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Abstract

Many studies have shown the efficacy of phage therapy in reducing gastrointestinal pathogens. However, it is
unclear whether phages can successfully colonize the gut when administered in an adequate amount for a long
time. About 1 × 108 PFU/mL of purified lytic phage PA13076 or temperate phage BP96115 were fed daily to mice
via drinking water over 31 days, to elucidate the distribution of phages in the gastrointestinal tract. At day 16 and
31, six different segments of the gastrointestinal tract with their contents, including stomach, duodenum, jejunum,
ileum, cecum, colon, and fresh feces, were aseptically collected. The phage titers were determined using the
double-layered plate method with S. Enteritidis ATCC 13076 or S. Pullorum SPu-109 used as host cells. The results
indicated that a small portion of administered phages survived exposure to gastric acid and entered the intestinal
tract. The prevalence of phages in the gastrointestinal tract was lower than 1% of the primary phage count. Highest
phage titers were detected in the cecum with 104 ~ 105 PFU/g, and most of the phages were eliminated from the
body via feces with 106 PFU/g. On day 16 and day 31, the same level of phage titers in different segments of the
gastrointestinal tract indicated that the colonization of phages had reached saturation at day 16. These results
demonstrate transient phage carriage and low-level colonization of orally administrated lytic and temperate gut
phages in mice.
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Introduction
The colonization of livestock by pathogenic bacteria
poses a significant problem in industrialized farming and
is a major source of human foodborne illness. The
critical role of intestinal phages is their capability in con-
trolling local bacterial populations. Oral phage adminis-
tration is primarily used to treat gastrointestinal and

other extraintestinal infections (Galtier et al. 2016;
Zelasko et al. 2017). Moreover, it is generally regarded
as the most convenient delivery route for large-scale ani-
mal breeding (Kim et al. 2013; Piewngam et al. 2018).
Additionally, oral phage administration is an effective
means to treat gastrointestinal tract infections (e.g., in
calves, lambs, and piglets) and diseases located outside
of the digestive tract while leaving the native flora un-
perturbed (Ahmadi et al. 2016). The challenge is the
phage stability when exposed to the highly acidic and
proteolytic environment of the stomach. Protection from
gastric acidity by methods such as polymer or liposome
microencapsulation may increase the efficacy of orally
administered phages (Malik et al. 2017).
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Phage preparations usually contain large amounts of
bacterial endotoxin due to host cell lysis (Gu et al.
2011). Even small amounts of LPS (1 ng/mL) present in
phage preparations can induce cytokine production,
pyrogenic reactions, and septic shock in humans and
experimental animals (Abaev et al. 2013; Romanovsky
et al. 1996). Therefore, efficient removal of LPS from
phage preparations is an ongoing challenge in the
process of phage application.
Lytic phages can influence the gut microbiome by

attacking and lysing bacterial target cells (Hsu et al.
2019). However, as temperate phages may mediate gene
transfer from one bacterial cell to another, they are gen-
erally avoided for direct use as therapeutics (Gordillo
Altamirano and Barr 2019; Górski et al. 2003). Phages
can bypass multiple endothelial, mucosal, and epithelial
cell barriers rapidly to achieve systemic distribution
(Huh et al. 2019). The mechanism of phage penetration
remains unclear and appears to be both phage and host
species-specific (Oliveira et al. 2009; Prasuhn Jr. et al.
2008). Hypervariable Ig-like capsid proteins, when ex-
posed by the T4 phage, mediated the interaction with
the glycans of glycoproteins in the mucosa, resulting in a
high concentration of phages in the mucus layer (Barr
et al. 2013). It was shown that specific phages could pass
through the fenestrae pores of intestinal epithelial tight
junctions, enabling their rapid accumulation within
highly vascularized organs, such as the liver, spleen, and
bone marrow (Dąbrowska et al. 2005; Keller and Engley
Jr. 1958). Furthermore, phage particles may be trans-
ported into the cell by receptor-mediated endocytosis,
whereby a specific receptor on the cell surface binds
tightly to an extracellular ligand that is displayed on the
phage capsid (Barr 2017). Studying the distribution of
phages in the gastrointestinal environment is an essential
basis for understanding their role in the gut ecosystem.
Limited data on the distribution of phages in the gut
and their ability to enter the animal tissue and blood-
stream remains a major problem. In recent years,
research has focused increasingly on the regulatory role
of phages in the gut ecosystem (Foca et al. 2015; Łusiak-
Szelachowska et al. 2017). However, phage survival, as
well as gut colonization and distribution in the gastro-
intestinal tract, are still poorly understood. This study
aimed to elucidate the abundance and distribution of
phage particles in the gastrointestinal tract when mice
were orally fed phages for 1 month.

