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Abstract

:

Vibrio coralliilyticus is one of the major pathogens causing mass mortality in marine bivalve larvae aquaculture. To prevent and control Vibrio spp. infections in marine bivalve hatcheries, various antibiotics are overused, resulting in environmental pollution and the creation of multi-drug-resistant strains. Therefore, research on the development of antibiotic substitutes is required. In this study, we isolated two bacteriophages (phages) that specifically infected pathogenic V. coralliilyticus from an oyster hatchery and designated them as pVco-5 and pVco-7. Both phages were classified as Podoviridae and were stable over a wide range of temperatures (4–37 °C) and at pH 7.0–9.0. Thus, both phages were suitable for application under the environmental conditions of an oyster hatchery. The two phages showed confirmed significant bactericidal efficacy against pathogenic V. coralliilyticus in an in vitro test. In the in vivo experiment, the phage pre-treated groups of Pacific oyster larvae showed significantly lower mortality against V. coralliilyticus infection than untreated control larvae. The results of the present study suggest that both phages could be used in the artificial marine bivalve seedling industry; not only to prevent pathogenic V. coralliilyticus infection, but also to reduce antibiotic overuse.
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1. Introduction


Asia has the highest yields of oysters in the world. In 2017 it produced 5,435,627 tons, 95.19% of the global production (5,710,522 tons) [1]. Since the development of marine bivalve artificial seed production technology, numerous countries have produced seedlings of various species. In Korea, the artificial seedling production industry for Pacific oysters has actively developed, mainly in the southern region. The Republic of Korea produced 315,255 tons of Pacific oysters (Crassostrea gigas), 49.33% of the global production (639,030 tons) [1], making it the largest producer of Pacific oysters in the world. However, since the mid-2000s, outbreaks of Vibrio coralliilyticus and Ostreid Herpesvirus-1 uVar (OsHV-1 uVar) have led to frequent mass mortalities of Pacific oysters in Korea [2,3,4,5].



Vibrio spp. has been reported to be one of the causative agents of the mass mortality of marine bivalve larvae. V. coralliilyticus and V. tubiashii are known to be major bacterial pathogens of marine bivalve larvae worldwide [5,6,7,8,9,10]. To prevent and control Vibrio spp. infection, application of various antibiotics has been suggested [8,11,12]. V. coralliilyticus is one of major causative agents of the mass mortality of marine bivalve larvae [5,7,8]. It has been reported to show multi-drug-resistance to various antibiotics, including vancomycin, oxacillin, cefaperazolin, ampicillin, ampicillin-sulbactam, piperacillin-tazobactam, cefepime, cefotaxime, cefoxitin, ceftazidime, and meropenem [4,8]. Matsubara et al. [12] reported that chloramphenicol, gentamicin, streptomycin, and erythromycin showed therapeutic efficacy against V. coralliilyticus strain 60, previously identified as V. splendidus biovar II but re-identified as V. coralliilyticus by Kim et al. [13], in in vivo tests using Pacific oyster larvae. However, while antibiotics show significant bactericidal effects, their overuse can also lead to a generation of multiple-antibiotic-resistant bacteria, environmental pollution, and the destruction of beneficial bacterial populations [14,15]. Therefore, various studies have attempted to identify substitutes for antibiotics such as bacteriophages, probiotics, and egg extracts in marine invertebrate aquaculture [16,17,18,19,20,21,22,23].



A bacteriophage (phage) is a virus that can infect only bacteria. Unlike antibiotics that kill all bacteria, including beneficial species, lytic phages infect and kill only targeted bacteria. Therefore, phages are being actively studied as a viable substitute for antibiotics [24,25,26]. Phages have also been used in aquaculture to control bacterial diseases [16,17,18,19,27,28,29,30].



The present study is aimed at preventing mass mortalities in oyster hatcheries and identifying antibiotic substitutes by isolating and characterizing two lytic phages infecting V. coralliilyticus. We also assessed the preventive effects of each phage against V. coralliilyticus infection in in vitro tests and an in vivo test using Pacific oyster larvae.




2. Materials and Methods


2.1. Bacterial Strains and Growth Conditions


In this study, 12 bacterial strains were used, including four V. coralliilyiticus strains that were previously isolated from moribund Pacific oyster larvae in Japan [8], and seven strains of other Vibrio species. A reference strain, Escherichia coli (ATCC 25922), was used as the control (Table 1). V. coralliilyticus 58 (designated Vco58), which has been reported to show high virulence for Pacific oyster larvae [8,19], was used as the host strain to isolate the phages. Sodium chloride (final concentration, 2.0%), added tryptic soy agar (TSA; BD Difco, Sparks, MD, USA), tryptic soy broth (TSB; BD Difco, Sparks, MD, USA), and TSB top agar were used for bacterial culture and phage preparation.




