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ABSTRACT We used an embryo lethality assay
(ELA) to assess virulence for different isolates from
cases of bacterial chondronecrosis with osteomyelitis
(BCO) in broilers. Lameness is among the most signifi-
cant animal welfare issues in the poultry industry. Bac-
terial infections are a major cause of lameness and
different bacterial species have been obtained from lame
broilers. Reliable lab-based assays are required to assess
relative virulence of bacteria obtained from lame
broilers. ELA has been used to assess lethal dosage of
Enterococcus faecalis and Enterococcus cecorum. We
hypothesized that ELA could substitute for more labori-
ous and costly assessments of BCO isolate pathogenicity
using live birds. We evaluated 2 different levels of bacte-
ria injected into eggs from layer and commercial broiler
embryos. Significant findings include 1) Escherichia coli
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from neighboring farms operated by the same integrator
had very different embryo lethality, 2) isolate Staphylo-
coccus agnetis 908 had low virulence in ELA, even
though this isolate can induce more than 50% BCO
lameness, 3) Enterococcus cecorum 1415 also had low
pathogenicity; even though it was recovered from severe
bilateral tibial dyschondroplasia, 4) human and chicken
BCO isolates of S. aureus had significant pathogenicity,
5) virulence for some isolates was highly variable possi-
bly corresponding with quality of the embryos/fertile
eggs used, and 6) ELA pathogenicity was much lower
for our BCO isolates than previous reports which may
reflect maternal environment. Overall, ELA virulence
and BCO virulence are not always concordant indicating
that ELA may not be an effective measure for assessing
virulence with respect to BCO.
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INTRODUCTION

Bacterial chondronecrosis with osteomyelitis (BCO)
is the leading cause of lameness in rapidly growing
broilers (Al-Rubaye et al., 2015; Wideman, 2016; Al-
Rubaye et al., 2017; Weimer et al., 2019). Lameness in
broilers is significant as an animal welfare issue, and as a
financial cost, in the poultry industry (Wideman, 2016).
Our research group isolated and characterized an isolate
of Staphylococcus agnetis, designated 908, from lame
broilers on our research farm (Al-Rubaye et al., 2015).
S. agnetis 908 is closely related to isolates from subclini-
cal mastitis in dairy cows (Shwani et al., 2020).
S. agnetis 908 can induce greater than 50% BCO lame-
ness by 56 d of age when administered in a single dose in
drinking water at 104 to 105 CFU/mL on d 20 (Al-
Rubaye et al., 2015; Al-Rubaye et al., 2017;
Alrubaye et al., 2020a,b). Our current model for lame-
ness etiology is that environmental stress can lead to
increased leakage (translocation) of bacteria across the
gut and pulmonary epithelia into the blood system
(Wideman and Prisby, 2013; Al-Rubaye et al., 2015;
Jiang et al., 2015; Mandal et al., 2016; Wideman, 2016;
Al-Rubaye et al., 2017). Particular species that are able
to survive in the blood stream may colonize the growth
plate, a vulnerable niche in the blood system of the rap-
idly growing leg bones of fast-growing broilers
(Wideman et al., 2013; Wideman, 2016; Al-
Rubaye et al., 2017). Distinct bacterial species have
been isolated from lame birds including Staphylococcus
aureus, Enterococcus cecorum, and Escherichia coli
(Carnaghan, 1966; Nairn and Watson, 1972;
McCaskey et al., 1982; Mutalib et al., 1983; Rid-
dell, 1983; Duff, 1984; Emslie et al., 1984; Griffiths et al.,
1984; Duff and Randall, 1987; Duff, 1989a,b, 1990;
Hocking, 1992; Tate et al., 1993; Thorp, 1994;
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Skeeles, 1997; Thorp and Waddington, 1997;
McNamee and Smyth, 2000; Joiner et al., 2005;
Braga et al., 2016; Gaußmann et al., 2018). However,
there are few comparisons of different BCO-associated
species, or isolates, for pathogenicity (Borst et al., 2014;
Braga et al., 2016). In this study, we investigated the
pathogenicity of BCO isolates of S. agnetis, Staphylococ-
cus chromogenes, E. coli, E. cecorum, and S. aureus
using an embryo lethality assay (ELA). The isolates
were obtained from BCO lesions on our research farm or
commercial broiler farms in Arkansas. ELA has been
used to correlate the expression frequency of 9 virulence-
associated E. coli genes with embryo mortality
(Oh et al., 2012). Borst et al. (2014) used this technique
to compare the virulence of E. cecorum isolated from
broiler spinal lesions (kinky back) to nonpathogenic E.
cecorum strains isolated from ceca of unaffected birds.
Blanco et al. (2018) used ELA to determine the viru-
lence and the lethal dose of Enterococcus faecalis.
MATERIALS AND METHODS

