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8 E:h T oAM=k E (Sanxiapeptin) *MHB A KRG LR RERBANKRETE (Penicillium digitatum) 4937
B, KARAEAAIMBERARTHRRFEE SR ZOHBETR, F04 7T @5 eGR4 7.0 48 5
JaRE# B 4P 7 & A Bl BE A2 = sk Ik & 2404 A it AL P 694k B, ARG 83T BGISEQ-500 FF 0 -F &, 3t = sk k& 432
GO R A BERAITTHFTAM G, T FF A4 6.38 Gb 57 #E3IT T LA KA. mﬁ‘%i&ﬂﬂ %=k E
WG, HREEOMBEAAHERAEATHIE TN, HEMNBERE SXBH G TER—F, mBRQ&YH£ A
B BE 7T VAR B 25 R = ok Ik Z 6940 HI 2 R, Mm@ Ry R LA ARELMAR ). HRAFTIAI LT ES
93.66%, BFEESGMNFRE. WRFELZRIKFLILE, BiL 2000 MEBRXAETREATI, 225 Amib
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Transcriptomics Study of Sanxiapeptin against Penicillium digitatum
as an Antifungal

QUAN Wenjing, LIU Chao, LI Ao, XUE Yanhong, LIU Shiping”

(Key Laboratory of Functional Yeast (China National Light Industry), College of Life Science and Pharmacy,
Three Gorges University, Yichang 443002, China)

Abstract: To analyze the inhibitory mechanism of Sanxiapeptin on the main postharvest spoilage fungus P. digitatum of
citrus fruits, the morphology responded to Sanxiapeptin was observed by microscopy. The cell wall protective agent sorbitol
and cell membrane protective agent ergosterol were used to analyze the inhibitory effects of Sanxiapeptin on the fungi.
Through BGISEQ-500 research platform, the transcriptome of P. digitatum treated by Sanxiapeptin was sequenced, and the
6.38 Gb data were analyzed by non-parameter method. The results showed that the cell surface morphology changed
significantly after treatment by Sanxiapeptin. Unlike the positive control Bellkute, a membrane-target antifungal, the cell
membrane protector of ergosterol significantly alleviated the inhibitory effect of Sanxiapeptin, while the cell wall protector
of sorbitol promoted the antifungal ability. The transcriptome alignment rate reached 93.66%, showing high sequencing

quality. Sanxiapeptin affected the expression of more than 2000 genes in P. digitatum, which mainly involved in the
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components of cell membrane and cell wall, autophagy and sugar metabolism. In view of the different pathway from

Bellkute, 530 differentially expressed genes caused by Sanxiapeptin alone were analyzed, and these genes were mainly

related to the metabolism of hydrophobin, ergosterol, glycan and GPI (glycosylphosphatidylinositol). 17 candidate genes

were selected for semi-quantitative expression verification by RT-PCR, among them, 8 genes were completely consistent

with the transcriptome sequencing. All the results indicated that Sanxiapeptin could inhibit the postharvest decay fungi in

citrus mediated by cell walls or cell membranes.

Key words: Sanxiapeptin; Penicillium digitatum; antifungal; transcriptome; citrus; postharvest decay

A A7 S FR B T B XA 2 5 1 S A Tk 22
— U, BAREERA R ERINE R IR G 55 (P. digitatum)
E5R S U LT Y S R 1T A B VORI B 45 2R, 1
WERATHIRP . A2 R B E AT A5 DREEHSE B
X AHAT 0 B JE AT — 2 BRERM, (B AR ERS ( SR 5  JoT
FeHEAR BROYREAR, i B A EBERIVER, 5 AT
S HXTHEEAR TG 3L, P2 EZE O b R W FIAE
R AL A FHE O, b, H & L — gt (o i
AR M AGA Ay Al

