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Abstract 20 

Photobacterium damselae is a widespread pathogenic bacterium in marine ecosystems, primarily 21 

associated with fish skin ulcers. However, infections caused by this bacterium in shrimp are rarely 22 

reported. The dominant strain MRY0520, isolated from the hepatopancreas of diseased Litopenaeus 23 

vannamei, was identified as Photobacterium damselae subsp. damselae (Phdd) and exhibited high 24 

pathogenicity. Elucidating the genetic architecture and infection mechanisms of P. damselae is crucial 25 

for the effective prevention and control of related diseases. To characterize its genomic features, whole-26 

genome sequencing and comprehensive functional annotation were performed on the virulent Phdd strain 27 

MRY0520, followed by comparative genomic analysis to investigate its evolutionary traits. The genomic 28 

sequences have been deposited in GenBank under accession numbers CP113238–CP113240. The 29 

genome of strain MRY0520 spans 4,451,849 bp and contains 3,663 coding genes with a combined length 30 

of 3,691,779 bp, accounting for 83% of the total genome. It encodes 208 tRNA genes, 62 rRNA genes 31 

(including 22 5S rRNA, 20 16S rRNA, and 20 23S rRNA), two CRISPR arrays, and two genomic islands. 32 

Comparative analysis revealed that strain MRY0520 exhibits the highest genomic homology with Phdd 33 

strain Wu-1. These findings provide a solid theoretical basis for understanding the genomic composition 34 

and evolutionary characteristics of MRY0520. 35 

Keywords Photobacterium damselae subsp. damselae · Whole genome sequencing · Genome 36 

map · Functional annotation · Comparative genomic analysis 37 
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Introduction 38 

Photobacterium damselae, part of the Vibrionaceae family, consists of two distinct subspecies: subsp. 39 

piscicida and subsp. damselae (Chiu et al. 2013). The first subspecies was initially identified and isolated 40 

from Morone americana and M. saxatilis in 1963, leading to a disease originally termed Pasteurella, now 41 

known as luminescent bacterial disease (Thyssen et al. 1998). The second subspecies was first isolated 42 

from a skin ulcer on a diseased fish in 1981 and was subsequently named Vibrio damsela (Love et al. 43 

1981). P. damselae subsp. damselae (Phdd) is a generalist heterotroph found widely in marine 44 

environments, including marine animals. It acts as an opportunistic pathogen, sometimes causing disease 45 

in a variety of hosts, including humans, with its virulence enhanced by a plasmid that expresses an 46 

additional copy of the major hemolysin. Conversely, P. damselae subsp. piscicida (Phdp) is a more 47 

specialized, possibly obligate, pathogen of marine fish. Although it shares a ribosome and approximately 48 

80% of its genome with Phdd, it is highly specialized, possessing a significantly smaller genome and 49 

almost always carrying a small virulence plasmid pPHDP10, which includes a distinct AB apoptogenic 50 

toxin known as AIP56 (Baseggio et al. 2021). Recently, P. damselae subsp. damselae has been isolated 51 

from various diseased marine fish species, such as Oncorhynchus mykiss, Dicentrarchus labrax, and 52 

Sebastes schlegeli (Pedersen et al. 2009; Labella et al. 2010; Zhang et al. 2019). Additionally, this 53 

bacterium can infect mammals, including dolphins and humans (Rivas et al. 2013) 54 

There have been very few instances of Phdd infecting shrimp. Two pathogenic strains of 55 

Photobacterium were isolated from Exopalaemon carinicauda, leading to shrimp mortality (Liu et al. 56 

2016). Additionally, a Photobacterium strain was isolated and identified from Penaeus monodon and 57 

Litopenaeus vannamei, both suffering from "black gill" disease (Vaseeharan et al. 2007; Wang et al. 58 

2020). In the initial phase, our laboratory identified a strain, MRY0520, as P. damselae from the 59 

hepatopancreas of L. vannamei affected by "Dixing disease" in Rudong County (Jiangsu Province). This 60 

strain was the causative agent of the disease and exhibited high pathogenicity (Wang et al. 2024). 61 

Diseased shrimp typically show symptoms of hepatopancreas atrophy and whitening, along with reduced 62 

vitality, empty stomachs, and intestines, resulting in significant economic losses in shrimp farming. To 63 

gain a further understanding of this strain's genetic background and evolutionary traits, we conducted 64 

whole-genome sequencing and functional annotation analysis of strain MRY0520, identified as Phdd. 65 

Additionally, a comparative genome analysis was performed between this strain and a model strain from 66 

the NCBI database to explore their phylogenetic relationships. This research provided new insights into 67 

this significant shrimp pathogen and its evolutionary characteristics. 68 

Materials and methods 69 

Collection of diseased L. vannamei and histopathological analysis 70 

In Rudong County, Nantong, Jiangsu Province, diseased L. vannamei shrimp, measuring 6.45 ± 0.35 cm 71 

in length and weighing 8.5 ± 0.45 g, were gathered from a shrimp farm. A month after breeding, sporadic 72 

deaths began to occur, with some dead shrimp appearing daily on the feeding platform. The 73 

hepatopancreas (HPs) of the infected shrimp were removed and immediately placed in Bouin’s fixative, 74 

which consists of 100 mL of 75% v/v saturated aqueous picric acid, 20 mL of 37% formaldehyde, and 5 75 



mL of glacial acetic acid, for 24 h. They were then decolorized using 75% alcohol. Following dehydration 76 

and washing, the tissue was embedded in paraffin and sliced into thin sections. These paraffin sections 77 

were washed in xylene, rehydrated through an alcohol gradient, and stained with hematoxylin and eosin 78 

