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ABSTRACT Enterococci and Escherichia coli are
opportunistic pathogens of poultry and are associated
with embryo and neonatal chick mortality. We have
recently demonstrated that 56% of dead broiler chicken
embryos in commercial hatcheries in western Canada
were due to the coinfection of Enterococcus species and
E. coli. The objective of this study was to investigate
the host-pathogen interactions of Enterococcus faecalis
and E. coli in developing chicken embryos. Embryonat-
ing eggs at 12 d of incubation were dipped in a solution
of E. faecalis and/or E. coli for 30 s to expose the egg-
shell to study the migration and colonization of E. faeca-
lis and E. coli in the internal organs of chicken embryos
and subsequent neonatal chicken mortality following
hatch. A multidrug-resistant E. faecalis isolate from a
dead chicken embryo and an E. faecalis isolate from a
case of yolk sac infection were able to colonize the inter-
� 2022 The Authors. Published by Elsevier Inc. on behalf of Poultry
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nal organs of chicken embryos rapidly compared to an
E. faecalis isolate from a healthy chicken without affect-
ing viability or hatchability of embryos. Although
E. faecalis colonized internal organs of chicken embryos,
no evidence of inflammation of these organs nor the
expression of virulence genes of E. faecalis was observed.
Although E. faecalis and E. coli alone did not affect the
viability of embryos, a significantly high neonatal
chicken mortality (27%) was observed following expo-
sure of embryos to both E. faecalis and E. coli. Upregu-
lation of IL-1 and CXCR4 was evident 48 h before peak
mortality of neonatal chickens; this could suggest a pos-
sible link of cytokine dysregulation to increased mortal-
ity in coinfected neonatal chickens. However, further
studies are warranted to investigate this issue vis-�a-vis
coinfection with E. faecalis and E. coli in chicken
embryos and neonatal chickens.
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INTRODUCTION

Bacterial infections of embryonating chicken eggs are
frequently associated with embryo mortality and clinical
disease in neonatal chicks (Berrang et al., 1999;
Cort�es et al., 2004; Olsen et al., 2012). However, the
mechanism of such host-pathogen interactions is
unclear. Bacterial colonization of chicken embryos starts
early during embryo development, and the composition
of bacterial species changes during the incubation of
fertile eggs (Ding et al., 2017). Although various infec-
tious and non-infectious causes lead to chicken embryo
mortality, bacterial infections are recognized as the lead-
ing cause of embryo and neonatal chick mortality (Al-
Sadi et al., 2000; Kalita et al., 2013; Babaca, 2014).
Chicken embryo mortality and yolk sac infections of neo-
natal chickens due to enterococci and Escherichia coli
are the most common and economically important
pathogens. These bacterial infections lead to acute and
chronic diseases during the entire growth period of
broiler chickens, including increased mortality due to
septicemia in neonatal chickens, chronic joint diseases,
poor performance, poor feed conversion efficiency, loss of
uniformity of the flock, and downgrading and increased
condemnations at processing (Jassim et al., 1996;
Razmyar and Zamani, 2016).
Historically, E. coli-associated yolk sac infections

accounted for most embryo death compared to
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Enterococcus species (Babaca, 2014). Avian pathogenic
E. coli causes extraintestinal tract infections in neonatal
broiler chickens, predominantly yolk sac infections,
omphalitis, respiratory infections, swollen head syn-
drome, pericarditis, airsacculitis, perihepatitis, arthritis,
and osteomyelitis, septicemia, and cellulitis (Mel-
lata, 2013). Enterococcus species are the most abundant
inhabitant of the normal gastrointestinal flora of chick-
ens (Devriese et al., 1991; Fertner et al., 2011). However,
recently, Enterococcus-associated yolk sac infections in
poultry have become an emerging problem in the poul-
try industry worldwide, including in Canada. E. faecalis
has been associated with amyloid arthropathy in table-
egg layers, and E. cecorum-associated osteomyelitis and
spondylitis in broiler chickens and broiler breeder
parents were the primary economically important
pathogens in the poultry industry (Landman, 1999;
Jung and Rautenschlein, 2014). E. hirae and E. durans
have been associated with encephalomalacia and endo-
carditis in broiler breeders and young broiler chicks with
high mortality (Abe et al., 2006).

Enterococci are opportunistic pathogens and cause
nosocomial infections in humans, such as bacteremia,
septicemia, valvular endocarditis, urinary tract infec-
tions, and intra-abdominal and pelvic infections
(Moellering Jr, 1992). Among different Enterococcus
species, E. faecalis, and E. faecium are responsible for
the majority of infections in people (Noskin et al., 1995).
Therapeutic failures associated with multidrug resistant
(MDR) enterococci, such as vancomycin-resistant
enterococci, cause high mortality among immunocom-
promised and debilitated patients (Noskin et al., 1995;
Jean et al., 2001; Arias and Murray, 2012). In polymicro-
bial infections, synergistic interactions between various
microorganisms are involved in causing diseases in the
host (Hughes and Winter, 2016). Studies of wound infec-
tions in a mouse model suggest that E. faecalis promotes
E. coli biofilm formation under low-iron availability,
thus facilitating polymicrobial infections (Hughes and
Winter, 2016).

We have recently reported that Enterococcus spe-
cies, followed by E. coli were the predominant species
isolated from dead chicken embryos in poultry hatch-
eries in western Canada (Karunarathna et al., 2017).
Furthermore, we found that 56% of E. coli positive
dead embryos had coinfection with Enterococcus spe-
cies suggesting a potential synergism between Entero-
coccus species and E. coli that may increase embryo
mortality (Karunarathna et al., 2017). A recent study
reported that coinfection of chicken embryos with
Enterococcus species and E. coli contributes to the
development and increased severity of colibacillosis
and enhanced embryo death (Walker et al., 2020a).
Despite recent advances, whether E. faecalis and E.
coli coinfections of chicken embryos could increase
neonatal chicken mortality remains to be investi-
gated. Therefore, the objective of this study was to
mimic embryonic coinfections with E. faecalis and E.
coli and examine their impact on posthatch mortality
in neonatal chicks.
MATERIALS AND METHODS

Selection of Enterococcus and E. coli
Isolates

Three E. faecalis isolates were used in these experi-
ments. The first isolate was recovered from the rectum
of a healthy 32-wk-old broiler breeder chicken and was
used as the control isolate. This isolate was resistant to
tylosin. The second isolate was recovered from the yolk
sac of an early dead embryo from a broiler hatchery
(Karunarathna et al., 2017) and determined to be multi-
drug resistant (MDR) to bacitracin, ceftiofur, erythro-
mycin, lincomycin, neomycin, tetracycline, triple sulfa,
and tylosin. The third isolate was recovered from the
yolk sac of a 3-day-old neonatal broiler chicken that died
of a yolk sac infection. This field isolate was resistant to
lincomycin and tylosin.
A field isolate of E. coli from a turkey with septicemia

was used as previously described. This isolate belongs to
serogroup O2, is nonhemolytic, serum-resistant, produ-
ces aerobactin, K1 capsule, and Type 1 pili
(Gunawardana et al., 2014).
Preparation of E. faecalis and E. coli for
Experimental Challenge