Materials and methods
Large-scale preparation of phage suspensions
The lytic phage PA13076 (GenBank accession number:
MF740800.1) (Bao et al. 2020) and the temperate phage
BP96115 (GenBank accession number: MG407615) were
used in this study. Phage PA13076, originally isolated

from chicken feces, was propagated by using 106 CFU/
mL of S. Enteritidis ATCC 13076 and 108 PFU/mL of
PA13076 in 1000 mL TSB broth at 37 °C without shak-
ing for 6 h. The temperate phage BP96115, originally in-
duced from the pathogen S. Pullorum SPu-115 with
mitomycin C (0.5 μg/mL, final concentration), was prop-
agated by incubation at 37 °C for 4–5 h with shaking. S.
Pullorum SPu-109, which was infected using culture
supernatant after induction, was chosen as the host
strain by using the spot test. In the host strain S.
Pullorum SPu-109, the temperate phage BP96115 was
propagated by using 108 CFU/mL in 1000mL of TSB
broth for 6 h at 37 °C without shaking. Crude phage
lysates were obtained by centrifugation at 15000×g for
10 min at 4 °C. Subsequently, the supernatants were
filtered through sterile 0.22 μm filters (Merck Millipore
Ltd., Ireland). Phage particles were precipitated using
NaCl and PEG 8000, as previously described (Bao et al.
2015).

LPS removal
Phage particles (1010 PFU/mL) in SM buffer (50 mM
Tris-HCl [pH 7.5], 0.10M NaCl, 8 mM MgSO4·7H2O
and 0.01% gelatine) were added on top of discontinuous
cesium chloride gradients (CsCl gradient) (1.3, 1.5, and
1.7 g/cm3) and centrifuged at 40,000×g for 4 h at 4 °C as
previously described (Watanabe et al. 2007). The phage
fraction was collected with a sterile syringe, dialyzed
against sterile SM buffer overnight at 4 °C, with SM
buffer being changed once during dialysis.
The CsCl-purified phages were treated with 1% deoxy-

cholate detergent and incubated with shaking at 37 °C
for 60 min. This was followed by ultrafiltration using
Ultra-15 Centrifugal Filter Devices with a 100 KDa nom-
inal molecular weight cut-off (NMWCO) membrane
(Merck Millipore Ltd., Cork, Ireland), with centrifuga-
tion at 4000×g for 5 min at 4 °C, which was done five
times with washing using SM buffer (Jun et al. 2013).
Finally, the phage suspension obtained from ultrafiltra-
tion was filtered through a sterile 0.22 μm membrane
(Merck Millipore Ltd., Ireland).

Endotoxin quantitation in phage solutions
The endotoxin contents of the raw phage lysate and the
purified phage suspensions were analyzed using a
Limulus Amebocyte Lysate (LAL) Chromogenic Endo-
toxin Quantitation kit (Thermo Fisher, Sweden) accord-
ing to the manufacturer’s protocol. The absorbance at
405 nm was measured using a plate reader (TECAN
SUNRISE, Switzerland).

