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FEAREEERIBNED N 53.99% F=2 45.75%. St—FHF A, ZRFRETHRMBE T EM, £34
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Abstract: This study investigated the antibacterial components and underlying mechanisms of action of gallic (Galla
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chinensis) extracts. The ethanol extract was separated into different fractionations by using silica gel column
chromatography, followed by analysis via ultra-performance liquid chromatography coupled with quadrupole time-of-flight
mass spectrometry (UPLC-QTOF MS). The mechanism underlying the inhibitory effect of gallic extract on Penicillium
citrinum was elucidated by assessing of cell membrane integrity, oxidative stress, mitochondrial function, and cellular
ultrastructure. The results demonstrated that the Fr.3 fraction exhibited an maximum inhibition zone against P. citrinum
with the diameter of 17.85 mm. UPLC-QTOF MS analysis identified 12 bioactive compounds in Fr.3, including ellagic
acid, gallic acid, and (-)-epigallocatechin, among others. Antifungal assays demonstrated that gallic acid and (-)-
epigallocatechin inhibited P. citrinum growth by 53.99% and 45.75%, respectively, after 6 days of culture at 28 °C. Gallic
acid impaired cell membrane integrity, leading to a 78.80% increase in relative conductivity and a 60.16% increase in
malondialdehyde content. Gallica acid also induced oxidative stress, resulting in elevated reactive oxygen species (ROS)
levels, which subsequently disrupted intracellular redox homeostasis in P. citrinum cells. Additionally, gallic acid inhibited
mitochondrial function of P. citrinum, resulting in a 76.88% decrease in ATPase activity, a decline in mitochondrial
membrane potential, with depolarization increased to 17.31-fold of the control. Furthermore, the P. citrinum cell
ultrastructure was compromised and plasmolysis was observed. These findings elucidate the multitarget inhibitory
mechanism of G. chinensis at the molecular level and provide a theoretical framework for natural antifungal agent
development.

Key words: Galla chinensis; Penicillium citrinum; antibacterial activity; cell membrane permeability; natural antibacterial
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I BT T B alifb M S e, PN T A5 TI A
HIERAIIST, HIRR TS FE A — M EFITE &
AR FHBRAE TS R
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1558 (P. citrinum) WA AR FFEBE £ 5
Bl2E o T B ) AR S I G BT IR R A B T
Sy alifh, IEEFMEL ST F AW F 558, S 14
A SR WA T R IR R A 2544
J5; PDA. PDB g E AR A R F]; ATP
BT & AR A Y TR IE T B (AR,
300~400 H) iR T Afb B BOrA FRA 7l
P S Es FRAA ML E =43 ali.

MLS-3781L-P (257K E Ry  HARM Tl
EEJT7 #%; Mettler-Toledo XS105 #IHH, T34 R Fig
-+ METTLER TOLEDO 2 l; MJX-160B-Z 18 & 3%
FFE RSO A BRAS Tl R214 75 &AL
g H AR BR AN Wl DDS-307 B SR
AERFAETA BRA T BEIF38) o s 10
TRIR AR AT BR AN W H7650 i 5 T B i H
A< H TN F); Vion IMS QTof M S 43k BRBE HIL
ZE[E Waters Corporation.
1.2 SKWHE
1.2.1 FAEFREERHIA o HAS TR, RBRl
FLOBr e, 78 50 °C THR4E b T EE, H 75%
(V/V, FIRD 2B, FRR L 1:5(g-mL™") %8 JiE s HEHL
(I3 350 W) 1 h, 3000 r/min, &5.C> 10 min, B 7
W, 40 °C Jiehk 7k LR, BEa5 1R T4 (—80 °C,
48 B FAEF TR AR, Z IR 20 <C
M.
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1.2.2 FEAAMGTFEARY) SHZINFS 7RI
TEMERL . B 3R 1.2.1 WP TR T B oK, $HB i e
1:15(g-mL™") JHZR /K7, M b in A SE AR TR
i) 99.7% LR ZME(1:1, V/V), B T2EBOH T, &%
V2T 3 min, § 8 5 min HPIHESZ, W ZEZ BRI
FH, GEFEZE R (40 CHURYA)S, A5 IRTH(—80 C,
48 hIRFEIW), % EHMRAFEF—20 C % H.

