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ABSTRACT This report demonstrates that high
levels of lameness can be induced by a limited bacterial
challenge in drinking water for birds raised on litter
flooring, comparable with lameness induced by the gold
standard for inducing lameness, growth on suspended
wire flooring. The bacterium used in the challenge was
cultured from lesions in birds induced for bacterial
chondronecrosis with osteomyelitis (BCO) in the wire-
flooring model so the epidemiology appears similar.
The litter-flooring model could better approximate
broiler operations. Furthermore, the work demonstrates
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that 2 commercial probiotics (GalliProTect and Galli-
ProMax) can reduce lameness in the bacterial challenge
litter-flooring model. Lameness attributable to BCO is
one of the most significant animal welfare issues for
broiler production. The wire-flooring and litter-flooring
models afford alternatives for understanding the etiol-
ogy, and epidemiology of BCO, and development of
management strategies to reduce lameness. Probiotics
afford a promising management strategy. The results
suggest that the probiotic protection may extend beyond
just intestinal health and intestinal barrier function.
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INTRODUCTION

Lameness is one of the most significant animal welfare
issues in the broiler industry, resulting in annual losses of
millions of dollars. A wire-flooring model has been shown
to induce high incidence of lameness in broilers
(Wideman et al., 2012; Wideman and Prisby, 2013;
Wideman et al., 2013; Wideman et al., 2014;
Wideman, 2016). Bacterial chondronecrosis with osteo-
myelitis (BCO) of the proximal tibiae and femora is
the most prevalent form of lameness in this model
(Wideman et al., 2012; Wideman and Prisby, 2013;
Wideman et al., 2013; Wideman, 2016). The wire-
flooring system led to a model for BCO susceptibility
based on the vasculature and growth plate dynamics
(Wideman and Prisby, 2013; Wideman, 2016). The pre-
dominant isolates from BCO lesions using the wire floor
model on our research farm is Staphylococcus agnetis
and BCO lameness is sometimes associated with a signif-
icant bacteremia (Al-Rubaye et al., 2015). The isolates
of S. agnetis appear to be from a clonal population,
and administration of the type strain, isolate 908, in
the drinking water increases the incidence of lameness
(Al-Rubaye et al., 2015). Further investigations on the
BCO lameness model demonstrated translocation of
bacteria into the blood for birds on litter or wire flooring;
and evidence for transmission of BCO-inducing patho-
gens within a flock (Al-Rubaye et al., 2017). We now
report further investigations on, and expansion of, the
BCO lameness model system. We now report that S.
agnetis 908 can induce high levels of BCO lameness in
birds raised on litter flooring. We also report that BCO
lameness can be transmitted through the air to broilers
in separate pens. Furthermore, broilers fed either of 2
commercial probiotics are protected against the airborne
spread of the infection. These data provide a model
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Table 1. Treatment designations and descriptions for treatments
in experiments 1 and 2.

Treatment Description

Source Control diet challenge with Staphylococcus agnetis
908 105 CFU/mL in drinking water on days 20&21

Control Control diet
GalliProTect GalliPro Tect diet 3.2! 109 CFUBacillus licheniformis

DSM17236/g of product at 0.5 kg/metric ton of feed
GalliProMax GalliPro Max diet 1.6 ! 109 CFU Bacillus subtilis

DSM17299/g of product at 0.5 kg/metric ton of feed
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system for studying treatments and management strate-
gies for reducing BCO lameness in broiler operations.
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Figure 2. (A) Proximal tibial and (B) femoral head lesion diagnoses
for lame birds through the course of experiment 1. Treatments as
described in Figure 1 andTable 1. Percentage of lame birds with the indi-
cated BCO lesion is plotted for each treatment. Abbreviations: R, right;
L, left; BCO, bacterial chondronecrosis with osteomyelitis.
MATERIALS AND METHODS

