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Abstract Vibrio alginolyticus is an opportunistic patho-

gen of animals and humans; its related strains can also

produce tetrodotoxin and hemolysins. A new phage, /
A318, which lysed its host V. alginolyticus with high

efficiency, was characterized. The burst size of /A318 in

V. alginolyticus was 72 PFU/bacterium at an MOI of 1 at

room temperature; the plaque size was as large as 5 mm in

diameter. Electron microscopy (EM) of the phage particles

revealed a 50- to 55-nm isomorphous icosahedral head

with a 12-nm non-contractile tail, similar to the T7-like

phages of the family Podoviridae. Phylogenetic analysis

based on complete sequences of the DNA-directed RNA

polymerase gene revealed that /A318 had 28-47% amino

acid identity to enterobacteria phages T7 and SP6, and

other Vibrio phages, and the phylogenetic distance sug-

gested that /A318 could be classified as a new T7-like

bacteriophage. Nevertheless, several motifs in the /A318

phage RNA polymerase were highly conserved, including

DFRGR (T7-421 motif), DG (T7-537 motif), PSEKPQ-

DIYGAVS (T7-563 motif), RSMTKKPVMTL PYGS

(T7-627 motif), and HDS (T7-811 motif). Genetic analysis

indicated that phage /A318 is not a thermostable direct

hemolysin producer. The results suggest that the MOI

should be higher than 0.1 to prevent the chance of hem-

olysin production by the bacteria before they are lysed by

the phage.

Introduction

Aerosols and water from aquaculture are usually open to

the environment, resulting in the rapid exchange of trans-

mittable diseases and pollution. The high productivity in

aquaculture has concurrently had an ecological impact,

including the emergence of a variety of pathogens. Aquatic

pathogens such as Vibrio strains are fatal, not only to fish

and shellfish, but also to humans, because several virulence

factors that they produce—including hemolysin, caseinase,

gelatinase, lipase, and phospholipase—can also be detri-

mental to human health [1]. For instance, an extracellular

protease with endopeptidolytic and exopeptidolytic activi-

ties from a pathogenic V. pelagius strain is responsible for

the lethal effect and vibriosis in turbot [2]. The different

virulence factors are produced at different stages of

infection. In the example of Vibrio harveyi, quorum sens-

ing negatively regulates phospholipase activity but posi-

tively regulates caseinase and gelatinase activity, whereas

lipase and hemolysin activity is independent of quorum

sensing [3]. Hemolysin-producing bacteria include

V. parahaemolyticus, V. alginolyticus, V. cholerae, V.

hollisae, Aeromonas veronii, and V. anguillarum (Listo-

nella anguillarum).

Among the strains that are taxonomically related to the

harveyi group, Vibrio alginolyticus, a Gram-negative hal-

ophilic bacterium that frequently occurs in the normal

microbiota of marine environments, is a pathogen of epi-

zootic outbreaks, causing serious mortality in fish and

shellfish aquaculture, and it can also be transmitted to

humans. The disease caused by V. alginolyticus often has

lethal consequences for fish larvae throughout the world,

and it has become one of the major limiting factors in

aquaculture in developing countries [4, 5]. For instance,

related strains have been reported to be a causal agent of
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vibriosis outbreaks in grouper Epinephelus malabaricus [4]

and sea bream Sparus aurata [5]. V. alginolyticus causes

several symptoms in sea bream: septicemia, hemorrhaging,

dark skin, and ulcers on the skin surface [5]. Some fish

accumulate fluid in the peritoneal cavity or have hemor-

rhagic livers [6]. In several cases of high-mortality out-

breaks [6, 7], Vibrio alginolyticus and Vibrio splendidus

biovar II were the primary organisms found in moribund

clam larvae (Ruditapes decussatus), and these two species

processed extracellular products collaboratively at high

concentrations to kill the hemocytes after four hours of

incubation [7].

The V. alginolyticus ATCC 17749 is also one of the

bacteria that have been shown to produce tetrodotoxin, a

strong neurotoxin, under laboratory culture conditions [8].

Neurotoxic effects caused by the supernates from diseased

strains of Vibrio alginolyticus and Vibrio anguillarum

caused several symptoms in trout, including convulsions,

wriggling, contortive swimming and respiratory arrest [9].

Injection of the Vibrio strains prompts release of acetyl-

choline in the motor end plates of muscles in the inoculated

fish [9].

To control pathogenic bacteria in aquaculture, chemo-

therapeutic agents are used widely and indiscriminately

due to the high efficiency with which they kill pathogens

and cure the illness [see ref. 10 for review]. Antibiotic

resistance, however, emerges soon after the antibiotics are

applied [11]. For example, in internal organs of diseased

gilthead sea bream (Sparus aurata) and sea bass (Dicen-

trarchus labrax) cultured in fish farms, 91.17% of Vibrio

alginolyticus was found to be resistant to nitrofurantoin

[11]. As a result of management practices in production

cycles, the use of probiotics for prevention of bacterial

diseases in aquaculture is becoming a more significant

practice [10].

