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Abstract: Phlebopus portentosus, the first successfully domesticated and cultivated bolete species, has
undergone rapid industrial expansion in recent years, highlighting the growing need for accurate strain
identification and germplasm protection. In this study, whole-genome resequencing was performed on 66
strains of P. portentosus collected from various regions, resulting in the construction of a database of
multiple nucleotide polymorphism (MNP) markers containing 306 loci. Population structure and kinship
analyses based on both single nucleotide polymorphisms (SNPs) and MNPs consistently grouped the
strains into two distinct genetic clusters. The MNP markers exhibited high resolution and stability across
successive subculturing generations, enabling precise strain discrimination. Clonal identification criteria
were established using replicate sequencing data of the same strains, with thresholds set at PI HAT>0.95
and genetic distance (D)<0.01, while a genetic similarity (GS) value of 100% within the MNP dataset was
validated as a robust indicator of strain identity. Additionally, machine learning approaches were employed
to identify key MNP loci indicative of population divergence, offering valuable markers for varietal
authentication and functional genomics. This work established MNP molecular marker database for P.
portentosus and validated the potential applications in genetic resource conservation and molecular
breeding, providing scientific support for variety protection and germplasm innovation.

Keywords: Phlebopus portentosus; population structure; multiple nucleotide polymorphism; genetic
similarity; strain identification

L6 FFBA 7 Ml 1 00 T AR oS AR o)
RUKSHRIFERY | SR -5 B8 O 3 0=l
o o R B AZ KBl g (RIS S5 20225 3 E
B 20225 #FATSE 2025). AR, KA SRR
5518 TAEMIRAMEDE, SiFh 42 R EL R H
R, “FPSRAT “RFaRT SRRk,
AN T Az A B S , il 24 T B0 R Y
BHF SR B (FLEE 2% 2019; HF%F
2025) TR ) SRR AT B TR R R
B R E AR PR BB R A, S S R
PR . H 1999 4R, FRE B
15 DB HEFR (@) A R SR RS 44 5% ),
A TN TR 52 3 ) S R AR AP R R (5
2520245 AN 2025), (EALG%E )y anxt

IR 8% 3% . BEALY 18 2 & % (random  amplified
polymorphic DNA, RAPD). [H]faEE )74 1
(inter-simple sequence repeat, ISSR)AI[A] T.JiffH,
VKA, SR . A S, COMELAT R B
i P CR BP0 A M 5 R M B 225K (Lee et al.
2017; XIKEE 2025),

Bl el P ER R, FET DNA £
T 1B i o TN (R R 7 P =R 2 2 8 i S Y N - Y e
A, TR b R B9 B2 T (Goodwin
et al. 2016; Bayer et al. 2020), HHF, FZHER
Z A4 (single nucleotide polymorphism, SNP)AI
i Al 2% 2% 5 (insertion-deletion, InDel)J& H B
HE Z PR HRIE (Zou et al. 20145 Li et al.
2023; Nizamani et al. 2023). SNP {f##i 4> 5K 4
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H | ¥ (whole genome re-sequencing, WGS)4H AR
AL, B 28D . PR SRR
(Mammadov et al. 2012; R 2015; LFHF
5 2020), (HRFATERAE A HXERE R, R FHPESR
B i [a] 5 (Eren et al. 2023 ; Kotlarz et al. 2024;
X ®EE 2025). InDel pRic &S IETEMT . #AE
fai i, %R T SSR (AL SNP, T H
T 1 55 B L D 1Y 2858 (Xiang et al. 2016;
Yamaguchi et al. 2023), SR10, HUESPERIT &
R PR TR 5 T4 | SRR R A I
PRI EEE(Li 2014; Bennett ef al. 2020), R4
SNP Hl InDel 2 £ FI TR il 42 SR AL 18T 9K
S ABAE S bR AT TE I bR AN 2 SR
RSP, HAI R SR, ATHEST AR
TEAR FR AT 2 R AT T A O g ) Al