Lameness Trials

All animal experiments were approved by the Univer-
sity of Arkansas Institutional Animal Care and Use
Committee under protocols 15043, 16073, 16073-1, and
17067. One-day-old chicks representing surplus males
from a female broiler-breeder product were placed in
1.5 ! 3 m pens on fresh wood shaving litter at 60 per
pen, with a nipple water line supplied with city tap water
on one 5 ft. side and 2 feeders on the other side.
Feed was standard starter through day 35 and finisher

through day 56. For administration of probiotics, the
commercial product (Table 1) was added by the Univer-
sity of Arkansas Poultry Research Feed mill to standard
feed formula (Supplementary Table 1) before pelleting.
Lines and mixers were flushed and cleaned between for-
mulations. Samples of the pelleted feed were shipped to
the supplier for verification of probiotic viability. For
these experiments, we had up to 4 treatment groups as
described in Table 1. In all experiments, there was a
source population that was challenged with S. agnetis
908 in the drinking water, and a control population
that was not challenged but was housed in the same
room “down wind” of the source population. Other treat-
ments were the same as the control but with administra-
tion of probiotics in the feed. Treatment pens were
arrayed using a randomized block design.
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Figure 1. Cumulative percentage lameness for birds raised on litter
when challenged with Staphylococcus agnetis 908, or unchallenged birds
in the same room for experiment 1. All birds were raised on standard
wood shavings. Source and control are as described in Table 1.
Computer controllers regulated the temperature, photo-
period, and ventilation. Tunnel ventilation and evapora-
tive cool pads were automatically activated when needed.
Thephotoperiodwas set for 23h light:1hdark for the dura-
tion of the experiment. Thermoneutral temperature tar-
gets were as follows: 90�F for day 1 to day 3, 88�F for
day 4 to day 6, 85�F for day 7 to day 10, 80�F for day 11
to day 14, and 75�F thereafter. On day 19, all pens were
culled to 50 birds. Pens challenged with S. agnetis were
located “upwind” from all the other pens so that the venti-
lation flow would be from the challenged pens (source) to
the downwind treatment pens (control or probiotic). For
pens challenged with S. agnetis in the drinking water, at
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Figure 3. Cumulative percentage lameness for birds raised on litter
when challenged with Staphylococcus agnetis 908, or unchallenged birds
in the same room with and without probiotics in the feed, in experiment
2. Treatment groups are as described in Table 1.



Table 2. Total lame, percent lame, and dead non-lame, birds for individual pens for each of the
treatments through 56 d in experiment 2.

Treatment Lame bird count/pen Percentage lame birds/pen Dead nonlame/pen

Pen 1 2 3 4 5 Avg1 1 2 3 4 5 Avg 1 2 3 4 5

Source 32 44 35 42 38.3 6 2.5 64 88 71 84 77 0 0 1 0
Control 26 37 36 28 31.8 6 2.4 52 74 73 56 64 0 0 1 0
GalliProTect 21 21 26 24 27 23.8 6 1.1 43 42 54 48 54 48 1 0 2 0 0
GalliProMax 27 31 29 24 15 25.2 6 2.5 54 65 60 48 30 51 0 2 2 0 0

1Average (Avg) 6 SEM calculated for total lame excluding dead nonlame.
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7 AM on day 20, the hose to the nipple waterers was
attached to an elevated 20L carboy. The bacteria (station-
ary overnight culture) were mixed into tap water in the
carboy to 105CFU/mL.At 7PMonday 21, the nipple sup-
ply was restored to the tap water. All water lines were
flushed with dilute bleach and fresh tap water before any
experiment. Beginning with day 20, all birds were encour-
aged twice per day tomove using standard kitchenbrooms.
Any bird that was reticent tomovewasmarkedwith spray
paint. Birds that were unwilling or unable to walk were
diagnosed as “clinically lame” and euthanized. All birds
that died or were diagnosed as clinical lame were recorded
by date and pen number. Necropsy for BCO lameness was
as described (Wideman, 2016) to assign as either N 5
normal proximal femur head or proximal tibia head; KB
5 kinky back (spondylolisthesis); FHS5 proximal femoral
head separation (epiphyseolysis); FHT5proximal femoral
head transitional degeneration; FHN 5 proximal femoral
head necrosis; THN 5 proximal tibial head necrosis; or
other 5 symptoms other than BCO. Total BCO lame
included all birds diagnosed as having FHS, FHT, FHN,
THN, orKB. Some lame birds were also sampled for bacte-
rial species in blood and BCO lesions as described
(Al-Rubaye et al., 2015; Al-Rubaye et al., 2017). Air sam-
pling used open petri dishes of ChromAgar Orientation
(DRG International, Springfield, NJ). Species identifica-
tion included subculture on ChromAgar Orientation, and
ChromAgarStaphylococcus (DRGInternational) followed
by PCR sequencing of 16S rRNA (Al-Rubaye et al., 2015;
Al-Rubaye et al., 2017).

