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Abstract. Bacterial diseases are the major threat to the shrimp aquaculture industry. However, the 
applications of antibiotics for treatment and prophylaxis are generally not permissible by law. The 
present study characterized a lytic bacteriophage strain PhVh6 for biocontrol potential against 
pathogenic Vibrio spp. PhVh6 was isolated from the water in shrimp pond encountered ongoing 
mortality using luminescent Vibrio harveyi strain Vh10 (GenBank: KJ700303) as enrichment host. 
Characterizations were conducted for morphology, titer (pfu mL–1), multiplicity of infection (MOI), one-
step growth curve, physico-chemical sensitivities, host range susceptibility and bacteriolytic activities 
against Vibrio spp. Transmission electron microscopy revealed tailed icosahedral viral particles lacking 
of neck and collar, thus assigned PhVh6 to the order Caudovirales and family Siphoviridae. MOI of 1 
was found optimum for PhVh6 and Vh10 interaction. One-step growth curve analysis revealed short 
latent period and high burst rate. PhVh6 was stable from 25 to 65°C, and optimum at 45°C. PhVh6 
was able to tolerate low temperatures at 4, –20 and –75°C. The lytic ability was optimum at pH 6 to 8. 
PhVh6 was tolerant to salinities of 15, 30 and 45 ppt, 1–3% chloroform and 30–40% glycerol. Host 
range susceptibility test showed ability of PhVh6 to lyse Vibrio parahaemolyticus, Vibrio alginolyticus 
and Vibrio harveyi strain Vh8. The present study suggested the potential of PhVh6 as biocontrol agent 
against Vibrio spp. in shrimp aquaculture. 
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Introduction. Pacific white shrimp (Penaeus vannamei) is known as a high-demand 
seafood worldwide. However, bacterial infections in shrimp aquaculture cause disease 
outbreaks and massive losses to the farmers. Shrimp farming is mainly affected by 
vibriosis, especially luminescent vibriosis. The intensive culture of pacific white shrimp 
often leads to outbreaks of vibriosis. Hence, though illegal, some farmers have resorted 
to antibiotic treatment and prophylaxis to save the shrimp crops. The application of 
antibiotics in shrimp farming is generally not permissible by law. Shrimp consignments 
containing antibiotic residues will face rejection by the importing countries if detected. 
Besides, the misuses of antibiotics for prophylactic and treatment purposes have also led 
to the emergence of pathogenic bacteria with antibiotic–resistance (Uchiyama et al 
2011). In addition, the biodiversity of coastal environment has also been disturbed by the 
misuse of antimicrobial, chemicals, fertilizers and pesticides in aquaculture industry 
(Uddin et al 2009). 
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These issues have prompted researchers to investigate for alternative methods for 
prevention of bacterial infections in farmed shrimp. Among the alternative methods being 
implemented against diseases in aquaculture are biofloc (Harini et al 2016; Cardona et al 
2015) and medicinal plant extract (Lakshmi et al 2014; Wu et al 2015; Yeh et al 2009). 
Recently, bacteriophages (phages) have become another promising alternative for 
prevention of bacterial infection in shrimp aquaculture. Phages are viruses that infect 
bacteria. Lytic phages have been used as biocontrol agents to prevent or reduce 
pathogenic bacterial infections (Ly-Chatain 2014). Phages were first discovered prior to 
World War II, but later the studies stopped due to worldwide adoption of antibiotic 
therapy. However, the emergences multiple antibiotic-resistance in bacteria have 
prompted many researchers to re-examine phage therapy (Ly-Chatain 2014). Lytic 
phages can completely eliminate the target pathogenic bacteria without harming other 
beneficial microbiota (Zhang et al 2014) and thus deemed fit the purpose of therapy.  

Prior to therapeutic application, it is necessary to understand in detail the phage 
and host interaction, which is affected by both biological and physical factors (Beke et al 
2016). The biological aspect is related to bacterial resistance and fitness, whereas 
temperature and pH are the main physical factors affecting the phage adsorption and 
bacterial growth.  

