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Abstract: [Objective] To investigate the differentially expressed genes (DEGs) of Vibrio
parahaemolyticus in the intermediate state of biofilm formation, and thus provide gene information
for the future studies about the regulatory mechanisms of biofilm formation. [Methods] Illumina
HiSeq and RNA sequencing (RNA-seq) assay were employed to analyze the gene expression of V.
parahaemolyticus in the intermediate state of biofilm formation, and the results were then validated
by quantitative real-time PCR (qPCR). [Results] A total of 979 DEGs were identified, including 379
down-regulated genes and 600 up-regulated genes. According to the results of gene ontology (GO)
annotation, 363 DEGs were annotated to three functional categories (biological process, molecular
function, and cellular component) and 30 sub-categories. The results of Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment showed that 706 DEGs were enriched in 37
pathways (Q value<0.05) and mainly involved in cellular metabolism and transport pathways. The
results of clusters of orthologous groups (COQG) classification showed that 888 DEGs were assigned
to 20 categories, and the DEGs were mainly involved in amino acid transport and metabolism,
general function prediction only, energy production and conversion, and function unknown. The
expression trends of the DEGs validated by qPCR were consistent with the results of RNA-seq. In
addition, the biofilm-associated genes and major virulence genes were identified from the RNA-seq
data, including 10 c-di-GMP metabolism-associated genes, 1 lateral flagellar gene (lafA), 13 polar
flagellar genes, 6 capsular polysaccharide synthesis genes, 6 exopolysaccharide synthesis genes,
5 type IV pilus synthesis genes, 6 membrane fusion protein (mfp) genes (cpsQ-mMfPABC), 14 type 111
secretion system 1 (T3SS1) genes, 14 Vp-PAI genes (tdh2 and 13 T3SS2 genes), 3 type VI secretion
system 1 (T6SS1) genes, 6 T6SS2 genes, 45 putative regulator genes, and 15 putative outer
membrane protein genes. [Conclusion] A large number of genes demonstrate changed expression
levels during the biofilm formation of V. parahaemolyticus, including the biofilm-associated genes,
key virulence factor genes, and putative regulator genes. The data presented here provided important
gene information for the future studies about the regulation of biofilm formation.
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*®1 AKWMRFAAS
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Center for Biotechnology Information (NCBI)%%
PEPECB 745 . PRINA874225)%, H|H Cutadapt
(version 1.9. 1)l g 25 b i Y Je 453k P 471, 4R
56 #5175 (clean reads). Clean reads [ Q20 I
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95.89% ], GC 5 57t 46.87%47.75%2 [0] (£
2), £ M INE RIMD2210633 HI°EH GC
L (45.4%)"7, Clean reads 5% KN 4H /Y L
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22 EFREERSH

{ifi A Bioconductor X 4f1 Y DESeq2 (V1.6.3)
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1A fis, —3L0fgkH 979 4~ DEGs, 379 4>

Table 1 Oligonucleotide primers used in this study

Gene Primer sequences (forward/reverse, 5'—3")

VP1377 AAGCCGTGGTGGAAGAAGG/GCGTGTTGAGTGCGTTGG
VP1881 AGAATCAACCAACACACGAA/CACAATACTGTTGATGGCGTA
VPA0594 GGGTTAGTATCGTTGCTGACTG/ATGCCGAGCGACACATTATTC
VPA0609 GCACAGAACTTATCGAAAGCC/ATCAAAAGATCATTCGAGATCGC
VPA0869 CCCTAGAACACGGGCATCAG/TCCCAAGGCGCTTACGAAAT
VPA1548 CACTAACTACGCATCACTTG/CGTTACGCATTGCTACAG
VPO0785 GCCGTCAGTCAGTGATTC/GTAGAGGACAGGTTGAGTTC
VP1469 GACAGGTCGTGATGCCATTC/GGCGATGATGACCGAAGTG
VP2700 AGCGTTGATGAATAAAGGGA/GAACAACTGACGAGAAAACA
VP2701 TGAAGAAGGTATCGTATCGG/AACGGTAATCCAAGTTGCTG
VP2702 GAATGTCTCACGCAGTAAGC/GCTTGGTTGGAACGATGTGA
VPA1445 GCGGGCAATGATCGTCTAAC/TCACCTGAACCTGCGACAAG
VPA 1446 GCCTGAAATCCTAATGCTC/AGTGTCAGAAGGTGTATCAAC
16S rRNA GACACGGTCCAGACTCCTAC/GGTGCTTCTTCTGTCGCTAAC
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% 2 RNA-seq HEARHIELE

