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ABSTRACT

Acute hepatopancreatic necrosis disease (AHPND) is a life-threatening disease to recently stocked shrimp. This
disease is mainly caused by Vibrio parahaemolyticus and, to date, it has not been effectively controlled. Bacte-
riophages are a promising method to control bacterial diseases in aquaculture and multiple phages that infect
Asian strains of V. parahaemolyticus have been described. However, few studies have characterized the bacte-
riophages that infect Latin American strains. Here, two lytic Vibrio phages (vB_VpaP_AL-1 and vB_VpaS_AL-2)
were isolated from estuary water in Sinaloa, Mexico. The host ranges were tested using ten AHPND-causing
strains isolated from Mexico and phage AL-1 was able to infect two strains while AL-2 infected four. One-step
growth curve showed that AL-1 produced 85 PFU/cell and AL-2 produced 68 PFU/cell in 30 and 40 min,
respectively. Both phages were able to tolerate temperatures ranging from 20 to 50 °C and pH values ranging
from 4 to 10. Phages AL-1 and AL-2 have double-stranded DNA genomes of 42,854 bp and 58,457 bp, respec-
tively. In total, 53 putative ORFs associated with the phage structure, packing, host lysis, DNA metabolism, and
additional functions were predicted in the AL-1 genome, while 92 ORFs associated with the same functions as the
AL-1 and 1 tRNA were predicted in the AL-2 genome. The lifecycle was classified as virulent for both phages.
Morphology, phylogeny, and comparative genomic analyses assigned phage AL-1 as a new member of the genus
Maculvirus in the Autographiviridae family, and phage AL-2 as a new member of the Siphoviridae family. These
findings suggest that vB_VpaP_AL-1 and vB_VpaS_AL-2 are potential biocontrol agents against AHPND-causing
V. parahaemolyticus from Mexico.

1. Introduction

mediated by the delta-endotoxin Pir, which causes the degeneration of
the epithelial cells of the tubule, detachment of the basement mem-

Vibrio parahaemolyticus is a gram-negative halophilic bacterium
commonly associated with infections in aquatic organisms in aquacul-
ture farms and the wild. In 2013, V. parahaemolyticus was described as
the first etiological agent of acute hepatopancreatic necrosis disease
(AHPND) (Tran et al., 2013), a highly virulent disease that affects
several shrimp species. AHPND was formerly referred to as early mor-
tality syndrome (EMS) because it causes a mortality rate close to 100%
within the first 35 days of the postlarval stage due to severe atrophy of
the hepatopancreas (Hong et al., 2016). The hepatopancreas atrophy is
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brane, and then shed in the lumen of the tubule, showing extensive
intertubular hemocytic aggregation at the final stages (Han et al., 2015).
Furthermore, these strains may possess additional virulence de-
terminants such as adhesins, toxins, and type III secretion systems that
cause enterotoxicity in animal models (Zhang and Orth, 2013; Zhou
et al., 2014). The emergence of AHPND began in 2009 in China. Since
then, the disease has spread in several countries including Vietnam,
Thailand, the Philippines, Bangladesh, the United States, South Korea,
and Mexico. The latter was the most affected country, experiencing a
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65% drop in shrimp production (tons) in two years. In addition, global
economic losses caused by AHPND are estimated at US$ 23.6 billion
(Nunan et al., 2014; Shinn et al., 2018). The conventional approach thus
far to mitigate AHPND has been the antibiotics-based treatment or
chemical intervention (disinfection), both with limited success and po-
tential side effects such as antibiotic resistance (Kumar et al., 2021).
Furthermore, V. parahaemolyticus is part of the microbiota of estuarine
and coastal environments, as well as shrimp in tropical areas (Thomp-
son et al., 2004), and eliminating this species will affect the microbiota
balance. Therefore, specific, safe, and environmentally friendly strate-
gies are needed to control AHPND and prevent the development of
antibiotic-resistant strains.

