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ABSTRACT. The present study describes the in vitro and in vivo survival of Lactococcus garvieae bac- 
teriophages and the potential of the phage for controlling experimental L. garvieae infection in yellow- 
tail. Anti-L. garvieae phages persisted well in various physicochemical (water temperature, salinity, 
pH) and biological (feed, serum and alimentary tract extracts of yellowtail) conditions, except for low 
acidity. In the in vivo, the phage PLgY-16 was detected in the spleens of yellowtail until 24 h after 
intraperitoneal (i.p.) injection, or the phage was recovered from the intestine of yellowtail 3 h after the 
oral administration of phage-impregnated feed but undetectable 10 h later. Simultaneous administra- 
tion of Live L. garvieae and phage enhanced recovery of the phage from the spleen or intestine. The 
survival rate was much higher in yellowtail that received 1.p. injection of the phage after i.p. challenge 
with L. garvieae, compared with that of control fish without phage injection. When fish were i.p.- 
injected with phage at different hours after L. garvieae challenge, higher protective effects were 
demonstrated in fish that received phage treatment at the earlier time. Protection was also obtained in 
yellowtail receiving phage-impregnated feed, in which fish were challenged by an anal intubation with 
L. garvieae. Anal-intubated L. garvieae were detected constantly In the spleens of the control fish, 
while they were detected sporadically and disappeared from the phage-treated fish 48 h later. On the 
other hand, orally administered phage was detected at high plaque-forming units from the intestines 
and spleens of the phage-treated fish until 48 h later. These results indicate that intraperitoneally or 
orally administered anti-L. garvieae phage prevented fish from experimental L ,  garvieae infection, 
suggesting potential use of the phage for controlling the disease. 
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INTRODUCTION 

The disease caused by Enterococcus seriolicida 
(Kusuda et al. 1991) has been responsible for serious 
economical damage to yellowtail Seriola quinqueradi- 
ata aquaculture in Japan since its first occurrence in 
1974, mainly due to frequent occurrence of the disease 
in marketable-sized fish (Kitao 1993, Muroga 1997). 
Recent studies on the taxonomic position of E, serioli- 
cida revealed that this is a junior synonym of Lactococ- 
cus garvieae (Eldar et al. 1996, Teixeira et al. 1996). As 
L. garvieae is ubiquitous in fish and their culture envi- 
ronments (Kitao et al. 1979), it is believed that the bac- 
terium is a typical opportunistic pathogen, and there- 

fore reducing stress factors, such as poor water quality, 
overcrowding, overfeeding and insufficient nutrition, 
is generally important in controlling the disease 
(Plumb 1994). However, yellowtail culture in Japan 
depends on chemotherapeutics, and frequent chemo- 
therapy has allowed drug-resistant strains of L. 
garvieae to develop (Aoki et  al. 1990). Experimental 
vaccinations against L. garvieae infection have been 
reported (Iida et al. 1982, Kusuda et  al. 1996), and 
recently a commercial vaccine against lactococcal 
infection of yellowtail was developed. The evaluation 
of this vaccine by fish farmers is now in progress. 

Previously, we found a virulent bacteriophage, des- 
ignated as PLgY, specific to Lactococcus garvieae iso- 
lated from diseased fish, and the phage was identified 
as a member of the family Siphoviridae (Park et  al. 
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1997). L. garvieae strains from diseased fish were 
divided into 14 or more phage types by using several 
phage strains isolated from fish and culture environ- 
ments, with a major phage type A (Park et al. 1998). 

Bacteriophages can theoretically be a tool for treat- 
ing infectious disease, but there have been a limited 
number of reports on their potential use as biological 
control agents for naturally occurring diseases. Phages 
of some fish pathogenic bacteria, such as Aeromonas 
salmonicida (Paterson et al. 1969, Rodgers et al. 1981), 
A.  hydrophila (Merino et al. 1990), and Yersinia ruck- 
eri (Stevenson & Airdrie 1984), have been reported but 
no attempts at phage control were made for bacterial 
infections in fish. Although 2 papers, Wu et al. (1981) 
and Wu & Chao (1982), mentioned the applicability of 
phages for biological control of fish pathogens (A. 
hydrophila and Edwardsiella tarda), at present we 
have no reliable reference experiments for phage ther- 
apy or control in the field of fish pathology. On the 
other hand, a series of investigations by Smith and col- 
leagues, in which phages were successfully used to 
treat a generalized and a cerebral Escherichia coli 
infection in mice (Smith & Huggins 1982) or E. col1 
diarrhoea in calves, lambs and piglets (Smith & Hug- 
gins 1983, Smith et al. 1987a, b), and a recent publica- 
tion by Barrow et al. (1998) on potential use to prevent 
E. coli infection in chickens, prompted the present 
work. The renewed interest in the potential of phage 
therapy and prophylaxis was assessed by Barrow & 

