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ABSTRACT
Enterococcus faecalis is the major causative agent of amyloid arthropathy in chickens. Given the
difficulty of estimating the risk from field strains, the embryo lethality assay (ELA) is proposed in
this study as a model to predict the virulence of 68 avian E. faecalis strains. Additionally,
Enterobacterial Repetitive Intergenic Consensus Polymerase Chain Reaction (ERIC-PCR) was
used to characterize the genetic diversity of the E. faecalis strains. The ELA was performed 10
times with subsets of 7–8 E. faecalis strains each on a sample of 9987 eggs, including control
groups. An estimated 3–24 colony-forming units were inoculated into the allantoic cavity of
10-day-old embryos. The embryonic mortality rate (EMR) was determined by means of
candling the eggs over a period of seven days. The ELA was able to distinguish the virulence
of the E. faecalis strains. Twenty-six strains were considered as avirulent strains with an EMR
of below 40%. Five strains were highly virulent with an EMR above 80%. The remaining 37
strains were classified as strains of moderate virulence, causing an EMR between 40% and
80%. The highest EMR occurred three and four days post-inoculation (p.i.). From the fourth
day p.i., almost no embryonic mortality was observed. Therefore, the ELA could be optimized
by reducing experiment duration to four days p.i. ERIC-PCR did not cluster the strains
according to its virulence, although ERIC banding patterns revealed a considerable genetic
diversity. In conclusion, the ELA can be considered a reliable and useful tool to predict the
virulence of avian E. faecalis strains.
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Introduction

Amyloid arthropathy (AA) in chickens is characterized
by AA amyloid depositions in the knee and hock joints,
lameness and growth depression, which compromises
the welfare of chickens and has a significant economic
impact since the disease affects about 20–30% of all
European chicken flocks (Landman et al., 1998). AA
is the only amyloidosis type that has been associated
with chronic infections induced by arthropathic and
amyloidogenic Enterococcus faecalis (E. faecalis) strains
so far (Landman et al., 1997).

Treatment of AA has focused to date on the preven-
tion and treatment of chronic inflammation produced
by E. faecalis strains, as recently reviewed by Blanco
et al. (2016). However, the enterococcal infection treat-
ments are increasingly limited. This, on the one hand,
is due to the restrictions on antimicrobial use in animal
production emerged since the global health crisis of
antimicrobial resistance (World Health Organization,
2012). On the other hand, it is due to the zoonotic
potential of the E. faecalis strains, its ability to acquire
antimicrobial resistance and its capacity to acquire
virulence genes by transfer of pathogenicity islands
(Coburn et al., 2007).

The molecular typing methods have identified
several Sequence types (STs) within the E. faecalis
population associated with different diseases. Petersen
et al. (2009) observed through Multilocus Sequence
Typing (MLST) the specific association between AA
and the Sequence Type (ST) 82 of E. faecalis, which
has been related with this disease worldwide (Petersen
et al., 2007). Additionally, according to the data base
from the Multi Locus Sequence Typing website
(http://www.mlst.net), ST36, ST59, ST82, ST170,
ST171, ST172 and ST174 of E. faecalis have been also
associated with AA, and ST34, ST82, ST174 and
ST177 have been associated with first week mortality
in layers (Olsen et al., 2012b). In broilers, ST32,
ST176, ST177 and ST249 have been related with AA,
and ST16, ST82, ST174 and ST249 have the capacity
of inducing septicaemia and/or salpingitis. Of all
these STs, ST82, ST174 and ST177 constitute more
than 80% of the mortality related with broiler breeders
(Gregersen et al., 2010). It should be noted that the
ST36, ST59 and ST82 identified in avian E. faecalis
strains have also been associated to human infections
which may represent a zoonosis (http://www.mlst.net,
Ruiz-Garbajosa et al., 2006).
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The characterization of E. faecalis allows the identi-
fication of possible virulence genes: aggregation sub-
stance (asa1 or agg), endocarditis antigen (efaA),
cytolisine (cylA), gelatinase (gelE), collagen-binding
protein (ace), hyaluronidase (hyl) and extracellular sur-
face proteins (esp). Ciftci & Diker (2009) reported that
the strains with absence of gelE expression inoculated
in chickens did not develop any pathological signs of
AA, whereas 65.2% of gelE positive strains caused
AA. However, the virulence genes cannot be the only
cause of virulence of E. faecalis strains in poultry
since these virulence genes have been found in both
commensal and pathogenic avian E. faecalis isolates
(Olsen et al., 2012a).