Animals’ experimental treatments
C57BL/6 female mice (6–8 week-old) were purchased
from the Comparative Medical Center of Yangzhou
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University (Yangzhou, China) and maintained under
specific pathogen-free conditions in the experimental
animal center in Jiangsu Academy of Agricultural Sci-
ences (JAAS). JAAS approved the animal experiment fol-
lowing the guidelines provided by the Animal Care and
Ethics Committee (SYXK 2015–2020). Mice were fed ad
libitum with a commercial grain formulation (SHOO-
BREE Rat and Mouse Maintenance Diet, Jiangsu Xie-
Tong Organism Co., Ltd., Nanjing, China) and sterilized
mineral water (Evian; pH 7.2; HCO3

−, 489mg/L).
After 2 weeks of acclimation, mice were assigned to

three experimental treatments based on body weight (~
18 g). The control group (20 mice) was separated from
phage-treated mice and received no phage in their
drinking water, the lytic group (20 mice) received puri-
fied lytic gut phage PA13076 in their drinking water at a
concentration of ca. 1 × 108 PFU/mL (approx. 4 × 108

PFU per mouse daily as calculated from daily water up-
take per animal), and the temperate group (20 mice) was
treated with 1 × 108 PFU/mL (approx. 4 × 108 PFU per
mouse daily) of purified temperate phage BP96115 in
sterilized mineral water. The drinking water with phage
solutions was prepared once every day at the same time.
Before administration, the phage suspensions were
stirred well with a sterilized glass rod. This trial was con-
ducted for 31 days.

Sample collection
After being weighed again, four mice from each group
were humanely euthanized on day 16 and 31, respect-
ively. For each mouse, 0.2 mL of blood was taken by
puncturing the orbital plexus with a plastic tube con-
taining 20 μL heparin (1000 U/mL, Sigma, USA), while
simultaneously adding 0.2 mL of blood into a tube with-
out any anti-agglutination additive to produce serum.
Six different segments of the gastrointestinal tract with
their contents, including stomach, duodenum, jejunum,
ileum, cecum, and colon, were isolated from mice and
weighed prior to phage enumeration. All samples were
collected aseptically. In addition, fecal samples were ob-
tained on days 16 and 31 from each mouse before being
euthanized.

Phage detection and quantification
Freshly collected feces were weighed and homogenized
in a sterile plastic tube after the addition of sterile 10-
fold SM buffer. Each segment of the gastrointestinal
tract with its contents and the spleen were homogenized
in SM buffer with a tissue homogenizer (Shanghai
Chemistry and Scientific Co. Ltd., Shanghai, China),
making 10-fold diluted suspensions. The non-
agglutinated blood (0.2 mL) was homogenized with SM
buffer in a final volume of 1 mL. After centrifugation at
12000×g for 10 min at 4 °C, these solutions were

subjected to serial decimal dilution. The phage titers
were determined using the double-layered plate method
with S. Enteritidis ATCC 13076 or S. Pullorum SPu-109
as host cells. The detection limit was 50 PFU/g.

Determination of IgG in serum and secretory IgA in the
ileum
While IgG levels were determined in serum samples,
secretory IgA (sIgA) levels were measured in ileum
homogenates. Samples from day 31 were analyzed using
a mouse IgG ELISA (88–50,400) and a mouse IgA
ELISA (88–50,450) kit (eBioscience, San Diego, USA),
according to the manufacturer’s protocol. The absorb-
ance was measured at 450 nm with a plate reader
(TECAN SUNRISE, Switzerland).

Statistical analysis
Phage-treated samples were compared to the control
group using one-way ANOVA. Significant differences
were determined using Duncan’s test with significance
set at p < 0.01. All data were analyzed using SPSS 22.0
(SPSS Inc., USA).

Results
The endotoxin concentration of purified phages
The endotoxin levels in the crude phage lysate exceeded
700 EU/mL for both phages (Table 1). After the phage sus-
pensions were dialyzed following CsCl-ultracentrifugation,
still 16.72 and 20.25 EU/mL were detected. After detergent
treatment and ultrafiltration, phage titers of PA13076 and
BP96115 were 1 × 1010 PFU/mL, and sufficiently low endo-
toxin levels were reached. Thus, the concentration of endo-
toxin was reduced to < 1 EU/mL, which is an acceptable
range for in vivo applications (Table 1).

