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ABSTRACT-We introduced eight fish pathogen phages and three Escherichia coli phages (T4, T7 and 
A) into the intestinal tract of goldfish Carassius auratus by anal intubation (108

.
3 PFU/fish). All phages 

appeared in the kidney at mean PFUs ranging from 102
.
7 to 104

.
3 PFU/g 3 h after intubation. Anal intuba

tion of a representative Pseudomonas plecoglossicida phage (PPpW-4) into goldfish revealed that the 
introduced phages transfer to the blood and kidney within 10 min and are retained there for at least 12 h. 
An intubation dose of 107

.
3 PFU/fish or higher is required for constant presence of the phages in the circu

latory system. Our results indicate that phages have the ability to pass through the intestinal wall and 
spread to the circulatory system, suggesting the potential application of phage therapy with oral 
administration. 

Key words: bacteriophage, pharmacokinetics, phage therapy, Carassius auratus, Pseudomonas 
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Bacteriophages (phages) play key roles in the con
trol of microbial balance in every ecosystem (Suttle, 
2005) and have long been discussed as potential thera
peutic agents since their discovery in the mid 1910s 
(reviewed in Barrow and Soothill, 1997; Merril et al., 
2003; Kutter et al., 2010). The advent of chemother
apy in the 1940s subdued some of the early enthusiasm 
toward phage therapy in Western Europe and the USA, 
while phage therapy had been approved for the clinical 
treatment of human bacterial infections in the former 
Soviet Union and Eastern Europe (Slopek et al., 1987). 
However, interest in phage therapy was renewed by the 
epoch-making research of Smith and his colleagues in 
which phages were used for both treatment and prophy
laxis against experimental Escherichia coli infections of 
mice and farm animals (Smith and Huggins, 1982; 
1983; Smith et al., 1987a; b). Thereafter, the emer
gence of antibiotic-resistant bacterial strains prompted 
worldwide renewed interest and scientific reassessment 
of phage therapy in various animal models. 

Bacterial infections have caused serious damage to 
aquaculture operations worldwide, and the use of vari
ous kinds of chemotherapeutics for their control has 
resulted in rapid emergence of drug-resistant bacteria 
(Plumb and Hanson, 2011). In these circumstances, 
phages can serve as an alternate to chemotherapeutics 
or other remedies in controlling bacterial infections of 
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fish. Phages of some fish pathogenic bacteria, such 
as Aeromonas salmonicida, A. hydrophila, Edwardsiella 
tarda and Yersinia ruckeri, have been identified and 
reported, but these reports did not examine the thera
peutic usage of phages as reviewed in Nakai (2010). 
The first successful phage therapy against fish diseases 
was reported for Lactococcus garvieae infection of yel
lowtail Seriola quinqueradiata (Nakai et al., 1999), 
where phages were administered to fish either intraperi
toneally or orally. Subsequent papers have outlined 
the potential uses of phage therapy against bacterial 
infections of fish (Park et al., 2000; Park and Nakai, 
2003; Vinod et al., 2006; Matsuoka et al., 2007), though 
Verner-Jeffreys et al. (2007) suggested that phage ther
apy was ineffective in preventing furunculosis in Atlantic 
salmon Solmo salar. 

In phage therapy, as well as in chemotherapy, oral 
administration of phages with feed would be the most 
practical method for treating large numbers of fish in an 
aquaculture setting. In the case of Pseudomonas 
plecoglossicida infection in ayu Plecoglossus altivelis, 
not only experimentally, but also naturally infected fish 
were successfully treated by phage-impregnated feed 
and the orally administered phages could be recovered 
from the kidney of fish after a short interval (Park et al., 
2000; Park and Nakai, 2003). This suggests that orally 
introduced phages passed through the gastrointestinal 
wall and were effective in suppressing the propagation 
of bacterial cells in circulatory system. There remain 
many subjects to be solved on the mechanisms of 
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phage therapy particularly by oral administration and its 
application to aquaculture field. In the present study, 
we examined pharmacokinetics of the phages intro
duced to intestine directly by anal intubation using gold
fish Carassius auratus as a model fish. 

