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The poultry industry has recently undergone tran-
sitions into antibiotic free production, and viable an-
tibiotic alternatives, such as probiotics, are necessary.
Through in ovo probiotic inoculation, beneficial mi-
croflora development in the gastrointestinal tract may
occur prior to hatch without negatively impacting chick
performance. Therefore, the objective of the present
study was to observe the impacts of the injection of
probiotic bacteria individually or combined into fertile
broiler hatching eggs on hatch and live performance
characteristics. A total of 2,080 fertile broiler hatching
eggs were obtained from a commercial source. On day
18 of incubation, 4 in ovo injected treatments were ap-
plied: 1.) Marek’s Disease (HVT) vaccination, 2.) L. an-
imalis (∼106 cfu/50μl), 3.) E. faecium (∼106 cfu/50μl),
and 4.) L. animalis + E. faecium (∼106 cfu & ∼106

cfu/50μl each). On day of hatch, hatchability and hatch
residue data were recorded. A portion of male chicks
from each treatment were placed in a grow-out facility
for a 21 d grow-out (18 chicks/pen × 10 pens/treatment
= 720 male chicks) with a corn and soy bean meal-based

diet without antibiotics or antibiotic alternatives. Per-
formance data and gastrointestinal samples were col-
lected on days 0, 7, 14, and 21. Results indicated no
differences in all hatch parameters between treatments
(P > 0.05) except for % pipped, where the L. ani-
malis treatment had lower % pipped eggs compared
to the HVT control and E. faecium treatments (P =
0.04). No differences were observed in body weight gain
or mortality (P > 0.05). Probiotic treatments altered
gastrointestinal tissue length, weight, and pH. This re-
sulted in all in ovo injected probiotic treatments in-
creasing feed conversion ratio (FCR) from days 7 to
14 as compared to the control (P = 0.01). Differences
in FCR were not observed in any other week of data
collection (days 0 to 7, 14 to 21, or 0 to 21; P > 0.05).
Although probiotics altered live performance from days
7 to 14, these data suggest that in ovo inoculations of
L. animalis and E. faecium in combination are viable
probiotic administration practices that potentially im-
prove hatch characteristics and gastrointestinal tract
development.

Key words: in ovo injection, chick mortality, probiotic, broiler, hatchability
2019 Poultry Science 98:7050–7062

http://dx.doi.org/10.3382/ps/pez441

INTRODUCTION

Probiotic applications in the poultry industry have
grown in popularity in recent years. Due to extensive re-
search, these studies observed improvements to broiler
performance, modulation of the immune system, and
reduction in pathogens within the gastrointestinal tract
(Haghighi et al., 2006; Kabir, 2009; Pender et al., 2017).
Commercially, probiotics have the potential to prevent
gastrointestinal diseases and promote the colonization
of beneficial bacteria within the gut. This colonization
by probiotic products, referred to as competitive ex-
clusion, promotes the presence of beneficial bacteria in
the gastrointestinal tract thus preventing or reducing
the presence of pathogenic bacteria. Probiotic applica-
tions have been proven to alter the intestinal microflora
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which can, in turn, elicit an immune response (Kabir,
2009; Pender et al., 2017). It has been observed that
the introduction of probiotics to chicks immediately af-
ter hatch has stimulated the production of natural anti-
bodies, stimulated immune-related gene expression and
reduced pathogen presence within the gastrointestinal
tract (Haghighi et al., 2006; de Oliveira et al., 2014;
Slawińska et al., 2014; Ploweic et al., 2015).

There are many applied species of probiotics, in-
cluding Lactobacillus animalis and Enterococcus fae-
cium. Lactobacillus spp. are gram positive, non-spore
forming cocci that secrete lactic acid into their
external environment (Tannock, 1992). Previous stud-
ies have found that lactic acid production by Lacto-
bacillus spp. regulates environmental pH to create an
environment incompatible with many pathogenic bac-
teria species (Hutkins and Nannen, 1993). Additionally,
Lactobacillus spp. are noted for high adhesion to the
epithelial lining of the gastrointestinal tract (Tannock,
1992; Ehrmann et al., 2002; Barrangou et al., 2012).
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In broilers, large populations of Lactobacillus spp. have
been identified in the duodenum, jejunum, and ileum
of the small intestines (Lu et al., 2003). Enterococcus
spp. are gram positive, non-spore forming cocci that
produce lactic acid (Tannock, 1992). Enterococci have
also been found to secrete bacteriocins capable of in-
hibiting microbial activity in the bacteria surround-
ing it (Tannock, 1992; Araujo and Ferreira, 2013; Ness
et al., 2014). Enterococcins, or bacteriocins secreted
by Enterococcus spp., include gelatinase, cytolysin and
hyaluronidase; all of these enterococcins play an inte-
gral role in degrading cell walls (Franz et al., 2007).
Enterococcus species have been previously identified in
the ileum of the small intestines of broiler chickens (Lu
et al., 2003).

Presently, probiotics are mostly utilized through oral
consumption in the poultry industry, and this applica-
tion method has observed improvements in growth per-
formance and gastrointestinal tract morphology (Yeo
and Kim, 1997; Awad et al., 2009; Jeong and Kim, 2014;
Bai et al., 2017). However, there are limitations with us-
ing probiotics as feed additives. Fuller (1989) proposes
that the avian species obtains its microflora from the
nest it hatches in; however, a broiler chick can be ex-
posed to pathogenic bacteria upon hatch without con-
tacting beneficial bacteria commonly found in the nest
prior to placement in a house. This modern method
of animal rearing may be hindering the natural devel-
opment of the chick’s microflora (Fuller, 1989). In the
commercial hatchery, many pathogenic bacteria inhabit
contact surfaces and the air which may potentially im-
pact chick health (Kim and Kim, 2010). Therefore, a
new method of early probiotic delivery through the use
of commercial in ovo technology may provide a pre-
liminary step towards the chick establishing a healthy
microflora before hatch, thereby reducing the impact
environmental pathogens have on the growth potential
of the chick. To effectively utilize this technology, re-
search is necessary to determine the combinations of
probiotic bacteria species required to properly develop
the gastrointestinal microflora.