1.2.3  FAEF IR B 2 M43 3 S A0 1 P2
Sy 2 REARIE W] AU 04 T RS AR A 2R, BRI
1.2.2 FARFEIMETY 2 g #4T7REK (600 B FEZ)E
AT, B S A TP e B 28 BRI, KR Tk -
PIMA(10:0. 8:2, 6:4. 4:6. 2:8, 0:10, V/V)BEEEVE
Js, AL PERF B 100 mL, 333 1 mL/min, P32
fiz: 7K (10:0. 8:2.6:4.4:6.2:8.0:10, V/V)EEEVE
JIt, A £E PR & 100 mL, 43 5 min WA — 47
Sy, ARYE B AR AL I AE B 12 B Sy, TR )2
BT, ¥ RAEAHIT 53 A 7601, 19381 5 457,
SR Fr.l, Fr.2, Fr.3, Fr.4, Fr.5, B8 i 4h.
Sy FE K& (40 °C) ), A R 4 W) E A 134 VR 105t
(—80 °C, 48 h) 3R TR A o SRy i 0k 110 PR V% R 21
Sy, B IRAS A 5025 T8, FHIC TR 2818 /K 52 s S8 2k
B 0.2 g/mLP%, SR FHAR AR BEA TH0 B TS ARSI, e
L RE TN B R A TG P ZH 55

1.2.4 IRSMINBESEE: SRR ELEP 1Y 2R AR
5, M 5E WA FASRNAL RS T 22 PN PR 1l . JCPR RS
FEMLAP A 15 mL KB k)5 19 PDA 55329,
HX 1x10° CFU/mL 4% 5 25 B & 100 pL Fhn A%
FRMRAYFEFR LA, B 0.2 g/mL AYFEIAY 200 pL F4
AR, UG K R as PO B, i 3 4475556 .
28 C M FHEEFE 48 h, SR 1572238 SOk 0 et el
HAR, P RRR R R B AR R N T REUER P TTA

1.2.5 o eEnsy o

1.2.5.1 LC 414 ACQUITY UPLC-BEH C,; faii%
FE(1.7 pm, 2.1 mmx=100 mm), iR 40 °C, FHFEE
FHN 3 uL. WShAH A: 98% /K, 2% 25, 0.1% H
BR; i shAH B: 98% UK, 2% 7K, 0.1% HBR . ALK
0.4 mL/min, it 3l #H £6 B : 0~0.5 min, 5%B; 0.5~
16 min, 5%~100%B; 16~18.5 min, 100%B; 18.5~
18.6 min, 100%~5%B; 18.6~20 min, 5%B.

1.2.52 MS 4 REESFHTELE: Sensitivity; B4
& E: ESI' 2.5 kV, ESI” 2 kV; B FIEIERE 120 °C;
JE s 7 SR 500 °Cs I IR 800 L/h; [z [4)
HEFLAIAL 50 L/he SRAE T H{EE 50~1000 m/z, H4>
PEHREENTTR] R 0.3 s, BEZLRE 10~45 eV, 1E G128 45
AR . SRAS IR [R] B A 5 2R -k MK (IE
B TR TR : 556.2766 m/z; 1718 TRE TR : 554.2620
m/z)VERFELR BT S ) DA B B v R

1.2.6 fbEPLEBE NN E  HBYE Wang 55
Y 7 DT RS A EAS O F I e Be S B vE . BRI

1% (Gallic Acid, GA) . (-)-REETFILAAE((-)-
Epigallocatechin, EGC) M ¥ {L % (Ellagic Acid, EA)
S35 T H LW ARIE R (DMSO) & 20 mL PDA %
FEIAE K FE MR FR LR A, 1119 GA. EGC A EA
A EE > 1000 mg/L, F 1% KB DMSO 1 k28
FIXF IR, 75 PDA 1 DMSO BRI R 1%, 1F
FEFRIL_E42FP 5 mm AR M6 IR BB PR 242, 7F 28 C
TEEIE A PRI e dicFHEmARK., #w1dH
T+ A RN RE B TE LA, A 6 K. A
DI AR

-D

AR = 222 x 100 R (1

K, Dy, FEE n KX FELH B 74 4 BLAE, mm;
D, J45 n FALPRLH VA4 B4R, mm.
1.2.7  ASTRI0E P40 S A B 5 A7 77 % A I s 375 1 4
FRISE OB 224580 T PDB H, 43 5I0IA 0.2 g/mL
i GA 5 EGC 4% 200 pL, 28 °C. 180 r/min £ K 55
= 24 h, M7 BA 22 20 P9 250 00 P Ul B i R 24
BRI PSR IAEXT S, £ 0.3.6.9.12h
WA R 22, FARRAR LD P2 Fa k230 2 P9 & 2,
Lo b AP S 75 B B 22 M S 2R WA 20% TCA
W H, 4 °C 214 F 10000 r/min B5.C» 15 min, 7E
532 nm ZbME _EIFWANSGE . £ 0.3.6.9.12h
WA VBT, L SRRSO I W e S8,
IR ALFE 10 min, ¥ 2 50, PRI E HL 53,
FEREME 3 U, AHXT LT A =0 (2) THA .