2.2. Phage Isolation, Purification, and Propagation


Seawater samples were collected from oyster hatchery environments such as larvae tanks, broodstock tanks, algae tanks, sewage, and the coastal areas of Goseong and Goheung, which are located in the southern region of Korea. Each seawater sample (450 mL) was filtered using 0.45-µm pore-size membrane filters. The samples were then gently mixed with 50 mL of 10X TSB and a colony of Vco58 cultured on TSA. The mixture was incubated in a shaking incubator at 27 °C at 150 rpm for 24 h. The enriched culture was centrifuged at 13,000 × g for 10 min, and the supernatant was filtered through a 0.22-µm pore-size membrane filter. To confirm phage isolation, a spot assay was performed using the protocol previously described by Cerveny et al. [36]. To obtain pure phage, the isolated phages were cloned via a double-layered agar method with a single plaque in triplicate [37]. The CsCl density gradient method was performed to obtain the purified and concentrated phage [38]. The phage titer was determined by calculating the plaque-forming units per milliliter (PFU/mL) of phage using the double-layered agar method.




2.3. Phage Characterization


2.3.1. Host Range and Efficiency of Plating (EOP)


Vco58, the strain showing high virulence for Pacific oyster larvae, was used as the standard strain for phage isolation and as an EOP value indicator. The infectivity of the isolated phages was tested using 12 bacterial strains via spot assays (Table 1). In these assays, 10 µL of cloned and purified phage solution (pVco-5: 8.2 × 108 PFU/mL, pVco-7: 1.52 × 108 PFU/mL) was dropped onto each bacterial lawn on a TSA plate and incubated at the optimal temperature of each strain for 24 h. After incubation, the plates were checked for the presence of plaques, and the EOP value was calculated by determining the PFU ratio of each susceptible strain against the standard strain through the double-layered agar method and conducted in triplicate.




2.3.2. Electron Microscopy


Purified phage lysates (≥ 109 PFU/mL) obtained via the CsCl density gradient method [38] were negatively stained using 2% uranyl acetate onto a copper grid for 1 min, which was followed by three successive washes with double-distilled water. After washing, the grid was dried in a desiccator for 10 min, and the dried grid was observed with a transmission electron microscope (TEM), Talos L120C (FEI, Hillsboro, Ore, USA) operating at 120 kV. The sizes of the phages observed through the TEM were measured using an image analysis program (Motic Image Plus 2.0, Xiamen, China).




2.3.3. Phage Stability Test


Phage stability under various pH and thermal conditions was assessed as previously described by Verma et al. [39]. For stability tests under different pH conditions, the pH of 108 PFU/mL (pVco-5: 8.2 × 108 PFU/mL, pVco-7: 1.52 × 108 PFU/mL) phage suspensions was set to 3, 5, 7, 9, and 11 using 1 M NaOH and 1 M HCl. After pH adjustment, each phage suspension was incubated at 27 °C for 1 h, and the phage titer was subsequently calculated via the double-layered agar method. To evaluate stability under different thermal conditions, 108 PFU/mL phage suspensions were incubated at 4, 15, 20, 27, 37, 50, and 60 °C for 1 h, and the phage titer was subsequently calculated.




2.3.4. Host Cell Lysis Test


To evaluate the bactericidal effect of each isolated phage, Vco58 was used as the host. The bacterial cell lysis test was performed as previously described [19]. The multiplicity of infections (MOI) of each phage was adjusted to 0, 0.1, 1, and 10 with pure phage administration in the early exponential phase of Vco58 (OD600 value: 0.042). Absorbance (OD600) was monitored at 3 h intervals for 24 h. All tests were performed with six replicates.





