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ABSTRACT The increasing prevalence of antimicro-
bial resistant bacteria has sparked a renewed interest in
alternative bacterial control methods, including bacterio-
phage administration. In order to determine the overall
efficacy of bacteriophage administration for the reduc-
tion of bacterial concentrations in poultry, a systematic
literature review and a meta-analysis were conducted.
The systematic review included studies in which 1) live
chickens were challenged with a known quantity of bac-
teria; and 2) challenged chickens were administered a
known quantity of bacteriophages; and 3) concentrations
of the challenge bacteria were measured in tissue/fluid
samples from both challenged and unchallenged chickens
after phage administration; and 4) either standard devia-
tion or standard error was reported. Results of a meta-
analysis of the 12 studies included in this review (total
inputs: n = 41; total observations: n = 711) indicated
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that concentrations of challenge bacteria were signifi-
cantly lower (P < 0.001) in challenged, phage-treated
chickens than in challenged, untreated chickens (effect
size = �0.82 log10 cfu/g). Phage treatment effects were
significantly greater (P < 0.01) in chickens administered
phages via feed than in chickens administered phages via
drinking water or aerosol spray. No significant differen-
ces were observed between subgroups when data were
disaggregated by various other experimental characteris-
tics, though some significant differences were observed
across subgroups after further disaggregation by sam-
pling time and animal age. As a whole, findings from the
systematic review and meta-analysis indicate that phage
administration can significantly lower concentrations of
targeted bacteria in chickens and that, in some instances,
the effect may be greater in the short-term vs. the long-
term and in older vs. younger chickens.
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INTRODUCTION

Bacteriophages, or “phages”, are viruses that infect
specific host bacteria. Phages may be placed into two
general categories: those that induce host cell lysis
shortly after initial infection (“lytic” or “virulent”
phages), and those that induce a lysogenic cycle and
reside as prophages inside the host cell without immedi-
ately causing host lysis (“temperate” or “lysogenic”
phages) (Sulakvelidze et al., 2001). Due to the direct
antibacterial action of the lytic cycle, bacteriophage
research aimed at the reduction of bacterial colonization
has traditionally employed lytic phages. More recent
studies have investigated the therapeutic potential of
both temperate phages (Yosef et al., 2015; Park et al.,
2017; Monteiro et al., 2019) and phage lysins
(Fischetti, 2018; V�azquez et al., 2018), however. For
pertinent, in-depth reviews of phage biology that discuss
both lytic and temperate phages, see the works of
Sulakvelidze et al. (2001), Guttman et al. (2005), and
Ackermann and Węgrzyn (2014).
Phages have long been investigated for their potential

as antimicrobials but have typically been passed over in
favor of chemical antibiotics (Sulakvelidze et al., 2001).
However, the increasing prevalence of antibiotic resis-
tant bacteria has sparked a renewed interest in using
bacteriophages as therapeutics or prophylaxes for both
antibiotic resistant and antibiotic susceptible bacterial
infections (CDC, 2019). There is a growing body of
research on the use of bacteriophages as antibacterial
alternatives in food animal production in particular.
The systematic review and meta-analysis presented in
this manuscript provide a summary and analysis of the
aggregated results of 12 live animal research studies that
focus on phage treatment in poultry production in order
to determine if phage administration significantly
reduces concentrations of specific challenge bacteria.
Both a meta-analysis of the entire data set and analyses
of data disaggregated by various experimental factors
(e.g., sample collection time, phage protection strategy,
and administration route) were performed in order to
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identify if any particular factor significantly impacted
phage treatment efficacy.
MATERIALS AND METHODS

A primary literature search for published research
examining phage therapy in poultry between 1990 and
present was conducted in the summer of 2020 using the
PubMed and Google Scholar databases. Key search
terms included “poultry + phage”, “chicken + phage”,
“poultry + bacteriophage”, and “chicken + bacterio-
phage”. Articles were restricted to original research on
live poultry; thus, review articles, non−peer-reviewed
articles (e.g., theses/dissertations), “gray” literature,
and articles utilizing models of the target species or
nonpoultry animals were removed. This search resulted
in a pool of 50 studies describing experiments measur-
ing the antibacterial capacity of phages in live chickens.
Works cited in these articles were screened to identify
any additional, relevant articles not retrieved in the
original search. The author(s), year published, a brief
results summary, study location, challenge bacteria, a
description of experimental animal characteristics, and
whether or not an animal trial was performed was
recorded for each article in the pool. Articles were then
qualitatively assessed using a previously developed
rubric (Supplementary Table 1). A review of the quali-
tative data indicated that further meta-analysis, with
acceptable heterogeneity across studies, could be con-
ducted using the concentration of challenge bacteria
following phage treatment as the principle outcome
variable by aggregating inputs from studies in which 1)
live chickens were inoculated with a known quantity of
a specific challenge bacteria; and 2) challenged chickens
were treated with a known quantity of bacteriophage
shown to be lytic against the challenge bacteria; and 3)
concentrations of the challenge bacteria were quantified
(e.g., CFU/g) in tissues or fluids of challenged chickens
post-phage treatment; and 4) standard deviations (SD)
or standard errors (SE) associated with post-phage
treatment concentrations of challenge bacteria were
reported. Studies employing natural challenges in which
initial concentrations of the target bacteria were not
known, studies reporting only qualitative or semi-quan-
titative results (e.g., frequency of shedding), and stud-
ies not reporting SD or SE were removed. To avoid
over-representing any one study in the meta-analysis,
the total number of inputs included per study was lim-
ited to one input per sampling period (0−7 d, 8−14 d,
or >14 d post-treatment) per treatment. The resulting
final data set included a total of 711 observations from
41 inputs (i.e., distinct phage treatments/experiments)
across 12 studies.

Meta-analysis was performed following previously
published guidelines (Harrer et al. 2019a,b) and proc-
essed using RStudio (RStudio Team, 2021). The final
data set included 1) number of chickens in the phage
treatment group; 2) number of chickens in the control
group (i.e., chickens receiving challenge bacteria but not
phage or any other antibacterial treatment); 3) mean
concentration of the challenge bacteria in phage-treated
chickens with SD; 4) and mean concentration of chal-
lenge bacteria in control chickens with SD. In cases
where concentration means, SD, or SE values were
included in graphs but not in the text, these values were
estimated based on graphical data; estimations are
noted in the systematic review when this occurred.
When a single experiment contained one control group
but multiple phage treatment groups or inputs, the
number of animals in the control group was divided
equally across the number of treatment groups to avoid
over-representation of individual studies in the data set.
Data were analyzed using the dmetar package of R

(Harrer et al., 2019a). The full data set was screened for
“P-hacking” and “small-sample size bias”. Subsequently,
data were analyzed using a random effects model recog-
nizing variation across studies (i.e., differences in
chicken breed, chicken age, study methods, among
others; Harrer et al., 2019b). Variance of distribution of
effect size was estimated using Sidik-Jonkman tests and
the model was adjusted using the Hartung-Knapp
method (Harrer et al., 2019b). The experimental and
data analysis methods of studies identified in R as out-
liers were re-examined to determine if removing them
from the data set was justifiable. Data were disaggre-
gated by various factors, for example, sampling time,
sample type, phage delivery method (e.g., gavage, feed,
and spray), challenge bacteria, among others, in attempt
to identify if any of these factors significantly impacted
phage treatment efficacy. Heterogeneity was assessed
using the inconsistency index (I2), or percentage of het-
erogeneity (Higgins and Thompson, 2002). Heterogene-
ity was considered low when I2 values were between 0
and 25%, moderate between 26 and 50%, considerable
between 51 and 75%, and significant between 76 and
100%. Identification of subgroups for data disaggre-
gation was not random and therefore comparisons
between subgroups were made using a mixed-effects
model (i.e., a random-effects model within subgroups
and a fixed-effects model between subgroups;
Harrer et al., 2019a). Post-hoc power analyses (%) were
conducted on the overall data set and on each disaggre-
gated data set. Differences were considered statistically
significant at P < 0.05.
RESULTS AND DISCUSSION

Systematic Review

Following the procedures described above, 12 individ-
ual studies were included in this systematic review.
These studies all investigated the impact of bacterio-
phage administration on concentrations of challenge
bacteria in live chickens and 1) challenged live chickens
with a known quantity of bacteria; 2) administered a
known quantity of phages to challenged chickens; 3)
measured concentrations of challenge bacteria in tissue/
fluid samples from both challenged and unchallenged
chickens after phage administration; and 4) reported



EFFICACY OF PHAGE THERAPY IN POULTRY 3
either SD or SE. For the purposes of systematic review,
these 12 studies were grouped for discussion based on
similarities in experimental design. Discussion groupings
were formed primarily on the basis of phage administra-
tion route (oral gavage, feed, drinking water, or aerosol
spray) because meta-analytics suggested that adminis-
tration route may significantly impact phage treatment
efficacy. Due to the relatively large number of studies in
which phages were administered via oral gavage, the dis-
cussion of these studies was further separated based on
the age of chickens at the time of phage treatment
(<14 days of age [doa] or >14 doa). Throughout the sys-
tematic review, experimental methods have been sum-
marized and abbreviated for clarity and brevity.
Further details regarding the studies’ experimental
methods, including phage preparation methods, treat-
ment schedules, age of birds, and bacterial enumeration
methods may be found in Table 1.
Oral Gavage Administration to Chickens >14 doa Tag-

gedPAmong the studies included in this review, oral gavage was
a common administration route. Loc Carillo et al. (2005),
Atterbury et al. (2007), and El-Shibiny et al. (2009) admin-
istered phages via oral gavage to chickens >14 doa chal-
lengedwith various Salmonella spp.