Soothi11 (1997). 
In this paper, we describe the survival of Lactococcus 

garvieae phages under various in vitro conditions, the 
in vivo fate of the phage in yellowtail after intraperi- 
toneal injection of phage or oral administration of 
phage-impregnated feed, and the protective effects of 
intraperitoneally or orally administered phage with 
respect to experimental L. garvieae infection in yel- 
lowtail. 

MATERIALS AND METHODS 

Bacteria and phage. Lactococcus gar~~jeae strair: No. 
16, which was isolated from a diseased yellowtail, was 
used in all the experiments. This strain belongs to the 
KG- phenotype, encapsulated virulent type (Kitao 
1982, Yoshida et al. 1997) and to phage type A, the 
major phage type of L. garvieae isolated from yellow- 
tail (Park et al. 1998). Prior to the onset of experiments, 
bacteria were subcultured on Trypto-soy Agar (TSA, 
Eiken Co. Ltd) at  25°C for 48 h. Colony-forming units 
(CFU) were enumerated by a standard spread plate 
technique using TSA. Three phages having different 
infectivities, designated as PLgY-16, PLgY-30 and 
PLgW-l, were used here. The PLgY-16 and PLgY-30 

were obtained from L. garvieae cultures isolated from 
diseased yellowtail, and the PLgW-1 was isolated from 
natural seawater in the previous studies (Park et al. 
1997, 1998). These phages were propagated in L. gar- 
vieae strain No. 16 using a double-layer agar method 
(Paterson et al. 1969). Briefly, a mixture of phage and 
bacteria was cultured in soft agar overlaid TSA at 25OC 
for 24 h. After centrifugation of the soft agar showing 
plaques, 102 to 103 plaque-forming units (PFU) plate-', 
the supernatant was filtered through a 0.45 pm mem- 
brane filter and the phage concentration was adjusted 
to 10' PFU ml-l. 

Fish. Juvenile (average 5 to 9 g) and young (average 
30 to 50 g)  yellowtail, which were reared at the Ehime 
Prefectural Fish Disease Control Center and at Japan 
Sea-Farming Association (Kamiura Station and Goto 
Station), were used in this study. Fish were acclimated 
to laboratory conditions for more than 3 d in 40 or 500 1 
tanks with flow-through system and were not fed for 
2 d before the commencement of each experiment. The 
tank water temperature was 23°C + 2°C throughout 
the experimental period. 
In vitro survival of phages. Phages were inoculated 

in the test media to 104 to 10"FU ml-' (g-l) and incu- 
bated with gentle agitation. At scheduled incubation 
intervals, 0.1 m1 (0.1 g)  of test media was used for 
phage PFU assays using the double-layer agar method. 
All experiments were performed at 25OC, except for 
those testing the effect of temperature. The test media 
were water (distilled water, natural seawater, double- 
strength artificial seawater), fish feed (moist pellet), 
yellowtail serum, and extracts of alimentary tracts 
(stomach, pyloric caecum and intestine) of yellowtail. 
The effects of pH were examined by incubating phage 
for 30 min in a 0.2 M borate-0.05 M citrate-0.1 M phos- 
phate buffer at different pHs (2.5, 3.0, 3.5, 4.0, 7.0, 9.0, 
and 11.0). The serum was collected from 5 young yel- 
lowtail (average 40 g) and filtered through a 0.45 pm 
membrane filter. The stomach, pyloric caecum and in- 
testine were prepared from an adult yellowtail weigh- 
ing 2.5 kg. One gram of these organs was homoge- 
nized with 9 m1 of the borate-citrate-phosphate buffer 
at  different pHs (3.5, 7.4 and 10.0), centrifuged at 
12000 X g for 30 min, and the supernatant was filter 
(0.45 pm)-sterilized. 
In vivo survival of phage. A group of fish, dverage 