2.4. Prophylactic Efficacy of the Isolated Phages


To eliminate the nutrient content in phage lysates for the in vivo test, phage suspensions were refined using 10% (wt /vol) polyethylene glycol 8000 and 1 M sodium chloride in accordance with the protocol proposed by Kim et al [17]. The experimental conditions used for determining the prophylactic efficacy of phages are shown in Table 2. Oyster larvae (n = 5 ± 1.6 /mL) were incubated into 6-well plates with 8 mL of filtered and sterilized seawater (FSS). One milliliter of each refined phage lysate, adjusted to 105, 106, 107, and 108 PFU/mL (pVco-5: 1.25 × 10n and pVco-7: 1.44 × 10n), was inoculated into each well and acclimated for 1 h at 27 °C (phage concentration in each well was adjusted to 104, 105, 106, or 107 PFU/mL). Subsequently, 1 mL of Vco58 culture (1.87 × 106 CFU/mL) washed three times with FSS was inoculated into each well and incubated at 27 °C for 24 h. We observed the cumulative mortality of oyster larvae in each well at 6 h intervals. Larvae without the cilia and intravalvular movement were determined dead following the protocol previously described by Sugumar et al. [8]. Control wells containing bacteria without phage inoculation or phages without bacterial inoculation were created. Each sample was assessed in triplicate under the same conditions.




2.5. Statistical Analysis


Statistical analysis was conducted using SigmaPlot version 14.0 software (Systat Software, Inc. Chicago, IL, USA). The one-way analysis of variance (ANOVA) was used to analyze the data followed by the Bonferroni post-hoc test. A p value of <0.05 was considered statistically significant.





3. Results


3.1. Phage Isolation and Morphology


Two phages, designated pVco-5 and pVco-7, specifically infecting Vco58 were isolated from the broodstock tank water of the oyster hatchery located at Goheung (pVco-5) and the larvae tank water of the oyster hatchery located at Goseong (pVco-7) in Korea. Both phages showed bactericidal effects against the four kinds of V. coralliilyticus strains used in this study (Table 1). In TEM assessments, pVco-5 and pVco-7 showed an icosahedral capsid. The average diameter of pVco-5 was 54.96 ± 2.07 nm (n = 20) and that of pVco-7 was 60.71 ± 3.55 nm. Both pVco-5 and pVco-7 showed an icosahedral capsid with a short non-contractile tail. This means that both phages are classified as Podoviridae based on the morphological classification system proposed by Ackermann [40] (Figure 1).




3.2. Characterization of pVco-5 and pVco-7


3.2.1. Host Range and EOPs


In the host range test, eleven Vibrio spp., including four V. coralliilyticus strains, and E. coli were tested to evaluate the inhibition activity of pVco-5 and pVco-7. Both phages inhibited Vco58 and other V. coralliilyticus strains, whereas the other Vibrio spp. and E. coli were not susceptible to pVco-5 and pVco-7 (Table 1). In assessments of the EOP values of pVco-5 and pVco-7, Vco58 was used as the standard strain, and the other three strains of V. coralliilyticus showed very similar EOP values to that of Vco58. These findings confirmed that both phages showed very similar inhibition effects on the V. coralliilyticus strains tested in this study.




3.2.2. Stability Test


The stability of both phages under various pH conditions was assessed, and pVco-5 was shown to be very stable at pH 7 (100%) and pH 9 (88.5% ± 0.85%). However, it exhibited 26.1% ± 0.41% stability at pH 5 and 0% activity at pH 3 and pH 11 (Figure 2a). Similarly, pVco-7 also did not exhibit activity at pH 3 and pH 11 and showed only 3.97% ± 0.05% stability at pH 5. At pH values of 7 and 9, it showed 100% and 88.7% ± 1.27% stability, respectively (Figure 2b). Both phages showed similar stability patterns at various pH values, but in an acid environment (pH 5), pVco-5 was 20% more stable than pVco-7. In assessments performed under different thermal conditions, pVco-5 was stable at 4–37 °C, and its activity reduced with increasing temperature (100% at 4 °C, 98.46% ± 1.75% at 15 °C, 87.93% ± 2.79% at 27 °C, 83.41% ± 1.74% at 37 °C, 48.97% ± 4.15% at 50 °C, and 0% at 60 °C) (Figure 2c). pVco-7 also showed similar thermal stability patterns to pVco-5, with over 90% at 4–27 °C and reduced activity at higher temperatures (100% at 4 °C, 95.44% ± 3.16% at 15 °C, 92.84% ± 1.54% at 27 °C, 79.86% ± 2.43% at 37 °C, 8.89% ± 2.25% at 50 °C, and 0% at 60 °C) (Figure 2d). pVco-5 showed over 40% stability at 50 °C in comparison with pVco-7.