Phage therapy is recognized as one of the most successful techniques
to combat infections as well as to reduce or eliminate bacteria in the food
production environment (Bao et al., 2020; Gordillo Altamirano and
Barr, 2019; Olson et al., 2021). In aquaculture, is a promising method for
the prevention and treatment of vibriosis (Kalatzis et al., 2018), and
several studies have applied it in shrimp ponds with satisfactory results
(Karunasagar et al., 2007; Lomeli-Ortega and Martinez-Diaz, 2014;
Martinez-Diaz and Hipdlito-Morales, 2013; Vinod et al., 2006). Bacte-
riophages (phages) are viruses that infect bacteria with high host spec-
ificity, and they reproduce within bacteria and proliferate exponentially
(Angulo et al., 2018; Kalatzis et al., 2018; Madhusudana Rao and Lali-
tha, 2015). To date, only a few attempts have been made to control
AHPND in shrimp using bacteriophages, with most research focused on
Asian strains of AHPND-causing V. parahaemolyticus. Kim et al. (2012)
identified and sequenced the genome of the phage pVp-1 from the
Siphoviridae family and Jun et al. (2016) evaluated its potential to infect
AHPND-causing strains indicated that it showed a wide host range
against both Asian and Mexican strains; however, no information is
available on its biological characterization. Makarov et al. (2019) bio-
logically characterized and performed a phage therapy evaluation of
phages T2A2 and VH5e, which present a podovirus morphology and
infect several Mexican AHPND-causing strains; however, the charac-
teristics of its genome remain unknown. The genomic characterization
of phages is crucial not only for determining whether they are safe to use
but also to generate a taxonomic classification (Turner et al., 2021).
Phage libraries must be increased and fully characterized to cover all
AHPND-causing strain lineages to formulate phage cocktails that are
effective and safe to prevent and treat this disease.

In the present study, phages vB_VpaP_AL-1 and vB_VpaS_AL-2, which
present  lytic  activity against Mexican =~ AHPND-causing
V. parahaemolyticus strains, were isolated from estuarine water. The
lack of virulence, antibiotic resistance, or lysogenic genes was evaluated
by whole genome sequencing, and their resistance to environmental
stresses and performance in the one-step growth curve were character-
ized to assess their suitability for phage therapy.

2. Materials and methods
2.1. Bacterial strains and growth condition
In total, 10 previously reported AHPND-causing V. parahaemolyticus

strains isolated in Mexico (Gomez-Gil et al., 2014; Gonzalez-Gomez
et al., 2020) were used for bacteriophage isolation and host range
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evaluation (Table 1). All strains were cultured in 5 mL of tryptic soy
broth (TSB; Oxoid Ltd, Hants, UK) supplemented with 2.5% NaCl (Jal-
mek, Nuevo Leon, Mexico) and incubated at 37 °C for 18-24 h. The
genomes of these strains are already available in GenBank under the
BioProject PRINA604195.

2.2. Phage isolation

Seawater and estuary water samples were collected from different
locations in the coastal region of Altata, Sinaloa, Mexico, and processed
by the enrichment method described by Mateus et al. (2014), with some
modifications. Briefly, 200 mL of water was added to 200 mL of TSB at
double concentration and 1 mL of each overnight bacterial culture and
then incubated at 30 °C for 18 h at 80 rpm. After incubation, the
enriched samples were centrifuged at 10,000 x g for 10 min (Megafuge
16R, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA), and
the supernatants were collected and filtered through a 0.22 pm pore
membrane (Pall Corp., NY, USA). The filtrates were collected and used
to detect the presence of lytic phages against pVAl-harbouring
V. parahaemolyticus strains by a spot test. The filtrates that showed the
presence of bacteriophages were serially diluted and 100 pL of diluted
supernatant was mixed with 1000 pL of an overnight culture of host
bacteria in 3 mL of soft agar (TSB with 0.4% agar), poured on tryptic soy
agar (TSA) plates (Oxoid Ltd, Hants, UK), and incubated at 37 °C for 18
h. Bacteriophage plaques were selected based on size and clarity and
transferred to microtubes containing 1 mL of nanopure water. This
procedure was repeated at least three times to ensure that the isolated
phages were descendants of a single virion.

2.3. Host range

The host range of phages vB_VpaP_AL-1 and vB_VpaS_AL-2 was
determined using both the spot test and the efficiency of plating (EOP) as
described by Kutter (2009). Briefly, 1 mL of bacterial culture and 3 mL of
soft agar were mixed and poured on a TSA plate. After solidification, 10
uL of the phage suspension was spotted onto the soft agar surface,
allowed to dry at room temperature, and incubated at 37 °C for 18 h. The
results were classified based on the clarity of the spot and divided into
three categories: complete lysis, incomplete lysis, and no lysis. The EOP
was determined for the strains with complete lysis in the spot test by the
double-layer agar method, and the EOP values were calculated by
dividing the average plaque-forming units (PFU) on the evaluated strain
by the average PFU on the best host.

