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Abstract: Zanthoxylum bungeanum, a plant traditionally utilized for both medicinal and culinary purposes in China, is
renowned for its fruits, which are rich in volatile oils, alkaloids, and flavonoids. However, the leaves of this plant, often
considered by-products of the harvesting process, have historically contributed to resource wastage and environmental pollution.
This study aims to investigate the potential applications of Z. bungeanum by examining their secondary metabolite composition
and allelopathic effects on the aquatic primary producer Chlamydomonas reinhardtii. Through the application of non-targeted
metabolomics, the chemical composition of Z. bungeanum leaf extracts were characterized, revealing a predominance of
phenolic acids and flavonoids, with a notable abundance of flavonoids. Acute toxicity assays, coupled with chlorophyll
fluorescence techniques, indicated that the introduction of 0.5 mg/L and 1.0 mg/L leaf extracts resulted in a reduction of the
maximum quantum efficiency (Fv/Fm) of photosystem II in algal cells by 8.32% and 60.50%, respectively, relative to the
control group. These findings suggest a concentration-dependent inhibitory effect on the photosynthetic function of C.
reinhardtii. Further mechanistic studies revealed that the extracts disrupted the structure of the oxygen-evolving complex
(OEC), interfered with energy capture and allocation, and suppressed photosynthetic electron transport efficiency. This research
provides a theoretical basis and data support for the development of allelopathic algicides and demonstrates broad application
prospects in aquatic ecological restoration.
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FCRSR SR AR B SRS A T e 2 S ARSI . il FEARUT B R B A
RE BB S, BRSNS T IBE R B AR 4 B €0 A TR B A VR S R AR
T T AR ATIE R )t 2512, Wb o i R 15 NF-«B/MAPK 3 46 A1 730 T 7 - S 2 P Sl
KRB, A, FERUR AR R A B TS T, RERE A RGERR B 3, (R A0 G s S AL
W, PR T HAEE IR R E .

HHT,  FERURFRL 2 4 2% A0 S S R e 5 o T AP 78 () B A 580, FEARUHH R R A E AR WAL A
R, FESEN RS ke, HEALEIRRME L 507 s, AR BEURIR S A ST TS Gy ] L.
PARKI A @A E AR TR L Clrifmk st AR5 SRIURE M 525 (k. A4
WA TFRRRER (nmgkaR. Kl 071, ERBARSAR . AR RAMBCESCRRA
PR, KA N AR B BRI, SRR IR F I 1) B SR AR TSR FHAEARUT B INME, 40 56 N FH I 5%
[ A SHE A A5 R, HESIAEA b T R4 & L, BT DU DR LA T . (L) mE R
e FFRIEetE G Clngi AT S I 38D BORRAR 2 (R HAMB ST (20 Pk
BEREAH: 255G SRS, HEHBT AL, F TR ESRIRBAG I (3) BHASCRE: Mg iE
M BEE 2 A VEVEAL RO AE P AR L (4) FMRABCRHES: BUR LB (s sBil e &, &
Jih A AR, R DAV FETG e Fe, InsRAERUH g A RO AE S R e
Bk — P AREAER I AT RE SR R R o B RTAEART R DAL TR B, RIB IS HARGIHT 5 1 3%
BE, HSENEA B A2 .

SETAAK #: (Chlamydomonas reinhardtii ) /E A B4R, R/KAEAET RGN EBEW HAr=3,
WA S S ARk e SR RS SRR, g R —, A K 55 7E 05 (R
X515 GRS AR R PR A FL B A g B 2t ) R AR AR AT 8L, AR A [ A AL
BRI 7 A R IR B A 7y, RS H B WEERREY . Rt B, A 2
FRNEA, B EAUAR SR 2 58 i 270 %) 3 o AR )6 & B ER AR, AR HT R AL IERAE R X
IKAERIG A 773 RS R B it 1 BESEI AR, RIS R T TEAUH By R R SRR 35 T
RS
1 #R5HE
1.1 EARKIR RIS

SEH A (Chlamydomonas reinhardtii uvm4) YB3 R AR A VIH AR 55 (R IR S (R A7
HMREEFRILA TAP 15978, B TOURERIKT IO, KRR N 25°C+1°C, DGR 6000
lux, YeHEERAN 14 h:10h, #4120 rpm.