Microbiology

Isolation and handling of the isolates have been
described (Al-Rubaye et al., 2015; Ekesi et al., 2021).
Media included: CHROMagar Orientation (DRG Inter-
national, Springfield Township, NJ), tryptic soy broth
(Difco brand, Becton, Dickinson and Company, Frank-
lin Lakes, NJ); and Luria broth (LB; per liter 10 g tryp-
tone, 5 g yeast extract, 5 g NaCl).
Figure 1. Layer chicken line embryo lethality for day postinjection
(DPI) with 1xPBS, different numbers of colony forming units (CFU) of
E. coli 1413. The percentage (n = 5) of live embryos (Y-axis) for differ-
ent doses is graphed for 4 d postinjection (X-axis). Isolate source is
described in Table 1. Asterisk (*) indicates where treatment was signifi-
cantly different from 1xPBS (P < 0.05) on d 4.
Embryo Lethality Assay

Fertilized eggs were obtained from leghorns (LCL)
and Cobb700 commercial broilers (BCL) on the Univer-
sity of Arkansas research farm. The eggs were washed
with warm soapy water containing about 1% household
bleach. Eggs were incubated (NatureForm Hatchery
Systems, Jacksonville, FL) at 37.5°C, a relative humid-
ity of 56%, on autorotate. On d 12, stationary-phase
bacterial cultures grown in tryptic soy broth were
diluted 1:200 in sterile 1x phosphate buffer saline
(1xPBS; 150 mM NaCl, 10 mM potassium phosphate
pH 7.2). CFU concentration was computed from Absor-
bance at 650 nm using precalibrated standard curves for
each isolate, and then diluted in sterile 1xPBS to the
required concentration. Eggs were candled, and fertile
eggs were injected using a tuberculin syringe and 25G
needle (Becton, Dickinson and Company) with 100 mL
of the appropriate bacterial suspension, or vehicle con-
trol, into the allantois cavity as described (Borst et al.,
2014). The opening was sealed with transparent box
tape. Inoculated embryos were scored for mortality
every day for 4 d after bacteria administration
(Borst et al., 2014; Blanco et al., 2018). For microbial
sampling of dead embryos a 20G needle was inserted
through the same opening to withdraw fluid which was
plated on CHROMagar Orientation, for colony evalua-
tion for colorimetric and morphology screening.
Statistical Analysis

The results of the ELA were analyzed with either
Pearson’s Chi-squared (x2) or Fisher’s Exact (FE) anal-
ysis using SAS and R software (SAS Institute, 2011;
RStudio Team, 2016). Significant differences were
accepted at P < 0.05.
RESULTS

Embryo Lethality Assay With BCO Isolates

To establish a suitable assay for comparing different
isolates, we first injected E. coli 1413 a dilution series
(103−108 CFUs) in sterile 1xPBS to estimate the lethal
dosage for Leghorn Chicken Line (LCL) embryos
(Figure 1). Injections of 1413 above 105 CFUs had
embryo lethality of 80 to 100%. We therefore assessed
different BCO isolates at 105 and 106 CFUs (Table 1).
We included S. agnetis 908 recovered from a femoral
BCO lesion on our research facility as this isolate can
induce lameness ≥50% by d 56 when administered in
drinking water for 2 d to 20-day-old broilers (Al-
Rubaye et al., 2015, 2017; Alrubaye et al., 2020a,b). Sur-
prisingly, 908 injections of even 106 CFUs resulted in
only 14% embryo lethality, a level not statistically differ-
ent from 1xPBS control treatment (Figure 2A). For the
methicillin-sensitive human S. aureus isolate 1302, origi-
nally retrieved from a wound (Table 1), injections of 105