(H&E) as described by Cardiff et al. (2014). The prepared sections were then examined under a 79 

microscope to observe the HPs cells of the shrimp. 80 

Isolation and identification of dominant culturable bacteria from diseased L. vannamei  81 

The surface of diseased shrimp was alternately cleaned multiple times with sterile physiological saline 82 

and 75% alcohol. Subsequently, the HPs, gut, gills, and muscle tissues were sampled, and each was 83 

homogenized with sterilized 0.85% physiological saline. Tenfold serial dilutions of the homogenates 84 

were spread onto sterile Luria-Bertani (LB) agar plates (containing 10 g/L peptone, 5 g/L yeast extract, 85 

30 g/L NaCl, and 20 g/L agar) and incubated at 25 °C for 24 h. Dominant single colonies were then 86 

selected for streak plate purification and inoculated into LB liquid medium for an additional 24 h of pure 87 

culture (shaking at 25 ℃, 180 rpm). Pure colonies were stored in 30% glycerol (v/v) at -80 ℃ for future 88 

use. 89 

Injection challenge test with strain MRY0520 90 

To further assess the pathogenicity of strain MRY0520, a controlled reinfection challenge experiment 91 

was conducted on strain MRY0520. Healthy L. vannamei (mean body length: 5.30 ± 0.30 cm; mean body 92 

weight: 3.58 ± 0.35 g) were obtained from the Rudong Experiment Base, Jiangsu Institute of Oceanology 93 

and Marine Fisheries. All shrimp exhibited robust vitality and normal hepatopancreatic and cuticular 94 

pigmentation. Prior to challenge, healthy shrimp were acclimatized for seven days in filtered and aerated 95 

seawater maintained at 25 ± 1°C and salinity of 8‰. Four different bacterial concentration groups were 96 

prepared for the reinjection challenge: 1×109, 2.5×108, 6.25×107, and 1.56×107 CFU/mL. A parallel 97 

control group received an equivalent volume of sterile physiological saline. Each treatment—including 98 

the control—was replicated in triplicate (n = 3 per group). Mortality was recorded every 24 h, and 99 

cumulative survival rates were calculated over the 7-day observation period. 100 

DNA extraction, library construction, and sequencing 101 

P. damselae strain MRY0520 is kept in the Institute of Oceanology & Marine Fisheries. The preserved 102 

strain was inoculated into liquid LB medium and incubated on a shaker at 25 ℃ for 24 h. Genomic DNA 103 

was extracted using HiPure Bacterial DNA Kits (Magen, Guangzhou, China) following the 104 

manufacturer’s instructions. The integrity and quality of the extracted DNA were assessed by 1% agarose 105 

gel electrophoresis and Nanodrop 2000 spectrophotometry, respectively. Subsequently, high-quality 106 

genomic DNA libraries were sequenced using the PacBio/Illumina sequencing platform by Genedenovo 107 

Biotechnology Co., Ltd. (Guangzhou, China). 108 

Genome assembly and read filtering 109 

Qualified genomic DNA was fragmented using G-tubes (Covaris, Woburn, MA, USA) and end-repaired 110 

to prepare SMRTbell DNA template libraries (with fragment sizes greater than 10 kb selected by the 111 

BluePippin system, according to the manufacturer’s specifications (PacBio, Menlo Park, CA). 112 



Continuous long reads were obtained from SMRT sequencing runs and used for de novo assembly with 113 

Falcon (version 0.3.0) (Chin et al. 2016). Raw data from the Illumina platform were filtered using FASTP 114 

(version 0.20.0) (Chen et al. 2018) according to the following standards: 1) removal of reads containing 115 

≥10% unidentified nucleotides (N); 2) removal of reads with ≥50% of bases having Phred quality scores 116 

≤20; 3) removal of reads aligned to the barcode adapter. Clean reads were filtered for genome sequence 117 

correction to improve assembly quality and determine the final genome sequences using Pilon (version 118 

1.23) (Walker et al. 2014). 119 

Genome component prediction and gene functional annotation 120 

The ORFs (Open reading frames) were predicted using Prokka (Seemann 2014) and subsequently 121 

annotated with the NCBI prokaryotic genome annotation pipeline (Tatusova et al. 2016). Noncoding 122 

RNAs, including rRNAs, were predicted using rRNAmmer (Lagesen et al. 2007); tRNAs were identified 123 

by tRNA-scan (Lowe and Chan, 2016); and sRNAs were identified by cmscan (Nawrocki and Eddy 124 

2013). Genomic islands were predicted using IslandPath-DIMOB (Bertelli and Brinkman 2018). 125 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) elements were identified with 126 

CRISPRFinder (Grissa et al. 2007). Transposons were predicted using the online tool TransposonPSI 127 

(http://transposonpsi.sourceforge.net/). Interspersed repeat elements were validated with RepeatMasker 128 

