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A novel linear pentapeptide from Penicillium oxalicum and its
antagonism against postharvest decay mold of citrus
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Abstract: [Background] Citrus is an important economic crop in rural areas of South China. Due to the
influence of the postharvest fungi, a large number of fruits are rotted and deterioratedannually resulting in huge
economic losses and seriously affecting the enthusiasm of citrus farmers. [Objective] The filamentous fungus
SG-4 exhibited strong antagonism to the postharvest decay mold Penicillium citrinum and Penicillium
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digitatum. In order to figure out the fungicidal substance, here we performed biological identification and active
ingredient analysis. [Methods] The internal transcribed spacer (ITS) of strain SG-4 nuclear ribosomal DNA
was sequenced to identify the strain together with the morphology. The antifungal activities of the mycelium
phase and culture liquid were traced and the main active substance was separated by alcohol precipitation and
reverse high performance liquid chromatography (RP-HPLC). The structure was determined by high resolution
mass spectrometry and nuclear magnetic resonance spectroscopy. The antimicrobial activity was evaluated both
by Oxford cup method as in vitro and by inoculation test of citrus as in vivo. The content of the fungicidal
substance in fermentation broth was determined by RP-HPLC. [Results] Molecular and morphological
identification showed that the strain SG-4 was a Penicillium oxalicum. The active substance inhibiting postharvest
decay mold of citrus in the aqueous extract was highly polar. Further studies showed that the substance was
a novel linear alcohol-soluble pentapeptide, which contained three hydroxyl amino acids and was rich in
methylation modification. The first amino acid was beta-aminobutyric acid (BABA), and the linear structure was
O-Me-BABA-N-Me-Thr-N-Me-Val-Ser. The inhibitory effect to postharvest decay mold is significantly better
than the positive control, and the initial content in the culture liquid got to 90 mg/L, reached the level of industrial
production. [Conclusion] The new linear pentapeptide from P. oxalicum showed strong antagonism to citrus
decay fungi. Since it is the first time to report both the structure and the activity at home and abroad, the
pentapeptide can be developed as an antibiotic to inhibit fungi in agriculture and food industry in the future.

Keywords: Penicillium oxalicum, Linear pentapeptide, Citrus, Postharvest decay mold, Antagonism
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WL, DR T b R R SR O o, DR
4 CCTCC M2015270,

WERAERE R X R
R AR SR 52 b o0 AR R A BUBE TR, 43 468
1% & % (Penicillium citrinum) , 1 %4 A PC-1
(GenBank % 5% 5 . MKO953483) fil 5 Ik #H &
(Penicillium digitatum), 4% PD-1 (GenBank %
£S5 MK976917),

PDA HigiSk(g/L): it i 44 200.0,
%9 20.0, AR pH, 0.1 MPa K5 20 min, [#{£
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1.3 EHEHSTFEE
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PDA WAR; g, 28 °C. 120 r/min $535% 7 d.
10 000 r/min 50> 5 min J&5 YA B AR PEA TR RIS
FIFH Ezup #13C ELR LR 41 DNA FlE0] 4R BUE
DNA. HETW ITS FFH514% ITS1 (5-TCCGT
AGGTGAACCTGCGG-3") il ITS4 (5'-TCCTCCGCT
TATTGATATGC-3")%f#% rDNA (nrDNA)F# PN 5% 35 [A]
B X #E4T PCR #4801, PCR KWK £ (20 pL):
Bt DNA 1.0 puL, 1E. J5[#(10 pmol/L)%
1.0 uL, dNTP mixture (2.5 mmol/L) 2.0 pL, Tag
DNA 472 U/uL) 0.2 uL, 10xBuffer 2.0 uL,
ddH,0 12.8 puL. PCR JxliZ&f: 95 °C 5 min;
94 °C 1 min, 60 °C 30 s, 72 °C 1 min, 33 Mg
5 72 °C 10 min; 4 °C A" KB HEHRAR Y
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TR AT BRA RIS T, B 2 K, &
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PRI PR K AR OGN BBk 1TS 241, F MEGA 7.0
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eI AEE W, 0.1 MPa FWEREZE &I T4 5
HTER; KRS AT R OB ARUS , 59
AR ANERARESE . Wi . YR TR TG 1

it i A% . 8 R T A A B R o S A
KA, WAEAR S ELE T L, Ko B
TR fE TSRS, bR Lk, e
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T, ALRKETREE R EZk, Bl
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5, YISIR A 400 pL il F=IK T PDA AR
W, GRS AR AL T SRR, AR
HFRHE A 200 pL IFESEIR, 28 °C THEFR4-5d
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HIG g 22k, B T OHE, R
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1.7 SEMMENSE. EESESENE

K FH 85 T v 250 AH 5 A8 58 A - AT DL ' A
#8(SPD-16), YMC-Triart C8 250x4.6 mm. Hife 5
um ) C8 (AT 1 SO SRORAH M. TihAH A
RONE, WEhitE B hatok, B RAEM; R
PR 210 nm; HERAARFR: 100 L VEBIEREE
H: 10%3 s A-100%i s A ZERERERIL s AT
AR 25-30 ming WCHERE b FR AN ] R EERE 1] F) S
g%, TR, BT TE M AT RS i S ffH .