Each isolate of E. faecalis was streaked on 5% Colum-
bia sheep blood agar (BA) (Oxoid, Nepean, Ontario,
Canada) and incubated aerobically at 37°C for 24 h. A
single colony was inoculated in 100 mL Todd Hewitt
broth (THB) and incubated at 37°C for 12 to 13 h on a
shaker. According to growth curve analysis, each E. fae-
calis isolate reached 1 £ 109 colony forming units (cfu)/
mL at the end of the incubation period. Following incu-
bation, a 1:100 dilution was made in THB, then incu-
bated at 37°C for 4 h on a shaker to bring E. faecalis to
the logarithmically growing phase at the concentration
of 1 £ 109 cfu/mL.
E. coli was streaked on 5% BA (Oxoid, Nepean,

Ontario, Canada) and incubated aerobically at 37°C for
24 h. A single colony of E. coli was inoculated in 100 mL
of Luria broth (LB) (Difco LB broth Miller; Becton,
Dickinson, and Company, Sparks, MD) in a 250 mL
Erlenmeyer flask. The culture was grown at 37°C for 12
h, shaking at 150 rpm. This stationary phase culture
contained approximately 1 £ 109 cfu/mL.
For E. faecalis and E. coli coinfection experiments, 1.5

L of THB containing E. faecalis at the required concen-
tration was mixed with 1.5 L of THB containing E. coli
with corresponding concentration according to each
experiment. E. faecalis and E. coli culture preparations
were cooled to 10°C and placed in 6 L plastic containers.
Viable bacterial counts of E. faecalis or E. coli were

determined by plating serial dilutions of bacterial cul-
tures in duplicate before and after each experiment on
either m-Enterococcus agar or MacConkey agar (Oxoid,
Nepean, Ontario, Canada) to enumerate E. faecalis or
E. coli, respectively.
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Ethics Statement

The animal experiment was approved by the Univer-
sity Committee on Animal Care and Supply Animal
Research Ethics Board at the University of Saskatche-
wan and conducted following the guidelines of the Cana-
dian Council on Animal Care.
EXPERIMENTAL DESIGN

Experiment A. E. faecalis infection,
pathology and host cytokine gene
expression in chicken embryos

The objectives of this experiment were to explore the
migration of enterococci from the eggshell to internal
organs, histopathology and electron microscopy of
chicken embryos during incubation, expression of viru-
lence factors of enterococci, and expression of host cyto-
kines. The bacterial inoculation was performed using a
well-established egg-dipping model (Sauter and
Petersen, 1969, 1974; Mayes and Takeballi, 1983;
Landman et al., 1999b; Jones et al., 2002; De Reu et al.,
2006). An E. faecalis incubating egg infection model was
used with few modifications (Landman et al., 1999a).
Briefly, a temperature gradient was maintained between
specific-pathogen-free (SPF) (Canadian Food Inspec-
tion Agency, Nepean, ON, Canada) incubating eggs at
12 d of incubation (37°C) and bacterial broth (10°C) to
facilitate entry of E. faecalis into incubating eggs. Eggs
were candled to determine embryo viability prior to E.
faecalis infection. Viable eggs were divided into 5 groups
(n = 60) as (1) nondip; (2) THB dip; (3) control E. fae-
calis; (4) MDR E. faecalis; and (5) field E. faecalis.
Three liters of the logarithmically growing phase of E.
faecalis at 1£ 109 cfu/mL were prepared for each E. fae-
calis isolate and maintained at 10°C during the experi-
ment. Eggs from each group were immersed in the
respective bacterial solution for 30 s and held at room
temperature to air dry. All eggs were placed in incuba-
tors until they hatched. Swab samples were taken from
the outer shell, inner shell, shell membrane, amnion at 6
and 8 d postinfection; additional swabs were collected
from the intestine, liver, lung, and yolk at 48 h, 6, and 8
d postinfection from 5 viable embryos per group at each
time point. The presence of bacteria and bacterial
counts were enumerated from the direct culture method.
Tissue samples from the intestine and liver were col-
lected from 3 live embryos at 6 d postinfection for total
RNA extraction to detect the expression of host cyto-
kines (IL-1b and IL-8) and chemokines (CXCR4 and
MIP-1a). The expression levels of putative virulence
genes of E. faecalis (agg, gelE, cylM, cylB, cylA, efaAfs,
cob, and ccf) were studied using samples from the intes-
tine, liver, and yolk collected at 48 h, 6, and 8 d postin-
fection. Yolk, liver, and lung samples were collected at 6,
and 8 d postinfection for histopathology. Yolk samples
were collected from 5 live embryos at 6 d postinfection
for electron microscopy.
Experiment B. E. faecalis and E. coli
coinfection of chicken embryos and
subsequent mortality and pathology in
neonatal chickens

The objectives of this experiment were to explore the
colonization of E. faecalis and E. coli in chicken embryos
and subsequent mortality and pathology in neonatal
chickens. The MDR E. faecalis isolate obtained from the
yolk sac of an early dead embryo and the E. coli isolate
described above were used in this experiment. Viable
SPF eggs at 12 d of incubation were divided into 9
groups (n = 60) as (1) nondip; (2) THB dip; (3) E. fae-
calis (1 £ 109 cfu/mL); (4) E. coli (1 £ 109 cfu/mL); (5)
E. coli (1 £ 106 cfu/mL); (6) E. coli (1 £ 103 cfu/mL);
(7) E. faecalis and E. coli (1 £ 109 and 1 £ 103 cfu/mL);
(8) E. faecalis and E. coli (1 £ 109 and 1 £ 106 cfu/mL);
and (9) E. faecalis and E. coli (1 £ 109 and 1 £ 109 cfu/
mL). Incubating SPF eggs were exposed to a logarithmi-
cally growing phase of E. faecalis, and a stationary
phase of E. coli as described in experiment A. Bacterial
swabs were taken from the yolk at 48 hr, 6, and 8 d post-
infection from 5 viable embryos per group at each time
point. Following hatch, neonatal chicks from five groups
[nondip, E. faecalis alone (1 £ 109 cfu/mL), E. coli alone
(1 £ 109 cfu/mL), E. faecalis together with E. coli
(1 £ 109 and 1 £ 103 cfu/mL) and E. faecalis together
with E. coli (1 £ 109 and 1 £ 106 cfu/mL)] (n = 15/
group) were monitored for clinical signs and mortality
for one week following hatch. Tissues from the yolk sac,
liver, lung, and heart from any dead chicks following
hatch were collected for histopathology.
Experiment C. E. faecalis and E. coli
coinfection in chicken embryos and
subsequent mortality and host cytokine
gene expression in embryos and neonatal
chickens

