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Background
Bacteriophage therapy has emerged as a promising alter-
native for controlling bacterial pathogens, particularly 
in the context of increasing antibiotic resistance that 
threatens environmental safety and human health [1, 
2]. Although using phages to prevent or remove patho-
gens in food animal production, agriculture, and clinical 
settings has shown positive effects [3–5], the practical 
application of phage therapy faces several fundamental 
challenges.

A significant obstacle is the narrow host range exhib-
ited by most phages, which requires the development of 
diverse phage mixtures or cocktails to effectively com-
bat complex bacterial infections [6–8]. This is currently 
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Abstract
Bacteriophages represent a promising alternative to antibiotics for controlling bacterial pathogens. However, 
phage application is often hindered by its narrow host range in preventing diseases caused by multiple unknown 
pathogens. While broad-host-range phages capable of cross-genus or cross-order infections, offer significant 
advantages in addressing this challenge, they are rarely isolated. In this study, we isolated two polyvalent lytic 
phages, SA-P and SA-M, through a multi-host enrichment strategy. These phages exhibited remarkable cross-
order infectivity against the co-occurring aquaculture pathogens Shewanella algae and multiple Vibrio species. We 
confirmed that SA-P executes a complete lytic cycle in these cross-order hosts, indicating exceptional compatibility 
of its lysis systems across taxonomic orders. Genomic analysis revealed that their broad host recognition ability may 
stem from their diverse tail fiber and tailspike proteins. Notably, SA-P and SA-M are the first phages reported to 
infect S. algae, and their combined application exhibited a sustained suppression of pathogen growth. Proteomic 
phylogenetic analysis suggests these phages represent a novel unclassified viral genus and family, respectively. This 
study provides two promising polyvalent phages and their cocktails as potential solution for cross-order pathogen 
control in aquaculture.
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a major obstacle limiting the widespread application of 
phages in disease prevention. To address this limitation, 
researchers have explored several strategies to expand 
phage host ranges, such as long-term phage-host coevo-
lution and genetic engineering approaches that modify 
receptor-binding proteins [9, 10]. In environments with 
taxonomically diverse pathogens, polyvalent phages—
capable of targeting multiple bacterial species—exhibit 
pathogen-suppressive properties comparable to broad-
spectrum antibiotics, making them highly promising for 
therapeutic use [11]. Furthermore, polyvalent phages 
are much more ubiquitous in natural ecosystems than 
previously thought based on the metagenomic analyses 
on environmental samples [12–17]. Notable evidence 
includes the identification of cross-genus viruses infect-
ing members of the Sulfolobaceae family in hot springs 
[12], as well as putative cross-phylum-infecting viruses 
detected in sediment samples [17]. However, despite 
their potential, broad-host range phages (or polyvalent 
phages) capable of infecting bacteria across divergent 
genera or even disparate taxonomic orders are rarely iso-
lated [18–21].

In aquaculture, opportunistic pathogens from different 
taxonomic orders, including Aeromonas spp., Pseudoal-
teromonas spp., Vibrio spp., and Shewanella spp., com-
monly co-occur and pose significant threats to aquatic 
species [22, 23]. Amongst then, Shewanella algae is a 
particularly critical marine pathogen of significant epide-
miological importance, demonstrating notable pathoge-
nicity across diverse aquatic species [24, 25] and posing 
substantial risks to human health through contaminated 
seafood [26]. Concurrently, vibriosis, caused by Vib-
rio spp., remains a predominant disease undermining 
global aquaculture productivity [27, 28]. In this study, 
we successfully isolated two cross-order infectivity bac-
teriophages, SA-P and SA-M, employing a multi-host 
enrichment approach where hosts from distinctly dif-
ferent taxonomic orders (specifically S. algae and nine 
Vibrio strains) served as the bait for phage isolation 
[29]. Notably, this study presents the first comprehen-
sive report of lytic bacteriophages infecting S. algae and 
provides important insights into the application of poly-
valent phages for controlling diverse unknown potential 
pathogens in aquaculture environments.