or 106 CFUs resulted in 80% embryo lethality
(Figure 2B). Staphylococcus chromogenes 1401 was
recovered from an infected T4 vertebra of a chicken with
“kinky back” (Table 1). Injections of 106 CFUs resulted
in only 7% embryo death, less than the 1xPBS control
for that experiment (Figure 2C). E. coli 1409 was recov-
ered from a tibial head necrosis lesion (Table 1). Injection
of 105 to 106 CFUs resulted in no lethality through d 4
(Figure 2D). E. coli 1413 was isolated from the blood of a



Table 1. Details of bacterial isolates utilized for ELA, including species, strain designation, host, and primary citation.

Species Designation Host Isolate source Citation

S. agnetis 908 Broiler Femoral BCO; UA Research Farm (Al-Rubaye et al., 2015)
S. chromogenes 1401 Broiler Thoracic vertebrae; Lame3 (Ekesi et al., 2021)
E. cecorum 1415 Broiler LT/RT; Lame5 (Ekesi et al., 2021)
E. coli 1409 Broiler RT; Lame3 (Ekesi et al., 2021)

1413 Broiler Blood; Lame12 (Ekesi et al., 2021)
1512 Broiler LF; Lame18 (Ekesi et al., 2021)
1527 Broiler RF; Lame18 (Ekesi et al., 2021)

S. aureus 1510 Broiler LT Lame14 (Ekesi et al., 2021)
1514 Broiler RF Lame15 (Ekesi et al., 2021)
1302 Human Wound ATCC 29213

In isolate source, lame indicates a bird number from BCO sampling.
Abbreviations: LF, left femur; LT, left tibia; RF, right femur; RT, right tibia.
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lame bird with bilateral BCO of the tibiae and femorae,
where E. coli was also recovered from multiple lesions
(Table 1). As before, injections of 105 or 106 CFUs into
LCL resulted in approximately 80% embryo lethality
(Figure 2E). E. cecorum 1415 was isolated from a tibial
head abscess in a case of bilateral tibial dyschondroplasia
(Table 1). ELA results for 105 CFU showed slightly more
lethality than 106 CFUs but neither was statistically dif-
ferent from the PBS control (Figure 2F). We used 2 iso-
lates (1510 and 1514) of S. aureus obtained from BCO
Figure 2. Layer chicken line embryo lethality for day postinjection (DP
were: A: 908 (n = 14), B: 1302 (n = 15), C: 1401 (n = 14), D: 1409 (n = 15)
and I: 1514 (n = 15). Details are as in Figure 1. Asterisk (*) indicates treatm
lesions from 2 different birds in a commercial broiler
house lameness outbreak (Table 1; Ekesi et al., 2021).
Draft genome assemblies for these isolates were highly
related. The isolates showed different ELA results with
1510 lethality of 60% for 106 CFU, while 1514 produced
47% lethality. Only the 1510 results were statistically dif-
ferent from the 1xPBS control (Figure 2G and 2I). E. coli
1512 and 1527 were recovered from the left and right
femoral lesions of the same bird (Table 1; Ekesi et al.,
2021). Draft genome assemblies for both 1512 and 1527
I) with 1xPBS, 105, or 106 CFU of different bacterial isolates. Isolates
, E: 1413 (n = 15), F: 1415 (n = 9), G: 1510 (n = 15), H: 1512 (n = 15),
ents significantly different from 1xPBS (P < 0.05) on d 4.



Figure 3. Broiler chicken line embryo lethality for injections of 105 or 106 CFU of bacterial isolates. Isolates were: A. 908, B. 1302, C. 1401, D.
1409, E. 1413, F. 1415, G. 1514, and H. 1527. Details are as in Figures 1 and 2. For each treatment n = 15.
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were determined to be virtually identical. ELA results for
1512 yielded 87% lethality for 106 CFUs and 52% lethal-
ity for 105, but only the 106 results were statistically dif-
ferent from the 1xPBS control (Figure 2H). Therefore,
the only isolates that showed significant lethality using
LCL embryos were the human isolate S. aureus 1302,
and chicken isolates E. coli 1413, S. aureus 1510, and E.
coli 1512.