Materials and Methods 

Fish 
Goldfish were purchased from a commercial farm 

and were acclimatized to rearing conditions in the labo
ratory with dechlorinated tap water (25 ± 1°C) and com
mercial feed for more than one week. Goldfish used in 
this study had a mean body weight of 10.7 ± 2.5 g. 

Microorganisms and culture 
The 11 phages used in this study are listed in Table 

1. Among the eight phages of fish pathogens listed in 
the table, six phages with the following bacteria hosts 
were used in previous studies (Park et al., 1997; Nakai 
et al., 1999; Park et a/., 2000; Park and Nakai, 2003; 
Matsuoka et al., 2007): L. garvieae, P plecoglossicida, 
and Streptococcus iniae. E. tarda phages IW-1 and 
MSW-3 were previously isolated in our laboratory 
(unpublished data). E. coli phage T4 (NBRC20004), 
T7 (NBRC20007) and ?c (NBRC20016), and their host 
bacteria (NBRC13168 and NBRC12713) were obtained 
from the NITE Biological Resource Center (NBRC), 
Japan. All fish pathogens were cultivated on Trypto
soya broth (TSB, Nissui) and Trypto-soya agar (TSA, 
Nissui) and used to perform plaque forming unit (PFU) 
assay for phages (incubation temperature: 25°C). E. 
coli culturing and titration of the phages was done on an 
agar medium consisting of 1 % polypeptone, 0.2% yeast 
extract and 0.1 % MgS04 • 7H20 (incubation temperature: 
3rC). 

Purification of phages 
Phages were propagated by the agar overlay 

method (Carlson, 2005). Phage-inoculated double 
agar plates were incubated at 3rC for E. coli phages 
and 25°C for the others. After a 12- to 24-h incubation, 
the semi-solid agar plates (TSB supplemented with 
0.35% agar) forming 1,000 to 10,000 plaques per plate 
were harvested by washing the plates with 5 mL of PBS 
(0.1 M phosphate buffer, pH 7.2, 0.85% NaCI), centrifug
ing the solution (5,000 x g, 10 min, 4°C), and filtering 
the supernatant through a OA5-,um membrane filter. 
Crude phage suspension (30 mL) was mixed with 10 
mL of polyethylene glycol solution (40% PEG 6,000, 2 M 

NaCI) and incubated on ice for 1 h. After centrifuga
tion (25,000 x g, 10 min, 4°C), the sediment was re-sus
pended in 1 mL of PBS. Solid CsCI was added to the 
concentrated phage suspension to bring the density to 
approximately 1.5 g/mL and the suspension was centri
fuged (150,000 x g, 18 h, 4°C) with a Hitachi CS100GS 
rotor. The phage fraction was dialyzed against PBS 
overnight and stored at 4°C until use. Infectivity titers 
(PFU/mL) of the purified phages were determined by 
the agar overlay method. 

Inoculation and titration of phages in fish 
Goldfish were anesthetized by dipping into a 5,000-

fold diluted FA100 solution (Tamura Pharmaceutical). 
Fifty microliter of purified phage suspension adjusted to 
1096 PFUlmL (i.e. 1083 PFU/fish) was introduced into 
the intestinal tract by anal intubation using a silicon tube 
(rp = 0.5 mm). Treated fish, in groups of five fish, were 
maintained in a 10-L aquarium with dechlorinated tap 
water for 3 h, after which fish were sacrificed and dis
sected carefully to extract the kidney. The kidney was 
homogenized and diluted with PBS in a 10-fold serial 
dilution series. Phage titer (PFU/g) of the organ was 
determined by the agar overlay method. 