Previous studies indicate that in ovo probiotic in-
jections may improve flock health (Cox et al., 1992;
Meijerhof and Hulet, 1997; de Oliveira et al., 2014;
Triplett et al., 2018); however, it is necessary to eval-
uate the effects that different probiotic species have
on hatchability, post-hatch live performance, and chick
health. Although many experiments have studied the in
ovo inoculation of probiotics, these studies have small
experimental units, inoculate eggs manually, and uti-
lize methodologies inapplicable in an industry setting
(de Oliveira et al., 2014; Pender et al., 2017; Teague
et al., 2017). This study evaluates the in ovo injec-
tion of Enterococcus faecium and Lactobacillus ani-
malis, individually and in combination, using com-
mercial Inovoject® technology. Both probiotic cultures
have been commonly observed as commensal bacte-
ria within the crop, gizzard, duodenum, jejunum and
ileum of birds (Ranjitkar et al., 2016). Therefore, this

study observed the effects of an in ovo injected pro-
biotic combination on performance parameters such
as hatch of transfer, chick weight, gastrointestinal tis-
sue (GIT) weights, GIT lengths, GIT pH, feed con-
version and body weight gain during the first 21 d
of growth.

MATERIALS AND METHODS

In vitro Analysis of Bacterial Compatibility
between L. animalis and E. faecium
Cultures

Before determining the compatibility of the 2 cul-
tures, growth at 12 and 24 h of incubation at 37°C in
selective media was measured for each probiotic bacte-
ria individually. For L. animalis, the culture was grown
anaerobically in De Man, Rogosa and Sharpe Broth
(MRS; Millipore Sigma, St. Louis, MO) at 37°C and
spread on MRS agar plates. For E. faecium, the cul-
ture was grown aerobically in Tryptic Soy Broth (TSB;
Millipore Sigma, St. Louis, MO) at 37°C and spread
on Bile Esculin agar (BEA; Millipore Sigma, St. Louis,
MO) plates. Desirable incubation time where growth
reached at least 106 cfu/mL for each culture was de-
termined to be 12 h. In all in vitro procedures, stan-
dard plate count procedures were followed. Plates were
counted when colony growth for a 10-fold dilution was
within the range of 30 to 300 colonies per plate. All
cultures were plated and grown in duplicate, with aver-
age cfu/mL calculated as an average of the duplicated
plates.

After a bacteria growth curve was defined for each
culture, the compatibility of L. animalis and E. fae-
cium when grown in the same environment was as-
sessed. To accomplish this, 1 mL from a 10 mL L. an-
imalis stock culture that was incubated anaerobically
in MRS broth for 24 h at 37°C and 1 mL of E. fae-
cium from a 10 mL stock culture incubated aerobically
in TSB for 24 h at 37°C were inoculated into 8 mL of
fresh TSB. Two separate combination cultures contain-
ing the same amount of each inoculum were created
(2 tubes containing 10 mL of TSB broth inoculated
with L. animalis and E. faecium). The combined pro-
biotic bacteria culture, containing 1 mL E. faecium cul-
ture and 1 mL L. animalis culture, was incubated for
12 h at 37°C. One tube was incubated aerobically for
12 h at 37°C and the other was incubated anaerobi-
cally for 12 h at 37°C. After the 12 h incubation period,
a 10-fold serial dilution was conducted from the incu-
bated cultures. From each tube, the combined culture
was spread on BEA and MRS agar plates and incu-
bated for 24 h at 37°C, where both agar types were
grown in aerobic and anaerobic conditions. Aerobically,
E. faecium achieved 106 cfu/mL on BEA agar. Anaer-
obically, L. animalis achieved 106 cfu/mL on MRS
agar. After determining the growth curves for the in-
dividual cultures and determining the compatibility
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of the cultures when grown in the same environment,
it was determined that both probiotic types can co-
exist compatibly and yield a 106 cfu/ml concentra-
tion in their respective aerobic and anaerobic environ-
ments, therefore the experiment proceeded to the in
vivo trial.

Preparation of the Applied Treatments

The applied treatments are as follows: 1.) Marek’s
Disease (HVT) vaccination (control), 2.) L. animalis
(∼106 cfu/50μl) + HVT vaccination, 3.) E. faecium
(∼106 cfu/50μl) + HVT vaccination, and 4.) a combi-
nation of L. animalis and E. faecium (∼106 cfu & ∼106

cfu/50μl, respectively) + HVT vaccination. Treatments
were prepared by incubating L. animalis anaerobically
and E. faecium aerobically in their respective broths
(MRS and TSB, respectively) for 12 h at 37°C the day
prior to injection. Enough inoculated broth was pre-
pared of each probiotic bacteria to ensure the injection
of at least 106 cfu/50 µl in ovo injection.

The amount of bacteria culture needed was calcu-
lated in reference to the 800 mL sterile diluent bag
(Merial Select, Inc., Gainesville, GA) used during the
egg injection process. In a 800 mL diluent bag, it was
calculated that an individual injection volume of 50 µl
yields 16,000 total injections. From the growth curve
conducted previously, the target growth for the bac-
teria culture after 12 h of incubation is 106 cfu/mL.
Therefore, each vaccination would have a bacteria con-
centration of at least 1.0 × 106 cfu/mL. Under this pre-
sumption, the total amount of bacterial culture needed
for the 800 mL diluent is 1.6 × 1010 cfu/mL (16,000 in-
jections × 1.0 × 106 cfu/50 µL injection = 1.6 × 1010

cfu/800 mL). The total inoculated broth necessary to
achieve a 106 cfu/50 µL injection was calculated by di-
viding the bacteria concentration needed for injection
by the determined growth curve. For L. animalis, the
average growth at 12 h was 6.0 × 107 cfu/mL. There-
fore, 266.7 mL of inoculated MRS broth was necessary
for the L. animalis treatment (1.6 × 1010 cfu/mL/6.0 ×
107 cfu/mL). For E. faecium, the average growth at 12 h
was 5.7 × 108 cfu/mL. Therefore, 28.1 mL of inoculated
TSB was necessary for the E. faecium treatment (1.6 ×
1010 cfu/mL/5.7 × 108 cfu/mL). Two sets of each cul-
ture volume were inoculated, where one culture volume
was designated for the single probiotic treatment and
the other volume was designated for the combination
treatment.

On the morning of the in ovo probiotic injection day,
the probiotic cultures were added to the diluent bag
after 12 h incubation at 37°C. To do this, all tubes
of cultures were centrifuged at 4000 rpm at 4°C for
10 min to obtain a pellet. After centrifugation, all broth
is removed from the formed pellet. Using a sterile needle
and syringe, 1 mL diluent is drawn from the diluent bag
and added to the pellet for reconstitution. The reconsti-
tuted pellet is then added to its respective diluent bag.
One sterile diluent bag was designated for each treat-

ment (4 diluent bags, total). Standard HVT vaccine
(4000 doses/800 mL; Merial Select, Inc., Gainesville,
GA) was added to the each diluent bag, with sterile
needles and syringes changed between treatments. In-
oculated diluent bags were stored at 4°C until use.