2.4. One-step growth curve

The one-step growth curves were done according to Kropinski
(2018), with minor modifications. Briefly, 5 mL of the host strain culture
(108CFU/mL) was harvested by centrifugation (8000 x g 5 min),
resuspended in 4.5 mL of SM buffer and mixed with 0.5 mL of phage
stock (1 OSPFU/mL) to obtain a multiplicity of infection (MOI) of 0.1.
Phages were allowed to adsorb for 15 min at 37 °C, and then the mixture
was centrifuged at 12,000 x g for 2 min. The supernatant with unab-
sorbed phages was discarded and the pellet was resuspended in 10 mL of
TSB+2.5% NaCl. Two samples were collected (0 min), and 2-3 drops of

Table 1
Host range of vB_VpaP_AL-1 and vB_VpaS_AL-2 against AHPND-related V. parahaemolyticus strains.
Phage Source Host range (EOP)" Plaque
strain M0605 MO0607  MO0802 M0803 MO0904 MO0905 M2401 M2411 M2413 M2415 diameter”
AL-1 Estuary - - - - - - - - ++ (1.00) ++ (0.95) 1 mm
water
AL-2 Estuary - - ++(0.79)  ++(0.83) ++(1.00) ++(0.92) - - - - 3 mm
water

@ Host range results were recorded as follows: complete lysis: ++, incomplete lysis: +, and no lysis: -.
b plaque diameter obtained from the double agar technique against their respective host.
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chloroform were added to one sample. The mixture was incubated at
37 °C with shaking (200 rpm), and samples were collected every 10 min
over a period of 80 min and titered using the soft agar overlay technique.
The burst size was calculated as the ratio of the final count of liberated
phage particles to the initial count of infected bacterial cells (phage titer
at 0 min - phage titer at 0 min with chloroform).

2.5. Resistance to environmental stresses

To determine the stability of the phages, heat and pH tests were
conducted following a previously described protocol (Cao et al., 2021).
Five hundred microliters of phage suspension (10®PFU/mL) was incu-
bated at different temperatures (20, 30, 40, 50, 60, and 70 °C) in a
thermoblock for 1 h. For the determination of pH stability, 100 pL of
phage stock was mixed with 900 uL of SM buffer with different pH values
(pH2,3,4,5,6,7,8,9,10, 11, and 12), followed by incubation at 37 °C
for 1 h. The phage titer was determined by the soft agar overlay tech-
nique using the respective host.

2.6. DNA extraction and genome sequencing

Phage genomic DNA was extracted using the phenol-chloroform
method (Sambrook and Russell, 2006). Briefly, 1 mL of phage suspen-
sion was transferred to a 1.5 mL microtube and treated with 10  pL of
DNase I/RNase A (10 mg/mL) at 37 °C for 30 min, followed by
treatment with 50 pL SDS (10%), 40 uL EDTA (0.5 M), and 2.5 pL pro-
teinase K (20 mg/mL) and incubation at 56 °C for 2 h. An equal volume
of phenol was added, mixed, and centrifuged at 3,500 x g for 10 min. The
aqueous layer was transferred and mixed with an equal volume of
phenol-chloroform (1:1) and centrifuged twice at 3,500 x g for 10 min.
The aqueous layer was collected and mixed with an equal volume of
isopropanol and stored at -20 °C overnight. The mixture was centrifuged
at 15,000 x g for 30 min, and the DNA pellet was washed with ice-cold
75% ethanol three times. Finally, the DNA pellet was air-dried, resus-
pended in 100 pL of nuclease-free water, and stored at -20 °C.

The DNA libraries were prepared using the Nextera XT Library
Preparation Kit (Illumina, San Diego, CA, USA) according to the man-
ufacturer’s instructions. The libraries were quantified using a Qubit 2.0
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and genome
sequencing was performed with the Illumina MiniSeq platform (2 x 150
bp paired-end protocol, 300 cycles). Raw reads were trimmed by fastp
v0.22.0 (Chen et al., 2018) and de-novo assembled using SPAdes v3.15.3
(Bankevich et al., 2012), resulting in a single contig with >500X
coverage for each phage genome.