50 g,  were injected intraperitoneally (i.p.) with the 
phage PLgY-16 at 1075 PFU fish-'. Another group 
received i.p, injection of Lactococcus garvieae live 
cells with a dose of I O ' . ~  CFU fish-' immediately after 
the phage injection. Three fish were sacrificed at 3, 
12 h, 1, 2, 3, 4 and 5 d after injection. Their spleens 
were weighed and homogenized with sterile saline 
and numbers of the inoculated phage were determined 
by the double-layer agar method. 
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A group of 20 fish (average 40 g)  were fed once with 
commercial dry pellets, which were impregnated with 
the phage PLgY-16, at a feeding rate of 2 % fish body 
weight. Supplementation of phage to dry pellets was 
carried out by pouring uniformly 8 m1 of the phage sus- 
pension on 20 g of dry pellets, giving a concentration of 

PFU g.' of pellet. To another 20 fish, dry pellets 
Impregnated simultaneously with PLgY-16 at 107 PFU 
g-' and live cells of Lactococcus garvieae strain No. 16 
at  108.* CFU g-' were given. After 1, 3, 10, 24, and 48 h 
of feeding (30 min), 3 fish were sacrificed for enumera- 
tion of phage number. The stomach and intestine were 
weighed and homogenized with 5 volumes of sterile 
saline. After centrifugation at 7000 X g for 3 min (4"C), 
the supernatant was serially 10-fold diluted and then 
subjected to PFU assay using the double-layer agar 
method. In a separate experiment, fish received the 
phage-impregnated feed successively 3 times (once a 
day) and the phage number in the stomach and intes- 
tine was examined 10, 24, and 48 h after the final 
administration, as described above. 

Phage treatment of fish experimentally infected 
with Lactococcus garvieae. Twenty yellowtail, aver- 
age 50 g, were i.p.-injected with L. garvieae strain 
No. 16 at a dose of IO'.' CFU fish-'. Phage PLgY-l6 was 
i.p.-administered to fish at a dose of 107 PFU f i sh ' ,  1 h 
after bacterial injection. Control fish (N = 20) received 
Trypto-soy Broth (TSB, Eiken Co. Ltd) instead of phage 
suspension (Expt 1). In a second experiment, fish aver- 
aging 30 g (N = 20) were 1.p.-injected with L. garvleae 
at a dose of 10H"FU fish-' and the phage was i.p.- 
administered to fish at a dose of 107.' PFU fish-', 0, 1, 
and 24 h after bacterial injection. Another fish group 
(average 30 g ,  N = 20) was i.p.-injected as above but 
with the previously phage-infected L. garvieae bacte- 
ria, as a source of phage, 1 and 24 h after bacterial 
challenge. Phage infection of bacteria was performed 
by incubating bacteria with phage for 10 min. Control 
fish (N  = 20) received only bacteria (Expt 2). After bac- 
terial challenge, mortalities of fish were recorded daily 
for 10 d.  The spleens of dead fish were subjected to 
bacterial isolation using TSA to confirm that the death 
was due to the lactococcal infection, with the aid of 
rabbit anti-L. garvieae serum. 

Three groups, consisting of 20 yellowtail of average 
5 g,  were used for non-parenteral administration of 
bacteria and phage. Twenty fish were fed with PLgY- 
16 phage-impregnated commercial dry pellets at  a 
concentration of 10'' PFU g-'. In a second group, 20 
fish were fed with both PLgY-16 phage (10'.~ PFU g-l)- 
and Lactococcus garvieae strain No. 16 (108.' CFU g-l)- 
impregnated dry pellets. The third group of 20 fish 
received feed without phage or bacteria and served as 
a control group. These fish were fed once at the feed- 
ing rate of 2% body weight. After feeding for 30 min, 

fish were challenged with live cells of L. garvieae 
strain No. 16 by anal intubation of 0.1 m1 CFU 
ml-') of bacterial suspension into the intestine. Fish 
were observed for 72 h and the spleens of dead fish 
were subjected to bacterial isolation described above 
(Expt 3). In a separate experiment using yellowtail of 
average 9 g, 2 groups of 20 fish received orally phage- 
impregnated feed or phage-free feed in the same man- 
ner described above, and immediately after feeding 
were challenged with live L. garvieae by anal intuba- 
tion. Groups of 3 fish were sacrificed to detect the inoc- 
ulated phage and bacteria from their spleens and/or 
intestines, 3, 10, 20, 48 and 72 h after bacterial chal- 
lenge. The organs were homogenized with 5 volumes 
of saline, centrifuged at 7000 X g for 3 min (4°C) for 
phage enumeration, and then processed for CFU and 
PFU assays by the spread plate method using TSA and 
the double-layer agar method, respectively (Expt 4). 