In the study conducted by Atterbury et al. (2007), a
single dose of phages was administered to chickens at a
rate of 109 or 1011 pfu/bird 2 d following challenge with
either Salmonella Enteritidis, Salmonella Typhimurium,
or Salmonella Hadar. Administration of phages at 109

pfu/bird did not result in significant differences in con-
centrations of any of the challenge organisms between
phage-treated and untreated birds at any sampling
point. When phages were given at 1011 pfu/bird, phage-
treated chickens challenged with Salmonella Enteritidis
had significantly lower (P < 0.05) cecal concentrations
of Salmonella Enteritidis (1.53 § 2.38 log10 cfu/g) in
comparison to untreated birds (5.77 § 1.85 log10 cfu/g)
at 2 d postchallenge. Similarly, birds challenged with
Salmonella Typhimurium and treated with phages at
1011 pfu/bird had significantly lower (P < 0.05) cecal
concentrations of Salmonella Typhimurium (3.48 § 1.88
log10 cfu/g) than untreated birds (5.67 § 0.41 log10 cfu/
g) at 2 d postchallenge. However, there were no signifi-
cant differences in Salmonella Hadar concentrations in
phage-treated vs. untreated birds at any sampling point.

El-Shibiny et al. (2009) administered a single dose of
bacteriophages (at 105, 107, or 109 pfu/bird) to chickens
5 d after challenging them with either Campylobacter
jejuni or Campylobacter coli. Across all phage dosage
rates and gastrointestinal sample sites, Campylobacter
jejuni concentrations tended to be significantly lower
(P < 0.05; 0.9−2.6 log10 cfu/g lower) in phage-treated
vs. untreated birds (significant differences observed at 1,
2, and 5 d post-phage treatment). Phage-treated chick-
ens challenged with Campylobacter coli, however, typi-
cally had significantly lower (P < 0.05; 0.9−1.9 log10
cfu/g lower) cecal concentrations of challenge bacteria
compared to untreated chickens only when phages were
administered at rates of 109 pfu/bird (significant differ-
ences observed at 2, 3, 4, and 5 d post-phage treatment).
Significant differences in concentrations of Campylobac-
ter coli were found only sporadically between phage-
treated chickens administered 107 or 105 pfu/bird and
untreated chickens.
Using comparable experimental methods, Loc Carillo

et al. (2005) administered a single dose of bacteriophages
(CP34 or CP8) to chickens previously challenged with
either Campylobacter jejuni HPC5 or Campylobacter
jejuni GIIC8. At 1 d post-treatment, cecal concentra-
tions of Campylobacter jejuni HPC5 were significantly
lower (P < 0.05) in chickens administered CP34 at 105

or 107 pfu/bird (107: 3.9 log10 cfu/g; 105: data not
shown) compared to untreated chickens (»6.58 log10
cfu/g; estimation from graphical data). Birds receiving
CP34 at 109 pfu/bird had significantly lower (P < 0.001)
cecal concentrations of Campylobacter jejuni HPC5 in
comparison to untreated birds at 4 d post-treatment.
There were no significant differences in cecal concentra-
tions of Campylobacter jejuni HPC5 between birds
administered CP8 and untreated birds regardless of
phage inoculum concentration. When Campylobacter
jejuni GIIC8 was used as the challenge organism, how-
ever, chickens treated with CP8 at 107 pfu/bird had sig-
nificantly lower (P < 0.001) cecal concentrations of
Campylobacter jejuni GIIC8 in comparison to untreated
chickens from 1 d (phage-treated: »3.5 log10 cfu/g;
untreated: »7.8 log10 cfu/g) to 5 d (phage-treated: »6.2
log10 cfu/g; untreated: »8.2 log10 cfu/g) post-treatment
(estimations from graphical data). To note, no other
concentrations (e.g., 105 or 109 pfu/bird) of phage CP8
were administered to birds challenged with Campylobac-
ter jejuni GIIC8 and no birds challenged with Campylo-
bacter jejuni GIIC8 were treated with phage CP34.
Oral Gavage Administration to Chickens <14 doa Tag-

gedPOral gavage has also been used to administer bacterio-
phages to chickens <14 doa. In contrast to the studies in
which phages were administered to adult birds, experi-
ments in which phages were orally administered to
chicks have often employed poly-phage treatments (i.e.,
phage cocktails) rather than single phage treatments.
Additionally, many of these studies administered phages
repeatedly rather than in a single dose.
In the first of 2 experiments, Fischer et al. (2013)

administered a single dose of a bacteriophage cocktail to
chicks 3 d after Campylobacter jejuni challenge. Signifi-
cant differences (P < 0.05) in cecal concentrations of
Campylobacter jejuni were observed between phage-
treated and untreated birds at 1 and 3 d post-phage
treatment, but not at 7 d post-treatment. At this sam-
pling point phages were isolated from untreated birds,
however, resulting in the exclusion of these birds from
data analysis. In a second trial, in which chicks received
one dose of either the phage cocktail or a single phage
treatment, concentrations of Campylobacter jejuni were
significantly lower (P < 0.036) in all phage-treated birds
in comparison to untreated birds at 7, 14, 21, 28, and 35
d post-phage treatment. At these sampling times, aver-
age cecal concentrations of Campylobacter jejuni ranged
from »5.2 to »6.6 log10 cfu/g in phage cocktail-treated
birds, »4.8 to »7.7 log10 cfu/g in single phage-treated



Table 1. Description of studies included in systematic review and meta-analysis.

Reference
Challenge
organism

Phage inoculum
description Chicken age

Phage delivery
method

Phage delivery
schedule

Sampling times
included in

meta-analysis
Significant (P < 0.05) effect

observed

Bacterial
enumeration

method

Number of
inputs; total
observations

Adhikari et al. (2017) Salmonella enterica
Enteritidis

Two phage types,
preparation meth-
ods not specified
(NS)

> 14 doa Feed Phages delivered
multiple times
both prior to and
after bacterial
challenge

3, 7 d post-initial
phage treatment

Yes Viable cell count 2; 48

Atterbury et al. (2007) Salmonella enterica
Enteritidis

Single phage type
suspended in PBS
with 30% wt/vol
CaCO3

>14 doa Oral gavage Phages delivered
once after bacterial
challenge

3 d post-phage
treatment

Yes, when phages given at
1011 pfu/bird for reduc-
tion of Salmonella enter-
ica or Salmonella
typhimurium

Viable cell count 3; 25

Bardina et al. (2012) Salmonella enterica
Typhimurium

Three phage types
suspended in Luria
Bertani medium

<14 doa Oral3 Phages delivered
multiple times
both prior to and
after bacterial
challenge

6, 10, 17 d post-ini-
tial phage
treatment

Yes, when phage treatment
began less than 4 days
after challenge

Viable cell count 3; 32

Borie et al. (2009) Salmonella enterica
Enteritidis

Three phage types,
preparation
method NS

<14 doa Aerosol spray Phages delivered
twice prior to bac-
terial challenge

8 d post-initial
phage treatment

No Most probable
number or
similar

1; 30

Borie et al. (2008) Salmonella enterica
Enteritidis

Three phage types,
preparation
method NS

<14 doa Aerosol spray or
drinking water

Phages delivered
once prior to bac-
terial challenge

11 d post-phage
treatment

Yes Most probable
number or
similar

3; 66

Colom et al. (2015) Salmonella enterica
Typhimurium

Three phage types
suspended in
MgSO4 buffer or
liposome-encapsu-
lated1 and sus-
pended in MgSO4
buffer

<14 doa Oral3 Phages delivered
multiple times
both prior to and
after bacterial
challenge

4, 11, 16 d post-ini-
tial phage
treatment

Yes Most probable
number or
similar

6; 126

El-Shibiny et al. (2009) Campylo-bacter
jejuni and Cam-
pylo-bacter coli

Single phage type
suspended in 30%
wt/vol CaCO3

>14 doa Oral gavage Phages delivered
once after bacterial
challenge

3 d post-phage
treatment

Yes, treatment most effec-
tive at 109 pfu/bird; more
effective when used to
treat C. jejuni vs. C. coli

Viable cell count 2; 24

Fischer et al. (2013) Campylo-bacter
jejuni

Four phage types or
single phage type
suspended in SM
buffer2 with 33%
wt/vol CaCO3

<14 doa Oral (into crop) Phages delivered
once after bacterial
challenge

3, 14, 28 d post-
phage treatment

Yes Viable cell count 6; 99

Lim et al. (2012) Salmonella enterica
Enteritidis

Single phage type,
preparation
method NS

<14 doa Feed Phages delivered
multiple times
after bacterial
challenge

7, 14, 21 d post-ini-
tial phage
treatment

Yes Viable cell count 3; 120

Loc Carillo et al. (2005) Campylo-bacter
jejuni

Single phage type
suspended in 30%
wt/vol CaCO3

>14 doa Oral gavage Phages delivered
once after bacterial
challenge

3 d post-phage
treatment

Yes Viable cell count 3; 26
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4
M
O
SIM

A
N
N
E
T
A
L
.



T
ab

le
1
(C

on
ti
nu

ed
)

R
ef
er
en
ce

C
ha

lle
ng

e
or
ga

ni
sm

P
ha

ge
in
oc
ul
um

de
sc
ri
pt
io
n

C
hi
ck
en

ag
e

P
ha

ge
de
liv

er
y

m
et
ho

d
P
ha

ge
de
liv

er
y

sc
he
du

le

Sa
m
pl
in
g
ti
m
es

in
cl
ud

ed
in

m
et
a-
an

al
ys
is

Si
gn

ifi
ca
nt

(P
<
0.
05

)
ef
fe
ct

ob
se
rv
ed

B
ac
te
ri
al

en
um

er
at
io
n

m
et
ho

d

N
um

be
r
of

in
pu

ts
;t
ot
al

ob
se
rv
at
io
ns

L
ui
s
V
az

et
al
.(
20

20
)

Sa
lm

on
el
la
en

te
ri
ca

E
nt
er
it
id
is

T
hr
ee

ph
ag

e
ty
pe
s,

pr
ep
ar
at
io
n
m
et
h-

od
s
N
S

<
14

do
a
or

>
14

do
a

D
ri
nk

in
g
w
at
er

P
ha

ge
s
de
liv

er
ed

m
ul
ti
pl
e
ti
m
es

af
te
r
ba

ct
er
ia
l

ch
al
le
ng

e

4,
10

d
po

st
-i
ni
ti
al

ph
ag

e
tr
ea
tm

en
t

Y
es

V
ia
bl
e
ce
ll
co
un

t
4;

67

W
ag

en
aa

r
et

al
.(
20

05
)