Table 2 Reads summary of samples for RNA-seq

Sample Raw reads Clean reads Q20 (%) Q30 (%) GC (%)
Control-1 14 093 580 14 080 324 98.46 95.32 46.87
Control-2 14427 710 14 415 026 98.62 95.60 46.94
Control-3 15970 144 15951 484 98.67 95.89 47.16
Test-1 15108 180 15092 096 98.55 95.60 47.62
Test-2 15597 896 15580 232 98.66 95.88 47.66
Test-3 14 713 360 14 696 262 98.54 95.57 47.75
*x3 IREWNFRESSEERBLEST
Table 3  Statistical results of clean reads mapping with the reference genome
Sample Total mapped Uniquely mapped Multiple mapped
Control-1 13 952 688 (99.094%) 13 696 655 (97.275%) 256 033 (1.818%)
Control-2 14 270 293 (98.996%) 14 073 796 (97.633%) 196 497 (1.363%)
Control-3 15 777 211 (98.908%) 15 567 738 (97.594%) 209 473 (1.313%)
Test-1 14 969 007 (99.184%) 14 820 538 (98.201%) 148 469 (0.984%)
Test-2 15 485 104 (99.389%) 15307 725 (98.251%) 177 379 (1.139%)
Test-3 14 590 842 (99.283%) 14 449 536 (98.321%) 141 306 (0.962%)
A B
. Color key ’j’j
‘ ey .. -1 0 1
200 =7 Value
o) .
= g Significant DEG (979)
e . § oo * Down: 379
< i No significant: 3 750
%% . . « Up: 600 o
T 100 + I B
° °o B
g ° ocm o, o°%g
= ot & 2
B
.o . %
0l i L

-5 0

lno. (fold chanoe)

El1 SYEFEERFERSTHERERIKER

Figure 1 Gene expression of Vibrio parahaemolyticus in the intermediate state of biofilm formation. A:
Volcano plot shows gene expression. Red, blue, and grey points represent up-regulated, down-regulated and
non-significant genes, respectively. B: Cluster analysis of DEGs.
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Figure 2 Distribution of differential genes for GO enrichment.
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Figure 3 Pathways of DEGs analyzed by KEGG.

P4 actamicro@im.ac.cn, & 010-64807516

50 100 150 200
Number of genes



WRFHE | WMAYFN, 2023, 63(10)

3833

5| BB A SR LSRN I RSN, HARIK
YRR A PR s 50 TCHLE F iz
5. sk RS dnRE/ /AR A
YRR . RHRAZ AR ZE A S e A A . SRS
/2 1 e 4 AR A1 A3l . IR
iz 5. s iR iks e . s
S ZR/EAMEE . RERB A G
BB 5. R BRI s S B L
DA K 20 ] B4 o/ L 3 2 g ek oA, BLAE
EUWNE 2 CHPEIN el LI b B PSP NE 2
2.6 XBEERERSH

TE 979 1~ DEGs H1, HAAAR HID)RE L K Al —
WEhREFM RN 20 5 1/5, HEWASTFLEY

E, Amino acid transport and metabolism -
R, General function prediction only f

C, Energy production and conversion |

S, Function unknown |

G, Carbohydrate transport and metabolism
P, Inorganic ion transport and metabolism
K, Transcription f

T, Signal transduction mechanisms |

M, Cell wall/Membrane/Envelope biogenesis |

9
o
o

I, Lipid transport and metabolism |

U, Intracellular trafficking, secretion, and vesicular transport |

H, Coenzyme transport and metabolism

L, Replication, recombination and repair -

Q. Secondary metabolites biosynthesis, transport and catabolism +
F, Nucleotide transport and metabolism -

V, Defense mechanisms +

D, Cell cycle control, cell division, chromosome partitioning |

4 ZREHE COG hEEs %
Figure 4 COG analysis of DEGs.
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Table 4 Biofilm formation-associated DEGs