Distribution of the phages in the gastrointestinal tract
Significantly increased phage loads were detected in all
analyzed gastrointestinal tract segments of treated mice
for the lytic gut phage PA13076 (Fig. 1a), and the tem-
perate phage BP96115 (Fig. 1b), indicating that both
phages were transiently carried along the gastrointestinal
tract. Most of the phages were destroyed by gastric acid,
only about 102 PFU/g of phage PA13076 and BP96115
survived when fed through drinking water. Generally,
the phage titer in gastrointestinal tract samples from

Table 1 Endotoxin levels in different phage solutions (unit: EU/
mL)

Purification step The phage solution PA13076 BP96115

1 Crude phage lysate 748.54 912.20

2 CsCl-ultracentrifugation 16.72 20.25

3 Ultrafiltrated 0.86 0.91

Phage titer (PFU/mL) 1 × 1010 1 × 1010
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mice treated with the lytic phage was lower than that of
mice treated with the temperate phage in homologous
samples, indicating that more lysogenic than lytic phages
colonized the gut. No significant differences were ob-
served between two time points (days 16 and 31) within
analyzed segments of the gastrointestinal tract. More-
over, phages colonized the large intestine segment at
more substantial titers (104–106 PFU/g) than the first
part of the gastrointestinal tract (102–104 PFU/g).

Phage recovery from blood and spleen samples
Phage titers in the spleen were similar between PA13076
treated and BP96115 treated mice (Fig. 2a and b). The
phage titers in whole blood samples ranged from 102 to
103 PFU/mL, thus being lower than titers detected in
spleen samples wherein almost 104 PFU/g were
detected.

The levels of IgG in serum and sIgA in the ileum
At day 31 of the phage treatment, increased IgG (p =
0.118) and sIgA (p = 0.88) levels were detected in phage
treated mice when compared to the control mice (Fig. 3).

However, even though no significant effect on the levels
of serum IgG and ileal sIgA was observed, IgG and sIgA
levels were higher in the lytic than in the temperate
group.

Discussion
The present study confirmed that a combination of
ultracentrifugation and ultrafiltration sufficiently re-
moved bacterial LPS from phage solutions before using
these for animal experiments, as reported previously
(Dufour et al. 2016; Hudson et al. 2015). Previous studies
showed that high phage concentrations could induce
pro-inflammatory responses, while long-term exposure
to phages induced an antibody response in the spleen
(Hodyra-Stefaniak et al. 2015; Majewska et al. 2015).
Therefore, an appropriate purification protocol is
mandatory to reduce endotoxin levels to satisfy the re-
quirements for phage clinical application (Simoliunas
et al. 2015).
This study analyzed the abundance and distribution of

orally administrated phages in the gastrointestinal tract
when mice were exposed to a lytic and a lysogenic phage

Fig. 1 Phage titers in the gastrointestinal tract of mice at day 16 and 31. The phage titer is expressed as the range and the mean log PFU/g for
the specified gut segment (stomach, duodenum, jejunum, ileum, colon, cecum and feces) on day 16 and 31. a. The titer of phage PA13076 using
S. Enteritidis 13,076 as the host. b. The titer of phage BP96115 using S. Pullorum SPu-109 as the host. Black color represents the lytic (a) and
lysogenic (b), and blue color represents the control group, respectively. represents phage titer values below the detection limit. ** differed by
p < 0.01 between treated and control mice

Fig. 2 Quantification of phages in blood and spleen of mice at day 16 and 31. The phage titers were quantified on day 16 and 31. a. The titer of
phage PA13076 using S. Enteritidis 13,076 as the host (n = 4). b. The titer of phage BP96115 using S. Pullorum SPu-109 as the host (n = 4). Black
color represents the lytic (a) and lysogenic (b), and blue color represents the control group, respectively. represents phage titer values below
the detection limit. ** differed by p < 0.01 between treated and control mice
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for 31 days. Oral administration of phages is mainly used
to treat gastrointestinal infections and, in some cases,
systemic infections (Ryan et al. 2011). The challenge is
the phage stability in the highly acidic (pH ≈ 1–2), anaer-
obic and proteolytic environment of the stomach (Atter-
bury et al. 2007; Ma et al. 2008; Maura et al. 2012).
These unfavorable conditions can drastically reduce
phage titers to be pharmacologically ineffective (Huh
et al. 2019). For example, due to low stability at acidic
pH, six phages showing in vitro efficacy were not able to
reduce Salmonella Typhimurium levels in vivo signifi-
cantly, even when administered orally at 109 PFU/mL
(Albino et al. 2014). In previous trials, neutralizing
agents, such as CaCO3 or NaHCO3, were fed concur-
rently or before phage administration to prevent acid in-
activation. However, when healthy children received T4
phages (109 PFU/mL) in a bicarbonate solution, only low
phage levels were recovered in feces (median 2 × 102