VAR P B Ik (Antifungal Peptide, AFP) 5l H:
IMEARESI5H . g 2= E . TCRERIWERSZ 2 T A0
ZORUE, R MNEMER | SF5F 3R . BRI =R | AT
R AE BN, FEEZG . B Aol FmDEHER
inFR) STl i 2 5 R O A E T, X R
EHAE A S = SR g b = A4, B
YA Gy B2, AnE TR PR R B I s
FLIMIRBNR B RCRI . BB AR IFE FIBLS] LhEs
B2, AT REnVE S 20 a sEm 4H M RE LT
Jor sk TRAEACIT, BEAS- 4R EE 9 T BN b AEFH 48
JHLASE, Ao 20 MO RS A R N, NS Y c AER T
24 REL PN 1 4 B 2 s BT (AnSRobi A L AR T . AR
S5, A 4 A R R A 32 BRI, P s A TR Y
H pgtta1,

TERTHHBIFSE b, A S 6 28 A = 03] j52 1 X 43 A0
) B R i B5 (Penicillium oxalicum) "1 43 55 3] —Fpr
UL K, A 44k Ik ZE (Sanxiapeptin), AF5T
R EAE B SEAT slAARG AR PN EI XA AR 19 T2 2%
JEBUR TR E F BA TR ZI I E N, i B
WEE I T HAntilg ) Z M A AR E
AR ST A IR ER AR PR LB, A
TEAS2EMEE | AR50 A TR SORE DA B S 2H D0 )5 1)
7%, WIAAAE T = WRPGR T RERIIN R A . AFSY
AMA B TS Prat AR EFPLER, 454 B T8
HULR A0 f B AR R EE R BT &, SRR LAk 25
ri R R B B L
1 #MR5RE
L1 #R5ES

B TR AR R R EGR A
BROAE]; Tiihe . ZZMAMEEE . ILBLEE SRy
A BRA ] ISR NG SRE KA BRA W L5
RNA $2HG5GR & 3€E Omega Bio-Tek 2VH]; H RIS

Vg HERR R G AA R B S sk Goldenstar™
RT6 cDNA Synthesis Kit Ver.2, T3 Super PCR Mix
AL RN AR ARG R H] o

BS-224s TR TEEFEZFIARTTELN
Al; SW-CJ-2FD BUIXUASLEHRE S TRilig iz &
J7; XPX-9052 MBE ¥ W% 364 RIS A
BRI T4 ZQZY-85BN 4= H shias i
MR RS A BR A T Master-s15 2li/KAY  F¥EFN
TAULZTA BRS F]; MyCyclerTM Thermal PCR A 32
[ BIO-RAD 2\ H]; GDS-8000 BEE A4 R SG:  KE
UVP 255 Allegra 64R & 20 E 3R R OHL £ E
BECKMAN /28 #]; DYCP-31DN 7K EHL kA b5t
T AS—IYER) 5 YM3OF ANEEAE GER 7 20l 5K
WHEEer Vg H BRI TR B A Sesd A
WLEE BRI AR 2040 S3000N F9 4 e 4k ik
BE. H-7500 BESTHEL T RMEE  Hitachi HAS,
1.2 BMRRIEFREM

AL T FH I R AR N FRIR T B P, digitatum
(CICC 41633), ASge s QAT s 20, Bkk
TR T 4 °C 1 PDA [EMAEE =R mbimE b, i e il
J7: B 200 g, #2558 20 g, BlE 15~20 g, 7K 1000 mL,
pH AR, 121 °C K 20 min. BRRETELS, %
AN PDA WARRE SRR TER 3%, JE 3R N
28 °C, FIARE = AE 120 r/min.
1.3 SRR RN EHRALSHIR M

KR T R R S IR E 3 d s, 43 alas
I 0~50 pg/mL {4 =k IRk 22 FIE X B8 B ] 45, 4k 2k
BrgE 12 hP fE 0% B MR LS B, 1% B 32 M AE
5000 r/min &.0> 5 min J&, WA B 22l 23 A A 7300
21 P T B AN S T A B O L
Fo i BAYRA BRA F (8L, B0 3% FESCHR TS
Frse R, MR ESE 3 K.
1.4 ZREREMLEFMES T