C
am

py
lo
-b
ac
te
r

je
ju
ni

T
w
o
ph

ag
e
ty
pe
s
or

si
ng

le
ph

ag
e
ty
pe
,

pr
ep
ar
at
io
n
m
et
h-

od
s
N
S

<
14

do
a

O
ra
lg

av
ag

e
P
ha

ge
s
de
liv

er
ed

m
ul
ti
pl
e
ti
m
es

pr
io
r
to

ch
al
le
ng

e
or

m
ul
ti
pl
e
ti
m
es

af
te
r
ba

ct
er
ia
l

ch
al
le
ng

e

6,
13

,2
6
d
or

5,
10

,
17

d
po

st
-i
ni
ti
al

ph
ag

e
tr
ea
tm

en
t

Si
gn

ifi
ca
nc
e
no

t
di
sc
us
se
d

V
ia
bl
e
ce
ll
co
un

t
6;

48

1 E
nc
ap

su
la
te
d
vi
a
th
in
-fi
lm

hy
dr
at
io
n
m
et
ho

d
in

a
m
ix
tu
re

of
1,
2-
di
la
ur
oy

l-
ra
c-
gl
yc
er
o-
3-
ph

os
ph

oc
ol
in
e,
ch
ol
es
te
ry
lp

ol
ye
th
yl
en
e
gl
yc
ol

60
0
se
ba

ca
te
,c
ho

le
st
er
ol
,a

nd
ch
ol
es
te
ry
l3

b
-N

-(
di
m
et
hy

la
m
in
oe
th
yl
ca
r-

ba
m
at
e
hy

dr
oc
hl
or
id
e
(c
ho

le
st
er
yl

at
a
1:
0.
1:
0.
2:
0.
7
m
ol
ar

ra
ti
o)
;

2 S
M

bu
ff
er

=
5.
8
g
N
aC

l,
2.
0
g
M
gS

O
4
x
7
H
2O

,5
0
m
l1

M
T
ri
s
(S
ig
m
a
pH

7.
5)
,5

m
L
2%

ge
la
ti
ne
,a

nd
di
st
ill
ed

w
at
er
.

3 “
ga

va
ge
”
no

t
sp
ec
ifi
ed
.

EFFICACY OF PHAGE THERAPY IN POULTRY 5
birds, and »6.6 to »7.6 log10 cfu/g in untreated birds
(estimations based on graphical data). No differences in
cecal Campylobacter jejuni concentrations were found
across treatment groups on 1, 3, and 42 d post-phage
treatment. Overall, the average cecal concentration of
Campylobacter jejuni of phage-treated birds (5.9 log10
cfu/g, average of all phage-treated birds in both trials)
was significantly lower (P < 0.001) than that of
untreated birds (7.2 log10 cfu/g, average of untreated
birds in the second trial).
Wagenaar et al. (2005) administered single phage

treatments to chicks for 10 consecutive days beginning 3 d
prior to Campylobacter jejuni challenge and found that
concentrations of Campylobacter jejuni in the cecal con-
tents of phage-treated birds (»6.7 to »8.3 log10 cfu/g)
were numerically lower than in untreated birds (»8.9 to
»9.5 log10 cfu/g; excluding day one postchallenge, when
groups had comparable levels of Campylobacter jejuni). In
a second trial, chicks were administered single phage treat-
ments for 6 consecutive days beginning 5 d after bacterial
challenge. Again, phage-treated birds typically had numer-
ically lower cecal concentrations of Campylobacter jejuni
than untreated birds. The authors point out a marked
decrease in concentrations of Campylobacter jejuni in
phage-treated birds at 7 d postchallenge (»5.4 log10 cfu/
g); at this sampling time, concentrations ofCampylobacter
jejuni in untreated birds were »8.8 log10 cfu/g. In a third
trial, adult chickens (> 14 doa) were challenged withCam-
pylobacter jejuni and administered a phage cocktail for 4
consecutive days beginning 7 d following the bacterial chal-
lenge. Phage-treated birds had numerically lower cecal
concentrations of Campylobacter jejuni (»6.6 to »7.6
log10 cfu/g) in comparison to untreated birds throughout
this experiment (»8.3 to »8.5 log10 cfu/g) (excluding day
one post-phage treatment, when Campylobacter jejuni
titers were similar across groups). To note, data presented
here are approximations drawn from graphical data and
no analyses to identify statistical differences were
described in this study; as such, inferences drawn from this
study regarding phage efficacy should be tempered.
Bardina et al. (2012) repeatedly treated chicks with a

phage cocktail starting 1 d prior to challenge with Sal-
monella Typhimurium. Cecal concentrations of Salmo-
nella Typhimurium were significantly lower (P < 0.001)
in phage-treated vs. untreated birds from 2 d postchal-
lenge until the conclusion of the experiment. Over this
time period, average cecal concentrations of Salmonella
Typhimurium ranged from »3.92 to »7.23 log10 cfu/g
in phage-treated birds and from »8.03 to »9.03 log10
cfu/g in untreated birds. In a separate trial, chicks were
challenged with Salmonella Typhimurium and intermit-
tently treated with a phage cocktail beginning the day
of bacterial challenge. Salmonella Typhimurium concen-
trations in phage-treated birds were lower than in
untreated birds at 1 d (phage-treated: »2.73 log10 cfu/g;
untreated: »6.75 log10 cfu/g) and 2 d (phage-treated:
»3.27 log10 cfu/g; untreated: »8.32 log10 cfu/g) post-
challenge (significance not discussed). Concentrations of
Salmonella Typhimurium were significantly lower (P <
0.001) in phage-treated vs. untreated birds from 6 d
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postchallenge until the end of the experiment. To note,
data presented here are estimations based on graphical
data. An additional trial was performed in which naïve
chickens were exposed to Salmonella-challenged chick-
ens and subsequently treated with phages; data from
this trial were not included in the meta-analysis as the
chickens in this trial were not all administered a known
quantity of the challenge organism.

Colom et al. (2015) orally administered phages to
chicks for 8 d beginning 1 d prior to Salmonella Typhi-
murium challenge. Phages were given as either encapsu-
lated or naked phages. Cecal concentrations of
Salmonella Typhimurium were significantly different (P
< 0.05) in all phage-treated chicks vs. untreated chicks
at 1 d (naked phage: 2.9 § 2.3 log10 cfu/g; encapsulated:
3.8 § 1.2 log10 cfu/g; untreated: 5.8 § 0.7 log10 cfu/g), 3
d (naked phage: 3.3 § 2.7 log10 cfu/g; encapsulated: 3.3
§ 2.6 log10 cfu/g; untreated: 6.6 § 0.5 log10 cfu/g), 6 d
(naked phage: 4.1 § 2.1 log10 cfu/g; encapsulated: 3.2 §
2.6 log10 cfu/g; untreated: 6.9 § 0.8 log10 cfu/g), and 8 d
(naked phage: 5.2 § 2.2 log10 cfu/g; encapsulated: 2.9 §
2.8 log10 cfu/g; untreated: 6.7 § 0.5 log10 cfu/g) post-
challenge (to note, phage administration was ongoing
through d 6). Chicks receiving encapsulated phages also
had significantly lower (P < 0.001) cecal concentrations
of Salmonella Typhimurium in comparison to untreated
chicks at 10 d (encapsulated: 2.5 § 2.8 log10 cfu/g;
untreated: 6.4 § 1.0 log10 cfu/g) and 15 d (encapsulated:
3.7 § 1.4 log10 cfu/g; untreated: 5.2 § 1.3 log10 cfu/g)
postchallenge. In addition, concentrations of Salmonella
Typhimurium were significantly lower (P < 0.05) in
encapsulated phage-treated chicks vs. naked phage-
treated chicks at 8, 10, and 15 d postchallenge.
Drinking Water, Aerosol Spray, and Feed Adminis-
tration Routes Oral gavage is not the only method of
bacteriophage administration to chickens that has been
employed in research. Phages have also been adminis-
tered via aerosol sprays, in feed, and in drinking water.

Luis Vaz et al. (2020) challenged chicks with Salmo-
nella Enteritidis and administered a phage cocktail via
drinking water. In an initial trial, the phage cocktail
was administered for 5 d beginning 5 d postchallenge.
Cecal concentrations of Salmonella Enteritidis were sig-
nificantly lower (P ≤ 0.05) in phage-treated (4.44 §
0.16 log10 cfu/g) versus untreated (4.82 § 0.13 log10
cfu/g) birds at all sampling times. In a second trial, the
phage cocktail was administered for 5 d beginning 30 d
post-challenge. At 1 d post-phage treatment, cecal Sal-
monella Enteritidis concentrations were higher in
phage-treated birds (»3.5 § 0.9 log10 cfu/g) than in
untreated birds (»1.7 § 0.9 log10 cfu/g; estimates
based on graphical data, significance not discussed).
However, the overall average concentration of Salmo-
nella Enteritidis was significantly lower (P ≤ 0.05) in
phage-treated (0.80 § 0.23 log10 cfu/g) vs. untreated
birds (1.88 § 0.37 log10 cfu/g) from d 4 to d 10 post-
phage treatment. The incidence of Salmonella Enteriti-
dis in liver, spleen, and cecal tonsil samples did not sig-
nificantly differ (P > 0.05) between phage-treated and
untreated birds in either trial.
Borie et al. (2008) administered a single dose of a
phage cocktail to chicks via either aerosol spray or drink-
ing water one day prior to challenge with Salmonella
Enteritidis. At 10 d postchallenge, the overall incidence
of Salmonella Enteritidis in organ samples (intestine,
liver, spleen, and heart) was significantly lower
(P = 0.0084) in chicks administered phages via aerosol
spray (72.7%) than in untreated birds (100%). No signif-
icant difference (P > 0.05) was observed between the
overall incidence of Salmonella Enteritidis in organ sam-
ples from birds receiving phages via drinking water ver-
sus untreated birds. When data from the pool of liver,
spleen, and heart samples were analyzed without includ-
ing intestinal sample data, however, the incidence of
Salmonella Enteritidis was found to be significantly
lower (P < 0.05) in chicks administered phages via
drinking water (40.9%) than in untreated chicks
(77.3%). Additionally, intestinal concentrations of Sal-
monella Enteritidis were significantly lower (P < 0.001)
in all phage-treated chicks (aerosol spray: 4.04 log10 cfu/
mL; drinking water: 4.25 log10 cfu/mL) in comparison to
untreated chicks (5.67 log10 cfu/mL).
In a similar experiment, Borie et al. (2009) adminis-

tered chicks 2 doses of a phage cocktail via aerosol spray
1 d prior to challenge with Salmonella Enteritidis. The
authors observed significantly lower (P < 0.05) inciden-
ces of Salmonella Enteritidis in organ samples from
phage-treated (80%) vs. untreated chicks (100%) at 7 d
postchallenge (chicks were considered Salmonella Enter-
itidis-positive if the challenge organism was isolated in
either a pool of the liver and spleen, in the cecum, or
both). Cecal concentrations of Salmonella Enteritidis,
however, were not found to be significantly different (P
> 0.05) between phage-treated (»3.98 log10 cfu/g) and
untreated chicks (»5.19 log10 cfu/g) at this sampling
point.
Lim et al. (2012) challenged chicks with Salmonella