One alternative is to use bacteriophages to control

bacterial growth, which is similar to phage therapy in

medical care. This idea has been proposed as a cure for

coral disease [12]. A variety of bacteriophages that can

quickly lyse the pathogens V. alginolyticus, V. carchariae,

V. damsela, V. harveyi, V. parahaemolyticus, V. pelagius,

or V. vulnificus have high potential for future applications

in aquaculture. In this study, we characterized a new phage

that can lyse V. alginolyticus ATCC 17749 in a short

period of time.

Materials and methods

Bacterial strains and growth conditions

Vibrio strains were bought from the Bioresource Collection

and Research Center, Taiwan, including V. alginolyticus

ATCC 17749, V. carchariae ATCC 35084, V. damsela

ATCC 33536, V. harveyi ATCC 14126, V. parahaemolyt-

icus ATCC 17802, V. pelagius ATCC 25916, and V. vul-

nificus BCRC15431. The Vibrio strains were maintained in

Bacto Brain Heart Infusion medium (BHI; Becton-Dick-

inson Co, USA) supplemented with 3% NaCl (Panreac

Quimica, France). For long-term preservation, bacteria

were frozen at -80�C in BHI supplemented with 1% NaCl

and 25% glycerol (Nihon Shiyaku, Japan). The strains were

streaked onto modified seawater yeast extract (rich

MSWYE) agar plates consisting of 23.4 g NaCl, 6.98 g

MgSO4�7 H2O, and 0.75 g KCl in 1000 ml distilled water

[13]. The pH was adjusted to 7.6 with 1 N NaOH, followed

by the addition of 5.0 g of proteose peptone (HIMEDIA

Lab, India), 3.0 g of yeast extract (HIMEDIA Lab, India),

and 20.0 g of agar per liter.

Isolation and titer of bacteriophages

Water samples were collected from aquaculture waterways

in southern Taiwan between 2008 and 2010. The water was

centrifuged at 10,000 9 g for 30 minutes, and the super-

natants were filtered through a 0.45-lm microfilter. After

centrifugation and microfiltration, 20% MSWYE medium

[13] and 1% overnight-grown Vibrio alginolyticus were

added to the filtrate and incubated at 25�C for 4-24 hours to

enrich the phages. The bacterial debris was removed by

two centrifugations at 10,000 9 g for 30 minutes. Using

the agar overlay technique, approximate dilutions of the

resulting phage suspensions were incubated with actively

growing hosts for 5 minutes, mixed with top agar, and

plated onto MSWYE agar plates for phage plaque isolation.

The plaques were picked into 200 ll MSWYE broth for

further titer counting or production amplification. To pre-

pare bacterial cells for determining phage concentrations,

the host Vibrio alginolyticus was freshly inoculated as a

1% volume of seed from overnight culture into 10 ml of

rich MSWYE broth, and it grew to an OD600 of 0.3-0.4 in

about 2 hours. After a series of dilutions, 10 ll of phage

was added to 200 ll of bacterial cells, incubated for

5 minutes, mixed with 3 ml of top agar (rich MSWYE with

0.5% agar), and then poured onto the solid surface of a 2%

agar plate. The plaques were counted in 3-5 hours; the titer

per ml was calculated as 100 9 (dilution factor) 9 (plaque

count).

Electron microscopy

Preparation of phage particles for electron microscopy has

been described elsewhere [14]. In brief, bacteriophage

particles were applied to Parafilm to produce a spherical

drop. Carbon-coated nitrocellulose films were fabricated on

copper grids, which were placed face down on the sample
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drop for 1 min to absorb the particles. After being briefly

washed twice in 10 ll of 10 mM Tris buffer (pH 8)

(Amresco, USA), the samples were then rinsed twice with

freshly prepared 2% uranyl acetate (UA; Sigma-Aldrich,

USA) in Tris-HCl (pH 8.0) and stained for 60 seconds.

Following each step of absorption, washing, and UA

staining, the grids were blotted with filter paper until

almost dry. The finished grids were dried in vacuo over-

night. Images of phage particles were taken at a magnifi-

cation of 40,0009 and a defocus of 3 lm, using a 200-kV

electron microscope (JEOL JEM-2010, equipped with a

Gatan-832 CCD camera).

Preparation of bacteriophage DNA

For propagation of phage, 10 ml of /A318 phage stock

was added to 100 ml of V. alginolyticus (3 9 108

CFU ml-1) cultured in MSWYE and incubated in a shaker

at 25�C for 3-5 hours until the lysate was clear but still

contained some cell debris. The remaining cells and debris

were removed by two centrifugation cycles at 10,000 9 g

for 30 minutes. The supernatant, with a titer of 2 9 1010

PFU ml-1, was stored at 4�C as a phage stock. To con-

centrate phages using a standard PEG protocol [15], solid

NaCl and polyethylene glycol 8000 (Fluka, Germany) were

added, and precipitation was performed overnight at 4�C.

