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ABSTRACT Extended-spectrum �-lactamases (ESBLs) and plasmid-mediated AmpC
�-lactamases (pAmpC) are enzymes able to hydrolyze a large variety of �-lactam
antibiotics, including third-generation cephalosporins and monobactams. Broilers
and broiler meat products can be highly contaminated with ESBL- and pAmpC-
producing Escherichia coli strains, also known as extended-spectrum cephalosporin
(ESC)-resistant E. coli strains, and can be a source for human infections. As few data
on interventions to reduce the presence of ESC-resistant E. coli in broilers are avail-
able, we used transmission experiments to examine the role of competitive exclu-
sion (CE) on reducing transmission and excretion in broilers. A broiler model to
study the transmission of ESC-resistant E. coli was set up. Day-old chickens were
challenged with an ESBL-producing E. coli strain isolated from healthy broilers in the
Netherlands. Challenged and not challenged chicks were housed together in pairs or
in groups, and ESBL-producing E. coli transmission was monitored via selective cul-
turing of cloacal swab specimens. We observed a statistically significant reduction in
both the transmission and excretion of ESBL-producing E. coli in chicks treated with
the probiotic flora before E. coli challenge compared to the transmission and excre-
tion in untreated controls. In conclusion, our results support the use of competitive
exclusion as an intervention strategy to control ESC-resistant E. coli in the field.

IMPORTANCE Extended-spectrum �-lactamases (ESBLs) and plasmid-mediated AmpC
�-lactamases are a primary cause of resistance to �-lactam antibiotics among members
of the family Enterobacteriaceae in humans, animals, and the environment. Food-
producing animals are not exempt from this, with a high prevalence being seen in broil-
ers, and there is evidence pointing to a possible foodborne source for human contami-
nation. We investigated the effect of administration of a commercial probiotic product
as an intervention to reduce the amount of ESBL-producing Escherichia coli in broilers.
Our results showed a substantial reduction in the level of colonization of broiler intes-
tines by ESBL-producing E. coli after administration of commercial probiotic product. The
protective effect provided by these probiotics could be implemented on a larger scale in
poultry production. Reductions in the levels of ESBL-producing Enterobacteriaceae in the
food chain would considerably benefit public health.
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Extended-spectrum �-lactamases (ESBLs) and plasmid-mediated AmpC �-lactamases
(pAmpC) are enzymes able to hydrolyze a large variety of �-lactam antibiotics,

including third-generation cephalosporins and monobactams (1). Numerous enzymes
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have been described to date, including the most clinically significant variants involved
in �-lactam resistance in Enterobacteriaceae: blaCTX-M (2), blaSHV (3), blaTEM (4), and
blaCMY (5). The successful spread of ESBLs and pAmpCs has been explained by the
effective association of �-lactamase genes with conjugative plasmids (6) that drove the
dissemination of these enzymes to virtually all ecological niches in the last few
decades (7).

Among the members of the Enterobacteriaceae, extended-spectrum cephalosporin
(ESC)-resistant Escherichia coli isolates are the most frequently found ESBL or pAmpC
producers in livestock (8, 9). Several studies reported the dissemination of multidrug-
resistant and ESC-resistant E. coli strains in poultry all over Europe (10–13). Although
these bacteria rarely pose a direct risk to animal health, indirect evidence pointed to a
possible foodborne source for human colonization (14) as early as the 1970s (15, 16).
Due to intestinal carriage and the high levels of contamination of retail meat (17–19),
poultry has been indicated to be an E. coli reservoir for humans (20).

Broiler chicken meat is the final product of a complex poultry production pyramid.
Recent studies carried out in the Netherlands, Sweden, and Switzerland have reported
ESC-resistant Enterobacteriaceae, including E. coli, to be present at the top of the
pyramid and to be vertically transmitted, despite the absence of a clear selective
pressure (21–23). While the top of the pyramid still has a relatively low prevalence of
ESC-resistant E. coli, these bacteria can enter the production chain from the environ-
ment at all levels, resulting in a variably exposed production system (24–26). Control or
complete removal of ESC-resistant E. coli has become a major goal in poultry produc-
tion.