(Chen 2004), and tandem repeat elements were confirmed using Tandem Repeats Finder (TRF) (Benson 129 

1999). Prophages were identified using PHAST (Fouts 2006). 130 

Several complementary methods were employed for the annotation of the assembled sequence. 131 

Genes were annotated by aligning them with sequences deposited in various protein databases, including 132 

the National Center for Biotechnology Information (NCBI) non-redundant protein sequence (Nr) 133 

database, UniProt/Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology 134 

(GO), and Cluster of Orthologous Groups of proteins (COG). Protein family annotation was performed 135 

using Pfam_Scan based on the Pfam database (Finn et al. 2014). Additional annotations were conducted 136 

using the following databases: Carbohydrate-Active enZymes (CAZy), Pathogen Host Interactions 137 

(PHI), Virulence Factors of Pathogenic Bacteria (VFDB), and the Comprehensive Antibiotic Resistance 138 

Database (CARD). antiSMASH was applied to predict gene clusters of secondary metabolites (Blin et 139 

al. 2017). Two-component systems (TCSs) were predicted based on their structural characteristics 140 

(Cheung and Hendrickson 2010). Secretory proteins were predicted using SignalP 4.0 (Petersen et al. 141 

2011), while transmembrane proteins were predicted using TMHMM (Krogh et al. 2001). Type III 142 

secretion systems (T3SS) were predicted using EffectiveT3 (Arnold et al. 2009). 143 

Comparative genomic analysis 144 

Comparative genomic analysis was performed using seven additional whole-genome sequences of 145 

common aquatic pathogen strains obtained from the NCBI database (Supplementary Table S1). The 146 

filtered gene sets were clustered for each targeted Vibrio species using MUSCLE alignment to compare 147 

common single-copy ortholog sequences within each species (Edgar 2004). The results were then 148 

analyzed using a super-alignment matrix. Subsequently, a phylogenetic tree was reconstructed using the 149 

maximum likelihood method (MLTREE) (Guindon and Gascuel, 2003). Gene family expansion and 150 



contraction were analyzed with CAFE (Computational Analysis of Gene Family Evolution) software 151 

following cluster analysis (De Bie et al. 2006). Additionally, gene family functions were further 152 

annotated through GO and KEGG analyses. Synteny analysis of protein sequences was conducted with 153 

MCScanX between the target and reference genomes (Wang et al. 2012). 154 

Results 155 

The source and histopathological analysis of diseased L. vannamei 156 

Healthy L. vannamei exhibited high vitality, normal feeding behavior, a black and plump hepatopancreas 157 

with well-defined boundaries, and a clear digestive tract. In contrast, diseased individuals showed no 158 

significant changes in body color but presented symptoms such as empty stomachs and intestines, along 159 

with a shrunken hepatopancreas (Fig. 1). The disease progression from onset to death in affected shrimp 160 

is relatively rapid, characterized by sporadic mortalities, which local farmers refer to as “Dixing disease”. 161 

The hepatopancreas of healthy L. vannamei is a complex tubular gland composed of numerous 162 

hepatopancreatic ducts. The hepatic tubules are tightly arranged, featuring a star-shaped lumen and an 163 

intact structure. Bubble cells, fibroblasts, and absorptive cells are clearly distinguishable, with no blood 164 

cell infiltration observed between the tubules (Fig. 1B upper). In contrast, significant histopathological 165 

changes were observed in the hepatopancreas of diseased L. vannamei, mainly manifested as significant 166 

enlargement of the tubular lumens and partial shedding of epithelial cells into the lumens. The star-167 

shaped tubular structure disappears, the structure is damaged, some functional cells become 168 

indistinguishable, and blood cell infiltration is evident (Fig. 1B lower). 169 

 170 

Fig. 1 Comparison of the appearance and histopathological analysis of healthy and diseased L. vannamei. (A) 171 

Appearance comparison of healthy (left) and diseased (right) L. vannamei. (B) Histopathological analysis of the 172 

hepatopancreas in healthy (upper) and diseased (lower) L. vannamei. Red arrows in the histopathological images 173 

indicate B (blister cell), F (fibrillar cell), R (resorptive cell), H (hemocytic infiltration), and T (cell abscission). 174 



Isolation and identification of dominant culturable bacteria from diseased L. vannamei 175 

After separation and purification, no bacteria were isolated from the muscle tissue of the diseased shrimp. 176 

Four dominant bacterial strains with consistent colony morphology were isolated from the 177 

hepatopancreas of the diseased shrimp; these strains differed significantly from those isolated from the 178 

hepatopancreas of healthy shrimp. The dominant bacterial strain, designated MRY0520, was identified 179 

as Photobacterium damselae subsp. damselae through morphological analysis, 16S ribosomal DNA 180 

(rDNA) sequencing, and physiological and biochemical tests (Peng et al. 2024). The pathogenicity of 181 

strain MRY0520 to L. vannamei needs to be confirmed through further reinfection experiments. 182 