We then extend the analyses to ELA using Broiler
Chicken Line (BCL) embryos. As shown in Figure 3,
significant embryo lethality was obtained with S.
aureus 1302 and 1514, and E. coli 1413, and 1512. S.
agnetis 908, S. chromogenes 1401, E. coli 1409, and E.
cecorum 1415, showed no virulence for either 105 or
106 CFU. We did note that for all 4 isolates that
showed lethality for BCL, both the 105 and 106 CFU
injections showed significant embryo mortality
(Figure 3 panels B, E, G, and H). For LCL, the 105

injections were only different from the 1xPBS control
for S. aureus 1302 and E. coli 1413. However, for the
other 2 isolates, we might reach significance for the 105

CFU injections with more embryos. We also note that
lethality was more rapid in the BCL than with LCL
embryos (Figures 2 and 3).
Repeatability of ELA as a Measure of
Virulence

We noted that there was occasional variation in the
ELA results for some isolates including S. aureus 1510
and 1514, which should be nearly identical, and E. coli
1409. We therefore compiled results from 11 experiments
using LCL or BCL injected with 1xPBS or E. coli 1409
spanning nearly 2 yr (Table 2). Embryo survival at d 5
for 1409 ranged from 100 to 11% in LCL and 73 to 44%
in BCL. Close inspection of the data across experiments
shows that embryo survival for 1x PBS was also varied
with different batches of embryos. For the experiment of
2/20/020 the 1xPBS control was actually lower than
that for 1409. We did not see this level of variability for
E. coli 1413 as it was always highly virulent. In 2 addi-
tional sets of injections we assessed the bacteria recov-
ered from dead embryos injected with 1409. The
sampling recovered high levels (>104 CFU/mL) of bac-
teria of uniform colony color and morphology consistent
with E. coli. We suspect that the variable ELA results
for some isolates are likely due to differences in the par-
ticular set of eggs available for experiments. Factors
affecting embryo quality might include age of hens,



Table 2. Variability of ELA results for E. coli 1409.

Date N Embryos Inject

Day

1 2 3 4

21 Nov 2018 5 LCL 1x PBS 100 100 100 100
21 Nov 2018 5 LCL 1409 100 80 80 80
14 Dec 2018 15 LCL 1x PBS 100 100 100 100
14 Dec 2018 15 LCL 1409 100 100 100 100
31 Mar 2019 15 LCL 1x PBS 100 87 87 87
31 Mar 2019 15 LCL 1409 73 40 33 33
20 Jan 2020 15 LCL 1x PBS 100 100 100 100
20 Jan 2020 15 LCL 1409 87 67 60 47
20 Feb 2020 15 LCL 1x PBS 87 67 47 47
20 Feb 2020 15 LCL 1409 87 67 67 67
20 Mar 2020 9 LCL 1x PBS 100 100 89 89
20 Mar 2020 9 LCL 1409 33 33 22 11
31 Mar 2020 15 LCL 1x PBS 100 100 100 100
31 Mar 2020 15 LCL 1409 60 60 60 47
6 Sep 2020 10 LCL 1409 70 60 60 60
25 Sep 2020 14 LCL 1x PBS 100 100 100 100
25 Sep 2020 14 LCL 1409 50 29 29 14
5 Jan 2019 9 BCL 1x PBS 100 100 100 100
5 Jan 2019 9 BCL 1409 44 44 44 44
22 Jan 2019 15 BCL 1x PBS 100 100 100 100
22 Jan 2019 15 BCL 1409 87 80 73 73
Average All 1x PBS 99 95 92 92