PFU/g feces) (Sarker et al. 2012). Even though this
method enhanced phage transit from the stomach to
other body sites, a pH-sensitive S. aureus phage could
not be detected in the feces of rabbits, despite the use of
a gastric acid inhibitor (ranitidine, 3 mg/kg) before oral
phage administration (Vandersteegen et al. 2011). Al-
though the mice in the current study were administrated
4 × 108 PFU/day continuously for 31 days in the lytic and
temperate group, the viability of phages was rapidly lost
upon exposure to gastric acid, as the titers of phages in
the stomach were always ≤103 PFU/g. However, if
phages are ingested along with food, the food matrix can
protect a certain proportion of phage particles from in-
activation and might speed up phage delivery across the
stomach. Similarly, phage immobilization and microen-
capsulation did improve phage stability and survival after
exposure to gastrointestinal conditions and transit (Ma
et al. 2008; Soto et al. 2018).
Monitoring the gastrointestinal transit of phages may

mirror intestinal phage dynamics (Zelasko et al. 2017).
Albeit high phage shedding would indicate in vivo phage
stability, viral replication and immune elimination of
phages also affect measurable phage titers. A phage trial
assessing oral phage therapy in 120 Bangladeshi children

(6–24-months old) with diarrheal disease (Sarker et al.
2016) reported phage titers not exceeding 106 PFU/g
stool. In many subjects, the phage titer was only 1 PFU/
g stool, highlighting that sufficient phage presence in the
gastrointestinal tract is needed to achieve efficient
phage-mediated bacterial lysis, especially with respect to
factors mediating in vivo phage replication during
treatment.
In the current study, a lysogenic phage using S.

Pullorum SPu-109 as the host was detected in the cecum
of the control mice at up to 104 PFU/g, while the
abundance of the lytic phage using S. Enteritidis 13076
as the host was below the limit of detection in the gut of
control mice. This result matches a report by Dhillon
et al. (1976), showing that temperate phages predomin-
ate in mammalian feces.
Orally administered phages will pass through the

stomach into the intestine and then cross the gut mu-
cosa before systemic circulation (Międzybrodzki et al.
2017). It has been confirmed that phages can translocate
across the gut mucosal barriers and migrate to periph-
eral blood and local tissues (Abeles and Pride 2014;
Górski et al. 2006). Indeed, E. coli phages can translocate
to the blood much more effectively from the intestinal
tract than from the stomach (Dąbrowska et al. 2005),
and fluorescently labeled M13 phage particles accumu-
lated at sites of bacterial infection within 24 h of retroor-
bital injection in mice (Bardhan et al. 2014). Among the
still limited number of studies evidencing the transfer of
orally administered phages to blood after oral adminis-
tration, the case of the staphylococcal phage A5/80 is a
well-established example (Majewska et al. 2015;
Międzybrodzki et al. 2017). The presence of phages in
spleen and whole blood samples of phage treated mice
in the current study suggested that phages crossed the
epithelial barrier and entered extraintestinal sites, even
when applied via the oral route. Similarly, Nguyen et al.
(2017) demonstrated by performing in vitro studies that
the human gut, lung, liver, kidney, and brain cell layers
were able to take up and traffic phages. Moreover, the
same authors showed that phage transfer across cell
layers had a preferential directionality, following apical-