Results of injection challenge testing with strain MRY0520 183 

The injection reinfection experiment demonstrated that the strain MRY0520 could cause healthy shrimp 184 

to die from illness, exhibiting reduced vitality and almost no feeding. The hepatopancreas appeared pale 185 

and atrophied with blurred edges and the presence of the jejunum. These symptoms were consistent with 186 

those seen in naturally diseased shrimp (Fig. 2A). Subsequently, the dominant bacteria were isolated 187 

from the reinfected shrimp hepatopancreas. The resulting dominant strains closely matched MRY0520 188 

in morphological characteristics, physicochemical properties, and 16S rRNA sequencing results, 189 

confirming the high pathogenicity of strain MRY0520 (Sussman et al. 2008). 190 

The injection reinfection experiment results showed that L. vannamei in the high-concentration 191 

bacterial solution injection group exhibited delayed movement, reduced vitality, and a greater tendency 192 

to lie at the bottom of the bucket after infection. The 1 × 109 CFU/mL group experienced mortality first, 193 

with a 95% death rate at 12 h and complete mortality by 48 h. Only a portion of the 1.56 × 107 CFU/mL 194 

group died, while the control group remained in good condition (Fig. 2B). Using the improved Spearman-195 

Karber method (Hagopian-Schlekat et al. 2001), the 72 h median lethal dose for (72 h-LD50) of the 196 

bacterium injected and reinfected in L. vannamei was calculated to be 2.15 × 105 CFU/g. These results 197 

indicate that strain MRY0520 is the pathogenic bacterium responsible for the disease and exhibits strong 198 

pathogenicity to L. vannamei. 199 

 200 



 201 

Fig. 2 Results of injection challenge test with strain MRY0520 202 

Sequencing and prediction results 203 

The genome of P. damselae strain MRY0520 consists of two chromosomes, totaling 4,451,849 base pairs 204 

with a GC content of 40.87% (Supplementary Table S2). It encodes 3,663 genes, spanning 3,691,779 bp, 205 

which accounts for 83% of the genome (Supplementary Table S3). The genome includes 208 tRNA 206 

genes, 62 rRNA genes (comprising 22 5S rRNA, 20 16S rRNA, and 20 23S rRNA), and two CRISPR 207 

loci (CRISPR1: positions 151,541–153,549; CRISPR2: positions 161,979–162,726). Additionally, there 208 

are two genomic islands with a combined length of 39,218 bp and an average length of 19,609 bp. No 209 

prophages were predicted. The circular genome map of strain MRY0520 is shown in Fig. 3A. Strain 210 

MRY0520 genome sequencing also revealed the presence of a plasmid (83782 bp) in the cell (Fig. 3B). 211 

A. 212 

 213 



B. 214 

 215 

Fig. 3 Circular map of the genome (A) and plasmid (B) of strain MRY0520. The genome position coordinates of 216 

the target strain are displayed from the outermost circle inward. The outermost circle represents the position 217 

coordinates of the genome sequence. Moving inward, the circles represent: genes on the positive strand, genes on 218 

the negative strand, ncRNA (black indicates tRNA, red indicates rRNA), GC content (red indicates values above the 219 

mean, blue indicates values below the mean), and GC skew (used to measure the relative content of G and C and to 220 

mark the starting and ending points in circular chromosomes). GC skew is calculated as (G - C) / (G + C); purple 221 

indicates values greater than 0, and orange indicates values less than 0. 222 

Functional annotation 223 

KEGG is a database used for the systematic analysis of metabolic pathways involving gene products and 224 

compounds within cells, as well as the functions of these gene products. A total of 2,399 genes from 225 

strain MRY0520 were annotated in the KEGG database and clustered into 23 metabolic pathways based 226 

on their functions. Among these, 1,802 genes are related to metabolism, with a significant number 227 

involved in carbohydrate, amino acid, cofactor, and vitamin metabolism. Additionally, 203 genes are 228 

associated with genetic information processing, including translation, folding, sorting, and degradation. 229 

There are 278 genes related to environmental information processing, such as transmembrane transport 230 

and signal transduction. Furthermore, 220 genes are linked to cellular processes, including cell 231 

movement, growth, and death. Genes associated with biological systems are the fewest, totaling only 11, 232 

primarily involved in environmental adaptation and the immune system (Fig. 4). Notably, metabolism-233 

related genes account for 75.11% of the annotated genes in the database. The predominance of genes 234 

involved in metabolic pathways supports the strain’s metabolic processes for amino acids, energy, 235 

nucleotides, and lipids, which are essential for maintaining its vital activities. 236 

 237 



Fig. 4 KEGG enrichment analysis of strain MRY0520 238 

Gene Ontology (GO) is an internationally standardized system for classifying gene functions, 239 

providing a comprehensive description of the properties of genes and their products in living organisms. 240 

It offers a dynamically updated set of standardized terminology. GO enrichment analysis revealed that 241 

the genome of strain MRY0520 contains 5,714 genes associated with molecular function, 3,120 genes 242 

related to cellular components, and 9,838 genes involved in biological processes (Fig. 5). Regarding 243 

molecular function, many genes are linked to catalytic activity and binding. For cellular components, 244 

most genes are associated with cellular anatomical entities. In terms of biological processes, a significant 245 

proportion of genes are connected with cellular and metabolic processes. These results indicate that the 246 

strain possesses numerous genes related to biological processes, participating in cell division and 247 

bacterial metabolism. 248 
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Fig. 5 GO Enrichment Analysis of Strain MRY0520 253 