LCL 1409 73 60 57 51
BCL 1409 66 62 59 59

SEM All 1x PBS 1 3 5 5
LCL 1409 8 8 9 10
BCL 1409 22 18 15 15

On the given dates for the indicated count (n) of embryos from layers (LCL) or broilers (BCL), were injected with 100 mL of 1x PBS or 106 CFU of E.
coli 1409. Percent embryo viability is presented on the given days postinjection. Averages and SEM are provided at the bottom across all experiments.
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environmental factors in the housing (feed, heat, cold,
air-quality, lighting, etc.), or postlay conditions for spe-
cific groups of eggs (days post lay, fresh collection, etc.).
However, the variability does not appear to derive from
differences in maternally derived bacteria in the egg, as
the overgrowth recovered from dead embryos appears to
be the isolates injected.
DISCUSSION

We performed ELA with different bacterial isolates
isolated from lame broilers to estimate relative pathoge-
nicity. We observed that S. agnetis 908 is not patho-
genic in the ELA even though we have shown that this
isolate readily infects young broilers when administered
at 104 or 105 CFU/mL in drinking water at 20 and 21 d
of age (Al-Rubaye et al., 2015, 2017; Alrubaye et al.,
2020a,b). Broilers challenged with S. agnetis 908 begin
to develop lameness by 41 d of age and by 56 d of age
50% of the birds will be clinically lame with BCO lesions
in proximal femoral and tibial heads. Many of the birds
develop bacteremia with hundreds to thousands of
CFU/mL of blood. Additionally, the treated birds
spread the infection to birds within the same room,
with 30 to 40% of those birds lame by 56 d of age (Al-
Rubaye et al., 2017; Alrubaye et al., 2020a). ELA in
broiler embryos has been used to compare virulence of
E. cecorum from BCO birds (primarily kinky back) and
feces (Borst et al., 2014). Kinky back isolates showed
lethality of >70% while cecal isolates showed lethality
of <40%. We used E. cecorum 1415 collected from an
infected vertebrae in a kinky back bird (Ekesi et al.,
2021) but it showed no significant lethality (<40%) in
the ELA. We compared 3 E. coli isolates from BCO
lame birds (Ekesi et al., 2021) and found they had very
different apparent virulence in the ELA. Even though
these 3 isolates were from 3 different commercial broiler
farms in Arkansas that were experiencing BCO out-
breaks, we have shown that all 3 are very different
based on whole-genome comparisons (Ekesi et al.,
2021). This is surprising given that 1409 and 1413 were
isolated on the same day from 2 different farms within
5 km of each other that were operated by the same inte-
grator and supplied from the same hatchery. However,
comparisons of these 2 isolates at the genomic level
show they are from distinct clades (Ekesi et al., 2021).
S. aureus isolates showed virulence in the ELA, includ-
ing an isolate from human infection, and isolates from a
BCO outbreak on a different farm operated by a differ-
ent integrator (Ekesi et al., 2021). We sampled 11 lame
birds from that farm and determined that 7 of the birds
were infected with S. aureus. Genome analyses showed
that the BCO S. aureus isolates were highly related and
very closely related to S. aureus isolates obtained from
diseased birds or broiler meat dating from 2010 in Okla-
homa all the way back to the 1970s in Europe
(Lowder et al., 2009; Ekesi et al., 2021). The clade has
been identified multiple times in Arkansas and Okla-
homa for at least a decade. The clade appears to be
exclusively associated with poultry, so virulence in the
ELA is not surprising. The genomic comparisons of E.
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coli and S. aureus chicken BCO isolates led us to pro-
pose that E. coli association with BCO is not exclu-
sively poultry specific and that this species appears to
be more of a generalist, whereas S. aureus and S. agnetis
appear to be specialists and do not readily jump back
and forth, infecting different host species (Shwani et al.,
2020; Ekesi et al., 2021).