Z ¥ 1 R £ & PE (multiple nucleotide
polymorphism, MNP)FRICEEAEN—Fh# & 210
AL SNP 1y it o A B, @ L AE R —
DNA F B N4 G 24> SNP, W fEHS 1 A%
I8 2" A ARSI A, I R 2 AR R Ay AR
JICZMEEE 20205 oA 20205 5@ PLaF
2024), tHH SSR Fl SNP #Frict, MNP 7£ £ 754k
A 00 7 e P AR A T A O IR TE i
P MZE PCR, vl T 5 H Ik A4 551
FR PR, SCEl T AR A L 3 R S ARG
(Ling et al. 2022; FE3C5F 2024), E4EE, %
HORCAEAKRE . ARE | ML b BRG 48
E WS R T (B2 AE 20205 7 N AE
2023; WIHSE 2024). 7EEHEUE, MNP fx
C AR B 3 T A ds Lentinula edodes. 4%t
%% Flammulina filiformis FURTME Pleurotus
eryngii 5 Sh PSS E HERRYE, hsttE ZREPE S
Frnm A R e it 747 ) T H(Ling er al. 2022;
BALIESE 2023; BASCRF 2024). ), BE5E
Tk T e F %0 FE R Bk 2 447 1R 2 1M (core
gene-associated MNP, cgMNP)FRiC BT i, i
B 84 A cgMNP A5 i A AN 7E XA JE
Agaricus bisporus I T R 3 PERE KK E
WTE4A 5T F. filiformis . Wbk Saccharomyces
cerevisiae S5 ELR PR IL T RAFE T, HEHEK

BRI X A3 EAL T T SEF B (Liu et al. 2025).

i kAW 2F B Phlebopus portentosus (Berk.
& Broome) Boedijn s&— 1)z 4341 T i FE
Pl X2 & T, E 2 SN T
R b 2R R 2R HE , L Th IS TR T A& SR
P REMRR, BAREEMETFTMESE X
(FNEE 2024), RERFECAELTERA, A
AR RN 2 S A T S P R, IER
H ITS [¥ 4] #1 SSR 43 FHric s T Histfe 24
P, R BLE N TR R A TR — 8 R B i A% b (32
MAE 2025), (HE TR M)z A&
ZFE, A 4> TR e A B R X AR R 4y
()3 HER FRCRAT A B, e DL 2 R TR PRk
HaoR(E 735 20175 &ESE 2021). AWF5E
LA ] i 34 0k Y5 %) 5 e oK A 2 T 78T 18 R Sl #4
Rk, BT 5L R A FE A R A B MNP 43 F A id
SLSEE I, I TRl 0 T AR X PR
e

1 AHE 7%

1.1 E#R BN ERIE

AT T P B 4 oA 2 JHF P R iR R 4 A
R AR AR AR X, 3 R A F 0 5 B
BIm AR e, HARME B 1.
1.2 DNA 28l ENFREEREEE

FH LR AL 07 1 B AR R T ML AR
FEH(DEL S 200 g/, HAIHE 20 @/, TEERREL
Y12 g/L,BBREE 1 /L, IR — &8 1 g/L),28 °C,
120 t/min JRW159: 10 d, WEERHLZA, HLH
B FRIPEPIR . LUEAN T 24K 0 )5, H
22 R A PR, IFEE T80 °C# Hl.

FEH4] DNA WIS MU R CTAB %
(4R 2007), f# ] Nanodrop #2736 EE T
F1.0%Z5 AR BHEE I LUK IEAY DNA AR F5¢
B AR A S, BB A Y
BHA RA R AT, WFFE58 MGL, 5
A B ] fastp (Chen et al. 2018)HEFT /R
PR, R4Sk IR & 7 5145 3 clean data,
I FEAT BBCEE I PP HE A AR (Q30) 23 A, W K s
Q30>85% M i H T IR 2200 #r -
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Table 1 Information of strains and sequencing data of Phlebopus portentosus