Egg Incubation

A total of 2,080 fertile Ross 708 broiler hatching eggs
from a 44 wk old broiler-breeder flock were purchased
from a commercial hatchery. Eggs were stored for 3 d
at 21°C until setting. Eggs were assessed for cracked
or misshaped shells and individually labelled by egg
number, flat, and treatment where 18 flats (∼30 eggs
per flat; 520 eggs total per treatment) were assigned to
each treatment. To set eggs for incubation, flats were
arranged in 2 NatureForm® incubator units (Nature-
Form Hatchery Technologies, Jacksonville, FL) where
each treatment was equally represented in each unit.
Incubator temperature was set at 37.5°C, and relative
humidity was set at 55.0%. On day 10, all eggs were
candled to identify and remove infertile, cracked, and
contaminated eggs to ensure that only fertilized eggs
were to be injected. On day 18, 4 treatments were ap-
plied using commercial Inovoject® equipment (Zoetis,
Parsippany, NJ), eggs were transferred to hatching bas-
kets, and set into 1 of 12 Georgia Quail Farm® hatcher
units (3 GQF hatchers/treatment; Georgia Quail Farm,
Savannah, GA). Each GQF unit contained 170 eggs. In-
cubator and hatcher disinfection was completed using
a 10% Lysol solution.

Injection Procedure

On day 18 of incubation, commercial Inovoject® tech-
nology was utilized to apply treatments to the devel-
oping eggs. Embryo staging was conducted during the
injection process where 1 egg was collected from 20
different flats through out the 2 NatureForm® incuba-
tor units (5 eggs/treatment, each belonging to a differ-
ent flat in each treatment; 20 eggs total) for an analy-
sis of embryo development to ensure that the injected
eggs were at the appropriate stage of embryonic de-
velopment. All other eggs proceeded to receive their
respective in ovo probiotic treatment. However, the se-
lected eggs for embryo staging (20 eggs total) were in-
jected with 50 µl Coomassie blue dye solution (Thermo
Fisher Scientific, Waltham, MA) and immediately eu-
thanized via CO2 asphyxiation. For the remaining eggs,
the treatments applied are the same as those listed in
“Preparation of the Applied Treatments”. Every treat-
ment was prepared in 800 mL of sterile diluent prior
to injection (Merial Select Inc., Gainesville, GA). One
flat was injected at a time, with all eggs in the flat in-
jected at once. Immediately after injection, eggs were
placed in the hatcher unit. A sanitation cycle recom-
mended by Zoetis was completed between each treat-
ment, and microbial samples were collected on Tryp-
tic Soy agar (TSA; Millipore Sigma, St. Louis, MO)
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after each sanitation cycle to ensure that no contami-
nation was occurring within the in ovo equipment. Eggs
were set in a manner to prevent contamination between
treatments: each treatment utilized 3 GQF hatchers
(12 GQFs total).

Hatch Procedure

On day of hatch, hatched chicks were counted,
weighed, and sexed by wing feather sexing (“Ross
Broiler Management Manual”, 2009). Hatch residue
analysis was conducted where unhatched eggs were
counted and classified as early dead, mid dead, late
dead, infertile, contaminated, or cracked according to
Aviagen egg break-out guidelines (“How to… Break Out
and Analyse Hatch Debris,” 2017). Male chicks from the
hatch were placed in pens of 18 chicks/pen according
to treatment (10 pens/treatment) in a grow-out facility
at a stocking density of 0.20 m2/chick. Research pens
in the house were arranged to prevent cross contami-
nation, where no pen had contact with the other pens
around it.

Grow-out and Sampling

A 21 d grow-out was carried out after hatch on used,
windrowed litter from a commercial broiler house. An
industry standard basal diet which met Ross 708 nu-
trient guidelines in crumble form was provided to birds
in the starter (days 0 to 14) and grower (days 14 to
21) phases. The starter and grower diets were crum-
ble diets consisting of corn, soy bean meal and poul-
try fat based on Ross 708 guidelines and did not con-
tain antibiotics, antibiotic alternatives or anticoccidials
(“Ross 708 Nutrition Specifications”, 2014). Feed and
water were supplied ad libitum. Chick mortality, body
weight gain, and feed consumption were obtained on
days 0, 7, 14, and 21 of the grow-out. GIT samples
were collected on days 0, 7, 14, and 21 of the grow-out
(10 birds/treatment for each sampling day). The pH of
the crop, gizzard, duodenum, jejunum, ileum, and ceca
were measured with digesta contents on days 7, 14, and
21. Tissue weights with digesta for the duodenum, je-
junum, ileum, ceca, bursa, and spleen were sampled. All
animals in this trial were treated in compliance with the
Guide for the Care and Uses of Agriculture Animals in
Research and Teaching (Federation of Animal Science
Societies, 2010) and the Mississippi State University In-
stitutional Animal Care and Use Committee (IACUC
Animal Welfare Assurance #A3160-01).

Statistical Analysis

All data were analyzed using SAS v.9.4 (SAS Insti-
tute, Cary, NC). Incubation data were analyzed using a
completely randomized design. The experimental unit
was GQF hatcher unit (3 GQFs/treatment). Live per-
formance data were analyzed using a randomized com-
plete block design with a split plot over time. The exper-

imental unit was pen (10 pens/treatment). Means were
separated using Fisher’s Protected LSD and differences
were considered significant when P ≤ 0.05 (Steel and
Torrie, 1980).

RESULTS

Verification of Injection Procedures

Embryo staging conducted after the injection proce-
dure on day 18 of incubation determined that the in-
jection procedure was accurate. Embryos were at day
18 of development with 3 lobes in the yolk sac and
the intestines were enclosed in the body cavity. Also,
the coomassie blue dye applied for embryo staging was
on the feathers of the embryo, which confirmed that
the injection was in the amnion. Probiotic concentra-
tions for each treatment were as follows: no bacterial
growth in the diluent treatment, 3.1 × 109 cfu/50 μl
of L. animalis and 0 cfu/50 μl of E. faecium in the
L. animalis treatment, 0 cfu/50μl of L. animalis and
5.4 × 106 cfu/50μl of E. faecium in the E. faecium
treatment, and 3.0 × 107 cfu/50 μl of L. animalis and
4.0 × 106 cfu/50 μl of E. faecium for the combination
treatment.