1.2 EHHRIREORE

AEAUH I b K s BRI PR A F] o K AEMUH BEAT I, 72 60°CHLFEh Bt B E . HT1%
AERU BEAT KRR 5 i 80 H i (FL42 0.178 mm) FRIFAEHUHFI oK . TEHI A TN N 600 W L EEfA
F180%. BRELL 20:1. 12 H2HFE] 20 min. EALIR B 80°CHI A T S UL e s 2H 55, BT
1R BT SR - K AT R TERUHR AR08 I e % 28 R AGIAT IR AR, R IRSE AT kB 1) e &3
HH ) B A DO, FEARTHIR PR AR B DA B S S A
1.3 TEHIRRBRYE S 2T

M-80°CUKA AR FE S VR, EFEARTEAUKE, WRiE 10s 25T, BUEAS 100 uL I AF] 1.5
mL B0, A 100 pL 70% HEE S A AR SE B . WARRBURECH] 77 300 1 mg ARiEfIET 1 mL
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70% H 7K TR EC A 1000 pg/mL A BREL 1000 pg/mL BEBGE— 5 F 70% 1 EE RS B BT ) 250 pg/mL
PRI R E 15 min, 12000 r/min (IR E 0 3 min. FHCEIEW, FMALIERE (0.22 pm pore size)
WG, A TR, TR (LC-MS) Kl o FEMUHIR SR 2R A LC-MS #4790 #7 o
6384y Waters ACQUITY UPLC HSS T3 Column (1.8 pm, 2.1 mm*100 mm), Wz A JytB4liK
(01%MHER), st B ALK (0.1%MHE), FEiEA 40°C, HHEN 0.40 mL/min, FAEEN 4

uL. (AR AR LR R 1.
® 1 BIEERNIBHEFMG

Table 1 Gradient conditions of mobile phase

f A Cmind A: B4k (0.1%MH R B: ZJ (0.1%HIH )
0.0 95 5
5.0 35 65
6.0 1 99
75 1 99
7.6 95 5
10.0 95 5

B R EAL R Analyst TF 1.7.1 2 (Sciex, Concord, ON, Canada) PAME EKHA (IDA) #R=UiE

1T. AB TripleTOF 6600 JFi i 9 5% B W3R 2.
5% 2 AB TripleTOF 6600 FRif &4
Table 2 Mass spectrometry conditions

R R £ FR RS
SREEWSTE] (min) 10 AR (psid 35
BTHE (V) -4000 EEBE (W) -60
BTRIRE (O 550 MS1 fif#EREE (V) -10

%< (psi) 50 MS2 fif#ERERE (V) -30
HRIMAA (psid 60 it EREE LK (V) 15

1.4 RSNl

BUEFAN 250 mL #ETIE, 403l Hedh N 45.0 mL (48 & 25050 K B TAP 159535 DL R Ae st
ZPERAEI,  ALRFANHE TR AEAUHR B VR 2404 2 43 J3) 0.5 A1 1.0 mg/L. SRJS I 5.0 mL 4b-T48
A KIS, B3R5 1.1 BTk o DL INAERUTHR SRR AR AR B S 0 i A i R 2H, 5 5%
AN [5) 751) B PR A8 B IR SRR S B AR O B ORI 2 o SR F TR 20 R 5O &4 (AguaPen-C
AP110-C, #3e) MIEBRAMMHE R MEFT, BRAMIEEA LS A FE 30 min, 2R )5 AERE AL
BT RVOESEE, FHERE =K, WEERTOESE R SO ISR B S I,
1.5 B

Xof b FR2H 5 6k B2 11 45 RSP S R b v 2 3547 0, R Origin 2021, GraphPad Prism 9.0
SRR o A ) B Ao & SRR AT AT AL AR
2 BRSS9
2.1 TEHIMHRREE S 7

