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Abstract: Livestock animals, especially poultry, are a known reservoir for extended-spectrum beta-
lactamase (ESBL)-producing Escherichia coli (E. coli). They may enter the pen either via positive
day-old chicks or via the environment. We developed a mathematical model to illustrate the entry and
dissemination of resistant bacteria in a broiler pen during one fattening period in order to investigate
the effectiveness of intervention measures on this infection process. Different management measures,
such as varying amounts of litter, a slow-growing breed or lower stocking densities, were tested for
their effects on broiler colonization. We also calculated the impact of products that may influence the
microbiota in the chicks’ digestive tract, such as pre- or probiotics, feed supplements or competitive
exclusion products. Our model outcomes show that a contaminated pen or positive chicks at the
beginning of the fattening period can infect the entire flock. Increasing the amount of litter and
decreasing the stocking density were shown to be effective in our model. Differences in the route
of entry were found: if the chicks are already positive, the litter quantity must be increased to at
least six times the standard of 1000 g/ m?2, whereas, if the pen is contaminated on the first day, three
times the litter quantity is sufficient. A reduced stocking density of 20 kg/m? had a significant effect
on the incidence of infection only in a previously contaminated pen. Combinations of two or three
measures were effective in both scenarios; similarly, feed additives may be beneficial in reducing the
growth rate of ESBL-producing E. coli. This model is a valuable tool for evaluating interventions to
reduce the transmission and spread of resistant bacteria in broiler houses. However, data are still
needed to optimize the model, such as growth rates or survival data of ESBL-producing E. coli in
different environments.
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1. Introduction

Antibiotics are important drugs for curing bacterial infections. Resistance to these
therapeutics hampers proper treatment. Organisms resistant to antimicrobial agents are
found in humans, animals, food, plants and in the environment (the water, soil and
air) [1-5]. They can be spread from human to human or from animal to human [6-8] or
via food of animal origin or the environment [9-12]. As antimicrobial resistance (AMR) is
considered a global threat to human health, the World Health Organization has developed
a global action plan on AMR [13]. To combat AMR, all sectors need to take action. As
regards exposure through the farm-to-fork continuum, measures on the level of livestock
farming may reduce the spread of antibiotic resistance and transmission from animals
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to humans. A known reservoir of extended-spectrum beta-lactamase producing E. coli,
resistant against penicillins and cephalosporins of the first to the third generation, is
livestock, particularly poultry [14]. Due to the high prevalence of ESBL in broiler farms in
Europe [10,15] and in fresh retail chicken meat [16,17], it is necessary to investigate measures
against ESBL-producing E. coli along the entire poultry production chain. Starting from
the hatchery [18-20], the fattening farm [21-25], the slaughterhouse [26-29] and even the
manure applied as fertilizer to agricultural land [30,31], studies have been conducted.

Current results indicate that the efficacy of the measures is quite variable. Becker et al. [32]
reviewed current knowledge on the effectiveness of three different intervention measures:
“cleaning and disinfection”, “feed additives” and “competitive exclusion”. They found
studies showing a small effect (“feed additives”) and others with a potentially strong impact
(“cleaning and disinfection” and “competitive exclusion”) on the incidence of ESBL/AmpC-
producing E. coli in poultry. Robé et al. [21] investigated the measures “increased amount
of litter in the pen”, “reduced stocking density” and “the use of an alternative broiler
breed” in an experimental setting. They measured negligible effects on the magnitude of
colonization of the broilers with both strains, the ESBL and the pAmpC-producing E. coli to
which the birds were exposed.