Transepithelial Electrical Resistance and
Short-Circuit Current

Ileal transepithelial electrical resistance (TEER) and
short-circuit current (SCC) was from 10 apparently
healthy birds from each treatment on day 57. A 5-cm
section of proximal ileum (1 cm distal to Meckel’s diver-
ticulum) was excised from freshly euthanized birds,
Table 3. Generalized linear model P values comparing different
treatments in experiment 2.

Treatment

P values comparing treatment groups1

Control GalliProTect GalliProMax

Source 0.003 0.000000001 0.00000008
Control 0.002 0.02
GalliProTect 0.41

1Experimental unit is individual bird. Birds that died of causes other
than lameness were excluded from the calculations.
rinsed with cold 1! phosphate-buffered saline, and
were transported in fresh Kreb’s buffer (Koltes et al.,
2017) on ice to the main campus (about 5 min), and
analyzed immediately. The TEER and SCC were
measured in the Kreb’s solution in an 8 chamber Navi-
cyte Vertical EasyMount Ussing system (Warner Instru-
ments, Hamden, CT) (Koltes et al., 2017). Data were
captured in Acquire &Analyze revII (Physiologic Instru-
ments, San Diego, CA) over a 20-min period. When all
sample TEER and SCC were stable, an average of
5 min were used for the final data analyses.
Histopathology Analyses

Intestinal samples (3 cm section) for histopathology
were the distal jejunum (1 cm proximal to Meckel’s
diverticulum) and the proximal ileum (1 cm distal to
Meckel’s diverticulum). Sections were collected on day
0
10
20
30

Normal Femoral Head
Separa on

Femoral Head
Transi onal

Femoral Head
Necrosis

Pe
rc

e

Figure 4. (A) Proximal tibial and (B) femoral head lesion diagnoses
for lame birds through the course of experiment 2. Treatments as
described in Figure 3 andTable 1. Percentage of lame birds with the indi-
cated BCO lesion is plotted for each treatment. Abbreviations: R, right;
L, left; BCO, bacterial chondronecrosis with osteomyelitis.



Table 4. Body weights for apparently healthy birds from each treatment on day 56
in experiment 2.

Treatment Average BW kg 6 SEM1

P-value2

Control GalliProTect GalliProMax

Source 4.40 6 0.05 0.021 0.17 0.047
Control 4.14 6 0.07 0.17 0.34
GalliProTect 4.27 6 0.10 0.28
GalliProMax 4.19 6 0.10

1Average from 8 birds.
2P-value computed by a T-test comparing the treatment in the first column to each of the

other treatments.
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57 from euthanized apparently healthy birds. Samples
were flushed with 1! phosphate-buffered saline and
fixed for 1 to 2 d in phosphate-buffered 10% formalin
(Cat# JTM518-3, J.T. Baker). The fixed samples
were processed through the histology laboratory in
the Department of Poultry Science at the University
of Arkansas. Hematoxylin–Eosin stained sections were
imaged on an Olympus inverted scope at 400! using
a CCD camper to display on an LCD monitor. Villus
length was measured on the monitor screen with a flex-
ible ruler. Calibration was based on a stage micrometer.
For villus length and pathology, at least 4 sections were
examined for each tissue for each bird (8–10 birds per
treatment). For each section, villus length was
measured and gross pathology (villus tip integrity)
was scored, on 4 sides (top, left, right, and bottom).
For some sections, villus length and tip integrity could
not be measured on all 4 sides owing to tissue damage in
sectioning.
Statistical Analyses