In-vitro analyses of phage–bacteria interaction kinetics are necessary to 
understand the course of infection, and for designing optimum protocol for subsequent 
experiments in aquaculture systems (Silva et al 2014). Hence, in–vitro studies of their 
growth patterns, stability against environmental factors (temperature, pH and salinity) 
and lysable bacterial species are vital. The wide host range of phages is considered to 
contribute to the effectiveness of phage therapy. Thus, the present in-vitro study was 
conducted to characterize a lytic phage, strain PhVh6 isolated from water in shrimp pond 
using Vibrio harveyi as enrichment host. We studied the one–step growth curve, 
multiplicity of infection (MOI), physico-chemical sensitivities, host range susceptibility 
and bacteriolytic activity of PhVh6 against pathogenic Vibrio spp. in order to assess its 
potential as biocontrol agent against Vibrio infections in shrimp aquaculture.  

  
Materials and Methods 
 
Enrichment host. Luminescent V. harveyi strain Vh10 (GenBank: KJ700303) was used 
as enrichment host for bacteriophage isolation. Vh10 was previously isolated from 
haemolymph of diseased Pacific white shrimp Penaeus vannamei from a commercial 
shrimp farm in Setiu Wetland, Terengganu in June 2014. The exponential (log) phase of 
Vh10 was determined to be at 6 hr of incubation. 

Phage isolation, purification and titration. Water samples from shrimp pond 
encountered ongoing mortality were collected in September 2014 for phage isolation 
using double–layer agar (DLA) method (Vinod et al 2006). Phage was purified three 
times (Kęsik-Szeloch et al 2013) and titrated to determine the concentration (pfu mL–1). 

Multiplicity of infection. PhVh6 was tested for multiplicity of infection (MOI) of 0.01, 
0.1, 1 and 10 following Shen et al (2012) using exponential phase of Vh10 (108 cfu mL–1; 
OD600 0.75) for ratio adjustment. Vh10 was treated with PhVh6 at 37°C for 20 min, then 
plated on DLA and incubated overnight at 35°C. The MOI resulted in the highest number 
of plaque was considered optimum for infection. 
 
One-step growth curve. One-step growth curve of PhVh6 was determined according to 
Hyman & Abedon (2009). PhVh6 was added to Vh10 (108 cfu mL–1) at MOI 0.1, and 
incubated for 20 min at 37°C, then centrifuged (10,000 × g, 10 min) to pellet down the 
cells. The pellet containing the infected Vh10 cells were washed twice and re-suspended 
in tryptic soy broth (TSB) pre-warmed to 37°C, followed by incubation at 37°C. The TSB 
suspension was sampled at 10-min interval up to 60 min, and immediately diluted for 
phage titer determination using DLA as above.  
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Transmission electron microscopic (TEM) characterization. A high-titer bacterial 
lysate was filtered through 0.45 and 0.22 µm polyvinylidene difluoride (PVDF) 
membranes to prevent host contamination (Surekhamol et al 2013). A drop (10 µL) of 
filtrate containing the phage was deposited on carbon-coated Formvar films and 
positively stained with 2% uranyl acetate (Kęsik-Szeloch et al 2013), then examined 
under a JEM-100C transmission electron microscope (JEOL Ltd., Tokyo, Japan) at 80 kV 
and a magnification of 66,000 ×. The size of phage was determined from an average of 5 
to 10 viral particles. 

Sensitivity assays. All sensitivity assays (Basdew & Laing 2014) were conducted in 
triplicate with 108 pfu mL-1 of PhVh6 (predetermined to be optimum for plaque 
production) in SM buffer as follows: 

Heat sensitivity. PhVh6 solution was subjected to different temperature treatments (25, 
35, 45, 55 and 65°C) in water bath. Aliquots of 100 µL were removed at 0, 20, 40 and 60 
min of treatment, and plated on DLA (Vinod et al 2006), with an exponential Vh10 as the 
host. After 12 hr, the number of plaques resulted from each treatment was counted as 
the phage titer. The temperature resulted in the highest titer was considered optimum.   