TEARH ¥ AR 226 7 Ab 3 5 P A9 SR il i R R r AU A AR i, 3RS T T IR S 4k
LB ETTREEE (B D.
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Fig. 1 Chromatographic analysis of total ion current of Z. bungeanum leaf extracts

BE 5, 5 3800 P b st B EE, 20 4 2R BRI 2 4y, AR RS (Phenolic acids )
BlZE (Flavonols). w528 (Terpenoids) DLRAMHZE (Alkaloids). I 2 nl1, eI+
HERAAEYIMERZ, el 90 M. Hrb, SEEE T 3 PSR S A
(Sophoricoside). 77" (Rutin) Sl % -7-O-D-#i % ¥ElEEL (Naringenin-7-O--D-Glucuronide). 5
BEIFIE, MAEMUHIR$EH 45 Y 65 FRIY IRSL &4, F4RkJEER A (Isochlorogenic acid A) 1 &
BT HAMBREAEY) (B 2). 1A, MFERUHR SR %558 46 P65 88 FhkEw)
WA, RPN EY & BRI S 0o IR @G B AN N-F B .

leaf extract
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Fig. 2 Secondary metabolite components in Z. bungeanum leaf extracts
22 MR ERERENESBENR
2.2.1 OJIP # &5 47
AT FUIE L SRR 1 AN RIS EEAERUH R SO B 4 i 2% 3R 965 330 77 27 th 2k (R
RN (B 3). SEIRSRE R, TEMITHR IR B 35 TUR 1 A MR A G S M BARFAE . BEAE IR 52
TRAC BRI BEIE Y, 2R R U T Hh 28 DU BRI N B s, L OJIP I A K AL i i A2,
H ETHRRFIEAL ROZ PRI, S TR
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Fig. 3 Effect of Z. bungeanum leaf extracts on the induction curves of chlorophyll fluorescence of C. reinhardtii uvm4
2.2.2 Gt R B A R I AR R R o
Wi B Zh SRR TR E G (OBC) HIZEMPERIIRIE, Wi (BRI U] PSIN S
Co AR G RS2 40, JEMTEENR 1 PSIN S oG (N T (1 68 70 A B[] T 9 32 FL - O 28056
Wl 4 foR, BEAE FEARUH- IR AR IBAL BRI BERIE N, Wit B0 & e . AT &, 4 qert
RILBACHIREZ )Y 1.0 mg/L I, Wi {5y 0.456, B IEALR R T 50%, RUIEHUH-R Sl AE BRI
T RN AR S ik gR, SEOCA RN R TR L.

e

I 0.0 mg/L N 0.5 mg/L N 1.0 mg/L
B 4 SRR B RCE PSR M LM E S &S HnEn

Fig. 4 Wx values under different Z. bungeanum leaf extract treatments

2.2.3 FeAReTIRIRIEAT PSILRUL P8 S AR 2 AL 2 69 ) o

FVIFm {387 PSI R G B KB REFE AL RICR, JLnT AR FE - R B et e 5 I SZ Wi
HEFEAR . AR FTERITHR ST BRI JS . Fv/Fm (B Plabs fE#S L 17 & A8k SR
HUAHLL, St feMiriR SR AL S A R ) FviFm B A AN RIREEER R (1 5), 7E 0.5 mg/L [1I4E
W RIRBAC T, Fv/Fm B FERRIIRELBUD, MAE 1.0 mg/L FIFEMUHRFTRALEE T, Fv/Fm {EH
BUKIREZ RIREAR . AR, SRFIRE T ARAIIEAUH IR R 0 B4 AR EL . #%in 0.5 mg/lL 5 1.0
mg/L EAIHR SR B A ) Fv/Fm B0 AR T 8.32%41 60.50%. 5 LRI, JetEfesR%k Plabs
WL 7 SRLZUR R FERESS, AN 1.0 mo/L TEMUHHR ST BEANII Y Plabs {E SO0 AR T
97.98%, KU PSI P O BEARPERESZ 2 7 H1, H Plabs X HASEIE T NMEUX.
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Fig. 5 Ratio of variable to maximum fluorescence (Fv/Fm) and performance index on absorption basis (Plabs) under
different Z. bungeanum leaf extract treatments