In addition to the use of good manufacturing practices, intervention strategies
applied to control Campylobacter and Salmonella (27–30) have seen their first applica-
tions in controlling ESC-resistant E. coli in the poultry production system in recent years.
The reduction of ESC-resistant E. coli has been associated with the use of acidified
drinking water as the sole drinking water source in a risk factor study in Belgian broiler
farms (31). Competitive exclusion (CE) is defined as the protective effect of a natural
intestinal bacterial flora in limiting colonization with certain bacterial pathogens (32). In
broiler studies, CE is achieved by the administration of probiotics, i.e., live microorgan-
isms which, when administered in adequate amounts, confer a health benefit on the
host (33). Several commercial probiotic products have been developed to reestablish
the normal intestinal bacteria of poultry, and a few have been applied to control
ESC-resistant or pathogenic E. coli. Nuotio and colleagues have shown a substantial
reduction in the levels of colonization of broiler ceca with ESBL-producing E. coli as a
result of the use of the Broilact product in young broiler chickens (34). A reduction in
the level of colonization with pathogenic E. coli bacteria was also demonstrated to be
an effect of commercial CE culture administration in day-old broilers (35).

As of today, little knowledge about the transmission dynamics of ESC-resistant E. coli
in broilers is available. Huijbers and colleagues reported the results of the first longi-
tudinal study conducted on an organic broiler farm and explored the effect of direct
broiler contact relative to the environment on ESC-resistant E. coli transmission (13). The
aim of our study was to set up an in vivo broiler model to study ESC-resistant E. coli
transmission and to analyze the role of competitive exclusion on preventing this
transmission in broilers. Competitive exclusion by the Aviguard product was chosen as
an intervention strategy on the basis of its ability to reduce the number of Salmonella
and pathogenic E. coli challenge organisms in the cecal content of broiler chicks
(35–37). Aviguard is a commercial freeze-dried fermentation product derived from
healthy, pathogen-free birds (http://www.msd-animal-health.co.za/products/aviguard/
020_product_details.aspx). It contains a mixture of live, commensal, partially charac-
terized bacteria for use as a spray treatment or drinking water application for poultry
for establishment or reestablishment of the normal intestinal bacteria of poultry.

The aim of this work was to set up an animal trial to study the rates of transmission
of ESC-resistant E. coli among broilers and test the effect of Aviguard treatment on the
transmission in chick pairs and groups.
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RESULTS
Transmission of ESBL-producing E. coli in chick pairs. Transmission experiments

with challenged and susceptible (S) chick pairs were performed to study the rate of
direct transmission of ESBL-producing E. coli and to set up a baseline for future trials.
The experimental setup also enabled the study of indirect contact transmission (via
droplets and/or aerosols) between cages thanks to the presence of sentinel chicks
housed in the same pen (Fig. 1A). ESBL-producing E. coli transmission was investigated
in both infectious (I) and S chicks over a period of 13 days from the time of challenge

FIG 1 Schematic representation of the animal trials used to monitor the ESBL-producing E. coli transmission rate. (A) Representation of one round of trials with
animal pairs. Each pen consisted of 4 pairs of I chicks and S chicks and 2 pairs of sentinel (Se) chicks, for a total of 6 cages per pen. (B) Representation of one
round of group trials. Five challenged (I) chicks were housed together with 5 susceptible (S) chicks inside a cage in each pen; each group (treated and control
groups) was housed in separate pens. Red, challenged (I) chicks; gray, susceptible or sentinel chicks. The schematic representation is not to scale. For details
on cage size, distances, and ventilation, refer to “Chickens and housing conditions” in Materials and Methods.
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of I chicks on day 1 (D1) (Table 1). All I chicks were successfully colonized, and all started
shedding ESBL-producing E. coli within 24 h after challenge (D2; Table 1). The presence
of ESBL-producing E. coli was already detected in S chicks after 24 h from the time that
they were housed together with I chicks (D5, 1st sampling time point; Table 1).
Estimation of the transmission rate parameter � yielded a value of 1.33 per day (95%
confidence interval [CI], 0.600 to 2.51). These trials confirmed that ESBL-producing E.
coli quickly spread within chicks, and all of them were positive for ESBL-producing E.
coli at the end of the trial (D13; Table 1).