Additionally, E. faecalis possesses a natural intrinsic
resistance towards several antimicrobials (Hayes et al.,
2003) such as chloramphenicol, clindamycin, erythro-
mycin, tetracycline, high-level aminoglycosides, beta-
lactamase and vancomycin (McBride et al., 2007).
Consequently, this bacterium is able to survive in an
environment in which antimicrobial agents are heavily
used and, therefore, its treatment becomes more com-
plicated. A thorough understanding of the risk from
field E. faecalis strains is therefore needed in order to
develop effective control strategies against bacterial
infections to reduce the incidence rate of AA and, con-
sequently, to guarantee the welfare of the birds and
improve their economic performance.

The embryo lethality assay (ELA) has previously
demonstrated its ability to discriminate between virulent
and avirulent isolates of fungi (Jacobsen et al., 2010), and
bacteria such as Escherichia coli (Nolan et al., 1992;
Wooley et al., 2000; Gibbs et al., 2003; Gibbs & Wooley,
2003; Montgomery et al., 2005; Oh et al., 2012), Yersinia
enterocolítica (Townsend et al., 2008), Campylobacter
jejuni (Stewart-Tull et al., 2009), Staphylococcus aureus
(Polakowska et al., 2012), Riemerella anatipestifer (Seo
et al., 2013) and Listeria monocytogenes (Andersson
et al., 2015). In the case of Enterococcus spp., Borst
et al. (2014) reported that the ELA is able to differentiate
between virulent and avirulent E. cecorum strains, whose
genotype was closely related each other through pulsed-
field gel electrophoresis. Rudolph (2004) observed that
the E. faecalis strains produced different degrees of mor-
tality when the embryos were infected in the allantoic
cavity (AC) with an infectious dose of 2500 colony-
forming units (CFU)/ml, and Blanco et al. (2017)
reported on the importance of establishing an appropri-
ate infectious dose of E. faecalis in order to avoid a mas-
sive embryonic mortality that would not allow
discrimination among the E. faecalis strains. These
authors optimized and standardized the ELA to evaluate
the virulence of the avian E. faecalis strain K923/96 and
reported its median lethality dose (LD50) in chicken
embryos.

Therefore, the main goal of this study was to charac-
terize different avian E. faecalis strains through the

ELA taking the E. faecalis strain K923/96 and the infec-
tious dose of 5 CFU/ml reported previously by Blanco
et al. (2017) as reference, and thus corroborate the ELA
capacity for discriminating E. faecalis strains. It was of
particular interest to characterize the genetic diversity
of these strains by Enterobacterial Repetitive Intergenic
Consensus (ERIC) Polymerase Chain Reaction (PCR)
under the hypothesis that strains with similar DNA
banding patterns may be similar also in their infective
ability.

Materials and methods

Ethical statement

Avian embryos are currently not regulated by legis-
lation as animal experiments in Germany (https://
www.gesetze-im-internet.de/tierschg/BJNR012770972.
html) and, therefore, an approval from an ethics com-
mittee was not required for this study. In addition, the
ELAs in chicken embryos were completed four days
prior to hatching, on developmental day 17 at the
latest.

Bacterial strains

A total of 69 avian strains of Enterococcus spp. (1
E. hirae and 68 E. faecalis strains) were characterized
in the present study through 10 ELAs (I to X). As
shown in Figure 1, most of the known E. faecalis
strains were obtained from clinical cases of AA at
layer farms in Germany (n = 31), France (n = 2) and
Switzerland (n = 1). Only three E. faecalis strains
(282-4, 513-5 and 515-3) were isolated from appar-
ently healthy birds. Unfortunately, the information
on the isolation from 34 strains is unknown. All
strains were obtained during 2011 and 2012, except
the E. faecalis strain K923/96, which was isolated in
1996 and it has been well-characterized and used in
different studies by Rudolph (2004), Petersen et al.
(2009) and Blanco et al. (2017), and the strains
1082-01 and 607-01 isolated in 2004 and character-
ized by Petersen et al. (2009). Additionally, 49
E. faecalis strains used in the present study were tested
before by the laboratory of Lohmann Tierzucht
GmbH (Germany) as ST82 by using the Real Time
(RT-) PCR method described by Petersen et al.
(2010). The genes ace, efaA, cyl, asa1 (or agg) and
gelE were present in all these strains although the
genes esp and hyl were not determined.