ST AT W e R ER A HR AR T AR 0 T REAE
FHHE 5, ASFFE 03 R FH 22K L PR AU R P 7e) 22
A [T PRI 2 AR P P 0] LU B A TR M58 .
0.31.25, 62.5. 125, 250, 500, 1000 pg/mL FYJZ ffi
[F s AL ANTE PDA [SAE; 2L rb, 78537 01
FIUBCE AT 1 mg/mL 14 =R B AT AR A=
FRZ2AAE 28 °C YEEFRAG T EESR 3 d ST E M B
AR, A0 EE R R INA AR AR W AT BRI R MEREUN o
RIS 4 NEE
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PR EAE 1.2 R IR R 3R 3 d A,
SN 15 pg/mL Y IEXT AR AT 45 (PD-2) A1 =ik
AKZE (PD-3), 482L155% 6 h, [RIE & EAHRHC A K Y
FRE AN IERZH(PD-1) , K5FRYI7E 5000 r/min
B0 5 min &5, AR BT 2242 H RNA )5, ik B
PRIHEA T3 S AN o P 3RAS 1 5 SR 2 B (i AR R
L A VPRI B SOAPnuke(v1.4.0) HEF 74T
i+, f# A Trimmomatic #£47 13, 15 % clean reads,
I uk JE R R T 20 D IRZEERYE AT S Y
LR TS0 1T i Bowtie2(v2.2.5) 544K clean
reads AT LLXT, FEHEEREAR B LEXT L Av 2508 Lh ] i3
1rgeit. MR XTS5 2R, A RSEM(RNA-Seq by
Expectation Maximization, v1.2.8) K4 17 &2 & 45
M1, 7L FPKM (Fragments Per Kilobase Per Million
reads) TR EL R Y ZRIKIKOF, 2255 R IXFLRIERIAE XL
“A1 FDR(False Discovery Rate) <0.001 HAZ%( 25257
TE 1 AELL B . Bt 2 i 25 3R IR B, R
H GO( Gene Ontology) A1 KEGG( Kyoto Encyclo-
pedia of Genes and Genomes) Z{ 45 )% X} 45 R 471
BeS3I8, [RIHdE ] R 4/ Y phyper pRECGHET T8 4
Sy AT, [A] kP AG 0 1) g K PR 2547 7E NR(Nucleotide
Sequence Database) il NT( Non-Redundant Protein
Sequence Database ) #4522 A T B AT, KT
FLRTTRERIDIRERY,
1.6 RT-PCR IiF

i Oligo7 A FBEi 15 14, A= TA TARC i)
AR BRAS E A 1, i FH S 4 5257 & Goldenstar™
RT6 cDNA Synthesis Kit Ver.2 ¥ i #& RNA 5% 5%
J% cDNA, M E I JH%E cDNA WE 2 e, R E &
RT-PCR 454 H UK ST 1952 R TE0IERS, Bt IS |
WIFFI UL 1. PCR WA Z2 M #5iH DNA: 2 L,
T3 Super PCR Mix: 20 uL, FIFFITHES 9745 1 pL,

BARZR 50 uL. PCR FEF 95 °C 3 min, ZRJ5J& 95 °C
AEPE 20 s, M- 255 1 0 AS TR KT 2 Sl
T, +5 °C, 2% 20 s, 72 °C #EfH 20 s, 5 30~35
S FAE 72 °C $E# 5 min, ¥ PCR 4R 1.2%
SR BHEE B T FE KA
2 HER57h
2.1 ZBRREFHERESEZIESTMN

TERR TR, IR A A W 2 il Fe IR
A (E D), i HAER S5k B R Hamilge 11
g bz A AR 25 B AT A5 OUIR — = s AR LRt iR
e, —Fh LR BB A FE A AR B BT Sy T
— 2 T il IR IR F R R B 2L S s, AR S
BRI B nI A5 A BHPEXTRE, 55 T 0~50 pg/mL Bk