ESBL-producing E. coli indirect transmission to sentinel chicks placed in separate
cages in the same pen as I and S chicks on day 4 was investigated. Initial cloacal swab
specimens were negative for all sentinel chicks. For the duration of the study, fresh
mixed droppings from each cage with sentinel chicks were analyzed, and a fluctuation
in the presence of ESBL-producing E. coli was observed (D6 to D13; Table 1). At the end
of the trial, three out of four sentinel chicks in pen 2 were colonized with ESBL-
producing E. coli, whereas all four sentinel chicks in pen 1 remained negative.

Competitive exclusion has an effect in reducing ESBL-producing E. coli trans-
mission and excretion. Competitive exclusion was investigated to understand its
potential role in reducing excretion and the rate of transmission of ESBL-producing E.
coli. Probiotic flora was administered to the chicks 24 h before challenge (D0) with
ESBL-producing E. coli (D1) since in previous experimental trials probiotic administra-
tion after challenge resulted in no effect on transmission (unpublished data).

To have a comprehensive idea of the different effects on excretion and susceptibility
to colonization, competitive flora was administered to I and S chicks, only I chicks, and
only S chicks in three separate groups (Fig. 1B). The results of detection of ESBL-
producing E. coli in the three groups during transmission experiments in the presence
or absence of competitive exclusion are presented in Table 2. Aviguard reduced the
rates of transmission of ESBL-producing E. coli. Competitive exclusion was effective
when I chicks were treated alone or together with S chicks, as the transmission rate in
these groups significantly differed from that in the control group (P � 0.001 for both)
(Table 3). Although the transmission rate was reduced by probiotic treatment only in S
chicks (� � 4.68; 95% CI, 2.09 to 9.95), there was no significant difference in the
transmission rate from that for the control group (� � ∞; 95% CI, 4.53 to ∞). Similar
effects were observed for the excretion of ESBL-producing E. coli, as shown in Fig. 2. The
median of the average excretion for the control group was 5.68 CFU/g feces, whereas
those for the treated groups were 1.17 CFU/g feces (I and S chicks), 2.22 CFU/g feces
(I chicks), and 3.86 CFU/g feces (S chicks); the medians for the groups were significantly
different {H(3) � 51.8 [H(3) is the nonparametric Kruskal-Wallis test parameter; see
Materials and Methods], P � 0.001}. Pairwise comparison of results for the treated
groups with those for the control group showed a significant difference between the
medians for all treated groups and the control group (W � 4 for I and S chicks, W �

7 for I chicks, and W � 38 for S chicks [W is the Wilcoxon parameter; see Materials and
Methods]; P � 0.001 for all groups).

DISCUSSION

By early administration of nonpathogenic strains belonging to the normal intestinal
bacteria, competitive exclusion prevents colonization of the gut of broilers with tran-
sient harmful bacteria. This approach has proved to be effective in terms of limiting
colonization of broilers with pathogenic E. coli strains (35, 38, 39) as well as Salmonella
(40). Similar results were obtained in studies to control colonization with and shedding
of different nonpathogenic ESC-resistant E. coli strains in the ceca of broilers (34).

Based on these preliminary results, we set up an in vivo animal model and trials
longer than 1 week, as suggested by Nuotio and colleagues (34), in order to observe the
extension of the protective effect of competitive exclusion and its effect on transmis-
sion to control ESBL-producing E. coli in broilers. The use of an E. coli strain carrying
blaCTX-M-1 on an IncI1 plasmid (41), which is known to be the most prevalent plasmid-
ESBL gene association in broilers, was the option closest to the real situation in the field.
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Our study reports the effect of competitive exclusion on the transmission of ESBL-
producing E. coli between broilers.

ESBL-producing E. coli isolates spread between chick pairs throughout the trial, with
the final rate of colonization of the birds being 100%. ESBL-producing E. coli isolates
easily spread between the cages in one pen, indicating that indirect transmission
between subgroups of physically separated chickens occurred. Due to this cross-
contamination, only one group was housed per pen for the follow-up group trials.

