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Endophytic Penicillium GS218: whole genome analysis and
characterization of antagonism against Colletotrichum
gloeosporioides in pepper

HE Xiulan"?, WANG Yuqi*®, ZHANG Mingxing™, TAO Yu??, PENG Di*, ZHOU Chi**", LI Xin"**"

1 Longping Branch, College of Biology, Hunan University, Changsha, Hunan, China
2 Hunan Institute of Microbiology, Changsha, Hunan, China
3 Hunan Engineering Research Center of Endophytic Microbial Resources Exploration and Utilization in Plants,

Changsha, Hunan, China

Abstract: [Objective] To investigate the biocontrol potential of Penicillium sinense GS218, a new
endophytic fungus, and to analyze the antifungal mechanism, so as to provide elite strain resources
and lay a theoretical foundation for the biocontrol of Colletotrichum gloeosporioides in pepper.
[Methods] Plate assays were employed to determine the hydrolase activity and siderophore
production capacity of GS218. The inhibitory effects of GS218 on different phytopathogenic fungi
were evaluated by the plate confrontation method. Whole genome sequencing was performed to
obtain insights into the genetic information and physiological functions of the strain. The
metabolome of strain GS218 co-cultured with C. gloeosporioides was analyzed to explore the
potential active substances for the inhibitory effects. The medicated plate method was employed to
validate the inhibitory activities of differential metabolites. [Results] Strain GS218 had hydrolase
activity, produced siderophores, and exhibited strong inhibitory effects on five pathogenic fungi
(with the inhibition rate of 72.76% on C. gloeosporioides in pepper). The sterile fermentation
filtrate of strain GS218 demonstrated a good control effect on pepper anthracnose. The genome size
of strain GS218 was 27.77 Mb, which has abundant metabolic pathways, and its genome contained
30 synthetic gene clusters for secondary metabolites. The metabolomics analysis showed that strain
GS218 contained rich antimicrobial substances in organic acids and derivatives, phenylpropanoids
and polyketides, and lipids and lipid-like molecules (including terpenoids). Compounds such as
7-ethoxycoumarin and pyruvic acid showed inhibitory effects against C. gloeosporioides in pepper.
[Conclusion] The new strain, P. sinense GS218, has significant inhibitory effects on
C. gloeosporioides and promising application prospects in the green development of agriculture.
Whole genome sequencing and metabolomics analysis provide a theoretical basis for deciphering
the biocontrol mechanism of strain GS218.

Keywords: Penicillium sinense; biocontrol; Colletotrichum gloeosporioides; whole genome
sequencing; antimicrobial metabolites
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FRIFME RS % 50 mL PDB 1373+, 30°C,
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1.3.1 SHEYIREEERERRNE

SR FH AR IR 1 ST 52 GS218 X A [ A4
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DIAH ARG 752 5% 1 T B Rk GS218 Bl 3%(GS218)
TR VE R IR R FTA RS, ZREGHER)S
ZeAEAb 5t E 1 S AR YR AT BRA W AT R ]
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Figure 1 Growth curve of strain GS218.
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B2 BEHRGS218/ /KRB FISREARIBE T . A TEMIAE; B: ZP4ERNEG; C. WIRMME; D: HAM; E:
BRAA
Figure 2 The ability of strain GS218 to produce hydrolase enzymes and siderophore. A: Amylase; B: Cellulase;

C: Dextranase; D: Proteinase; E: Siderophore.

CK

GS218

Colletotrichum  Fusarium oxysporum Fusarium Phytophthora Botrytis
gloeosporioides  f. sp. melongenae boothii capsici cinerea

E3 EHRGS218%I I EEYImIR EE A HIHI R
Figure 3 Inhibition of strain GS218 on different phytopathogenic fungi.

Rl EHRGS218X T EEYIHIR BB A HIHI %R
Table 1 Inhibition rate of strain GS218 on different phytopathogenic fungi

Phytopathogenic fungi Colony diameter (cm) Fungistatic rate (%)
CK GS218

Colletotrichum gloeosporioides 8.13+0.04 2.22+0.08d 72.76+0.88a

Fusarium oxysporum f. sp. melongenae 8.2240.05 2.61+0.11ab 68.24+1.35¢

Fusarium boothii 8.50+0.01 2.49+0.21bc 70.75+2.53b

Phytophthora capsici 7.84+0.10 2.41£0.10c 69.20+1.38bc

Botrytis cinerea 7.84+0.05 2.72+0.09a 65.31+1.06d

RPBE R I EEARIE RS 5 ARG RIS A AR PRIAIAF 8 35 25 5(P<0.05) .

The data in the table are mean+SD; Different lowercases indicate significant differences between the groups being tested (£<0.05).

