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Affairs Service Center, Weihai 264400, Shandong, China)

Abstract: [Objective] This study examines soil metabolite variations in degraded alpine meadows of the
Sanjiangyuan region, identifies key metabolic pathway shifts, and assesses their correlations with soil
environmental factors. The findings provide scientific insights into degradation drivers and soil ecological
responses. [Method] This study focuses on alpine meadows in Sanjiangyuan National Park, Maqin County,
Guoluo Tibetan Autonomous Prefecture, Qinghai Province. It uses untargeted LC-MS/MS metabolomics to
analyze soil metabolites across a degradation gradient, including non-degraded, lightly degraded, moderately
degraded, and severely degraded meadows. The study also examines correlations between key differentially
expressed metabolites and soil environmental factors. [Result] A total of 8 451 metabolites were identified,
with lipids and lipid-like molecules being the most abundant (26.81%). Soil degradation significantly altered
metabolite types and contents, with the most significant differences observed between heavily degraded and
other meadow types. The top 20 signature metabolites included carboxylic acids, fatty acyls, organic nitrogen
compounds, and sphingolipids. Key metabolic pathways affected were linoleic acid metabolism, ABC
transporters, phospholipase D signaling, and sphingolipid signaling. Redundancy analysis revealed significant
correlations between soil metabolites and environmental factors such as organic matter, water content, total
nitrogen, total phosphorus, pH, and urease activity. [Conclusion] The types of signature metabolites,
differentially expressed metabolites, and major metabolic pathways in alpine meadow soils varied significantly
across degradation levels. These variations were hypothesized to correlate strongly with changes in
environmental factors such as soil organic matter, water content, total nitrogen, total phosphorus, pH, and soil
urease. [Ch, 6 fig. 2 tab. 55 ref.]

Key words: alpine meadows; degradation; non-targeted metabolomics; differential metabolites; soil

physicochemical properties and enzyme activity
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K Mg gty HAS5ERETE R ARG . Btk , SR A st Q= W RR AR SO PR R A A Gk
AT Ay e FE B A AR A 1) SRR R 9 A A B b, - SRR 45 B 5 W B LA D3 [RTAL A B R AR A

JEHE AR A 2% (NTM) 38 2 X5 /N A = W A7 e Ve 5 oA, B4 0 e S+ 38 e AH
RAEYMR AR, BIFRAYFREARNARRINE . RE N ERWEZE . &SRR A 635 5 w9t
FFREIK R (UHPLC-LC-MS/MS) Rl 73 5Pk . REE R, T2 T B i g SR By 3 A
PP INL AT B A AR AR FALEI P, ARk B 2EAE HIE A SR S T Bz, i
A PUNARHHE R A A ], B X A W R Y B A S T R 0 Y, R S AT AT A A
Ro R/NIFEEPN BIEGERIT . VRS B M RO 3 A B 22 WA g I (AN BN AR AR,
SR IR AN RV R A S R Gl s PR ARSI AT R W] 70w )R 2 I 4L 5o R
Rhodiola rosea. ¥ %3 Polygonum viviparum I &R 5 Stellera chamaejasme AR PR + bR E Y 5
RN B VIAROG, HACHE A 2 A W06 S PR A= A LA I e FE A A8 A BT (1) 1 S LAl

T FRGE AN [F]R AR A vy S ) A ) 25 SR, TR A S IR AR A
Y FAECE , AW RAEH 1A RIS HOR 316 MM I I0 B =V 2 A [R) 1R A B i) v FE i fa
fift BT - S 0 2H N 22 S A R P DR, PRI 1R AR G AR AR M - A ) SO e
W, IR A 0 SRR IR B R

1 FIRHEX G5HHEF E

1.1 HREXER

S XA T 75 T4 SR TR R [ 3R M 3500 BB (34°27'N, 100°13'E), W4k 3 740.0 m, FE 1
FACRE R £ R T A R R AR, BRI ZE R, AERE-3.9 €, AEREK R 513.2~542.9
mm, ZEPTE6—9 ], FZEKEHN2471.6 mm, BORAEKEIR 156.0 d, 2AFETCLXTCFHIC. 2
TR R S e B ], I X LA/ INE B Kobresia pygmaea . ¥& &% Kobresia humilis . %15 Stipa sp.” N
R, A K ERGEBE L Potentilla anserina. M WV. 34 Ajania tenuifolia MV HE Aconitum
pendulum FEREH P ARG K IR IR LS5 73 G AE bR (GB19377—2003) FISCHK [27] 8977k, fEfa¥)
KAEBRIAR RS . BV . BEZR AT . Wi SRR, f e JE R 4 S AR B AL B ) (none degradation
meadow, NDM), #2J# iRk f) (light degradation meadow, LDM), & iR {k %4 (moderate degradation
meadow, MDM) L) & 5 & iR fk % fa) (severe degradation meadow, SDM)I(F 1),
1.2 FEmRE