2.7. Genome annotations, comparative genomics, and phylogenetic
analyses

The open reading frames (ORFs) were identified by PHANOTATE
v1.5.0 (McNair et al.,, 2019) and manually curated using Geneious
v9.1.8. The ORF functions were annotated using Geneious v9.1.8 and
the protein basic local alignment search tool (blastp) of the NCBI server
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) based on a search of the
nonredundant protein sequence database, with a score of > 50 and an
e-value of <1.0 x 1073, The presence of tRNA was determined using
tRNAscan-SE (Lowe and Chan, 2016) and ARAGORN (Laslett and Can-
back, 2004). The virulence signatures were screened using Victors
(Sayers et al., 2019) and VFDB (Chen et al., 2005), and signatures of
antibiotic resistance were screened using CARD (McArthur et al., 2013)
and NDARO (http://www.ncbi.nlm.nih.gov/pathogens/antimicro-
bial-resistance/). Circular maps of the annotated genomes were gener-
ated using DNAplotter v18.1.0 (Carver et al., 2009). The Al-driven
software platform PhageAl v0.10.0 was used to classify the phage life-
style (Tynecki et al., 2020). For the phylogenetic analysis, a blastp
search was performed for the maturase B protein for phage
vB_VpaP_AL-1 and terminase large subunit protein for phage
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vB_VpaS_AL-2, and the most closely related sequences of these proteins
and the complete genomes of the phages were collected (Table S1).
Protein sequences were aligned using ClustalW (Thompson et al., 1994)
with default parameters in MEGA X (Kumar et al., 2018), and the trees
were constructed using the neighbor-joining method with 1000 boot-
strap replications. Complete phage genomes were assessed using the
VICTOR web tool to determine the phylogenetic relationships (Meier--
Kolthoff and Goker, 2017), and pairwise comparisons of the nucleotide
sequences were conducted using the Genome-BLAST Distance Phylog-
eny (GBDP) method under the settings recommended for prokaryotic
viruses. Finally, the complete genomes were used to calculate inter-
genomic similarities among viral genomes through the VIRIDIC web tool
(Moraru et al., 2020) with blastn default settings, and the comparison
between phages and their respective closely related genomes was visu-
alized using EasyFig v2.2.2 (Sullivan et al., 2011).

2.8. Statistical analysis

All experiments were performed in triplicate, the results are
expressed as the mean + standard deviation (SD), and the data were
evaluated based on analysis of variance (ANOVA) and then, a least
significant difference (LDS) test in Statgraphics Centurion XV software
v15.2.06 (Statpoint Technologies, Inc., Warrenton, VA, USA).

3. Results and discussion
3.1. Isolation and general features of bacteriophages

Fifteen seawater and estuary water samples were collected and
tested for the presence of phages with lytic activity against ten Mexican
AHPND-causing V. parahaemolyticus strains. Two phages were purified
based on their plaque clarity using the soft agar overlay technique and
designated vB_VpaP_AL-1 and vB_VpaS_AL-2 according to the Bacterial
and Archaeal Viruses Subcommittee (BAVS) of the International Com-
mittee on Taxonomy of Virus (ICTV) recommendation (Adriaenssens
and Brister, 2017). Both phages formed clear plaques (approximately 1
and 3 mm in diameter) on the double-layered agar test as shown in
Fig. 1. Other studies in phages that infect V. parahaemolyticus have re-
ported clear plaque morphologies with diameters of 1 to 3 mm in
diameter (Cao et al., 2021; Ding et al., 2020). Bacteriophages can be
isolated from any environment where their host is found; however, some
factors affect the rate of phage recovery in these samples, such as the
sample volume, enrichment type, and incubation conditions (Ala-
gappan et al., 2016; Makarov et al., 2019; Mateus et al., 2014; Yang
et al., 2020).

3.2. Host range analysis

The results of the spot test showed that phage AL-1 lysed two
AHPND-causing V. parahaemolyticus strains and phage AL-2 lysed four
strains, which exhibited a narrow host range (Table 1). However, the

Fig. 1. Morphology of plaques formed on a double-layered agar plate by AL-1
(A) and AL-2 (B).
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specific lytic activity corresponded to the subclades identified by a
phylogenomic analysis of the strains in our previous work
(Gonzalez-Gomez et al., 2020), suggesting a possible lytic effect against
the Mexican strains closely related to these subclades isolated by other
research groups. Since all 10 V. parahaemolyticus strains were used for
sample enrichment, the plating efficiency test was used to determine the
most efficient host for each phage. The results showed that phage AL-1
produces a higher titer on strain M2413 and phage AL-2 produces a
higher titer on strain M0904; therefore, these strains were designated as
their respective hosts. The other phage-sensitive strains showed EOP
values between 0.79 and 0.95 (Table 1). According to this approach, a
narrow host range may be most desirable for phage therapy in marine
environments because Vibrio is a natural inhabitant of marine environ-
ments and part of the normal microbiota of shrimp (Thompson et al.,
2004). Therefore, a phage with a broad host range against Vibrio strains
can disturb the normal microbiota, which could affect organism fitness
(Pérez-Sanchez et al., 2018). However, the highly specific host range
could also be a drawback that severely restricts its applicability, thus the
characterization of the mechanisms and receptors involved in the
adsorption of these phages is particularly important (Ge et al., 2020).

