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Abstract: Truffles must be symbiotic with plants to form ectomycorrhiza (ECM), which facilitates
the formation of fruiting bodies by mutually beneficial exchanges of substances. [Objective] To
elucidate the flow of substances between Tuber sinense and Pinus yunnanensis in a symbiosis
relationship. [Methods] Liquid chromatography-mass spectrometry (LC-MS) was employed to
analyze the metabolite profiles of freshly harvested T. sinense (SL) and P. yunnanensis roots (SG).
[Results] In SL and SG, 1 304 and 1 516 substances were detected respectively, including 399
SL-specific substances (SLSs) and 611 SG-specific substances (SGSs). There were 294 common
differential substances, including 93 up-regulated substances (DEMs-up) and 201 down-regulated
substances in SL. The network correlation analysis revealed that 92 of the 100 substances with the
relative content >2.0 (40 SLSs and SGSs and 60 DEMs-up) displayed significant correlations.
Twenty-nine associated substances in SLSs and SGSs and 19 substances in DEMs-up were
enriched in 15 important pathways, which mainly involved secondary metabolite biosynthesis,
amino acid biosynthesis and metabolism, and vitamin biosynthesis and metabolism. [Conclusion]
A network correlation existed between T. Sinense and P. yunnanensis pine roots metabolites. Some
substances in truffles and pine roots, including adenosine 3',5'-cyclic monophosphate (cAMP),
phytosterol, and indole-3-acetic acid, had regulatory effects on the development of fruiting bodies.
The findings provided a theoretical basis for further studying the potential signaling molecules
associated with fruiting body development and elucidating the symbiotic mechanism between T.
sinense and pines. Additionally, this study laid a practical basis for screening the substances
promoting the growth of mycorrhizal seedlings and fruiting bodies and for large-scale artificial
cultivation of truffles.

Keywords: Tuber sinense; pine roots; substance correlation; pathway correlation
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Fl (Betulaceae) . 7t 3} #} (Fagaceae) . # Bk #l
(Juglandaceae) . #& #} (Pinaceae) . 1 # %l
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PEWZ—, oA TEAR ., EHE, HARH
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1 ¥\ & (Tuber borchii) . ¥\ #& (Tuber
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spectrometer, LC-MS)Hz A KL HA ¢ 5 i R AU
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1.1 #H

SCU B ORL R BT E Y 2 e SRS BR T LK
(Tuber sinense body, SL) & H: It/ = A
(Pinus yunnanensisroots, SG), . FWHA M4
WA BB AR (102°51.878'E, 25°55.141'N, ¥
2175 m). 2021 4E, TR RET 7 MK
JERERY 35 DR EEEE 3-7 M) M 30 1)
ANPAHS (BE R BRI 3-5 M), Wk H, BEE 25 1~
e, VSN K vk, T LA K 480 25
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BN ER L, YT/ N e (— A~ T Hen] B 4y
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P4 actamicro@im.ac.cn, 7 010-64807516
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AR 16 em, HAR 10 em) AR R 5 HE
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Figure 1 Tuber sinense fruiting bodyies.
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1.3 #HmizE

3 MFREL 80 mg FARE T AR FIAAAR R T
T34 2.0 mL Z.0%8, B8 2 BIA 800 uL
80% FH (4,35 4% , —20 °CHI). X LLiR 4
WATE 90 s 5T, BB TEVKIB 54 T 45 kHz
AP IIAER 1 h, ZJREFES—20 °CiE
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BEOEHRE 200 L W, A S uL WA
(140 pg/mL SR NARR), H 1 mL Jop S
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1.4 LC-MS 43#f
141 BERREENG

K WA €833 - 51 15 3K FH A (ThermoFisher
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1.42 KEIEE
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Discoverer TM3.1 #{4(ThermoFisher Scientific
ZAcalydr, RPEOREABIE] . BT H(miz) . BR Ak