3.2.3. Bacterial Cell Lysis Test


The results for the bactericidal effects of pVco-5 and pVco-7 against Vco58 are shown in Figure 3. The OD600 values of all the control groups (MOI: 0) showed an identical continuous increase during the incubation period. In the case of pVco-5, no increase in the OD600 value was observed in the Vco58-treated group when the MOI was 10, but when MOI was 1, the OD600 value slightly increased until 6 h and decreased gradually thereafter (Figure 3a). When the lowest MOI (0.1) was applied, Vco58 growth reached OD600 = 0.285 ± 0.006 after 6 h of exposure and showed partial lysis. In the case of pVco-7, Vco58 growth was observed until 12 h (OD600 = 0.099 ± 0.004), but it gradually decreased to 0.059 ± 0.006 with cell lysis after 24 h when the MOI was 10 (Figure 3b). When MOI was 1 and 0.1, low OD600 values were noted in comparison to the control group due to the cell lysis activity of the phage. Both phages showed significant increments in bactericidal efficacy with increasing phage concentrations.





3.3. Preventive Efficacy of Pre-phage Treatment


The results outlining the prophylactic effect of each phage treatment are shown in Table 2 and Figure 4. The phage-untreated control showed 92.49  % ± 4.12  % cumulative mortality within 24 h. In contrast, the pVco-5-treated groups showed significantly higher survival rates than the untreated control. When phage concentrations were 1.25 × 105 to 1.25 × 107 PFU/mL, cumulative mortality rates were below 11%, and when the phage concentration was 1.25 × 104 PFU/mL, the mortality rate was 23.00% ± 7.20% (Figure 4a). Meanwhile, pVco-7 treatment at a phage concentration of 1.44 × 107 PFU/mL resulted in significant survival rates (26.32% ± 8.14%). However, the other phage-treated groups (1.44 × 104 to 1.44 × 106 PFU/mL) did not show much difference from the untreated control. Thus, pVco-5 showed greater preventive efficacy than pVco-7 in the in vivo tests.





4. Discussion


Phages are viruses that invade bacteria, and lytic phages are widely used as biocontrol agents because of their bactericidal activity. A phage has a narrow host range and only infects its target bacterial species. Thus, it could be good candidate for the inhibition of specific harmful bacteria. Therefore, phage application is being actively investigated in various fields, including aquaculture, to replace the overuse of antibiotics and eliminate multiple-antibiotic-resistant bacteria [17,18,20,27,28,29,30]. For these reasons, the present study also focused on the use of phages to prevent the mass mortality caused by the V. coralliilyticus infection in marine bivalve hatcheries.



Both isolated phages pVco-5 and pVco-7 infected only four virulent V. coralliilyticus strains and did not infect other Vibrio spp. and the E. coli strain tested in this study. pVco-5 showed similar infectivity against four V. coralliilyticus strains, but the EOP value of pVco-7 against the V. coralliilyticus Q1 strain was almost half of that recorded against other strains (Table 1).



To confirm the preventive efficacy of pVco-5 and pVco-7, in vivo tests were conducted using Pacific oyster larvae. In these tests, pVco-5-treated larvae showed significantly higher survival rates than untreated control larvae (Figure 4a). Thus, pVco-5 could be an excellent preventive agent against V. coralliilyiticus infection in marine bivalve hatcheries. In contrast, pVco-7 showed a strong preventive effect only at phage concentrations of 1.44 × 107 PFU/mL (MOI: 100), while the larvae treated with pVco-7 concentrations of 1.44 × 104 to 1.44 × 106 PFU/mL (MOI: 0.1, 1 and 10) showed a similar cumulative mortality as the untreated controls (Figure 4b). However, phages are very easy to mass produce at high concentrations. Therefore, pVco-7 could also be used as an effective preventive agent against V. coralliilyticus because it showed a very high preventive efficacy at high titers. In the case of the cell lysis test result, both phages showed considerable bactericidal effects at MOI 10 and, when MOIs were 1 and 0.1, a weaker inhibitory effect was observed. When comparing the results of the cell lysis test and the prophylactic efficacy test, the effect of each MOI was not consistent. This suggests that, unlike the bactericidal effect in the direct relationship between bacteria and phages, the bactericidal effect of phages may be different when mediating oyster larvae is included.



Both phages were very stable at pH 7–9 and over a temperature range of 4 °C to 37 °C. Pacific oyster larvae are usually cultured at 24–28 °C and pH 7–9 in seedling hatcheries. Thus, pVco-5 and pVco-7 are suitable for larval culture environments and can be used as a preventive agent against V. coralliilyticus infection in seedling hatcheries.