COG, Cluster of Orthologous Groups of proteins, is organized based on phylogenetic relationships 254 

and the encoded proteins found in the complete genomes of bacteria, algae, and eukaryotes. Protein 255 

sequences are annotated in the COG database through sequence alignment, and each COG cluster 256 

consists of orthologous sequences, allowing for functional inference of the sequences. The strain 257 

MRY0520 was annotated with 2,780 genes in the COG database, which were categorized into 21 258 

functional groups. Among these, 188 genes are associated with proteins involved in translation, 259 

ribosomal structure, and biotransformation; 1 gene is linked to RNA processing and modification; 231 260 

genes are related to transcription; 155 genes are involved in replication, recombination, and repair; 1 261 

gene is connected to chromatin structure and dynamics; 34 genes are associated with cell cycle control, 262 

cell division, and chromosome partitioning; 59 genes are linked to defense mechanisms; 189 genes are 263 

involved in signal transduction mechanisms; 195 genes are related to carbohydrate transport and 264 

metabolism; 303 genes are associated with amino acid transport and metabolism; 89 genes are involved 265 

in nucleotide transport and metabolism; 159 genes are linked to coenzyme transport and metabolism; and 266 

88 genes are associated with lipid transport and metabolism (Fig. 6). These results indicate that the genes 267 

of this strain participate to varying degrees in synthesis and metabolic processes, with the greatest 268 

involvement observed in amino acid transport and metabolism as well as protein transcription. 269 



Fig. 6 COG Function Classification Chart of Strain MRY0520 270 

Carbohydrate-Active enZYmes (CAZy) Database is a specialized resource focused on 271 

carbohydrate-related enzymes, including families that catalyze carbohydrate degradation, modification, 272 

and biosynthesis. The CAZy annotation results for strain MRY0520 are shown in Fig. 7. In total, 496 273 

genes were annotated across six types of active enzymes: 195 glycosyl transferases, 178 glycoside 274 

hydrolases, 90 carbohydrate-binding modules, 24 carbohydrate esterases, 5 polysaccharide lyases, and 4 275 

carbohydrate auxiliary activators. 276 

Fig. 7 The CAZy function classification chart of strain MRY0520 277 

Software tools SignalP 4.0 and TMHMM 2.0 were used to predict secreted proteins. Annotations 278 

were based on protein sequence-function database (KEGG, Nr), the TNSS (type N secret systems, type 279 



I-V II) related proteins were extracted. Additionally, T3SS effector proteins of Gram-negative bacteria 280 

were predicted using EffectiveT3 software. The results identified a total of 3,663 proteins, including 46 281 

T3SS effector proteins, 390 signal peptide proteins, 57 transmembrane proteins, 333 secretory proteins, 282 

and 3,330 non-secretory proteins (Supplementary Table S4). 283 

Using the PHI database to analyze the pathogenic genes of strain MRY0520, 97 genes were 284 

identified as related to disease. Additionally, mutations in 481 genes (such as the phosphoribosyl 285 

transferase gene) reduce the strain's virulence; mutations in 202 genes (including those related to reactive 286 

oxygen species) do not affect virulence; mutations in 9 genes (such as the receptor potential ion channel 287 

protein gene) result in strain lethality; mutations in 60 genes (such as the amylase gene) lead to loss of 288 

pathogenicity; 1 gene (ubiquinone oxidase gene) is associated with chemical targeting; mutations in 69 289 

genes (such as the regulatory protein RsmA gene) enhance virulence; and mutations in 7 genes (including 290 

the ipx10 gene) affect bacterial effector protein secretion (Fig. 8). 291 

 292 

Fig. 8 Classification of pathogenic gene phenotype mutation types of strain MRY0520 293 

VFDB, Virulence Factors of Pathogenic Bacteria, can provide key evidence for the invasion 294 

mechanisms of pathogenic bacteria. When integrated with comparative genomics and other analytical 295 

approaches, it facilitates the study of virulence factor composition and genome distribution across 296 

different pathogenic bacteria within the same genus at the whole-genome level. By comparing the 297 

MRY0520 genome with the VFDB database, 133 virulence factor-related genes were identified. 298 



Subsequent data filtering resulted in 46 highly reliable virulence genes, including sixteen flagellar-related 299 

genes, six chemotaxis-related genes, three RNA polymerase factors, six secretion-related genes, eight 300 

metabolism-related genes, and eight other associated genes (Table 1). 301 

Table 1 Annotated virulence factor genes and coding proteins of strain MRY0520. 302 