Comparison of our results with those of Borst et al.
(Borst et al., 2014) identified several differences. They
used BCO isolates and cecal isolates of E. cecorum in
specific pathogen free (SPF) and broiler embryos from a
flock apparently free of exposure to E. cecorum. They
reported that injections of 102 CFU of the BCO isolates
resulted in viabilities of 33% for broiler and 42% in SPF,
embryos. With higher innocula the SPF embryos
appeared more susceptible than the broiler embryos.
Further, broiler embryos injected with 102 of cecal iso-
lates produced higher viability, circa 60%. In our experi-
ments significant loss of viability required 105 CFU.
Although there was some loss of viability at lower injec-
tion levels we did not reach statistical significance for
103 or 104 CFU, when we used our most virulent isolate,
E. coli 1413. Lack of significance at the lower injection
quantities reflects that we used only 5 embryos per injec-
tion level. When we used more (n = 15) embryos for the
screens of different isolates we still had many isolates
that failed to show significance when the viabilities were
above 60% even with 105 or 106 CFU. In our hands, with
our broiler embryo sources, far higher numbers of bacte-
ria were required to reach significant levels of lethality.
This difference may be because our embryos were from
broilers (and layers) raised under standard conditions,
whereas Borst et al. used embryos from SPF stocks and
a broiler “flock intensively managed and has no history
of E. cecorum-associated disease” (Borst et al., 2014).
Thus, in our breeder stocks there may be higher mater-
nal exposure to bacterial pathogens which would result
in significant deposition of maternal antibodies in the
eggs, which could provide enhanced immunity to the
embryos. Considering that we saw marked differences in
the ELA results for E. coli 1409 with different sets of
embryos across different flocks, the quality and sources
of embryos appear to be critical. Indeed, in our experi-
ments, broiler embryos generally were more susceptible
than our layer embryos. Our data suggest caution in
drawing broad conclusions when using ELA for evalua-
tion of relative virulence of BCO isolates. Concerns
include 1) the lack of significant virulence by S. agnetis
908 which we have shown is hypervirulent in inducing
lameness and spreading through a broiler facility (Al-
Rubaye et al., 2017; Alrubaye et al., 2020a,b), 2) the
lack of virulence of E. cecorum 1415 which should have
been virulent based on earlier reports using ELA
(Borst et al., 2014), and 3) the variability of ELA results
with different sets of embryos for hypo- or moderately
virulent isolates (e.g., E. coli 1409). There remains a
need to develop new, convenient, and reliable, labora-
tory assays for assessing pathogenicity for chicken bacte-
rial isolates related to BCO.
DISCLOSURES

The authors state that they have no conflicts or com-
peting interests regarding this work.
REFERENCES

Al-Rubaye, A. A. K., M. B. Couger, S. Ojha, J. F. Pummill,
J. A. Koon, II, R. F. Wideman Jr., and D. D. Rhoads. 2015.
Genome analysis of Staphylococcus agnetis, an agent of lameness
in broiler chickens. PLoS One 10:e0143336.

Al-Rubaye, A. A. K., N. S. Ekesi, S. Zaki, N. K. Emami,
R. F. Wideman, and D. D. Rhoads. 2017. Chondronecrosis with
osteomyelitis in broilers: further defining a bacterial challenge
model using the wire flooring model. Poult. Sci. 96:332–340.

Alrubaye, A., N. S. Ekesi, A. Hasan, D. A. Koltes, R. Wideman Jr,
and D. Rhoads. 2020a. Chondronecrosis with osteomyelitis in
broilers: further defining a bacterial challenge model using stan-
dard litter flooring and protection with probiotics. Poult. Sci.
99:6474–6480.

Alrubaye, A. A. K., N. S. Ekesi, A. Hasan, E. Elkins, S. Ojha, S. Zaki,
S. Dridi, R. F. Wideman, M. A. Rebollo, and D. D. Rhoads. 2020b.
Chondronecrosis with osteomyelitis in broilers: further defining
lameness-inducing models with wire or litter flooring, to evaluate
protection with organic trace minerals. Poult. Sci. 99:5422–5429.

Blanco, A. E., D. Cavero, W. Icken, M. Voss, M. Schmutz,
R. Preisinger, and A. R. Sharifi. 2018. Genetic approach to select
against embryo mortality caused by Enterococcus faecalis infec-
tion in laying hens. Poult. Sci. 97:4177–4186.