Results
Cross-order infectivity phages SA-P and SA-M were 
isolated via a multi-host enrichment phage isolation 
strategy
A novel bacteriophage, SA-P, was isolated using a multi-
host enrichment strategy from a mixed culture contain-
ing multiple nine Vibrio species and wild-type strain S. 
algae 37 (Table S1). Concurrently, phage SA-M was iso-
lated from a mixture of Vibrio species and S. algae 37-R, 

a strain resistant to SA-P infection (Table S1). Transmis-
sion electron microscopy (TEM) analysis revealed two 
morphologically distinct bacteriophages. SA-P exhib-
ited an icosahedral head of 51 ± 2  nm in diameter with 
a non-contractile tail of 331 ± 7  nm in length (Fig.  1A). 
In contrast, SA-M possessed a larger icosahedral head 
(67 ± 3  nm in diameter) and a distinct contractile tail 
(147 ± 5 nm in length) (Fig. 1B).

The infection patterns of SA-P and SA-M varied across 
different bacterial hosts. Specifically, phage SA-P demon-
strated clear, well-defined lytic zones on the lawns of S. 
algae 37, Vibrio sagamiensis XJ001, and Vibrio parahae-
molyticus 05 − 1, whereas it produced diffuse and less dis-
tinct lysis zones on alternative host strains Vibrio mytili 
XJK003 (Fig. S1). In contrast, phage SA-M exclusively 
formed distinct lytic zones on S. algae 37 and six S. algae 
37-resistant strains lawns (Fig. S2), while forming cloudy 
zones on the lawns of Shewanella upenei XJK015, She-
wanella upenei HNX001, Vibrio mytili XJK003, and Vib-
rio sagamiensis FB1020 (Fig. S1).

Double-layer plate assays indicated that SA-M could 
form plaques only on S. algae lawns, suggesting host-spe-
cific replication (Fig.  1C). In comparison, SA-P demon-
strated more versatile replication, effectively propagating 
on multiple hosts, including S. algae, V. parahaemolyti-
cus, and V. sagamiensis (Fig. 1D). Furthermore, while the 
OD₆₀₀ of the control bacteria reached around 1, the 
growth of S. algae, V. parahaemolyticus, and V. sagamien-
sis was suppressed by SA-P to 0.18–0.27, 0.56–0.61, and 
0.29–0.43, respectively, within about 7 h at MOIs of 0.1 
and 1 (Fig.  2). The ability of SA-P and SA-M to infect 
multiple bacterial species across different orders under-
scores their potential as versatile biocontrol agents in 
aquaculture management.

Infection characteristic of phages SA-P and SA-M
(1) One-step growth curves
S. algae was employed as a host to evaluate the infection 
characteristics of phages SA-P and SA-M. In particular, 
one-step growth curves revealed distinct life cycle param-
eters between SA-P and SA-M. During incubation with 
S. algae 37, SA-P demonstrated rapid infection dynamics 
with a latent period (30 min), efficient virion production 
(burst size of 116 PFU/cell), and a complete lytic cycle 
of 75  min (Fig.  3A). In contrast, SA-M demonstrated a 
shorter latent period (< 20 min), a burst size of 13 PFU/
cell, and a complete lytic cycle of 80 min (Fig. 3B). Nota-
bly, while the S. algae 37-R strain was resistant to SA-P, 
SA-M demonstrated lytic activity against this variant, 
with a prolonged latent period of 90 min and a burst size 
of 35 PFU/cell (Fig. 3C).
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(2) environmental stability
Both phages maintained lytic efficiency across a broad pH 
range (5–9), with optimal infectivity observed between 
pH 7–8 (Fig. 3D). Temperature sensitivity assays revealed 
that both phages maintained high stability between 4 °C 
and 30  °C, followed by a progressive decline in viabil-
ity between 40 °C and 50 °C, with complete inactivation 
occurring above 60 °C (Fig. 3E). This pH and temperature 
tolerance suggests that these phages could maintain their 
infective capabilities when applied for pathogen control 
in aquaculture settings [30]. Additionally, both phages 

demonstrated chloroform resistance, indicating the 
absence of lipid components in their capsids (Fig. S3).