ESBL-producing E. coli excretion was significantly reduced in groups treated with
Aviguard (I and S birds or I birds) compared to that in the control groups, with medians
decreasing from 5.68 to 1.17 CFU/g feces. This may lead to a significant reduction in the
rate of shedding of ESBL-producing E. coli in the environment and represents a

TABLE 1 Detection and quantification of ESBL-producing E. coli in pairsa

aDifferent shades of gray indicate the concentration of ESBL-producing E. coli, expressed as the log10 number of CFU per gram of
feces; darker colors correspond to higher ESBL-producing E. coli concentrations. I, infected and infectious, ESBL-producing E. coli-
challenged chick; S, susceptible chick; ND, not determined; � or � for sentinel chicks, the presence or absence of ESBL-producing
E. coli in mixed droppings of sentinel chicks, respectively (�/� represent the results for each sentinel chick in the pair); §, D1 is
the day of ESBL-producing E. coli challenge of 5-day-old chicks; cloacal swab specimens were taken right before challenge; �, 0
values for I or S chicks are not expressed as the log10 number of CFU per gram of feces but indicate no ESBL-producing E. coli
detection; ¥, from D4, S, I, and sentinel chicks were housed together; #, days 4 to 6 each had two sampling points (9 a.m. and 4
p.m.); �, sentinel chicks were housed in pairs in one cage; results are derived from two mixed droppings from two sentinel
chicks, unless otherwise stated; *, single cloacal swab specimens were taken from each sentinel chick per pair.
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TABLE 2 Detection and quantification of ESBL-producing E. coli in groups treated by use
of competitive exclusiona

(Continued on next page)
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TABLE 2 (Continued)

aDifferent shades of gray indicate the concentration of ESBL-producing E. coli, expressed as the log10

number of CFU per gram of feces; darker colors correspond to higher concentrations of ESBL-producing E.
coli bacteria. I, infected or infectious, ESBL-producing E. coli-challenged chick; S, susceptible chick; ND, not
determined. �, group indicates if Aviguard was administered to I and/or S chicks; control groups were
administered the ESBL-producing E. coli challenge strain only on D1; �, 0 values for I or S chicks are not
expressed as the log10 number of CFU per gram feces but indicate no ESBL-producing E. coli detection; §,
D0 is the day of Aviguard administration; cloacal swab specimens were taken right before administration; #,
D1 is the day of ESBL-producing E. coli challenge; cloacal swab specimens were taken right before
challenge; ¥, on D1, at 1 h after challenge, I chicks were housed together with S chicks; *, days 1 to 3 had
each two sampling points (9 a.m. and 4 p.m.); †, the bird died.
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promising result for reduced exposure of humans and other animals to ESBL-producing
E coli.

Competitive exclusion strongly reduced the transmission rate parameter �, which
corresponds to the number of birds infected by one infectious bird per unit of time
(Table 3). However, despite the reduction of �, during the trial ESBL-producing E. coli
could still spread to the majority of chickens in the flock due to the long period of
excretion from individual birds. The effect on both excretion and transmission was
larger when challenged birds (I birds or I and S birds) were treated beforehand than
when only susceptible (S) birds were treated, indicating that the effect of competitive
exclusion depends more on the reduced shedding of I birds than on the reduced
susceptibility of S birds. Translating these results to a practical level, since birds carrying
ESBL-producing E. coli cannot be recognized in a flock, treatment of all birds should be
pursued as soon as possible before the first uptake of ESBL-producing E. coli occurs, i.e.,
at very early stages of the production chain, ideally, at the hatchery.

Although different animal trials (with Broilact versus Aviguard, 5 versus 14 days of
follow-up, and various challenge strains) were set up, our results are in line with the
overall reduction in the amounts of E. coli (35, 39) or ESBL-producing E. coli (34)
observed in broilers treated by use of the competitive exclusion strategy. In our study,
both transmission and excretion were calculated and shown to be reduced by com-
petitive exclusion, whereas previous studies analyzed only E. coli colonization rates,

TABLE 3 Effect of competitive exclusion on rate of ESBL-producing E. coli transmission in
broilers

Groupa �b (day�1) 95% CIc

Control ∞ 4.53–∞
I and S 0.669* 0.334–1.18
I 0.331* 0.151–0.617
S 4.68 2.09–9.95
aGroup indicates whether Aviguard was administered to I and/or S chicks. Control groups were not treated
with Aviguard.

b�, transmission rate parameter; *, � was significantly different between the treatment and control groups
(P � 0.001).

cCI, confidence interval.