Mathematical models are valuable tools to comprehend the transmission of resistant or-
ganisms [33] or to determine the efficacy of mitigation strategies [34], because they are com-
paratively inexpensive and can compute many experiments in a short time. For example,
Huijbers et al. [35] quantified transmission by using a susceptible-infectious—susceptible
(SIS) model. In 2018, Plaza-Rodriguez et al. [36] described the transmission dynamics of
ESBL/AmpC E. coli along the entire broiler production chain. Correia-Carreira et al. [37]
modeled interventions in the slaughterhouse. Other models address the development
and spread of AMR in humans, pigs or other animals [38]. To our knowledge, there is
currently no mathematical model that simulates the dissemination of resistant E. coli in
broiler fattening farms with the aim of studying the effectiveness of management practices
and other interventions. Therefore, we modeled the ingestion and colonization of chickens
with ESBL-producing E. coli, as well as its spread in a broiler pen and, finally, measures to
reduce this infection process.

2. Materials and Methods
2.1. Mathematical Model

We developed a probabilistic model for the transmission and spread of ESBL-producing
E. coli in a pen of a chicken-fattening farm. More precisely, it is a mechanistic model which
stochastically calculates the growth of ESBL-producing E. coli in the pen and in the gas-
trointestinal tract of the broilers during a fattening period. The mechanistic model on
Salmonella in pig-fattening farms [39] and the deterministic bacterial population model
from Graesbgll and colleagues on multiple bacterial strains in pigs [40] served as the basis
for the development of our model described here.

The model was written in R version 4.1.1 [41]; all data were also analyzed and plotted
by using R.

Our model simulates a fictitious pen (one room) with ESBL-positive or negative
chickens picking up feed, as well as potentially contaminated bedding material. The
bacteria multiply in the gastrointestinal tract and are excreted into the litter. In the model,
transmission of the bacteria from chicken to chicken occurs via the litter, i.e., excreted
bacteria in the litter are picked up by the chickens.

The following three processes are modeled (see Figure 1) to describe what happens to
ESBL-producing E. coli during the course of a day:

1. Intake: feed, water and bedding material (including bacteria, Njng) are ingested.

2. Growth: ESBL-producing E. coli grow in the chick’s intestinal tract (Njnt).
3. Excretion: Intestinal ESBLs were excreted with the feces (Ngec)-
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to ESBL—producin;g E. coli_during the course of a day:

1. Intake: feed, water and bedding material (including bacteria, Ning) are ingested.
2. Growth: ESBL-producing E. coli grow in the chick’s intestinal tract (Nint).
3.  Excretion: Intestinal ESBLs were excreted with the feces (Nrec).

The bacteria, excreted with the feces, accumulate in the litter and spread in thé }%fe%%

(Niit). Some of this contaminated bedding material is picked up again by the chicks.
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subtracted.

2.2. Modeling the Processes
2.2.1. Uptake of ESBL-Producing E. coli

The chickens entering the pen can be negative or ESBL-positive from a certain day. In
addition to the daily feed intake, the exact amounts per day of which were taken from the
breeders manual (see Table 1), the material ingested from the litter is estimated to be around
1.4% of the feed intake [42]. If the litter is contaminated, either with ESBL-producing E. coli
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from a previous flock, e.g., due to incomplete cleaning and disinfection, or from feces of
currently infected birds, the chickens pick up ESBL-producing E. coli together with the

bedding material.

Table 1. List of the model parameters.

Parameter

Definition

Value and Unit Reference

Feeding duration

Feed intake

Water intake

king

Litter amount

Stocking density

kVia

kgro

Carrying
capacity

Transition factor

kexc

ksur

Target weight

Total duration of the fattening period

Daily feed intake for all days of the
defined fattening period according
to the information provided by
the breeder
Daily intake of water for all days of
the defined fattening period
according to the information
provided by the breeder
Litter uptake and intake of ESBLs
with contaminated litter
Litter quantity per square meter at
the beginning of the fattening period
Maximum number of chickens per
square meter (refers to the
target weight)