Gene ID Gene name Fold change Regulation Product
c-di-GMP metabolism
VPO0117 0.39 Down EAL domain-containing protein
VP1377 scrG 2.19 Up Regulatory protein ScrG
VP1881 2.21 Up EAL domain-containing protein
VP1979 3.24 Up EAL domain-containing protein
VP2446 0.41 Down Bifunctional diguanylate cyclase/phosphodiesterase
VPA0476 2.49 Up Sensor domain-containing diguanylate cyclase
VPA0594 2.08 Up EAL domain-containing protein
VPA0609 2.01 Up Bifunctional diguanylate cyclase/phosphodiesterase
VPA0846 0.31 Down EAL domain-containing protein
VPA0869 3.66 Up GGDEF and EAL domain-containing protein
Lateral flagella
VPA1548 lafA 2.01 Up Lateral flagellin LafA
Polar flagellum
VP0777 flgD 2.09 Up Flagellar hook assembly protein FlgD
VP0778 flgE 2.17 Up Flagellar hook protein FIgE
VP0780 flgF 0.49 Down Flagellar basal body rod protein FlgF
VP0785 flgK 0.45 Down Flagellar hook-associated protein FIgK
VP0790 flaD 0.32 Down Flagellin
VP2224 orf3 0.42 Down DUF2802 domain-containing protein
VP2254 flaJ 0.40 Down Flagellar export chaperone FliS
VP2255 flal 0.36 Down Flagellar protein FI1iT
VP2256 flaH 2.25 Up Flagellar filament capping protein FliD
VP2257 flaG 2.54 Up Flagellar protein FlaG
VP2258 flaA 3.66 Up Flagellin
VP2259 flaB 0.32 Down Flagellin
VP2261 flaF 0.42 Down Flagellin
Capsule polysaccharide
VP0226 0.38 Down Glycosyltransferase family 2 protein
VP0227 0.38 Down Hypothetical protein
VP0229 rfbC 0.35 Down dTDP-4-dehydrorhamnose, C5-epimerase
VP0235 0.45 Down Polysaccharide biosynthesis protein
VP0236 wcvB 0.29 Down Nucleotide sugar dehydrogenase
VP0237 wevC 0.44 Down UTP-glucose-1-phosphate uridylyltransferase GalU
Scv exopolysaccharide
VP1461 scvM 2.82 Up Glycosyltransferase
VP1468 ScvF 2.71 Up Glycosyltransferase family 4 protein
VP1469 ScvE 3.09 Up Sigma-54 dependent transcriptional regulator
VP1473 scvD 2.31 Up CpsD/CapB family tyrosine-protein kinase
VP1474 scvC 2.76 Up SLBB domain-containing protein
VP1475 scvB 245 Up OmpA family protein
Type IV pili
VP2524 pilB 0.41 Down Type IV-A pilus assembly ATPase PilB
VP2525 pilC 0.49 Down Type II secretion system F family protein
VP2700 mshG 0.44 Down Type I secretion system F family protein
VP2701 mshE 0.40 Down GspE/PulE family protein
VP2702 mshN 0.42 Down MSHA biogenesis protein MshN
Mip proteins
VPA1443 mfpC 2.57 Up HlyD family type I secretion periplasmic adaptor subunit
VPA1444 mfpB 2.84 Up Type I secretion system permease/ATPase
VPA1445 mfpA 3.98 Up Calcium-binding protein
VPA1446 cpsQ 4.28 Up Helix-turn-helix transcriptional regulator
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Table 5 Major virulence-related DEGs

Gene ID Gene name  Fold change Regulation Product
T3SS1
VP1660  verG 0.30 Down LerG family type III secretion system chaperone VerG
VP1666  tyeA 0.17 Down TyeA family type III secretion system gatekeeper subunit
SctW family type III secretion system gatekeeper subunit
VP1667  vopN 0.26 Down
VopN
VP1668  vscN 0.30 Down SctN family type III secretion system ATPase VscN
VPI672  vecR 0.26 Down SctR .family type III secretion system export apparatus
subunit VscR
VP1677 2.95 Up Alpha/beta hydrolase
VP1678 3.14 Up Alpha/beta hydrolase
VP1679 2.52 Up Hypothetical protein
VP1683  vopR 0.45 Down Type III secretion system effector VopR
VP1698  esxD 0.29 Down Type III secretion system regulon anti-activator ExsD
VP1699  exsA 0.43 Down Type III secretion system transcriptional regulator ExsA
VP1700  exsB 0.31 Down YscW family type III secretion system pilotin
VP1701 exsC 0.31 Down Type 11 secretion system regulatory chaperone ExsC
VP1702  exskE 0.33 Down T3SS regulon translocated regulator ExsE2
Vp-PAI (TDH and T3SS2)
VPA1314 tdh2 0.31 Down Thermostable direct hemolysin TDH
VPA1329 0.33 Down Conjugal transfer protein TraA
VPA1334 0.42 Down Hypothetical protein
VPA1336 vopZ 0.38 Down Type I secretion system effector VopZ
VPA1341 vscT2 0.32 Down Hypothetical protein
EscR/YscR/HrcR family type III secretion system export
VPA1342 vscR2 0.19 Down i
apparatus protein
VPA1343 0.20 Down Hypothetical protein
VPA1345 0.39 Down Hypothetical protein
VPA1346 vopA 0.38 Down Type 111 secretion system YopJ family effector VopA
VPA1348 virB 0.48 Down Winged helix-turn-helix domain-containing protein
VPA1357 0.50 Down Hypothetical protein
VPA1358 0.23 Down Dimethyladenosine transferase
VPA1365 0.36 Down Hypothetical protein
VPA1369 0.49 Down Hypothetical protein
T6SS1
VP1418 0.32 Down Hypothetical protein
VP1419 0.14 Down Hypothetical protein
VP1420 0.29 Down Hypothetical protein
T6SS2
VPA1030 tssF 0.42 Down Type VI secretion system baseplate subunit TssF
VPA1032 0.42 Down Protein of avirulence locus
VPA1035 tssB 0.48 Down Type VI secretion system contractile sheath small subunit
VPA1036 tssA 0.28 Down Type VI secretion system protein TssA
VPA1037 0.28 Down Protein phosphatase 2C domain-containing protein
VPA1038 tagF 0.37 Down Type VI secretion system-associated protein TagF
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Table 6 Putative regulator genes in DEGs