Pseudomonas plecoglossicida phage PPpW-4 

Table 1. Phage strains used in this study 

Phage 
Host bacteria (strain) Reference 

Strain Family Size (head/tail) 

PLgY-16 Siphoviridae 50-60/140-180 nm Lactococcus garvieae (No.16) Park et a/., 1997 

PLgW-1 Siphoviridae 60/150 nm Lactococcus garvieae (No.16) Park et a/., 1999 

PPpW-3 Myoviridae 50/110 x 20 nm Pseudomonas plecoglossicida (PTH-9802) Park et a/., 2000 

PPpW-4 Podoviridae 50/18 x 25 nm Pseudomonas plecoglossicida (PTH-9802) Park et a/., 2000 

PSiJ31 Siphoviridae 60/200 nm Streptococcus iniae (IS-22) Matsuoka et a/., 2007 

PSiJ32 Siphoviridae 60/200 nm Streptococcus iniae (IS-22) Matsuoka et a/., 2007 

IW-1 Podoviridae 60/18 nm Edwardsiella tarda (E01-21) Unpublished 

MSW-3 Myoviridae 60/80 nm Edwardsiefla tarda (MEE0309) Unpublished 

T4 Myoviridae 111 x 78/113 x 16 nm'" Escherichia coli (NBRC13168) NBRC20004*" 

T7 Podoviridae 60/17 x 8 nm* Escherichia coli (NBRC13168) NBRC20007** 

" Siphoviridae 60/65-570 x 7-10 nm* Escherichia coli (NBRC12713) NBRC20016** 

'" from Hendrix and Casjens (2005) 
** NBRC: NITE Biological Resource Center 
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was used to examine pharmacokinetics of phages. 
The phage was anally intubated into goldfish as 
described above. After 3-h recovery, the fish were sac
rificed, bled by caudalfin cut, and carefully dissected in 
order to examine organ distribution of the phage. The 
brain, muscle near the base of dorsal fin, kidney, hepa
topancreas, were collected in this order. Lastly, the full
length intestinal tract containing its content was col
lected and divided into two parts, designated as anterior 
intestine and posterior intestine. In the time-course 
experiment, fish were sacrificed at 10 min, 1-, 3-, 6-, 12-
and 24-h post-intubation to collect the blood, kidney and 
posterior intestine. In the dose-effect experiment, fish 
were intubated with 50 ,uL of the phage at three differ
ent concentrations (109

.
6, 108

.
6, 107.6 PFU/mL; i.e. 108

.
3, 

107.3, 1063 PFUIfish) and sacrificed to collect the blood, 
kidney and posterior intestine 1 h after intubation. 
These organs were homogenized with PBS and the 
phage titers were determined as described above. 

Results 

Comparison of titers in the kidney among phages 
All 11 phages were detected in the kidney but with 

considerable variation in the titer and frequency (n = 5) 

5.5 

5.0 5/5 

at 3-h post-intubation (Fig. 1). There was a difference 
in the transfer efficiencies (p < 0.05; Pearson's chi
square test), but not in the titers (p = 0.81; Student's t
test), between fish pathogen phages and E. coli phages. 
On the other hand, the mean titers (1040 PFUlg) of 
Podoviridae phages (PPpW-4, IW-1, T7) were relatively 
higher than those (1034 PFU/g) of Myoviridae phages 
(PPpW-3, MSW-3, T4) or Siphoviridae phages (PLgY-
16, PLgW-1, PSiJ31, PSiJ32, A). Among them, a P. 
plecoglossicida phage PPpW-4 (Podoviridae) had the 
highest titer and detection rate. Based on the results 
of this trial, we used PPpW-4 as a representative phage 
in the pharmacokinetic experiment. 

Organ distribution of phages 
At 3-h post-intubation, titers (n = 5) of PPpW-4 

phage in the intestine showed no differences between 
the anterior and posterior parts (approximately 109 

PFU/g) but a slight decrease (106 PFU/g) in the hepato
pancreas, a portion of the digestive system and tightly 
attaching to the intestine. In contrast, phage titers 
were fairly low in the kidney and blood (103.9 PFU/g and 
103.1 PFU/mL, respectively) and almost undetectable in 
the brain and muscle near the base of dorsal fin (Table 
2). For phage kinetics in the time-course experiments, 
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Fig. 1. Comparison of phage titers in the kidney of goldfish 3 h after anal intubation. The phage (108
.
3 PFU/fish) was introduced into 

the intestinal tract by anal intubation. *Number of fish from which phages were detected/number of fish examined. 