Data were statistically evaluated using either the
T-test function in Microsoft Excel (Office 365, Micro-
soft Corp., Redmond, WA) or a generalized linear
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Figure 5. Transepithelial electric resistance values for ileum tissue
from apparently healthy birds on day 57 from 3 treatment groups in
experiment 2. Values plotted are averages (error bars are SEM) from
10 birds from each treatment. Indicated P-values are relative to control.
Where treatments share a letter there is no significant difference at
P , 0.05.
model module in R.3.4.2 (https://cran.r-project.org/
bin/windows/base/old/3.4.2/) to produce P-values be-
tween treatments. Significant difference was accepted
at P � 0.05.
RESULTS AND DISCUSSION

In our previous publications, we had reported that S.
agnetis 908 can induce lameness at 80 to 90% for birds
raised on wire flooring (Al-Rubaye et al., 2015;
Al-Rubaye et al., 2017). This work also demonstrated
that S. agnetis 908 can be transmitted from challenged
birds to pen mates for birds raised on wire flooring.
From that work, we hypothesized that contact or aero-
sols could spread the infection. Therefore, for experiment
1, we tested whether S. agnetis 908 administration could
induce BCO lameness for broilers raised on standard
litter flooring. We also tested whether the BCO infection
could be transmitted to broilers in the same environment
but not in direct contact with the challenged birds. For
experiment 1, we had 14 pens of 50 birds in each of 2
treatment groups (n 5 700 birds per treatment), source
and control (Table 1). Source received a challenge with
S. agnetis 908 in drinking water for day 20 and day 21
(Methods), whereas control received no challenge but
was located within the same room. Cumulative lameness
through day 56 shows that birds raised on litter and
administered S. agnetis 908 at 105 CFU/mL in drinking
water for day 20 and day 21 experienced cumulative
lameness at 47% (Figure 1). The unchallenged control
birds in the separated pens experienced a cumulative
lameness of 31%, and the appearance of lameness in
the control birds was delayed by about 5 d relative to
the challenged source birds. The average counts per
pen of lame birds in the source treatment was
23.4 6 0.7 (SEM) and in the control pens lame bird
counts was 15.4 6 1.0 (T-test P-value 5 1.5 ! 1026).
Although we had no negative control population in a
separate facility, typical lameness values for broiler
breeders on litter flooring are usually less than 5%
(Wideman et al., 2012; Wideman et al., 2015;
Wideman, 2016), except in cases of lameness outbreaks
(personal communications from industry sources). The
severity of the BCO lesions in lame birds was very
similar for the source birds and the control birds
(Figure 2). Microbiological sampling of blood and BCO
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Table 5. Relative villus length for the ileum and jejunum for each of 3 treatment groups
in experiment 2.

Region Treatment N1

Villus length (mmol/L) P-value2

Average 6 SEM GalliProTect GalliProMax

Ileum Control 137 1,085 6 19 0.0006 0.000001
Ileum GalliProTect 116 1,174 6 19 0.12
Ileum GalliProMax 139 1,203 6 15
Jejunum Control 118 1,434 6 27 0.04 0.17
Jejunum GalliProTect 120 1,380 6 14 0.0009
Jejunum GalliProMax 107 1,472 6 25

1Number of separate villus length measurements.
2P-values based on unpaired student T-test.
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lesions from the control birds exclusively recovered S.
agnetis. Therefore, the bacteria had spread from the
source to the control birds, as we had found for birds
raised on wire flooring (Al-Rubaye et al., 2015;
Al-Rubaye et al., 2017). In addition, we sampled the
air within the building using 10 open petri plates of
CHROMAgar Orientation. We recovered thousands of
pink colonies that and primarily recovered Staphylo-
coccus saprophyticus but approximately 3% of the col-
onies were S. agnetis. Therefore, the bacterium in the
source birds was being aerosolized within the facility.