Wk MR BRCHE I Py vfEAfy % PP Ecdha Reads i) LTS 4 SFITRIE
Strain ~ Sampling location Q30 Total bases/G Reads mapping rate/% Mean depth
1701 LT Jinghong 90.07 4.14 86.19 113.17
1703 AT Kunming 96.62 7.42 90.10 211.01
1706 WYITT Shenzhen 96.72 8.74 91.06 249.52
1707 =M T Guangzhou 96.17 4.78 94.11 141.39
1708 I Guangzhou 92.48 5.99 92.10 174.20
1709 BT Nanning 96.00 6.80 95.33 204.34
1711 ST Jinghong 94.08 4.26 93.04 125.75
1712 AHT Gejiu 94.32 6.81 91.15 194.02
1713 ST Jinghong 92.74 5.08 86.57 135.59
1714 ST Jinghong 93.71 6.59 89.97 184.72
1715 kT Jinghong 91.73 4.24 94.30 126.67
1716 kT Jinghong 94.45 7.68 86.79 208.59
1717 52yt Jinghong 92.44 7.44 86.74 197.10
1718 5kt Jinghong 95.08 5.26 84.82 138.52
1719 kT Jinghong 94.72 5.14 88.54 143.07
1720 kT Jinghong 95.20 7.68 92.73 223.28
1721 S ULTT Jinghong 92.71 4.56 91.49 131.96
1722 TIHT Pu’er 93.17 3.08 95.31 93.21
1723 TIHT Pu’er 93.72 5.53 88.59 154.66
1724 TIHT Pu’er 95.21 9.65 90.79 273.56
1725 TIHT Pu’er 94.63 4.99 94.06 146.88
1726 TIHT Pu’er 92.89 3.74 88.53 101.55
1727 TVET Pu’er 93.17 4.83 96.13 147.19
1728 EHTT Puler 94.60 4.39 91.89 127.05
1729 LT Jinghong 93.61 6.79 93.93 195.63
1730 TEHTT Puler 92.91 4.40 94.26 131.20
1731 TEHT Pu’er 94.53 3.80 93.08 111.43
1732 EHHT Kunming 93.61 4.52 92.93 130.77
1733 E T Kunming 93.67 7.14 85.27 184.92
1735 FEMET Chuxiong 94.21 4.26 94.43 126.42
1736 E T Kunming 95.09 5.71 92.56 165.76
1737 F%FET Lufeng 94.92 4.39 92.32 127.40
1738 #&FT Lufeng 93.54 4.17 93.50 123.09
1739 3T Qujing 94.28 4.95 83.60 127.79
1740 AHT Gejiu 95.20 9.08 89.60 251.31
1741 FEVET Puler 94.91 6.17 91.44 173.70
1742 il Wenshan 94.93 4.87 91.71 140.91
1743 FH BT Shangri-La 94.65 6.13 96.59 187.10
1744 T Chuxiong 92.84 5.81 90.36 165.55
1745 THTH Puwer 95.77 3.87 88.91 107.61
1746 TIHTH Puwer 93.59 4.58 93.12 135.21
1747 THTH Puw’er 96.26 5.38 93.56 160.04
1748 THTH Pu’er 93.41 3.97 93.48 117.69
1749 TIHT Pu’er 94.59 6.05 92.20 175.19
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i3k )
(173 LA BRI P AR % Iy Ei Reads {2 HE XT3 SRR
Strain Sampling location Q30 Total bases/G Reads mapping rate/% Mean depth
1750 &M Fuzhou 93.63 4.40 92.11 127.53
1751 St Jinghong 96.01 5.70 91.45 166.73
1752 HEHT Puler 94.44 4.88 92.05 141.16
1753 il Wenshan 92.92 4.02 88.56 111.84
1763 il Wenshan 96.67 5.76 93.69 170.63
1764 il Wenshan 94.36 7.51 93.24 219.78
1765 1T Wenshan 94.42 5.28 89.39 148.35
1766 1T Wenshan 96.28 5.23 91.27 149.79
1767 XiliTi Wenshan 95.90 4.85 94.19 143.28
1768 1 TH Wenshan 96.20 5.72 95.57 172.69
1769 1T Wenshan 96.28 4.82 94.09 143.48
1770 Il Wenshan 96.39 5.68 96.18 170.39
1771 1 TH Wenshan 96.55 6.03 94.25 179.56
1772 1 TH Wenshan 96.29 5.60 90.92 160.82
1773 EUT Kunming 96.14 5.20 93.33 148.30
1774 &M Fuzhou 96.33 8.98 91.35 257.78
1775 &M Fuzhou 96.56 4.82 94.30 143.68
1776 St Jinghong 96.67 6.22 97.62 188.32
1777 St Jinghong 96.60 6.06 93.41 178.78
1778 &M Fuzhou 96.39 4.52 94.48 135.90
1779 @M Fuzhou 94.72 8.89 90.96 252.89
1.3 SNP 5 2L s 4630 —12.5|ReadPosRankSum<—8.0, F|f SelectVariants
LAibk PP78 (il A R BARZAL B AR N Rt i /5 (19 SNP . ffi F| BCFtools v1.8 (Danecek