After centrifugation, the phage particles were resuspended

in 2 ml of SM buffer and treated with DNase I and RNase

A (Sigma, USA) to remove contaminating nucleic acids

from the host. The polyethylene glycol was extracted by

adding an equal volume of chloroform (TEDIA, USA) until

the interface was clear. The aqueous phase containing the

phage was treated with proteinase K (Invitrogen, USA) and

sodium dodecyl sulfate (SDS; MD Bio, Inc, USA) at 56�C

for 1 h. Phenol extraction was carried out three times at

room temperature, and the aqueous phase was further

extracted with a 1:1 mixture of equilibrated phenol (Sigma,

USA) and chloroform. DNA precipitated by a 29 volume

of cold ethanol was redissolved in deionized water.

Adsorption and phage burst size

As described previously [16] for the adsorption of phage on

bacteria, 1 ml of broth containing host cells and /A318

was taken at the 5th and 10th minutes and centrifuged to

remove bacteria and bound phage, and free phage in the

supernatants was then measured. Similarly, the burst size

was measured as described previously [17]. In brief,

V. alginolyticus cells were grown in 20 ml of medium to

mid-exponential phase (OD600 = 0.3-0.5) and mixed with

0.1 ml phage /A318 solution (MOI = 0.6 and 1). Samples

of 1 ml of the mixture were taken at intervals and imme-

diately subjected to centrifugation at 14,000 9 g for

3 minutes to remove bacteria. The phage titers in the

solutions were determined by the agar overlay technique.

Using the growth curve for MOI = 1 according to the one-

step criteria, the burst size (Bs) of phage /A318 was cal-

culated as Bs = Pt/P0, where Pt is the phage titer at that

plateau phase and P0 is the initial infective titer.

Thermal stability of /A318

Thermal stability tests have been described elsewhere [18].

Briefly, the bacterium Vibrio alginolyticus was freshly

inoculated as 1% volume of seed from overnight culture

into 20 ml of rich MSWYE broth. When the cell density

reached an OD600 of 0.4-0.5, heat-treated phages from a

dilution series were added to infect the host for 5 minutes

before they were mixed with top agar and poured onto the

solid surface of a 2% agar plate in order to count the pla-

ques in 3-5 hours. Phage particles (2 9 1010 PFU) were

treated at 25-80�C, and samples were taken at 15-min

intervals. Supernatants obtained by centrifugation at

14,000 9 g for 3 minutes were diluted, and the phage titer

was determined using the agar overlay technique.

Multiple sequence alignment

To determine the classification status of the newly isolated

/A318 phage, sequence data for the genes encoding the

DNA polymerase, DNA ligase, RNA polymerase, single-

strand DNA binding protein, and capsid proteins of enter-

obacteria phage T7 and Vibrio phages N4, VP4, and ICP3

were employed to find highly homologous regions.

Complete genome sequences of three Vibrio T7-like

phages and two enterobacteria phages (T7 and SP6)

were acquired from NCBI: enterobacteria phages T7

(39,937 bp, GenBank accession no. NC_001604), vibrio-

phage ICP3 (39,162 bp, GenBank accession no. NC_015

159), vibriophage N4 (38,497 bp, GenBank accession no.

NC_013651), and vibriophage VP4 (39,503 bp, GenBank

accession no. NC_007149). The T7 RNA polymerase

sequence is also the same as 1QLN (RCSB-PDB ID) and

SP6 RNA polymerase is from NC_004831 (GenBank).

Sequences of individual genes retrieved from the genome

sets were then aligned using ClustalW with default options

[19]. Highly conserved 20-mers in both directions were

selected for gene sequencing in an Applied Biosystems

DNA Analyzer (USA), using as template either total phage

DNA from /A318 or fragments thereof generated by

digestion with restriction enzymes. Sets with mismatched

alignment from primers in both directions were discarded.

The best alignment of the individual genes was with

RNA polymerase; therefore, the preliminary sequence was

used for further walking in both directions using the

/A318 phage DNA as the template. The complete RNA
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polymerase sequences were analyzed by the neighbor-

joining method using the NEIGHBOR program in Phy-

logeny Inference Package (PHYLIP) [20]. Distances were

calculated using the DNADIST program of PHYLIP and

displayed in TreeView [21]. ClustalW, PHYLIP, and

TreeView were bundled in the BioEdit program version

7.0.5 [22].

Results

Bacteriophage isolation

After enriching the phages in the field samples with the

target bacterium Vibrio alginolyticus for 4-16 hours,

phage-containing supernatants were incubated with the

indicator strain for 5 minutes, suspended in low-percentage

agar (top agar), and plated onto solid agar plates so the

target strain would form a bacterial lawn with the forma-

tion of plaques. The ten largest plaques from each plate

were picked and re-amplified three times in bacterium-

containing broth using a 59 volume ratio. The plaques of /
A318 that formed in 4 hours at 25�C were very clear at

their center and at the margin in the edge; the size of the

plaques was about 3 mm in diameter, which increased to

5 mm overnight. The phage concentration in each plaque

increased with gradually increasing amounts of host bac-

terium, but not higher than a 509 volume ratio.

Morphology study by transmission electron microscopy

The morphology of phage /A318 was observed by trans-

mission electron microscopy, which is the most common

method to classify phages. The icosahedral head was

almost isomorphous, with a size of 50-55 nm, and the

shells on the head capsids sketched out at least three visible

rings, although the tail fiber was barely distinguishable

from the capsid shell in the micrograph (Fig. 1A). The tail

was 12 nm long, elongating from 25 nm wide in the head-

neck connector to 5 nm in the nozzle. It was highly similar

to the bacteriophages of the family Podoviridae.