Previously, we had tested probiotics and gut health
supplements for protection against BCO lameness for
birds raised on wire flooring (Wideman et al., 2012;
Wideman et al., 2015; Al-Rubaye et al., 2017). Specif-
ically, we had reported that Biomin PoultryStar or Qual-
ity Technology International Incorporated BacPack 2X
(combined prebiotic and probiotic) can reduce incidence
of lameness by approximately 50% for birds raised on
wire flooring (Wideman et al., 2012; Wideman et al.,
2015). However, we later reported that when we chal-
lenged broilers with S. agnetis 908 in the drinking water
at 20 d of age the protective effect of PoultryStar was
overwhelmed (Al-Rubaye et al., 2017). Therefore, we
designed experiment 2 to examine the activity of 2 com-
mercial probiotics, GalliProTect and GalliProMax, for
protective effect against the transmission of S. agnetis
908 induced BCO lameness from a challenged source
treatment (Table 1). There were 4 pens of 50 birds each
in the source (challenged with S. agnetis 908 on normal
feed), and the control (normal feed). There were 5 pens
each for the 2 probiotic products. The experiment was
set up with the source pens “upwind” of the other pens
relative to the exhaust fans. The control, GalliProTect,
and GalliProMax pens were arrayed in a randomized,
block design, and separated from the source pens by
empty pens. Figure 3 shows the cumulative percentage
lameness for the 4 treatments through day 56. Incidence
Table 6.Ruptured villus tip assessment for intestinal p

Treatment Number of birds Birds showing rup

Control 10 7
GalliProTect 9 5
GalliProMax 9 2

1Based on 4 sections from jejunum from each bird.
of lameness in the source population was higher than in
experiment 1 (77% vs. 56%). Experiment 1 was conduct-
ed from April 14 through June 8, 2016, whereas experi-
ment 2 was March 8 through May 3, 2017, so outside
temperatures (data from NOAA website) were milder
during experiment 2 and there were no unusual heat
stresses. The higher incidence of lameness in experiment
2 may reflect increasing contamination of the facility
with S. agnetis 908 through repeated experiments similar
to the increasing lameness with continued experiments on
growth on wire flooring (Al-Rubaye et al., 2017). Howev-
er, the facility is sprayed down with dilute bleach and po-
wer washed between experiments. The lameness
incidence in the control and probiotic treatments were
lower than the source pens and only during the last 4 d
was there separation between the control treatment and
the probiotic treatments, GalliProTect andGalliProMax,
which were equivalent in their protective effect. The pen-
to-pen variation in lame birds was similar within a treat-
ment and nonlameness associated mortality was low
(Table 2). P values for comparisons of the 4 treatments
(Table 3) confirm that lameness in the source treatment
was higher than the 3 other treatments, and that the 2
probiotic treatments were lower than the control treat-
ment (P � 0.02; Table 3). Lameness relative to the con-
trol was reduced by 25% by GalliProTect and 20% by
GalliProMax, but the 2 probiotics were not significantly
different from each other (P5 0.41; Table 3). The distri-
bution of BCO lesion severity was not substantively
different between the 4 treatments (Figure 4) except for
reduced femoral lesion severity in the GalliprotTect for
the left, but not the right, femoral head. We suspect
this is an experimental aberration as we have reported
left/right variability before (Wideman et al., 2012;
Wideman et al., 2013; Gilley et al., 2014; Wideman,
2016; Al-Rubaye et al., 2017). We weighed 8 apparently
healthy birds randomly selected from each of the treat-
ments on day 56 and observed that the source birds
athology for 3 treatment groups in experiment 2.

tured villi1 Percent of sections with ruptured villi1

50
44
14
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were slightly heavier, at least relative to the control and
GalliProMax (Table 4). Whether this difference was
because the extreme disease pressure in the source treat-
ment selected for highly robust birds, or was a statistical
artifact, is not known without further investigation.
We collected intestinal tissue from 10 apparently

healthy birds on day 57 (held over from the end of the
experiment) from the control, GalliProTect, and Galli-
ProMax treatments. The proximal ileum was analyzed
for permeability by TEER and SCC in Ussing chambers.
The SCC was not different across treatments (P-
value 5 0.135). Average SCC for control was
216.08 6 1.82; GalliProText was 211.35 6 1.54; and
GalliProMax was 214.43 6 1.35. The TEER was signif-
icantly higher in GalliProTect and increased but not at
the level of significance in GalliProMax (Figure 5). His-
topathology was conducted on paired samples of the
ileum and jejunum from the same birds for ileal TEER
and SSC. Regions of the ileum and jejunum were also
assessed for villus length and gross pathology
(Materials and Methods). Villus length data are pre-
sented in Table 5. Ileal villus length was significantly
higher (P-value , 0.001) in both probiotic treatments
when compared with the control group. Villus length
in the jejunum was lower than control for the GalliPro-
Tect but higher than control for GalliProMax. We also
scored the jejunum for disrupted villus tips (Table 6).
The control treatment had a higher number of birds
with ruptured villus tips and 50% of the sections had
evidence of ruptured villus tips. GalliProMax had the
fewest birds with ruptured villus tips and the lowest per-
centage of sections with ruptured villus tips.
These experiments were designed to extend our