K1 ZBRRR IR RS UE A
Fig.1 Antagonistic effect of Sanxiapeptin on P. digitatum
T Ax A HA PR INZE IR K; B: 1 mg/mL [ Al 455 C: 1 mg/mL
(NI

e RS IR 2l

Table 1 Primer sequences in the experiment

SR i J¥51(5" to 3") S J#31(5' to 3')
CL279.Contig24 F TTGCTTTCTCCCCAACACCT CL2658.Contig2 F GCAAATGCCTATGAGTTCGAC
CL279.Contig24 R GCGTATCTTATGGTTTCCCGTTC CL2658.Contig2 R GTCTGTTTTGACGTGTTCCC
CL2786.Contig6 F TCGACTTTCCCAACGCACA CL3292.Contigl F TACGAGCACACATTACTAGCC
CL2786.Contig6 R CCTATGTTGTAGTTGCGCTCT CL3292.Contigl R CCTTGCTGCATTACATGTCA
CL1025.Contig2 F CGCAAAGAGCTGAACAATCCG CL2611.Contig2 F AAATCTTCGTTGGCCGTTC

CL1025.Contig2 R
CL3.Contig4d F
CL3.Contig4 R

CL486.Contigl F

CL486.Contigl R

CL2898.Contig2 F

CL2898.Contig2 R

CL168.Contigl0 F

CL168.Contigl0 R

CL2032.Contig3 F

CL2032.Contig3 R

CL276.Contig4 F
CL276.Contig4 R

CTGGTAAAGCCTTGTGATTCCC
TTGACACTTGGCTTTCACT
CCTACTAGTTTGATATCCGCTT
AAGCTTCCCGCATGACCCA
CAGTAGTCCAAATACCGTCGACA
ATCGACTTACGTTGGCCCTT
TCCAACGTCCGCATAATCCCT
ATGCACGAACACAAGTAGCTC
ATCAGGCCCAGAATATGACAC
CCTCGGAAGAAACCATTATCAGA
AAGATGATTCCACGGTTTTGC
TCCAACACCGTCACTACCACT
TCCACGACCATCTTCATTCCC

CL2611.Contig2 R
CL2658.Contigl F
CL2658.Contigl R
CL2616.Contigl F
CL2616.Contigl R
CL254.Contig3 F
CL254.Contig3 R
CL2193.Contig3 F
CL2193.Contig3 R
CL277.Contig8 F
CL277.Contig8 R
CL1226.Contig2 F
CL1226.Contig2 R

TTGTATCTGTACCTCGCCAGT
GCAAATGCCTATGAGTTCGAC
GTCTGTTTTGACGTGTTCCC
GTATAATTCCCCACAGTCCGAAG
TCTATTTCTCCGGCCATCGTT
GCAGCAAGAAACAGACCTT
TTGAACCGTTTGATCCCCTT
AACCTCGATACCGTTAATGCC
CATCGATTTCCGCATAGCAAG
ATCGAATCAACCGTAAGGGAC
AGAGCCCAAATTGCGACGAA
CGAAGCCCAGATCAAAGTCAC
CGCCCATGTGTAATATGCCTC
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FERARE, S BAEBTNER o, —URAKE A E nl157E
WE T 20 pg/mL B & S BEFR IR T B 242 K&
A, ZF 15 pg/mL B, AR 4H 591 A9 B8 22 BT 2548
A S B A Ak 1Y), DRI FH i e B AR 3RS R BT 223084
FH T BT LS S T AR N ER . USRS,
SREAR: W ARE AT AP A RIR T AR 22
A S AR, (H 2 = IR AL TS, B 22K W B sl
A HPR(E 2A~K 20) .

ST #E—2 T IR E B B OB &AL, FE
A TR 5 A PR = 43S EA T T 4 E A R 375 A L U
5% PRSI R BN, FERINE ATA9 )5, PRZZIAR
AN EE A KNSR EHEA H BB EER,
T — e AR 22 AT A B i S 3P 22 448 & A 45 AL ith
(El 2D~ 2F) . BT HETER S5 R o, 48 =0k Ak
FACPS FRIR T FE AR P AR L B T S I, Al 2
KA AGEEE, TR T An R 5T Rl Ak
S A AT R S e 3, A N A s
(] 2G~18] 2L) . LaRgh IR, —IkikE S5 H Al
S IVE LB AT BEAA—A, AT BEim i me R g it B,
B 5 25 L, (A9 R PN ) TS ik, DA Ui Py 25
2.2 EAEEMLEEES =R EN SHIEERN
*MEER