Cold sensitivity. This assay assessed the storage capability of PhVh6 at different 
temperatures and the storable duration. PhVh6 solutions stored at 4, −20 and −75°C for 
0, 1, 2, 3 and 4 weeks were analyzed by DLA as above. The storage temperature 
resulted in the highest titer was considered optimum, whereas the titers resulted from 
each storage duration indicated the storage durability of PhVh6 at the respective 
temperature.  

pH sensitivity. SM buffer was calibrated using 1 M HCl to pH 2, 4, 6, 8, 10, 12 and 14, 
and 900 µL of each calibrated solution was aliquoted into 1.5 mL vials (Eppendorf, 
Germany). The stock of PhVh6 was added to the calibrated buffer solutions to the final 
titer of 108 pfu mL–1. The vials were gently inverted to mix, and left to stand at room 
temperature (22°C) for 60 min. After 60 min, 100 μL of each solution was sampled and 
mixed with 100 μL of exponential Vh10. The mixtures were analyzed by DLA as above. 
After 12 hr incubation at 35°C, the pH resulted in the highest number of plaque (titer) 
was considered optimum.  

Salinity sensitivity. SM buffer was calibrated with NaCl to salinities of 15, 30, 45 and 60 
ppt, and used to prepare the PhVh6 test solutions. The test solutions were mixed with 
exponential Vh10, and incubated for 12 hr for DLA analysis as above. The resulting titers 
were used to determine the sensitivity of PhVh6 to each degree of salinity.  

Chloroform sensitivity. PhVh6 test solutions were treated with 0, 1, 2 and 3% (v/v) 
chloroform at room temperature for 15 min. The control was treated with SM buffer. The 
treated PhVh6 solutions were centrifuged at 10,000 rpm for 10 min at 4°C. The aqueous 
phase was withdrawn for DLA analysis as above.   

Glycerol sensitivity. This assay was adapted from Santos et al (2009). 0, 10, 20, 30, 40 
and 50% (v/v) glycerol solutions were prepared using sterile distilled water. PhVh6 stock 
was added to 900 μL of each glycerol solution to the final titer of 108 pfu mL–1. SM buffer 
was used in the control. The mixed solutions were left at room temperature for 1 hr, then 
analyzed by DLA to determine the resulting titer. 

Host range susceptibility. PhVh6 was assessed against V. harveyi strain Vh8, V. 
parahaemolyticus, V. alginolyticus, V. mimicus and V. cholerae by spot test on DLA 
(Surekhamol et al 2013). The lawns host bacteria on DLA were spotted with 10 µL of 
PhVh6 test solution. The formation of clear plaques after overnight incubation indicated 
susceptibilities of the hosts to PhVh6.   

Bacteriolytic assay. Lytic activities of PhVh6 against Vh10 and other Vibrio spp. (V. 
harveyi Vh8, V. parahaemolyticus and V. alginolyticus) was quantified by enzyme-linked 
immunosorbent assay (ELISA) (Zhang et al 2014). Briefly, PhVh6 was used to infect the 
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exponential cultures of the four Vibrio spp. at MOI 1. The mixtures were incubated at 
37°C for 6 hr and aliquots were analyzed in an ELISA reader (Thermo Fisher Scientific, 
USA) at 0, 2, 4, 6, 8 and 10 hr post–infection. A preparation without phage was used as 
negative control.  

Statistical analyses. The sensitivity data were analyzed by one-way analysis of 
variance (ANOVA) using SPSS version 20 (IBM Corp., USA) to determine the significance 
of difference. 

 
Results and Discussion  

Lytic phage PhVh6 was isolated from the water in a commercial shrimp pond encountered 
ongoing mortalities using luminescent V. harveyi Vh10 as enrichment host. The plaque 
characteristics of PhVh6 on DLA and TEM morphologies of the viral particles were 
summarized in Table 1. The clear zones indicated the lytic nature of PhVh6 (Figure 1a). 
PhVh6 showed icosahedral head, elongated and flexible tail, thus assigned to the order 
Caudovirales (tailed phages) (Figure 1b). The lack of neck and collar indicated the tail to 
be non-contractile, hence further classified PhVh6 into the family Siphoviridae (Shivu et 
al 2007).  