Enterobacterial Repetitive Intergenic Consensus
(ERIC) Polymerase Chain Reaction (PCR) and
phylogenetic analysis

All Enterococcus spp., except the E. faecalis strain 2323-
96, were used to develop the ERIC-PCR method
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described by Jurkovič et al. (2007). The bacteria, which
were preserved in a CRYOBANK™ tube, were recov-
ered removing the cryobank tube from the freezer.

Bacteria were cultured on a sheep blood agar plate.
The agar plate was incubated aerobically for 24 h at
37°C. After incubation, colonies were scraped off and

Figure 1. Phylogenetic tree (drawn in the rectangular cladogram format) of one E. hirae and 67 E. faecalis strains based on the
aligned nucleotide sequences after ERIC-PCR. a Virulence classification of the strains through the ELAs (A = Avirulent, M = Moderate
and V = Virulent). b ST82 refers to the sequence type 82 reported by the laboratory of Lohmann Tierzucht GmbH (Germany) by using
the RT-PCR. c Country of origin of the strain. d Source of isolation. e This information is unknown. f Clinical signs observed in the
birds. g E. hirae strain used as an outgroup.



a suspension of 400 μl was prepared in phosphate-buf-
fered saline (PBS). DNA was purified using the
NucleoSpin Tissue Kit (MachereyNagel, Düren,
Germany). Afterwards 3 μl of the suspension was
used for PCR amplification. Isolates were genotyped
by ERIC-PCR. Reactions were carried out in a total
volume of 50 μl containing 18 μl of RNAse free
water, 3 μl of MgCl2, 25 μl of dNTPs mix (10 mM of
each), 1 μl of ERIC1-R primer (5ʹ-ATGTAAGCTCC
TGGGGATTCAC-3ʹ) and 3 μl of template DNA. The
ERIC-PCR was carried out with only one single ERIC
1 primer, which uses the total DNA and, therefore, pro-
vides results with good reproducibility. Furthermore,
its discriminatory power is higher than when using
both ERIC 1 and ERIC 2 primers (Jurkovič et al.,
2007). Amplifications were performed in an Eppendorf
thermocycler with a cycling program consisting of an
initial denaturing step at 94°C for 5 min, then 35 cycles
of denaturation at 94°C for 1 min, annealing at 48°C
for 1 min and elongation at 72°C for 2 min and a
final extension of 72°C for 7 min.

ERIC-PCR results show banding patterns, which
can easily be visualized by agarose gel electrophoresis.
The genetic diversity of the chromosomal DNA may
be explained by differences in the banding patterns
among the strains (Odinot et al., 1995). Therefore, all
products were analysed by electrophoresis through
1.5% agarose gels at 70 V for 70 min in a 1x TAE buffer
(40 mM Tris-acetate, pH 8.3) and revelled in ethidium
bromide (10 mg/ml). The gels were visualized and
photographed under UV transilluminator.

The phylogenetic analysis was performed based on
the banding pattern of the different strains of
Enterococcus spp. by using the Phylogenetic Inference
Package, PHYLIP-3.68 (Felsenstein, 2005), after ERIC-
PCR. The data were calculated by using parsimony.
The tree was visualized using the program Archaeop-
teryx 0.9901 beta (Han & Zmasek, 2009).

Embryo lethality assay

The ELAs were performed on a sample of 9987 eggs of
White Layers at an age of 29–62 weeks. The tested
flocks were free from diseases such as Mycoplasma or
Salmonella. Only first-quality hatching eggs were
used – i.e. soiled eggs as well as eggs with hairline
cracks were sorted out. Fertilized eggs were stored at
15°C for a maximum of four days prior to incubation
and incubated at 37.8°C and humidity from 52% to
56% with an automatic turning.

Each individual ELA was composed of a subset of
eight strains, with the exception of the ELA IX, in
which were used seven strains. The known and well-
characterized pathogenic avian E. faecalis strain
K923/96 (Rudolph, 2004; Petersen et al., 2009; Blanco
et al., 2017) was included in all ELAs as the positive
control (reference strain). Fertilized eggs were

inoculated via the AC after 10 days of incubation. In
addition to the infected embryos, there was always
one negative control group in each ELA, which was
inoculated in the AC with 0.2 ml of sterile PBS. In
each ELA, 100 eggs per strain and control groups
were used, with the exception of two negative control
groups (ELA I and II), in which 177 and 110 eggs
were used, respectively.