AR LS (%) = —=°

€ —€

A, ey S 0 h YB3, uS/em; e, 7K AL EE
J& B HL S, nS/em; e AN [R] Ab B B A (9 L S o5,
uS/cms
1.2.8 AW BB EE T BELORAAR ATP TG
Jrimize AR &N E ATPase 16 /).
1.2.9 RIEE MY AN B S5 T FBE I T A (ROS)
A GA 5 EGC A5, 7F 28 °C &1 FH3E 6 d,
M ROS 7K. iz Y} 2,7- & AR
. Z % i (DCFH-DA) fE 25 ROS #5 7~ 7 , DCFH-
DA Sy 538 7 M AR 22 e R B, H PR Eh 2% vh EhoK
(PBS) kR 2214 3 )5 . T 10 pmol/mL DCFH-
DA W . 7E 37 °C B T Y4 20 min, ilid
PEOCHE R AETE 488 nm WP AP . 525 nm W & 5t
P TSR R 2R H 5 -
1.2.10 A [A) 3 P4 o Ak B Al 7 B 2 AR 5 L A37
(MMP) Wl 2 {di ] MMP il 52 328 51 & 0 7 4% 28
MMP. GA 5 EGC 4bBHJS, #£ 28 °C Fi¥H 6 d, I
RE PR 22 PR RS LAY, . I JC-1 42 20 min, JC-
1 Yoo 2 phy s 2 IR, Il O CHER AW ER T 2214
Geft,, JC-1 BAARTN JC-1 SRR D I &/ % 5T
KA35M 514/529 F1 585/590 nm .,

x 100 X @
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1.2.11 B8 T 0 B AN [R5 P B A B A

THRIEL  RYE Bonora 5P fii ik (19 J7 1A AL BEAE
it CRERESLH PBS thk, BE, BOK, a3, i1k, T
TR PBS #hyk, S5 Ja BUH PR 22 AR, BT B
R RG L UL e, RS T A UL
SAIE
1.3 HIEAIE

SRR A# FH Excel. SPSS 20 #4347 483

SyHT, LA IA] AR FHAM ST AREAS ¢ K056, 45 R L 3y
{HEbRAEZE" FRIR, P<0.05 FoR22 53 B2, FIH Origin
2021 FAFERE.
2 HRESH

2.1 ZBRZEBEZEVE 7B RINE MR o4

P IAE T LR R FEBGAR T TS
¥

TETE
Ilh.;

Fr. 1 Fr. 2 Fr.3 Fr. 4 Fr.5
Bl 1 AT LR CBRAEIA 53 B8 BT ARG ) o

Fig.1 Isolation of active substances from ethyl acetate extract
of Galla chinensis
1 AR IR EAR
Table 1 Inhibitory zone diameter of different flow fractions

Moy 5 B B4R (mm) U

Fr.1 0 -

Fr.2 0 -

Fr.3 17.85+0.45 ++

Fr.4 0 -

Fr.5 13.04+0.65 +

CK 0

T R B E AR <10 mm, FRREBURR, 2015 10 mm <14 B H AR <
15 mm, 2275 THEGER, FH-+5 73 15 mm <0 18 L 72<20 mm, 267 £ 6
B, P+