Hatch Parameters

No difference in hatch of transfer was observed be-
tween the L. animalis, the combination, the HVT con-
trol, and E. faecium treatments (P = 0.65; Table 1).
During the hatch residue analysis, no significant dif-
ferences were found in percent late dead, cracked, con-
taminated or cull eggs (P ≥ 0.05; Table 1). There was
a significant difference in percent pipped eggs between
treatments (P = 0.039; Table 1) where eggs in the HVT
control, E. faecium, and the combination treatments
were not different from each other; however, they were
significantly greater than the eggs of the L. animalis
treatment (Table 1). There were no significant differ-
ences in average chick weight between the applied treat-
ments (P = 0.39; Table 1).

Live Performance Parameters

For all phases of the 21 d grow-out, there were no
significant differences in mortality or live weight gain
between all treatments (P > 0.05; Table 2). There was
a difference in feed conversion ratio (FCR) only in the
day 7 to 14 phase, where the chicks in the E. faecium
and the combination treatments yielded greater FCR
than the chicks in the HVT control treatment. However,
no treatments were significantly different from the L.
animalis treatment (P = 0.01; Table 2). Unlike the days
7 to 14 phase, no significant differences in FCR were
observed among treatments on days 0 to 7, 14 to 21, or
0 to 21 phases (P > 0.05; Table 2)
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Table 1. Effect of in ovo injected L. animalis, E. faecium, or their combination on hatch parameters.

Treatments HVT Control L. animalis E. faecium Combination SEM P value

% hatch of transfer 93.37 94.62 93.24 93.52 1.09 0.6498
% late dead eggs 4.43 4.93 4.05 3.10 1.34 0.2309
% pipped eggs 1.98a 0b 1.58a 1.47a 1.50 0.0389
% cracked eggs 0.22 0 0.45 0 0.37 0.2175
% contaminated eggs 0 0 0.45 0.58 0.52 0.4635
% cull eggs 0 0 0 0 . .
Avg Chick Weight (g) 46.2 45.9 46.2 45.4 3.60 0.3900

Different superscripts (a—b) indicate significant differences in the means of treatments, where differences are considered significant at P ≤ 0.05.
N = 3, where each replicate in the treatment was a GQF hatcher unit (∼170 eggs/GQF; 520 total eggs/treatment).

Table 2. Effect of in ovo injected L. animalis, E. faecium, or their combination on live performance parameters for days 0 to 21.

Phase Parameter measured HVT Control L. animalis E. faecium Combination SEM P value

Days 0 to 7 Live Weight Gain/Bird (kg) 0.09 0.10 0.09 0.09 0.03 0.8283
Feed Conversion Ratio 1.30 1.28 1.31 1.30 0.03 0.9639
Mortality 0.56 0.62 1.23 2.22 0.91 0.5030

Days 7 to 14 Live Weight Gain/Bird (kg) 0.23 0.22 0.22 0.21 0.01 0.2114
Feed Conversion Ratio 1.29b 1.31a,b 1.34a 1.35a 0.01 0.0096
Mortality 0.00 0.65 0.00 0.00 0.31 0.3913

Days 14 to 21 Live Weight Gain/Bird (kg) 0.39 0.38 0.40 0.39 0.01 0.5091
Feed Conversion Ratio 1.42 1.47 1.42 1.47 0.03 0.4692
Mortality 0.63 0.67 0.67 0.71 0.64 0.8086

Day 0 to 21 Live Weight Gain/Bird (kg) 0.72 0.70 0.71 0.69 0.02 0.6485
Feed Conversion Ratio 1.37 1.39 1.40 1.43 0.02 0.1558
Mortality 1.11 1.23 1.85 2.78 1.32 0.7655

Different superscripts (a—b) indicate significance between treatments within the performance parameter, where differences are considered significant
at P ≤ 0.05. N = 10, where each replicate in the treatment is a pen (18 birds/pen; 180 total birds/treatment).

Tissue Weight Relative to Live Body Weight

Treatment by day interactions for tissue weight rel-
ative to body weight were observed in the jejunum,
ileum, and ceca (P = 0.0001, 0.002, and 0.007, re-
spectively; Figure 1). No significant differences be-
tween treatments were observed in the jejunum on
day 0 or in the ileum on days 0 and 7. However, je-
junum and ileum weights were significantly greater in
all probiotic treatments when compared to the con-
trol treatment on day 14. Similarly, chicks in ovo in-
jected with E. faecium or the combination both ob-
served greater jejunum and ileum weights on day 21.
For the ceca, chicks in ovo injected with L. animalis ob-
tained greater ceca weights relative to body weight on
day 0. On day 7, chicks in the E. faecium treatment ob-
served greater ceca weights when compared to chicks of
the control and combination treatments. No difference
in ceca weights among treatments was observed after
day 7.

Significant treatment by day interactions were also
observed in bursa weight relative to body weight where
chicks in ovo injected with E. faecium or the combi-
nation both obtained smaller bursa weights relative to
body weight on day 7 when compared to those injected
with the HVT control. By day 21, chicks in ovo in-
jected with E. faecium or the combination treatments
both yielded significantly larger average bursa weights
when compared to the in ovo injection of L. animalis
(P = 0.02; Figure 2).

Tissue Length Relative to Small Intestines
Length

There were significant treatment by day interactions
for tissue length relative to total small intestines length
observed in the duodenum, ileum and ceca (P = 0.03,
0.04 and 0.007, respectively; Figure 3). Although no
differences were observed between treatments on days
0 or 14 for duodenum length, chicks in ovo injected
with L. animalis obtained significantly longer duode-
num lengths on day 7 when compared to all treatments
on that day. Concurrently, the chicks in ovo injected
with the combination treatment observed shorter rel-
ative duodenum lengths when compared to those in-
jected with L. animalis or E. faecium on day 21. Unlike
the duodenum, the in ovo injection E. faecium or the
combination both yielded significantly longer tissues in
the ileum when compared to the birds injected with
the HVT control on day 0. On day 7, the relative ileum
lengths in E. faecium and the combination treatments
were significantly longer than L. animalis treatments.
Similar to the relative duodenum length, no differences
in relative ileum lengths were observed on day 14. Un-
like the duodenum, the in ovo injection of the combi-
nation yielded chicks with significantly longer ileums
when compared to those who received the E. faecium
injection on day 21. However, ileum lengths in the E.
faecium and combination treatments on day 21 were
not different from L. animalis or the control relative
ileum lengths on day 21. In the ceca, the birds from the
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Figure 1. Treatment by day interactions were observed in the jejunum, ileum, and ceca for tissue weight relative to live body weight. The HVT
control injection is represented by the gray shaded bar. The L. animalis injected probiotic treatment is represented by the white shaded bar. The
E. faecium injected probiotic treatment is represented by the striped bar. The L. animlais + E. faecium combination injected probiotic treatment
is represented by the dotted bar. Tisssue weight relative to total body weight (%) is on the y-axis. Tissue sampled (jejunum, ileum, and ceca) and
day of sampling (days 0, 7, 14, and 21) are on the x-axis. SEM and P values are located underneath each of their respective tissues. Differences
were considered significant at P ≤ 0.05, error bars for each tissue represent the SEM for that tissue, and N = 10 (10 pens/treatment; one bird
randomly sampled from each pen on each sampling day). Although all tissues with a treatment by day interaction for tissue weight relative to
body weight are provided on the same figure, the analysis for the treatment by day interaction is by individual tissues. Significant differences are
noted by alphabetical superscripts, where each change in a letter represents a significant difference among treatments. Jejunum superscripts are
a—e, ileum superscripts are a—g, and ceca superscripts are a—h.