RESULTS 

Survival of phages in in vitro conditions 

In the autoclaved seawater at all tested incubation 
temperatures from 5 to 37"C, PLgY-16 phage de- 
creased gradually in the PFU but survived at  103 to 104 
PFU ml-' (initial concentration: 104 to 105 PFU ml-') 
even after 8 wk. The following experiments were car- 
ried out at an incubation temperature of 25°C. All 3 
phages (PLgY-16, PLgY-30, PLgW-1) persisted in un- 
sterilized natural seawater for 3 d but perished within 
a week. In sterile conditions, they survived for 8 wk or 
longer in natural seawater, distilled water, and double- 
strength artificial seawater (Fig. 1). Phage infectivities 
were not lost for at least 3 h in the moist pellets or the 
serum of yellowtail. A pH higher than 3.5 did not affect 
the infectivity of phage, while a sudden decrease in the 
numbers of infectious phages was observed after a 
30 min exposure to pH 3.0 and 2.5 (Fig. 2). Fig. 3 shows 
the survival of phages in the extracts of yellowtail ali- 
mentary tracts which were adjusted to pH 3.5, 7.4, or 
10.0. Compared to the control without organ extracts, 
the PFUs of phages further decreased in the organ 
extracts at  pH 3.5, particularly in the pyloric caecum, 
with the exception of PLgY-30 in the intestine extract. 
In contrast, phages were resistant to these organ 
extracts at  pH 7.4 and 10.0. 

Fate of phage in yellowtail 

The phage appeared in the spleens at  103.' PFU g-' 
3 h after i.p. injection, and then decreased in number, 
reaching an undetectable level (lower than 10' PFU 
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Fig 1. Survival of Lactococcus garrrieae phage strains in test 
waters. Phages: (a) PLgY-16, (b) PLgY-30, (c) PLgW-1; ( W )  un- 
sterilized seawater, (0)  autoclaved seawater, (0) autoclaved 
distilled water, (U) autoclaved artificial seawater (double- 

strength) 

g-') at  2 d post-injection. In contrast, the phage were 
recovered at  102.2 PFU g-' from fish injected simultane- 
ously with live Lactococcus garvieae even 5 d after 
injection, though the number of phage decreased con- 
stantly (Fig. 4 ) .  

Fish were naturally fed dry pellets impregnated with 
the PLgY-16 phage alone or with both phage and live 
Lactococcus garvieae. One hour after feeding, the 
stomachs of fish were filled with undigested pellets 
and a small quantity of macerated pellets were ob- 

Fig. 2. Effects of pH on the survival of Lactococcus garvieae 
phage strains. Phages: (U) PLgW-l, (W) PLgY-16, (B) PLgY-30 

Fig. 3. Survival of Lactococcus garvieae phage strains in the 
extracts of alimentary tracts of yellowtail under different pHs 
Phages: (a) PLgY-16, (b) PLgY-30, (c) PLgW-l; (0) stomach, 
(R) pyloric caecum, (I) intestine, (I) control without organ 

extracts 

served in the intestine. Whole or macerated pellets 
were retained in the stomach even 3 or 10 h after feed- 
ing but had disappeared after 24 h. Pasty contents 
were observed in the whole intestine 3 and 10 h after 
feeding. All intestines were vacant after 48 h. The 
results of phage detection from fish receiving phage- 
impregnated feed are shown in Table 1. When fish 

Days after injection 

Fig. 4. Seriola qujnqueradiata. Fates of the phage PLgY-16 in 
the spleen of yellowtail injected intraperitoneally with phage 
alone (0) or both phage and Lactococcus gan-ieae (0). 
Injected doses of phage and bacteria were 10' PFU fish-' and 
108.7 CFU fish-', respectively. Data points represent the mean 

value of 3 fish at each sampling time 
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Table 1 Seriola quinqueradiata. Detection of the phage 
PLgY-l6 in the alimentary tracts of yellowtail. Fish (average 
40 g) were fed with phage-impregnated feed or both phage- 
and Lactococcus garvieae-impregnated feed ( I O ' . ~  PFU g-l,  