FIG 2 Effect of competitive exclusion on the excretion of ESBL-producing E. coli in broilers. The plot
shows the average level of excretion per chicken for the different groups, each with a control group and
three treated groups (I chicks, S chicks, and I and S chicks). The heavy line indicates the median; the box
extends from the lower to the upper quartile; the whiskers extend from the box to show the range of
the data, with the maximum being 1.5 times the box length; the small circle indicates an outlier in the
control group.
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which did not allow a direct comparison of different parameters. As previously sug-
gested (42), the effectiveness of competitive exclusion might rely on different adhesive
and/or metabolic properties of the bacterial flora, but further studies in this direction,
specifically, studies of E. coli-versus-E. coli competition, should be pursued.

In conclusion, these transmission experiments demonstrated that competitive ex-
clusion has a clear effect in reducing the transmission of ESBL-producing E. coli in
broilers under controlled conditions. The information gathered in the present work
provides a starting point for controlling ESBL-producing E. coli dissemination in broilers
through probiotic administration. Our results point out that the use of probiotics alone
will not be enough to completely control ESBL-producing E. coli dissemination and that
a multimeasure approach will be needed. As we are aware of the differences between
controlled trial conditions and field conditions and the necessity to evaluate the effect
on different or multiple E. coli strains, which would represent the real scenario in a
broiler gut, the next step will be to investigate the effectiveness of this strategy in the
field, ideally, along different steps of the poultry production pyramid. Interventions
aimed at reducing or completely removing ESBL-producing E. coli should be focused at
the top of the pyramid but also at measures to prevent reintroduction from the
environment. As we know that competitive exclusion is effective only before ESBL-
producing E. coli colonization, it remains a challenge whether the same results will be
achieved since contact with ESC-resistant E. coli can occur as early as in the hatchery.

MATERIALS AND METHODS
E. coli challenge. E. coli strain E75.01/pE38.27 (multilocus sequence type 539), which carries the ESBL

gene blaCTX-M-1 on an IncI1 plasmid and which is resistant to ciprofloxacin and cefotaxime (41), was used
to challenge the chicks in all transmission experiments. MacConkey agar (product no. 212123; Becton
Dickinson) was used to culture the E. coli challenge strain. The ciprofloxacin (1 mg/liter) and cefotaxime
(1 mg/liter) used for selective plating throughout the study were obtained from Sigma-Aldrich (Poole,
Dorset, UK). Challenged birds were inoculated with 0.5 ml of a 106- or 108-CFU/ml dilution of the
inoculum strain prepared in saline solution, which was administered in the crop through the beak with
a blunt needle (see “Experimental design to estimate transmission rates in pairs” and “Experimental
design to evaluate competitive exclusion treatment in groups” below for details). E. coli E75.01/pE38.27
was cultured on heart infusion agar (HIS) with 5% sheep blood (Becton Dickinson GmbH, Heidelberg,
Germany) supplemented with cefotaxime and ciprofloxacin (1 mg/liter each).

Cloacal swab and manure sample analysis. Cloacal swab samples, obtained using sterile dry cotton
swabs, were analyzed individually and were weighed before and after sampling to determine the amount
of feces collected. Each swab was suspended in 1 ml saline solution (0.85% NaCl), and to quantify the
number of CFU of ESBL-producing E. coli, a 10-fold dilution series (10�1 to 10�5) was prepared in saline
solution by inoculating 10 �l of each dilution on MacConkey plates with cefotaxime and ciprofloxacin (1
mg/liter each), which were incubated overnight (O/N) at 37°C. A semiquantitative method was used, and
on the basis of the highest dilution from which E. coli growth was observed and the amount of feces on
the swabs, the number of CFU per gram of feces was calculated. The average weight of the fecal samples
on the cloacal swab specimens taken from chicks ranged from 0.004 to 0.268 g.