Figure 2. A treatment by day interaction was observed for Bursa of Fabricius weight relative to live body weight. The HVT control injection is
represented by the gray shaded bar. The L. animalis injected probiotic treatment is represented by the white shaded bar. The E. faecium injected
probiotic treatment is represented by the striped bar. The L. animlais + E. faecium combination injected probiotic treatment is represented by
the dotted bar. Bursa weight relative to total body weight (%) is on the y-axis, and day of grow-out (days 0, 7, 14, and 21) is on the x-axis. The
SEM and P value is located in the bottom right corner of the figure. Differences were considered significant at P ≤ 0.05, error bars represent
the SEM, and N = 10 (10 pens/treatment; one bird randomly sampled from each pen on each sampling day). Significant differences are noted
by alphabetical superscripts, where each change in a letter represents a significant difference among treatments. The superscripts for this figure
include a—i.
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Figure 3. Treatment by day interactions were observed in the duodenum, ileum, and ceca for tissue length relative to small intestines length.
The HVT control injection is represented by the gray shaded bar. The L. animalis injected probiotic treatment is represented by the white
shaded bar. The E. faecium injected probiotic treatment is represented by the striped bar. The L. animlais + E. faecium combination injected
probiotic treatment is represented by the dotted bar. Tisssue length relative to total small intestines length (%) is on the y-axis. Tissue sampled
(duodenum, ileum, and ceca) and day of sampling (days 0, 7, 14, and 21) are on the x-axis. SEM and P values are located underneath each of their
respective tissues. Differences were considered significant at P ≤ 0.05, error bars for each tissue represent the SEM for that tissue, and N = 10
(10 pens/treatment; 1 bird randomly sampled from each pen on each sampling day). Although all tissues with a treatment by day interaction for
tissue length relative to small intestines length are provided on the same figure, the analysis for the treatment by day interaction is by individual
tissues. Significant differences are noted by alphabetical superscripts, where each change in a letter represents a significant difference among
treatments. Duodenum superscripts are a—e, ileum superscripts are a—g, and ceca superscripts are a—g.

combination yielded longer relative ceca tissues when
compared to the HVT control and L. animalis treat-
ments. However, no other treatment by day interactions
were observed in the ceca on days 7, 14, or 21.

Tissue pH

Treatment by day interactions were also observed in
crop, gizzard, duodenum and jejunum pH (P = 0.001,
0.008, 0.05, and 0.05, respectively; Figure 4). On day 7,
no treatment differences were observed in the gizzard,
duodenum or jejunum. However, it was observed that
chicks in ovo injected with L. animalis obtained lower
pH in the crop when compared to chicks in ovo injected
with E. faecium and combination treatments. The crop
and gizzard also observed decreased pH levels in the
chicks in the HVT control treatment when compared to
the birds of all probiotic treatments on days 14 and 21.
Also, the gizzard pH on day 14 in chicks in ovo injected
with the combination was not different from those of
the L. animalis treatment but significantly lower than
chicks in the E. faecium treatment. However, the HVT
control treatment yielded a significantly lower pH in the

gizzard on day 14 when compared to all probiotic treat-
ments. The pH of the duodenum in birds who received
the combination treatment on day 14 was greater than
those of the HVT control treatment, but they were not
different from the duodenum pH of the L. animalis or
E. faecium treatments. The pH of the jejunum on day
14 was greater for birds who were in ovo injected with
the combination treatment when compared to all other
treatments. On day 21, no significant differences in tis-
sue pH were observed in the gizzard, duodenum and
jejunum. However, chicks in ovo injected with L. an-
imalis or the combination had a significantly elevated
pH in the crop on day 21 when compared to the control
HVT injection. Crop pH in the L. animalis or combina-
tion treatments were not different from E. faecium on
day 21.

DISCUSSION

Hatch Parameters

This experiment utilized commercial Inovoject®

equipment to inject 2 different probiotic species, L.
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Figure 4. Treatment by day interactions were observed in the crop, gizzard, duodenum, and jejunum for tissue pH. The HVT control injection is
represented by the gray shaded bar. The L. animalis injected probiotic treatment is represented by the white shaded bar. The E. faecium injected
probiotic treatment is represented by the striped bar. The L. animlais + E. faecium combination injected probiotic treatment is represented
by the dotted bar. Tisssue pH is on the y-axis. Tissue sampled (crop, gizzard, duodenum, and jejunum) and day of sampling (days 7, 14, and
21) are on the x-axis. SEM and P values are located underneath each of their respective tissues. Differences were considered significant at
P ≤ 0.05, error bars for each tissue represent the SEM for that tissue, and N = 10 (10 pens/treatment; one bird randomly sampled from each
pen on each sampling day). Although all tissues with a treatment by day interaction for tissue pH are provided on the same figure, the analysis
for the treatment by day interaction is by individual tissues. Significant differences are noted by alphabetical superscripts, where each change in
a letter represents a significant difference among treatments. Crop superscripts are a—f, gizzard superscripts are a—d, duodenum superscripts
are a—e, and jejunum superscripts are a—f.

animalis and E. faecium, individually and in combina-
tion into fertile broiler hatching eggs. Other companies
have created in ovo technology similar to Inovoject®,
and this study provides insight into the applicability of
in ovo probiotic injections using commercially available
technology. Methodology such as this provides an indus-
try perspective on the application of a probiotic during
the standard vaccination of a vaccine. Although in ovo
probiotic studies have been conducted, many of these
studies consist of manual injection procedures that in-
ject greater volumes of a diluent than the volume ap-
plied with commercial in ovo injection equipment (de
Oliveira et al., 2014; Madej et al., 2015; Madej and
Bednarczyk, 2016; Pender et al., 2017). Even so, previ-
ous research on in ovo probiotic inoculation has found
that probiotics can have positive and negative impacts
on chick performance while stimulating the immune
system (Sławińska et al., 2014; Madej et al., 2015;
Płoweic et al., 2015; Madej and Bednarczyk, 2016;
Pender et al., 2017; Triplett et al., 2018).

