023)#1 P. indusiata
Vent. (Duan &t al. 2023), J2EJ&EMY Phallus impudicus
PIRESK SR Clathrus columnatus, Sl 5% 2
T EBE N B R E RS A,
W ERERWE NS HENA, 5778
JE MR R A B HEE AR, fURRERYOA
FRFFHEFH IR, 2006; FHE 2014), A6
FUIE T %, R T IR R AR
YA R E, Hr 24> NRPS KRS
4 W xenotetrapeptide FlI rhizomide ¥ [Al 7%
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100%]7] i, Xenotetrapeptide J&—ZEHIK, HIX
TR AL B0 AT Xenorhabdus nematophila
(Cimen et al. 2022), A & 2 Hil B A oy i) £
PEFE T-(Jin et al. 2024), Rhizomide J&—25H
NRPS G W0 45 13 R K 24 P 6 28 7% (Lepetit et al.
2023), fe AT v R TE R Paraburkholderia
spp., WF5X 3R] P. rhizoxinica HKI454 ;=4 [
thizomide A X ¥ /IR 25953 )52 [ Pseudoperonospora
cubenis L1 J%} Staphylococcus aureus Fil Bacillus
subtilis AT — e il il i FH (Wang et al. 2018), iX
SEZERh b HUR R B A T R D Re g At 1Ak
ik, [F ey — It R TR R R A
T 2 At T RS S

B T R R IR A R )RR R () 2 S %
EIE, JRArdEsE ALl , 2 JF R AH ST R A
EMENIE b BN B SeS R e = NS
XT3 ) b AR 2N Dy he B R a] a4k OC 2R ) HE A
(Han et al. 2023; Martin et al. 2024), 2021 4F,
rhE 2 kT A AR ) B R A
%l (Chinese Microbial Type-strain Genome Project,
CMTG) (Liang et al. 2023), #5282 /> 1200 Fp
FLIE K 3 000 F A% A B X pk B HE DR 4
K 1 566 DR A1 BCH I R S Bl 2 R AR B ) B 5L
23, & FhE A e S A VR S AR AR )R
WHoE, IR YT . Rl . Tl A
SRR o AT PR R Y T TR T AR
2, AR Ay [ e A A AR R A Aok
£ CMTG ¥ it

1B TR

TRPRAG . FEINZHINY | i b . RN LA
KNFHRT ; ERE: BRE, nIdEA MR E
5 Ml BEARACREE | WIS O B
A RS SGE st 56 RN
S REPEE AR SENG BCE eSC L R
RS RSB

A 28 o R

VEE T B TEAAFAEAT AT AR A £ P 5%
AR Ml B 55 S 2R
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