Enteritidis and administered phage via feed (109, 107, or
105 pfu/g feed) for 21 d. Intestinal concentrations of Sal-
monella Enteritidis in challenged chicks receiving phages
at 109 pfu/g feed were significantly lower (P < 0.05)
than those in challenged, untreated chicks at 7 d (phage-
treated: 5.53 log10 cfu/mL; untreated: 6.39 log10 cfu/
mL), 14 d (phage-treated: 5.48 log10 cfu/mL; untreated:
6.55 log10 cfu/mL), and 21 d (»3.0 log10 cfu/mL;
untreated: »5.6 log10 cfu/mL) post-comingling. When
phages were given at 107 pfu/g feed, intestinal concen-
trations of Salmonella Enteritidis were significantly
lower (P < 0.05) in challenged, phage-treated chicks vs.
challenged, untreated chicks at 7 d (phage-treated: 5.7
log10 cfu/mL; untreated: 6.39 log10 cfu/mL) and 21 d
(phage-treated: »3.3 log10 cfu/mL; untreated: »5.6
log10 cfu/mL) post-comingling. Significant differences
(P < 0.05) between intestinal concentrations of Salmo-
nella Enteritidis in challenged chicks administered
phages at 105 pfu/g feed (5.53 log10 cfu/mL) and in chal-
lenged, untreated chicks (6.39 log10 cfu/mL) were only
observed at 7 d post-comingling. The concentrations of
Salmonella Enteritidis at 21 d postchallenge presented
here are estimations based on graphical data. To note,
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the authors also measured Salmonella concentrations in
naïve birds comingled with the Salmonella-challenged
birds. As in the case with Bardina et al. (2012), concen-
trations of Salmonella in comingled birds were not
included in our meta-analysis as such birds were not
challenged with a known quantity of Salmonella.

Adhikari et al. (2017) also utilized a feed delivery route,
administering a phage cocktail to adult chickens at a rate
of either 0.1 or 0.2% of their diet. Chickens were given
phages for 7 d and then challenged with SalmonellaEnter-
itidis. Following bacterial challenge, chickens received
phages for an additional 7 d. No significant differences
(P > 0.05) were observed between the incidences or con-
centrations of Salmonella Enteritidis in fecal samples of
phage-treated and untreated chickens at 3 d postchal-
lenge. At 6 d postchallenge, however, fecal concentrations
of Salmonella Enteritidis were significantly lower (P <
0.05) in 0.2% phage-treated birds (0.71§ 0.34 log10 cfu/g)
than in either 0.1% phage-treated (1.57 § 0.37 log10 cfu/
g) or untreated birds (1.57 § 0.37 log10 cfu/g). The inci-
dence of Salmonella Enteritidis in fecal samples from 0.2%
phage-treated birds (37.5%) was also significantly lower
(P < 0.05) than in 0.1% phage-treated birds (75%) and in
untreated birds (75%) at this sampling point. At 7 d post-
challenge, cecal concentrations of Salmonella Enteritidis
were significantly lower (P < 0.05) in 0.2% phage-treated
birds (2.0 § 0.32 log10 cfu/g) than in either 0.1% phage-
treated birds (2.9 § 0.54 log10 cfu/g) or untreated birds
(2.9 § 0.40 log10 cfu/g). The incidence of Salmonella
Enteritidis in cecal samples did not significantly differ (P
> 0.05) across treatment groups, however. Neither inci-
dence nor concentration of Salmonella Enteritidis signifi-
cantly differed between the 0.1% phage-treated group and
the untreated group at any sampling point.
Meta-Analysis

Following systematic review, data from the 12
included studies were aggregated for meta-analysis
(total inputs: n = 41; total observations: phage-treated,
n = 350, untreated, n = 261). Both a funnel plot and an
Egger’s test (P = 0.008) indicated that asymmetry was
present in the data set. Asymmetry in these analyses is
typically an indicator of small sample bias; however,
because the biological properties of phages make it
unlikely for phage treatment to cause increases in bacte-
rial concentrations, asymmetry was expected and may
not be a reliable indicator of bias. Results of a P-curve
analysis to test for evidence of P-hacking indicated that
evidential value was present and not absent or inade-
quate, that P values of the data set were right-skewed
(P < 0.05), and that P values were not flat (P > 0.05),
suggesting that P-hacking did not occur and that a true
effect was present.

The meta-analysis performed using this data set indi-
cated that, overall, phage treatment significantly
reduced (P < 0.0001) concentrations of challenge bacte-
ria in phage-treated vs. untreated chickens by an aver-
age of 0.82 log10 cfu/g. Data in the aggregate had only
“moderate” heterogeneity (I2 = 34.5%) and had high sta-
tistical power (100%) in post-hoc power estimations. As
the efficacy of phage treatment can be impacted by vari-
ous environmental and biological factors, including pH,
host range, heat, and the relative concentrations of host
bacteria and phages (Iriarte et al., 2007; Huff et al.,
2010; Knezevic et al., 2011; Hodyra-Stefaniak et al.,
2015; Zhang et al., 2015; El-Dougdoug et al, 2019), after
initial analyses data were disaggregated in an attempt
to identify factors that significantly influenced phage
treatment efficacy. When analyses of disaggregated data
had low statistical power, this has been noted in the
text. The complete results of the meta-analysis and of
the analyses of difference in effect sizes between sub-
groups of disaggregated data are presented in Tables 2
and 3.
Effect of Sampling Time Phage-mediated lysis of bac-
terial cells and the subsequent release of progeny phages
are time-dependent processes (Delbr€uck, 1940;
Payne and Jansen, 2001, 2003; Kasman et al., 2002;
Huff et al., 2006). For this reason, data were disaggre-
gated by sampling time to investigate the impact of the
length of time between phage treatment and the mea-
surement of challenge bacteria concentrations on phage
treatment efficacy. Phage treatment was found to signif-
icantly reduce concentrations of challenge bacteria in
phage-treated vs. untreated chickens in samples col-
lected 0 to 7 d (P = 0.0001; effect size = �0.99 log10 cfu/
g) and 8 to 14 d post-treatment (P = 0.002; effect
size = �0.74 log10 cfu/g), but not in samples collected
>14 d post-treatment (P = 0.174; effect size = �0.59
log10 cfu/g). To note, heterogeneity was considerable
(I2 = 63.6%) in the subgroup of samples collected >14 d
post-treatment. Phage treatment effects did not signifi-
cantly differ across sampling time subgroups (P = 0.55);
however, this analysis of between-group differences had
low statistical power (<15%).
Effect of Age All inputs in this meta-analysis utilized
gastrointestinal bacteria to challenge chickens, but the
gastrointestinal tracts of adult chickens and of chicks
differ in their response to bacterial colonization
(Sahin et al., 2003, 2015; Beal et al., 2004; Bar-Shira and
Friedman, 2006; Han et al., 2016). As such, data were
disaggregated by experimental bird age to determine the
impact of age on phage treatment efficacy. All phage-
treated chickens were observed to have significantly
lower concentrations of challenge bacteria in comparison
to untreated chickens (>14 doa adults: P = 0.004; effect
size = �1.51 log10 cfu/g; <14 doa chicks: P < 0.001;
effect size = �0.72 log10 cfu/g), and phage treatment
effect sizes were found to differ only numerically between
adult and chick subgroups (P = 0.22, statistical
power = 23.5%). Both subgroups were then further dis-
aggregated by sampling time. Among adult chickens,
phage treatment significantly reduced concentrations of
challenge bacteria in samples collected 0 to 7 d post-
treatment (P = 0.007, effect size = �1.20 log10 cfu/g)
but not in samples collected 8 to 14 d post-treatment
(P = 0.091, effect size = �0.84 log10 cfu/g). To note, the
latter subgroup contained only one input (total



Table 2. Results of a meta-analysis of studies measuring concentrations of challenge bacteria following phage administration to
chickens.