10R-" PFU g-l) at a feeding rate of 2% body weight 

Adminis- Time Phage number (logloPFU g-') in 
tration of (h) Stomach (fish no.) Intestine (fish no 

1 2 3  1 2 3  

Phage only 1 4.8 5.2 5.1 3.8 4.4 4.6 
( 1 4  3 3.9 4.6 1.2 1.8 3.1 2.9 

10 <1.0 1.0 <1.0 C1.0 <1.0 C1.0 
24 <1.0 <1.0 <1.0 ~ 1 . 0  c1.0 < l  0 

Phage + 3 3.3 2.8 2.7 5.3 4.7 4.5 
L. garvieae 10 1.7 <1.0 3.4 1.2 3.5 6.0 
(1x1 24 <1.0 <1.0 ~ 1 . 0  1.3 3.6 2.3 

48 c1.0 <1.0 ~ 1 . 0  <1.0 <1.0 <1.0 

Phageonly 10 <1.0 1.2 2.2 2.3 2.5 ~ 1 . 0  
(3 X) 24 <1.0 <1.0 <1.0 1.3 <1.0 <1.0 

48 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 

were fed with phage-impregnated dry pellets, the 
phage was recovered at  10' to 105 PFU g-l from the 
stomach and intestine of fish, 1 and 3 h after feeding, 
but not after 10 h with 1 exception. In contrast, the 
phage was recovered 24 h after feeding, at 10' to 10" 
PFU g-l, from the intestine of fish that were fed dry 
pellets impregnated simultaneously with live L. 
garvieae. In the experiment in which fish were fed 
phage-impregnated pellets for 3 successive days, the 
phage was recovered from some of the intestine sam- 
ples, 10 or 24 h after the last administration. In addi- 
tion, phages were recovered at a high concentration 
( 1 0 ~ ~  PFU g-l)  from fish faeces which were collected 
from the rearing water. Throughout the experimental 
period, no clinical signs of disease were observed in 
any of the fish examined. 

Protective effects of phage in Lactococcus garvieae 
infection 

The survival rate of yellowtail following i.p. injection 
with Lactococcus garvieae was much higher (90 %) in 
fish injected with the phage than that of control fish 
(45%) without phage injection (Expt 1, Fig. 5).  When 
fish were injected with phage at different hours after 
bacterial challenge, protective effects were higher in 
fish that received phage treatment at the earlier time; 
survival rates over 10 d were 100, 80, and 50% for 
groups injected 0, 1, and 24 h after bacterial challenge, 
respectively, and 10% in control fish without phage 
injection (Expt 2, Fig. 6a). A distinct delay in mortality 
was observed in all fish groups receiving phage, com- 
pared with the control. A similar protective effect was 

0 4 
0 2 4 6 8 1 

Days after injection 

Fig. 5. Seriola quinqueradiata. Effects of administration of the 
phage PLgY-16 in young yellowtail challenged with Lacto- 
coccus garvieae (Expt 1). Fish (N = 20) were intraperitoneally 
injected with the phage (1075 PFU fish-'), 1 h after bacterial 
challenge CFU fish-'). (0) Injected with phage, (0) con- 

trol without phage injection 

0 4 
0 2 4 6 8 10 

Days after injection 

Fig. 6. Seriola quinqueradiata. Effects of administration of the 
phage PLgY-16 in young yellowtail challenged with Lacto- 
coccus garvieae (Expt 2). (a) Fish (N = 20) were intraperito- 
neally injected with the phage (107 PFU fish.'), 0. 1, and 24 h 
after the bacterial challenge (10'' CFU fish-'). (b) Fish ( N  = 
20) received previously phage-infected bacteria as the source 
of phage, 1 and 24 h after the bacterial challenge. (0) Injected 
simultaneously with bacteria and phage, (0)  injected with 
phage 1 h after the bacterial challenge, (0) injected with 
phage 24 h after the bacterial challenge, (B) control without 

phage injection 

demonstrated in fish receiving L. garvieae cells which 
were previously infected in vitro with phage, as a 
source of phage, after bacterial challenge (Expt 2,  
Fig. 6b). These mortalities of phage-treated fish were 
significantly lower than phage-untreated control fish, 
with a significance level of a = 0.05 in a chi-squared 
test. 