Concerns do exist when injecting beneficial supple-
ments, such as probiotics, into fertile broiler hatching
eggs on day 18 of incubation. It has been found that the

in ovo injections of probiotics and vaccines into fertile
hatching eggs may have a negative impact on hatcha-
bility, but these results are dependent on the probiotic
type and injection location (Cox et al., 1992; Meijerhof
and Hulet, 1997; de Oliveira et al., 2014; Triplett et al.,
2018). This negative impact may exist due to the in-
jection process: puncturing the cuticle, shell, and mem-
branes of an egg. This may then lead to pathogenic bac-
teria in the external environment gaining direct access
to the embryo. Sanitary conditions, such as needle ster-
ilization, are necessary to ensure that chicken embryos
are not negatively affected by the inoculation process
(Johnston et al., 1997).

In the present study, no negative impacts were ev-
ident from the injection procedure. It was observed
that the L. animalis treatment significantly reduced
percentage pipped eggs when compared to the control
treatment. This indicates that it is possible to inject
L. animalis into the amnion of an embryo on day 18
of embryonic development with potential to improve
hatch performance. Previous research studying the im-
pact of probiotic in ovo injections did not observe simi-
lar results (de Oliveira et al., 2014; Pender et al., 2017;
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Teague et al., 2017; Triplett et al., 2018). Probiotic
species and the concentration being injected (Triplett
et al., 2018) as well as the volume of the injection and
methods of injection (de Oliveira et al., 2014; Pender
et al., 2017; Teague et al., 2017) all potentially impact
hatch performance. Because beneficial bacteria species
have differing primary modes of action, the injection
of one bacteria species into a fertile hatching egg may
induce different biological responses in the chick when
compared to another probiotic bacteria species.

Some of these biological responses may be linked to
bacteriocin production by some probiotic species. Bac-
teriocins are bacteriocidal proteins commonly secreted
by lactic acid producing bacteria species such as Lac-
tobacillus and Enterococcus (Cintas et al., 2001). Lac-
tic acid and bacteriocin production by many probiotic
species are key components of pathogen reduction in
the gastrointestinal tract of their host (Guerra et al.,
2007; Mountzouris et al., 2007; Aliakbarpour et al.,
2012). Through their differing modes of action, pro-
biotics have been shown to improve performance for
in-feed applications where it is introduced into the
gastrointestinal tract of a maturing chick (Jeong and
Kim, 2014; Bai et al., 2017). Through the supplemen-
tation of probiotics in ovo, prior to the chick ever
contacting pathogenic bacteria in the external envi-
ronment, it may be possible to initiate early coloniza-
tion of beneficial bacteria species in the gut to prevent
pathogen colonization and improve chick performance
upon hatch (Ballou et al., 2016). However, the same
bacteria species injected in ovo may not exhibit syner-
gistic characteristics with the embryo and impair hatch
performance (Cox et al., 1992; Meijerhof and Hulet,
1997; Jeong and Kim, 2014; Bai et al., 2017; Triplett
et al., 2018).

For example, previous studies have observed the pos-
sible hazards that probiotic administration may pose
for humans who are immunocompromised (Oggioni
et al., 1998; Hassan et al., 2018). In a meta-analysis of
cancer patients who consumed probiotic supplements
during their treatment, a safety analysis noted 5 out
of the 25 studies yielded infections in patients which
were linked to their probiotic consumption (Hassan
et al., 2018). Concurrently, there are beneficial im-
pacts that probiotic supplementation has on patients,
which include diarrhea reduction and fever reduction
in individuals who are in an immunocompromised state
(Ceccarelli et al., 2017; Hassan et al., 2018). Due to the
potential for probiotics to act pathogenically within an
immunocompromised host, it is possible that chicken
embryos, whose immune systems do not achieve matu-
rations until weeks after hatch, may be negatively influ-
enced by in ovo probiotic supplementation post-hatch
(Dibner et al., 1998).

Even so, previous research that compared the in
ovo application of different individual probiotic species
has found that the in ovo injection of Lactobacillus
spp. does not negatively affect hatchability (Triplett
et al., 2018). A study by Triplett et al. (2018) ob-

served the possible impacts that lactic acid and bac-
teriocin producing bacteria have on the developing
embryo when injected using Inovoject® equipment. It
was observed that the injection of Lactobacillus aci-
dophilus or Bifidobacterium animalis using commercial
Inovoject® equipment did not positively or negatively
affect hatch of fertilized eggs when compared to the con-
trol (Triplett et al., 2018). However, a Bacillus subtilis
species had a significant negative impact on hatch of
fertilized eggs when compared to the control (Triplett
et al., 2018). Previous research has found that Bacil-
lus subtilis has the potential to improve broiler perfor-
mance when supplemented in the feed (Jeong and Kim,
2014; Bai et al., 2017). Lactobacillus spp. and Bacil-
lus spp. have differing modes of action that may po-
tentially impact the embryo differently when injected
into the amnion. Lactobacillus species have high ep-
ithelial adhesion capabilities and produces lactic acid
through fermentative processes, while Bacillus secretes
lactate, acetoin, 2,3-butanediol, acetate, and ethanol
through fermentative processes (Hutkins and Nannen,
1993; Nicholson, 2008; Lai et al., 2012; Shokryazdan
et al., 2014). Although further studies are necessary
to understand the interaction between these metabolic
fermentation products and the broiler embryo, it has
been found that 2,3-butanediol enhances natural killer
cell cytotoxicity which advances spontaneous abortion
in mice species (Gendron and Baines, 1988; Lai et al.,
2012). Similar natural killer cells have been observed
in the developing avian embryo (Jansen et al., 2010),
which may have attributed to the high embryo mor-
tality found with the injection of Bacillus subtilis by
Triplett et al. (2018).