Subgroup disaggregation factor I2 (%) Effect size1

Effect
significance

(P)
Power2

(%)

Number of
observations,

(Treatment; control)
Total

observations

All observations together 34.5 �0.82 § 0.14 < 0.0001 100 450; 261 711
Sample collection time
Samples collected 0 to 7 d post phage treatment 21.6 -0.99 § 0.20 0.0001 99.99 188; 112 300
Samples collected 8 to 14 d post phage treatment 22.0 �0.74 § 0.20 0.002 99.98 170; 102 272
Samples collected >14 d post phage treatment 63.6 �0.59 § 0.39 0.174 92.71 92; 47 139
Age of chickens

Adults (> 14 days of age 1.2 �1.15 § 0.32 0.004 98.84 95; 64 159
Adults, samples collected 0 to 7 d post phage treatment 10.0 �1.20 § 0.36 0.007 97.75 86; 55 141
Adults, samples collected 8 to 14 d post phage treatment −3 �0.84 § 0.50 0.091 30.51 9; 9 18
Adults, samples collected >14 d post phage treatment −4 − − − − −

Chicks (<14 days of age 42.6 �0.72 § 0.15 < 0.001 100 355; 197 552
Chicks, samples collected 0 to 7 d post phage treatment 38.7 �0.83 § 0.25 0.010 95.89 102; 57 159
Chicks, samples collected 8 to 14 d post phage treatment 28.0 �0.73 § 0.22 0.007 99.95 161; 93 254
Chicks, samples collected >14 d post phage treatment 63.6 �0.59 § 0.39 0.174 92.71 92; 47 139

Challenge bacteria
Salmonella 44.3 �0.95 § 0.17 < 0.001 100 331; 183 514

Salmonella, samples collected 0 to 7 d post phage
treatment

0.0 �1.01 § 0.16 < 0.0001 99.65 129; 72 201

Salmonella, samples collected 8 to 14 d post phage
treatment

38.6 �0.93 § 0.27 0.009 99.29 140; 83 223

Salmonella, samples collected >14 d post phage treatment 83.6 �1.01 § 0.89 0.338 69.17 62; 28 90
Salmonella, adult chickens only 0.0 �0.77 § 0.11 0.0004 93.73 66; 43 109
Salmonella, chicks only 59.5 �1.04 § 0.24 0.0005 100 265; 140 405

Campylobacter 0.0 �0.60 § 0.24 0.024 99.69 119; 78 197
Campylobacter, samples collected 0 to 7 d post phage
treatment

43.3 �1.09 § 0.53 0.076 84.64 59; 40 99

Campylobacter, samples collected 8 to 14 d post phage
treatment

0.0 �0.29 § 0.07 0.024 64.61 30; 19 49

Campylobacter, samples collected >14 d post phage
treatment

0.0 �0.37 § 0.10 0.035 64.61 30; 19 49

Campylobacter, adult chickens only 46.4 �2.13 § 0.91 0.079 56.75 29; 21 50
Campylobacter, chicks only 0.0 �0.28 § 0.05 0.0003 98.14 90; 57 147

Prophylactic vs. therapeutic
Prophylactic5 54.1 �0.94 § 0.21 0.0002 100 293; 153 446

Prophylactic, samples collected 0 to 7 d post phage
treatment

0.0 �1.16 § 0.20 0.0012 97.73 100; 50 150

Prophylactic, samples collected 8 to 14 d post phage
treatment

48.3 �0.89 § 0.34 0.034 81.16 66; 32 98

Prophylactic, samples collected >14 d post phage
treatment

78.7 �0.80 § 0.69 0.312 96.5 127; 71 198

Prophylactic, adult chickens only 0.0 �0.85 § 0.09 0.065 61.07 32; 16 48
Prophylactic, chicks only 58.8 �0.96 § 0.24 0.0008 99.99 261; 137 398

Therapeutic 0.0 �0.69 § 0.18 0.001 99.98 157; 108 265
Therapeutic, samples collected 0 to 7 d post phage
treatment

21.8 �0.92 § 0.33 0.016 98.17 88; 62 150

Therapeutic, samples collected 8 to 14 d post phage
treatment

0.0 �0.57 § 0.16 0.021 82.71 43; 31 74

Therapeutic, samples collected >14 d post phage
treatment

0.0 �0.42 § 0.11 0.062 56.09 26; 15 41

Therapeutic, adult chickens only 18.2 �1.27 § 0.41 0.012 94.62 65; 48 111
Therapeutic, chicks only 0.0 �0.37 § 0.08 0.0012 98.55 94; 60 154

Frequency of phage administration
Single dose 2.8 �0.82 § 0.24 0.004 99.91 155; 85 240

Single dose, samples collected 0 to 7 d post phage
treatment

37.2 �1.17 § 0.45 0.028 86.91 67; 41 108

Single dose, samples collected 8 to 14 d post phage
treatment

0.0 �0.58 § 0.09 0.0085 89.59 66; 33 99

Single dose, samples collected >14 d post phage treatment 0.0 �0.50 § 0.07 0.085 45.95 22; 11 33
Single dose, adult chickens only 17.6 �1.54 § 0.52 0.021 82.72 45; 30 75
Single dose, chicks only 0.0 �0.46 § 0.09 0.002 98.59 110; 55 165

Multiple doses 46.6 �0.83 § 0.17 < 0.0001 100 295; 176 471
Multiple doses, samples collected 0 to 7 d post phage
treatment

6.0 �0.93 § 0.18 0.0006 99.56 121; 71 192

Multiple doses, samples collected 8 to 14 d post phage
treatment

44.7 �0.87 § 0.31 0.024 97.58 104; 69 173

Multiple doses, samples collected >14 d post phage
treatment

73.9 �0.67 § 0.56 0.289 77.86 70; 36 106

Multiple doses, adult chickens only 0.0 �0.72 § 0.13 0.012 86.82 50; 34 84
Multiple doses, chicks only 54.5 �0.87 § 0.21 0.0006 99.99 245; 142 387

Administration route
Gavage 47.6 �0.88 § 0.21 0.0002 99.99 235; 145 380

(continued)
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Table 2 (Continued)

Subgroup disaggregation factor I2 (%) Effect size1

Effect
significance

(P)
Power2

(%)

Number of
observations,

(Treatment; control)
Total

observations

Gavage, samples collected 0 to 7 d post phage treatment 33.0 �1.13 § 0.29 0.002 99.36 109; 69 178
Gavage, samples collected 8 to 14 d post phage treatment 53.8 �0.82 § 0.44 0.110 85.28 64; 39 103
Gavage, samples collected >14 d post phage treatment 58.9 �0.48 § 0.44 0.323 83.7 62; 37 99
Gavage, adult chickens only 17.6 �1.54 § 0.52 0.021 82.72 45; 30 75
Gavage, chicks only 51.6 �0.70 § 0.22 0.005 99.93 190; 115 305

Feed 0.0 �1.05 § 0.10 0.0004 97.83 122; 46 168
Feed, samples collected 0 to 7 d post phage treatment 0.0 �1.01 § 0.14 0.020 83.73 62; 26 88
Feed, samples collected 8 to 14 d post phage treatment − �0.94 § 0.38 0.014 47.2 30; 10 40
Feed, samples collected >14 d post phage treatment − �1.28 § 0.40 0.0012 47.2 30; 10 40
Feed, adult chickens only 0.0 �0.85 § 0.09 0.065 61.07 32; 16 48
Feed, chicks only 0.0 �1.15 § 0.11 0.009 90.54 90; 30 120

Water 0.0 �0.65 § 0.12 0.006 92.41 56; 44 100
Water, samples collected 0 to 7 d post phage treatment 0.0 �0.36 § 0.03 0.050 51.28 17; 17 34
Water, samples collected 8 to 14 d post phage treatment 0.0 �0.82 § 0.08 0.009 78.01 39; 27 66
Water, samples collected >14 d post phage treatment − − − − − −
Water, adult chickens only 0.0 �0.58 § 0.25 0.263 53.58 18; 18 36
Water, chicks only 0.0 �0.69 § 0.15 0.046 70.84 28; 26 54

Spray6 0.0 �0.44 § 0.21 0.290 76.21 37; 26 63
Phage protection
Protected 21.3 �0.95 § 0.23 0.0009 99.9 153; 84 237

Protected, samples collected 0 to 7 d post phage
treatment

36.6 �1.18 § 0.39 0.013 91.86 81; 48 129

Protected, samples collected 8 to 14 d post phage
treatment

42.2 �0.76 § 0.40 0.200 56.41 36; 18 54

Protected, samples collected > 14 d post phage treatment 0.0 �0.70 § 0.19 0.068 66.17 36; 18 54
Protected, adult chickens only 17.6 �1.54 § 0.52 0.021 82.72 45; 30 75
Protected, chicks only 14.1 �0.66 § 0.19 0.008 98.45 108; 54 162

Unprotected 43.1 �0.75 § 0.17 0.0003 100 297; 177 474
Unprotected, samples collected 0 to 7 d post phage
treatment

5.4 �0.87 § 0.19 0.002 99.12 107; 64 171

Unprotected, samples collected 8 to 14 d post phage
treatment

24.1 �0.74 § 0.25 0.016 99.85 134; 84 218

Unprotected, samples collected >14 d post phage
treatment

77.7 �0.61 § 0.71 0.435 68.61 56; 29 85

Unprotected, adult chickens only 0.0 �0.72 § 0.13 0.012 86.82 50; 34 84
Unprotected, chicks only 51.8 �0.76 § 0.22 0.002 99.99 247; 143 390

Poly-phage vs. single phage
Poly-phage 49.8 �0.84 § 0.20 0.0004 100 258; 160.5 418.5

Poly-phage, samples collected 0 to 7 d post phage
treatment

24.0 �0.90 § 0.23 0.005 98.43 94; 58.5 152.5

Poly-phage, samples collected 8 to 14 d post phage
treatment

40.8 �0.87 § 0.29 0.016 98.79 121; 78.5 199.5

Poly-phage, samples collected >14 d post phage
treatment

79.0 �0.77 § 0.90 0.451 58.68 43; 23.5 66.5

Poly-phage, adult chickens only 0.0 �0.72 § 0.13 0.012 86.82 50; 34 84
Poly-phage, chicks only 58.9 �0.89 § 0.25 0.003 99.97 208; 126.5 334.5

Single phage 9.4 �0.80 § 0.20 0.0008 99.98 192; 100.5 292.5
Single phage, samples collected 0 to 7 d post phage
treatment

26.6 �1.09 § 0.35 0.010 97.94 94; 53.5 147.5

Single phage, samples collected 8 to 14 d post phage
treatment

0.0 �0.57 § 0.20 0.066 78.11 49; 23.5 72.5

Single phage, samples collected >14 d post phage
treatment

10.9 �0.70 § 0.28 0.091 78.11 49; 23.5 72.5

Single phage, adult chickens only 17.6 �1.54 § 0.52 0.021 82.72 45; 30 75
Single phage, chicks only 0.0 �0.62 § 0.14 0.0013 99.73 147; 70.5 217.5
1All effect sizes are given as log10 cfu/g § SE.
2For power analysis calculations heterogeneity was considered low between 0 and 33%, moderate between 34 and 66%, and high between 67 and 100%.
3Subgroups without an I2 value contained only one input.
4Subgroups with no data contained no inputs.
5Bacteriophage administration on the same day as bacterial challenge was considered prophylactic treatment.
6Chicks were used and samples were collected 8 to 14 d post-treatment in all inputs involving the administration of phages via aerosol spray. Because of

this, it was not necessary to disaggregate data by age or sample collection time for this subgroup.
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observations: n = 18) and a post-hoc power analysis
indicated that the statistical power of this subgroup was
low (30.51%). Among chicks, phage treatment signifi-
cantly reduced concentrations of challenge bacteria in
samples collected 0 to 7 d (P = 0.001, effect size = �0.83
log10 cfu/g) and 8 to 14 d (P = 0.007, effect size = �0.73
log10 cfu/g) post-treatment, but not in samples collected
>14 d post-treatment (P = 0.174, effect size = �0.59
log10 cfu/g). The >14 d post-treatment subgroup had
adequate power (92.71%) but considerable heteroge-
neity (I2 = 63.6%). No significant differences in phage
treatment effect sizes were observed across sampling
time subgroups within either the adult (P = 0.55) or
the chick subgroup (P = 0.86), though the statistical
power of between-group difference analyses was low
(<10%).