In the micrograph shown in Fig. 1B, the prohead carried

an internal core of some density, in which the white density

was polarized toward the right-hand side in readiness to

package the genomic DNA. As Fig. 1C shows, the tail is

still attached to the empty head, but no staining core was

observed inside the head. The empty head aborted the

internal core before the tail attached, presumably not being

a precursor of the mature head to package DNAs. Although

some broken bubble-like complexes were also observed

occasionally (Fig. 1D), chloroform-treated particles main-

tained the same titer for infection of the bacterium. As

Fig. 1E displays, some unknown particles were found

occasionally that were one-third smaller in size but with a

dense coat.

Host range and phage burst size

The susceptibility of the following Vibrio strains to phage

/A318 was also investigated by the agar overlay method:

V. carchariae, V. damsela, V. harveyi, V. parahaemolyticus,

V. pelagius, and V. vulnificus. Among these, V. damsela

and V. harveyi, were found to be susceptible to phage /
A318, while the other four species could not be infected

even at an MOI of more than 100. These results indicate

that phage /A318 has a limited host range within the

harveyi group.

Adsorption is the first step of phage infection of the host

bacterium, and the phage then goes immediately through

advanced propagation, which is detrimental to host growth

for the next round of infection. During experiments to

determine the optimal MOI for production of /A318

phage, it was found that the higher the MOI, the earlier cell

lysis occurred. The optimal production of phage /A318

was at an MOI of 0.5-2.0. Infection with an MOI of 0.6

gave an optimal yield of phage progeny (*4 9 1010

PFU ml-1), which was a 143-fold amplification (Fig. 2).

When the MOI was too high, the number of viable cells

decreased sharply so as to limit phage production, leading

to lower magnification folds. When the MOI was too low,

phage production was limited by nutrient depletion due to

the overgrowth of uninfected bacteria, which used up the

nutrients in three hours.

For measurement of the burst size, a bacterial culture in

the early exponential growth phase was split into glass tubes

with equal numbers of V. alginolyticus cells (*3 9

108 CFU), which were infected with different amounts of

phage at the designed MOI of 0.6 and 1.0, and then plaque

titers were calculated within 4 hours of incubation. With

different MOI values, the time course of phage growth dis-

played the form of a triphasic curve: absorption phase,

growth phase, and plateau phase (Fig. 2). The absorption

time was complete in about 10 minutes. According to the

one-step method [17], the burst size of phage /A318 was

72 PFU per infected cell, which was estimated from the Pt/P0

at an MOI of 1 in which the phages were allowed to propagate

in a one-step infection under the assumption that every

bacterium was infected by one phage.

Viability of phage /A318 in the thermal environment

A thermal stability test was carried out to analyze the heat

resistance of phage /A318 at pH 7.5-8.0. The phage was

incubated at 25, 49.5, 61, 70, and 80�C for one hour. As

Fig. 3 shows, the phage titers at different time intervals

showed that phage /A318 stock solution retained almost
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100% infectivity after incubation at temperatures lower

than 50�C for one hour. When the temperatures rose above

60�C, the viability of phage /A318 declined; less than

10% of phages remained alive after being heated for

60 minutes. At temperatures higher than 70�C, nearly all

phages were inactivated after 15 minutes of incubation.

Fig. 1 Transmission electron micrograph of phage /A318 particles. Virions were negatively stained with uranyl acetate. The bars represent a

length of 50 nm. (A) Mature virions, (B) prohead, (C) empty head, (D) broken vesicles, (E) unknown particle
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The dose of phage that suppresses hemolysin

production

In the early stage of phage amplification from a plaque

(normally at low MOI), a small proportion of the cells were

arrested by the equivalent amounts of phage. The rest of

the cells overgrew by consuming the nutrients in the cul-

ture medium, and a small percentage of cells were lysed by

phage /A318 during the first 5-7 hours. At an MOI lower

than 0.1, few phage particles were observed in EM

micrographs, while, surprisingly, many four-dot complexes

spread over the entire copper grid (Fig. 4). The complex

was uniform, with four dense domains holding together

tightly, and these were tetramers of thermostable direct

hemolysin, formed by four subunits of a 21.6-kDa protein

of 189 amino acids. In whole genome analysis, it has been

predicted that V. alginolyticus ATCC 17749 and some

strains of V. parahaemolyticus can produce it [23].

Using bioinformatics to find sequences with homology

to thermostable direct hemolysin (TDH) sequences in

V. alginolyticus (GenBank accession no. DQ440529.1) and

V. parahaemolyticus (GenBank accession no. BA0000

32.2), we failed to detect TDH and related genes in the

/A318 genome (data not shown). Therefore, /A318 is not

a TDH producer.