The injection of L. animalis and E. faecium, probi-
otics with different characteristics in vitro, into fertile
broiler hatching eggs on day 18 of incubation did not
demonstrate any of the negative effects observed by
Triplett et al. from bacteriocin or lactic acid produc-
tion (2018). This is important to note as it was found
during the verification of injection procedures that the
L. animalis and the combination treatments exhibited
notably elevated L. animalis concentrations when com-
pared to E. faecium concentrations. This may be due
to a high growth rate observed when the L. animalis
culture was grown in broth during treatment prepara-
tion. Even though L. animalis grew more rigorously in
the preparation of the treatments when compared to its
growth when formulating the growth curve, a bacterial
concentration of 109 cfu/50 μl L. animalis injected into
fertile broiler hatching eggs yielded 0% contaminated
eggs in the L. animalis treatment. Also, a combined in-
jection of L. animalis at 107 cfu/50 μl and E. faecium at
106 cfu/50 μl did not impact any hatch residue or any
of the hatch parameters when compared to the HVT
control treatment. This indicates that the injection of a
live probiotic bacteria culture did not negatively impact
hatchability, even when the injected concentration was
as high as 109 cfu/50 μl L. animalis in the L. animalis
injected treatment.
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Other than percentage pipped eggs, the hatch pa-
rameters analyzed in the present study yielded no sig-
nificant differences due to treatment. These variables,
including chick weight, percent cracked, percent con-
taminated, or percent late dead eggs, indicate that the
in ovo injection of a probiotic combination including
L. animalis and E. faecium does not negatively im-
pact the developing embryo and its ability to hatch.
In an analysis by Johnston et al., 1997, it was deter-
mined that the use of in ovo technology to administer
the Marek’s disease vaccine does not negatively impact
many hatch parameters, such as post-hatch chick mor-
tality, when compared to post-hatch vaccination. In the
present study, the L. animalis treatment had a positive
impact on the developing embryo where there were sig-
nificantly lower percentage pipped eggs when compared
to the control. However, it is important to note that the
chicks in ovo injected with E. faecium or the combina-
tion treatment were not significantly different from the
HVT control treatment in hatchability of transferred
eggs or percentage pipped eggs.

Live Performance and GIT Parameters

The lack of differences observed in many of the
live performance parameters between the HVT con-
trol and probiotic treatments further demonstrates the
efficiency and implications of using in ovo technology
for probiotic supplementation. Similar results were ob-
served in an analysis conducted by Gildersleeve et al.
(1993), where in ovo vaccination of fertilized broiler
hatching eggs and conventional post-hatch vaccination
methods were compared in a commercial setting. With
no significant differences in early post-hatch mortality
in the present study, neither the in ovo technology uti-
lized nor the probiotics introduced to the embryo neg-
atively impacted chick mortality post-hatch.

A treatment effect for FCR was yielded during the
days 7 to 14 phase in the present study, where E. fae-
cium and the combination treatments yielded an in-
creased FCR in comparison to those in the HVT con-
trol treatment. No other FCR treatment effects were
observed in the other growth phases (days 0 to 7, 14 to
21, or 0 to 21). The performance difference on days 7 to
14 may be attributed to weight, length, and pH differ-
ences found in the GITs among the probiotic treatments
when compared to the HVT control. Due to the obser-
vance of altered gastrointestinal parameters and an in-
creased FCR during grow-out in the days 7 to 14 phase,
it is possible that the in ovo injection of probiotics is ca-
pable of altering the physiological development of the
chick’s gastrointestinal tract during the first 21 d of
life. Whether or not these alterations caused by in ovo
supplementations of L. animalis and/or E. faecium are
beneficial over the course of the entire grow-out is yet
to be established.

Previous research in other organism models have
found that the natural gut microflora is capable of mod-
ulating the expression of genes associated with gut ep-

ithelium development (Hooper et al., 2001; Lange et al.,
2010). Similarly, a study by Pruszynska-Oszmalek
et al. discovered that the in ovo injection of probi-
otics or synbiotics elevated amylase, hydrolase, and
trypsin activity by the pancreas, which may potentially
improve bird performance (2015). Contradictively, a
study with the in-feed application of probiotics found
that the supplementation decreased urease activity in
broiler chicks (Yeo and Kim, 1997). Although stud-
ies are continuing to investigate the impact of probi-
otics on the digestive system, the interaction between
the gastrointestinal microbiome and the functionality
of the gastrointestinal tract is complex and not com-
pletely understood in the broiler chicken (Yeo and Kim,
1997; Lu et al., 2003; Pruszynska-Oszmalek et al., 2015;
Ballou et al., 2016).

In the present study, the injected probiotic species, L.
animalis and E. faecium, may be capable of diversely in-
fluencing the gastrointestinal tract of its host (Hutkins
and Nannen, 1993; Franz et al., 2007; Shokryazdan
et al., 2014). Other studies have observed an increase in
gut tissue weights when probiotics are supplemented in
feed, which may be the cause of altered GIT weights ob-
served in the present trial when probiotics were injected
in ovo (Awad et al., 2009). It was previously proposed
that this increase in tissue weight may be indicative of
greater surface area in the small intestines which may
lead to increased nutrient and water absorption (Awad
et al., 2009). However, Coates et al. (1955) suggests that
an increase in intestinal weight may be indicative of an
uncharacterized infection within the gut and therefore
may lead to an increase in feed intake. This may be the
case for the present study, as it was found that the pro-
biotic treatments had greater FCR along with greater
jejunum and ileum weights when compared to the con-
trol on day 14. Alternatively, Jin et al. (2000) observed
that the inclusion of Lactobacillus spp. in feed did not
alter GIT weights nor did it negatively impact FCR.
Similarly, de Oliveira et al. (2014) yielded no signifi-
cant weight gain or FCR differences between injected
probiotic treatments and the control even when chal-
lenged with Salmonella. This may suggest that the in
ovo injection of a probiotic combination different from
E. faecium and L. animalis may be capable of promot-
ing efficient live performance through modulating the
development of the GITs. Moreover, further research
is necessary to understand these relationships in the
future.

It is pertinent to address that treatment interac-
tions were observed where L. animalis reduced crop
pH when compared to the E. faecium and combina-
tion treatments on day 7. This may be due to its lactic
acid production, although further research pertaining
to microbiome analysis is necessary to directly link in
ovo probiotic supplementation to the bacterial compo-
sition of the gut and tissue pH (Kashket, 1987; Hutkins
and Nannen, 1993; Cintas et al., 2001). For instance,
Ranjitkar et al. (2016) observed high levels of bacte-
ria belonging to the Lactobacillaceae family in the crop,
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gizzard and ileum, and high levels of bacteria belonging
to the Enterococcacae family in the ileum. In ovo probi-
otic supplementation may be capable of manipulating
these populations, but further research is necessary to
understand this interaction.

