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Systematic assessment of Penicillium polonicum CK2023-1 for
food safety

DU Huamaol#*, DAI Mengjiaol#, GUO Yuxin', GAO Yaqingl’z, LI Xingz, QIN Fusheng2

1 College of Sericulture, Textile and Biomass Sciences, Southwest University, Chongqing, China

2 Chongqing Academy of Animal Sciences, Chongqing, China

Abstract: [Objective] To evaluate the edible safety of Penicillium polonicum CK2023-1, a key
strain responsible for flavor formation of traditional bacon in Chengkou, thus providing a scientific
basis for developing microbial starter for bacon fermentation. [Methods] The genomic DNA
sequence of P. polonicum CK2023-1 was determined via third-generation sequencing combined
with second-generation sequencing and annotated via GO, KEGG, and antiSMASH databases. The
spore suspension (1x10° spores/kg) of CK2023-1was applied to cured meat surfaces, followed by
26 d local smoking in Chengkou. Non-volatile metabolites were analyzed via LC-MS/MS. Acute
oral toxicity (7 d) and subacute oral toxicity (28 d) tests in mice were conducted to assess
pathogenicity.[Results] The genome of CK2023-1 was 33.27 Mb, with the N5y of 5 236 196 bp and
the G+C content of 52.91%, containing 10 901 predicted coding genes (49.02% of the genome).
Eighty-three biosynthetic gene clusters (BGCs) for secondary metabolites were identified,
including known mycotoxin (verrucosidin) BGC. Compared with that in the toxigenic strain
P. polonicum X6, the BGC in CK2023-1 exhibited an inversion. No mycotoxins were detected in
fermented bacon, and neither acute nor subacute toxicity tests caused morbidity or mortality in
mice. [Conclusion] P. polonicum CK2023-1 has a well-defined genomic structure, produces no
mycotoxins, and is non-pathogenic, meeting the safety criteria for food-grade microbial strains.
Keywords: Penicillium polonicum; whole genome; mycotoxin; food safety; traditional fermented
meat product
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Figure 1 Biological characterization of Penicillium polonicum CK2023-1. A: Detection of extracellular
hydrolase activity [The plates contain (from left to right): skimmed milk, olive oil/Rhodamine B, tributyrin
esterase, pectin, cellulose, and starch]; B: Detection of salt tolerance [The concentration of NaCl were 1%, 3%

through to 11% (from left to right)]; C—E: Morphology of CK2023-1 under scan electron microscopy (SEM).
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B2 HZESCK2023-1#ka S E R B FREE

Figure 2 Genomic circle map of Penicillium polonicum CK2023-1. From outside to inside are G+C content,
G+C skew, gene density (coding genes, TRNA, snRNA, tRNA), and gene duplication. Genomic G+C content:
Calculated in 1-kb-equivalent, non-overlapping sliding windows (window size=chromosome length/1 000; step
size=window size). Regions colored sky-blue (inward) have G+C content below the genome-wide average,
whereas deep-purple (outward) regions are above average; Higher peaks indicate larger deviations. G+C skew:
calculated as (G- C)/(G+C). Light-green (inward) indicates G<C, while pink (outward) indicates G>C. Gene
density: proportion of genes within each window. Gene duplication: each arc connects two different regions in the

genome, indicating that these regions have homologous sequences.
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Figure 3  Functional classification of Penicillium polonicum CK2023-1 based on GO and KEGG annotations.
Predicted protein sequences were aligned against the gene ontology and KEGG databases with Diamond. A: GO
terms were assigned to three main categories: biological process, cellular component, and molecular function, and
the number of genes corresponding to level-2 term was tallied; B: Genes were mapped to different metabolic
pathways with KO number, the number of genes involved in a common pathway was labeled behind the column.
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Figure 4 Comparison of whole genomic sequence of Penicillium polonicum. A: The average nucleotide identity
(ANI) values of each pair of strains were calculated with Pyani (v0.2.11); B: Genomic collinearity analysis were

carried out with Mauve v2.3.1 (The information of seven P. polonicum strains listed on the right side of the
graph).
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Figure 5 The comparison of biosynthetic gene cluster of verrucosidin in Penicillium polonicum. The protype of
ver BGC was determined in P. polonicum X6 strain, which is composed of verABCFGHU, verF codes a putative
transcription factor, and the function of verU is unknown!'¥. Syntenic analysis was conducted using the ChiPlot

(https://www.chiplot.online).
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Figure 6 Total ion current chromatograms of quality control samples in positive (A) and negative (B) ion modes

with electrospray ionization. Six pieces of bacon were processed with the additive of P. polonicum CK2023-17,

The quality control sample contained non-volatile metabolites from six pieces of bacon. LC-MS was performed

with an ACQUITY UPLC HSS T3 chromatographic column (100 mmx2.1 mm, 1.8 pm). The mobile phase A

was composed of water: acetonitrile=95: 5, and the other was acetonitrile: isopropanol: water=47.5:47.5: 5, both

containing 0.1% acetic acid.
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Figure 7 Classification of non-volatile metabolites of bacon. Non-volatile metabolites of the bacon inoculated
with CK2023-1 (n=1 109) were aligned in HMDB database. The statistical result at the superclass level was
visualized with R 4.0.3 ggplot2.