(3) A combination of phages SA-P and SA-M demonstrated 
sustained inhibition of S. algae in comparison to single-
phage treatment
The growth curve of host bacteria S. algae treated with 
either single-phage (SA-P or SA-M) and combination 
(SA-P and SA-M) were investigated. Individual phage 
infections initially induced rapid bacterial decline within 
10–24  h post-infection (Fig.  3F). However, bacterial 

Fig. 2  The growth curves of S. algae 37 (A), V. parahaemolyticus (B), and V. sagamiensis (C) upon infection by bacteriophage SA-P at MOIs of 0.1 and 1

 

Fig. 1  Transmission electron microscopy characterization of bacteriophages SA-P (A) and SA-M (B). Representative phage plaque morphologies on 
double-layer agar plates illustrating the replication efficacy of SA-M in S. algae (C) and SA-P across diverse pathogenic strains (D), specifically S. algae (a), 
V. sagamiensis (b), and V. parahaemolyticus (c)
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regrowth was observed after 50  h (OD600 reaching 1.5–
1.8 at 60 h), likely due to the emergence of phage-resis-
tant variants. In contrast, a combination of SA-P/SA-M 
maintained a significant suppression of bacterial growth 
(OD600 < 0.4, p-value < 0.05) throughout the 60-h experi-
mental period. Furthermore, a combination of phages 
SA-P/SA-M demonstrated an expanded host range (8 
strains) compared to either single phage alone (4 strains 
for SA-P, 6 strains for SA-M) (Table  1). This sustained 
inhibition and broader host range suggested that an 
SA-P/SA-M phage cocktail offers promising potential for 
S. algae control while effectively circumventing the devel-
opment of bacterial phage resistance [31].

Genomic characterization and phylogenetic analysis of 
SA-P and SA-M
Comparative genomic analysis revealed striking differ-
ences in genome organization and content between the 
two phages (Table  2). SA-P possessed a relatively com-
pact circular double-stranded DNA genome (73,444 bp, 
GC content of 44.05%), encoding 100 open reading 
frames (ORFs), of which 43 demonstrated significant 
homology to characterized functions. In contrast, SA-M 
contained a substantially larger linear double-stranded 
DNA genome (276,582  bp, GC content of 36.16%), 
with 368 ORFs, including 138 functionally annotated 
ORFs. The DNA packaging strategy was predicted to 
be unknown for both SA-P and SA-M. Both genomes 

encoded essential viral proteins, including DNA repli-
cation (helicase), DNA metabolism (exonuclease), DNA 
packaging (terminase large/small subunit), and structural 
components (capsid proteins) (Fig. 4A and B). Both SA-P 
and SA-M genomes contain the recA gene, which known 
to facilitate prophage excision, cell lysis, and potential 
lytic-to-lysogenic state transitions [32, 33]. However, no 
integrase genes were detected in either genome, and no 
lysogenic activity was observed under our experimen-
tal conditions (Fig. S4). Importantly, genomic analysis 
revealed no genes associated with antibiotic resistance, 
toxins, or pathogenicity factors, supporting the safety 
profile of these phages for aquaculture applications [34].

BLASTn analysis against the NCBI database identi-
fied Vibrio phage vB_VhaP_PG11 as the closest relative 
to phage SA-P (78.54% sequence identity, 4% query cov-
erage). Remarkably, no significant matches were found 
for the SA-M genome, highlighting the novelty of these 
phages [35]. Phylogenetic analysis based on whole-pro-
teome comparison (Fig. 4C) positioned SA-P within Schi-
toviridae, suggesting its classification as a novel genus 
within this family. SA-M formed a distinct phylogenetic 
branch separate from other phages, indicating that it 
likely represents a novel family within Caudoviricetes.

Fig. 3  Comprehensive bacteriophage characterization. One-step growth curve of SA-P (A) and SA-M (B) infecting wild-type S. algae 37; (C) One-step 
growth curve of SA-M infecting S. algae 37-R; The sensitivity of both phages to pH (D) and Temperature (E); The growth curves of S. algae 37 infected by 
phage SA-P, and SA-M and their combinations at a MOI of 0.1 (F)
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Discussion
Phylogenetically distinct bacterial lineages frequently 
coexist in diverse environmental niches, including water, 
soil, and animal-associated microbiomes [36–38]. In 
aquaculture, opportunistic pathogens from different 
orders, including Aeromonas spp., Pseudoalteromonas 
spp., Vibrio spp., and Shewanella spp., frequently emerge 
as co-occurring disease agents affecting diverse aquatic 
species [22, 23]. Broad host range phages, characterized 
by cross-genus or cross-order infectivity, demonstrate 
remarkable therapeutic potential analogous to broad-
spectrum antibiotics in these environments harboring 
taxonomically diverse pathogenic populations [11]. How-
ever, most isolated phages exhibit intra-genus infectivity, 
and polyvalent phages with cross-order infectivity were 
rarely isolated despite their anticipated prevalence in nat-
ural environments [12, 18–21].