It is known that 61% of the tailed phages belong to Siphoviridae (Ackermann 
2007). A study by Shivu et al (2007) also showed that Siphoviridae are more commonly 
encountered, in which six out of seven tailed phages isolated belonged to Siphoviridae 
compared with the family Myoviridae. The genomes of Caudovirales are known to consist 
of double-stranded DNA packed within the capsid (Matsuzaki et al 2005; Yang et al 
2010).  

Table 1 
 

The plaque characteristics of PhVh6 on DLA and morphologies of viral particles under TEM 
 

Plaque on DLA Head  Tail  Order Family 

Clear plaques, 

10 mm diameter 

Icosahedral,  

53 ± 2 nm 

Elongated, 
flexible, non-

contractile (lack 
of neck and 

collar), 120 ± 26 
nm 

Caudovirales 
(tailed phage) 

Siphoviridae 

 

 

Figure 1. a - Clear plaques of PhVh6 on DLA; b - TEM morphologies of PhVh6 particles. 
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MOI is simply the ratio of phages to bacteria in the interaction. Determination of MOI is 
crucial for understanding the effects of phage therapy. MOI is related to the kinetic 
theory of phage therapy, and is critical for the efficiency of bacterial inhibition (Silva et al 
2014). In the present study, the PhVh6-Vh10 interaction was optimum at MOI 1 which 
yielded the highest number of plaque at 1.05 × 1013 pfu mL–1 (Figure 2). 

 

 

Figure 2. Different MOI of PhVh6 to Vh10. 

A high MOI is preferred in any phage therapy program to achieve the complete 
suppression of bacterial growth (Goode et al 2003). In the present study, MOI 1 was 
found to be optimum for PhVh6 and Vh10. The highest MOI of 10 inversely resulted in 
the lowest plaque yield (Figure 2). This is in agreement with a previous research which 
showed maximum bacterial inactivation of 3.3 log after 24 hr of phage therapy, and 
increasing MOI to 10 did not significantly increase the inactivation (Silva et al 2014). 
Hence, MOI of 1 is deemed sufficient for inactivation of host. On the other hand, a study 
has reported that MOI 1 continuously decreased during the third hour of infection but 
MOI 10 showed no changes in value (Zhou et al 2015). 

One-step growth curve showed a short latent period and generation time of 
PhVh6, which resulted in a high burst rate (Figure 3). A short latent period and high burst 
rate translates into faster phage replication and more efficient release of viral particles 
(Bao et al 2011). A previous study suggested that the short latent period of phage might 
relate to rapid production of the phage DNA polymerase (Melo et al 2014). This is a 
characteristic of a good candidate for phage therapy (Silva et al 2014).   

 

 

Figure 3. One-step growth curve of PhVh6 over 60 min. 
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The ability of phages to infect bacteria is influenced by various external physico-chemical 
factors such as temperature, acidity, salinity and ion concentrations, which could 
determine the occurrence and viability of phages during storage (Ackermann et al 2004). 
These factors may inactivate the phage through damage of its structural elements (head, 
tail and envelope), lipid loss or DNA structure (Ackermann et al 2004). Phages and other 
viruses are known for their rapid growths, high pH stabilities and high thermal 
resistances (Yang et al 2010). However, other parameters that may affect the stability of  
phage, such as various in-vivo stress conditions, must be considered (Lee et al 2014). In 
the present study, the sensitivities of PhVh6 to some of the parameters were significantly 
different (P<0.05). The heat sensitivity of PhVh6 was significantly different (P<0.05) and 
optimum at 45°C with the highest titer of 8.69 × 1012 pfu mL–1 compared with other 
temperatures (Figure 4).  
 

 

Figure 4. The sensitivity of PhVh6 to different temperatures (P<0.05). 
  