B SFESHOHATRIL e, FF XA i i
TR AR S R4S R X 2 s 43 A (D DG P 0 Jo ) 0 T
FUE /AR T AUECR ROEZ Y BT & &) . 4
A S AT L R 6 0435 41 A Thermo
Xcalibur Qual Browser %44, A2 9% {7 B4 i 8] s 22
0.2 min FIFE i 22 5x107° 40 A TUERT 57, 4K
P AR T A PR miz 5, IR A AR
e MS-DIAL (systemsomicslab.github.io), 5
B BUHE FE (mzLogic-zhenjun.cdProcessingWF)
I EMEE Y. B A A
WS e, JFx0emgs Rkt IH—14b
AhFR, TGRS AL Excel #8209 48U
ZiET43
143 HENATEMHRERYRSH

Ko AR A FR, CREETE, &
o DA B AU 7 W AR R B 1 B = A
SIMCA-P 14.1 (Umetrics, Umea, Sweden)# {4,
X RS B AT O AL FURRAS A 2 5 AT 32 8
Mt (principal component analysis, PCA)Flixz/)» —.
ek i 4 Hr (partial least squares discriminant
analysis, PLS-DA)J M EHFEA 2 [0] (1) B AR 43 A1
FDX 325 LA AR S B 1 SR 22 7, R IE
A2 i e /)N 3 122 1 591 43 B (orthogonal PLS-DA,
OPLS-DA)H 28 & A # {i (variable importance in
projection, VIP)KF 1 L/ A R FhriE
#2217 1 R | P1>0.02 F1|P (corr)|>0.5 fY X s S 1
JEZE A, X 2E R AR R T E AN BRI —
fbE &G, KA Student’s t-test Jrik AR t K
Rt 25 B E . HC VIP>1, P<0.05
H 22 5 1% % (fold change, FC)>2 m¥<0.5 (H
llog, FCI>1)AY B F 225 22 AU . A
ok’ R TBtools 2 i, A4tk B A1) H
GraphPad Prism 8.0.2 2 il
1.5 EFRMREERMRREKSH

O A AR FEAT (SLS) . FAMRARAT (SGS) &
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A (DEMs), TERSBRAYIER G
(https://www.omicshare.com/)i#17 KEGG & %4
Hro SLS K SGS 35l FHAS S 56 = i S04 5 S
W 3 S EA(H-NMR, GC-MS F1 LC-MS)#:
MR G IVERT 530, DEMs FIFAREAE
RS, SLS M SGS Hds e ik B B AL
PEE | AHYE IR , DEMs B0 e e 85 LR E O A
FGHE A2 K KEGG B AR ML 77
Br T H5E R YIRS Gk 1T MetaboAnalyst 4.0
-5 (https://www.metaboanalyst.ca/) i) Network
Analysis #Ht & Cytoscape v3.10.0 FAF5ERL
f£ Network Analysis e, ¥ Hirfb &9,
58045 E (PubMed . KEGG)H LA, i
STITCH #£BUb& -t &Yk, Liarthiks
YW SEYMEAERR,; T ABRNS O E
A degree>2 . betweenness>1. F|H R 4.2.2 {4
B corrplot i1 4Ab& Wrlal B Jz /R b A ¢ &R
% (Pearson’s correlation coefficient, PCC), #EHL
[PCC[>0.8, P<0.05 #9%)5i F Cytoscape (v3.10.0)
AT AL

2 HZRE5OM

2.1 HAXRIEEERZTAEITESTH

Kl 2A 2B 43 S A 5 (SL) B AM R (SG)
R, IR TR R EE 2 5, KA ER &
FAAR B P AL 508 , R SIMCA-P 14.1 B {47
LIS E M. SL AN 3 AN EEFERAES —
TR IE 5, SG N 3 NEHEFERAES—
F RS TCER, e ad I, HE T 95%
BEXEN, TREEAENE 20), UM
KOs M AEAE B I 25 5 SR FHAT A 1Y) 1 22 i e
JNTFHI B3 BT (OPLS-DA )i — 21 i M 2H
Ay Z 8] 1 2% S5 4%, OPLS-DA 43 B a4 L) A 784
IUEM IR, il 2D Fras, Zead 200 A2
A, ZE AT — R BENLHES A 1 R, Q7Y
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INFAT G R AR, Q@ 5 YNAE £ H—0.556<0,
g5 R BRI AT SR A R H A R A, AT LAk
2117 OPLS-DA 43#7. OPLS BAYEHIEZEL
P<0.05 (¥l 2E), FRAALRIGEUE ST, PILLFE 1T
RO E, AR T AN R,
22 REBERBAESHREBFBERK
i 4 I 12