PRADUHMBCR SCR 0, b 229, 1 SRR RER, W RZBE, JE
YU KOS AR 0, R BE AR 17.64 mm,  BEEARE/NT PDB AHAL, Bidh 50.46%
GS218 (sterile fermentation filtrate) b FEZH BMUE:  (P<0.05), WK f&f Jli¢ (prochloraz) &b B 2H Bj % N

http://journals.im.ac.cn/actamicrocn
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El4 BEHRGS2SKERMUKERAIBIZ. A: PDBIRIE; B: WHRGS218M R ABIEHIZIE; C: PDBIZ
WSROI I s D BPRGS21811 TG I & T IS MR I 5 HERh BB S IR s B BREE R
Je R BRI o I A

Figure 4 Biocontrol effects of strain GS218 on pepper anthracnose. A: PDB; B: Sterile fermentation filtrate of
strain GS218; C: PDB+Colletotrichum gloeosporioides; D: Sterile fermentation filtrate of strain GS218+

Colletotrichum gloeosporioides; E: Prochloraz+Colletotrichum gloeosporioides.

52.46%, W&ET GS218, {H2ZE %A B# (% 2),
XL P B RR GS218 T LA 4 -l A1) i e 95975 JE
FERRMURSE L e, B ISR AR T 1.
2.3 EFE GS218 U EFE AN F K& LR
B E B
2.3.1 E#k GS218 By EE BN F 7
Ptk GS218 AL A1 27 767 911 bp. G+
C & 51.86%. EEJFHIN 1022873 bp, i
SR 3.68%. ZW ST A 9 311 AR
29 388 4w Ai% ¥4, R JE R 14 119 848 bp,
d RE R4 K Y 50.85%; & A 125 4~ tRNA
F1 400 > t(RNA. A Kk GS218 1% L X 41 P 4n &
5A firn, H AR 47 %) 2 1% & NCBI,
GenBank %554 GCA_049463015.1,

w2 FREIIRAFRIRER L HIEERPIANR

W Es R on, Wk GS218 A 7221 M3
K7E GO Bl e g 2 E B (& 5B). Hirb, &
T Wit #2694 15 1 72 (metabolic process) & 4 2]
MR Z, 1839784 HIKERE T4 16
Y 4 AL 15 1 (catalytic activity), 1H B HE K80 K
3965 ~; FEJRIE T A0 LZH 531 4 M (cell) F14H
LB 53 (cell part). GO FRESHHT A GS218 A
5 #  (GO: 0009408) . 6 il 4 2 I (GO:
0009416) . & i3 )z i (GO: 0009651), 54
N (GO: 0009411) 1 41 Jifd X pH {H B 2 L (GO:
0071467) 5T REFR LA IER , FIHTRER
HRRABEIE N M. LA, GS218 M & A
HHERBHGO: 0008810), JL T JHMEHGO: 0004568).
BB (GO: 0052861; GO: 0052862). K [ 1

Table 2 Incidence of pepper anthracnose and control effects in different treatments

Treatment Lesion diameter (mm) Control effect (%)
PDB 0 -

Sterile fermentation filtrate of strain GS218 0 -
PDB+Colletotrichum gloeosporioides 17.64+4.96a -

Sterile fermentation filtrate of strain GS218+Colletotrichum gloeosporioides ~ 8.50+1.42b 50.46+6.02a
Prochloraz+Colletotrichum gloeosporioides 8.26+2.52b 52.46+9.86a

FrPORCHE A PRI s I NG 5 o AL S 7 535 95 5 (P<0.05).

The data in the table are mean+SD; Different lowercases indicate significant differences between the groups being tested (P<0.05).
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Whole genome analysis of strain GS218. A: Circular genome map of strain GS218 [The circular

Figure 5

distribution from inside to outside indicates G+C-skew, G+C content, rRNA (purple) and tRNA (blue), repeat
sequence, negative chain gene, positive chain gene and genome size]; B: GO functional annotation classification
statistics chart of strain GS218; C: KEGG annotation classification statistics chart of strain GS218.

(GO: 0004843; GO: 1990381), ¥E # W (GO:
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RE [ )5 4 B8 A7 it 78 B R R 8 oo
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FLA) . ZHEIAK (ribosome, 91 4~FEH), (EAFTE
B, GS218 5471 AH O 10 B ML I8 s S H Sk
DR 3] bl 2 B R AR W) & A (terpenoid
backbone biosynthesis) 19 />, 72 it A A i 2
B A= % & A (ubiquinone and other terpenoid-
quinone biosynthesis) 12 4~ . Mg I R 4= ¥ & BX
(fatty acid biosynthesis) 11 4~ &S W5 F# i
(synthesis and degradation of ketone bodies) 8 4>\
N 75 % 2 Mk T & 4B W A il (penicillin and
cephalosporin biosynthesis) 1 4~ ( 48 5 N
NMDCX0002139),
232 EHK GS218 BFURER I~ E R E
ESp ST

il antiSMASH Fitill, GS218 [ 41 IL4%
2 30 DUAEAC G BRI R, b, TR
R I 4 W (type 1 polyketide synthases, TIPKS)
7 A, i AERZ R 2 B A B (non-ribosomal