The objectives of this experiment were to explore
host cytokine gene expression of chicken embryos
and neonatal chickens and neonatal chicken mortal-
ity following exposure of E. faecalis and E. coli to
chicken embryos. The MDR E. faecalis isolate and
E. coli were used in this experiment as in experi-
ment B. Viable SPF eggs were exposed to E. faeca-
lis and E. coli as in experiment B, at 12 d of
incubation (n = 100) as (1) nondip; (2) E. faecalis
alone (1 £ 109 cfu/mL); (3) E. coli alone (1 £ 106

cfu/mL) and (4) E. faecalis and E. coli (1 £ 109

and 1 £ 106 cfu/mL). Following hatch, neonatal
chicks (n = 40/group) were monitored for two
weeks for clinical signs and mortality. Tissue sam-
ples from the lungs were collected from 3 live
embryos and 3 live chicks at 48 hr, 6, and 8 d
postinfection, and 3 and 10 d posthatch to obtain
total RNA for host cytokine (IL-b) and chemokine
(CXCR4) gene expression.
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Bacterial Isolation and Identification from
Embryos and Neonatal Chickens

Swab samples were plated on 5% Columbia sheep
BA, m-Enterococcus and MacConkey agar and incu-
bated at 37°C for 24 to 48 h. Semiquantitative analy-
ses on plates were conducted on a scale from 0 to 4+
(Gunawardana et al., 2014). To study bacterial
growth in enriched cultures, swabs were inoculated in
3 mL of THB and incubated overnight at 37°C in a
shaking incubator. Bacterial isolates were identified
using Matrix-Assisted Laser Desorption Ionization-
Time of Flight Mass Spectrometry (MALDI-TOF
MS) as previously described (van Veen et al., 2010).
The antimicrobial susceptibility profile of 12 antimi-
crobials (i.e., ampicillin, bacitracin, chloramphenicol,
enrofloxacin, erythromycin, florfenicol, gentamycin,
neomycin, penicillin, spectinomycin, trimethoprim-
sulfamethoxazole, and tylosin) were conducted using
the disk diffusion method (Kirby Bauer), interpreta-
tion of results were done according to CLSI guidelines
(Clinical and Laboratory Standards Institute, 2013).
Antibiograms of input and output pools of bacterial
isolates were compared at each time point and organ
(2 isolates/group/time point) to identify the bacteria
recovered from embryos to confirm the causality.
Histopathological Examination

Histopathology of the yolk sac, liver, and lungs was
examined from 3 live embryos per group at 6 and 8 d
postinfection from experiment A. The yolk sac, liver,
lung, and heart from any dead chicks following hatch
were collected from the experiment B. Tissue sections
were preserved in 10% neutral buffered formalin,
embedded in paraffin, sectioned in 5 mm, and stained
with hematoxylin and eosin (H&E) and Gram stain.
Table 1. Oligonucleotide primers used to amplify putative viru-
lence determinants (Experiment A: E. faecalis infection, pathol-
ogy, and host cytokine gene expression in chicken embryos).

Virulence
gene Primer(5-3)

Product
size (bp)

Annealing
temp (°C)

Ragg-F AAGAAAAAGAAGTAGACCAAC 1553 55
Ragg-R AAACGGCAAGACAAGTAAATA
RgelE-F ACCCCGTATCATTGGTTT 419 55
RgelE-R ACGCATTGCTTTTCCATC
RcylM-F CTGATGGAAAGAAGATAGTAT 742 53
RcylM-R TGAGTTGGTCTGATTACATTT
RcylB-F ATTCCTACCTATGTTCTGTTA 843 53
RcylB-R AATAAACTCTTCTTTTCCAAC
RcylA-F TGGATGATAGTGATAGGAAGT 517 53
RcylA-R TCTACAGTAAATCTTTCGTCA
RefaAfs-
F

GACAGACCCTCACGAATA 705 53

RefaAfs-
R

AGTTCATCATGCTGTAGTA

Rcob-F AACATTCAGCAAACAAAGC 1405 53
Rcob-R TTGTCATAAAGAGTGGTCAT
Rccf-F GGGAATTGAGTAGTGAAGAAG 543 53
Rccf-R AGCCGCTAAAATCGGTAAAAT
Scanning Electron Microscopy and
Transmission Electron Microscopy

Electron microscopy of yolk sacs of embryos from
all the groups was performed 6 d after the E. faecalis
infection (experiment A). Tissue sections for trans-
mission electron microscopy (TEM) were treated
with 1% osmium tetroxide, then dehydrated through
a graded ethanol series to propylene oxide and subse-
quently infiltrated with epoxy resin by a gradual
exchange. The blocked specimen was polymerized at
60°C overnight. Blocks were sectioned to 90 nm on a
Leica Ultracut ultramicrotome and mounted on 200
mesh copper grids. Images were collected using the
Hitachi HT7700 TEM. Scanning electron microscopy
(SEM) samples were paraffin-embedded and affixed
to glass slides by baking at 60°C. Samples were dew-
axed in xylene and rinsed in 100% ethanol, then sput-
ter-coated with 10 nm of gold. Images were collected
using the Hitachi SU8010.
Molecular Screening of Putative Virulence
Determinants of E. faecalis

Total genomic DNA from E. faecalis isolates was
extracted using Qiagen kit−DNeasy. Blood and tissue
kits were used according to the manufacturer’s
instructions. Extracted DNA sample concentrations
were determined by spectrophotometry at the wave-
length of 260 nm and 280 nm. Virulence gene targets
and polymerase chain reaction (PCR) primers are
listed in Table 1. Primers were designed as previously
described (€Ozmen To�gay et al., 2010; Yildiz and Tur-
kyilmaz, 2015). All PCR reactions were carried out in
a final volume of 50 mL reaction mixture containing
100 ng of DNA, 10X PCR buffer, 3.5 mM MgCl2,
0.4 mM each of the four dNTPs (Fermentas, Rock-
ville, Maryland, USA), 0.8 mM of each primer and 2
units of Taq DNA polymerase (Fermentas, Rockville,
Maryland, USA). Samples were subjected to an initial
cycle of denaturation (95°C for 5 min), annealing (at
an appropriate temperature for 30 s; Table 1), and
elongation (72°C for 1 min), followed by 35 cycles in
the thermocycler. Reference strain E. faecalis ATCC
29212 was used as a positive control. The amplifica-
tion products were analyzed by electrophoresis on
1.0% agarose gel at 100 V for 40 min in Tris-acetate-
EDTA buffer and revealed in ethidium bromide (20
mg/mL).
RT-qPCR Based Determination of Putative
Virulence Gene Expression in E. faecalis
During Embryo Infection