Table 3. Results of analyses of difference in effect size across subgroups of data from studies measuring concentrations of challenge bac-
teria following phage administration to chickens,

Subgroup 1
Subgroup 1A Effect size1 Subgroup 1B Effect size Subgroup 1C Effect size

All observations
Samples collected 0 to 7 d
post-treatment

�0.99 § 0.20a Samples collected 8 to 14 d post-treatment �0.74 § 0.20a Samples collected >14 d post-treatment �0.59 § 0.39a

Adults �1.15 § 0.32a Chicks �0.72 § 0.15a

Salmonella challenge �0.95 § 0.17a Campylobacter challenge �0.60 § 0.24a

Prophylactic �0.94 § 0.21a Therapeutic �0.69 § 0.18a

Single dose of phages �0.82 § 0.24a Multiple doses of phages �0.83 § 0.17a

Gavage �0.88 § 0.21ab Feed �1.05 § 0.10a Water �0.65 § 0.12b Spray �0.44 § 0.21b

Protected �0.95 § 0.23a Unprotected �0.75 § 0.17a

Poly-phage �0.84 § 0.20a Single phage type �0.80 § 0.20a

Adults
Samples collected 0 to 7 d
post-treatment

�1.20 § 0.36a Samples collected 8 to 14 d post-treatment �0.84 § 0.50a Samples collected >14 d post-treatment −2

Chicks
Samples collected 0 to 7 d
post-treatment

�0.83 § 0.25a Samples collected 8 to 14 d post-treatment �0.73 § 0.22a Samples collected >14 d post-treatment �0.59 § 0.39a

Salmonella challenge
Samples collected 0 to 7 d
post-treatment

�1.01 § 0.16a Samples collected 8 to 14 d post-treatment �0.93 § 0.27a Samples collected >14 d post-treatment �1.01 § 0.89a

Adults �0.77 § 0.11a Chicks �1.04 § 0.24a

Campylobacter challenge
Samples collected 0 to 7 d
post-treatment

�1.09 § 0.53a Samples collected 8 to 14 d post-treatment �0.29 § 0.07a Samples collected >14 d post-treatment �0.37 § 0.10a

Adults �2.13 § 0.91a Chicks �0.28 § 0.05b

Prophylactic
Samples collected 0 to 7 d
post-treatment

�1.16 § 0.20a Samples collected 8 to 14 d post-treatment �0.89 § 0.34a Samples collected >14 d post-treatment �0.80 § 0.69a

Adults �0.85 § 0.09a Chicks �0.96 § 0.24a

Therapeutic
Samples collected 0 to 7 d
post-treatment

�0.92 § 0.33a Samples collected 8 to 14 d post-treatment �0.57 § 0.16a Samples collected >14 d post-treatment �0.42 § 0.11a

Adults �1.27 § 0.41a Chicks �0.37 § 0.08b

Single dose of phages
Samples collected 0 to 7 d
post-treatment

�1.17 § 0.45a Samples collected 8 to 14 d post-treatment �0.58 § 0.09a Samples collected >14 d post-treatment �0.50 § 0.07a

Adults �1.54 § 0.52a Chicks �0.46 § 0.09b

Multiple doses of phages
Samples collected 0 to 7 d
post-treatment

�0.93 § 0.18a Samples collected 8 to 14 d post-treatment �0.87 § 0.31a Samples collected >14 d post-treatment �0.67 § 0.56a

Adults �0.72 § 0.13a Chicks �0.87 § 0.21a

Gavage
Samples collected 0 to 7 d
post-treatment

�1.13 § 0.29a Samples collected 8 to 14 d post-treatment �0.82 § 0.44a Samples collected >14 d post-treatment �0.48 § 0.44a

Adults �1.54 § 0.52a Chicks �0.70 § 0.22a

Feed
Samples collected 0 to 7 d
post-treatment

�1.01 § 0.14a Samples collected 8 to 14 d post-treatment �0.94 § 0.38a Samples collected >14 d post-treatment �1.28 § 0.40a

Adults �0.85 § 0.09b Chicks �1.15 § 0.11a

Water
Samples collected 0 to 7 d
post-treatment

�0.36 § 0.03B Samples collected 8 to 14 d post-treatment �0.82 § 0.08A Samples collected >14 d post-treatment −2

Adults �0.58 § 0.25a Chicks �0.69 § 0.15a

Spray3

Protected
Samples collected 0 to 7 d
post-treatment

�1.18 § 0.39a Samples collected 8 to 14 d post-treatment �0.76 § 0.40a Samples collected >14 d post-treatment �0.70 § 0.19a

Adults �1.54 § 0.52a Chicks �0.66 § 0.19a

Unprotected
Samples collected 0 to 7 d
post-treatment

�0.87 § 0.19a Samples collected 8 to 14 d post-treatment �0.74 § 0.25a Samples collected >14 d post-treatment �0.61 § 0.71a

Adults �0.72 § 0.13a Chicks �0.76 § 0.22a

Poly-phage
Samples collected 0 to 7 d
post-treatment

�0.90 § 0.23a Samples collected 8 to 14 d post-treatment �0.87 § 0.29a Samples collected >14 d post-treatment �0.77 § 0.90a

Adults �0.72 § 0.13a Chicks �0.89 § 0.25a

Single phage type
Samples collected 0 to 7 d
post-treatment

�1.09 § 0.35a Samples collected 8 to 14 d post-treatment �0.57 § 0.20a Samples collected >14 d post-treatment �0.70 § 0.28a

Adults �1.54 § 0.52a Chicks �0.62 § 0.14a

1All effect sizes are given as log10 cfu/g § SE.
2No inputs available.
3All inputs in this subgroup involved the same sampling time and experimental bird age.
a,bMeans within a row lacking a common superscript differ significantly (P < 0.05).
A,BMeans within a row lacking a common superscript differ significantly (P < 0.01).
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Effect of Challenge Bacteria Due to the inherent bio-
logical differences between Salmonella spp. and Cam-
pylobacter spp., the 2 genera of bacteria utilized as
challenge organisms in the studies included in this meta-
analysis, data disaggregation also occurred on the basis
of challenge bacteria genus. Significantly lower concen-
trations of challenge bacteria were observed in phage-
treated birds vs. untreated birds in both Salmonella spp.
(P < 0.001; effect size = �0.95 log10 cfu/g) and Cam-
pylobacter spp. (P = 0.024; effect size = �0.60 log10 cfu/
g) subgroups, and effect sizes did not significantly differ
(P = 0.24, statistical power = 21.6%) between these sub-
groups. Salmonella and Campylobacter spp. subgroups
were further disaggregated by both sampling time and
age. Concentrations of challenge bacteria in phage-
treated birds challenged with Salmonella spp. were sig-
nificantly lower than in untreated birds in samples col-
lected 0 to 7 d (P < 0.0001, effect size �1.01 log10 cfu/g)
and 8 to 14 d post-treatment (P = 0.009, effect
size = �0.93 log10 cfu/g), but not in samples collected
>14 d post-treatment (P = 0.338, effect size = �1.0089
log10 cfu/g). To note, heterogeneity was high
(I2 = 83.6%) and power was inadequate (69.17%) when
samples were collected > 14 d post-treatment. Phage-
treatment significantly reduced concentrations of Sal-
monella spp. in both the adult (P = 0.0004, effect
size = �0.77 log10 cfu/g) and chick (P = 0.0005, effect
size = �1.04 log10 cfu/g) subgroups, though heterogene-
ity was considerable (I2 = 59.5%) in the chick subgroup.
No significant differences in effect size were observed
across age (P = 0.30) or sample collection time sub-
groups (P= 0.97) within the Salmonella subgroup. How-
ever, the statistical power of these between-subgroup
difference analyses was low (17.9%; <6%, respectively).