Random factor for bacteria which do
remain capable of reproduction
when ingested
Random growth rate for
ESBL-producing E. coli in the
chicken’s intestine
Maximum number of CFU
ESBL-producing E. coli in colon
The factor by which the total amount
in the chick within 24 h, 1 day, has to
be divided to obtain the content of
the intestine (in grams)
Factor of excreted bacteria
Daily survival rate of ESBL in litter

Weight of the chickens at the end of
the fattening period (see “feeding
duration” above)

36 days (Ross 308)
47 days (Rowan x Ranger) (21,431
Aviagen manual Ross 308 [44], Table
“As-Hatched Performance”, days 2-37;
Aviagen manual Rowan Ranger [45],

Table “As-Hatched”, days 248

According to manual [g]

. [46]; 70% of the quantities, see manual
According to manual [g] Aviagen Brief [47]
Factor 0.014 (= 1.38% of the

amount of feed intake [g]) Estimated [42]

1000 g/m? Commercial standard in Europe
(Tierschutz-Nutztierhaltungs-
39kg/ m? verordnung—TierSchNutztV), 2001,
§ 19, Absatz 7, (3)
0-0.5 Assumed
109-10° Maximum estimated [48]
8logio/g [49,50]
4.85 Transition time estimated [51-53]
0.3 Assumed
0.5 Estimated [31,54]
Aviagen manual
Ross308-308FF-Broiler [44], Table
2.332 kg (Ross 308) “As-Hatched Performance”.

1.911 kg (Rowan x Ranger) Aviagen manual Rowan Ranger [45]
(Appendix 3, Table 1), “As-hatched

broiler performance”.

Equation (1) describes the ingested amount of colony-forming units (CFU) from the
litter by one chick (i) on one day (j) (Ning). The amount of feed ingested on that day in
grams is taken from the breeder’s manual [44,45]. This value is multiplied with 0.014,
which is the amount of litter ingested by the chicks per day, expressed as a fraction of the
amount of feed consumed per day (in grams). This factor kiyg = 0.014 is derived from
Malone et al. [47]. Finally, Nj;(j) is the amount of colony-forming units in the litter on
that specific day, and Mpen (j) is the sum of the mass of litter and excrement in the pen on

that day.

I¢(j) “King Nt (j)

Mpen ) @

ng(i,j) =
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The calculated number of bacteria present in the intestine from the beginning of the
fattening period to day j is given by Equation (2):

Ning(i/j)'kvia fOI'j =1
Nint(i,j) = -1 2)
Ning (1,j) -kvia + Y, 727 Ning(i,j = n + 1) -kyja forj >2
n=1

where Nijy; (i,j) is the amount of accumulated CFU in the intestine of chicken i on day j, and
kyia is the factor describing survival in the gastrointestinal tract. Moreover, kyi, is a random
number between 0 and 0.5, drawn from the uniform distribution U(0, 0.5) as we model
survival as a stochastic event.

2.2.2. Growth of ESBL-Producing E. coli in the Intestine
The growth of viable bacteria in the intestine is described by Equation (3).

Nintgrowth (ir ]) = (1 — Kexc ) ‘Nint (i/ ]) ’ 10kgm (3)

where Niptgrowth 18 the total number of ESBL E. coli CFU in the intestine after bacterial
growth and loss of bacteria due to fecal excretion. Excretion is described by using the
excretion factor, kexc, which is the proportion of CFU lost daily due to defecation. Bacterial
growth of the remaining amount of ESBL in the intestines is then modeled by multiplying
the number of CFU by 10 to the power of a growth factor (kgro), which is a random number
between 0 and 5, drawn from a uniform distribution U(0,5), as we model growth as a
stochastic process.

Growth is limited to 8 log;y CFU/g to represent the maximum carrying capacity, as
measured in the colon by Robé et al. [49] and Dame-Korevaar et al. [50].