The inoculum was prepared as previously described
by Blanco et al. (2017) up to an infectious dose of
5 CFU/ml, which corresponds approximately with the
LD50 of the reference strain K923/96. By an inoculation
volume of 0.2 ml/egg, the number of bacteria used for
inoculation was one CFU/egg. However, the number of
counted colonies may vary between 500 and
5000 CFU/ml (Rudolph, 2004). Therefore, the number
of CFU contained in each dose was verified by viable
count on a sheep blood agar plate in order to guarantee
that the infectious dose was correctly prepared. The
number of bacteria inoculated into the embryos ranged
from 15 to 120 CFU/ml (i.e. from 3 to 24 CFU/egg),
depending on the strain. In the case of the E. hirae
strain, the embryos were inoculated with 275 CFU/ml
(55 CFU/egg). The real number of CFU of each strain
inoculated into the embryos is shown in Figure 2.

The incubated eggs were candled every 24 h for
seven days after infection, and embryonic mortalities
were daily recorded per strain and control groups.
The number of dead embryos was used to classify the
virulence of the E. faecalis strains. As previously
reported by Rudolph (2004), the strains with an
embryonic mortality rate (EMR) below 40% were con-
sidered avirulent strains; above 80% virulent strains
and between 40% and 80% were classified as strains
of moderate virulence. It should be noted that the
embryos that died within 24 h p.i. were removed
from the experiment, since their deaths could be attrib-
uted to a lethal trauma during the manipulation (Woo-
ley et al., 2000).

At the end of each ELA, at 17 days of incubation, all
surviving embryos were sacrificed by hypothermia.
They were stored for 48 h at 4°C.

Random selections of the embryos killed by the infec-
tion, as well as some surviving embryos at the end of the
ELAs, were used to evaluate macroscopic lesions and to
re-isolate the strains from the allantoic fluid of the
embryos, as reported by Blanco et al. (2017).

Statistical analysis

Statistical analyses of mortality data were carried out by
applying a linear logistic mixed model with a binary
response variable, which was modelled as a binomial
random variable (yi). The dependent variable (yi) can
take the value 1 with a probability for embryonic mor-
tality πi or the value 0 with a probability to survive of 1
− πi. The data were then analysed with the GLIMMIX



procedure (SAS Institute Inc., 2011) using the follow-
ing generalized linear model (Littell et al., 1999):

Logit (pij) = hij = log[pij/(1− pij)]

= f+ b(xi)+ ai,

where ηij denotes the linear predictor, the logit link
function is defined by log[pi/(1− pi)] = hi, πij is the
probability of mortality until the end of the experiment
at 17 days of incubation, φ is the overall mean effect, b
is the linear regression coefficient of mortality values of
the positive control group used in each individual ELA
as reference for adjusting the effect of trial (xi) on
embryonic mortality ability and αi is the random effect
of the strain.

The mortality produced by each strain was estimated
on the logit scale and then back-transformed using the
inverse link function p = exp(xb)/[1 + exp(xb)] to
the original scale (probability).

The development of the embryonic survivability
over the 7 days p.i. for the different groups of strains
classified by its virulence degree quantified by impair-
ment on embryonic mortality ability was illustrated
according to the Kaplan–Meier method (survival
analysis) by applying the LIFETEST procedure of
SAS System 9.3 (SAS Institute Inc., 2011) and using
the following model:

Ŝ(t) =
∏
j:tj≤t

1− dj
nj

[ ]
; for t1 ≤ t ≤ tk,

where Ŝ(t) is the survivor function and t is the lifetime
of a randomly selected experimental unit. For each j:

tj≥ t, let t1 < t2 <… < tk representing the different
event times. nj is the number of individuals at risk
just prior to ti, and dj is the number of individuals
that die at time tj.