Sequence similarity among the T7-like phages

The EM morphology of /A318 demonstrated that this

phage could be related to T7. Comparison of the sequences

of the genes for DNA polymerase, DNA ligase, RNA

polymerase, single-strand DNA binding protein, and capsid
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Fig. 3 Thermal stability of phage /A318. Samples were taken at

different time intervals to determine the titer of the surviving particles

and to calculate the percentage of infectious phage

Fig. 4 Transmission electron micrograph of tetra-dot particles

occurring in the V. alginolyticus lysate, even at low-MOI infection

with phage /A318. After centrifugation at 270,000 9 g, the proteins

were negatively stained with uranyl acetate. The particles resemble a

tetra-dot of TDH. Panel B is a section of panel A with twofold

magnification
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proteins showed that, the enterobacteria phage T7 shares

60-65% homology with Vibrio phages N4, VP4, and ICP3.

Using this information on conserved regions, we designed

several primers to sequence the /A318 genomic DNA.

Primers of 21 nucleotides (forward primer CGCTCCTA

ACTTTGTTCACAG and reverse primer GATTACATCA

TGTTCTTCATA) corresponding to regions conserved

among known T7-like phages were successful in amplify-

ing a fragment of 197 base pairs in /AB, which matched to

RNA polymerase. Using the sequence information of the

197 bp, the complete sequence of the /AB RNA poly-

merase gene was determined by walking the sequences in

both directions, and the resulting sequence was submitted

to GenBank (JQ088079). As Fig. 5 shows, the translated

protein sequence of /AB RNA polymerase was in align-

ment with those of other T7-like phages. The similarities of

/A318 to SP6, T7, and other Vibrio phages were as low as

28-47% (Fig. 6A), while the closest one was enterobacteria

phage SP6. Phylogenetic analysis revealed that the tree had

a tetrapod shape, with the sequence being an almost equal

distance from each other (Fig. 6B). At each vertex were

located phages /A318, SP6, T7, and the other Vibrio

phages (N4/ICP3, VP4).

In comparison with other T7-like RNA polymerases,

there were five consensus regions, corresponding to resi-

dues 421-425, 537-538, 563-575, 627-641, and 811-813

residues in the T7 RNA polymerase, which were named as

motifs T7-421, T7-537, T7-563, T7-627, and T7-811,

respectively. As shown in Fig. 5, the motifs were highly

conserved among the T7-like phages. In phage /A318, the

sequences of the motifs were DFRGR (motif T7-421), DG

(motif T7-537), PSEKPQDIYGAVS (motif T7-563),

RSMTKKPVMTLPYGS (motif T7-627), and HDS (motif

T7-811), respectively.

Discussion

Electron microscopy revealed that phage /A318 particles

were morphologically similar to T7-like phages. /A318

can be most likely identified as type C in Bradley’s clas-

sification of Podoviridae phage [24], based on its mor-

phological characteristics (Fig. 1). The podovirus family is

characterized by phages with an isomorphous icosahedral

head and a short non-contractile tail [25, 26]. Furthermore,

the lengths of the icosahedral capsid and tail of phage /
A318 were morphologically indistinguishable from those

typically observed for the other members of the T7 phage

group.

The protein profiles of known T7 structural proteins

contain at least 16 clearly discrete bands in a gradient gel,

ranging from approximately 16 to 140 kDa [27, 28]. The

predominant polypeptide band of /A318 had an apparent

size of approximately 42 kDa (data not shown), which can

be assigned to major capsid protein gp10A by its size in the

T7 phage. There are three other protein bands that can be

correlated with T7 structural proteins based on their size: a

*27 kDa band, with be tail protein gp11; a *25 kDa

band, with the inner core protein, and a *95 kDa band,

with the head-tail connector protein gp8 (data not shown).

Protein bands of 38 and 40 kDa could be truncated capsid

polypeptides. The sixth minor band of 60 kDa could be

similar to a hypothetical protein of Thalassomonas phage

BA3 [12] and /IBB-PF7A [26]. The structural proteins and

EM morphology clearly demonstrated that /A318 belongs

to T7-like phages. Furthermore, based on the complete

sequence of the gene for the DNA-directed RNA poly-

merase, which is a unique viral protein (Figs. 5 and 6),

phage /A318 is phylogenetically distant from both T7 and

other Vibrio phages. Phage /A318 is a new bacteriophage

of V. alginolyticus.

Our TDH micrograph is identical to EM results from

Yanagihara et al. [23], who also presented the crystal

structure of the TDH tetramer at 1.5-Å resolution. The

TDH tetramer forms a central pore with dimensions of

23 Å in diameter and *50 Å in depth. The central pore

was not well defined in our EM micrographs (Fig. 4),

which was due to the negative staining, which can only

enhance certain strong contrasts in parts, but some image

density around the pore was lost. Since there exists high

homology of TDH sequences between V. alginolyticus and

V. parahaemolyticus, detection of TDH or related genes

was carried out to ensure that the /A318 genome did not

carry the virulent gene (data not shown). Additionally, we

found TDH tetramers at low-MOI infection of /A318, but

few were present at high MOI. TDH production is probably

caused by the lysis action of /A318 lysin, which releases

host TDH protein, while at high MOI, cellular metabolism

may be dominated by phage production instead of syn-

thesis of TDH before lysis. Under such conditions, the

application of this phage to control V. alginolyticus in

aquaculture should be further examined.