T 2020 4F 8 A rh LAY A K HE BRI, SR BEALEURE AT R A . BRI IX iR 3 4> 30 mx30 m
BEMLRAFEIX, AR RAEXI N FEPLBEE 5 1 mx1 m EEMETT . EAETT WIC AR RIS . R, TE%
A BRI, R AR 00 o A e P b LR i . KRR MR TERE 2SR/ IMETT 4%
BT/ 0.15 mx0.15 mx0.20 m (£ xFg i) 193, RAEWEED IE 58, BRIk 54~ 14
FEABSRG N LAEA A, a9t 24 EFE BB LS R 30 —milE HIEESKE; —h 1

F1 HFHEXEFR

Table 1 Characteristics of basic information

b A=Y T A/

M MmN 0 s ingem )
E SV AR 34°2123"N  ZEE, Sl
(NDM) 3940 s BEEL 91.89+1.69a 21.351.32a 717.59+88.14b 3051.60+236.31 a
CERRE 3960 o+ 212N ZOER, BUES, 76.50+4.67b 18.63+2.36b 887.31420.13a 2278.52+114.11b
(LDM) 100°28'47"E S, BRI R T ’ ’ ’ ’
Mhsoians 3950 or 23N NP BLLET . R 63.48+7.05¢ 17.3242.59b 551.29430.34c 1620.87+78.38 ¢
(MDM) 100°27'40"E MM ZER K . ETEE B T : ’ ’ ’
AR 3950 r2l1ON NPT Ll SR 30.5049.88d 3.16£0.08 ¢ 448.54484.62¢c 1261.17425.74d
(SDM) 100°28'48"E PSR E . HNFIVAY . BREREE R A : ’ ’ )

Vi 2R M ¥ Koberesia capillifolia, ¥ 111 #; % Kobreaia pygmaea, T ' & % Carex aridula, 5%t 5 Stipa aliena, k%2

Polygonum viviparum, T5m5% 5 Ligularia virgaurea.
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FEE 1.00 F100.25 mm 0 5 SEAT T8 AL o S B TE TR BT s 53— o I S g Ae AT T B A HEAE
WA 15 min, —80 C fRFF, HIT 3B 2587 .
1.3 ARSI T IEREEENE

- SRR A RN B P A I A 2 R JIN AR RIS R R A B vk . 8 pH R FHELNIYE, HIE
KA (SMO) Sk HHE T, AL (SOM) R FHE S R # ANk, HIEA2A (TN) R HPLIKE &
B, AW (TP) FERHs (AP) RABAEA L WAL, 28 (TK) FEad (AK) RGBT, HHEmE
A (NN) RS- B ik e ta . HIENREE (UE) IGPER AR - RN L ik, rh PR iR il
(NP) R HBEIR R —f He ik, FERERG (SC) R A 3,5- 3K i ik
1.4 RETAHF BT E

FREUR R REAS B i 1 45845 0.50 g, H IR ATAL R )y 15275 SCHik [25]. J94b, BEAREAR S HIFS HL
20 uL B, IRAIEME N AT (QC) BERERHEREAR BAS 1 Al S 4 AP,
1.5 ®ig&s

K Nexera UPLC i = 8B AH EBBX R 45, B FH QExactive 1 20 W B ASUGHRE S i o0 A7 20 T 48 5
ACQUITY UPLC BEH CI18 4,4 (100.0 mmx2.1 mm, 1.7 pm). ¥ A R4 %k 0.1% 19 TP R
B MARFM %0 0.1% B R 205 . BBEVEMG: 0.01 min, 5% B; 1.5 min, 5% B; 3 min, 30% B; 7 min,
60% B; 9 min, 90%B; 11 min, 100%B; 12 min, 100%B; 15 min, 5%B, /M50 WIEAF8. A3
HEFESRIRE R 4 C, MR 45 C, (RBURESN 0.35 mL-min™', #EFEEH 10 pL,
1.6 FRig&EH