Intestine and liver samples were collected in 500 mL
RNAlater from 3 live embryos per group at 48 h, 6, and
8 d postinfection from the experiment A. Total RNA
was extracted using Qiagen RNeasy Mini Kit according
to the manufacturer’s instructions. cDNA was prepared
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using QuantiTect Reverse Transcription kit according
to the manufacturer’s instructions using random pri-
mers. Amplification, detection, and real-time analysis
were performed using the ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Waltham, Mas-
sachusetts, USA). SYBR Green I (Applied Biosystems,
Waltham, Massachusetts, USA) was used for the detec-
tion of the amplified product. Primers were selected for
virulence gene expression level analysis as previously
described (Shepard and Gilmore, 2002). Amplification
was carried out in a total volume of 20 mL containing
0.5 £ SYBR Green master mix, and 2 mL of 1:5 diluted
cDNA. The reactions were cycled 40 times under the fol-
lowing parameters: 95 C for 5 min initial cycle of dena-
turation followed by 95°C for 5 min denaturation, 60°C
for 20 s annealing, 72°C for 30 s extension steps. At the
end of the PCR, the temperature was increased from 60
to 96°C at a rate of 0.5°C/min, and the fluorescence was
measured every 5 s to construct the melting curve. 23S
rRNA gene was used as the positive control and primers
were used as previously reported (Shepard and Gil-
more, 2002). A nontemplate control (NTC) was run
with every assay, and all determinations were performed
at least in duplicates to demonstrate reproducibility.
Determination of Host Cytokine Gene
Expression in Chicken Embryos Following
E. faecalis and E. coli Infection

Total RNA extraction and cDNA synthesis were con-
ducted as described above. Host cytokine gene expres-
sion was determined in the intestine and liver for
experiment A and the lung for experiment C using real-
time PCR (Mx3000P qPCR system, Agilent Technolo-
gies, Santa Clara, California, USA) and TaqMan probes.
Host cytokine gene expression was conducted at 48 h, 6,
and 8-d postinfection in embryos and 3 and 10 d follow-
ing hatch in experiment C. The respective primer-probes
and 18S rRNA amplification in the same tube (20 mL
Table 2. Primers and probes for host cytokine gene expression
detection by RT-qPCR (Experiment A: E. faecalis infection,
pathology, and host cytokine gene expression in chicken embryos
and Experiment C: E. faecalis and E. coli coinfection in chicken
embryos and subsequent mortality and host cytokine gene expres-
sion in embryos and neonatal chickens).

Primers/probe Sequence

IL-1 Forward
IL-1 Reverse
IL-1 Probe

5-GCTCTACATGTCGTGTGTGATGAG-3
5-TGTCGATGTCCCGCATGA-3
5-(FAM)-CCACACTGCAGCTGGAG-
GAAGCC-(ZEN/IBFQ)-3

IL-8 Forward
IL-8 Reverse
IL-8 Probe

5-GCCCTCCTCCTGGTTTCAG-3
5-TGGCACCGCAGCTCATT-3
5-(FAM)-TCTTTACCAGCGTCC-
TACCTTGCGACA-(ZEN/IBFQ)-3

MIP-1 Forward
MIP-1 Reverse
MIP-1 Probe

5-GGCAGACTACTACGAGACCAACAG-3
5-ACGGCCCTTCCTGGTGAT-3
5-(FAM)-ACACAACACCAGCATGAGGG-
CACTG-(ZEN/IBFQ)-3

CXCR-4 Forward
CXCR-4 Reverse
CXCR-4 Probe

5-TGCTGCCTCAATCCAATTCTT-3
5-CAAGGCATTTTGTGCTGATGTT-3
5-(FAM)-ACGCCTTCCTGGGTGC-
CAAGTTC-(ZEN/IBFQ)-3
total volume) were performed using Prime Time-Gene
Expression Master Mix (IDT, Redwood City, California,
USA), 2 mL of cDNA template, and primers and probes
as described in Table 2.
Statistical Analysis

Fisher’s exact test was performed to determine the
significance of differences in hatchability and mortality
among groups. One-way ANOVA was conducted to
determine the difference in cytokine and chemokine gene
expression among groups.
RESULTS

Experiment A. E. faecalis infection,
pathology, and host cytokine gene
expression in chicken embryos

E. faecalis egg-shell penetration, and colonization
in internal organs of embryos Hatchability and
embryo mortality were conducted between days 12
and 21 of incubation. No significant difference in
hatchability or embryo mortality was observed
among groups of hatching eggs
[hatchability = nondip (85%); THB dip (80%); con-
trol E. faecalis (79%); MDR E. faecalis (94%); and
field E. faecalis (92%)] (P > 0.05). At 6 d postinfec-
tion, the MDR E. faecalis isolate was recovered from
the outer shell (20%), inner shell (60%), shell mem-
brane (20%) and amnion (60%) of embryos. The field
E. faecalis isolate was recovered from the inner shell
(60%), shell membrane (40%) and amnion (60%)
while control E. faecalis isolate was recovered from
the inner shell (20%), shell membrane (20%) and
amnion (20%) of embryos (Figure 1). At 8 d postin-
fection, the MDR E. faecalis isolate was recovered
from the inner shell (40%) and shell membrane (40%)
of incubating eggs. The field E. faecalis isolate was
recovered from the inner shell (20%) and shell mem-
brane (60%) while control E. faecalis isolate was
recovered from the outer shell (20%) and inner shell
(20%) of incubating eggs. Swabs were not collected
from the amnion at 20 d following incubation since
the amniotic fluid was not sufficient in the amniotic
cavity on 20 d of incubation (Figure 1).
No E. faecalis was isolated from nondip and THB

group at any time point. E. faecalis load and rate of
E. faecalis colonization in internal organs following
egg infection was demonstrated in Figure 2 by direct
culture. At 48 h postinfection, neither of the MDR E.
faecalis isolate, field or control isolates were recovered
from any internal organs of embryos. At 6 d postin-
fection, the MDR isolate was recovered from the yolk
(40%), liver (20%), intestine (20%), and lung (40%),
while the control isolate was recovered only from the
yolk (20%). The field isolate was not recovered from
any internal organs. At 8 d postinfection, the MDR
isolate was recovered from the yolk (20%), while



Figure 1. Isolation of E. faecalis from the surface of the eggshell, inside of the eggshell and shell membrane at 6 and 8 days following exposure of
incubating eggs to E. faecalis. (Amnion was not collected at 20 days following incubation since amniotic fluid was not sufficient for bacterial isola-
tions.) (Experiment A: E. faecalis infection, pathology and host cytokine gene expression in chicken embryos).
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control E. faecalis isolate was not recovered from any
internal organs. The field E. faecalis isolate was
recovered from the yolk (40%), liver (20%), lung
(40%), and intestines (20%). The antimicrobial sus-
ceptibility profile of the isolate remained unchanged
before and after challenge at all time points.
Histopathology and Electron Microscopy

Histopathologic examination of tissue sections of
the yolk, lung, and liver revealed colonization of
Gram-positive cocci in the yolk, lung, and liver
(Figure 3). There was no evidence of inflammation
in any of the tissues in any of the groups exposed
to E. faecalis. TEM and SEM demonstrated coloni-
zation of E. faecalis and biofilm-like structures
attached to epithelial cells of the yolk sac at 6 d
following exposure of MDR E. faecalis isolate
(Figure 4).
Expression of Virulence Genes of E. faecalis
in Chicken Embryos During Egg Incubation