PRRE 1701 43 B 3RAS B B AR AR TR PR ) ) e (e AR 2
B R UAE R 225 FE I 4 (PRINA1269926), fiff
H Bowtie2 v2.5.1 (Langmead & Salzberg 2012),
Samtools v1.17 (Li e al. 200952 751 &5
GATK v4.5.0.0 (McKenna et al. 2010)/f4&Z% ¥
Y Sc A, A Bowtie2 v2.5.1 Al Samtools
V117 KB ECE e =22 R R4 A ), bam
SCPE, R Samtools v1.17 6 I e T 1 Fl
RO E

i Picard #Ric PCR EX, {#ifl GATK
v4.5.0.0 #J AddOrReplaceReadGroups #s filFEAS
{7 &, HaplotypeCaller X AEANFEAR AR 7 55
AT/, FRA gvef X, T A REAREIE &
CombineGVCFs &3, Il GenotypeGVCFs
FIRGIFER gvef XIF#FITZE S AT, ffH
GATK SelectVariants it SNP %¥. fdf
VariantFiltration X SNP v/ & 4 713€: QD<2.0
IMQ<40.0||[FS>60.0/|SOR>3.0|[MQRankSum<

et al. 2021)XF 728 S Ao i AT 35 T TR B2 R o a5t 1)
1wk, FikSE N “FMT/DP<50|[FMT/DP>300)|
FMT/GQ<30" . i#ff—L KBR T A A A th LR 7 3
BRI IIOL AN, SRS BT SNP Eidli 4R .
1.4 £T SNP B AR ELE LR

R HA TR ZE AR o SRS, B Sl
VCFtools v0.1.16 (Danecek et al. 2011)3d €&k
e BR T 5%l /NG A H R A 38 (minor allele
frequency, MAF)/NTF 0.01 % SNP v &5, Fifif5 18
i PLINK v1.90 (Purcell et al. 2007)¥ VCF 3
%A PLINK #% 28, 4 FH 2% indep-pairwise 50
10 0.2 #47% BiA V-1 (linkage disequilibrium,
LD)ffiik , SBR e B (>0 2) BIHL AT, 3k
15338 F T RERGE /43T 09K LD /9 SNP F4E.

{8 Ffl PLINK v1.90 Xf 138 /5 119 SNP $54f 4 7
b EE e, i A 3 R4 BT (principal component
analysis, PCA), 15T 20 >3 M RHEAAZE 1L
I3Hr, R R v4.2.2 XF PCA 45 5% 9047 nl A Ak J
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/~; ffH ADMIXTURE v1.3.0 (Alexander &
Lange 2011)7E i K (E7E [ N1 BE AR5 L 45
FAHEWT , 41~ K HEE 50 R IR RS E M
FIEF /N NIRIEIR ZE(CV error)fifi & il K
{E, R v4.2.2 #A7RA4L; (] VCFtools v0.1.16
# SNP Bk} PHYLIP # 2., i1 PhyloSuite
v1.2.3 (Zhang et al. 2020)" £ 1) ModelFinder
v1.6.1 (Kalyaanamoorthy et al. 2017)ffi ¥t fF:#%
AR, FEIEF RAXML-NG (Kozlov et al. 2019)
15 A f KA AR 1 (maximum  likelihood, ML)f4) %
ZGEKBM, E 1000 K bootstrap B & LATEAf
R FigTree v1.4.3 1 7a]H4k .