In phage therapy for remedying the disease caused by

Vibrio alginolyticus, the new phage /A318 in this study

does not carry a hemolysin-related gene; hence, it is as a

promising agent for such applications. We suggest using as

high an MOI as possible to achieve the cure, or at least an

MOI of 0.1. The optimal yield in the production process for

phage preparation is achieved by growing the phage at an

MOI of 0.6 in order to reach a yield of 143-fold. For

security, the purified phages can be incubated at 50-55�C

for 30 minutes to remove contamination from the viable

Vibrio host.

Cheetham and Steitz [29] had resolved the structure of

T7 RNA polymerase by X-ray diffraction at 2.9 Å
´

. Struc-

tural and functional analysis of bacteriophage T7 RNA

Vibrio alginolyticus phage /A318 923

123



polymerase 1QLN shows four motifs. In the palm subdo-

main, DWRGR (motif T7-421) interacts with the base in

the DNA template strand for correct initiation [29, 30],

while DG (motif T7-537) and HDS (motif T7-H811) are

near the elongating end of the nascent RNA chain during

the functioning of the enzyme [29, 31]. In the finger

subdomain, R–h–K–VMT–YG (motif T7-627) is in the

substrate-binding cleft near the active site of the enzyme

[29, 31]. Underlines in the motifs represent highly con-

served residues that were also found in our /A318 phage

(Fig. 5). In T7 phage, W422 in motif T7-421 has been

shown to be a critical residue interacting to the template

10 20 30 40 50 60 70 80 90 100 110 120
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 ----------------------------MNKDLMQIQLELEAEMHGAGILRFEKNNQRALESGNGSDADWYRRLTREFVRPMADAIQAYIDYYTGRRGKPSACLMHLKCLSPEAAAYIAI
SP6 -----------------------------MQ..HA...Q..E..FNG..R...ADQ..QIAA.SE..TA.N...LS.LIA...EG....KEE.E.KK.RAPRA.AF.Q.VEN.V....TM
ICP3 MANVIKPESHNFSDISAAILPFNVLADSYGEA.AAE..M..H.SYQL.EA..I.AME.QV.R.EV..NAVAKP.LDTLIPAL.AR.TEFVEMK--Q....HVSKGYFAMIK..S..F.IV
N4 MANVIKPESHNFSDISAAILPFNVLADSYGEA.AAE..M..H.SYQL.EA..I.AME.QV.R.EV..NAVAKP.LDTLIPAL.AR.TEFVEMK--Q....HVSKGYFAMIK..S..F.IV
VP4 MANVIKPQSHNFSDISAAILPFNVLADSYGEA.AAE..M..H.SYQL.EA..I.AME.QV.R.EV..NAVAKP.LDTLIPAL.AR.TEFVEMK--Q....HVSKGYFAMIK..S..F.IV
T7 -MNTINIAKNDFSDIELAAIPFNTLADHYGER.ARE..A..H.SYEM.EA..R.MFE.Q.KA.EVA.NAAAKP.ITTLLPK.IAR.NDWFEEVKAK...RPTAFQF.QEIK...V...T.

130 140 150 160 170 180 190 200 210 220 230 240
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 KTIFDGLSNHEIT-AQNLANNIGRRIEDEVRFTKLNNAAPKYIQA-IKESLKKRNSNSYKFDHDVMVHAEKELKLLADFQALLGAGEEKLEIMRLLSIDNDKYQHLLDKAEFAIDIDRWI
SP6 .VVM.-ML.TDA.-L.AI.MSVAE....Q...S..EGH.A..FEK-V.K...ASRTK..RHA.N.A.V...SV------------------------------------..KDA.F...E
ICP3 ..TLNI.AKE.SVPV.RV.MA..GN....I..GRIRDEEI.HFKERV.PN.D...GFI..KAYMEA.E.GMQD-------------------------------------KGELN-STHE
N4 ..TLNI.AKE.SVPV.RV.MA..GN....I..GRIRDEEI.HFKERV.PN.D...GFI..KAYMEA.E.GMQD-------------------------------------KGELN-STHE
VP4 ..TLNI.AKE.SVPV.RV.MA..GN....I..GRIRDEEI.HFKERV.PN.D...GFI..KAYMEA.E.GMQD-------------------------------------KGELN-STHE
T7 ..TLAC.TSADN.TV.AV.SA...A....A..GRIRDLEA.HFKKNVE.Q.N..VGHV..KAFMQV.E.DMLS-------------------------------------KGLLGGEA.S