Table 2. Organ distribution of phage PPpW-4 in goldfish 3 h after anal intubation 

Phage titers (log10 PFU/g or mL) 
Fish no. Anterior Posterior Hepato-

Kidney Brain Muscle Blood 
intestine intestine 

9.0 9.3 6.3 3.4 <2.4 <2.4 2.0 

2 9.5 9.4 6.6 4.8 2.6 <2.4 3.9 

3 8.4 9.1 6.3 3.8 <2.4 <2.4 3.8 

4 8.7 8.5 6.1 3.8 <2.4 <2.4 2.0 

5 9.1 8.8 3.8 3.6 2.5 2.9 3.9 

Mean ± SO 8.9 ± 0.4 9.0 ± 0.4 5.8 ± 1.2 3.9 ± 0.5 2.6 2.9 3.1 ± 1.0 

The phage (1083 PFU/fish) was introduced into the intestinal tract by anal intubation. 
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Fig. 2. Fate of phage PPpW-4 in goldfish after anal intubation. The phage (108
.
3 PFU/fish) was introduced into the intestinal tract by 

anal intubation. 
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Fig. 3. Titers of phage PPpW-4 in goldfish 1 h after anal intubation at different doses. *Number of fish from which phages were 
detected/number of fish examined. 

we targeted both the kidney (as a circulatory organ) and 
blood. 

Time-course phage kinetics 
Intubated PPpW-4 phage appeared with titers of 

103
.
8 PFU/g and 102.8 PFU/mL in the kidney and blood, 

respectively, after 10 min (Fig. 2). Phage titers (n = 5) 
in both kidney and blood did not change significantly in 
the first 12 h after phage introduction. Phages were 
undetectable after 24 h in these compartments, when 
phages were still present in the intestine at 105

.4 PFU/g, 
which is 103 times lower than that at 10-min or 1-h post
intubation. 

Phage kinetics at different intubation doses 
PPpW-4 phage was detected dose-dependently 

with mean titers (n = 5) of 1068, 107.6 and 108.5 PFU/g in 
the intestine of fish intubated with low, middle and high 

doses, respectively (Fig. 3). Phages were also 
detected at all time points in the kidney and blood in the 
high and middle dose groups, though the titers of 1026, 
102.9 and 103

.
9 PFU/g for kidney and 101.6, 102.7 and 103

.
6 

PFU/mL for blood, respectively, were approximately 104 

to 105 times lower than those in the intestine. 

Discussion 

The early pharmacokinetic study of phages in mice 
(Keller and Engley, 1958) demonstrated that introduc
tion of Bacillus megatherium phages by feeding and 
gastric lavage facilitated consistent recovery of phage 
from the blood. In rats, E. coli phage passed directly 
through the intestinal barrier into the lymph but rarely 
passed into the blood (Hildebrand and Wolochow, 
1962). Other studies with model animals (rabbits, 
mice) and humans also reported the presence of 
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phages in the circulatory system after oral administra
tion or direct introduction to the rectum (Geier et a/., 

1973; Weber-Dabrowska et a/., 1987; Sechter et a/., 

1989). These results indicate that phage can infiltrate 
the intestinal wall and reach the systemic sites as an 
intact virus particle in mammals. The present study of 
11 phages in fish (Fig. 1) suggests that infiltration into 
the circulatory system by passage through the gastroin
testinal wall is a general property of the phages, irre
spective of animal or phage species. Among the 
phages used, however, the number of phage passing 
through the intestinal wall was about 4-5 times higher 
for Podoviridae phages, which have a short tail, than for 
Myoviridae and Siphoviridae phages, which have a 
long tail. Wolochow et a/. (1966) reported in a micro
bial penetration study using four bacterial species with 
different sizes and an E. coli phage (T1) that smaller 
microorganisms passed through the intestinal wall into 
the lymph relatively easily. These results indicate that 
phage penetration through the gastrointestinal tract 
might simply be related to phage morphology and/or 
size. However, Duerr et a/. (2004) demonstrated using 
the in vivo M13 phage display system that specific pep
tide sequences were associated with differences in the 
penetration of phage across the intestinal barrier. Our 
preliminary experiments using a betanodavirus (ssRNA 
virus ca. 25 nm in diameter), which is the causative 
agent of viral nervous necrosis (Sano et a/., 2011), 

showed no appearance of virus in other organs of gold
fish after anal intubation by similar methods. There
fore, it seems that the nature of intestinal penetration is 
inherent in phages. Further studies are needed to 
explain the differences in phage penetration, especially 
regarding factors associated with phage interactions 
with intestinal cells. 