All putative virulence genes (i.e., agg, gelE, cylM,
cylB, cylA, efaAfs, cob, and ccf) were present in all
three E. faecalis isolates used. The amplified
genomic DNA products of putative virulence genes
of MDR E. faecalis isolate are shown in Figure 5.
The presence of E. faecalis in the intestine, liver,
and yolk sac from respective groups was confirmed
by PCR amplification of cpn60. However, the viru-
lence genes of E. faecalis were not expressed in any
of the three E. faecalis isolates recovered from any
internal organs from any of the groups during the
experiment.
Host Cytokine and Chemokine Gene
Expression in Chicken Embryos Following
E. faecalis Infection

The housekeeping gene, 18S rRNA, was stable
across all the time points and all samples tested.
U.pregulation of IL-1b, IL-8, CXCR4, and MIP-1a
was significantly high in the intestines of embryos
infected with MDR E. faecalis isolate at 6 d post-
infection (P < 0.01). In contrast, no significant upre-
gulation or downregulation of IL-1b, IL-8, CXCR4,
and MIP-1a were noted in the intestine of chicken
embryos infected with either field E. faecalis isolate
or control E. faecalis isolate (P > 0.05) (Figure 6).
Upregulation of IL-1b and CXCR4 was significantly
high in the liver of embryos infected with MDR



Figure 2. Isolation of E. faecalis from the yolk, intestine, liver and lung following 48 h, 6, and 8 d after exposure of incubating eggs to E. faecalis.
(E. faecalis isolation was conducted in m-Enterococcus agar). Rate of systemic colonization of MDR E. faecalis was higher compared to other
E. faecalis isolates. The field isolate of E. faecalis was detected predominantly at 8 days postinfection from all organs. (Experiment A: E. faecalis
infection, pathology and host cytokine gene expression in chicken embryos).

E. FAECALIS POTENTIATES PATHOGENICITY OF E. COLI 7
E. faecalis isolate at 6 d postinfection (P < 0.05).
Upregulation of CXCR4 was significantly high in the
liver of embryos infected with field E. faecalis isolate
at 6 d postinfection (P < 0.05). In contrast, no
significant upregulation or downregulation of IL-1b,
IL-8, CXCR4, and MIP-1a were noted in the liver of
chicken embryos infected with control E. faecalis iso-
late (P > 0.05) (Figure 7).



Figure 3. Gram and H&E stained sections of yolk, lung and liver 6 days following infection with MDR E. faecalis. Aggregates of gram positive
cocci (black arrows) in the yolk, lung and liver. (A; x20 and B; x100= yolk; C; x20 and D; x60 = lung; E; x20 and F; x60 = liver) (Experiment A:
E. faecalis infection, pathology and host cytokine gene expression in chicken embryos).

Figure 4. Electron microscopic demonstration of MDR E. faecalis in the yolk sac 6 days following exposure to E. faecalis. TEM image (A) =
(£ 2,000,£ 8,000 magnification) illustrates heavy colonization of E. faecalis in the yolk sac. SEM image (B) = (£ 2,000,£ 8,000 magnification) illus-
trates biofilm like structure of E. faecalis attached to epithelial cells of yolk sac (Yellow arrow). (Experiment A: E. faecalis infection, pathology and
host cytokine gene expression in chicken embryos).
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Figure 5. (A) Amplified genomic DNA products of putative virulence genes of MDR E. faecalis isolate. (B) Amplified genomic DNA products of
putative virulence genes of MDR E. faecalis isolate (A). Amplified cpn60 gene target from cDNA obtained from intestine (I), liver (L), and yolk (Y)
at 48 h and 6 d post infection. (Experiment A: E. faecalis infection, pathology and host cytokine gene expression in chicken embryos).
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Experiment B. E. faecalis and E. coli
coinfection of chicken embryos and
subsequent mortality and pathology in
neonatal chickens

E. faecalis or E. coli isolation from the yolk of
chicken embryos exposed to E. faecalis and/or E.
coli There was no significant difference in hatchabil-
ity or embryo mortality among groups of chicken
embryos exposed to E. faecalis and E. coli, THB or
the group not exposed to bacteria
[hatchability = nondip (71%); THB dip (62%); E. fae-
calis (1 £ 109 cfu/mL) (65%); E. coli (1 £ 109 cfu/
mL) (85%); E. coli (1 £ 106 cfu/mL) (82%); E. coli
(1 £ 103 cfu/mL) (58%); E. faecalis and E. coli
(1 £ 109 and 1 £ 103 cfu/mL) (95%); E. faecalis and
E. coli (1 £ 109 and 1 £ 106 cfu/mL) (83%); and E.
faecalis and E. coli (1 £ 109 and 1 £ 109 cfu/mL)
(81%)] (P > 0.05). Colonization of E. faecalis and/or
E. coli in the yolk at different time points during the
incubation period is shown in Figure 8. At 48 h postin-
fection, E. coli was isolated from 20% (1 £ 106 E. coli
cfu/mL), 20% (1 £ 109 E. coli cfu/mL), 20% (1 £ 109

E. faecalis and 1 £ 106 E. coli cfu/mL), and 20%
(1 £ 109E. faecalis and 1 £ 109 E. coli cfu/mL) of
embryos. E. faecalis was isolated from 40% (1 £ 109
E. faecalis and 1 £ 106 E. coli cfu/mL) of embryos.
At 6 d postinfection, no E. coli was isolated from E.
coli alone groups or in combination with E. faecalis.
E. faecalis was isolated from 60% (1 £ 109 E. faecalis
cfu/mL) and 20% (1 £ 109 E. faecalis and 1 £ 106

cfu/mL) of embryos. At 8 d postinfection, E. coli was
isolated from 20% (1 £ 103 E. coli cfu/mL), 100%
(1 £ 106 E. coli cfu/mL), 20% (1 £ 109 E. coli cfu/
mL), 20% (1 £ 109 E. faecalis and 1 £ 106 E. coli cfu/
mL) and 40% (1 £ 109 E. faecalis and 1 £ 109 E. coli
cfu/mL) of embryos. E. faecalis was isolated from
20% (1 £ 109 E. faecalis and 1 £ 106 E. coli cfu/mL)
and 20% (1 £ 109 E. faecalis and 1 £ 109 E. coli cfu/
mL) of embryos. No bacteria were isolated from
groups not exposed to bacteria at any time point.
Percentage of bacterial recovery from the shell

membrane, amnion, and yolk resulting from enrich-
ment culture were shown in Table 3. The group of
embryos exposed to 1 £ 109 E. faecalis cfu/mL had
0%, 40%, and 20% E. faecalis recovery rate from the
shell membrane at 48 h, 6 d, and 8 d respectively.
Similarly, the rate of recovery of E. faecalis from the
yolk was 0%, 80%, and 80% at 48 h, 6 d, and 8 d,
respectively, while rate of E. faecalis recovery from
the amnion was 0% and 40% at 48 h and 6 d, respec-
tively.