Borst, L. B., M. M. Suyemoto, S. Keelara, S. E. Dunningan, J. S. Guy,
and H. J. Barnes. 2014. A chicken embryo lethality assay for path-
ogenic Enterococcus cecorum. Avian Dis. 58:244–248.

Braga, J. F. V., N. K. Chanteloup, A. Trotereau, S. Baucheron,
R. Guabiraba, R. Ecco, and C. Schouler. 2016. Diversity of Escher-
ichia coli strains involved in vertebral osteomyelitis and arthritis in
broilers in Brazil. BMC Vet. Res. 12:140.

Carnaghan, R. B. A. 1966. Spinal cord compression due to spondylitis
caused by Staphylococcus pyogenes. J. Comp. Pathol. 76:9–14.

Duff, S. R. I. 1990. Diseases of the musculoskeletal system. Pages 254-
283 in Poultry Diseases. F. Jordan, ed. Balliere Tindall, London, UK.

Duff, S. 1989a. Disturbed endochondral ossification in the axial skele-
ton of young fowls. J. Comp. Pathol. 101:399–409.

Duff, S. R. I. 1989b. Physeal clefts and disturbed endochondral ossifi-
cation in broiler fowls. J. Comp. Pathol. 101:75–86.

Duff, S., and C. Randall. 1987. Observations on femoral head abnor-
malities in broilers. Res. Vet. Sci. 42:17–23.

Duff, S. R. 1984. Dyschondroplasia of the caput femoris in skeletally
immature broilers. Res. Vet. Sci. 37:293–302.

Ekesi, N. S., A. Hasan, A. Alrubaye, and D. Rhoads. 2021. Analysis of
genomes of bacterial isolates from lameness outbreaks in broilers.
Poult. Sci. 100:101148.

Emslie, K. R., L. M. Fenner, and S. Nade. 1984. Acute haematoge-
nous osteomyelitis: II. The effect of a metaphyseal abscess on the
surrounding blood supply. J. Pathol. 142:129–134.

Gaußmann, B., C. Hess, B. Grafl, M. Kovacs, S. Troxler, B. Stessl,
M. Hess, and S. Paudel. 2018. Escherichia coli isolates from femo-
ral bone marrow of broilers exhibit diverse pheno- and genotypic
characteristics that do not correlate with macroscopic lesions of
bacterial chondronecrosis with osteomyelitis. Avian Pathol.
47:271–280.

Griffiths, G., W. Hopkinson, and J. Lloyd. 1984. Staphylococcal
necrosis of the head of the femur in broiler chickens. Aust. Vet. J.
61:293-293.

Hocking, P. M. 1992. Musculo-skeletal disease in heavy breeding
birds. Pages 297-309 in Bone Biology and Skeletal Disorders in
Poultry. C.C. Whitehead ed. Carfax Publishing Company, Abing-
don, United Kingdom.

Jiang, T., R. K. Mandal, F. W. R Jr., A. Khatiwara, I. Pevzner, and
Y. M. Kwon. 2015. Molecular survey of bacterial communities
associated with bacterial chondronecrosis with osteomyelitis
(BCO) in broilers. PLoS One 10:e0124403.

http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0004
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0019


ELA FOR BCO ISOLATES 7
Joiner, K. S., F. J. Hoerr, E. van Santen, and S. J. Ewald. 2005. The
avian major histocompatibility complex influences bacterial skele-
tal disease in broiler breeder chickens. Vet. Pathol. 42:275–281.

Lowder, B. V., C. M. Guinane, N. L. Ben Zakour, L. A. Weinert,
A. Conway-Morris, R. A. Cartwright, A. J. Simpson, A. Rambaut,
U. N€ubel, and J. R. Fitzgerald. 2009. Recent human-to-poultry
host jump, adaptation, and pandemic spread of Staphylococcus
aureus. Proc. Natl. Acad. Sci. USA 106:19545–19550.

Mandal, R. K., T. Jiang, A. A. Al-Rubaye, D. D. Rhoads,
R. F. Wideman, J. Zhao, I. Pevzner, and Y. M. Kwon. 2016. An
investigation into blood microbiota and its potential association
with bacterial chondronecrosis with osteomyelitis (BCO) in
broilers. Sci. Rep. 6:25882.