3.3. One-step growth curve

The one-step growth curve revealed latent periods of 10 min for both
phages and rise periods of 30 min for phage AL-1, and 40 min for phage
AL-2. Interestingly, two curves were observed in phage AL-1 due to its
short latency and growth periods. Burst size was determined to be 85
PFU/cell for phage AL-1 (Fig. 2B) and 68 PFU/cell for phage AL-2
(Fig. 2D). The burst size and latency period represent very valuable
data since one of the advantages of phage therapy is that lytic phages
continue to amplify at the site of infection until cells are no longer
available to infect (Madhusudana Rao and Lalitha, 2015); thus, the
one-step growth curve is a fundamental test for phage characterization.
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3.4. Resistance to environmental stresses

We exposed phages AL-1 and AL-2 to different temperatures and pH
ranges for one hour to investigate their stability under environmental
stresses. As shown in Fig. 2A, the titers of both phages were stable at
approximately 8 Log;o PFU/mL after exposure to temperatures between
20 and 40 °C. After exposure to 50 °C, both phage titers significantly
decreased (p < 0.05) to ~x223C7.4 Log1o PFU/mL, while after exposure
to 60 °C titers of both phages significantly decreased to ~x223C4 Logio
PFU/mL. Exposure to 70 °C completely inactivated both phages. Both
phages remained highly infective at pH values ranging from 4 to 9
(Fig. 2C). After exposure to pH 3, 10, and 11, both phages showed sig-
nificant titer reduction (p < 0.05), although the reduction at pH 10 was
~x223C1 Log1o PFU/mL in both phages. AL-1 and AL-2 were inactivated
after exposure to pH 2. The results obtained in the environmental stress
tolerance tests suggest that both phages can be applied in harsh envi-
ronments. In shrimp ponds, the temperature fluctuates between 23 and
33°C(Rahman et al., 2007) and the pH fluctuates between 6 and 10 (Yu
et al., 2020), and the phages can remain stable in these ranges.

3.5. General features of genomes analysis

Both phages have a linear double-stranded DNA genome (Fig. 3). The
genome of phage AL-1 was 42,854 bp long and had an average GC
content of 49.1%, while AL-2 was 58,457 bp and had an average GC
content of 46.4%. The AL-1 genome contained 53 putative ORFs located
in the forward strand, with an average length of 779 bp and sizes ranging
from 93 to 3855 nucleotides. Otherwise, 92 putative ORFs were pre-
dicted in the genome of phage AL-2, which are located in forward (36)
and reverse (56) strands, with an average length of 587 bp and sizes
ranging from 99 to 2,400 bp. Of the 53 putative ORFs in the AL-1
genome, 22 were assigned to hypothetical proteins and 14, 8, 2, 4,
and 3 were predicted to encode proteins associated with DNA
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Fig. 2. Biological characterization of vB_VpaP_AL-1 and vB_VpaS_AL-2. (A) Stability of phages AL-1 and AL-2 at various temperatures for 1 h. (B) One-step growth
curve of phage AL-1. (C) Stability of phages AL-1 and AL-2 at various pH values for 1 h. (D) One-step growth curve of phage AL-2. Different uppercase letters on
stability assays indicate a significant difference (p< 0.05) between AL-1 treatments and lower case letters indicate a significant difference in AL-2 treatments. Values

are the means of three tests + standard deviation.