Since the development of artificial seedling cultures, the production of marine bivalves has been increasing worldwide. However, pathogens such as V. coralliilyticus, V. tubiashii, and OsHV-1 can cause substantial economic losses [4,5,8,9,10,41]. Unlike vertebrates, bivalves do not have an acquired immune system, ruling out the use of agents such as vaccines and severely limiting the options for prevention and treatment of infections. In this study, phage application was proposed to overcome the problems associated with antibiotics, such as the occurrence of multiple-antibiotic-resistant bacteria, destruction of beneficial microbial populations, and contamination of the environment. Both isolated phages were suitable for application in the seedling hatchery environment, and the in vivo test results showed strong prophylactic efficacy in the prevention of the V. coralliilyticus strains tested in this study.



In conclusion, the phages isolated in this study showed extremely effective activity for the prevention of pathogenic V. coralliilyticus, which causes mass mortality in marine bivalve seedling production, suggesting that they could be used as antibiotic substitutes in the future.
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Figure 1. Electron micrograph of isolated phages, pVco-5 (a) and pVco-7 (b). 
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Figure 2. Stability of pVco-5 (a,c) and pVco-7 (b,d) in the presence of various pHs and temperatures. 4 °C and pH 7 were used as controls. Asterisks means p < 0.001 against control (c). 
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Figure 3. Cell lysis effect of pVco-5 (a) and pVco-7 (b) against V. coralliilyticus 58 in various multiplicities of infections (MOIs). As a result of statistical analysis, the p value for each hour was verified to be less than 0.001 when both pVco-5 and pVco-7 were compared to the control group (MOI: 0). 
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Figure 4. Prophylactic efficacy of various concentrations of pVco-5 (a, 1.25 × 10n PFU/mL) and pVco-7 (b, 1.44 × 10n PFU/mL) against Vco58 (conc.: 1.87 × 105 CFU/mL) in Pacific oyster larvae. As a result of statistical analysis, all groups except the 104 PFU/ml of pVco-7 treated group at 24 h were shown p < 0.001 when compared with the control group. 
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Table 1. Bacterial Strains Used in This Study and Infectivity of Isolated Bacteriophage (Phage) pVco-5 and pVco-7.
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Bacterial Species

	
Strain

	
Host Range a (EOPs b)

	
Source a




	
pVco-5

	
pVco-7






	
V. coralliilyticus

	
58

	
+(1)

	
+(1)

	
[8]




	
V. coralliilyticus

	
59

	
+(0.94 ± 0.75)

	
+(1 ± 0.12)

	
[8]




	
V. coralliilyticus

	
60

	
+(1.03 ± 0.13)

	
+(0.91 ± 0.09)

	
[8]




	
V. coralliilyticus

	
Q1

	
+(0.9 ± 0.44)

	
+(0.53 ± 0.12)

	
[8]




	
V. tubiashii

	
ATCC19109

	
-

	
-

	
ATCC




	
V. parahaemolyticus

	
CRS09-17

	
-

	
-

	
[31]




	
V. alginolyticius

	
rM8402

	
-

	
-

	
[32]




	
V. anguillarum

	
HT7602

	
-

	
-

	
[33]




	
V. cholerae

	
PS-7701

	
-

	
-

	
[34]




	
V. harveyi

	
ATCC14126

	
-

	
-

	
ATCC




	
V. vulnificus

	
ET7618

	

	
-

	
[35]




	
Echerichia coli

	
ATCC25922

	
-

	
-

	
ATCC








a +, susceptible; not susceptible; b mean ± SD.
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Table 2. Experimental Conditions and In Vivo Test Result of Prophylactic Efficacy of Pre-phage Treatment Against Vco 58 Infection.
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	Phage
	Phage conc.

(PFU/mL)
	Vco 58 conc.

(CFU/mL)
	Mortality (24 h Post-Infection)

(%, Mean ± SD)





	pVco-5
	1.25 × 104
	1.87 × 105
	23.00 ± 7.20



	
	1.25 × 105
	1.87 × 105
	7.18 ± 1.28



	
	1.25 × 106
	1.87 × 105
	8.25 ± 5.55



	
	1.25 × 107
	1.87 × 105
	10.09 ± 5.71



	pVco-7
	1.44 × 104
	1.87 × 105
	97.20 ± 1.21



	
	1.44 × 105
	1.87 × 105
	83.80 ± 8.90



	
	1.44 × 106
	1.87 × 105
	78.85 ± 10.67



	
	1.44 × 107
	1.87 × 105
	26.32 ± 8.14



	Control
	0
	1.87 × 105
	92.49 ± 4.12
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