#E SL J SG Har HIBLASINE] 1304 411 516 4
EW(E 3A), Hrp SL #7691 B (SLS) 399 1,
SG ¥4 W% (SGS) 611 4~; SL K SG gy
JFi 905 1~

T OPLS-DA 455, 7E SL } SG 1 905 4~
HYFE T, ik T 294 8 FEZS Y
(differential metabolites, DEMs), HrAr, SGvs SL,
FIEYIETA 93 4>, FiAPIEA 201 ~(# 3B).

JH VG TC 47 J5 1% 0 TRT FR AL/ PN s e T RRU(EL
FAEZY TR AHRT & 5t AN EE R P B (SLS)
AR AR A W R (SGS) . 93 M EMEREY
(DEMs-up)#p i 3L T — 26 5 S B R (18] 3C) 4%
SHEEK, K SLS. SGS. DEMs-up & 201 I~ F
2 5 Y 5t (DEMs-down) [ & &40 4 1 >10.0 .
2.0-10.0, 1.0-2.0. 0.5-1.0, 0.1-0.5, <0.1 X 6 4~
X Bt 7E SLS H1, >2.0 {5 T 2.00%; <0.1 /i
T 68.67%. TE SGS H', >2.0 5 T 5.23%; <0.1
M5 T 67.43%. fE DEMs-up 1, >2.0 57T
64.52%; <0.1 15T 11.83%. 7 DEMs-down
L, >2.0 05T 0.50%; <0.1 B9 T 95.52%.
23 SEREYIR
231 HEYR

Kl 4A JB/R T 399 MM EEFFA P 5 (SLS) .
611 MMM W T (SGS)H, HHXF & H>2.0 1
40 MEEW, Hrp, SLS A 8 MBI, SGS
AT 32 AMEEY . SLS AR & &R TR 3 1Y
Yy 5K IR S 354t 3¢ TF (metameconine, MTC),
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2 60¢ Similarity
o 40 E
3 20} SG & SL (OPLS-DA)
o] — . oSG
o ~ 40t
0 L 30F ~ ®SL
: < 20F KL2§
0 2 10 SG3 gk !
80| 2 10f SGT ¢ 5
60 F 2-20F \ m p
E-30 ’
40t 8*‘5187
20} ~150-100 =50 0 50 100
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2 ZEAMEBECLEMRRESGHIERKRZ TG ITE S A: SL Ei%K; B: SG I%i%E; C: PCA

HrE; D BERIEE; E: OPLS-DA 543K,

Figure 2 Peak diagrams and multivariate statistical analysis of Tuber sinense (SL) and pine roots (SG). A: SL peak

spectra; B: SG peak spectra; C: PCA score chart; D: Replacement model verification; E: OPLS-DA score chart.
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WERFA (thidiazuron, THR) . FRABEAR IR (adenosine
3',5'-cyclic monophosphate, cAMP), H: 5 #4351
h119.49., 11.98. 4.28; SGS H AT & Ji T 3
P AR R 2 A BRI B4R 85 e (diferuloyl putrescine,
DIP) . & & % /) I AR 5L ¥ (deoxypumiloside,
DEL). ZFfi#ilHf% (taurohyocholic acid, TAC), H:
SRS 30.15. 21.68. 16.53, K 4B H

Cytoscape (v3.10.0)3x{fJ€/x T SLS J SGS [a] #Y

PIBCEK . 40 MG A A 3 ARG ME R Ak
YA 354, Hrp, SLS thigm & MTC 5
SGS i i & & DIP; SLS ik & THR 5
SGS H#f 3 & it TAC; SLS 155 3 & cAMP
5 SGS ik & DEL 4351 53 340 6 (18 4B).
232 HBEERYR