J.P. Gonzalez-Gémez et al. Virus Research 312 (2022) 198719

payabeiann RA158 n il bg=trnahenda: ITonsoripbianal e ko
L R e T
DAl e B ,__,,-r"""i“'*' -.'h
Chh mphyrsas &
'.': LAY I||
3 |
ghesomd azliee o
|"-Ir- I
ETY
il ber prolar Ifll
]
|
| vB_VpaP_AL-1
PEP'-‘W’PJ-!"'::_':- | = H
|I 42.854 bp : = '.Il- st it b
III 'a”- = |'I - Fi-5 ool aderiisag
Hoa Jﬁgﬁ = _{I O 7T dom mr-cortmining grolken
il ‘ o heapaiaen
Y 'I|1I1r dF g}l = m: nrﬂ'_“r!-“-’-ﬂ"ltrq I

T AR R e Ol Y 0T

Sy G-
ma EismdEhich aoman-riEnny prmban

mismal wnan prolsie \\

AN EARR
tull.l:ll.lr«rprl:tHnBi__m T, g
bl fbaiar prodn &' Py _-.:-"" FMA potmeram
rriajor cagaie prcian 1 (R RTIT Tartilly M-aselginmilerase

weslloling pioben G-I OONNECIDY PRooan

8 P LA

m_!_g____——'—'— —
= L gl "FI-. MO s e el
- ﬂ‘." ﬂ\i\"{\
L K"’ Irpn psapiideene- ranegiyool poa

Hﬂcmﬂrn"r:’r.- | mnnuciesse

Do spase. — [
fll o \ DR haditie
temnmes anallavhunt_ | g - l'II
Ty F 4
are a | st geloaky
T : .’ﬁ - L0
- vB_VpaS_AL-2 ENAPTGS
lprrrerpan bugs gubrel — i Tﬂ.ﬁhil‘lﬁ DALE Nl
| :'\‘k 58,457 bp | ChseC- b i
SILOnEDl g @O | Seppriavos
I': ] | "Iall'i".rllu:llmhmmmm
minor hasd groain -"ll ,II-'IJTF aypohbrdsokaga 1
-. ' |
s fi I_.r..r"-r“"""'-? .I_.-"' 1, engtrmneiemsn

magr capesd proden < ___.;‘_";'m pobnerase bata subnid
(3
'.'-I'l?ﬂﬂl.rl,mrﬂl:lr[l_un\ J/ CILF 245 vt b i DOPIR - 0
winkpn pinpciiml proksin DA, parkmeerase
H J‘ 'ﬂ‘-__,.c""'-
il TRAD oonassning proledn

- _._nu-'”"f‘“"“
Tl by T TR witn | Ll gl by pCdEAT
... A T

M s metsholism module B Lysis module [ rackaging module I RS
B s:nicture modide [ additioral module [ Hypobseticel proteins

Fig. 3. Genome maps of phages vB_VpaP_AL-1 and vB_VpaS_AL-2. The two innermost circles represent GC skew and GC content, respectively. Arrows indicate
annotated ORFs, with either rightward or leftward direction, and color-coded by their putative function.

metabolism, structural proteins, packaging, lysis functions, and addi- described in closely related phage genomes. Hu et al. (2020) showed
tional modules. In addition, only 24 putative ORFs in the AL-2 genome that in addition to tail fiber binding to LPS, tubular tail proteins A and B
were predicted to encode proteins associated with DNA metabolism bind to transmembrane proteins, which mediates phage adsorption and
(15), structure functions (12), packaging (2), lysis functions (2), and bacterial lysis. In addition, Kp32 phage tubular tail protein A also shows
additional modules (3); thus, the function of most of its genes remains enzymatic activity to hydrolyze polysaccharides (Brzozowska et al.,
uncharacterized. 2017), suggesting antibiofilm activity. Furthermore, phage AL-1 can be

The genome of phage AL-1 has several features that have been efficiently transcribed in the middle and late stages of its infection since
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it possesses a large subunit RNA polymerase (Turner et al., 2019; Yang
et al., 2014). Lim et al. (2020) evaluated the lytic activity of glycosyl
hydrolase and zinc peptidase present in phage KF2, and the peptidase
showed more significant lytic activity with a broader spectrum
compared to the KF2 host range.

Compared with AL-1, none of the phage AL-2 genomic features have
been described in closely related genomes. Most of the protein families
present in the AL-2 phage genome have been studied in other siphoph-
ages, however, the T5 phage is widely used as a model phage (Nobrega
et al.,, 2018) and was recently reclassified in the new family Demer-
ecviridae (Kropinski et al., 2019). Only four phages with >70% similarity
have been described at the time of writing; therefore, additional studies
on these phages genomes are required and a large number of hypo-
thetical proteins and their functions in phage infection need to be further
characterized. Furthermore, it is necessary to identify the binding sites
of the phages, since it has been reported that other phages of the
Siphoviridae family bind to the flagellum, causing the loss of this
organelle in the phage-resistant strains of Vibrio (Li et al., 2021). In this
way, phage therapy can have added value by reducing the virulence of
these pathogenic strains.