To confirm the results for samples negative by quantification analysis, we also performed O/N
enrichment by adding 100 �l of the original swab specimen suspension to 3 ml Luria-Bertani broth (LB)
with cefotaxime and ciprofloxacin (1 mg/liter each) for O/N selective enrichment at 37°C. If the
quantification result was negative and the enrichment culture result was positive, the value for the
sample was reported with a � symbol and corrected for the amount of feces on the swab. If
the quantification and enrichment results were negative, the value for the sample was reported to be 0.

Droppings collected from sentinel chicks in experiments with pairs of chicks were screened by
resuspending 1 g of manure (fecal material only, no litter) in 9 ml peptone-glycerol, followed by
inoculation of 10 �l on MacConkey plates with cefotaxime and ciprofloxacin (1 mg/liter each) and O/N
incubation at 37°C. Results were defined as positive or negative for the presence or absence of the
ESBL-producing E. coli challenge strain.

Chickens and housing conditions. Eighteen-day-old embryonated eggs from a specific-pathogen-
free (SPF) broiler parent flock were hatched at the experimental facility. The absence of ESBL-producing
Enterobacteriaceae in the flock was confirmed. Directly after the chicks hatched, egg shells and hatching
papers were tested for the absence of ESBL. Chicks were tested for the absence of ESBL-producing
Enterobacteriaceae by the collection of cloacal swab specimens on different days after hatching, de-
pending on the animal trial setup.

Animal trials were performed in controlled pens (4.70 m by 7.40 m) inside experimental facilities.
Every pen had its own separate preroom where the researchers changed their clothes and shoes before
entering the pen. Cleaning and disinfection of the room and preroom with formaldehyde, including the
chicken cages, feeders, and drinkers, were performed before each trial. After disinfection, the floors, walls,
cages, feed, and drinking equipment were swabbed with sterile swabs soaked in sterile phosphate-
buffered saline (PBS) and tested for the absence of Enterobacteriaceae as indicators of external contam-
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ination. Controlled ventilation in the experimental facility was ensured by the use of air intakes equipped
with HEPA filters. Cages were placed on the pen floor, and the floor of the cages was covered with wood
shavings. The researchers changed their gloves for sterile gloves between evaluations of chick pairs and
changed their clothes between evaluations of pens, and once a day the floor between the cages was
disinfected with a Sumatab D4 (JohnsonDiversey, Utrecht, the Netherlands) solution (2 tablets/10 liters
water).

In the trials with chick pairs, six cages (0.75 m by 0.75 m by 0.50 m) with two chicks each were housed
in one pen of the experimental facility at a distance of 1 to 2 m from each other (Fig. 1A). In the group
trials, only one cage (density, 17 chickens/m2) with 10 chicks (5 S chicks and 5 I chicks) was housed per
pen to prevent transmission from one group to another (Fig. 1B).

Day-old chickens received gamma-irradiated commercial feed without coccidiostats; feed and water
were available ad libitum during all animal trials. Water was supplied using height-adjustable drinking
cups connected to a separate reservoir for each cage, and feed was supplied in a closed feed pan with
openings for eating. Chicks were euthanized by means of injection of an overdose of pentobarbital (75
to 100 mg/kg of body weight, or approximately 0.4 to 0.5 ml/kg) in the wing vein.