Survival rates of fish fed with phage-impregnated 
feed and challenged 1 h later by anal intubation of live 
Lactococcus garvieae are shown in Fig. 7. Mortality in 
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2 0 4 0 6 0 
Tlrne after challenge ( h )  

pellet. Inoculated L. garvieae were isolated from all the 
spleens of dead fish, the bacterial number (N = 3) 
being 107 to 108 CFU g-l. In a separate challenge 
experiment using oral administration of phage and 
anal intubation of L. garvieae, phage was detected in 
the intest~nes of the phage-treated fish 3 to 48 h later, 
with a maximum 106 PFU g-l, but not 72 h later 
(Table 2). Phages were also detected in the spleens of 
the phage-treated fish 10 to 48 h later. No PFUs were 
detected in any of the control fish samples. L. garvieae 
were isolated from the spleens of the control fish 
throughout the experimental period (72 h), while they 
were isolated sporadically and had disappeared from 

Fig. 7 .  Seriola qunqueradiata. Phage treatment of yellowtail 
infected with Lactococcus garvieae (Expt 3).  Fish (N = 20) the 'pleens of the phage-received fish after 48 h' 

received feed impregnated with the PLgY-l6 phage (0), with 
both phage and live cells of L. garweae (a), or with bacteria 
alone as the control (0)  at a feedlng rate of 2 %  body weight, DISCUSSION 
1 h after feeding fish were challenged by anal intubation with 
live L. garvieae (108' CFU fish-') Concentrations of phage 
and L. garvieae in feed pellets were 1 0 ' ~  PFU g-l and 10" The present in vitro investigation revealed that the 

CFU g-' ,  respectively Lactococcus garvjeae phages are tolerant to physico- 
chemical factors such as water temperatures ranging 5 

the control fish, which received feed without phage,  to 37°C and salinity varying from distilled water to 
initiated at  18 h and terminated at  38 h after the chal- double-strength artificial seawater, though the sur- 
lenge. The cumulative mortality at 72 h was 65 %, vival time in untreated natural seawater was relatively 
while the mortality was 10% in fish receiving feed short. They were also stable in fish feed and yellowtail 
impregnated with phage alone and 20 % in fish given serum. These stabilities of phages with respect to envi- 
feed CO-impregnated with phage and L. garvieae. The ronmental factors are of practical value for phage-con- 
mortality of fish that received phage was significantly trol. The long survival of the phages in distilled water 
lower (a  = 0.05) than control fish fed the phage-free may suggest their terrestrial origin, if the requirement 

of inorganic salts such as NaCl and Mg- or 

Table 2. Seriola quinqueradiata. Detection of the phage PLgY-l6 and Lacto- for retention of is a prop- 

coccus garvieae from yellowtail (Expt 4) .  Fish (average 9 g)  were fed with erty of marine phages as reported by 
phage-impregnated feed (10' g PFU g-l) or w ~ t h  phage-free feed at a feed~ng  Hidaka (1972). This coincides with the 
rate of 2 %  body weight, and 1 h after feeding fish were challenged by anal terrestrial of L, garvjeae,  which was 

intubation of live L. garvieae (1085 CFU f ~ h - l )  suggested by the fact that they do not 

Number of phage or L. garvleae (logioPFU or CFU g-l) 
Time Fish Experiment (with phage) Control (without phage) 
(h) no 

Intestine Spleen Spleen Intestine Spleen Spleen 
(PFU) (PFU) (CFU) (PFU) (PFU) (CFU) 

3 1 5.5 ~ 2 . 0  3.7 <1.0 <2 .0  4.3 
2 4 3 < 2  0 3.8 <1.0 <2.0 2.2 
3 2.2 <2 .0  <2.0 <1.0 <2.0 2.4 

10 1 <1.0 <2.0 < 2  0 ~ 1 . 0  < 2  0 7.6 
2 6.1 >6.5 6.5 < l 0  ~ 2 . 0  6 7  
3 <1.0 <2 .0  <2.0 1 .  <2.0 6 1 

2 0 1 5 .7  >6 5 6 2 <1.0 <2.0 3.0 
2 4.2 ~ 2 . 0  < 2  0 1 1 0  <2.0 5 1  
3 4.1 >6.5 4.6 <1.0 c 2 . 0  5 .8  