In this study, we successfully isolated two phages SA-P 
and SA-M through a multi-host enrichment strategy 
involving an enriched host mixture containing pathogens 
from disparate taxonomic orders, which demonstrated 
cross-order infectivity against S. algae and Vibrio spe-
cies. The mixed hosts may exert multiple selective pres-
sures on environmental phages [39] and influences phage 
evolution through reciprocal selection pressures during 
phage-host interactions [40–43], potentially increas-
ing the likelihood of isolating polyvalent phages with 
enhanced isolation efficiency [29].

The broad host range of phages likely results from mul-
tiple molecular interactions throughout the infection 
cycle [7], including diverse receptor-binding proteins 
(RBPs) [19, 44], mutations in hypervariable domains of 
RBP-encoding genes [45–47], adaptation to host molec-
ular mechanisms (e.g., codon usage) [48–50], and eva-
sion of intracellular defense systems [50]. Key structural 
features that potentially enable the broad host range of 
SA-P and SA-M were analyzed through genomic charac-
terization. Notably, SA-P and SA-M encode three and six 
different tail fiber/tailspike proteins, respectively, poten-
tially facilitating attachment to diverse bacterial host 
receptors across genera [19]. The baseplate structures of 
both phages appear to employ a “Swiss army knife-like” 
configuration, with multiple tail fibers and tailspikes 
facilitating adaptable host recognition mechanisms and 
conferring polyvalent capabilities [51]. Broad-host-range 
phages typically employ compatible lysis systems, spe-
cifically the holin-endolysin system, for efficient progeny 
release from diverse host cells. Within this system, holins 
generate lesions in the cytoplasmic membrane, enabling 
endolysins to access and degrade the murein layer, ulti-
mately leading to cell lysis and phage release [52]. The 
plaque assays demonstrated that phage SA-P success-
fully released progeny in both S. algae and Vibrio species, 
indicating the compatibility of its holin-endolysin system 

Table 1  Host range of phages SA-P, SA-M, and the combination
Species Strain SA-P SA-M Combination
Shewanella algae 37* + + +
Shewanella algae 37-R* - + +
Shewanella upenei XJK015* - + +
Shewanella upenei HNX001 - + +
Shewanella indica KJW27 - - -
Shewanella chilikensis XFB1005* - - -
Vibrio alginolyticus 283* - - -
Vibrio alginolyticus TFB2020 - - -
Vibrio alginolyticus HS05-8 - - -
Vibrio alginolyticus G1 - - -
Vibrio baumannii HS2-2 - - -
Vibrio bivalvicida HS3-1 - - -
Vibrio campbellii 18 − 1* - - -
Vibrio campbellii 25,005 - - -
Vibrio fortis HS3-4 - - -
Vibrio harveyi VIB645* - - -
Vibrio harveyi 17X-5-1 - - -
Vibrio helialis 25,001 - - -
Vibrio helialis 17 S-2-3 - - -
Vibrio helialis HNXS003 - - -
Vibrio hepatica HS4-3 - - -
Vibrio hepatica HS4-3 - - -
Vibrio hyugaensis HNXS003* - - -
Vibrio kanaro HS4-4 - - -
Vibrio maximus pmp022 - - -
Vibrio maximus pmp022-T - - -
Vibrio mytili XJK003* + + +
Vibrio natriegens 15* - - -
Vibrio neocaledonicus B19 - - -
Vibrio parahaemolyticus 05 − 1 + - +
Vibrio parahaemolyticus Vp* - - -
Vibrio parahaemolyticus pmp116 - - -
Vibrio reinhardtii T-HJ001 - - -
Vibrio rotiferianus 25,006 - - -
Vibrio sagamiensis FB1020* - + +
Vibrio sagamiensis XJ001 + - +
Vibrio sagamiensis HNX004 - - -
Vibrio sinaloensis ZZ006* - - -
Vibrio sinaloensis 25,004 - - -
Vibrio sinaloensis ZZ006-T - - -
Vibrio vulnificus JK018 - - -
Vibrio jasicida B2 - - -
Vibrio Atlantic E-HMS2016 - - -
+, Lysed; -, not lysed. * Pathogens used in simultaneous enrichment during the 
multi-host phage-isolation strategy