Results

ERIC-PCR method and phylogenetic analysis

A phylogenetic tree of one E. hirae and 67 E. faecalis
strains based on the aligned nucleotide sequences after
ERIC-PCR is shown in Figure 1. A visual comparison
of the banding patterns revealed DNA fragments ran-
ging in sizes from 236 to 3380 base pairs. ERIC patterns
consisted of four to nine DNA fragments. The phyloge-
netic analysis of banding pattern showed the most dis-
tant relationship to the E. hirae strain, which was
implemented as an outgroup. This indicates that the
ERIC-PCR can be considered reliable. E. faecalis strains
were clustered into five major groups, and only one
strain (E. faecalis 1246-15) was unclustered. All clusters
showed a remarkable diversity among the E. faecalis
strains since differences among its banding patterns
were observed, except the Cluster 2, whose strains
showed identical banding patterns although they were
classified into different pathogenicity degrees according
to the ELA results. All clusters were composed of aviru-
lent, virulent and moderate virulence strains except five
avirulent E. faecalis strains clustered in the Cluster 4.

Embryo lethality assays

The ELAs showed different EMRs according to the
strain. As shown in Figure 2, the overall EMR of the

Figure 2. Virulence classification of 68 E. faecalis strains, one E. hirae strain (strain 580) and a negative control group (Neg. Co)
sorted by the EMR that produce in 10-day-old chicken embryos inoculated into the AC with the represented number of CFU(*).
Strains with an EMR below 40% (n = 27) were considered avirulent; from 40% up to 80% were classified as strains of moderate
virulence (n = 37) and above 80% virulent strains (n = 5).



infected embryos ranged from 3% to 89% depending
on the strain. On the basis of virulence classification
of Rudolph (2004), 27 strains, including the E. hirae
strain, were classified as avirulent with an EMR
below 40%, and five strains were classified as highly
virulent with an EMR above 80%. The remaining 37
strains were classified as strains of moderate virulence,
whose EMR varied from 40% to 80%. The average
EMR of the negative control group was 1%, and the
positive control group (E. faecalis strain K923/96)
showed an average EMR of 50%. The E. hirae strain
(strain 580) showed low virulence (31%) although
this strain registered the greatest number of bacterial
count (55 CFU/egg) during the verification of the
CFU number, as shown in Figure 2. The real number
of CFU of each strain inoculated into the embryos
did not show any clear relationship with the EMR pro-
duced. As can be seen in Figure 2, some of the strains
with the lowest CFU number were able to produce high
embryonic mortality whereas some strains with higher
CFU numbers produced low EMRs. For example,
3 CFU/egg of the E. faecalis strains 1246-8 and 1246-
18 produced an EMR of 78% and 82%, while 20 and
23 CFU/ml of the E. faecalis strains 1611-1 and 2323-
96 produced an EMR of 14% and 18.4%, respectively.

The lack of relationship between the CFU adminis-
tered to the embryos and the embryonic mortality
produced by each strain was also observed in the
positive control group used in all ELAs, as shown in
Figure 3. The number of bacteria inoculated into
the embryos of the positive control group varied
from 4 to 19 CFU/egg among each individual ELAs
and did not shown any relationship with the

produced embryonic mortality, which ranged from
24% to 65%.

Embryo survival

The survival curve for the embryos infected with three
groups of strains classified by their virulence degree is
presented in Figure 4. Unsurprisingly, embryos
infected with avirulent strains had more survival prob-
ability than the embryos infected with more virulent
strains. However, regardless of the virulence degree of
the strains, the highest embryonic mortality occurred
at 3 and 4 days p.i., and after 4 days p.i. the embryonic
mortality declined substantially.

Macroscopic lesions

No lesions were observed in the embryos of the
negative control group, which received 0.2 ml PBS.
However, the infected embryos succumbed to the bac-
terial infection. The most frequent detrimental effects
of artificial infection on embryonic organs and tissues
were malformations, growth failure, cranial and skin
haemorrhages, subcutaneous oedema and loss of plu-
mage. The detrimental effects resulting from
E. faecalis infection on the chicken embryos showed
the same pattern regardless of the degree of virulence
of the strains. In addition, most severe lesions were
observed at 3 and 4 days p.i., and less serious lesions
were observed from the fourth day p.i. onwards. There-
fore, the most severe lesions were observed when the
higher EMR was registered. It should be noted that

Figure 3. Chicken EMR produced by the E. faecalis strain K923/96 used as positive control in 10 individual ELAs when 10-day-old
embryos were inoculated into the AC with the represented number of CFU (*).



some dead and surviving infected embryos at the end
of the ELAs did not show any visible signs.