Temperature is an important factor for phage survival (Olson et al 2004). It plays a 
significant role in phage attachment, penetration and multiplication (Jończyk et al 2011). 
Therefore, it is important to determine the workable range of temperature because in–
vivo phage applications require tolerance to high temperature adaptation. PhVh6 in the 
present study was tested stable at 25-65oC, thus should have a good chance of survival 
when used in the natural environment, although the titer was decreased at the higher 
temperature. These observations are in agreement with a previous study which 
suggested that prolonged exposure to high temperature reduces the lytic ability of 
phages (Chandra et al 2011). This might also be attributed to the ineffective 
multiplication of host bacteria at high temperature.  

It is also important to determine the suitable range of temperature for phage 
storage. In the present study, the cold sensitivity of PhVh6 declined over time in storage. 
The highest titer of PhVh6 (1.3 × 1011 pfu mL–1) resulted from −75°C suggested the 
temperature to be optimum for storage, followed by −20°C (1.06 × 1011 pfu mL–1). The 
titer declined drastically at 4°C (8 × 109 pfu mL–1) after 4 weeks of storage (Figure 5). 
Exposure to 4°C for a month also reduced the lytic ability of PhVh6 compared with −20 
and −75°C. The result suggested possible destruction of the ultrastructure of the phage 
(Basdew & Laing 2014). 

Determination of the optimum pH range is also important for in–vivo use of 
phage, so that the phage can retain its efficiency in the environment. The acidity and 
alkalinity of the environment can influence phage stability, attachment, infectivity, 
intracellular replication and multiplication (Silva et al 2014). PhVh6 was able to withstand 
pH 2–14, but the stability declined with increasing pH (alkaline conditions). PhVh6 was 
optimum at pH 6–8 with a titer of 4.06 × 1011 pfu mL–1 at pH 6 and 4.94 × 1011 pfu mL–1 
at pH 8 (Figure 6).  
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Figure 5. The effect of different storage temperatures on survival of PhVh6. 
 

 

Figure 6. Sensitivity of PhVh6 to different pH (P<0.05). 

The sensitivity of PhVh6 varied significantly at different pH, with pH 14 resulted in the 
lowest titer (7.83 × 1010 pfu mL–1). Lysozyme is used during phage attachment to the 
receptor site of the host for subsequent weakening of the cell wall. However, pH can 
interfere with lysozyme and other capsid proteins, and prevent phage attachment to the 
receptor site (Leverentz et al 2004). Low pH reportedly affects phage aggregation and 
reduces their abilities to penetrate the host cells (Langlet et al 2007). In the present 
study, we observed stable lytic activities at pH 6–8, suggesting that PhVh6 is a good 
candidate for the in–vivo biocontrol of Vibrio spp. The pH range could also ensure 
optimum phage replication (Basdew & Laing 2014). Our findings that PhVh6 is able to  
withstand acid and alkaline conditions are in agreement with the previous studies that 
observed family Siphoviridae to be most resistant to adverse conditions (Lasobras et al 
1997). Similarly, a previous study by Silva et al (2014) has also reported phage to be 
stable at neutral and near neutral pH from 6.5–7.4.  

The titers of PhVh6 were significantly increased with increasing salinity from 15, 
30 and 45 ppt, but drastically declined at 60 ppt (P<0.05). The optimum salinity of 
PhVh6 was 45 ppt with a titer of 4.61 × 1011 pfu mL–1 (Figure 7).  

A previous study has revealed that increase in salt concentration resulted in 
increment of inhibitory activity to a maximum of 5.2 log after 12-hr incubation (Silva et 
al 2014). The salinity sensitivity profile in the present study suggested that PhVh6 favors 
the marine salinity (usually between 32-35 ppt) more than the salinities of brackish 
water. This may have implications in phage application in shrimp farming in the brackish 
water environment. This also suggested that PhVh6 could possibly be originated from the 
marine environment that it favors more, but ended up in the brackish water in shrimp 
pond. 
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Figure 7. The effect of different salinities on PhVh6 (P<0.05). 
 

Chloroform prevents bacterial contamination of phage during storage. The titers of PhVh6 
with and without chloroform were not significantly different (P>0.05), and remained 
stable without chloroform. However, the addition of 1% chloroform was found to be 
optimum with a titer of 4.43 × 1011 pfu mL–1 compared with other concentrations (Figure 
8).  