Order number Virulence factor gene Encoding proteins 

1 FlgD flagellar basal body rod modification protein D  

2 FlhB flagellar biosynthesis protein B  

3 FlgC flagellar basal body rod protein C  

4 FliP flagellar biosynthesis protein P  

5 FliR flagellar biosynthesis protein R  

6 FlgI flagellar P-ring protein precursor  

7 FlaA flagellin 

8 FlhA flagellar biosynthesis protein A  

9 FliE flagellar hook-basal body protein  

10 FliN flagellar motor switch protein  

11 FlgG flagellar basal body rod protein G  

12 FliG flagellar motor protein  

13 FilM flagellar motor switch protein  

14 FliI flagellum-specific ATP synthase  

15 MotA flagellar motor protein  

16 FliF flagellar M-ring protein  

17 CheR chemotaxis methyltransferase  

18 CheY chemotaxis protein Y  

19 CheV chemotaxis protein V  

20 CheW chemotaxis protein W  

21 CheA chemotaxis protein A  

22 CheB chemotaxis-specific methylesterase  

23 RpoN RNA polymerase factor sigma-54  

24 RpoS factor of RNA polymerase  

25 HtpB-Hsp60 HtpB - Hsp60, 60K heat shock protein 

26 GalU argininosuccinate lyase  

27 WbfV/WcvB WbfV/WcvB - predicted UDP-glucose 6-dehydrogenase  

28 GspD general secretion pathway protein D  

29 EpsE general secretion pathway protein E  

30 PilB type IV pilus assembly protein  

31 Eno enolase  

32 IcmF/VasK type VI secretion system inner membrane protein  



33 EpsF general secretion pathway protein F  

34 FlrA sigma-54-dependent transcriptional activator  

35 SigA/RpoV RNA polymerase sigma factor  

36 LuxS S-ribosylhomocysteinase  

37 ABTJ_03744 ABTJ_03744 - UDP-glucose-4-epimerase  

38 MsbA fused lipid transporter subunits of ABC superfamily  

39 EpsG general secretion pathway protein G  

40 MshE type 4 fimbrial assembly protein   

41 MrsA/GlmM mrsA/glmM - predicted phosphomannomutase  

42 VipB/MglB type VI secretion system tubule-forming protein  

43 LpxB lipid-A-disaccharide synthase  

44 KdsA 2-dehydro-3-deoxyphosphooctonate aldolase   

45 MshA mannose-sensitive haemaglutinin  

46 GmhA/LpcA phosphoheptose isomerase   

CARD database was used to analyze the resistance genes of strain MRY0520. The results indicated 303 

that its genome contains ten resistance genes, corresponding primarily to the following antibiotics: 304 

fluoroquinolones, aminoglycosides, diaminopyrimidines, macrolides, cephalosporins, glycylcyclines, 305 

tetracyclines, rifamycins, phenicols, and fosfomycin. Attention should be given to resistance against 306 

these antibiotics in clinical applications. 307 

Secondary metabolites are compounds with complex molecular structures and often unclear 308 

functions, synthesized from primary metabolites. Generally, genes encoding biosynthetic enzymes in 309 

secondary metabolic pathways are organized in clusters on chromosomes. The antiSMASH tool was 310 

used to predict secondary metabolite gene clusters (Medema et al. 2011). The results showed that the 311 

genome of strain MRY0520 contains a thiopeptide antibiotic gene cluster comprising 18 genes (Fig. 9). 312 

 313 

Fig. 9 The secondary metabolic gene clusters chart of strain MRY0520 314 

Phylogenetic reconstruction 315 

To investigate the evolutionary relationships among different species, a phylogenetic tree was 316 

constructed using the software IQ-TREE based on the MLTREE (Nguyen et al. 2013). Homologous gene 317 

families were analyzed through clustering, and two software programs, MUSCLE and Gblocks, were 318 

employed to select single-copy homologous genes for multiple sequence alignment and quality control 319 

(MUSCLE and Gblocks) (Edgar 2004; Castresana 2000). Comparative analysis of the genome sequence 320 

of strain MRY0520 against GenBank entries in NCBI revealed high similarity with strain Phdp 91-197 321 

(NCBI No. GCA_002356235.1) and strain Phdd Wu-1 (NCBI No. GCA_003130755.1). Strain 322 

MRY0520 clustered closely with strain Phdd Wu-1, indicating the closest phylogenetic relationship (Fig. 323 

10). 324 



 325 

Fig. 10 Phylogenetic tree of eight common aquatic pathogens strains 326 

Comparative genomic analyses 327 

In the previous analysis, strains Phdd MRY0520, Phdd Wu-1, and Phdp 91-197 exhibited the highest 328 

genome homology. The whole genome sequences of these three strains were compared pairwise. The 329 

target genome and the reference genome were analyzed using the software MUMmer to identify large-330 

scale co-linear relationships between the genomes (Kurtz et al. 2004). Subsequently, the software SyRI 331 

was used to compare corresponding functional regions, determine local positional arrangements, and 332 

identify the locations of translocations (trans), inversions (inv), and combined translocation-inversion 333 

events (Goel et al. 2019). Finally, synteny analysis was performed pairwise among strains MRY0520, 334 

Phdd Wu-1, and Phdp 91-197. The results indicated limited synteny between the target strain MRY0520 335 

and the two reference strains (Fig. 11). Although a large number of homologous genes exist between 336 

strain MRY0520 and the reference strains, the presence of non-homologous genes suggests that strain 337 

MRY0520 possesses unique genomic features. 338 

 339 
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 348 

Fig. 11 The results of the synteny analysis are as follows: (A) synteny analysis between strain MRY0520 and 349 

strain Phdd Wu-1; (B) synteny analysis between strain MRY0520 and strain Phdp 91-197. 350 

Discussion 351 

Previous reports indicate that P. damselae infection in aquatic organisms primarily affects fish, causing 352 

surface ulcers and hemorrhagic necrosis (Pedersen et al. 2009; Labella et al. 2010; Zhang et al. 2019). 353 