A ] P L B AT IS 1 B 2 s a4, 14k

A

A& ui

Fu

— Wik

1’512

e A~C: JE2F BB T (400x) fA) IE # 45
(180x) By IE H 18

N

GEEtRE, TR LA — RS
7, T LU R B Y R AR AR, 13X R ST A
ZWFFE T 53 S A E AR S 40 BB G 24 R oy
T A e IR ZE AR R T R 0 T BB AR, AFSE Sy
BT T 22 F SN LU B B A AN [R] e B X A P e
FSEE . SEBGAE R LR T R s
I AR, {H2: 1 mg/mL ¥JE T A9 LU AL EEXT = il
FRZR AN RE T AT #MERNE, S T2 etk =k
BRZ AT BE S (I 3A) o T 22 8 [ B0 AA 2, 78
1 mg/mL MR, 23 35 (P<0.05) Z&fif — IR IRZE X
FEARTT BRI RR R, B —FhH B A RMERON
(F 3B) . AHELIEXTREE RIS, FERIMREE |, LLBS
2 [ AT AT AR A B B 0 s (5] 3C~
K 3D). LA FgEERFRI, =Rk 51 al SV E L
PEA—3, {H AT BRI 52 A0 AR b 22 £ [ AR £
SRR B EL A Y RE JT; [BIAT, 20 AEE M358 R AR
TS5z 3] = AR E IR RE ) -
2.3 ERBENMFFRESH

B0 ) 7= A ) R AR 80 (raw reads) HA ARG TR
B35 YL LA BRSNS B B i B ks, s
TR AT 4253 J5 25157 %)) (clean reads), “F-
Hizsiik 6.38 JEHEIL(Gh), B EHHL 96%.
Fr 345 A9 A4 clean reads i ] HISAT #4722 24
HIFHN XS, PRI X 3255 93.66%., FIRGERE

J /
Y / & /s
@ A

NEEAIp 2o i AL

Fig.2 Morphological responses of P. digitatum induced by Sanxiapeptin

R (A), WKL 12 h J5 (B), A ATAFALEE 12 h(C); D~F: il T R T
TR (D), ZIRIKFKALIE(E) A Al A4 B (F) 5 G~1: 3% 565 HL - WL BUBE T (1200%) 1Y 1E 45

\H B (G), =IEAk

FACIR(H) A AL B (1) ; J~L: 55 oL AT T (6000%) A IEH FIRTF 25 (1), =R IR AL (K) FTA I 7540 B (L) .
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Fig.3 Compensatory effect of sorbitol and ergosterol on the
antifungal ability of Sanxiapeptin
Ve LR R A R SO RS B AR R R, Hob At
B+ =R ER 5 B 22 ff [ B+ — R IR ER; C: —IRJIKER; D: 1l
BB+ T AT A B A2 A S+ T 0] A5 F @ 0I5, BRI BT
¥ 1 mg/mL. A7 L7 LU RSB RN 2 A T Bt — U IR R I B
REJTINGETTSAHT, . b, e, dy el T41 5 AR AL B, C. D,
E. F X * AP p5#0R P<0.05 Fl P<0.01 R EM2E5:n=3.

HH (R 2), B iy Tt A PR IE, G5 R AT 5P
24 ERFTIEERSH

SN T 25 A3 T K ZE I B A FH 4 53 AL
R, 342 18 25 57 i fi5 8 log, (FoldChange ) | Fl45 5 & B
S (FDR) K0 148 22 5 R FE P, 43T vhofés [w] sk i /e
llog,(FoldChange) | =1 H. FDR <0.001 %% A
FENFESFRIRILHFBI . = ARl Pk kAR

EARA AR RN 3.