Re-isolation

Smear samples from the allantoic fluid of randomly
analysed dead embryos as well as from surviving
embryos were carried out in order to re-isolate the
E. faecalis strains. The bacterial counts of the infected
embryos were always positive and their allantoic fluid
contained more CFU/ml than the infectious dose
administered, although some of them did not show
any visible lesions or abnormalities (data not shown).
The bacterial counts of the negative control group
were consistently negative, confirming that there was
no cross-contamination.

Discussion

ERIC-PCR was carried out in order to characterize the
genetic diversity of the avian E. faecalis strains and
under the hypothesis that strains with similar banding
patterns might also show similar infective ability.

ERIC-PCR has been successfully used in previous
studies for genotyping of different bacteria such as
E. coli (Leung et al., 2004), Vibrio parahaemolyticus
(Zulkifli et al., 2009) and L. monocytogenes (Moreno
et al., 2013). In the case of Enterococcus spp., Jurkovič
et al. (2007) reported that the ERIC-PCR has a high
discriminatory power among E. faecium strains iso-
lated from Bryndza cheese in comparison with
pulsed-field gel electrophoresis and (GTG)5-PCR.
Besides, Bachtiar et al. (2015) observed a high genetic
diversity among E. faecalis strains from saliva and
infected root canal samples by using the ERIC-PCR.

As shown in Figure 1, ERIC-PCR in the present
study was able to distinguish Enterococcus spp.,
specifically E. faecalis and E. hirae strains, which is
important to ensure the specificity of the test for
E. faecalis. ERIC-PCR revealed a considerable genetic
diversity among avian E. faecalis strains, which was
previously demonstrated in Enterococcus spp. (Jurko-
vič et al., 2007; Bachtiar et al., 2015). However, since
E. faecalis strains with similar banding patterns did
not produce the same EMR through the ELA, ERIC-
PCR results did not show a clear relationship to the
infection ability of the strains. Similar results were
reported by Borst et al. (2014), who observed that
an E. cecorium strain with virulent genotype by
using the pulsed-field gel electrophoresis did not
have a virulent phenotype through the ELA,
suggesting that the ELA may be useful in distinguish-
ing strains with the same genotype but different phe-
notype. Therefore, the molecular taxonomy of
Enterococcus spp. might not be able to distinguish
between avirulent and virulent strains, as previously
reported by Eaton & Gasson (2001).

The typing of E. faecalis strains has revealed that
several STs are related with different human and
avian diseases. Specifically, the ST82 of E. faecalis has
been related with AA worldwide (Petersen et al.,
2007). In this study, from the 49 E. faecalis strains
that contained the ST82 through the RT–PCR, 10%
were classified as virulent strains, 67% as moderate
virulence and 22% as avirulent strains through the
ELA, as shown in Figure 1. On the contrary, 78%
from the 18 E. faecalis strains with absence of the
ST82 were classified as avirulent strains and 22% as
strains of moderate virulence. The fact that the
E. faecalis strain 1082-1, which is not related to the
ST82, was isolated from a field case of AA can be

Figure 4. Survival curves of 10-day-old chicken embryos inoculated into the AC with 5 CFU/ml of three groups of different Enter-
ococcus spp. strains classified by their virulence.



explained by the ST172 reported by Petersen et al.
(2009), which has been also associated with avian amy-
loidosis (http://www.mlst.net).

The ELA in the present study has demonstrated its
ability to differentiate E. faecalis strains with respect to
their virulence (Figure 2), in accordance with the ELA
results of several authors with different bacterial strains
(Wooley et al., 2000; Gibbs et al., 2003; Gibbs &Wooley,
2003; Rudolph, 2004; Montgomery et al., 2005; Town-
send et al., 2008; Stewart-Tull et al., 2009; Jacobsen
et al., 2010; Oh et al., 2012; Polakowska et al., 2012;
Seo et al., 2013; Borst et al., 2014; Blanco et al., 2017).

The average EMR of the negative control group was
1%, which confirms the appropriate environment in
the incubator during the ELAs. Therefore, the obtained
embryonic mortalities with each strain can be unequi-
vocally associated to its virulence. The average EMR of
the embryos inoculated with 5 CFU/ml of the
E. faecalis strain K923/96 used as positive control in
each ELA was 50%, which is in accordance with the
results obtained by Blanco et al. (2017), who reported
an EMR of 45% with the same strain and infectious
dose. Therefore, although the E. faecalis strain K923/
96 showed variability between the individual ELAs, as
shown in Figure 3, its relative virulence provides accu-
rate results, which is in accordance with the results
reported by Gibbs et al. (2003) and Montgomery
et al. (2005) with E. coli strains. Hence, these authors
suggest the need to be careful when determining the
absolute virulence of a strain based on a single ELA.