Experimental design to estimate transmission rates in pairs. Twenty-four 18-day-old embryo-
nated eggs were hatched at the experimental facility. Chicks were tested for the absence of ESBL-
producing Enterobacteriaceae on days 1 and 3 after hatching. On day 1 of the transmission experiment
(day 5 after hatching), eight chicks were challenged with 0.5 ml containing 108 CFU/ml the ESBL-
producing E. coli inoculum strain, and cloacal swab specimens were taken on days 2 and 3 to confirm
excretion of the challenge strain. From here on, all chicks challenged with the ESBL-producing E. coli
strain are referred to as infectious (I) for statistical analysis of the transmission model (see “Statistical
analysis” below for a further explanation). On day 4 after challenge, eight I chicks were paired with eight
susceptible (S) chicks and housed in separate groups in two separate pens, each consisting of 4 pairs (1
I chick and 1 S chick; i.e., the number of chicks [n] equals 2). Also on day 4 after challenge, two pairs of
sentinel chicks were placed in two cages in the same pen with the 4 I chick and S chick pairs to check
for transmission between cages. In total, 6 cages were present in each experimental pen (see Fig. 1A for
a schematic representation). I and S chicks were monitored by taking cloacal swab specimens daily,
whereas fresh droppings were taken daily from the litter of sentinel chicks. Cloacal swab specimens were
taken from the sentinel chicks on days 4 and 13 of the study. Sentinel chicks were always sampled first,
followed by S chicks and then I chicks. The experiment was terminated 13 days after challenge.

Experimental design to evaluate competitive exclusion treatment in groups. Aviguard is a
commercial competitive exclusion product (MSD Animal Health Nederland, Boxmeer, the Netherlands),
consists of a natural, lyophilized intestinal microflora derived from SPF chicks, and is manufactured by
fermentation. Aviguard was suspended in water according to the manufacturer’s instructions, and 0.5 ml was
administered to the chickens with a crop needle. The absence of ESBL-producing Enterobacteriaceae in
Aviguard was tested by resuspending 1 g lyophilized powder in 9 ml peptone-glycerol, plating the suspension
on MacConkey plates with cefotaxime and ciprofloxacin (1 mg/liter each), and incubating O/N at 37°C.

Each trial consisted of a control group (5 I chicks and 5 S chicks challenged with E. coli but not treated with
Aviguard) and three treatment groups (5 I chicks and 5 S chicks challenged with E. coli and treated with
Aviguard). Birds in the control and treatment groups were placed in different pens (see Fig. 1B for a schematic
representation). Aviguard was administered on day 0 of the animal trial, before E. coli challenge, either to I
chicks only (group I), to S chicks only (group S), or to both I and S chicks (group I and S). D0 of the animal trial
corresponded to the day after hatching (chicks were a maximum of 24 h old and had not yet received any
feed), when the birds were moved from the hatching unit to the experimental facility, mimicking what
happens in real life when they are moved from the hatchery to the farm. On day 1 of the animal trial, I chicks
were challenged with the ESBL-producing E. coli strain (0.5 ml containing 106 CFU/ml), and at 1 h after
challenge, they were placed in the experimental pen with the S chicks. All chicks were monitored for ESBL
carriage by the collection of cloacal swab specimens twice a day on days 1 to 3 (9 a.m. and 4 p.m.), once a
day from days 4 to 9, and on days 11 and 14. The experiment was terminated on day 14. The trial was
performed in duplicate (rounds 1 and 2; Table 2) at different times.

Statistical analysis. The aim of the transmission experiments was to quantify the rate of transmission
(parameter �) of ESBL-producing E. coli between birds and the effects of intervention on the transmission rate.
The transmission rate parameter � is defined as the mean number of new infections produced by a typical
infectious individual per unit of time. The results of transmission experiments have previously been analyzed
using generalized linear models (43, 44); however, we choose to use a maximum likelihood estimation with
a more realistic transmission model. For the benefit of the transmission model, all chicks challenged with the
ESBL-producing E. coli strain are referred to as infectious (I), but this should be interpreted as indicating that
the birds were colonized by ESBL-producing E. coli and did not have a microbiological infection. Briefly, the
analysis of the transmission experiment was based on a stochastic SEIR transmission model, in which
individuals are either susceptible (S), latently infected (i.e., infected but not yet infectious) (E), or infected and
infectious (I) and recovered (R). Within this model, a chick remains infectious after the first positive samples
until the last positive sample. After the last positive sample, the chick is assumed to be noninfectious and not
susceptible. The rate of infection acquisition per bird per day (also called the force of infection) was calculated
by adding the transmission rate parameter � for all infectious birds. Differently from previous methods (43,
44), we did not assume that birds were infectious from the moment of the first positive sample but assumed
that the transition to the infectious class was uniformly distributed within an interval. The force of infection
toward susceptible birds was calculated by use of the start of the infectious period, taken from a uniform
distribution between the time of the last negative sample (tnegative) and the time of the first positive sample
(tpositive). To allow for a latency period between day 0 and 0.5, we recalculated this interval by subtracting 0.5
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day (the maximum latency period [lmax]) from the moment of the last negative sample and 0 day (the
minimum latency period [lmin]) from the moment of the first positive sample. This more complicated model
was fitted to the data with a maximum likelihood method (see the Appendix for mathematical details). All
calculations were coded in Mathematica (version 7) (45).