AR GE S HH, A ke ik 22 AR FES A9 T kR
(PD-3) FIE# 2E K M BRIER (PD-1) #H LL, T2 73R8
ML 13.07%, 1245 R 5 B nl 1940 3RS 1 BE AR
SERARRAEE, B PD-1 X PD-2 AU2E555EK 13.27%,
MBS v VR AR . (H R 2E S 5
IR ZHOTFAHFEI (A 4), Bl T E1EHE
P8 S AMOUR S 485 T N A2 7 ] Pt T L B P 1 M S 5 A
A 225, UEEH 1 E AR WASIE], Bk, &
AT T 22 53 B B 9 0 58 4 H AE P 3 1 22 42 ({PD-
1 XF PD-3}N{PD-3 %} PD-2}) &1 530 I A,
HPERAEAEA =R INER 5 [ Rk 22 S B A I
25 ERFEEFEINEEER

XA AL B 25 5 3k L A, 43 52k GO
Il KEGG 43388501, X B8 E A5 AN ER S iR
FHH5 (PD-2) FEH A KRR (PD-D) AH L, B2 iR
B BRI QU . B RRRNAR I 3 WA R
A T AR (E SA~E 5B) . =K ZR AL FR S 1) PR AR
(PD-3), Hize S5 3 Rl =22 o _Likists (& 5C~
&l 5D), ANGE AL DA B A S L R W BRI DI RE, I
TR SR Z AN A AT AR R B R AU B RT AR
AHHEBIrEE

AT IR AT HT e SR 22 R AT A5 PR A LB ) 22
5, AR IR R T S BUFEIR T BB AR L A
A AT B R M S 6 25 TR, B R — sk IR 38 F2 i
1Y 530 SR HEAT T AQEE BT, 2R R IR 2
FEDR 5 5R0E . SRR T . [T BK R 1 M GPIOVE
ELBENEmEUEE, Glycosylphosphatidylinositol) A4 Cig
FHC(E SE~E] SF, £ 4), Ui T —IkIK R A nl fEsE
Nl T 240 SR A0 R A5 A I SR T T RE .

2.6 EFFIEEERIESH

BT B UE AR SIS AT R HERR I, AR BT
FEBEHL T =R IR ZR S a4 IR A2 R IR AR 17 4>
e LR (¢ 5)BEFT RT-PCR 58 AT, x4t
REEMMTIge R 2 5 AR m AR . FEETT
RT-PCR ZRj, Jeik$¥ P450 HEKN CL1226.Contig2 1E

K2 A R
Table2 Overview of transcriptome sequencing data
FEdh HEE () i BT A (%) FRE A R BRI ) HEXTH(%)
PD-1 42.62 96.29 6.39 93.62
PD-2 42.42 96.18 6.36 93.92
PD-3 42.54 96.36 6.38 93.45
#3 RRFIRMIEHEL
Table 3 Number of differentially expressed genes
e abE PNk R EESE S J5844 2L RELE S RE L (%)
PD-1%PD-2 1373 1179 2552 13.27
PD-1%}PD-3 1078 1435 2513 13.07
PD-3%}PD-2 995 657 1652 5.59
{PD-1*%{PD-3}N{PD-3%/PD-2} 189 341 530 2.76
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Fig.4 Volcano figure of differentially expressed genes
1:: A: PD-1 %f PD-2 iy lLES3#T, B: PD-3 Xf PD-2 1 LA 5345 B AL AR log, (fold change) , AR EEFITEA [FIFEAS th 3k 5 5
1k BAEAT R -log, o ( Significance) , fAFREEFE b AR 1k 22 F I Ge T2 0 2 M, ANRIAYBIE RN BB B ARk C: # sk s
225 RIS R, Fi kR 530 NHEDH i =W kR A, A2 [ I35

SR KA
dpiikintt & A .l B @ B
2R AIER AL L3 Fﬂ*““vwéifl TCAﬁEM) ol
f&?ﬁlt’[f.ﬁ?%!ﬂ*‘ﬂ_ﬁwﬁﬁ ® | Hii ® 57
a1, 6- 5 AL PO ® 7 me%@mmﬁﬁwt ® |14
Wi ) BRI ® 170
PR A A ) e 7 ® 226
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Table 4 Some differentially expressed genes possibly involved in cell surface metabolism
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Table 5 Expression and annotation of candidate genes in P. digitatum
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