H A PR W P RP-HPLC 43 55 W) 45 1 1%
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B 1 SG-4 EHREVFSISE

Figure 1 Morphological characterization of strain SG-4

(MS). "H A1 PCRREIHR(NMR) S 1 /i o 1
Y. SR Bruker AV 400 R4 HEHR e 1844 TA%
WE3E 345 e BRI (HR-ESI-MS) Z 4T 1R
BTG SE L, R TE R 2 U i
FH VG AUTO Spec-300 JFi A7 E

I P 15 80U A € B0 S A () VR B R A,
N7 E AR e TR ()RR MR B () =2 [ 1) R OG
F, U0 D A T R P BT R T
2 HRE540
2.1 SG-4 FEHHEE

SG-4 TRRR A B F — W in] 52 A ) B AL K AR
R, WVATE PDA REgidk FARKE, RiEste
GBI, ERE. WV, A%EFIZAE 1A,
B); LA AR R G B AR 1B C); 1
AR, HARERA6, JFEETE K
gta, HFEMEIE(E 1D-F); AR EHE
YETFM ) IR R SR T B SR — 5K

e A WRIES; B: HIHIEA; C: SG-4 BRI R D: WL4IK40x); E: /A FHE(100x); F: Z3HEAF(100).
Note: A: Morphology of colony; B: Back of the dish; C: Culture of strain SG-4; D: Morphology of hyphae (40x); E: Morphology of

conidiophore (100x); F: Morphology of conidia (100x).
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SG-4 HRRILT 18S rDNA-ITS 51 (GenBank
ok MK450299. )M R LB (& 2)5
TN, AR S4B A R R K B PO R T
W3571%) (GenBank %35 . MH567091.1))—&E
KE]100%, Pl SG-4 & —Hk R T B (Penicillium
oxalicum).

2.2 SG-4 BEFFiRXTHER B B E A HIHIE R

R T AT SG-4 TRMRXT AR SR J5 U T e
SR, WETEARTE PDA VR ARS: IR LA T HEIN A&
Jei A R R AR | 7 VTR A R K R A

Y, B EE R 1 me/mL RESEA . R4
EEARA BT L 7 40 ) o A LA RS BUB R
B AV 5 B BRI RN, . SCBR a5 SRR,

SG-4 PR 1 R A AH FI % 37 VR R AR S I XTS5 S50k
T8 T P i IR T 2 PO 7 25 T T I P 40 o 3
(FERAR LR, TR FRI 0 KA S B A
HIEE (& 3), XHRIRE®EE 3A. B). WH
(K 3C., D)WINERE EAR S 51h 37.2+1.3 mm Al
36.0+2.8 mm, 4335 F1E X ORI & Al 151
85%7F1 82%.

29| Penicillium oxalicum (MF379665.1)
300~ Penicillium oxalicum (MH567091.1)

36

40

31 Strain SG-4 (MK450299.1)
Penicillium oxalicum (MF961796.1)

Penicillium oxalicum (MH509425.1)

42

Penicillium sp. (MK801251.1)

41

Penicillium oxalicum (MH567090.1)
Penicillium oxalicum (MK036020.1)

8 Penicillium sp. (MK351267.1)

27 Penicillium expansum (MF151168.1)
26| Penicillium oxalicum (MF379648.1)
25" Penicillium oxalicum (HQ680452.1)

44

Penicillium oxalicum (MK411819.1)
| Penicillium oxalicum (MH399738.1)

34

24! Penicillium oxalicum (MF802280.1)

Penicillium asturianum (MH861321.1)

Penicillium oxalicum (MH282514.1)
Penicillium oxalicum (MG733668.1)
Penicillium oxalicum (MG733738.1)

32

Penicillium oxalicum (MF476070.1)

37
33

Penicillium oxalicum (KY964490.1)

Penicillium oxalicum (MH857880.1)

—
0.50

&2 SG-4 EHRET 18S rDNA-ITS FIHMEN RS L Gt

Penicillium sp. (MF356585.1)

Figure 2 Phylogenetic tree of strain SG-4 based on 18S rDNA-ITS sequence
T ZHUMFHI1 GenBank B35 5 THES v, S-S MRTEA FIRM; ARRITRKEEN 0.5 TR E SR,

Note: The GenBank accession numbers of aligned sequences are shown in the brackets; The bootstrap values are shown at the node; Bar 0.5

means the nucleotide substitution rate of 0.5.
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B3 SG-4 EHREIKIBREMIN HIBR BB EER S FEANGEIER

Figure 3 Inhibitions on postharvest decay fungi of citrus in vitro and in vivo by the aqueous extracts of strain SG-4

T AL B KAHRBIA)RILEX B E 0 3B E & PD-1 (UGN C. D /KHHEEW (O E A D)XHEH 8 PC-1 1)
MHIER; B ERMEHERYK; F: SRR 7dR; G: HA-RNRWIRIE 7d 5.