SR IE £ B PR AR AR S BT 5 S, R BE RN 60~900 m/z, 1E R FH B E
M55 B R (BSD), 1E&FACH N 3.5kV, A FEHEER 3.1k, BN 320 C.
1.7 HEE

SR UNIFI 1.8.1 FA-RAEF IR B R 5 28 Progenesis QI v2.3 #kf4: (Nonlinear Dynamics, Newcastle, J<[E)
T4t ¥, K A The Human Metabolome Database (HMDB). Lipidmaps v2.3 #1 METLIN %45 & DA M H 4 J2E
XA TR 0 A T B TR . B BR AL N B A > 40% 1125 T, A3 2R BdE
M. RH SIMCA-P 14.1 847 Z 08 it 30, Geitor ik 35 20 i (PCA). i e /> — 3 11 31
(PLS-DA). 1F 32 f & /N — 3 1 5l (OPLS-DA)[ &5 1 3 il 40 19 728 5 AL EE {H (VIP>1)] A Student’s # K5 %
(P<<0.05) FZE SASEOT I AR SS & I, RG22 AR . R R EEEXT VIP [T 50 /925 AR
LR BT RS, £ JOL X P I fold change {HFEAT Al M4k, LAS R B8 25 AR . I
AR RN SR 2 R 5 (KEGG) ID X i 20 25 S R R (P<<0.05) #HA T3 I & 4 00, H R
P22 30 R D] WA AR AR I P . SR Canoco 5.0 XS [R]IR 1k 155 28 i) 38 RE AR AR
Y1 5N T AT TUAY M (RDA),  LUEZR 34 Tal AR S

2 HEREHAAM

21 ARBLEEE M IEE RN EEEETN

H126 2 AT = VLR M XOR [ R AL B T i JE i) £33 pH Oy 6.39~7.34, Bifi %5 i 8 17 ) iR fL R 34
hnimi Tk, MDM ) 3 pH B 2% 5 T HAB R (P<0.05), A, KEE & iR LR A s fin, SMC il
SOM JFi it /B0t & T [ (P<<0.05), Hivh SDM #zffk. TN, TP. NN HI AP Jfi it 4345t &R R 5 LTt
#, MDM HAE (P<0.05). AK Frht4M8cie JeThin s FRemoas, 76 LDM doliees. IR, RRGE LR
R T SCIHMIL R EZES, F MDM HiG MR K. U 16 PERE % 56 R 1 35 hn 2 5e T J5 FRAR Y
P 7F LDM il . NP IGHERIE TG THE S, 78 MDM Hig ek,
22 ARRBRUEEERLTIEFR PCA 1 OPLS-DA £ R

R AN [ 15 b 2 vy i) IR A (Y PCA Z5 ST . QC BEAHHXS SR AE (1K 1), FRWIAM IR
AR A A R s SN, B B BB AR E MR E B, RNy, RFREAS IR B8, R M
OIS TRVREAR X 43 R SRt S [l A A g 8 o o) - AR I 20 B e & RAFAE A 22 5. AR¥E OPLS-DA
BRI PR R (K 2), RALNZERE/N, BRSHR Ry, R°X. O WL T 1, U
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Table 2 Soil physical and chemical characteristics of different degraded alpine meadows

Fes o THEE K E ﬁ*ﬂﬁﬁ(?}M)/ ﬁff?i(Tf\lf) / ﬁ%@i(Tﬁ) / ﬁiﬁ'?‘l&?ﬁ(N}I) /
(SMC)/% (g-kg) (g-kg™) (g-kg™) (mg-kg™)
NDM 6.39+0.08 d 45.15£1.28 a 177.706.58 a 11.75£0.20 a 1.2340.02 a 8.49+1.36 a
LDM 6.84+0.03 ¢ 4137+2.13 a 154.2240.24 b 9.7940.03 b 0.92+0.02 b 6.90£0.44 b
MDM 7.68+0.02 a 21.3241.12b 93.5540.68 ¢ 4.97+0.08 d 0.74+0.02 ¢ 3.90+0.47 d
SDM 7.34+0.03 b 21.16£0.98 b 84.07+1.52 ¢ 5.46+0.10 ¢ 0.81£0.02 b 5.0120.31 ¢
o HRBHAPY HOYAK) HERISC) BRH(UE) B NP/
(mg-kg ) (mg-kg " (mg-g'-d™) (ngrg'+d?h) (mg-g'-d")
NDM 0.57+0.03 a 168.91+3.86 b 130.53£2.27 a 1142.39+147.17 ¢ 3.42+0.06 a
LDM 0.55+0.08 ab 208.3743.72 a 128.27+2.38 a 1 758.94+60.26 a 3.2240.99 ab
MDM 0.310.01 ab 145.14+4.20 ¢ 121.39+2.17 a 1704.23+28.71 a 2.87+0.82 ¢
SDM 0.36+0.06 b 138.37+6.83 d 126.19+2.13 a 1414.22+155.38 b 3.16£0.43 b