Gene ID Gene name Fold change Regulation Product

VP0059 0.50 Down LysR family transcriptional regulator

VPO0355 swrZ 0.45 Down GntR family transcriptional regulator

VP0361 2.24 Up Heavy metal response regulator transcription factor
VP0377 0.43 Down Helix-turn-helix transcriptional regulator
VP0527 nhaR 0.34 Down Transcriptional activator NhaR

VP0569 phoB 0.28 Down Phosphate regulon transcriptional regulator PhoB
VP0570 phoR 0.43 Down Phosphate regulon sensor histidine kinase PhoR
VP0813 2.63 Up P-II family nitrogen regulator

VP1101 cysB 0.33 Down HTH-type transcriptional regulator CysB
VP1202 0.49 Down Response regulator transcription factor

VP1229 2.03 Up TetR/AcrR family transcriptional regulator
VP1284 3.61 Up Helix-turn-helix domain-containing protein
VP1328 0.34 Down GntR family transcriptional regulator

VP1407 0.48 Down Lrp/AsnC family transcriptional regulator
VP1649 3.64 Up GntR family transcriptional regulator

VP1699 exsA 0.43 Down Type 11 secretion system transcriptional regulator ExsA
VP1755 4.63 Up Response regulator

VP1778 puur 5.97 Up HTH-type transcriptional regulator PuuR
VP1976 metR 0.48 Down HTH-type transcriptional regulator MetR
VP2183 3.25 Up Response regulator

VP2424 3.75 Up AraC family transcriptional regulator

VP2549 recX 2.51 Up Recombination regulator RecX

VP2762 aphA 3.79 Up PadR family transcriptional regulator

VP2885 fis 0.49 Down DNA-binding transcriptional regulator Fis
VPA0009 2.75 Up Response regulator

VPA0495 0.49 Down Helix-turn-helix transcriptional regulator
VPA0602 0.43 Down LysR family transcriptional regulator

VPA0641 2.39 Up LysR family transcriptional regulator

VPAO717 0.15 Down LysR family transcriptional regulator

VPA0804 0.20 Down XRE family transcriptional regulator

VPA0957 0.34 Down SgrR family transcriptional regulator

VPA0988 rnk 2.22 Up Nucleoside diphosphate kinase regulator
VPA1100 2.19 Up Response regulator

VPA1114 betl 4.34 Up Transcriptional regulator Betl

VPA1124 0.43 Down MerR family DNA-binding transcriptional regulator
VPA1178 0.50 Down Sugar-binding transcriptional regulator
VPA1214 2.56 Up Lrp/AsnC family transcriptional regulator
VPA1219 3.74 Up MarR family transcriptional regulator
VPA1220 0.47 Down Response regulator

VPA1229 4.12 Up Response regulator

VPA1234 3.34 Up Lrp/AsnC family transcriptional regulator
VPA1246 0.44 Down Helix-turn-helix transcriptional regulator
VPA1423 0.49 Down AraC family transcriptional regulator

VPA1446 cpsQ 4.28 Up Helix-turn-helix transcriptional regulator
VPA1516 2.37 Up Response regulator transcription factor
VPA1729 0.45 Down Helix-turn-helix transcriptional regulator
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Table 7 Putative outer membrane genes

Gene ID Gene name  Fold change Regulation Product

VP0802 4.74 Up Porin

VP1008 0.38 Down Porin

VP1106 lolA 0.35 Down Outer membrane lipoprotein chaperone LolA

VP1218 9.22 Up MtrB/PioB family decaheme-associated outer membrane protein
VP1287 0.48 Down Outer membrane lipoprotein-sorting protein

VP1454 0.42 Down Porin family protein

VP1455 2.37 Up Outer membrane beta-barrel protein

VP1631 5.30 Up TolC family outer membrane protein

VP2176 aqpZ 3.88 Up Aquaporin Z

VP2362 4.81 Up Outer membrane protein OmpK

VP2385 22.93 Up Aquaporin

VP2724 5.65 Up TIGR04219 family outer membrane beta-barrel protein
VPA0096  ompW 0.39 Down Outer membrane protein OmpW

VPAO0557 2.64 Up Outer membrane lipoprotein-sorting protein

VPA1644 4.75 Up Maltoporin
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