48 1 1.7 2.2 < 2 0  <1.0 < 2  0 3.4 
2 4.6 ~ 2 . 0  <2 .0  <1.0 <2.0 4 7 
3 1 7  2.5 c 2 0  < l  0 c 2 0  5 6  

7 2 1 11 .0  <2.0 <2 .0  <1.0 <2.0 4.7 
2 <1.0 <2.0 <2.0 < l  0 1 2 . 0  5 7  
3 < l  0 < 2 0  <2.0  < l  0 < 2 0  4 .9  

require NaCl for growth (Kusuda et al. 
1976). Factors that could adversely influ- 
ence the survival of phages were pH and 
probably digestive enzymes of alimentary 
tracts of yellowtail. A pH of 3.0 or lower 
directly decreased the infectivity of 
phage, and a stronger effect of such a low 
acidity was observed in the presence of 
extracts of alimentary tracts, particularly 
from the pylonc caecum. However, it 
seems that resistance to such low acidity 
is not a requisite for in vivo survival of 
phage,  since the pH levels of stomach, 
intestine and pylonc caecum fluids of cul- 
tured yellowtail were reported to be pH 
5.2 to 6.0, 6.2 to 6.4, and 6.0 to 6.2, respec- 
tively, when empty (Monshita et al. 1964), 
and pH 5.0 to 5.4, 3.4 to 5.6, and 5.4 to 
6.2 in the stomach 2, 5, and 24 h ,  respec- 
tively, after feeding (0zal-a 1971). A simi- 
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lar effect of low acidity was reported for phages of 
enteropathogenic Escherichia coli: no decrease in the 
numbers of phages was observed at pH 3.5 but a great 
decrease at pH 2.0 and 2.5 was seen after incubation 
(37"C, 1 h) in milk whey, and this phage-lethal effect of 
the acid was also demonstrated in the abomasum of 
calf after feeding with milk (Smith et al. 1987b). 

The present study demonstrated the effectiveness of 
i.p. injection of the PLgY phage in treating young yel- 
lowtail i.p. injected with Lactococcus garvieae (Figs. 5 
& 6a). The results suggest that phage administration 
might be useful as a therapeutic measure at  an early 
stage of systemic infection or with low burdens of bac- 
terial infection in yellowtail. To introduce phage into 
the fish organs without encountering various fish 
defenses, phage-infected bacterial cells (as a source of 
phage) were injected in fish after bacterial challenge. 
This use of bacterial cells as a protector or vehicle did 
not influence the curative effect of phage (Fig. 6b). 
This effect is explained in part by the fact that the 
phage was stable in vitro in yellowtail serum and was 
recovered from the spleen 1 d after i.p. injection 
(Fig. 4) .  To demonstrate that the curative effect is 
entirely due to administered phage, Smith & Huggins 
(1982) confirmed that extracts of bacteria used for 
propagating phage did not influence the course of the 
experimental Escherichia col1 infection in mice. 
Although this was not carried out in this study, the fact 
that administration of L. garvieae cells as a vehicle did 
not enhance the protective effect suggests there was 
no relationship between material of bacterial origin 
and the protective effect. 

However, parenteral administration is not a natural 
infection route for Lactococcus garvieae and may not 
be practical as a route for therapeutic administration of 
phage. Transmission of streptococcosis (= L. garvieae 
infection) in fish is horizontal, with infection occurring 
from direct contact with infected fish or contaminated 
fish feed (Kitao 1993). Taniguchi (1983) reported that 
experimental oral infection was successful when yel- 
lowtail were given a thawed fish feed mixed with L. 
garvieae. It was also experimentally observed that the 
number of adherent bacteria to yellowtail intestine is 
higher with a virulent substrain than with an attenu- 
ated substrain (Alim et al. 1996). These observations 
indicate that the oral route is the major route of trans- 
mission for L. garvieae in yellowtail. 