250 260 270 280 290 300 310 320 330 340 350 360
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 PWSDNDVIQLGAKLIEIFGKNMLMDGQPLIAKQVNGQGRGKTTAKIVATDALETWIQGYKEVVGNMSPAYEPCVVPPKEWKSPFNGGYHSKEVSSNLPIAKVRDKKHLRRLTRKQMPKVY
SP6 A.PKETQL.I.TT.L..LEGSVFYN.E.VFMRAMRTY.-...IYYLQTSESVGQ..SAF..H.AQL....A...I..RP.RT.....F.TEK.A.RIRLV.G-NRE.V.K..Q.......
ICP3 A.EKDVKFHV.IRA..MLIEATG.VQLERKF.GIPDKD----HEALHLAPEYVEKLTNRAHALAGI..M.Q.MI.K..R.TGVQG...WA.GRRP-.NLIR.GS.RA.D.YRQVD..E..
N4 A.EKDVKFHV.IRA..MLIEATG.VQLERKF.GIPDKD----HEALHLAPEYVEKLTNRAHALAGI..M.Q.MI.K..R.TGVQG...WA.GRRP-.NLIR.GS.RA.D.YRQVD..E..
VP4 A.EKDVKFHV.IRA..MLIEATG.VQLERKF.GIPDKD----HEALHLAPEYVEKLTNRAHALAGI..M.Q.MI.K..R.TGVQG...WA.GRRP-.NLIR.GS.RA.D.YRQVD..E..
T7 S.HKE.S.HV.VRC..MLIESTG.VSLHRQNAG.V..D----SET.ELAPEYAEA.ATRAGALAGI..MFQ.......P.TGITG...WANGRRP-.ALVRTHS..A.M.YEDVY..E..

370 380 390 400 410 420 430 440 450 460 470 480
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 QALNALQNVKWQINPSIYAIANEIRLRELPLGMPEFK----KYNKPACPVPAIYSDLRGEDLMQVLDDDQKAAFKNWKRQIASIYAKENKRKSDVREVVATLDQANKFKDFENLHFVYTL
SP6 K.I.....TQ....KDVL.VIE.VIRLD.GY.V.S..PLID.E....N...VEFQH...RE.KEM.SPE.WQQ.I...GEC.RL.TA.T..G.KSAA..RMVG..R.YSA..SIY...AM
ICP3 D.I.TI.ETA.R..KDVL.VV.NVVTWAN---------------C.VED..S.DKLALP.KPEDIDNNEE--SL.K..KAA.A..R..KA.Q.RRISLEFA.S.....SKYNEIY.P.NM
N4 D.I.TI.ETA.R..KDVL.VV.NVVTWAN---------------C.VED..S.DKLALP.KPEDIDSNEE--SL.K..KAA.A..R..KA.Q.RRISLEFA.S.....SKYNEIY.P.NM
VP4 D.I.TI.ETA.R..KDVL.VV.NVVTWTN---------------C.VED..S.DKLALP.KPEDIDNNEE--SL.K..KAA.A..R..KA.Q.RRISLEFA.S.....SKYNEIY.P.NM
T7 K.I.IA..TA.K..KKVL.V..V.TKWKH---------------C.VEDI...EREELPMKPEDIDMNPE--.LTA...AA.AV.R.DKA...RRISLEFM.E.....ANHKAIW.P.NM

490 500 510 520 530 540 550 560 570 580 590 600
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 DFRGRVYCHSSLVSPQGGDLQKALIRFADSMPLGSTGAY-WFKVHGANVWGWDKETFAERVSRCETEEFKEMCLDIAADPITFTDWTKADKPWQFLAWCYEYAALLEWIDEGNNEQDFPS
SP6 .S.S...VQ..TL...SN..G...L..TEGR.VNGVE.LK..CIN...L.....K..DV...NVLD...QD..R......L...Q.A...A.YE.....F...QY.DLV...R-ADE.RT
ICP3 .W.....AIP-MFN...N.MV.G.LT..KKV.V.-IDGGY.LA.....CA.V..VSLED..KWVNDN.ANIIAS--.EA.LD..W.AEQ.S.FC...F.F.W..----YVKAGKKPS.E.
N4 .W.....AIP-MFN...N.MV.G.LT..KKV.V.-IDGGY.LA.....CA.V..VSLED..KWVNDN.ANILAS--.EA.LD..W.AEQ.S.FC...F.F.W..----YVKAGKKPS.E.
VP4 .W.....AIP-MFN...N.MV.G.LT..KKV.V.-IDGGY.LA.....CA.V..VSLED..KWVNDN.ANIIAS--.EA.LD..W.AEQ.S.FC...F.F.W..----YVKAGKKPS.E.
T7 .W.....AV.-MFN...N.MT.G.LTL.KGK.I.-KEG.Y.L.I....CA.V..VP.P..IKFI.ENHENI.AC--.KS.LEN.W.AEQ.S.FC...F.F...G----VQHHG--LSYNC

610 620 630 640 650 660 670 680 690 700 710 720
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 HIAVAMDGSCSGIQHYSAMLRDSVGGKEVNLLPSEKPQDIYGAVSKVVVEWMEAITNNDERDCPIYDKLIDSLVAKFEKAKLTGDLESKARIMAYKFCEEWLRIGVTRSMTKKPVMTLPY
SP6 .LP.HQ................E..A.A...K..DA........AQ..IKKNALYMDA.-----------.ATTFTSGSVT.S.---TEL.A..S----A.DS..I...L..........
ICP3 SLPL.F..T...L..F......EI..AA.....AD.......I.AVK.N.VLRDLVISG-----------TEDEMQTLED.K..EITERLVLGTRTLAAQ..EY.....V..RS....A.
N4 SLPL.F..T...L..F......EI..AA.....AD.......I.AVK.N.VLRDLVISG-----------TEDEMQTLED.K..EITERLVLGTRTLAAQ..EY.....V..RS....A.
VP4 SLPL.F..T...L..F......EI..AA.....AD.......I.AVK.N.VLRDLVISG-----------TEDEMQTLED.K..EITERLVLGTRTLAAQ..EY.....V..RS....A.
T7 SLPL.F.........F......E...RA.......TV.....I.A.K.N.ILQ.DAI.G-----------TDNEVVTVTDEN..EISE.VKLGTKALAGQ..AY.....V..RS....A.