Fig. 3 The IgG levels in serum and the sIgA levels in ileum samples at the end of the experiment (day 31). The results shown are the mean
values of IgG or sIgA in pg/mL. The standard deviation of the mean is indicated by error bars (n = 4)
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to-basolateral transport with approximately 0.1% of
bacteriophages being transcytosed over a 2-h period.
However, despite exposing mice over 31 days to

phages, the phage titer in the gastrointestinal tract and
blood only increased gradually, even though phage titers
were evidently higher in treated than in control mice.
Phages can induce an immune response, as they are rec-
ognized as foreign proteins and are rapidly eliminated
from the systemic circulation by reticuloendothelial sys-
tem clearance (Dąbrowska et al. 2005). The production
of anti-phage antibodies and the inhibitory effect due to
adaptive immunity are crucial factors controlling phage
colonization and distribution in the animal body. IgA,
produced in the intestinal system by the gut-associated
lymphoid tissue, is considered as one of the hallmarks of
the humoral immune system. Intestinal barrier disrup-
tion by foreign particles can elicit immune responses
such as IgA production, which in turn can upregulate T
and B cell production. A long-term study of antibody in-
duction in mice with T4 phage particles applied per os
over 100 days showed the presence of anti-phage anti-
bodies (IgM, IgG, and secretory IgA) in treated animals,
with high levels of such antibodies decreasing the phage
concentrations in the blood of mice and hindering the
gut transit of phage T4 (Majewska et al. 2015). However,
several other studies based on oral phage application
showed only weak immune responses in treated animals,
suggesting that a limited increase in anti-phage
antibodies does not hinder the positive outcome of
phage therapy (Łusiak-Szelachowska et al. 2014; Zaczek
et al. 2016). Even though, increased production of anti-
phage antibodies may limit the gut colonization by
phages and, consequently, the efficacy of phage therapy.
A recent study on the biosafety of phage therapy in
piglets (Zheng et al. 2019) showed no significant
biochemical variation regarding liver (alanine amino-
transferase, aspartic transaminase, and γ-glutamyl trans-
peptidase) and renal functions (urea, creatinine, and
bilirubin). Additionally, the same authors reported con-
stant levels of immunoglobulin E (IgE), IgG, and hista-
mine in these piglets, indicating that phage therapy did
not induce allergic symptoms. Therefore, phage therapy
could be considered safe for animals and humans.
The prevalence of phages in the gastrointestinal tract

of mice was lower than 1% of the amount of ingested
phages, indicating transient phage carriage, and low-
level colonization in the gut. The highest phage titers
were detected in the feces, with about 106 PFU/g for
PA13076 and BP96115 after phage treatment. Available
evidence suggests that oral phage administration leads to
passive transport through the gastrointestinal tract, with
most phages recovered subsequently from the feces
(Huh et al. 2019). Similarly, phage T3 preferentially
absorbed in the upper or lower sections of the intestine

(Hoffmann 1965). Ma et al. (2016) demonstrated that
the transient carriage of phage through the gastrointes-
tinal tract of chickens occurred as indicated by a peak
phage concentration in feces after 1.5 h. In the current
study, we assessed the colonization of the gastrointes-
tinal tract of mice by phages after oral administration
with ad libitum access to water for 31 days. The limited
phage colonization of the mouse gut matched data re-
ported by Ma et al. (2016), who assessed the temporal
distribution of both encapsulated and free phages ad-
ministered to young chicks, showing that both types of
phages were present at levels ranging from 102 to 106

PFU/g of gut contents along the entire gastrointestinal
system. Low-level phage colonization in the small intes-
tine of treated mice could be due to the segmented
movement of gut contents or the absence of their host
bacteria. This would suggest that multiple interval
dosing may be required, or that the dosage could be in-
creased during phage therapy.

Conclusions
A well-characterized lytic (PA13076) and a temperate
phage (BP96115) were purified using ultracentrifugation
and ultrafiltration before administration to mice. A small
portion of administered phages survived exposure to
gastric acid and entered the intestinal tract. Both phages
were mainly located in the cecum and feces, with titers
reaching up to 104 and 105 PFU/g in cecum for
PA13076 and BP96115, respectively. Simultaneously, the
phages were detected in blood and spleen samples of
mice, and increased IgG and sIgA levels were observed.
Even though the liver of phage treated mice was not
analyzed in the present study, which is a limitation, it
demonstrated transient phage carriage and low-level
colonization of orally administrated lytic and temperate
gut phages in mice.
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