R3  EPRGS218HE KB = E REE RS IR

peptide synthase, NRPS) 5 f~, TIPKS #1 NRPS
42524, NRPS-like 8 1>, Tiiki(terpene) 4 1,
B- N i (beta-lactone) 2 f~, NRPS Fil beta-lactone
2 452K 1 4, fungal-RiPP 1 /|~ (% 5 K
NMDCX0002139). ik GS218 F:F 241 cluster
3 Fll cluster 4 43 51| 5 ZE L i (naphthopyrone) 1 ¢,
F4EMR (clavulanic acid) £ B3k R 7% 87~ 100% 1)
FARLEE o Cluster 6. 13, 18, 25 433l 55 ff1 & M
S1 (squalestatin S1), aspyridone A, FJ H & A
(nidulanin A) F1 % M} ik (mycophenolic acid) ) 4
Y& e AR A BRI M, AL
60%-85% (3% 3).
2.3.3 EHFk GS218 RILLEEFELE 4
e B GS218 HI™ B % IBT 35668, i
R R HP7-1 WL RRIE LU L3R 4. 3tk
5 AL AE AT 25 RN IE 6A Fras, GS218,
IBT 35668 1 HP7-1 Z [0 45 54 A~ dhkthse, H

Table 3  Classification table of secondary metabolite synthesis gene clusters of strain GS218

Cluster ID Type Start End Putative production Similarity (%)
Cluster 3 T1PKS 1 347 466 1394117 Naphthopyrone 100
Cluster 4 Terpene 1523754 1546 117 Clavaric acid 100
Cluster 6 Terpene 55749 77 287 Squalestatin S1 60
Cluster 13 T1PKS, NRPS 415 660 451797 Aspyridone A 66
Cluster 18 NRPS 737 413 793 698 Nidulanin A 75
Cluster 25 T1PKS 242 986 290 248 Mycophenolic acid 85
e TPLB AR T 60% 1 HE I
Gene clusters with more than 60% similarity are listed in the table.
F*4 BEHRGS2185IBT 35668, HP7-1AIE ELB4FAELLE
Table 4 Comparison of genomic characteristics among strain GS218, IBT 35668, and HP7-1
Strain P. sinense P. chrysogenum P. oxalicum
GS218 IBT 35668 HP7-1
Genome size (Mb) 27.77 32.38 30.79
Number of contigs 34 5 23
N50 (Mb) 3.1 9.5 3.8
G+C content (%) 51.86 48.90 50.69
Protein coding sequences 29 388 11 981 9728
Genome coverage (x) 104.6 103.0 327.0
Complete BUSCOs (%) 98.97 98.70 98.60
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PIETR = (K 6B). AN, GS218 A 63 A Ak
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M, 1077 A S (& R A EE R g

AEER AR 2 5 B N KRR KM EEN). GO T
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i} 1 7 (metabolic process). i 1k 1% 4 (catalytic
(binding) WIfEAH (] 6C).
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Figure 6 Comparative genomic analysis among strains GS218, IBT 35668, and HP7-1. A: Collinearity analysis
(The same color modules joined by linear indicate collinear region); B: Venn diagram displaying the homologous

gene families; C: GO functional annotation of unique genes in GS218 genome.
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2.4 THEFk GS218 IR IEZF S
2.4.1 B GS218 S5HMRERERE L2
FHRIBAZE D

SR AR GS218 5 AU JE 5 )5 TR 4

T 2 22 AR (45 NMDCX0002139).
FT VIP>1.0. fold change>1 H. P<0.05 FY b5
v 22 AR Y, 45 RN, CO Fl GS218 A
1 115 Fh 2z SR, Horp E(CO>GS218) %

WY 914 B, T R(CO<GS218)fLil 201 (&l
7A). it HMDB %4 122 3 #r 22 S AR P 10 43
FNEOL, RII T w A LR S LA R
AHLRIEY . RNRMEILRLEGY . IR

R FR(COYVRI R GS218 BB 5% (GS218) A i A
AR MLACT Y IF DAL, AR 2 181 Mg,
VERECE] 1933 MUY, PCA - FlE gt ieA
RGN, FEAREIETE W8 225, BuRm Al
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Figure 7 Metabolomic analysis of strain GS218 co-cultured with Colletotrichum gloeosporioides. A: Volcano
diagram; B: Distribution of differential metabolites in the secondary classification of the HMDB database; C:
KEGG enrichment pathway diagram of differential metabolite.
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Figure 8 Inhibition rates of target metabolite on
mycelium growth of Colletotrichum gloeosporioides.
Different lowercases indicate significant differences

between the groups being tested (P<0.05).
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Fe, UM, ok, AL P
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