224 FemetizARig st PSIL RO 8 fE 2 3k o - BLEG R0

K FHEERE T A AR EE AR R AR S B A #E PSIT e B O RE S A L 152 (B 6). HilEl 6
AT, B AERUTHR SR ACERIR FE I3 I, ABS/RC {E AT DIo/RC {8 H B35 T Ok 34 . BRI 5,
1.0 mg/L FEMUHRH2 AL BE S50 ABS/RC B 11 DIo/RC {H43 A&t AL = T 1.86 541 7.70 5. 5
Z A, ETo/RC {H AN AERUIHR SRR AL BT 0 T FEATE S, L 1.0 mg/L AERUTHR i A 22 2 40
J&, ETo/RC {HLUXTHRAAPEK T 36.90%. KUk, ZACHITIRHEIRAHE 5 e Mk W i It B 2 (R

Hn=

Ha LEFERUR AR S AN, X AT RERE S TR A BE (10— E AR L] .

6 TERrRIERAIFEERE PSI R K F0BEE S ECHIRNT

Fig. 6 Effect of Z. bungeanum leaf extracts on the energy distribution of PSII in C. reinhardtii uvm4
2.2.5 FeARTIRIRIT PSIT B o8 AR & F 15 38 L F 49 %o
AT T 5 T AR L IR IR SR AL B S P A 8 PSTI S B H O 52 A v A% 325 14 52 )
(B 7. BB 7 mA, BEE AR AR BB RN, ETo/ABS {1 ETo/TRo {H85 H ILE 2 F
S . BT S, 1.0mg/L FEHUHR S ELALIY) ETo/ABS {E A1 ETo/TRo {737 L X 41 F#
i1 77.85%H01 35.44%, LIRSS RERN], TEMUHIRIRBAL R 2AM I B A8 PSIT S W H O 32 A4 Ha
TAEIERIRCR . A, Mos Vi Sm {HEEFE TR IR BAC BRI B MG IR DL _ETH S A& s,
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HAAABH A 2 55 53 . SIEARUTIR SR AL BRI FE 4 1.0 mg/L i), Mo+ V. Sm {H 2 386 R 2132
T 157 15, 1.66 1511 4.05 1%,
ETo/ABS

N

0.6

ETo/TRo

= 00mgL e 05mgL 1.0 mg/L

B 7 TEHrHRR RS PSIN R B S MIEE 583 R A0S0

Fig. 7 Effect of Z. bungeanum leaf extracts on the electron transfer efficiency of the acceptor side of PSII in C.

reinhardtii uwvm4
3 g

AW FEE L R QL 22 B R R G T AR AR A2 B IR AR O IR AR
W= (90 FlD. BAEEZE (65 P AEMHRZE (88 F) KmiiZe (46 F). Hrr, EHZRMA
PITER S & B3 85 A, EAERNE, SRR R MR AT T A
F-7-0-D-HIEHEREIR . UK, PR EIE R — PR sl EY), e T SREY, i
SEATEYE 3 2@ IE R B B R A P AR G U ST, B IR B RE A 8T
iSRS R I AR 5, IR G SRAN B BB A R G . T R Rl LK SR A S
ITRAET ZMEY . T BARKRIPUEAR YT, BRI 2 FLEERR B A, ARERE T
gha . APMART B T EB WA, JAh, FTAEARSMIR A IR P R AL R SR AR
TEPE, IXAEICAE O BB 1 TS H B T LR (0 SR A3 e Al B 3R -7-O-D -] 26 R e R 7 AR 4 S5
R G A SR ) S 3 R AR, R R E e 0 R e 0 Bl S PSR R A L AE i 0L A,
XA AP SRS R TR G OE. MHREY, S TRESEARASS, X
A T REFSIA FLAE AR P (0 20 AT AR, T s LA PpiE D S), Rt B3R =R AN LA B2
PrEAARAE, IS S AR RN B 1 5 PR AE ELAE R AR VS I o T R M A AT T EE e TS AT
BT H B TR B e,