=1 E=FE CK2023-13/NRR B EMPERIE BN (n=5)

Table 1 The effects of Penicillium polonicum CK2023-1 on the food intake and organ index of mice (n=5)
Sex Classification Feed conversion Visceral index
ratio Heart Liver Spleen Lung Kidney
Female  Control 9.49 0.60+0.04b 4.89+0.15 0.12+0.01 0.22+0.01 1.16+0.06
Penicillium polonicum ~ 18.22 0.65+0.07ab 4.80+0.15 0.10+0.01 0.21£0.01 1.20+0.03
Male Control 27.19 0.59+0.06 5.06+0.24  0.13+0.01 0.29+0.02 1.37+0.07
Penicillium polonicum  25.62 0.69+0.06 4.80+0.05 0.11+0.00 0.24+0.01 1.58+0.04

[F—ZI ARG /N FREF R ER BE, P<0.05; HIRSETHRREZERALE, P>0.05.
Different lowercase letters of data in the same column indicate significant difference, P<0.05; Data with the same character or

without character indicate no significant difference, P>0.05.
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R ONEZFBECK2023-131/N R R E BRI R BN (n=5)
Table 2 The impacts of Penicillium polonicum CK2023-1 on the food intake and organ index of mice (n=5)

Sex Classification Feed conversion Visceral index
ratio Heart Liver Spleen Lung Kidney

Female  Control 4.36 0.57+0.06  4.07+0.33  0.31+£0.03  0.59+0.03  1.03=0.03
Penicillium High 4.98 0.52+0.02  4.01+0.17  0.29+0.02  0.62+0.04  1.04+0.04
polonicum Middle  3.85 0.52+0.04  4.17£0.22  0.32£0.07 0.56+0.01  1.00+0.01
Low 4.02 0.56+0.04 425022 0.37£0.06  0.60£0.04  1.12+0.04
Male Control 5.59 0.61£0.05  4.12+0.13  0.26+£0.02  0.55+0.03  1.37+0.08
Penicillium High 5.38 0.55£0.07  4.01+£0.10  0.25+£0.01  0.55+0.02  1.33+0.04
polonicum Middle  5.28 0.52+0.06  3.97+0.21  0.26+£0.01  0.55+0.04  1.28+0.08
Low 5.47 0.54+0.02  4.09+0.18  0.28+0.02  0.58+0.02  1.38+0.05

[Fl—F NEHE T F R RR 2R A EE, P>0.05,

Data without character indicate no significant difference, P>0.05.

3 K =ZFECK2023-13/N R I E A EZE (n=5)
Table 3 The change of blood routine index by intake of Penicillium polonicum CK2023-1 (n=5)

Sex Index Control High Middle Low

Female Mon' 3.78+0.28 3.20+0.41 3.14+0.36 3.50+0.19
RDW? 13.94+0.35 14.544+0.34 14.30+0.18 14.80+0.34
RBC? 10.49+0.41 10.41+0.35 10.60+0.21 10.25+0.34
Lymph* 77.92+1.58 79.60+2.09 80.94+1.24 80.24+1.14
MCV? 47.24+0.57 46.98+0.35 46.94+0.91 47.324+0.86
PCT® 0.51+0.06 0.55+0.04 0.42+0.05 0.36+0.10
Gran’ 18.30+1.34 17.20+1.80 15.92+0.92 16.26+1.03

Male Mon 4.60+0.33 4.56+0.45 4.48+0.21 4.10+0.44
RDW 14.18+0.40 14.20+0.09 13.724+0.38 13.72+0.22
RBC 9.93+0.46 10.12+0.35 9.56+1.01 9.11+0.54
Lymph 70.66+3.08 72.98+1.67 75.26+1.54 75.20£3.11
MCV 46.20+0.99 47.00+0.46 46.24+0.85 46.70+0.85
PCT 0.52+0.09a 0.44+0.12ab 0.22+0.11b 0.28+0.09ab
Gran 24.74+£2.77 22.46+1.25 20.26+1.44 20.70+2.74

VORI E AR, % e LLANMEOMETERE . % O LLAECH . 107L; . B4R E S, % O Tk
$, fL; O /MRERL, fL; 7 PPERIAIIE S, %. High: #5750 000 mg/kg; Middle: Hil 415 000 mg/kg;
Low: fiiflit2 500 mg/kg. [Al—FNEHEIG 10/NG FREFRR 225 235, P<0.05; MRIECTFRFRRERARE, P>0.05.