fifi FH Plink v1.90 T35 1 2% [7] 5 14 (identity by
descent, IBD) J2 5t 1% i %5 (genetic distance, D), LA
G3 TS TR BRAR [R] 18 S5 25 06 32 RN 1% 25 57, AT
W& 75 J& T [m]— ik
1.5 MNP #Ri2 EE UM RIR R B I 5747

i F§ TBtools v2.210 (Chen et al. 2020)7f#
SSR Miner iR 5EK 2 SSR X3k, | ] Python
AT AT SSR, AT JELE SNP (45 3 K&
VA EALE S SNP)REE, LA 125 bp NE
FREFEET Y 20 bp, THAME N ZEMEEE
(polymorphism information content, PIC)} [X 4}
J# (discrimination power, DP), it “SNP>2,
DP>0.2, PIC>0.5" f% 11, i Z A A]FER
T 50 kb, HAEAE LA 2-10 4> SNP i i,
At B4 = DP {ELAY 11, 4[] DP /&4 PIC
EH M D, ZUEE, i SNP BUEZ K
7 B R B SRR B U O — MNP
£ 5. {# ] TBtools v2.210 221l MNP {37 5 4L 8,
(LA

KM Python BIASHE I HIARAY MNP JE[K
B, RS BARPIPTELRT, SEit MNP kD RUAR [R] Y
BoE (n)F1 MNP Fric SBU(N), 150 i R A
1%t 15 #H BL B (genetic  similarity, GS), GS=n/Nx
100%. # ] R v4.2.2 XF 455047 T Ak
1.6 MFHFEXT MNP iRFERENF

PATERE 1738 itk , ZHERDURRAH
AEYIBHECA R vl AT, WF-F-& 2 MG,
Iy Bl 38 Go f ] GATK v4.5.0.0 FtiALA:

UM Y reads #J# 0.5, 0.6, 0.7, 0.8, 0.9, 1,
2-15, 20, 25, 35G 323 PAbFE, K AL FRF
PO EN ) MNP {37 55 F RS MNP bric 82
HHER PR 1738 IS5 JE R R T8 67 E X, Gt
FAEFET MNP 1R 51 B HER R HERR TR MNP
MNP FRicJFEH MNP Fric 8.450) .
1.7 BKIZFFE K MNP F2E M

VEHUFI AR 1738, 1741 A [a] 4R A8 5 1 4
PR, B R R BE A AR 3 N H G 3 AR 9 A
(35 8 L), 1T DNA $#EHCSEN)Y . Fra )y
BARL s i B, T SNP AR R N
4307, 35 MNP Aric B A HP A B R AR ) MNP
LR TR o Bl 400 11 M 2 /57 N 1 2 22 <)
MNP J:HE, B MNP fRic ke, 354
v 0 3 DR R A5 Ak B T HE 52
1.8 MNP i = EBRFIThEE > K 347

FeF IR B SCH(GFF), | BEDTools
(Quinlan & Hall 2010)¥f 0442 1 MNP i 55
I [R5 4 DX A T E T, S DR L2 5 o7 5 AT i)
DX Bl R XS (A& A S F RN 7)o X f
TR X MNP {3 5, SR 8
E— 2 H Yy e B . Pfam (Finn er al.
2014). InterProScan v5.0 (Jones et al. 2014)Fl
eggNOG-mapper v2 (Cantalapiedra et al. 2021)if
TToReE R
1.9 HE5F JMETUNIRE

FFHER MNP ARG, 45 & HEARR] A
MNP {37 5% 0 3L PR g DB e, T AR ARl
A NTHEZE . 5K MINP i 05 56 DR R R i
(W1 0j0. 0|1, 11, 0|2 %) Ak A EUH 4% (0-9),
AR RE . A AR RN D RE I R
K FH BRI XA 2 B AR | 3 o) 8
U e S HE TN E R MNP 37 5, S BEAR 0
DIREST L) T AL TR

2 BER5a00

2.1 BEIERBKIRLERTE BRSSO
ABIFFE XA [F] 7 R PR 66 1 I 45 Bk AW

A JHE TR TR T I A, P A Q30 TR

90.07%-96.72% (3% 1), AIHTFELA . LA
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T [ S KA 2 B 2 PR Z4H (PRIN A 1269926) 2
%, 66 R E I AL R 2 394 282 4
SNP AR S i, il 1 3 08 B Sl o3 v 34 A P-4
Fn, 53] 20 738 AN R SNP A7 A5 .