SRy SN, A TRERAE BT A8, W AR E] 5
Sy ULIE 1, 43 R)4eS-HK Fr.1. Fr.2. Fr.3. Fr.4. Fr.5, i
TPV B G PESLEGRT 5 A BT Ll 4 A TR, SEgG A,
RN 1 R, Fr.3 I B B 4% (17.85+0.45 mm)
KTF Fr.5(13.04+0.65 mm), 5 76 P A S 5 T Fr.S;
HATH 53R R I G M, R B Fr.3 T e e
AW ETESTHT -
22 REREDDH

iHid UPLC-QTOF MS #HATIAE#M A 53T EEE T
Fr.3 L& B 2. A58 R MBS S 1/ e
SIHTARNE, K ARG PR TR 2s | S
e BUARAT A= S AR D nH i 2 DU 2 BLAT P B 1 T 19 4
Joi . B i Ok DO AR BE BsF TR L B feT b 22 PPl 20 it
& 17 F Ak 53 %% (Fragmentation Score==60) i 17t % &
12 FhEAMEE N 2, 75X 12 Fik&h, B
IR E TR (-)-FRIEETILEEADEMIS
o R I B B A EL R RO . X LB TR
TREZMmISMEY), b e s TRk e+

1630 1804 1859
\

i
TIC [counts]

2.5 5.0 7.5 10.0 12.5 15.0 17.5

1A (min)
(a) BB TAC

7.5¢6

5.0e6 1711
/

1393 1599
\

il s
TIC [counts]

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
1] (min)

(b) IE& T
Kl 2 Fr.3 LC-MS & FiK
Fig.2 LC-MS total ion spectrum of Fr.3

2 Fr3fbalion e

Table 2 Identification of flavonoid compounds in Fr.3
YESLATR LA &4 I3 Fa Bt (s) Jifar b (m/z) (LR AR S (%)

ellagic acid AR C,,HOq 0.81325 300.9979 85.9 11.96
gallic acid methyl ester WEFIRTER CH,O; 2.2449 183.029 83.4 11.33
galloylglucose BB Tk A W C3H,60 2.2449 331.0659 94.4 0.25
gallic acid WET]R C,H,O; 2.60235 171.0284 95.2 9.06

luteic acid HIRTR C,,Hg0, 2.79638 321.0238 73.3 0.01
pentagalloylglucose TR BT A A C,H3,046 2.9597 939.1112 67.8 5.53
myricetin LN C,sH,,04 3.8847 363.0348 63.3 3.12
mulberrofuran ES PN CyoH305 4.64688 475.2466 89 0.09
(-)-epigallocatechin ()-REETFILEER CsH,,0, 9.5183 329.0656 89.5 6.03
tetrahydroxyxanthone UP8 == i ] C;H O, 11.7073 305.0322 74.4 0.01
pentahydroxy-methylxanthone TR A A C,H,,0, 14.9598 335.0401 753 1.87
pinifolic acid FAMFFR CyH3,0, 15.3561 381.2313 85 1.10
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BT RS Y, B T IRER B TR, (1)-FRE
BFILEERTHEINZS LAY .. PR, il
GBI —E NP2, EA Al s T A
PR 46455, IS N2 2 22t M Ik BP0 P £
BRI IIRICRPT . GA XMHRER . K . ST P AR I
Ioa PR H R B AR DT EL P TE PR, GA T8 i AR AR
2 RN BRI A A i 4 B A A, I o] A ) B
AP, EGC Xt HA AR . I AG R . F A s AW
FAS SR A A, TP 2300 3 35 P PR 22 43405 R -7 4
MRS A SZEREO) PR LA ST R G 3 R B T
JE S 00PT BB T PR S, WK 3 RIS T XS
TN THIZOR
2.3 ARFEMHIRAEMEESEE KR
38 3o B PR 22 1R I A B AR BRI, T A B
AGAS TR P B3 XA T B DS . aniE 3(a) iy
7N, 2 GA Fil EGC Ab ¥ L 50 4H 78 BAR LT
XFREZH (P<0.05), 7R IEFRE N, 254 g2
WFFEeIg R e, WBIRES 6 d B, GA ZbBHLA MY
W% HARIAF] 14.83 mm, EGC 4ZbFRZH % 16.43 mm,
FMEEZ T, EA A F0XT B8 20 5 B8 %% JAS 5 5 R
22.07 mm Fl 25.20 mm, MRIEHEIEELIT B EHZLE
A RKAPHIFRE 3(b), 26 6 d GA 5 EGC AbBHZH Y
B 22 A B A 2R 55 S 53.99% . 45.75%, 53 5 R
EA ZbHRZH B 22 A KMl 380y 3.31 1%, 2.81 1%, iX
BEgE R, AH LT EA AbHE, GA 1 EGC AT AT A
(a) 307

Control
] GA

e

OO OO

1] (d)

801 o GA
GC

A1 (d)
B3 AS[RIE E) OA  7E B (2)
AR (b) A5 R

Fig.3 Effects of different active substances on colony diameter
(a) and growth inhibition rate (b) of P. citrinum