Table 2  Basic genome characteristics of phages SA-P and SA-M
Characteristic SA-P SA-M
Genome length (bp) 73,444 276,582
No. of GC content (%) 44.05 36.16
tRNA 2 28
ORFs 100 368
Functionally annotated ORFs 43 138
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Fig. 4  Genomic characteristics of phage SA-P (A) and SA-M (B). In this circular representation, the rings (from outer to inner) represent predicted ORFs, 
with arrows (maroon) pointing in the strand direction, GC content (khaki green), positive GC skew (light green), and negative GC skew (magenta). The 
phage proteomic tree including SA-P, SA-M, and other closest relative phages constructed using the ViPTree (C)
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with these phylogenetically distinct bacteria. Neverthe-
less, given the substantial percentage of unannotated 
genes in the genomes of SA-P (57%) and SA-M (62.5%), 
further research is needed to fully elucidate their broad 
host range mechanisms.

Importantly, SA-M demonstrated the ability to infect 
SA-P-resistant bacteria, revealing distinct host ranges 
and divergent infection mechanisms between these two 
phages. This complementarity aligns with the emerging 
promise of phage cocktails, which have gained attention 
as an approach to achieve a broad host range and combat 
bacterial resistance [53, 54]. The unique characteristics of 
SA-M, which belongs to the giant phage group (genome 
sizes 200–500  kb) [55], make it particularly valuable in 
such cocktails. SA-M’s expanded repertoire of 28 tRNAs 
(compared to SA-P’s 2 tRNAs) may serve multiple func-
tions: substituting for cleaved host tRNAs during bacte-
rial defense responses, facilitating efficient translation 
of phage-specific genes through codon optimization 
[56, 57], and conferring greater independence from host 
molecular machinery [58]. Furthermore, SA-M harbors 
four potential stress defense genes—phosphate starva-
tion protein PhoH (ORF 298) [35], Clp protease (ORF 
325) [59], glutaredoxin-family protein (ORF 309) [60], 
and periplasmic protein (ORF 322) [61]—compared to 
SA-P’s single stress defense gene (ORF 52). These genes 
collectively enhance viral resilience under stressful envi-
ronmental conditions [62]. Although not yet verified, the 
potential formation of a phage nucleus by SA-M, char-
acteristic of jumbo phages, may provide additional pro-
tection against DNA-targeting CRISPR-Cas systems and 
restriction enzymes [55, 63], further supporting its value 
in phage cocktails through complementing SA-P’s host 
range and enhancing overall therapeutic efficacy.

Both phages encode domains may play a role in bac-
terial immunity against other bacteriophages [64–66]. 
SA-M contains an HD domain protein (ORF 64) associ-
ated with CRISPR-Cas systems, exhibiting both endo- 
and exonucleolytic (3′–5′) activity against ssDNA and 
RNA [67]. SA-P harbors a MazG domain (ORF 31), 
potentially regulating bacterial growth by reducing intra-
cellular guanosine 3’,5’-bispyrophosphate (ppGpp) levels 
[68]. Both phages also contain VWA-like domains, com-
monly found in phage defense systems [69]. The presence 
of these regulatory and defensive domains underscores 
the importance of evaluating their interactions and 
potential compatibility when deployed alongside other 
phages in therapeutic cocktails [70].

In addition to whole-phage therapies, there is grow-
ing interest in exploiting phage-encoded lytic and 
bacteriostatic proteins as next-generation antibacte-
rial agents [71, 72]. SA-M encodes endolysin (ORF 
113), transglycosylase (ORF 87) and lysozymes (ORFs 
255, 256), while SA-P encodes pectate lyase (ORF 3), 

N-acetylmuramoyl-L-alanine amidase (ORF 4), and 
metallopeptidase (ORF 21). These proteins may possess 
therapeutic antibacterial properties [71–73]. Additional 
regulatory elements include a phage-encoded N-acetyl-
transferase (ORF 220) in SA-M, potentially involved in 
bacterial transcriptional inactivation [74].