Following the direct introduction of phages into the 
gastrointestinal tract of mice, phages were detected in 
blood after 5 min (Keller and Engley, 1958). In another 
report, phages introduced into the rectum of rabbits 
appeared in blood within 10 min (Sechter et a/., 1989). 

In the present study, phage PPpW-4 appeared in the 
blood and kidney within 10 min after anal intubation of 
goldfish (Fig. 2). However, phage numbers in the kid
ney were about 104-105 times lower than those in the 
intestine (Table 2; Fig. 3). This inefficiency of transfer 
through the intestinal wall suggests that the entry por
tals in the intestine for phages are limited. M cells, 
which are scattered throughout the mammalian intesti
ne, transport foreign microorganisms to the immune sys
tem and function as potential portals for mucosal drug 
and vaccine delivery (Clark et a/., 2001). Therefore, 
intestinal cells like M cells are speculated to be responsi
ble for the transport of phages (Gorski et a/., 2006). 

However, considering that it takes more than 30 min 
before M cell-mediated transport of human reovirus 
(non-enveloped, 60-80 nm in diameter) is completed 

after introduction into the ileum of suckling mice (Wolf et 

a/., 1981), phages may be transported via routes other 
than the M cell-mediated mechanism. This supposition 
is supported by the fact that M cells or related functional 
cells are not known to occur in the gastrointestinal tract 
of fish. It remains a challenge to identify entry portals 
of phages in the gastrointestinal tract. 

Phage delivery methods are the key for successful 
therapeutic usage of phages. Needless to say, oral 
administration is the best delivery method for phage 
therapy, especially in aquaculture settings with large 
numbers of fish. Previous studies with mammals have 
suggested that oral methods are ineffective for phage 
delivery because only a limited number of phages reach 
systemic sites (Geier et a/., 1973; Merril et a/., 2003). 

However, some reports indicate the effectiveness of 
oral administration of phages against septicemia and 
other bacterial infections in humans (Weber-Dabrowska 
et a/., 2000; 2003). In our previous studies with fish, 
experimental P. plecoglossicida infection in ayu was 
treated by oral administration of a cocktail of PPpW-3 
and PPpW-4 phages (Park et a/., 2000; Park and Nakai, 
2003). In contrast to conventional drug treatment, only 
a limited number of phages are required in the circula
tory system in order to achieve effective therapy due to 
the self-replication ability of phages in the host (Payne 
and Jansen, 2003). In intraintestinal phage introduc
tion in rats, the dose is directly related to the frequency 
of phage recovery (Wolochow et a/., 1966). The pre
sent data with fish showed that introduction of at least 
107.3 PFUIfish was required to achieve constant appear
ance of phage in the kidney and blood (Fig. 3). This is 
comparable to the concentration of phage required to 
achieve sufficient phage numbers in the intestine of the 
fish by oral administration (Park et a/., 2000; Park and 
Nakai, 2003). Administration dose of phage will be a 
critical factor in oral phage therapy. 
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キンギョにおける腸管か5循環系へのファージ‘の浸題性

i河町京燦彦.，ベ+，け寸j升i
f魚i瓦Lリf病お九紛紺初i百碍硝、¥jと大腸i院前zおiフア一ジ1竹1株を. キンギョの!江戸jか

らシリコンチューブを川いて腸管にit入した結来(1083 

PFU/尾)，いずれのファージも 3時間後に将棋から検出

された (102.7 ~1043 PFU/g)o循環系への没il!，lJ性が必もiGj
かったファージ PPpW-4株について検討したところ.

ファージは腸管に柱入して10分後には胤液と I腎臓に出現

して12時間後までほぼ同じ力似liで検出された。循環系へ

の安定した没潤のためには， 1尾あたり 107
.
3PFU 以上の

段入が必要であった。これらは経口投与による魚類の

ファージ療法を考える!こで、有JTJな知見となる O

fゑ病研究， 47 (1)， 1-6 (2012) 
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