&l 5A /5 T DEMs-up HHAHXT & &>2.0 1Y
60 MEEYI(H T 64.52%), HAAEXES EIET

A (]
e Up: 93 o
® Down: 201 .
° o Insignificant: 611 | : e e
6 - P .
SG SL N T . -
o . I LA
= ° oo g0 ® o .
= ® p i . W N
% @ - : ‘: : . " =
- Q?E ol e® 0@ L i .
il 399 2 | Loz SENT T .
i sl ..16". “.. . : s ¢ o
IS 3 | ve
: i .-vnm".?: ! O.h.
4T Y T AN I
¢ 2% Ladeahs LA,
.?.......a. ‘9;.....&.!.....;. N TN
PR RS
log, FC
C — Re- <N 1
“e 115 == KC: 1.U-2.U
'00£ 68 w= Re:2.0-10.0
60
i 50 L Re: =210.0
= @ 40
280 33
«s 0 26 53 23 50
a0 20f 19
a m B
11
10
10 | 9 8
6
5t 4 4 3
2 w1
0 1 1 1 1._- 0
SLS SGS DEMs-up DEMs-dwon

3 MESL)ERMRSG)HILEIE. A: SL X SG AR MIAYH; B: SL & SG A3 FIH K T
EZSYFER KN ; C: SL K SGH-aYR . HA7 FIRKL T HZE SV & BB A PE(Re: AHXT &)

Figure 3

Tuber sinense (SL) and pine roots (SG) compounds. A: Specific substances and common

substances of SL and SG; B: Volcanic map of common up-regulated and down-regulated differential
substances of SL and SG; C: The number of compounds of the content segments of specific substances and
common up-regulated and down-regulated differential substances of SL and SG (Rc: Relative content).
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Figure 4 Relative contents (=2.0) and their relationships of 40 compounds in SLS and SGS. A: Contents of
40 compounds in SLS and SGS; B: Network correlations of 35 compounds with significant correlation among

40 compounds. The red filled circles represent the compounds in SLS; Green filled circles represent
compounds in SGS; The blue fonts represent six compounds of the top three contents of SLS and SGS.
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Figure 5 Relative contents (>2.0) and their relationships of 60 compounds in DEMs-up. A: Contents of
60 compounds in DEMs-up; B: Network correlation of 57 compounds with significant correlation among
60 compounds. The blue fonts represent the top six compounds of BCD-up.
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Figure 6 Enrichment analyses of SLS and SGS and network relationships among eight common pathways.
A: The top 28 pathways enriched for SLS; B: The top 28 pathways enriched for SGS (The lettering in red
show eight common pathways of SLS and SGS); C: The associations among the eight common pathways.
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Figure 7 Compound pathways and network associations of eight common pathways in SLS and SGS. A:
Pathway associations of 29 compounds; B: The network associations of 12 compounds were matched out of
29 compounds. Red fonts and red filled circles represent SLS, green fonts and green filled circles represent
SGS. Asc.-ald. met.: Ascorbate and aldarate metabolism; Glu. met.: Glutathione metabolism; Car. bio.:
Carotenoid biosynthesis; Tau.-hyp. met.: Taurine and hypotaurine metabolism; Por.met.: Porphyrin
metabolism; Ses.-tri.bio.: Sesquiterpenoid and triterpenoid biosynthesis; Phe.met.: Phenylalanine
metabolism; Cys.-met. met.: Cysteine and methionine metabolism.
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Figure 8 Enrichment analysises of 93 up-regulated differential substances and the network relationships
among seven significant differential pathways. A: The top 30 enriched pathways; B: The association among
seven significantly enriched pathways.
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Figure 9 Compound pathways and network associations of five pathways in DEMs-up. A: Pathway
associations of 18 compounds; B: The network associations of eight compounds were matched out of 18
compounds. The purple fonts are the pathway names; The purple filled circles are eight compounds.
Gly-ser-thr. met.: Glycine, serine and threonine metabolism; Bio. of sec. met.: Biosynthesis of secondary
metabolites; D-ami. met.: D-amino acid metabolism; Ami-tRNA bio.: Aminoacyl-tRNA biosynthesis;
Lys.deg.:Lysine degradation.
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