HT SNP Hdls ok 3 B2 43 B (PCA) |
ADMIXTURE DK %5 & B W AT X e 254
AT T AN . PCA 25K, 66 kR
SR 2 ABAEREARE 1A), PCL BT %
BB AL A8 57(52.26%), PHLIFEA L EUHH 8 40
TR B W REARZE A . 2 MREAL I &
B, RWITE SNP /KFE2ZEFH K, BRAHNTFEA
O3 A B, R R R R — Bk . B REAR
(1701, 1703, 1708, 1770 %)k EREA,
Al BEAF Pl R i it L 15 el ik b i 72 . T
ADMIXTURE FIHERZEF 0T, 382 58 BiE
RE(CV error)iPAEANE] K E R 4814551
R, G5REM K=2 i CV error J/ME 1B), B
ZARIEN K A TFEA R, BF K=2 1
ADMIXTURE 2544 &l iE— 2\ 66 A~ TR A% AT 43
J9 2 ANEEHARE 10), X—455 5 SNP oy it
1) RS KB SCEE AW A, B H AL
AKI53(F 1D). #4 3 Rt i, SIEseA
URAIE G BT WSO 1) I 8 J A 24 JEF TR PR ik 2240 hy
2 MR
2.2 BEEIHRSITFEEMRESE X R

S PEAR FEAR 22 (8] 19 5% % 56 28 B v B TR AR 1Y
EFE, BT T A FEAS KT 2 8] ()35t 1% 1 2
(D=1-DST) 5 Ifil. Z ] J 14 (identity by descent,
IBD)R[ PI_HAT {8, FFAy%E 1 X PR E L) 4 1 e
i HL I PR AL 5 B 2 7 (] 2A) . IS4
HERFEAZ A9 PL HAT {4 0.00-0.99, i%
TEHE S DA 0.00-0.35, KEEFEA 2 AI4E7E
—E MG B, EIEMW A LS, 5
RERZE R 43 D 25 R A — (B 1), PRE TR Bk
AN EA B E 0 PLHAT S5%0/M8 D E , 32 /R 17
FETETEM S REAEAS .

Sy ik — A B A U 3 [] — TR P S b e, 344
FIAR TR AR (1738 . 174 1) A [R) L0 i) = 00 e B0ds
(A1738., A1741), £ T PI_HAT {H 5L
D {E AT B (K] 2B) . 25 R, 4R ZHFEA

X} PIHAT {HAR(PT_HAT<0.3) H. 35 1% 1 B 4%
K(D>0.15), FFEAEwbE. JEEZA R TI,
BB AEA (L1 68 ) B o3 Al 78 PI_HAT>0.95
His B IR B 4238 0 (D<0.0)HIALE, Hikk 1738,
1741 PSR B I 3 B0 [R5 i e R A4
HfE —f, R T % X A R AR X AR
(1701-1708 . 1721-1728 . 1733-1734 . 1736-1737 .
1753-1771-1772)3) )& F 5 B — 200 e B TR Ak
PI_HAT>0.95, D<0.01 AJ{E A R IX 22 75 M [
— R BIRRIE
2.3 REBRKRAERTE MNP £ FRRiCBUIBEE

VEBG 85 i TR SNP A, gE—E 1
YEH SSR. WA #LE SNP M, 53
17 253 4~ SNP 137 15 F F MNP 2 T-bric 500 1Y
g, I ERIEE, LS 306 4~ MNP
I FARCHOLE, f05 1 475 4 SNP i, Frf
MNP 73 Fhric e R4 s A 21(E 3A),
FH154 MNP 43 FFRid & 4.82 1~ SNP, MNP
3 FFRCH) PIC {E4- MG 0.50-0.74, V-3
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Fig. 1 Population structure analysis of Phlebopus portentosus. A: Population structure analysis based on principal component
analysis (PCA); B: Cross-validation error evaluating model fit across different numbers of populations (K-values); The red circle
indicates the optimal K-value with the best model fit; C: Population structure analysis based on ADMIXTURE with K=2; D:
Phylogenetic analysis based on SNPs; Blue and pink representing different populations.
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Fig. 6 Annotation and functional classification analysis of MNP molecular marker loci. A: Distribution of MNP molecular marker
loci in gene regions or intergenic regions; B: Functional classification of MNP molecular marker loci located within gene regions.
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