Note: A, B: Inhibition on P. digitatum PD-1 by the aqueous extracts (A) and Bellkute (B); C, D: Inhibition on P. citrinum PC-1 by the

aqueous extracts (C) and Bellkute (D); E: The same day inoculating P. citrinum PC-1; F: 7 d after inoculation and spread over the surface
with water; G: 7 d after inoculation and treatment with the aqueous extracts.

TEWf SG-4 BRI KRS AT e B A 2 1
L R € el i T R DO R AN
JETEIIRRCR . %F SG-4 EHRMFRBI IR
T B A T B MR RCR AL, e R 2505
Ik EE R PC-1 AE RN B . MRS E LM
WHEE 7 dJm, SRR, RE LAWK OE
JZ, REVENMEE, RIAEERE(E 3E, F). Al
JETEVRIR T SG-4 RIMOKAHFRIBIIBIAtEG +, ekl
WE® 7 d JECED D ETE B E AR AR (R
3G), UEH] SG-4 MK BT REA S AT AR (4
PR A BUB R AR
23 ERYIRNAIEBSMERS

N I AN E SR B B, RRE
WIE T, Jol SG-4 BRI K ARIREUY it
RAUARIZ I, SRJ5 AN [R) e BEA JEE 1) L I kA
Ve, LT E PC-1 M ud m o e i = ik
FAmEE b S5 R, Ak B SRk A
P87 R S Rl N k7 DK N R A S e
SrUHH SG-4 TR HH ) TR AT P R A
AL RAF o i TAERE IR P A 58 14 4y Tt vl g

R RISy, TR AR PP 50
F1 7 WA R FNET =W B RN BRI, %
Py I 19 XU IR B 0, S B, DA T PR b A
JIRBE(IET 4A); el —Hd 2 @2 AR, BT
PP P o- 2 5 a-RIEVAT IR H BL(E1 4B)
IEHEN SG-4 Tk Hh H ] T PR T P00 S oAy — T B
JIREE e a-B IR a-FRBLGR R YA IR

4 2BRN

Figure 4 The color reaction

e A WUHRIRENL, IWAEFIAT 53 BRI A . 7K HLABERIK
KGRI A B B =N, WA REK . 2R
R . AKUEBA).

Note: A: Biuret reaction, ovalbumin, water and water eluents are

arranged from left to right; B: Ninhydrin reaction, they are water,
cysteine and water eluents, respectively.
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24 EMHMIRSBEEK

MRS PEY BT, R 1:1 S
Bk DTTE RS TR, W L W5 W A DTTE W 53 51 v 4 U
T, DUASRAS TG IR UTIE W o 400 il A 5 B 1 5K
s R R B, FEREUTVE SIS 1S M I AT R
Wb (8 5A-D), Uil SG-4 FREIIE 1Y) B ELA B
Wk, TRERMERFESE T, EROR
CPRZEBUNEBUP IR, Bk QR85 IR DivE
afifk.

W B WA TG, H C8 A brAtiify
RP-HPLC, WA IR H Wit (B (A &, R T ) ik
AR TEE R, 25 R EIAE 6-7 min 2 [A] H B —
BRI S A KM =W (&l SF. G), £
We P2k 1 mg/mL B GG PG T 1EX) BE B ] 45 (K
SE), BPEEFGEE 1000 F57EMREE 1 pg/mL A IR A77E B
B AMEEH(E 5F). #ifE RP-HPLC (U FHAN
FEMWERICR, T W SG-4 RtkE:
TR 90 mg/L.