Figure 6. Cytokine and chemokine gene expression in the intestines at 6 d postinfection with E. faecalis. Upregulation of IL-b, IL-8, CXCR4,
and MIP-1a was significantly high in the intestine of embryos infected with MDR E. faecalis at 6 d postinfection (P < 0.01) (n = 3). (Experiment A:
E. faecalis infection, pathology and host cytokine gene expression in chicken embryos).
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The embryos exposed to 1 £ 103 E. coli cfu/mL
had no bacterial recovery from the shell membrane,
amnion, and yolk from any time point except 20% E.
coli recovery was obtained from the yolk at 8 d. The
group of embryos exposed to 1 £ 106 E. coli cfu/mL
had 0%, 40%, and 80% E. coli recovery rate from the
shell membrane at 48 h, 6 d, and 8 d respectively.
Similarly, rate of recovery of E. coli from the yolk
was 20%, 20%, and 100% at 48 h, 6 d, and 8 d,
respectively while rate of E. coli recovery from the
amnion was 20% and 20% at 48 h and 6 d, respec-
tively. The group of embryos exposed to 1 £ 109 E.
coli cfu/mL had 0%, 20%, and 40% E. coli recovery
rates from the shell membrane at 48 h, 6 d, and 8 d,
respectively. Similarly, rates of recovery of E. coli
from the yolk were 20%, 20%, and 60% at 48 h, 6 d,
and 8 d, respectively, while rates of E. coli recovery
from the amnion were 20% and 0% at 48 h and 6 d,
respectively.

The embryos coinfected with 1 £ 109 E. faecalis and
1 £ 103 E. coli cfu/mL had 40%, 60% and 60% E. faeca-
lis and 0%, 0%, and 20% E. coli recovery from the shell
membrane at 48 h, 6 d, and 8 d, respectively. Similarly,
rates of recovery of bacteria from the yolk were 40%,
60% and 60% E. faecalis and 0%, 0%, and 0% E. coli at
48 h, 6 d, and 8 d, respectively, while rates of bacterial
recovery from the amnion were 40% and 80% E. faecalis
and 0% and 0% E. coli at 48 h and 6 d, respectively.
The embryos coinfected with 1 £ 109 E. faecalis and
1 £ 106 E. coli cfu/mL had 20%, 0%, and 0% E. faecalis
and 0%, 0%, and 20% E. coli recovery from the shell
membrane at 48 h, 6 d, and 8 d, respectively. Similarly,
rates of recovery of bacteria from the yolk were 20%,
40%, and 60% E. faecalis and 20%, 20%, and 80% E.
coli at 48 h, 6 d, and 8 d, respectively. The rate of bacte-
rial recovery from the amnion was 20%, and 0% E. fae-
calis and 20% and 0% E. coli at 48 h and 6 d,
respectively.
The embryos coinfected with 1 £ 109 E. faecalis and

1£ 109 E. coli cfu/mL had 20%, 20%, and 40% E. faeca-
lis and 20%, 20%, and 40% E. coli recovery from the
shell membrane at 48 h, 6 d, and 8 d, respectively. Simi-
larly, rates of recovery of bacteria from the yolk were
20%, 80%, and 20% E. faecalis and 20%, 60%, and 20%
E. coli at 48 h, 6 d and 8 d, respectively, while rates of
bacterial recovery from the amnion were 20% and 20%
E. faecalis and 20% and 40% E. coli at 48 h and 6 d,
respectively.
Neonatal Chick Mortality

The highest neonatal chick mortality of 13.33% (2 of
15) was observed in the group of chicken embryos
exposed to 1 £ 109 cfu/mL E. faecalis with 1 £ 10 6 cfu/
mL E. coli (Figure 9). The second highest neonatal chick



Figure 7. Cytokine and chemokine gene expression in the liver at 6 d postinfection with E. faecalis. Upregulation of IL-b and CXCR4 were sig-
nificantly high in the liver of embryos infected with MDR E. faecalis at 6 d postinfection (P < 0.05) (n = 3). (Experiment A: E. faecalis infection,
pathology and host cytokine gene expression in chicken embryos).
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mortality of 6.67% (1 of 15) was observed in the group of
chicken embryos exposed to 1 £ 109 cfu/mL E. faecalis
with 1 £ 10 3 cfu/mL E. coli. Neonatal chick mortality
of 6.67% (1 of 15) was also observed in the group of
chicken embryos exposed to 1 £ 109 cfu/mL E. coli. No
clinical signs or mortality was observed in any of the
other groups of chicken embryos exposed to E. faecalis
or E. coli.
Gross and Histopathological Lesions of
Neonatal Chickens that Died Following
Hatch

Macroscopic and microscopic examination of dead
chicks revealed yolk sacculitis, pericarditis, and perihe-
patitis. The liver stained with Gram stain revealed
Gram-negative rods representing E. coli in hepatic
sinusoids. Epicarditis, pericarditis, myocarditis, along
with infiltration of heterophils and macrophages were
prominent in the heart. Gram-negative rods were promi-
nent in the heart, and blood vessels of the lungs. Yolk
sac membranes were thick and congested and multifocal
areas had infiltration of heterophils and macrophages
around necrotic debris. Gram-positive cocci and Gram-
negative rods were present in the yolk sac of 2 of 3 dead
birds. E. faecalis and E. coli were isolated from tissue
with inflammation.
Experiment C. E. faecalis and E. coli coinfection

in chicken embryos and subsequent mortality
and host cytokine gene expression in embryos
and neonatal chickens
Neonatal Chick Mortality

There was no significant difference in hatchability
or embryo mortality among groups of chicken
embryos exposed to E. faecalis and E. coli or the
group not exposed to bacteria [hatchability = nondip
(64%); E. faecalis alone (1 £ 109 CFU/mL)
(59%); E. coli alone (1 £ 106 CFU/mL) (55%) and
E. faecalis and E. coli (1 £ 109 and 1 £ 106 CFU/
mL) (65%)] (P > 0.05). After hatching, the highest
cumulative mortality of 27.5% was observed in the
group coinfected with E. faecalis and E. coli (P <
0.01). The cumulative mortality of groups infected
with E. coli alone, E. faecalis alone, and nondipped
were 17.5%, 2.5%, and 5%, respectively. The
highest mortality of 12.82% was observed at 2 d



Figure 8. Isolation of E. faecalis (Ef) and E. coli (Ec) from the yolk at 48 h, 6, and 8 d following exposure of incubating eggs to different doses of
E. faecalis, E. coli or co infection with E. faecalis and E. coli. (Experiment B: E. faecalis and E. coli coinfection in chicken embryos and subsequent
mortality and pathology in neonatal chickens).
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posthatch in the group coinfected with E.
faecalis and E. coli (Figure 10). No macroscopic
lesions were found in any of the dead birds observed
until 9 d posthatch. Dead birds in groups infected
with E. coli alone or E. faecalis and E. coli
coinfected group on 10 to 11 d posthatch had pericar-
ditis, airsacculitis, perihepatitis, peritonitis, or yolk
sacculitis.



Table 3. Isolation percentages of E. faecalis and/or E. coli from chicken embryos in enrichment culture.