730 740 750 760 770 780 790 800 810 820 830 840
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 GSSQLTCRDSIADYLKDLQEKADNKARARGMKAGSIHAFTDSDGD-LPLRDAISFASMLTWAAIGEVVVAARAGMKYIKEVCSAIAKDNK------------PLEWMTPTGFIVKQAVYE
SP6 ..TR....E.VI..IV..E..EAQ..V.E.RT.NKV.P.E.DRQ.Y.TPGA.YNYMTA.I.PS.S...K.PIVA..M.RQLARFA..R.E------------G.MYTL.....LE.KIMA
ICP3 ..KEYGFA.QVFEDTVMPAIDNGKG.MFT------------------EPSQ.CR.MAK.I.D.VSKT....VEA.QWLQSAAKLVSSEV.DKKSGEILKHAM.VH.T..N..P.WSEYCK
N4 ..KEYGFA.QVFEDTVMPAIDNGKG.MFT------------------EPSQ.CR.MAK.I.D.VSKT....VEA.QWLQSAAKLVSSEV.DKKSGEILKHAM.VH.T..N..P.WSEYCK
VP4 ..KEYGFA.QVFEDTVMPAIDNGKGTMFT------------------EPSQ.CR.MAK.I.D.VSKT....VEA.QWLQSAAKLVSSEV.DKKSGEILKHAM.VH.T..N..P.WSEYCK
T7 ..KEFGF.QQVLEDTIQPAIDSGKGLMFT------------------QPNQ.AGYMAK.I.ESVSVT....VEA.NWL.SAAKLL.AEV.DKKTGEILRKRCAVH.V..D..P.W.EYKK

850 860 870 880 890 900 910 920 930 940 950 960
.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |.... |

phi-A318 VKEDKRIKTQMLGETFFRTSVRT---DKIDPRRMASSAAPNFVHSMDASHLVLAVCAFEDN-GITSIAVIHDSFGTHAGNTELLRLHLSGSFVQMYEENDVIKDFIEYNEALILT---EI
SP6 T-.ML.VR.CLM.DIKMSLQ.E.---.IV.EAA.MGA.......GH.....I.T..ELV.K-.V..............D..LT..VA.K.QM.A..IDGNALQKLL.EH.ERWMV---DT
ICP3 Q-.Q...DCVI..THRMALTINIRDKKE..AAKQT.GI.............QMT.NKCFKVY..H.F.M......C...FASKMFRAVRETM.ET...H...QE.YNQF.QQLHESQI.K
N4 Q-.Q...DCVI..THRMALTINIRDKKE..AAKQT.GI.............QMT.NKCFKVY..H.F.M......C...FASKMFRAVRETM.ET...H...QE.YNQF.QQLHESQI.K
VP4 Q-.Q.V.DCVI..SMRLQLKLNMRDKKE..TAKQ..GI.............QMT.NKCFKVY..H.F.M......C...FASKMFRAVRETM.ET...H...QE.YNQF.KQLHESQI.K
T7 P-IQT.LNLMF..QFRLQPTIN.NKDSE..AHKQE.GI.......Q.G...RKT.VWAHEKY..E.F.L.......IPADAAN.FKAVRETM.DT..SC..LA..YDQFADQLHESQLDK

970 980
.... |.... |.... |.... |...

phi-A318 EATVPEKGELDLQEVLKSLYCFA
SP6 GIE...Q..F..N.IMD.E.V..
ICP3 MPVL.R..N.E.R.I.....T.S
N4 MPVL.R..N.E.R.I.....T.S
VP4 MPAL.R..N.E.R.I.....T.S
T7 MPAL.A..N.N.RDI.E.DFA..

T7-421

T7-537 T7-563 T7-627

T7-563

Fig. 5 Alignment of RNA polymerase genes from different T7-like phages. /A318 is the phage isolated in this study; SP6 and T7 are

enterobacteria phages; Vibrio phages N4, and VP4 are T7-like
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[30], while in /A318 phage, the tryptophan is replaced by

phenylalanine, which is similar to the serine in the enter-

obacteria phage SP6 carrying a hydroxyl group (Fig. 5). In

addition, the 3D structure of T7 RNA polymerase 1QLN

(RCSB-PDB ID) shows that the T7-563 loop is located on

the exterior surface of the enzyme. Nevertheless, the

S564A mutation enhanced polymerization activity by 30%,

whereas the mutations at P563T, Q568A, D569A, and

Y571F destroyed the activity. In motif T7-563 (Fig. 5),

/A318 shared S564 with T7 and SP6, while other Vibrio

phages contained A564 instead.
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