Ui RIS RPN 25 57 3% (P<<0.05).

FEREE . HAE OPLS-DA B i 46 56 Bt HL A /1 (I %% 200 -

n=200), FIERCER %A R LA (B 2), RYHIAT
0.99, O* HKT 0.96, BEIIZAEAI AT LIARUF i X 45 10or
FEdh o § "y
23 FEEAEESATEEARENANSE = = “
M LC-MSHGE, IEBFHATFREES 5 |
5784 R, B FEEUT 2 667 FCEIY, AR
U KEGG 3t th iU 8 451 Fh. (LB EBE ol *
FEIB RIS 4 T2 (26.81%) . A HLE R KA £ 200 100 0 100 200
(7.73%). FHLEALA Y (6.44%). FHLAIFILA ) 2 0C v DM o o) M e SO
(5.93%) . ARNLEIFNIREIZE (5.82%) AR EY . . o
(4.45%). FLACIH R4 4 AR (7 3A). B1 &mAfas QC A4 PCARAH

Figure 1 PCA scores plot of metabolites in all experimental samples

4 AR R AR FE A S h A ) 2 AN & A A
#2253 (K 3B), NDM FEb ARt 447 1 758 Ff,
F B CH SR W (6.46%) . WA A T (2.80%) FI 3-[(5-H L -2-wk g 3t ) Y3 - 1H-NE IR (2.37%);
LDM EEHb ISR 1411 Fl, FEELUA 458 8 (6.10%) . AT (6.03%) FI 3-[(5-H FE-2-m
MR 5E) FH S 1-1H-MEIK (4.08%); MDM eI A 1327 F, 2 NA 23k (9.95%) . 1A
TG (4.13%) F145 8 —HE (4.09%); SDM FEH I3 1224 Fh, 224 A Sk (12.06%) . Z52854
Bl A (5.05%) F1 8/,10- 25k A Mk (4.42%).
24 FAEBUSEZEGTEHAZRRIGFWHALESHT

WA 4 Frn . B = VLR S 2R R AR BG4 e o) b8 22 AR B0 & 1 1 o 22 S AR g
Yy, JUHJZ SDM [t NDM. LDM #1 MDM 1 &322 RAC A2 2, Hrf, SDM Al NDM i 2% |-
PR B R ARSI B = 450 F, SDM Al LDM b g 2 E ARG He R IR S Ece:
=5 429 A, SDM Il MDM 5 3 I 1 (4155 9 0 b T 3R A0 4 8= = 381 A (https://zIxb.zafu.edu.cn/
fileZINLDXXB/journal/article/file/03cdd59f-3922-4975-990a-bc367563243¢.pdf) »
2.5 AEEBHSEEE TEFAIRER G HIE

SRyt — 2 AN AR Ak i FE ) A R 22 5, Ar AITRE T ORRIFEAS B A 3R 5T 20 1925
AR (https:/zIxb.zafu.edu.cn/fileZINLDXXB/journal/article/file/03cdd59f-3922-4975-990a-bc367563243e.
pdf). NDM H TOP20 (S E 5 7R R A 14 Fh (10 AP M, 4 Fh B3 R, s P
AR A EE L, 4FEETR), XY 2R THERIE, Mg ERIAE. R &
T ARG i I 24k &40 ; LDM Hf TOP20 I IE B 5T A3 16 B (14 Fhi 25 LR, 2 Fhip

and QC samples
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Figure 4 Volcanic plots of differential metabolites in soil samples of 4 different degraded alpine meadows
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Figure 5 Bubble chart of KEGG enrichment analysis of the top 20 different metabolites in the soil samples
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Figure 6 RDA analysis of differential metabolites in soil samples of 4 different degraded alpine meadows and environmental factors
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