Group-time point
Shell membrane Amnion Yolk

E. faecalis (%) E. coli (%) E. faecalis (%) E. coli (%) E. faecalis (%) E. coli (%)

E. faecalis 109 CFU/mlL− 48 h 0 0 0
E. faecalis 109 CFU/mL − 6 d 40 40 80
E. faecalis 109 CFU/mL − 8 d 20 80
E.coli103 CFU/mL − 48 h 0 0 0
E.coli103 CFU/mL − 6 d 0 0 0
E.coli103 CFU/mL − 8 d 0 20
E.coli106 CFU/mL − 48 h 0 20 20
E.coli106 CFU/mL − 6 d 40 20 20
E.coli106 CFU/mL − 8 d 80 100
E.coli109 CFU/mL − 48 h 0 20 20
E.coli109 CFU/mL − 6 d 20 0 20
E.coli109 CFU/mL − 8 d 40 60
E. faecalis + E.coli (109/103) − 48 h 40 0 40 0 40 0
E. faecalis + E.coli (109/103) − 6 d 60 0 80 0 60 0
E. faecalis + E.coli (109/103) − 8 d 60 20 60 0
E. faecalis + E.coli (109/ 106) − 48hrs 20 0 20 20 20 20
E. faecalis + E.coli (109/106) − 6 d 0 0 0 0 40 20
E. faecalis + E.coli (109/106) − 8 d 0 20 60 80
E. faecalis + E.coli (109/109) − 48 h 20 20 20 20 20 20
E. faecalis + E.coli (109/109) − 6d 20 20 20 40 80 60
E. faecalis + E.coli (109/109) − 8 d 40 40 20 20

Enrichment cultures were obtained from shell membrane, amnion and yolk sac at different time points following exposure to E. faecalis and/or E. coli.
The empty boxes indicate no isolation was attempted. (Experiment B: E. faecalis and E. coli coinfection in chicken embryos and subsequent mortality and
pathology in neonatal).

Figure 9. Cumulative neonatal chick mortality during day 0−7
posthatch. Ef; E. faecalis, Ec; E. coli (Experiment B: E. faecalis and
E. coli coinfection in chicken embryos and subsequent mortality and
pathology in neonatal).
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Host Cytokine and Chemokine Gene
Expression in Chicken Embryos and
Neonatal Chicks Following E. faecalis and/
E. coli Infection

Upregulation of IL-1b was significantly high in
chicken embryos at 48 h postinfection with E. coli alone
group (P < 0.01). Similarly, expression of IL-1b was sig-
nificantly high at 8 d postchallenge (prior to hatch) in
E. faecalis alone group (P < 0.01) and in the group coin-
fected with E. faecalis and E. coli (P < 0.0001). No sig-
nificant upregulation or downregulation of IL-1b was
noted in any other time points with E. faecalis, E. coli,
or coinfected groups (Figure 11). Upregulation of
CXCR4 was significantly high at 8 d postchallenge in E.
faecalis alone group (P < 0.05) and in the group coin-
fected with the E. faecalis and E. coli (P < 0.0001). No
significant upregulation or downregulation of CXCR4
was noted in any other time points with E. faecalis, E.
coli, or coinfected groups (Figure 11).
DISCUSSION

The incidences of E. coli and Enterococcus species
associated mortality in broiler chicken embryos and neo-
natal chickens have increased in the broiler chicken
industry worldwide, including in western Canada, in
recent years (Karunarathna et al., 2017). E. faecalis was
isolated from the yolk sac of the majority of dead
embryos, followed by E. coli, in a study conducted in
Canada (Karunarathna et al., 2017). Bacterial contami-
nation of fertile eggs of broiler breeder parents occurs
throughout the production cycle, starting at broiler
breeder farms, during egg storage, and incubation in
commercial hatcheries. Vertical transmission of certain
bacterial species from the hen’s reproductive tract to
their progeny is hypothesized in several studies, particu-
larly with avian pathogenic E. coli isolated from neona-
tal broilers with omphalitis and yolk sac infections
(Giovanardi et al., 2005). A study demonstrating that
E. faecalis exposure via egg albumen led to arthritis in
their progeny indicated possible vertical transmission
(Landman et al., 1999a). Although it has been reported
that chicken embryo mortality and yolk sac infections
due to E. faecalis and E. coli were commonplace in the



Figure 10. Neonatal chick mortality 1−2 wk posthatch. Neonatal chicks following coinfection of incubating eggs with E. faecalis and E. coli had
cumulative mortality of 27.5%. Of 27.5% cumulative mortality in the group coinfected with E. faecalis with E. coli had a mortality of 12.82% on 2 d
following hatch. (Experiment C: E. faecalis and E. coli coinfection in chicken embryos and subsequent mortality and host cytokine gene expression in
embryos and neonatal chickens).
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commercial poultry industry, the role of E. faecalis on
E. coli associated yolk sac infections in chicken embryos
and neonatal chickens is not clear. This study aimed to
explore the impact of embryonic coinfections with
E. faecalis and E. coli on the mortality of embryos and
neonatal chickens.

We have conducted 3 experiments to demonstrate
host-pathogen interactions of E. faecalis and E. coli in
chicken embryos and neonatal chickens by exposing
embryonated eggs to E. faecalis and E. coli. The first
experiment was to explore the rate of E. faecalis migra-
tion and colonization in chicken embryos, cytokine and
chemokine responses, and investigate the E. faecalis-
associated pathology of embryos at microscopic and
electron microscopic levels. The second experiment was
to explore bacterial migration and colonization rates in
chicken embryos following coinfection of chicken
embryos with E. faecalis and E. coli and subsequent
neonatal chicken mortality. The third experiment was
to measure cytokine and chemokine responses of
embryos and neonatal chickens and neonatal chicken
mortality following coinfection of chicken embryos with
E. faecalis and E. coli. To the best of our knowledge,
this is the first study to demonstrate the role of E. faeca-
lis on E. coli-associated pathology in chicken embryos
and neonatal chickens by exposing E. faecalis and
E. coli on eggshells of embryonated SPF eggs.