5 MFRBEEEMIRNSBSEIER

25 SEMYIRIEHEE
YA R R AR AR(E 6A), &
of %W Ay B B oy RIS b, AR
HR-ESI-MS (negative): m/z 548.2931 [M-1]
(Co3HyNsO g, AR : 548.293 2)4E A% R BdES
FHOP- W Z5H ML YE 5 k. °C NMR (in DMSO-ds
100 MHz)"H B/RA 23 MRfES, i 4 RS
S S BEEAREGE, VI E & RN R
R B—FEEIMRES 0 35.1 (C-8), 552 (C-10)
M 61.8 (C—14)HIH £ 4k 122 A i o b 22 TR
(Ser); H_BHIEMRIFS 6 18.9 (C-2), 19.8
(C-4), 26.4 (C-6), 30.9 (C-7), 61.5 (C—13)F
171.1 (C-21), f#fiE AANZ R (Val), HILRIKEERY
RIEF AT HIEA; BB ERES 6 19.7
(C-3), 57.8 (C-12), 67.1 (C—15)F1171.6 (C-22),
W 0 R MR (Thr); S WEZILRES 6 19.9
(C-5), 54.9 (C-9), 67.2 (C-16), 169.6 (C-19)F
172.3 (C-23), H4E NI aBR(Thr), HAL SRR

Figure 5 Separation and tracking of active substances inhibiting P. citrinum

TE: A-F: CEEIUERAFERALI AT MBERBOR. A K B: TLEY; C: IEXTEEATS; D: RIHW; E: | mg/mL MTEHEY R

F: 1 pgmL PSR G: 1&EERALH) RP-HPLC 4347

Note: A—F: Antifungal effects of ethanol precipitation parts and the main substance. A: Water; B: Precipitates; C: Bellkute as a positive
control; D: Supernatant extracts; E: Active substance at 1 mg/mL; F: Active substance at 1 pg/mL; G: RP-HPLC analysis of active

components.
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Elo EMMRIGHIEE

Figure 6 Structural identification of the active substance

T A IEHEYIRIES; B: YRS

Note: A: Appearance of the active substance; B: Structure of the substance.

e i kA T H AL BT ES o 161
(C-1), 56.5 (C-11), 68.9 (C-17), 77.4 (C—18)Fl
170.2 (C-20), i h p-2 T HR(BABA), HI o-
Wik dE — P EE . UL EEIER], 2
Jii 45 # 2l : O-Me-BABA-N-Me-Thr-Thr-N-Me-
Val-Ser, 432 Co3HasNsOyo (51 6B), FNHLZ a-
A, LA =ME 6., 8%, ZEaew
(18 25 ) ARG Mt S50 T P s e A
3 WiE4it

AW UHGE T =Wl A N AE T SG-4
XA BUE R I HIAVE T o 2B WG T3 53
Br, SG-4 J&—#KE IR 5 (Penicillium oxalicum).
BRI R TR EM, K59 REE
(Penicillium  expansum) Fl & & % (Penicillium
asturianum) P R4 R R, HEEIES FA R
I S8 RF A, TR % I
e, WZIRKRZHIRGEE, Y RHE R RV R
TG SRE R AL, BRI ZEHITET
FHIRHEEHWZANE, MR EENEZIA

FIRE R I MTE L AR &Y )
PR N, BRTAEREDR, B LS CE
K. BYFEZFCM L ETGE, AN AR E
MR R BAERRY, NI s, A
BT HAE VR B TR

BRI B AT N A B R AT ZAE R e,
AL OG- LA i AR o D TR A LA B = R e
H ABHRTE SG-4 BYREFRIE o 3 —Fh Ltk i
WK, 2 ik 4 ¥ B (HR-ESI-MS) Fil — 4

NMR, 4k NMR (f2ff 1H-1H COSY. HSQC,
HMBC . NOESY) i 1% 04 434, o 454
O-Me-BABA-N-Me-Thr-Thr-N-Me-Val-Ser, 1 452
IR, TE BRSO, ISR A A
OB B AR B T B R R T A O B 3 BB
J1, SR T O F IR AL R R A TS, 4
BOZ KPS — A2 R e H AR B-20E TR
(BABA), itk zE ez, HNTEM o-23E TR
(Abu), a-ZFESE T ER(ADb)A y-Z 3L T FR(GABA) &
JURPH WIS 5EMR A R EILRR; & BABA &
SRR AR ER M KESCHERBTSE R, BABA
SRS PIE R E R I T, e
A BRI B RE 11O, DR TR A THE LR T
SRR RV E A A B TR A

P T4 G2 IR A KBRS & A T HR
b, R M) RS R AT R AR e e N [l
Thr-Thr-Val-Ser [WKBURE K ZFEEE AR S EEL
JEHIUS DRI 22 35 B R R (0 A A T 0%
B R L EE A R N 22—, AR TEE
AR T LW, W E A0 e Dt
TERRALH, X AT e R B AE A AR U A S
Wm0 AR T SR FH A A R A A Oy
e, FE WA IS P A P AN AP 2 0 R )
TIEIEAT T e VR A%, Sl I B RR A 5
A—ERIEEE L

HTHIRE R SG-4 MTEPE T IEI0H E 5 1 6E
1k, IR RS EIAF] 90 me/L, T HAREUT
MR, BUAERER, AR AT — I R oG R
i s P AE K5 . ER IR T, BT
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