Typical symptoms following infection in P. monodon and E. carinicauda include hepatopancreas 354 

damage accompanied by an empty digestive tract. Phdd, a pathogenic bacterium isolated from the 355 

hepatopancreas of diseased P. monodon and E. carinicauda, was associated with pale hepatopancreas 356 

and empty stomachs and guts in the affected shrimp. Additionally, Phdd was isolated from diseased L. 357 

vannamei, which exhibited the characteristic symptom of "black gills" (Wang et al. 2020). In this study, 358 

Phdd strain MRY0520 was isolated from the hepatopancreas of L. vannamei affected by “Dixing 359 

disease”. The primary symptom in the diseased shrimp was liver and pancreas damage, with no observed 360 

"black gill" symptoms, marking a significant difference from previous reports. The LD50 values of Phdd 361 

for P. monodon and E. carinicauda were 2.5×105 CFU/g and 2.30 ×105 CFU/g respectively (Liu et al. 362 

2016; Vaseeharan et al. 2007), and the LD50 value for L. vannamei was previously reported as 9.75 × 105 363 

CFU/g (Wang et al. 2020). However, in this study, the LD50 of Phdd strain MRY0520 for L. vannamei 364 

was 2.15×105 CFU/g. Clearly, the MRY0520 strain isolated here exhibits significantly higher acute 365 

toxicity to L. vannamei. 366 

The pathogenicity and damage caused by Vibrio to aquatic animals are primarily associated with 367 

their virulence factors (Cameron et al. 2008). Studies have shown that hemolysin is one of the most 368 

important virulence factors of Phdd (Rivas et al. 2011). The isolate MRY0520 discussed in this article 369 

carries multiple virulence genes, except for Dly (Yu et al. 2024). The virulence gene Dly encodes a 370 



hemolysin located on the virulence plasmid pPHDD1, which alters cell membrane permeability and 371 

causes the rupture and lysis of red blood cells, resulting in alpha hemolysis; however, its prevalence is 372 

very low. Among the four detected genes, plpV, hly, and hlyA are associated with hemolytic activity, 373 

while coIP is a virulence-enhancing gene (Rivas et al. 2013), further indicating that the Phdd strain 374 

MRY0520 exhibits strong pathogenicity. 375 

A certain proportion of low-quality data exists in the raw sequencing data. To ensure the 376 

authenticity and accuracy of subsequent information analysis, it is essential to filter and process the raw 377 

data from PacBio and Illumina sequencing to obtain clean data. Continuous long reads were obtained 378 

from SMRT sequencing runs and assembled de novo using Falcon (version 0.3.0) (Chin et al. 2016). 379 

After filtering, the clean reads were used to calibrate the genome sequences to improve assembly quality, 380 

with Pilon (version 1.23) (Walker et al. 2014) employed to generate the final genome sequence. Based 381 

on the assembled genome and predicted encoding genes, a circular genome diagram was created to 382 

comprehensively display genomic features (Fig. 3). This includes the distribution of genes on the positive 383 

and negative strands, COG functional annotations, and GC content. Such a comprehensive visualization 384 

provides a more thorough and intuitive understanding of the strain’s genomic characteristics. 385 

During the infection process of pathogenic bacteria in the host, strains with varying virulence cause 386 

different levels of damage to the body. The key factors influencing the pathogenicity of these strains are 387 

closely associated with the virulence factors they possess. In this study, numerous genes related to 388 

survival and pathogenicity were identified in strain MRY0520 through whole-genome sequencing. 389 

Subsequently, the most representative virulence genes were selected for further discussion and analysis. 390 

Flagella are organelles responsible for bacterial motility, comprising the basal body, hook sheath, 391 

and filament (Moens and Vanderleyden 1996). Numerous studies have demonstrated a link between 392 

flagella and pathogenicity (Duan et al. 2013). For example, mutation of the filament gene in Edwardsiella 393 

tarda significantly reduced its pathogenicity compared to the wild type, indicating that the filament 394 

contributes to the pathogenicity of E. tarda (He et al. 2012). Bacterial motility also plays a critical role 395 

in the pathogenic infection processes of Vibrio cholerae and Pseudomonas aeruginosa (Krukonis and 396 

DiRita 2003; Arora et al. 2005). In this study, flagellar-related genes were found to be involved in the 397 

biosynthesis and motility of flagella. As common virulence factors, these flagellar genes are 398 

hypothesized to play a crucial role in the infection of the hepatopancreas by strain MRY0520. To date, 399 

few studies have investigated the motility and pathogenic mechanisms of P. damselae flagella, and 400 

further research is needed to elucidate the specific relationship between flagella and host disease. 401 

To adapt to the complex and variable external natural environment, motile bacteria move toward 402 

or away from environmental stimuli to seek benefits and avoid hazards. This behavior is known as 403 

bacterial chemotaxis, which helps bacteria find favorable living conditions (Falke et al. 1997). Currently, 404 