In the first experiment, we demonstrated that E. fae-
calis was able to penetrate through the eggshell to the
inner shell, shell membrane and amnion during the incu-
bation period without causing a negative effect on
hatchability. The E. faecalis load and the rate of bacte-
rial colonization were higher with the MDR E. faecalis
isolate from a dead embryo and with the field E. faecalis
isolate from a case of yolk sac infection compared to the
control E. faecalis isolate from a healthy adult broiler
breeder chicken. Similarly, colonization of E. faecalis in
the liver, intestine, yolk, and lung was higher with the
MDR E. faecalis isolate and with the field E. faecalis
isolate compared to the control E. faecalis isolate from a
healthy chicken, particularly 6 d and 8 d following infec-
tion. Although E. faecalis was isolated and the presence
of E. faecalis was confirmed by histopathology in the
yolk, liver and lung, no inflammation was noted on his-
topathology around E. faecalis colonized areas in any of
those internal organs 6 d following E. faecalis exposure
in embryonated eggs. Furthermore, biofilm-like struc-
tures were noted in the yolk with the MDR E. faecalis
isolate 6 d following exposure of embryonated eggs to
E. faecalis. This may be a mechanism used by E. faecalis
to evade the immune system of chicken embryos. In our
study, the MDR E. faecalis isolate had virulence factors
associated genes that play roles in adhesion, coloniza-
tion, and cell damage, as evidenced by PCR amplifica-
tion of these genes in vitro cultured bacteria. We could
detect very low amplification of cpn60 genes in vivo fol-
lowing E. faecalis infection; however, we failed to detect
the expression of virulence-related genes in vivo in
embryonated eggs. It is quite possible that the levels of
expression of these genes may be low enough to get
detected by the conventional PCR, or we missed the
time to collect the samples when these genes were tran-
siently expressed (mRNA) by the bacteria. Therefore,
our study can not rule out the role of these virulence fac-
tors in bacterial pathogenesis.
Increased levels of IL-1b, IL-8, CXCR4, and MIP-1a

gene expression were noted in the liver or intestines of
embryos 6 d following exposure with MDR E. faecalis
isolate (P < 0.01). In contrast, CXCR4 was increased in
the liver with field E. faecalis isolate (P < 0.05). No cyto-
kine or chemokine mRNA expression was detected in the
liver or intestines with control E. faecalis isolate. Our
data indicate that the pathogenic but not the non-path-
ogenic strains of E. faecalis may stimulate IL-1b cyto-
kine expression following infection. A recent study
supports our data that reported that the pathogenic
E. faecalis strain could upregulate IL-1b by activating
NLRP3 inflammasome (Ran et al., 2021). In our study,



Figure 11. Cytokine gene expression in lungs at different time points following infection with E. faecalis, E. coli or coinfection of E. faecalis and
E. coli. P.C; Postchallenge, P. H; Posthatch. (n = 3). No significant difference among groups for IL-1 and CXCR4 expression in lungs (P > 0.05) but
there was an upward trend in IL-1 and CXCR4 at 8 days postinfection. (Experiment C: E. faecalis and E. coli coinfection in chicken embryos and
subsequent mortality and host cytokine gene expression in embryos and neonatal chickens).
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we found upregulation of both IL-1b and CXCR4 follow-
ing MDR E. faecalis infection. A study has reported that
IL-1b can upregulate CXCR4 (Sun et al., 2015); we
hypothesize it may also be the case here, but it remains
to be determined experimentally. Interestingly, our
study did not see mRNA expression of IL-8 and MIP-1,
whose expression largely depends on NF-kappaB activa-
tion. It is possible that E. faecalis down-regulates some
proinflammatory responses of the host to escape from
the immune system. It has been demonstrated in a
mouse model of catheter-associated urinary tract infec-
tion that E. faecalis was able to subvert macrophage
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activation by preventing the NF-kB signaling pathway,
which controls the transcription of genes responsible for
immune regulation and proinflammatory cytokines and
chemokines that regulate recruitment and activation of
immune cells(Tien et al., 2017). Future studies will
investigate if our observation of no upregulation of host
IL-8 and MIP-1 a in our study is also linked to the NF-
kB signaling dysregulations.

Although we have seen in our experiments that MDR
E. faecalis isolate and field E. faecalis isolate had a
higher colonization rate in internal organs compared to
control E. faecalis isolate from a healthy chicken, all
E. faecalis isolates were able to penetrate eggshell and
colonize internal organs of chicken embryos, thus indi-
cating the ability of E. faecalis to infect chicken embryos
following fecal contamination of eggshells irrespective of
genetic differences of E. faecalis isolates. Although we
have not seen embryo mortality associated with E. fae-
calis in this study, we have recently demonstrated that
56% of dead broiler chicken embryos have coinfection of
Enterococcus species including E. faecalis with E. coli in
a field study conducted in poultry hatcheries in western
Canada (Karunarathna et al., 2017). It is likely that cer-
tain virulent E. faecalis isolates together with E. coli
potentially cause chicken embryo mortality. A recent
study using a broiler chicken embryo lethal assay coin-
fection of embryonated eggs with avian pathogenic
E. coli with E. faecalis resulted in increased mortality of
chicken embryos compared to embryonated eggs
infected with E. faecalis alone or E. coli alone
(Walker et al., 2020b). The differences in the method of
bacterial infection could explain the discrepancy
between our and this recent study. In our study, we
have used eggshell bacteria application to facilitate
embryonic infection (here, the number of bacteria pene-
trating eggshells will be in low number). In contrast,
Walker et al. (Walker et al., 2020b) directly injected a
substantially large number of bacteria into embryonated
eggs to simulate the bacterial infection of embryos.

In the second experiment, we demonstrated coinfec-
tion of embryonated SPF eggs with E. faecalis with E.
coli leading to colonization of yolk with E. faecalis and
E. coli, particularly close to hatch. E. faecalis and
E. coli colonization was measured by both direct and
enrichment culture methods in yolk, shell membrane
and amnion. Both culture methods confirmed that, on
average, less than 50% of embryos were colonized with
E. faecalis or E. coli. Although no significant coloniza-
tion or mortality was observed in infected embryos,
increased mortality of neonatal chickens was observed in
the group coinfected with E. faecalis and E. coli com-
pared to the groups infected with either E. faecalis or
E. coli alone. Based on our data, we hypothesized that
E. faecalis might have supported the pathogenicity of
E. coli during the coinfection of embryos with E. faecalis
and E. coli.

Therefore, a third experiment was designed to look for
a possible mechanism for the increased mortality of neo-
natal chicks after coinfection with E. faecalis and
E. coli. The third experiment found significantly high
mortality of neonatal chickens in the group exposed to
E. faecalis and E. coli during embryonic life. Moreover,
in the third experiment, we found substantially high IL-
1 and CXCR4 mRNA expression in the lung, particu-
larly a day before hatch. Birds that died of E. faecalis
and E. coli were septicaemic and had severe pericarditis,
airsacculitis, or polyserositis. The enhanced expression
of CXCR4 has been linked with neonatal sepsis in
humans and used as a biomarker for neonatal sepsis
(Tunc et al., 2015). Therefore, our findings could suggest
that increased mortality of neonatal chickens in the
group that were coinfected with E. faecalis and E. coli
could be due to an excessive cytokine IL-1 and chemo-
kine receptor CXCR4 resulting in sepsis, contributing to
high mortality of neonatal chickens 24 h following
hatch.
In summary, our findings suggest that E. faecalis can

penetrate the eggshell, evade immune barriers in the
egg, and colonize systemically. The coinfection of embry-
onated eggs with E. faecalis and E. coli leads to
enhanced pathogenicity resulting in increased mortality
of neonatal chickens. However, more studies are required
to investigate the role of the cytokine IL-1 and chemo-
kine receptor CXCR4 in the resulting septicemia and
bacterial pathogenesis during E. faecalis and E. coli
coinfection in chickens.
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