When Campylobacter spp. were utilized, phage treat-
ment significantly reduced challenge bacteria concentra-
tions in samples collected 8 to 14 d (P = 0.024, effect
size = �0.29 log10 cfu/g) and >14 d (P = 0.035, effect
size = �0.37 log10 cfu/g) post-treatment and in chicks
(P= 0.0003, effect size =�0.28 log10 cfu/g). Phage treat-
ment was not observed to have significant effects in sam-
ples collected 0 to 7 d post-treatment (P = 0.076, effect
size = �1.09 log10 cfu/g) or in adult chickens (P = 0.079,
effect size = �2.13 log10 cfu/g). Statistical power was low
in the adult subgroup (56.75%), but adequate in the 0 to 7
d post-treatment sampling time subgroup (84.64%).
Within the Campylobacter subgroup, phage treatment
effects were found to be significantly greater (P= 0.04) in
adult chickens (effect size = �2.13 log10 cfu/g) than in
chicks (effect size =�0.28 log10 cfu/g) despite the low sta-
tistical power of this analysis (63.06%). No significant dif-
ferences in effect size were found across sampling time
subgroups (P=0.27, statistical power<32%).
Effect of Prophylactic vs. Therapeutic Administra-
tion As bacteriophage replication requires the presence
of sufficient concentrations of available host bacteria,
the timing of phage treatment relative to bacterial chal-
lenge may impact phage replication. To examine the
effect of phage administration timing on phage treat-
ment efficacy, data were disaggregated into prophylactic
and therapeutic administration subgroups. In this meta-
analysis, phage administration beginning before or at
the same time as bacterial challenge was considered pro-
phylactic; phage administration beginning after bacte-
rial challenge was considered therapeutic. Phage-treated
chickens had significantly lower concentrations of chal-
lenge bacteria compared to untreated chickens in both
prophylactic (P = 0.0002; effect size = �0.94 log10 cfu/
g) and therapeutic (P = 0.001; effect size = �0.69 log10
cfu/g) subgroups, though heterogeneity was consider-
able (I2 = 54.1%) in the prophylactic group. No signifi-
cant differences in effect size were found between these
subgroups (P = 0.37, statistical power = 14.5%). As
before, subgroups were further disaggregated by bird
age and sampling time. When phages were prophylacti-
cally administered, phage treatment significantly
reduced concentrations of challenge bacteria in samples
collected 0 to 7 d (P = 0.0012, effect size = �1.16 log10
cfu/g) and 8 to 14 d post-treatment (P = 0.034, effect
size = �0.89 log10 cfu/g), but not in samples collected
>14 d post-treatment (P = 0.312, effect size = �0.80
log10 cfu/g). To note, there was high heterogeneity
(I2 = 78.7%) across inputs with sampling times >14 d
post-treatment. Prophylactic phage treatment also sig-
nificantly reduced challenge bacteria concentrations in
chicks (P = 0.0008, effect size = �0.96 log10 cfu/g),
though this subgroup had considerable heterogeneity
(I2 = 58.8%). No significant differences in challenge bac-
teria concentrations were found in prophylactically
treated adult chickens (P = 0.065, effect size = �0.85
log10 cfu/g), though the statistical power of this analysis
was low (61.07%). No significant differences in effect size
were observed across prophylactic subgroups divided by
sampling time (P = 0.73) or by age (P = 0.67), though
the statistical power of between-group analyses was low
in both cases (<11%; 7.1%, respectively).
When phages were administered therapeutically,

phage treatment significantly reduced concentrations of
challenge bacteria in phage-treated vs. untreated birds
in samples collected 0 to 7 d (P = 0.016, effect
size = �0.92 log10 cfu/g) and 8 to 14 d (P = 0.021, effect
size = �0.58 log10 cfu/g) post-treatment and in both
adults (P = 0.012, effect size = �1.27 log10 cfu/g) and
chicks (P = 0.0012, effect size = �0.37 log10 cfu/g). In
samples collected >14 d post-treatment (P = 0.062,
effect size = �0.42 log10 cfu/g), challenge bacteria con-
centrations were only numerically lower in phage-
treated vs. untreated birds; however, low statistical
power (56.09%) may have contributed to the absence of
significance in this group. The effect of therapeutic
phage treatment was found to be significantly greater
(P = 0.03) in adult chickens (effect size = �1.27 log10
cfu/g) than in chicks (effect size = �0.37 log10 cfu/g),
though the statistical power of this analysis was low
(58.0%). There were no significant differences in effect
size across therapeutic subgroups divided by sampling
time (P = 0.30, statistical power <31%).
Effect of Repeated Administration The number
phage treatments administered could also impact overall
treatment efficacy. For this reason, data were
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disaggregated into a subgroup in which phages were
given only once and a subgroup in which phages were
administered repeatedly. In both subgroups, phage-
treated chickens had significantly lower concentrations
of challenge bacteria versus untreated chickens (single
dose: P = 0.004, effect size = �0.82 log10 cfu/g; multiple
doses: P < 0.0001, effect size = �0.83 log10 cfu/g). No
significant difference in phage treatment effect size was
found between these subgroups (P = 0.98), though the
statistical power of this analysis was low (5.0%). These
subgroups were further disaggregated by sampling time
and by age. When phages were administered only once,
phage treatment significantly reduced concentrations of
challenge bacteria in phage-treated vs. untreated chick-
ens in samples collected 0 to 7 d (P = 0.028, effect
size = �1.17 log10 cfu/g) and 8 to 14 d (P = 0.009, effect
size = �0.58 log10 cfu/g) post-treatment, but not in sam-
ples collected > 14 d post-treatment (P = 0.085, effect
size = �0.50 log10 cfu/g; statistical power = 45.95%).
Single dose phage administration also significantly
reduced challenge bacteria concentrations in both adult
(P = 0.021, effect size = �1.54 log10 cfu/g) and chick
subgroups (P = 0.002, effect size = �0.46 log10 cfu/g).
The effect of phage treatment was observed to be signifi-
cantly greater (P = 0.04) in adults than in chicks, despite
low statistical power in this analysis (53.9%). No signifi-
cant differences in effect size were observed across single
dose subgroups divided by sample collection time
(P = 0.28, statistical power <32%).

When phages were administered repeatedly, concen-
trations of challenge bacteria were significantly lower in
phage-treated vs. untreated birds in samples collected 0
to 7 d (P = 0.0006, effect size = �0.93 log10 cfu/g) and 8
to 14 d post-treatment (P = 0.024, effect size = �0.87
log10 cfu/g) and in both adults (P = 0.012, effect
size = �0.72 log10 cfu/g) and chicks (P = 0.0006, effect
size = �0.87 log10 cfu/g), though there was considerable
heterogeneity (I2 = 54.5%) in the chick subgroup. Phage
treatment effects were not significant in samples col-
lected >14 d post-treatment (P = 0.289, effect
size = �0.67 log10 cfu/g); however, heterogeneity in this
subgroup was high (I2 = 73.9%) and statistical power
was low (77.86%). Within the multiple dose subgroup,
no significant differences in effect size were observed
across sampling time (P = 0.90, statistical power <8%)
or age subgroups (P = 0.57, statistical power = 8.8%).
Effect of Administration Route Inputs in this meta-
analysis were drawn from studies that employed oral
gavage, feed, drinking water, and aerosol spray adminis-
tration routes. As different routes may be more or less
conducive to enabling viable phages to reach the site of
bacterial colonization (Carvalho et al., 2010; Lim et al.,
2012), data were disaggregated by administration route
in order to evaluate the impact of this factor on phage
treatment efficacy. Significantly reduced concentrations
of challenge bacteria were observed in phage-treated vs.
untreated birds when phages were administered via oral
gavage (P = 0.0002, effect size = �0.88 log10 cfu/g),
feed (P = 0.0004, effect size = �1.05 log10 cfu/g), and
drinking water (P = 0.006, effect size = �0.65 log10 cfu/
g), but not when phages were given via aerosol spray
(P = 0.290, effect size = �0.44 log10 cfu/g; statistical
power = 76.21%). Phage treatment effects were signifi-
cantly greater in the feed subgroup than in either the
water (P = 0.009) or aerosol spray (P = 0.009) sub-
groups. No other significant differences between sub-
group effect sizes were observed (feed vs. gavage:
P = 0.47; gavage vs. water: P = 0.33; gavage vs. spray:
P = 0.14; spray vs. water: P = 0.39). To note, all analy-
ses of effect size differences between subgroups had low
statistical power (feed vs. water: 74.7%; feed vs. spray:
74.4%; feed vs. gavage: 11.2%; gavage vs. water: 16.6%;
gavage vs. spray: 32.1%; spray vs. water: 13.8%).
Following initial analyses, subgroups were further

divided by sample collection time and experimental bird
age. When phages were administered via oral gavage,
phage-treated birds had significantly lower concentrations
of challenge bacteria than untreated birds in samples col-
lected 0 to 7 d post-treatment (P = 0.002, effect
size = �1.13 log10 cfu/g) but not in samples collected 8 to
14 d (P = 0.110, effect size = �0.82 log10 cfu/g) or >14 d
post-treatment (P = 0.323, effect size = �0.49 log10 cfu/
g). Oral phage administration also resulted in significantly
lower concentrations of challenge bacteria in both phage-
treated adult chickens (P = 0.021, effect size = �1.54
log10 cfu/g) and chicks (P = 0.005, effect size = �0.70
log10 cfu/g) versus untreated birds. To note, heterogeneity
was considerable in samples collected 8 to 14 d post-treat-
ment (I2 = 53.8%), >14 d post-treatment (I2 = 58.9%),
and among adult birds (I2 = 51.6%). Within the oral
gavage subgroup, no significant differences in effect size
were found across subgroups divided by sampling time
(P=0.46, statistical power<24%) or age (P=0.13, statis-
tical power = 32.2%).
When phages were given in feed, phage-treated birds

had significantly lower concentrations of challenge
bacteria versus untreated birds at all sampling times
(0−7 d: P = 0.02, effect size = �1.01 log10 cfu/g; 8−14 d:
P = 0.014, effect size = �0.94 log10 cfu/g; >14 d:
P=0.0012, effect size =�1.28 log10 cfu/g) and in the chick
subgroup (P = 0.009, effect size = �1.15 log10 cfu/g). No
significant differences in challenge bacteria concentrations
were observed between phage-treated and untreated birds
in the adult subgroup (P = 0.065, effect size =�0.85 log10
cfu/g; statistical power = 61.07%), however. Phage treat-
ment was found to have a significantly larger (P = 0.03)
effect in chicks (effect size = �1.15 log10 cfu/g) than in
adult chickens (effect size = �0.85 log10 cfu/g), although
the statistical power of this analysis was low (56.9%). No
significant differences in phage treatment effect size were
observed across sampling time subgroups (P= 0.78, statis-
tical power <11%). To note, conclusions regarding phage
administration via feed should be tempered as there were a
limited number of inputs per subgroup when the feed sub-
group was further disaggregated by sample collection time
and age (total inputs/subgroup: 1−3; total observations/
subgroup: 40−120).
When phages were administered via drinking water,