Interestingly, our study demonstrated that the SA-P 
phage exhibited a stronger inhibitory effect against Vib-
rio parahaemolyticus at a low multiplicity of infection 
(MOI) of 0.1 compared to a higher MOI of 1.0. While 
elevated MOIs are typically assumed to enhance bacteri-
cidal activity by increasing the probability of host infec-
tion, our findings align with previous studies indicating 
that high MOIs can paradoxically diminish phage effi-
cacy. One explanation is the phenomenon of lysis from 
without, wherein an overwhelming phage-to-host ratio 
triggers premature bacterial lysis without productive 
infection, thereby curtailing phage progeny release and 
disrupting subsequent infection cycles [75]. Further-
more, high MOIs may rapidly deplete susceptible host 
populations, limiting opportunities for phage amplifica-
tion and sustained bacterial suppression [76, 77]. Addi-
tionally, elevated phage concentrations may activate 
bacterial defense mechanisms. For instance, increased 
MOI has been shown to accelerate spacer acquisition 
in the CRISPR arrays of Sulfolobus islandicus LAL14/1, 
bolstering adaptive immunity against phage predation 
[78]. Thus, excessive phage densities may activate stress-
induced or density-dependent defenses, impairing pro-
ductive phage replication. In contrast, lower MOIs are 
less likely to trigger such responses, thereby facilitating 
more efficient phage propagation and prolonged antibac-
terial activity. Similar outcomes have been documented 
in other phage-bacteria systems, where reduced MOIs 
yielded superior bacterial suppression compared to 
higher MOIs [79, 80]. Collectively, these findings high-
light the critical role of MOI optimization in phage-based 
applications, as higher phage doses do not invariably cor-
relate with improved clearance and may even compro-
mise efficacy.

Conclusions
This study represents a significant advancement in aqua-
culture health management through successfully isolat-
ing phages with cross-order infectivity, capable of lysing 
pathogenic Shewanella algae and Vibrio species. Future 
investigations should focus on elucidating the molecular 
mechanisms underlying the phages’ broad host range and 
optimizing their applications for effective pathogen con-
trol in aquaculture.
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Methods and materials
Phage isolation and purification
S. algae 37, isolated from diseased shrimp tissues, was 
used as the host for phage SA-P isolation. The host strain 
was cultured in 2216E medium (Hope Bio-Technology, 
Qingdao, China) at 28  °C with shaking. Water samples 
collected from the coast of the Yellow Sea, China, were 
filtered through 0.22-µm sterile microfilters and co-cul-
tured with multiple log-phase host cultures, including 
S. algae 37, Shewanella chilikensis, Shewanella upenei, 
and 9 Vibrio species. Phage samples were collected and 
filter-sterilized daily for five consecutive days. Plaque 
assays were performed by the double-layer agar plating 
method to determine phage infection [81]. Briefly, 1 mL 
of the filtrate was serially diluted with SM buffer, and 
inoculated with 1 mL of log-phase S. algae 37 for 30 min 
at 28 °C in a shaker. The suspension was then mixed with 
5 mL of sterile soft 2216E agar (0.5%) and overlaid onto 
2216E agar plate (1.5%). Following overnight incubation 
at 30 °C, a single phage plaque was isolated, resuspended 
in 1 mL SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM 
Tris-HCl [pH = 7.5]), and purified five times following the 
double-layer agar plating method described above.

A SA-P-resistant strain, designated S. algae 37-R, was 
subsequently employed as the host for the isolation of 
novel phage SA-M, from Yellow Sea coastal waters fol-
lowing the aforementioned procedure. To establish 
methodological controls, additional bacteriophages were 
isolated through co-cultivation with individual bacterial 
strains (Vibrio spp. and Shewanella spp.). All bacterial 
strains and purified phages were preserved long-term in 
0.85% NaCl solution containing 15% glycerol at -80 °C.