Finally, one tRNA gene encoding proline was found in the AL-2
genome. Since phages have extremely compact genomes that reduce
their ability to take advantage of host resources, tRNAs could compen-
sate for compositional differences between phages and hosts and com-
plement the translation machinery based on their genetic information to
obtain higher fitness and produce stronger virulence (Bailly-Bechet
etal., 2007). No antibiotic resistance, virulence, or lysogenic genes were
found in either genome, and the phage lifestyle was predicted to be
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virulent by PhageAl. Phage therapy could be harmful if the phage’s
genomic content is not properly characterized due to its ability to
interact with its hosts DNA; consequently, an extensive analysis of the
genome of each phage involved in phage therapy must be performed to
identify undesirable traits (Culot et al., 2019).

3.6. Phylogenetic and comparative genomic analysis

The taxonomic classification of bacteriophages has been in flux in
recent years. Since 1998, when the ICTV recognized the unification of
tailed phages within the order Caudovirales, the morphology of the
phages was the only criterion for assigning them to the Podoviridae,
Myoviridae, and Siphoviridae families. The development of sequencing
technologies and comparative genomic analyses have called for the
establishment of a better taxonomic classification with precise criteria
for the demarcations between the different taxonomic ranks. At the time
of writing this article, 14 families have been recognized within the order
Caudovirales. The ICTV’s Bacterial and Archaeal Viruses Subcommittee
recently recommended the demarcation of families based on cohesive
and monophyletic clustering using the main predicted proteome-based
clustering tools. Genus demarcation is established by >70% nucleotide
identity over the full genome length, and species demarcation is estab-
lished by >95% nucleotide identity over their full genome length
(Turner et al., 2021).

To assign a taxonomic classification to phage vB_VpaP_AL-1, two
phylogenetic trees based on the maturase B protein (Figure S1A) and
whole-genome (Fig. 4A) were constructed, and intergenomic similarities
(Fig. 4B) were calculated between the closely related genomes reported
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Fig. 4. Genomic and phylogenetic analysis of phage vB_VpaP_AL-1. (A) Phylogenetic tree based on Genome-BLAST Distance Phylogeny (GBDP) of vB_VpaP_AL-1 and
39 related members of the Podoviridae family. (B) VIRIDIC heatmap based on intergenomic similarities amongst viral genomes represented by the color scale as
similarity percentage. (C) Genome comparison of phage vB_VpaP_AL-1 and closely related members of the Maculvirus genus. Color scales represent the percentage
nucleotide identity between regions obtained through blastn and arrows represent ORFs, either rightward or leftward direction.
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in GenBank. Both phylogenetic trees and intergenomic similarity heat-
maps revealed that phage AL-1 is a new member of the Maculvirus genus
within the Autographiviridae family. Phages VP93, MGD1, KF2, KF1,
FE11, and OWB were previously assigned to this classification. Most of
the phages within the genus Maculvirus share between 87.81 and
94.55% intergenomic similarity, although phages KF1 and KF2 share
96.52% of similarity (Table S2); therefore, they belong to the same
species. The other phages included in the analysis were classified into
the genera Slopekvirinae and Limelightvirus, although phage phiKDA1
appears to be misclassified in its GenBank description within the genus
Slopekvirinae (~x223C33% intergenomic similarity among other genus
members), and one phage remains unclassified. The Autographiviradae
family consists of a podovirus with a small icosahedral head attached to
a short tail, and all members encode a large single subunit RNA poly-
merase that is responsible for mid-transcription and late transcription.
Furthermore, these viruses possess genus-specific lysis cassettes (Turner
et al.,, 2019), as shown in Fig. 5. All four compared genomes of the
Maculvirus phages showed a lysis module near the packaging proteins.
This lysis module consists of four putative enzymes: peptidoglycan lytic
exotransglycolase, glycosyl hydrolase, and two peptidases, associated
with cell wall degradation through peptidoglycan cleavage, leading to
the cell lysis and release of phage progeny (Grabowski et al., 2021; Lim
et al., 2020; Yuan and Gao, 2016;). Furthermore, Yang et al. (2022)
demonstrated that phage vB_VpP_DE17 of the genus Maculvirus had a
certain bactericidal effect against V. parahaemolyticus within 6 h. Also,
Lomeli-Ortega et al. (2021) demonstrated that Maculvirus phage
vB_Vc_SrVce9 is an effective agent in preventing Vibrio campbellii in-
fections in Artemia franciscana; however, this study was based on the
information obtained from 16S rRNA sequencing. Therefore, functional
metagenomics is required to thoroughly evaluate the effect of these
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phages on the bacteriome and virome.