development of models for investigation of the epidemi-
ology and etiology of BCO lameness in broilers. The
wire-flooring model provides a method for inducing
lameness and established that BCO was the primary
form of lameness induced on wire flooring. Those inves-
tigations yielded a strain of S. agnetis that is the pri-
mary isolate from lame broilers in our facilities when
birds are raised on wire flooring. We now extend the
model using this S. agnetis isolate to demonstrate
that this culture can induce significant levels of lame-
ness in broilers raised on standard litter floors. This
new litter floor model of BCO lameness recapitulates
the lameness outbreaks that can occur in particular
broiler houses where lameness is recorded in one area
of the building and then spreads through the building.
As was found with the wire-flooring model for lameness,
some commercial probiotics can reduce the incidence or
delay the onset of lameness. Probiotics are theorized to
improve gut health and reduce pathogen colonization of
the gut. However, even though we administer S. agnetis
908 in the drinking water to the source birds, the most
likely transmission to the control, and probiotic treated
birds is through aerosols. Therefore, the most likely
route of the infection in those birds is the pulmonary
route. An alternative is that the aerosolized bacteria
contaminates feed or waterers in the other pens and is
consumed rather than inhaled.
CONCLUSIONS

We were the first to report S. agnetis infections in
poultry (Al-Rubaye et al., 2015), and there are few other
reports of S. agnetis isolation from poultry (Poulsen
et al., 2017). Before these reports, S. agnetis had been
first identified in isolations from mastitis in cattle
(Taponen et al., 2012; Calcutt et al., 2014; Adkins
et al., 2017). Phylogenomic analysis of all known
S. agnetis genomes has revealed that the poultry isolates
may have radiated from a clade within the cattle isolates
(Shwani et al., 2020). These analyses have failed to iden-
tify chicken-specific genetic determinants. In recent sur-
veys of BCO lameness outbreaks in Arkansas broiler
operations, we have isolated Staphylococcus aureus,
Staphylococcus hyicus, Enterococcus cecorum, and
Escherichia coli (Ekesi et al., unpublished data). Similar
species of bacteria have been associated with BCO in
other studies (Carnaghan, 1966; Devriese et al., 1972;
Emslie and Nade, 1983; Kibenge et al., 1983; Mutalib
et al., 1983; Griffiths et al., 1984; Julian, 1985; Daum
et al., 1990; Duff, 1990; Hocking, 1992; Butterworth
1999; Butterworth et al., 2001; Ytrehus et al., 2007;
Kense and Landman, 2011; Borst et al., 2015; Alstrup
et al., 2016; Marek et al., 2016; Wideman, 2016).
Whether these other BCO isolates are as virulent as S.
agnetis 908 is not known, nor do we know whether
they can be transmitted as readily as S. agnetis 908 un-
der standard broiler rearing conditions. We have specu-
lated that S. agnetis 908 evolved into a hypervirulent
strain during the years of inducing BCO lameness in
our research facilities. However, similar selection in
broiler grower facilities can also be going on in each
broiler operation. Each broiler operation could be
evolving its own particular strain. This is consistent
with anecdotal evidence from broiler operators that
particular broiler houses have continuing issues with
lameness incidence. The litter-flooring model for BCO
lameness clearly demonstrates that the BCO epidemic
can spread through the air for our S. agnetis model,
and this may be likely for the other BCO-associated bac-
terial species. We have now demonstrated that that pro-
biotics can reduce the spread of the infection through the
air. If the primary spread of the infection is through the
pulmonary route, then either the probiotics are also
being introduced to the pulmonary system or the probi-
otic bacteria are eliciting an enhanced generalized innate
immunity in major epithelial layers.

The wire-flooring model for inducing lameness and the
litter-flooring model for BCO lameness epidemics, pro-
vide avenues to develop strategies and evaluate manage-
ment programs to reduce a continuing animal welfare
concern.
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