To compare the excretion of ESBL-producing E. coli by the chicks in the different groups, the average level
of excretion per chick over all samples during the experiment was calculated and is given as the log10 number
of CFU per gram of feces. To test for differences between the different groups, the nonparametric Kruskal-
Wallis test was performed [defined by value H(3), where 3 represents the degrees of freedom], and pairwise
comparisons between the groups were made by a Wilcoxon test (defined by value W), because of the
nonnormality of the data. The P values were adjusted using the Bonferroni method.

Ethics of experimentation. The study plan describing the animal trials (number 2013094.b) was
approved by the Ethical Review Committee (ERC) of Wageningen Bioveterinary Research in accordance
with the Act on Experimental Animals.

APPENDIX
Estimation of transmission rate parameter �. The analysis of the transmission

experiments is based upon the stochastic SEIR model. Each susceptible bird can transit
from state S to state E with a certain probability. The rate of this transition [�(t)] is the
sum of the force of infection produced by n individual infectious birds.

��t� � �
i�1

n

�i�t� (1)

The force of infection [�(t)] incorporates the contagiousness of infectious birds, i.e.,
how likely it is that an infectious bird would contaminate another bird with the
ESBL-producing E. coli strain, and the susceptibility of susceptible birds, i.e., how likely
it is that a bird would become colonized after contamination with an ESBL-producing
E. coli strain. In this appendix, we use the slightly inadequate terminology of “infection”
to indicate the process of contamination and colonization.

In our model, we assumed that a bird becomes infectious somewhere during an
interval, indicated by (tnegative, tpositive), and assuming that this occurs with a uniform
distribution, this is equivalent to assuming a linear increase in the force of infection
produced by this single bird. The force of infection produced by an infected bird i in a
group of n birds at a certain time t is

�i�t� �

0 if t � tnegative

�

n

t � tnegative

tpositive � tnegative
if tnegative � t � tpositive

�

N
if tpositive � t

(2)

This is a linear interpolation between the time of the last negative sample and the time
of the first positive sample of chick i. The boundaries of the interval, (tE1, tE2), are
determined by these sample times and a preset range of the latency period (lmin, lmax),
with tE1 � tnegative � lmax and tE2 � tpositive � lmin. The probability of transition from
the susceptible state (S) to the exposed state (E) in the aforementioned interval of (tE1,
tE2) for a specific bird is determined by multiplication of the probability (Pr) of not being
infected since the time of first contact with infectious birds (tFC) and being infected
during the interval (tE1,tE2):

Pr�Si → Ei, tE2 � tE1� � exp���
tFC

tE1

��t�dt�
Pr. not being infected before tE1

· �1 � exp���
tE1

tE2

��t�dt��
Pr. infected between tE1 and tE1

(3)

If we observe in total C transitions from negative to positive samples, the log-
likelihood function of these observations, ln[L(�)], is

ln�L���	 � �
i�c

ln�exp
��
tFCi

tE1i

��t�dt� · �1 � exp
��
tE1i

tE2i

��t�dt�
� (4)

The log-likelihood function is maximized for the point estimate of �, and the 95%
confidence intervals are calculated on the basis of a 	1

2 distribution of the difference
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with the log likelihood at the maximum likelihood estimator and any other value of the
log-likelihood function. The confidence interval is found for those values, where the
log-likelihood function equals 0.05 for the 	1

2 distribution.
Hypothesis testing was done using the likelihood ratio (�) test, for which the test

statistic is then given by

ln�
� � 2�ln�L���exp1	 � ln�L���exp2	� � ln�L���exp1�exp2	 (5)

This test statistic is approximately 	1
2 distributed.
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