IeAh, BB R RIR A CHOESEEZMAEN RS h B B ENEMEE. W
FEW, FEEER A EIETIE FIEHE (ROS) BAKTIMAM AT RE . B, 762
BRI, RAREER A JEI ] Nf-kB/NLRP3 {5 5%, W T HEZH (LPS) % SHI%E ML
POFRIGE To08, Al FERIERE A AR A E A T B LAY ROS BIRETT. TEARIRRY
PENRT I (NAFLD) (5T, Raf iR A B m i facilad AR AR SRR R, oG 1 H
E RS R INE AR R ALY, XL TR, RAJEIR A IR ROS /KF, RIEHB R AN
PUAALIIIER . TEREYREE S, RERE A ERILH HEE ROS 5 K30 EAAR R ge /1. 4l
, BRI, SEIRFREENSIE L 1S ROS MRS AN M T2, F0H) EL & 06 JRAK Fusarium fujikuroi W)AE
K, AT D VERE B AR 5 4200, X el QL — DS08R Gt IR A fEiEd 153 ROS BRK T
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P E YA T T8 7o ik G AR B B SR 07 5 Wy RR 2R W o 1) Wi R/ ) RE S A2 2 A ) R G
PR, BRI TR . BUEACAI SR T T )2 R T .

ST HIESR S W RS B IO E Y 70, AW FRE— 2B W FAEAUH ISR AT )
DASIE DA A FEAE e bk, 2 A0 AU 12 S T000 T2 B ) S R BE OB . IR N AR R AU
RO I E REMFEAE LS, AT FRMMOCREIR ISR . WOR R FUi X SO R 41
ML AR O BV SR OCHEIA YT, RGN IR S N A B R S R K L T L. BEE
FEARUHHR SRR AL PR FE PRI 3G N, Wi {EL HH 300408 3 B N A 3, 3 W3 4 o Py TSR SR AR 285 4 52 45405
tbAh, S AERI IR SRR AL R AN () Fv/Fm 55 Plabs (E 356 A RIFEEE R TR, eI SR At
RS [ AN PSI B O DERERALRCE, SEOCERCRIEE TR, BUr, AR
2RO LRFER R e oh o teAh, TEMUHHR S A PSIT S A0 S22 L 4%
WA B, Qa BOLREIERIINR, MRS B RER Qar BEMSERIAEK. E
IRGE RAESE, BEAE ERUHIR SRR L T, X SR T4 A 38 (0 4T ) 5L 25 1 o, SR I LA Dy R AR 40
EEFIR A RAEAIAT IR . SERTHIWT FTIRTT T AEARTHR SR KT 155 <o 2 €00 1 %) BR vl )41 4 1
21, B FACIL T AR SERAE s B g 7y, BN EBNLE]Z 7R 1 XSO0
G RGN Z SRS, AR THER AT ARG BN BRI T = E A, sk
BRI AN IR FEPIEAE R 1 B R 2 S8

HtER, AR AR A, BARAEIELNT LA . (1) B it s R, ok
Z R AR L B B 5E B i, HOR B S B A0 ot S FC Bl R A FH AR o (2) SIS f B — 17k,
ARIGAER; HAM B2 (Ui S0 B9EaEk, BR&) TSR RAES A/ i, (3) ShZ KA
REVEAL, AR SRR LA I 2 85 T 8 2R Hd B S BUK AR R S RGE R RFE BIBRRN,,  A] REAIG At S
o I FH o AR 25 KU o R SR AT 7T B 45 5 T [ AR A o7 L 22 21 B BOR B Ao -2 0 A S AR S 56
RGN R BB RO W E AL, T2 8 IR PEY 22 v,  DUSETHII FE AR B SR R =
Y.

4 L5ig
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WEYINBIREAN G5 E B EP:
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