Host range testing
The host range of these phages was determined using 
spot tests [82] against a panel of 53 bacterial strains from 
our laboratory collection, including 10 SA-P-resistant 
Shewanella isolates. In brief, 1 mL of a log-phase bacte-
rial aliquot was mixed with 4 mL molten 2216E (0.5% 
agar) and overlaid onto 2216E agar plate (1.5% agar). 
Ten-microliter aliquots of phage suspension (10 µL) were 
spotted onto these double-layer agar plates and incubated 
overnight at 28 °C. The bacterial sensitivity to phages was 
determined by the presence of clear lysis zones at the 
spot. Furthermore, to evaluate the replicative capacity of 
bacteriophages in specific bacterial hosts, serial-diluted 
phage lysates and host cultures were mixed with molten 
2216E medium and subsequently spread onto solid 2216E 
agar plates. After incubating at 28 °C for 24 h, the phages’ 
host-specific replication was determined by the presence 
of plaques [83].

Antimicrobial activity assessment of SA-P against diverse 
hosts
The antimicrobial activity of phage SA-P was evalu-
ated against three bacterial strains: Shewanella algae 37, 
Vibrio sagamiensis XJ001, and Vibrio parahaemolyticus 
05 − 1. Briefly, bacterial cultures (800-µL aliquots, ini-
tial concentration 1 × 10⁸ CFU/mL) were inoculated into 
48-well microtiter plates (Nest Biotechnology, China) 
and infected with SA-P at multiplicities of infection 
(MOI) of 0.1 and 1.0. Control wells without phage were 
included to monitor bacterial growth in the absence of 
phage treatment. Cultures were incubated at 28  °C with 
shaking at 150 rpm, and bacterial growth was monitored 
by measuring optical density at 600 nm (OD₆₀₀) at 1-hour 
intervals using a microplate reader (TECAN, Infinite 200 
PRO, Switzerland). All assays were conducted in trip-
licate to ensure reproducibility. This approach enabled 
a comparative assessment of SA-P’s inhibitory effect 
against different host strains under controlled conditions.

Antimicrobial activity assessment of individual phages and 
cocktails against S. algae
The antimicrobial efficacy of phages SA-P, SA-M, and 
their combination was tested against S. algae 37. Bacteria 
cultures were inoculated at 1% (v/v) into fresh medium 
(100 mL) and incubated at 28 °C with shaking conditions 
(150 rpm) until reaching log-phase (OD₆₀₀ = 0.6). Phages 
were then added at MOI = 0.1, while control groups 
received an equal volume of 2216E medium. OD₆₀₀ mea-
surements were taken at 1-hour intervals for the first 
20  h, followed by measurements at 2-hour intervals, 
using a UV spectrophotometer (WPA Biowave II, Bio-
chrom, England). All assays were performed in triplicate.

Phage morphology characterization
Phage morphology was characterized using Transmis-
sion Electron Microscopy (TEM) [84]. Briefly, the phage 
lysates were concentrated using a 30-kDa ultrafiltra-
tion membrane and washed three times with SM buffer. 
A 10-µL aliquot of concentrated phage suspension was 
deposited on a 200-mesh carbon-coated copper grid and 
air-dried. Phage particles were then negatively stained 
with 2% uranyl acetate for 3  min. TEM observations 
were performed at magnifications between 20,000 × and 
30,000 × using a Hitachi-7800 instrument operating at 
80 kV.

One-step growth curve
Phage life cycles were determined using a modified one-
step growth curve method [85]. In brief, 1 mL of log-
phase bacteria culture (OD600 = 0.6) was mixed with a 
phage suspension at a multiplicity of infection (MOI) of 
0.01. After 20 min of adsorption, the mixture was centri-
fuged (5000 × g, 3 min), and the pellet was washed three 
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times with 2216E medium to remove unadsorbed phages. 
Subsequently, the pellets were resuspended in 1 mL 
2216E medium, and 20-µL resuspension was transferred 
to 20 mL fresh medium incubating at 28 °C with shaking, 
making the initial infection timepoint (T0). Phage titers 
were measured at 15 to 30-minute intervals using dou-
ble-layer agar plaque assays. The burst size was calculated 
as: Burst size = (PFUfinal– PFUT0)/ (PFUadded– PFUT0).