significantly lower concentrations of challenge bacteria
were observed in phage-treated vs. untreated chickens in
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samples collected 0 to 7 d (P = 0.050, effect size = �0.36
log10 cfu/g) and 8 to 14 d (P = 0.009, effect size = �0.82
log10 cfu/g) post-treatment and in the chick subgroup
(P = 0.046, effect size = �0.69 log10 cfu/g). Concentra-
tions of challenge bacteria were only numerically differ-
ent between phage-treated and untreated chickens in
the adult subgroup (P = 0.263, effect size = �0.58 log10
cfu/g; statistical power = 53.58%). Within the drinking
water subgroup, significantly greater (P < 0.0001) phage
treatment effects were observed in samples collected 8 to
14 d post-treatment (effect size = �0.82 log10 cfu/g)
than in samples collected 0 to 7 d post-treatment (effect
size = �0.36 log10 cfu/g). No inputs in which samples
were collected >14 d post-treatment were available. No
significant differences in effect size were observed
between the adult and chick subgroups (P = 0.70); how-
ever, statistical power of this analysis of between-group
difference was low (6.7%). To note, further disaggregat-
ing inputs in the drinking water subgroup also resulted
in a limited number of inputs per subgroup (total
inputs/subgroup: 2−3; total observations/subgroup: 34
−100). When phages were administered via aerosol
spray, concentrations of challenge bacteria did not sig-
nificantly differ between phage-treated and untreated
birds (P = 0.290, effect size = �0.44 log10 cfu/g). Only 2
inputs (total observations: n = 63) were available in this
subgroup; both involved samples collected 8 to 14 d
post-treatment from chicks. Consequently, this sub-
group was not further disaggregated by sampling time
or animal age.
Effect of Phage Treatment Preparation Method Tag-

gedPGiven the gastrointestinal colonization habit of the chal-
lenge bacteria employed in these studies as well as
bacteriophages’ sensitivity to low pH, which can lead to
limited phage survival in the gastrointestinal tract
(Ma et al., 2008; Knezevic et al., 2011), analyses of data
disaggregated by phage preparation method were also
performed. For the purposes of this meta-analysis,
phages were considered “protected” if they were either
microencapsulated or given in solution with calcium car-
bonate (»30% CaCO3 wt/vol) and “unprotected” if they
were administered without any protective preparation
methods. All phage-treated birds were found to have sig-
nificantly lower concentrations of challenge bacteria
than untreated birds (protected: P = 0.0009; effect
size = �0.95 log10 cfu/g; unprotected: P = 0.0003, effect
size = �0.75 log10 cfu/g). No significant differences in
phage treatment effect size were found between the 2
subgroups (P = 0.49), though statistical power for this
between-group analysis of difference was low (10.8%).
When data were further disaggregated by age and sam-
ple collection time, protected bacteriophage administra-
tion was found to significantly reduce concentrations of
challenge bacteria in phage-treated vs. untreated birds
in samples collected 0 to 7 d post-treatment (P = 0.013,
effect size = �1.18 log10 cfu/g) and in both adult
(P = 0.021, effect size = �1.54 log10 cfu/g) and chick
(P = 0.008, effect size = �0.66 log10 cfu/g) subgroups.
Concentrations of challenge bacteria did not signifi-
cantly differ between protected phage-treated and
untreated birds in samples collected 8 to 14 d
(P = 0.200, effect size = �0.76 log10 cfu/g) or >14 d
(P = 0.068, effect size = �0.70 log10 cfu/g) post-treat-
ment, though low statistical power (56.41%, 66.17%,
respectively) may have contributed to the lack of signifi-
cant difference. Within the protected phage subgroup,
no significant differences in effect size were observed
across either age (P = 0.11) or sampling time subgroups
(P = 0.54); the statistical power of these analyses of
between-group difference was also low (35.4%; <20%,
respectively).
Chickens receiving unprotected phages had concen-

trations of challenge bacteria that were significantly
lower than those of untreated birds in samples collected
0 to 7 d (P = 0.002, effect size = �0.87 log10 cfu/g) and
8 to 14 d (P = 0.016, effect size = �0.74 log10 cfu/g)
post-treatment, but not in samples collected >14 d post-
treatment (P = 0.435, effect size = �0.61 log10 cfu/g).
To note, the >14 d post-treatment subgroup had high
heterogeneity (I2 = 77.7%) and low statistical power
(68.61%). Unprotected phage treatment also resulted in
significantly lower concentrations of challenge bacteria
in adult (P = 0.012, effect size = �0.72 log10 cfu/g) and
chick (P = 0.002, effect size = �0.76 log10 cfu/g) sub-
groups, though heterogeneity was considerable
(I2 = 51.8%) in the chick subgroup. As before, no signifi-
cant differences in phage treatment effect size were
observed across subgroups divided by sampling time
(P = 0.88) or by age (P = 0.87) and the statistical power
of between-group analyses of difference was low (<8%;
5.3%, respectively).
Effect of Single vs. Poly-Phage Administration P-
oly-phage treatments (or phage “cocktails”) were utilized
in some of the studies included in this meta-analysis in
an attempt to increase phage treatment efficacy, pre-
sumably by increasing host range and/or decreasing the
potential impact of phage resistance in the challenge
bacteria (Bardina et al., 2012; Fischer et al., 2013;
Costa et al., 2019). Consequently, data were disaggre-
gated into single and poly-phage treatment subgroups.
Phage-treated chickens had significantly lower concen-
trations of challenge bacteria than untreated chickens in
both poly-phage (P = 0.0004, effect size = �0.84 log10
cfu/g) and single phage (P = 0.0008, effect size = �0.80
log10 cfu/g) subgroups. No significant difference in effect
size was observed between these subgroups (P = 0.89);
however, the statistical power of this analysis was low
(5.2%). These subgroups were then further disaggre-
gated by sample collection time and experimental bird
age. Poly-phage administration resulted in significantly
lower concentrations of challenge bacteria in samples
collected 0 to 7 d (P = 0.005, effect size = �0.90 log10
cfu/g) and 8 to 14 d (P = 0.016, effect size = �0.87 log10
cfu/g) post-treatment and in both adult chickens
(P = 0.012, effect size = �0.72 log10 cfu/g) and chicks
(P = 0.003, effect size = �0.89 log10 cfu/g), though het-
erogeneity was considerable in the chick subgroup
(I2 = 58.9%). No significant differences in challenge bac-
teria concentrations were observed between phage-
treated and untreated birds in samples collected >14 d
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post-treatment (P = 0.451, effect size = �0.77 log10 cfu/
g), though there was low statistical power (58.68%) and
high heterogeneity (I2 = 79.0%) in this subgroup.
Within the poly-phage subgroup, no significant differen-
ces in effect size were seen across age (P = 0.55) or sam-
pling time subgroups (P = 0.99); to note, the statistical
power of analyses of between-group difference was low
in both cases (9.1%; <6%, respectively).

When a single phage type was administered, concen-
trations of challenge bacteria were significantly lower in
phage-treated birds than in untreated birds in samples
collected 0 to 7 d post-treatment (P = 0.010, effect
size = �1.09 log10 cfu/g) but not in samples collected 8
to 14 d (P = 0.066, effect size = �0.57 log10 cfu/g) or
>14 d (P = 0.091, effect size = �0.70 log10 cfu/g) post-
treatment; post-hoc power analyses of the 8 to 14 d and
>14 d subgroups indicated that statistical power in these
groups was somewhat low (78.11%). Single phage
administration also resulted in significantly lower con-
centrations of challenge bacteria in phage-treated vs.
untreated birds among both adult chickens (P = 0.021,
effect size = �1.54 log10 cfu/g) and chicks (P = 0.0013,
effect size = �0.62 log10 cfu/g). Within the single phage
type subgroup, no significant differences in phage treat-
ment effect size were found across subgroups divided by
sampling time (P = 0.43, statistical power <26%) or age
(P = 0.09, statistical power = 40.1%).
CONCLUSIONS

As a whole, the results of this meta-analysis indicated
that bacteriophage administration is able to signifi-
cantly reduce concentrations of challenge bacteria in live
chickens. The results further suggested that the effects
of phage treatment may be greatest within 14 d of treat-
ment. In addition, administering phages via feed appears
to be as effective as administration via oral gavage and
more effective than administration via either drinking
water or aerosol spray. Across administration routes,
significant reductions in challenge bacteria concentra-
tions were observed when phages were administered via
oral gavage, feed, or drinking water but not when phages
were given via aerosol spray, though sample size was
limited in the latter case (total inputs = 2; total observa-
tions = 63). Significant differences in phage treatment
efficacy were not observed based on age alone. However,
analyses of data after further disaggregation indicated
that, when Campylobacter was the challenge organism,
when phages were administered prophylactically, when
a single dose of phages was given, or when a single phage
type was used, bacteriophages reduced challenge bacte-
ria concentrations more effectively in chickens >14 doa
than in chicks <14 doa. Phage treatment was found to
be more effective in chicks <14 doa than in chickens >14
doa only when phages were administered via feed. No
significant differences in phage treatment efficacy were
observed based on challenge bacteria genus (Salmonella
spp. vs. Campylobacter spp.), phage administration tim-
ing (prophylactic vs. therapeutic), number of doses
(single vs. repeated), phage protection method (pro-
tected vs. unprotected), or number of phage types (sin-
gle- vs. poly-phage treatment).
When considering the results of the systematic review

and meta-analysis, it is important to recognize the limita-
tions of this study. In order to minimize heterogeneity and
facilitate meaningful statistical analysis, data were drawn
only from studies in which live chickens were challenged
with a known quantity of bacteria and administered a
known quantity of phages, challenge bacteria concentra-
tions in tissues/fluids were measured following phage
treatment, and either standard deviation or standard
error were reported. Additionally, only one input per sam-
pling period (0−7 d, 8−14 d, or >14 d post-treatment) per
treatment method per study was included in the data set
for meta-analysis in order to avoid over-representing any
particular study. Though these delimitations effectively
minimized overall heterogeneity, they also led to low sta-
tistical power in some cases; this may have contributed to
the absence of significance in many between-group com-
parisons after data disaggregation. Study inclusion
requirements also hindered some analyses due to resultant
data scarcity; for instance, analyses are not reported for
data disaggregated by sample type because of the paucity
of inputs involving non-cecal samples. To this point, addi-
tional research concerning understudied aspects of phage
administration aimed at reducing bacterial loads in poul-
try would be a valuable addition to existing knowledge
regarding phage treatment efficacy. It is also relevant to
note that, though several inputs were identified as outliers
in preliminary analyses, no inputs were removed from the
data set as additional justification (e.g., flaws in experi-
mental methods in the studies from which the inputs were
drawn) for their removal was not found.
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