TE: ANV R AR SR () — A (] AN ) Ak B 2 22 (1) 22 5 (3

(P<0.05),

AN IS T R, DA e £ 556 TP e B
PR R 0 BAAATS P4 S5 T T A L ST
2.4 HIEHIEAR

2.4.1 ZUMERGE S AHXT AR e — A
Ttz (g Yk 2 A BE , AT LA FH Sie D40 4 i I 1) S depE B
DA T A0 i S S AR A g, AT L A 4 S e 4T
T S A 3 A R B2, G 4 () JIT s i 2 AR PR ]
FOFE S, AR A S 3R A e At [ T %, o e Ab 3
3 hJ&, GA Fl EGC AZbFZH fAHXT L SR D 2 i 3 =
T B4H (P<0.05) . FEALHE 12 h J&5, CK. GA 4h#
ZH . EGC AhHEZH (AR F 538555128 9.33%. 44%.
30.73%, GA 4bFRZA W 25 T EGC 4b#HZH A2 CK 21
(P<0.05), GA A FRLAFWIAE B B3 0 1T 78.80%.
i 4(b) i, N S AR R R TR ARG
HoArAEALEE 12 h )5, CK. GA AbBHZH | EGC AbHHZH
O B &4 0.51, 1.28, 0.75 nmol/g, GA 4b
PHLH B RGBS AN T 60.16%, CK ZHN /& &
A, W T AN (P<0.05), Hiih GA Ab3RZE PN
TS REES T EGC 4bHE4H (P<0.05) . Lu &P
B K B, V526 P 30 3 e IR g /K it 2 R 2 1) I
SERPETT R B PIEIER . 25 LT, GA 4bHiRR
UETNRIAE 5 BN L AL, BEIRAE 75 B n Al i 58
ok,

—_
o
=
w N W
(=] S (=
T

AT AL 38 (%)
s 8

(=)
T

0 3 6 9 1
1] (h)

HF 1] (h)
B4 ARG 5 B A i 5 (a) J
PN o (b) F S
Fig.4 Effect of different active substances on the relative
conductivity (a) and malondialdehyde content (b)

of P. citrinum
: AFEVNG SRR B — b B RS [R] Bf [B) 22 i) 22 5 i
(P<0.05), ANF KRS F B FR R — B AN [R] A B2 2 ) 22 5
3% (P<0.05).
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2.4.2 ATP B#G J17284k ATP BRI AR AR A ]
R —FB45r, EREEACHH . W PE i . (5 BAL
AifrE AT RE )y R E SCEEAPY . K 5 7T
DU R RGP AL BT bR ATP BN 1 A5
MANE], CK. GA 5 EGC 4-B)5 ATP BEE J143-510
11.42. 2.64 il 6.48 U/mg pro, GA &b 28 % X ft 28
TRET 76.88%, Xf HRZH i 25 /=5 T Ab 2 (P<0.05)
AEFRZE P, EGC ARFRZE Y ATP f5G 1 B35 =T GA
KEFRZH (P<0.05), F I GA AbPRAL 5255 4 it
B FESAGIIFERE B, GA Al ReMtiItE S &
SRR ER B DI RE L M SR AN A R Y Sedse s, aE T
7N sl VNPT e S o U G MY YN (1pes e 22 ! I EZ % A
A ATP 76 1, PP IR S5 52 m 4 iz iy . Re 3t
R LA R AR TR, B s st

12 a

10|

C
e
a5

ATPiG 71 (U/mg pro)
N

CK GA EGC
ENGibi%ix
Bl 5 RTRTH PR BN A 75 % ATPase 16 JJ BRI
Fig.5 Effect of different active substances on the ATPase
activity of P. citrinum

s R B AT 592257 (P<0.05), 141 7 .
243 WORIERAME  ROS AL LI
400, 6 AT 20 S O A o 2 T A
FH T L AN 8 A 193, 2 T AL 2 30
AP, [RLtE. AT LI ROS (BRI A )
U5 B L HAITRRIES . g TR IS L
S i 5 7 8 2 D 5, 0P AL BRSO

BF DCFH-DA Merge

Control =

EGC |

50 um

[
S
=
=}
=1

K6 AFTETEY) B BSR40 N ROS BY5ZI
Fig.6  Effect of different active substances on intracellular ROS
in P. citrinum
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