I Monocyte percentage, % ; 2 Red blood cell distribution width, % ; *: Red blood cell count, 107'%/L; * Percentage of
lymphocytes, % ; °: Mean corpuscular volume, fL; ¢ Platelet hematocrit, fL; ”: Percentage of neutrophils, % . High: High-dose
10 000 mg/kg; Middle: Medium-dose group 5 000 mg/kg; Low: Low-dose 2 500 mg/kg. Different lowercase letters of data in the
same column indicate significant difference, P<0.05; Data with the same character or without character indicate no significant
difference, P>0.05.
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MER R ORI ALT BT, IR BEFE T4, MR R4 BUN &
FIEAY AST BEAR T XML, A B4R FRTXRAGE4), HIXLEREIRR 52
BUN WL Tm . i, hilEdan GLU  REIR AR, NE&EY R

®4 OR=ZFBECK2023-131/0 R MR IEFREI R (n=5)
Table 4 The change of blood biochemical index by intake of Penicillium polonicum CK2023-1 (n=5)

Sex Index Control High Middle Low

Female ALT' 58.27+5.31a 44.09+1.42b 51.91+4.60ab 41.79+3.85b
AST? 201.17£12.25a 167.29£6.12ab 164.17+17.35ab 153.94+16.41b
TP 66.37+1.56 67.78+0.72 64.36+2.13 64.57+3.33
ALB* 41.05+0.56 42.43+0.43 40.66+0.87 41.19£1.09
CR’ 27.04+1.02 28.29+1.78 32.84+4.31 27.89+1.84
TCS 2.95+0.29 2.78+0.22 3.01+0.28 2.90+0.38
BUN’ 19.3140.57ab 21.14+0.81a 21.40+1.28a 17.64+0.80b
GLU® 4.20+0.62b 4.58+0.33b 6.24+0.54a 5.17+0.45ab

Male ALT 57.53+4.84 68.59+11.37 45.97+£3.93 53.47+8.53
AST 176.54+11.19 175.10+45.23 206.61£18.66 195.35+17.74
TP 66.49+3.60 67.08+1.26 68.47+1.54 62.48+1.91
ALB 40.03+1.04ab 41.31+0.66a 40.74+0.75ab 38.45+0.90b
CR 28.14+1.75 27.60+1.82 27.71£1.74 29.91+3.34
TC 3.70+0.31 3.08+0.17 3.37+0.23 2.97+0.08
BUN 18.77+0.73b 20.60+0.69ab 21.28+0.81a 22.03+0.95a
GLU 5.08+0.81 4.44+0.73 4.34+0.37 5.38+0.65

L. MERBIERE, UL; * RINKEREIELBE, UL; 3. MEH, g/L; Y HEA, g/L; >, JULETF, pmol/L; 6
JHFERE, mmol/L; 7: JRFEA, mg/dL; °: M4, GLU. [W—8INEHEIG /NG FRERR 2257 3%, P<0.05; HRIEEF
RFORERARE, P>0.05,

! Alanine aminotransferase, U/L; % Aspartate aminotransferase, U/L; 3: Total protein, g/L; 4. Albumin, g/L; 5: Creatinine, pmol/L;
6. Cholesterol, mmol/L; ’: Urea nitrogen, mg/dL; 8. Blood glucose, GLU. Different lowercase letters of data in the same column

indicate significant difference, P<0.05; Data with the same character or without character indicate no significant difference, P>0.05.

HELE 28 dEB W HE G, Al EdIBEbL %5 NREBITESEREN))
B3 HEHFEfTHS W2 A, 4528w
CK2023-1 X 5L A S5 Joi JIE #0841 A, 52 o Pk 461 4

Table 5 Original score record of mice (n=3)

Organs  Pathological changes Female  Male
O E Rl BB A AR IR A B AR, A Heart NGA)  N3EA)
PR GRS AR A . 2 FUME R 2 i AR stk Lung N(3/3) N@G3)
WHE, 1 HMERA 2 1As e 5, K 8A-80), Spleen NGAR)  N3A3)
Kidney N (3/3) N (3/3)
3 "Lﬁ‘ifﬁ —Ej é:;lz: ’Iffj\ Liver Vacuolar degeneration 0(3/3) 1(1/3)
Necrosis 1(2/3) 0(3/3)
<< EF‘ [E/fg%kﬁ%ﬁ'ﬁ'mﬁ/{i%%ﬁ% iﬁ:% Inflammatory infiltration 1(2/3) 0(3/3)

(56 2 h)) FEMGR T 56 I8 124 FRBUEMIRIRN, N i, 0. Aretes 1. BRL
E?/F’I\Eﬁ%ﬂ:ﬂd\ﬂﬁqj(ﬁ(%%ﬁl‘ E"J%Bﬁj\ N: Normal; 0: Non-existent; 1: Mild.
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B8 AFAERIRIELWHLE). A: HSCLE, RYEANIZIEE00x, bar=50 um); B: rURIFIE(400%, bar=
50 um); C: IRFEAE(200%, bar=100 pum, Fikib ks BEHE AR TR

Figure 8 Pathological changes in the liver (H.E.). A: Necrotic focus with inflammatory-cell infiltration (400x,
bar=50 pm); B: Punctate necrosis (400%, bar=50 um); C: Necrotic focus (200%, bar=100 pm).
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