The present study using juvenile yellowtail demon- 
strated that oral administration of phage was an  effec- 
tive way to protect fish from Lactococcus garvieae 
infection by the anal route (Fig. 7). Although co- 
administration of L. garvieae cells to fish feed did not 
influence the final survival rates of fish against bacter- 
ial challenge, as is the case with i.p, injection, it en- 
hanced recovery of phage from the intestine (Table l) ,  

suggesting that the bacterial cells played a role as pro- 
tector against low pH and digestive enzyme barriers of 
stomach and/or phage progeny from infected bacterial 
cells recruited in the intestine. Prolonged but insuffi- 
cient recovery of the phage from the intestine was 
observed after successive oral administration of phage. 
This relatively rapid clearance of phage from the intes- 
tine suggests that phage does not adhere to the intesti- 
nal tract, rather than that substance(s) present in the 
intestine inactivate it, because phage was detected at 
high levels in the faeces excreted from the body. The 
L. garvieae cells intubated anally were constantly 
detected in the spleen of control (no phage-treatment) 
fish, even 72 h after the inoculation, while the bacteria 
were only sporadically isolated from fish receiving 
phage-impregnated feed and had disappeared after 
48 h (Table 2). On the other hand, phage was present 
not only in the intestine, but also in the spleen with 
higher PFUs and was detectable even after 48 h. These 
fates of bacteria and phage indicate that the curative 
effect of phage was probably due to its ability to 
destroy L. garvieae cells in the spleen and/or intestine. 
Smith & Huggins (1983) reported that phages pro- 
tected calves, piglets, and lambs against a lethal oral 
infection with enteropathogenic Escherichia coli in 
which phage-treated animals had much lower num- 
bers of E, coli in their alimentary tracts than did 
untreated animals, indicating destruction of the infect- 
ing bacteria by the phages. 

Prior to the present study, we tried to infect juvenile 
yellowtail (average 5 g) with Lactococcus garvieae by 
an oral method, in which fish were fed with bacteria- 
loaded dry pellets (10' CFU g-'), but this resulted in no 
mortality of test fish. The anal intubation employed in 
the present study was found to be a method that 
induced mortality in 5 g juvenile yellowtail. However, 
anal intubation as a non-parenteral challenge method 
may be restricted to juvenile fish with a very narrow 
range, because the challenge failed to cause death in 
larger fish. L. garvieae infection prevails even among 
marketable-sized yellowtail and thus we must exam- 
ine the possibility of phage control in larger fish, for 
which it is essential to establish more reliable non-par- 
enteral infection methods. 

The present successful treatment of experimenl Lac- 
tococcus garvieae infection by oral administration of 
phage demonstrates the potential use of phage as both 
a therapeutic and prophylactic measure for naturally 
occurring lactococcosis of yellowtail. If phages are 
introduced by oral administration in the intestine of 
fish where virulent L. garvieae cells adhere or com- 
mence to multiply, it is expected that the phage will 
attack the pathogen. Furthermore, it will possibly be 
effective against bacteria invading organs other than 
the alimentary tract. The precise in vivo bactericidal 
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mode of phage must be examined in a future study. 
Smith & Huggins (1982) pointed out that the reason 
why phages are of little value in controlling bacterial 
infections in man and animals is mainly their apparent 
low activity in vivo and rapid emergence of phage- 
resistant bacterial mutants during treatment. As previ- 
ously reported (Park et al. 1998), the PLgY-16 phage 
used in the present study is lytic in vitro against 7 5 %  
(83 out of 11 1 strains) of L. garvieae strains including 
the major phage type A. As host specificity of phages is 
a disadvantage to their general application (Smith et 
al. 1987a, Barrow & Soothill 1997). further studies 
should be performed for in vivo effectiveness of anti-L. 
garvieae phages having different infectivities against 
other virulent strains of L. garvieae. The latter point, 
appearance of phage-resistant virulent organisms, 
may be an important obstacle for phage control of the 
L. garvieae infection in cultured yellowtail. Phage- 
resistant mutants are also fairly common in L. garvieae 
cultures, but all L. garvieae isolates from dead fish 
obtained during the present in vivo experiments were 
still susceptible to PLgY-16. In successful phage con- 
trol against a generalized and a cerebral infection of 
mice with Escherichia col1 (018:Kl:H? ColV+) or diar- 
rhoea in calves by enteropathogenic E. coli, only the 
less virulent K- type emerged as phage-resistant 
organisms (Smith & Huggins 1982, 1983), but later K' 
phage-resistant, virulent bacteria emerged in some of 
the calves treated with phages (Smith et al. 1987a). 
Another point whlch should be considered for phage 
control may be phage-neutralizing antibodies which 
were supposed to be produced against the phage 
administered. No such neutralizing antibodies were 
detected in the serum of yellowtail that repeatedly 
received phage-impregnated feed in the present study 
(data not shown). 
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