Escherichia coli and Bacillus subtilis are the primary models for studying bacterial chemotaxis. Among 405 

these, research on E. coli chemotaxis is relatively comprehensive. The signal transduction pathway of its 406 

chemotactic system mainly comprises three components: membrane receptors known as methyl-407 

accepting chemotaxis proteins (MCPs) that sense the external environment; the chemotaxis signaling 408 

system that transmits signals to the flagellar motor via proteins such as CheW, CheA, CheB, and CheY; 409 



and the adaptation mechanism that adjusts the initial input signal (Arora et al. 2005; Keegstra et al. 2022). 410 

In our study, six chemotaxis-related genes—CheA, CheB, CheR, CheV, CheW, and CheY—were 411 

identified in strain MRY0520. However, the specific signal transduction pathway in this strain remains 412 

undetermined and requires further analysis and investigation. 413 

Through whole-genome sequencing, we identified two primary RNA polymerase factors present 414 

in strain MRY0520: rpoN and rpoS. RpoN, also known as sigma-54, was first characterized in E. coli as 415 

a subunit of RNA polymerase that regulates the expression of nitrogen metabolism-related genes. 416 

Additionally, RpoN has been shown to regulate carbon metabolism-related genes in Listeria 417 

monocytogenes (Arous et al. 2004). RpoS, also known as sigma-38, mainly plays a critical role under 418 

stress conditions. Some studies have reported that rpoS negatively regulates the expression of genes 419 

involved in flagellar synthesis and motility. For example, under stress conditions, the rpoS gene in E. 420 

coli is upregulated, leading to inhibition of flagellar synthesis and loss of bacterial motility (Shi et al. 421 

1993). Conversely, under normal conditions, rpoS is not expressed, and bacterial motility is enhanced 422 

(Dong et al. 2011). Both rpoN and rpoS participate in the synthesis and chemotactic regulation of 423 

bacterial flagella [51]. The transcriptional regulation of related genes is essential for bacterial survival 424 

and involves multiple regulators working together, often through complex regulatory networks, to 425 

respond to external stimuli. Therefore, it remains to be determined whether rpoN and rpoS also play 426 

regulatory roles in P. damselae and what their regulatory networks might be. These questions require 427 

further experimental investigation. 428 

Conclusions 429 

The impact of P. damselae, as a novel pathogen affecting shrimp, on the shrimp industry requires further 430 

evaluation but warrants significant attention. Therefore, its genomic information, functional annotation 431 

of key genes, and insights into its evolutionary and developmental relationships have become essential 432 

for understanding the mechanisms of pathogen infection, prevention, and control. Whole-genome 433 

sequencing and annotation of strain MRY0520 provide a comprehensive understanding of the pathogen’s 434 

genetic content, composition, and functions, as well as elucidate its predicted biological and molecular 435 

processes. Although strain MRY0520 exhibits conditional pathogenicity similar to some pathogenic 436 

bacteria within the Vibrionaceae family (Supplementary Table S1), our results indicate that the genetic 437 

relationship among all P. damselae strains within the genus Photobacterium is relatively close. 438 

Comparative genomic analysis of strain MRY0520 with other P. damselae strains offers evidence to 439 

clarify their phylogenetic relationships. Our findings show that strain MRY0520 shares the highest 440 

homology with strain Phdd Wu-1, followed by strain MRY0520 and strain Phdp 91-197. These strains 441 

exhibit a high degree of genetic synteny, suggesting that genetic recombination or chromosomal variation 442 

occurred during the evolutionary divergence of P. damselae strains from other Vibrionaceae strains 443 

originating from a common ancestor. The genomic sequence map of strain MRY0520 significantly 444 

supplements the rapidly expanding genomic data of the P. damselae family, thereby enhancing our 445 

understanding of prokaryotic genome diversity and evolution. 446 

 447 



Supplementary Materials:  448 

Table S1 | Information of complete genomes of eight common aquatic pathogens strains 449 

Name Abbreviation NCBI ID 

Predicted gene 

number 

Photobacterium damselae subsp. damselae MRY0520  Phdd MRY0520 CP113238-CP113240 3663 

Photobacterium damselae subsp. damselae Wu-1  Phdd Wu-1 GCA_003130755.1 4446 

Photobacterium damselae subsp. piscicida 91-197  Phdp 91-197 GCA_002356235.1 4963 

Aeromonas hydrophila FDAARGOS_916 AHf 916 GCA_016026875.1 4387 

Plesiomonas shigelloides NCTC10360 PSn 10360 GCA_900087055.1 3057 

Vibrio harveyi ATCC 33843 VHa 33843 GCA_000770115.2 5342 

Photobacterium leiognathi JS01 PLjs 01 GCA_002631085.2 4528 

Escherichia coli CFSAN061769 ECc 061769 GCA_003399775.2 5132 

 450 

Table S2 | Genome assembly results of strain MRY0520 451 

Strain Genome size(bp) Correction(bp) Insertion Deletion Substitution GC(%) 

MRY0520 4451849 1835 1118 401 316 40.87 

 452 

Table S3 | Results of encoding genes prediction in strain MRY0520 453 

Strain Total Number Total Length Maximun Length Minimum Length GC(%) 

MRY0520 3663 3691179 21681 93 41.70 

 454 

Table S4 | Prediction and statistics of secreted proteins in strain MRY0520 455 

Strain Total Protein SignalP Transmembrane P Secret P 

MRY0520 3663 390 57 333 

 456 
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