The EMRwhich was produced by each strain cannot
be explained by the number of CFU administered to
the embryos, as shown in Figure 2. This observation
is consistent with the results obtained by Gibbs et al.
(2003) with E. coli strains, who reported that the ability
of a strain to colonize the embryo was not related to its
capacity to invade the embryo and cause disease or
death. This explains the fact that the number of
CFU/egg of the E. faecalis strain K923/96 used as posi-
tive control did not show a clear relationship with the
EMR in each individual ELA (Figure 3). However, Seo
et al. (2013) reported that virulent and avirulent
R. anatipestifer strains showed different capacity to
replicate in ovo after the inoculation. They observed
that the maximum number of CFU/ml of a virulent
strain was about 1000 times higher than those of an
avirulent strain for four days, suggesting that the ability
of replication of the strains into embryonic tissues is
related to systemic infection of the embryo and
death. The E. hirae strain 580, which was inoculated
into the embryos with the same infectious dose as the
E. faecalis strains, showed the greatest bacterial count
administered to the embryos (55 CFU/egg); however,
it produced low embryonic mortality (31%). Therefore,
the number of CFU able to produce embryonic mor-
tality seems to depend not only on the strain but also
on the species. More research with different species

of Enterococcus is required in order to corroborate
this theory.

In accordance with the results reported by Wooley
et al. (2000), Gibbs et al., (2003), Gibbs & Wooley
(2003), Stewart-Tull et al. (2009), Seo et al. (2013),
Borst et al. (2014) and Blanco et al. (2017), regardless
of the strain virulence, the survival rate of the embryos
decreased faster from 2 to 4 days p.i., whereas the sur-
vival rate decreased slower afterwards, as shown in
Figure 4. Therefore, the ELA with E. faecalis strains
might be optimized by reducing the time of study
until 4 days p.i. as Wooley et al. (2000) and Montgom-
ery et al. (2005) have previously reported with E. coli
strains. Additionally, Wooley et al. (2000) reported
that the survival rate and lesions of the embryos
infected with E. coli strains showed a relationship
with the degree of strain virulence. Our results also
showed a relationship between the embryonic survival
rate and the strain virulence since more virulent
strains produced a faster decrease in embryonic survi-
val rate from two to four days p.i. than avirulent
strains (Figure 4). However, all infected embryos
showed the same lesions regardless of the virulence
of the strains, in contrast with the results of Wooley
et al. (2000) and Borst et al. (2014). The observed
macroscopic lesions were similar to those in the broi-
ler embryos infected with E. cecorum by Borst et al.
(2014).

No lesions and no re-isolations were observed in the
embryos of the negative control group, thus indicating
that the embryonic mortality was due to the infection
and not due to external effects and, therefore, the
research was reliable. On the contrary, the recovered
bacterial counts from the allantoic fluid of all analysed
infected embryos with E. faecalis strains were always
positive, although some of these embryos did not
show any visible signs. Besides, an increase in the viable
count of the allantoic fluid of dead embryos was
observed compared to the initial number of CFU/ml
contained in the infectious dose. This ability of the bac-
teria to replicate and invade the embryos after the
inoculation, even without killing them, has been pre-
viously reported by Wooley et al. (2000), Rudolph
(2004), Montgomery et al. (2005), Townsend et al.
(2008), Stewart-Tull et al. (2009), Seo et al. (2013)
and Blanco et al. (2017).

In conclusion, the results obtained in this study
suggest that the ELA can be considered a reliable and
useful tool to evaluate the virulence of avian
E. faecalis strains by using the EMR. Although the clus-
tering based on the ERIC-PCR did not show a clear
relationship with the virulence assessment obtained
by the ELA in this study, it can be applied successfully
and be useful to obtain the genetic distribution and epi-
demiology of these bacteria. The results obtained in the
present study can be used as a basis for future
researches on the E. faecalis virulence, and the high
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pathogenic isolates tested in the present study might be
good candidates for autogenous vaccines.
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