McCaskey, P. C., G. N. Rowland, R. K. Page, and L. R. Minear. 1982.
Focal failures of endochondral ossification in the broiler. Avian
Dis. 26:701–717.

McNamee, P. T., and J. A. Smyth. 2000. Bacterial chondronecrosis
with osteomyelitis ('femoral head necrosis') of broiler chickens: a
review. Avian Pathol. 29:477–495.

Mutalib, A., C. Riddell, and A. D. Osborne. 1983. Studies on the patho-
genesis of Staphylococcal osteomyelitis in chickens. II. Role of the
respiratory tract as a route of infection. Avian Dis. 27:157–160.

Nairn, M. E., and A. R. A. Watson. 1972. Leg weakness of poultry—a
clinical and pathological characterisation. Aust. Vet. J. 48:645–
656.

Oh, J. Y., M. S. Kang, H. Yoon, H. W. Choi, B. K. An, E. G. Shin,
Y. J. Kim, M. J. Kim, J. H. Kwon, and Y. K. Kwon. 2012. The
embryo lethality of Escherichia coli isolates and its relationship to
the presence of virulence-associated genes. Poult. Sci. 91:370–375.

Riddell, C. 1983. Pathology of the skeleton and tendons of broiler
chickens reared to roaster weights. I. Crippled chickens. Avian Dis.
27:950–962.
Shwani, A., P. R. F. Adkins, N. S. Ekesi, A. Alrubaye, M. J. Calcutt,
J. R. Middleton, and D. D. Rhoads. 2020. Whole genome compari-
sons of Staphylococcus agnetis isolates from cattle and chickens.
Appl. Environ. Microbiol. 86:e00484-00420.

Skeeles, K. J. 1997. Staphylococcosis. Pages 247-253 in Diseases of
Poultry B.W. Calnek, H. J. Barnes, C.W. Beard, L.R. McDougald,
and Y. M. Saif eds. Iowa State University Press, Ames, IA.

Tate, C. R., W. C. Mitchell, and R. G. Miller. 1993. Staphylococcus
hyicus associated with turkey stifle joint osteomyelitis. Avian Dis.
37:905–907.

Thorp, B., and D. Waddington. 1997. Relationships between the bone
pathologies, ash and mineral content of long bones in 35-day-old
broiler chickens. Res. Vet. Sci. 62:67–73.

Thorp, B. H. 1994. Skeletal disorders in the fowl: a review. Avian
Pathol. 23:203–236.

Weimer, S. L., R. F. Wideman, C. G. Scanes, A. Mauromoustakos,
K. D. Christensen, and Y. Vizzier-Thaxton. 2019. The utility of
infrared thermography for evaluating lameness attributable to
bacterial chondronecrosis with osteomyelitis. Poult. Sci. 98:1575–
1588.

Wideman, R. F. 2016. Bacterial chondronecrosis with osteomyelitis
and lameness in broilers: a review. Poult. Sci. 95:325–344.

Wideman, R. F., A. Al-Rubaye, A. Gilley, D. Reynolds, H. Lester,
D. Yoho, J. M. Hughes, and I. Pevzner. 2013. Susceptibility of
4 commercial broiler crosses to lameness attributable to bacte-
rial chondronecrosis with osteomyelitis. Poult. Sci. 92:2311–
2325.

Wideman, R. F., and R. D. Prisby. 2013. Bone circulatory distur-
bances in the development of spontaneous bacterial chondro-
necrosis with osteomyelitis: a translational model for the
pathogenesis of femoral head necrosis. Front. Endocrinol. (Lau-
sanne) 3:183.

http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0025
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00478-8/sbref0037

	Embryo lethality assay as a tool for assessing virulence of isolates from bacterial chondronecrosis with osteomyelitis in broilers
	INTRODUCTION
	MATERIALS AND METHODS
	Microbiology
	Embryo Lethality Assay
	Statistical Analysis

	RESULTS
	Embryo Lethality Assay With BCO Isolates
	Repeatability of ELA as a Measure of Virulence

	DISCUSSION
	REFERENCES