Similarly, the taxonomic classification for phage vB_VpaS_AL-2 was
assigned through two phylogenetic trees based on terminase large sub-
unit proteins (Fig. S1A), whole-genomes (Fig. 5A), and intergenomic
similarities (Fig. 5B) between the closely related genomes. These ana-
lyses showed that phage AL-2 belongs to a new genus within the
Siphoviridae family, including VspDsh_1, BA3, and CA8 phages. The
phylogenetic tree based on the terminase large subunits groups the
phage PH699 (Hu et al., 2021) in this same clade; nevertheless, its
genome is fragmented into three scaffolds, thus excluding it from
whole-genome analyses. Each phage of this new genus represents a
different species due to their intergenomic similarities, which range
between 79.34% and 93.55% (Table S3). The other phages included in
the genomic comparisons were very distant from this new genus
(<26.17% similarity) despite belonging to the Siphoviridae family.
Turner et al. (2021) advocated the abolition of the classic families
Siphoviridae, Myoviridae, and Podoviridae in future research on the
phage’s taxonomic classification since there are members within these
families that do not share a significant number of orthologous genes for
the phylogenetic analyses. The genome comparison showed high ho-
mology among phages AL-2, CA3, and BA8; however, the genome of
phage vpDsh_1 lacks an ~x223C 12,000 bp fragment that consists
mostly of hypothetical proteins and two DNA metabolism-related pro-
teins. No differences were observed in the arrangement of functional
modules among phages AL-2, CA3, and BAS8, and the nonhomologous
regions were putative hypothetical proteins. Only two studies have
described the phages belonging to this new genus (Hu et al., 2021; Yang
et al., 2020); therefore, it is necessary to elaborate and present the
proposed new genus to the ICTV, and new members of the genus should
be further isolated and their genomes should be reported. Finally, other
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Fig. 5. Genomic and phylogenetic analysis of phage vB_VpaS_AL-2. (A) Phylogenetic tree based on Genome-BLAST Distance Phylogeny (GBDP) of vB_VpaP_AL-1 and
33 related members of the Siphoviridae family. (B) VIRIDIC heatmap based on intergenomic similarities amongst viral genomes represented by the color scale as
similarity percentage. (C) Genome comparison of phage vB_VpaP_AL-1 and closely related members of its genus. Color scale represents the percentage nucleotide
identity between regions obtained through blastn and arrows represent ORFs, either rightward or leftward direction.
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siphoviruses have shown a protective effect in shrimp infected with
AHPND-causing V. parahaemolyticus (Jun et al., 2018); however, phage
therapy must be evaluated to monitor microbiota changes and the
possible associated side effects in the shrimp fitness.

4. Conclusion

In conclusion, we isolated and characterized novel lytic phages
vB_VpaP_AL-1 and vB_VpaS_AL-2, which belong to Autographiviridae and
Siphoviriadae, respectively. Both phages were able to infect at least two
AHPND-causing V. parahaemolyticus strains isolated in Mexico and
showed adequate stability under environmental stresses. Furthermore,
phage AL-1 produced 85 virions per infected cell in 30 min and phage
AL-2 produced 68 virions per cell in 40 min, indicating their ability to
lyse bacteria quickly and effectively. The phage genomes were
sequenced, assembled, and annotated, and they showed putative ORFs
and tRNAs classified into various modules; nevertheless, genes associ-
ated with virulence, lysogeny, or antibiotic resistance were not found.
These findings provide evidence that the phages vB_VpaP_AL-1 and
vB_VpaS_AL-2 have the potential as safe and suitable biological control
agents for AHPND caused by V. parahaemolyticus. However, it is neces-
sary to test its effectiveness in a real natural environment and its effect
against other bacteria. Therefore, in our future studies, phage therapy
will be applied to shrimp ponds exposed to AHPND-causing strains to
assess their effect on shrimp survival and changes in pond microbiota
composition to obtain a comprehensive perspective of the outcome of
phage therapy applied to a complex aquatic environment.
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