 

Figure 8. The effect of different concentrations of chloroform on PhVh6 (P>0.05). 
 

It is necessary to add chloroform before phage storage to kill off any live bacterial cells 
that remained unlysed (Sambrook et al 1989) and to prevent from bacterial 
contamination. Thus, chloroform can serve as an alternative to the use of micro–filters. 
We observed that the addition of chloroform to phage lysates did not significantly affect 
the efficiency of PhVh6. This contradicts the previous study that found phages extremely 
sensitive to chloroform treatment (Basdew & Laing 2014).    

Glycerol is needed for long–term storage of phages to ensure maintenance of their 
lytic efficiencies. PhVh6 stored without glycerol yielded significantly lower (P<0.05) titer 
(Figure 9). PhVh6 stored in SM buffer with glycerol showed higher viability. The addition 
of 30 and 40% glycerol for storage resulted in higher titer yields (4.94 × 1011 and 4.88 × 
1011 pfu mL–1, respectively). This could be due to the presence of Ca2+ divalent ions 
(CaCl2) in the SM buffer, which the phages require for stable development. Previous 
study has mentioned the increased growth rate of phage aggregates with the increment 
of calcium salt concentration, possibly resulted from the neutralization of the negatively 
charged moieties on the phage surface by cation binding (Adams 1949). 
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Figure 9. The effect of 0–50% glycerol on PhVh6 (P < 0.05). 

 

PhVh6 was able to lyse other Vibrio spp., namely V. parahaemolyticus and V. 
alginolyticus, but not V. mimicus and V. cholerae. PhVh6 was also able to lyse another 
strain of V. harveyi (Vh8) (Table 2). 

 

Table 2 
Host range susceptibility of PhVh6 

 
Vibrio spp. Host susceptibility 

Vibrio harveyi (Vh8) + 

Vibrio parahaemolyticus + 

Vibrio alginolyticus + 

Vibrio mimicus − 

Vibrio cholerae − 

+: positive   −: negative 
 

The susceptibility of bacteria to phage lysis may vary because of the difference in 
receptor molecules, restriction modification system in the host or superinfection exclusion 
(Duckworth 1976). Our present study contradicts previous studies which reported that 
phages lytic to V. harveyi were ineffective against other Vibrio spp. (Vinod et al 2006; 
Shivu et al 2007). Phages forming large clear plaques were suggested to have broad host 
range, and is regarded as one of the suitable characteristics for phage therapy (Shivu et 
al 2007; Surekhamol et al 2013).  

In the bacteriolytic assay, the PhVh6-treated suspensions of Vh10, Vh8, V. 
parahaemolyticus and V. alginolyticus showed significantly lower absorbance (OD600) in 
ELISA compared with the negative control (without PhVh6), indicating effective reduction 
of cell densities due to strong bacteriolytic activities (Figure 10).  
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Figure 10. Bacteriolytic activities of PhVh6 against (a) V. harveyi Vh10, (b) V. harveyi Vh8, (c) V. 
parahaemolyticus (Vp), and (d) V. alginolyticus (Va) for 10 hr. 

 

In recent years, phage preparations have been approved by Food and Drug 
Administration (FDA) as antimicrobial food additives (e.g., Listex, EcoShield) in poultry 
and ready-to-eat (RTE) products (FDA, 2006). The application of phage, if properly 
strategized according to the industry requirements, can potentially be the alternative to 
the banned antibiotic use in shrimp aquaculture as well as antimicrobial additive in 
seafood products against the life-threatening vibrio poisoning. Going the natural and 
environmental-friendly way, phage application helps ensure the environmental 
sustainability of aquaculture as well as the safety of aquaculture and seafood products.  

Conclusion. We have characterized the MOI, one-step growth curve, physico-chemical 
sensitivity profiles and host range susceptibility of the lytic phage PhVh6. The MOI of 1, 
short latent period, high burst rate and wide host range indicate the potential of PhVh6 
as a biocontrol agent against pathogenic Vibrio spp. in shrimp aquaculture.  
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