Phage stability analysis
For pH stability testing, phage lysates were inoculated in 
SM buffer with pH values ranging from 1 to 12 at 28 °C 
for 1 h [30]. Following pH neutralization, phage titers and 
survival rates were determined using the double-layer 
agar method. In the thermostability assessment, phage 
lysates (108 PFU/mL) were subjected to temperature-
controlled incubation at 20, 30, 40, 50, 60, 70, and 80 °C 
for 1 h, after which phage titers were quantified using the 
standard double-layer agar methodology. Chloroform 
sensitivity was assessed by mixing 1 mL of phage lysate 
with 20 mL (i.e., 2% [vol/ vol]) and 200 mL (i.e., 20% 
[vol/vol]) of pure chloroform [84]. Mixtures were vigor-
ously agitated for 1 min, incubated at room temperature 
for 30 min, then centrifuged at 6,000 × g for 5 min. The 
phage-containing supernatants were spotted on S. algae 
37 lawn to assess phage activity.

Lysogeny test
For the lysogeny investigation of phages SA-M and SA-P, 
a modified protocol was employed [33]. Briefly, phage-
resistant strains were isolated as previously described 
[86] and PCR analysis was performed to detect poten-
tial integrated phage genome fragments within these 
phage-resistant strains. Wild-type strain served as nega-
tive controls and phages served as positive controls. PCR 
amplification targeted specific phage sequences using the 
following primers: for SA-P, PF1 (5’-​A​C​T​C​T​T​C​T​G​A​A​G​
T​T​G​G​A​A​C​G-3’) and PR1 (5’-​C​A​G​A​T​C​G​T​G​G​C​A​T​G​T​A​
A​G​A​A-3’); for SA-M, MF1 (5’-​G​A​T​A​A​T​T​C​A​T​T​C​A​T​G​T​
C​A​A​C​G​T​C-3’) and MR1(5’- ​C​A​G​A​A​A​T​C​T​G​A​A​A​T​C​G​T​
A​A-3’).

Genome DNA extraction, sequencing, and analysis
Phage DNA was extracted using the DNeasy Blood & 
Tissue Kit (QIAGEN) according to the manufacturer’s 
instructions [87]. High-throughput sequencing was con-
structed using the Illumina NovaSeq X plus platform 
(Illumina Inc., San Diego, CA, USA) by Qingdao OE Bio-
tech Co., Ltd. (Qingdao, China). The libraries were con-
structed with VAHTS Universal Plus DNA Library Prep 
Kit (Vazyme, Nanjing, China). Raw reads were quality-
filtered by the KneadData (v0.10.0) and assembled using 
SPAdes Genome Assembler (v.3.14.1) [88]. Non-viral 
sequences were removed using CheckV (v0.7.0) [89]. 

Open reading frames (ORFs) were predicted using Gen-
eMarks [90] and Prokka (v.1.14.6) [91], then annotated 
by BLASTp against the nonredundant (nr) protein data-
base of the NCBI (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/) with 
an e-value of 10− 5. PhageScope (v.1.3) [92] was used for 
tRNAs, virulence genes, and antimicrobial resistance 
gene prediction. PhageTerm was used to predict the 
genome termini and phage packaging mechanisms [93]. 
Genome visualization was performed using Proksee 
server [94]. Proteomic tree based on genomic similarity 
(SG score) was generated using ViPTree 4.0 [95].

After genome sequencing, PCR amplifications were 
carried out to check whether these genomes were circu-
lar or linear using the following primers: SA-PF (5’-​A​G​
A​C​T​A​C​C​T​A​A​A​T​G​A​G​G​T​G​G-3’), SA-PR (5’-​G​T​A​C​A​C​G​
T​C​G​T​T​T​T​G​T​T​G​A​T​C-3’), SA-MF (5’-​A​C​A​A​A​C​C​C​A​G​A​
T​G​C​T​T​A​C​A​C-3’), and SA-MR (5’-​A​A​T​A​T​G​G​A​C​C​A​C​C​
G​A​G​A​A​G​A​T-3’). These primers were designed to extend 
outward from the termini of the putative linear genomes. 
PCR amplification products would be generated only 
from circular genomes, with sequences consistent with 
the assembled genome sequence.

Statistical analysis
All experiments were performed in biological triplicates. 
Data were analyzed using GraphPad Prism 9 software 
[96]. One-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparisons test was used to assess sta-
tistical significance between groups. A p-value ≤ 0.05 was 
considered statistically significant.
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