Therefore, this pH difference in the crop among pro-
biotic treatments on day 7 may be demonstrative of the
embryo consuming the probiotic that was injected into
the amnion prior to hatch (Moran, 2007). However, the
in ovo probiotic treatments were not capable of main-
taining a lower pH in the gastrointestinal tract when
compared to the non-injected control, even on day 7.
This may indicate that the injected probiotics do not
have high adherence to the epithelium of the gastroin-
testinal tract after injection and are sloughed off within
the first week of hatch. However, Marciňáková et al.
(2010) tested the survivability of an E. faecium strain
isolated from chicken jejunum; in vitro, it was observed
that multiple isolated E. faecium strains were capable
of surviving simulated gastrointestinal conditions but
exhibited low adhesion characteristics. The results ob-
tained by Marciňáková et al. (2010) may explain why
the gastrointestinal pH in the present study where any
of the tissues of the E. faecium treatment consistently
exhibited a higher pH than the control tissues.

Alternatively, Ehrmann et al. (2002) supplemented
a one time inclusion of Lactobacillus spp. in feed and
was able to recover that species from the fecal matter
of ducks over a 28 d study. This may not have been
observed in the present study, where the L. animalis
and combination treatments observed an elevated pH
in the crop when compared to the HVT control treat-
ment by day 21. As previously stated, analysis of the
microbiome of gastrointestinal tract is necessary to di-
rectly understand the relationship that the in ovo in-
jection of probiotics may have on the development and
maintenance of a chick’s microbiome. It is expected that
through in-feed probiotic applications coupled with in
ovo probiotic injections, higher levels of lactic-acid pro-
ducing probiotics may be maintained in the foregut for
longer periods of time.

Bursa Weights

Along with GITs, bursa weight relative to body
weight appeared to be influenced by the in ovo injection
of the E. faecium and combination treatments. Even
though changes in bursa weight might indicate that the
in ovo injection of E. faecium and the combination in-
duced an immune response early in the grow-out, these
differences may not be indicative of a stimulated im-
mune system (Glick, 1963; Cazaban et al., 2015; Fathi
et al., 2017). In a study by Glick et al. (1963), re-
duced bursa weights in Pekin ducks did not decrease
the level of circulating leukocytes in the blood. Ad-
ditionally, Cazaban et al. (2015) observed high varia-
tions in bursa weights among broilers as the birds aged.
Therefore, further analyses of circulating blood leuko-
cyte counts, B-cell enumeration, antibody response, and

immune cell expression in gut-associated lymphoid tis-
sues are necessary to gain a comprehensive understand-
ing of immune responses stimulated by individual pro-
biotics and their combinations (Chrząstek et al., 2011;
Madej and Bednarcyzk, 2016).

Implications and Future Research

The results of this study indicate that individual
probiotics with differing modes of action can be in-
jected into fertilized broiler hatching eggs simultane-
ously without negatively impacting hatch and live per-
formance. L. animalis may be more compatible with
the in ovo injection process due to its significant im-
provement in percent pipped mortality. However, the
present study only conducted a 21 d grow-out. Even
though an increase in FCR was yielded in the in
ovo injected E. faecium and combination treatments
during the days 7 to 14 phase of the trial, a 49 d
grow-out may observe positive differences in broiler
performance in the probiotic treatments because im-
mune system maturation does not occur until day 21
post-hatch (Dibner et al., 1998). Additionally, the dif-
ferences in gut morphology among treatments that
occurred in the current study may not yield posi-
tive performance differences until weeks later (Dibner
et al., 1998).

Future studies using different probiotic bacteria in
combination with L. animalis may demonstrate im-
provements not only for hatch but also improvements in
live performance parameters. A more accurate analysis
of gut microbiota is also necessary to understand the
amount of time that an in ovo injected probiotic can be
maintained in the gastrointestinal tract. Furthermore,
research is also needed to understand synergistic ca-
pabilities of in ovo injection and in-feed probiotic ap-
plications, which may alter gastrointestinal pH levels
during grow-out and reduce pathogen presence in the
gut. Differences in probiotic applications, whether in-
feed or in ovo, and the formulation of those probiotics
may impact the success of any probiotic supplemen-
tation with improving bird performance, and the suc-
cess of the probiotic program may rely on how those
formulations interact with the existing gut microflora.
Therefore, a different probiotic combination from the
one proposed in the present study may have the poten-
tial to decrease FCR during grow-out. Lastly, an analy-
sis of immune response associated with the injection of
these different probiotic species and their combinations
using Inovoject® equipment is necessary to understand
the impacts that the differing modes of action have on
the chick after hatch.
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Marciňáková, M., T. D. Klingberg, A. Lauková, and B. B. Budde.
2010. The effect of pH, bile and calcium on the adhesion ability
of probiotic enterococci of animal origin to the porcine jejunal
epithelial cell line IPEC-J2. Anaerobe 16:120–124.

Meijerhof, R., and R. M. Hulet. 1997. In ovo injection of competitive
exclusion culture in broiler hatching eggs. J. Appl. Poult. Res.
6:260–266.

Moran, E. T., Jr., 2007. Nutrition of the developing embryo. Poult.
Sci. 86:1043–1049.

Mountzoris, K.C., P. Tsirtsikos, E. Kalamara, S. Nitsch, G.
Schatzmayr, and K. Fegeros. 2007. Evaluation of the efficacy of
a probiotic containing Lactobacillus, Biridobacterium, Enterococ-
cus, and Pediococcus strains in promoting broiler performance
and modulating cecal microflora composition and metabolic ac-
tivities. Poult Sci. 86:309–317.

Ness, I. F., D. B. Diep, and Y. Ike. 2014. “Enterococcal Bacteriocins
and Antimicrobial Proteins that Contribute to Niche Control.”
In: MS Gilmore, DB Clewell, and Y Ike et al., editors. Entero-
cocci: From Commensals to Leading Causes of Drug Resistant
Infection. Boston: Massachusetts Eye and Ear Infirmary.

Nicholson, W. L. 2008. The Bacillus subtilis ydjL (bdhA) Gene En-
codes Acetoin Reductase/2,3-Butanediol Dehydrogenase. Appl
Environ Microbiol. 74:6832–6838.

Oggioni, M. R., G. Pozzi, and P. E. Valensin. 1998. Recurrent
septicemia in an immunocompromised patient due to probiotic
strains of Bacillus subtilis. J. Clin. Microbiol. 36:325–326.

Pender, C. M., S. Kim, T. D. Potter, M. M. Ritzi, M. Young, and
R. A. Dalloul. 2017. In ovo supplementation of probiotics and
its effects on performance and immune-related gene expression in
broiler chicks. Poult. Sci. 96:1052–1062.
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