2.2.3. Excretion of ESBL-Producing E. coli into the Litter

The amount of excreted feces is calculated as the difference between the total intake
(feed and water) and the body weight gain according to Equation (4):

Mexc = Mfw - Mbwg (4)

where My is the mass of excreted material that day in grams; and My, is the mass of water
and feed taken in that day, but excluding 30% of the water mass, which is assumed to be
lost by exhalation. Finally, My is the mass of body weight gain for that day.

We did not deduct feed for basal metabolic rate, but 30% water for respiration [47].
During the first 24 h, day-old chicks are supplied with nutrients from the yolk sac and do
not consume any feed. Therefore, the amount of feces was estimated for the days when the
calculated feed intake was 0-10 g.

The chick consumes and excretes the daily amount of feed and water throughout
the entire day. In the model, we consider only the total intake and excretion in one day.
We deterministically estimated from the literature data that the passage of the feed mash
through the gastro-intestinal tract of the chicken takes 4.95 h [51-53]. Thus, we assume that
the gastrointestinal tract is filled and emptied approximately 4.85 times a day. Accordingly,
the total mass of contents in the gastrointestinal tract is estimated to be Mey./4.85.

It is assumed that only a part of the bacteria grown in the intestine gets into the pen
by excretion; the other part remains in the chickens, for example, in the caeca. Therefore,
the excreted amount of CFU/g feces (Ng,) is calculated by using the excretion factor, kexc
(Equation (5)).

Nfec (i/j) = kexc' (Mi’nt((l’])) ) (5)
ec(ij
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The excreted bacteria of the day are added to the CFU already present in the litter
(Equation (6)). However, the amount of CFU in the litter from the previous day is reduced
by an estimated factor, keyr = 0.5, as we assume that some bacteria do not survive in the
bedding material.

Niitij) = (Nlit(jfl)'ksur) + ZNfec (6)
ij

Subsequently, the amount of pen material must be recalculated by adding the newly
excreted feces (M) of all chicks on that day to the existing amount of material (Mpen)
(Equation (7)). The model does not take into account the evaporation of water from the
mixture of bedding material and feces.

Mpen (]) = Mpen (] - 1) + ZMfec (7)
ij

The final calculation of the contamination of the litter introduced by feces is performed
at the end of a simulated day. Thus, at any simulated day, it is the contamination of the
previous day which affects the chickens. Therefore, in the model, ingestion of contaminated
litter generally begins on day 2, with the exception of the “contaminated pen” scenario,
where an initial contamination of the pen allows ingestion of contaminated litter on day 1.
Correspondingly, the end of the modeled fattening period includes one more day than
defined in the setting, i.e., 22 days, if the fattening period was set to 21 days to include
contamination on the last day of the fattening period (day 21) which only affects the animals
on the next modeled day (day 22).

2.3. Adaptation to Experimental Data

We used published data from Dame-Korevaar et al. [43,50] and Robé et al. [21,49] to
verify the model on the basis of experimental data and adjust if necessary. These seeder-bird
models provide us with the required precise amounts of bacteria ingested and excreted by
the chickens. Using these data, we concretized the values for the variables ki, and ke,
the factor of bacteria that remain capable of reproduction when ingested and the excretion
factor (kexc). At the beginning of our computation experiments we used estimated numbers:
a range of 0 to 0.6 for kyj, and the factor 2 for kexc.

We modeled experiments with 5 seeders and 5 sentinels (ratio 1:1) in a pen with an
area of 1 m? (target weight 2 kg), a feeding duration of 21 days and an inoculation of
102 CFU ESBL-producing E. coli per bird on day 1, comparable to Dame-Korevaar et al. [43].
We also modeled experiments of Robé et al. [49] with 4 seeder and 16 sentinel birds (ratio
1:5) in a pen of 4.6 m? (target weight 2 kg, stocking density 39 kg/m?) and an inoculation
amount of 10> CFU ESBL-producing E. coli per chick on day 3.

2.4. Modeling Different Ways of Infection
ESBL-producing E. coli enter our fictitious pen in only two ways:

The day-old chicks are positive for ESBL-producing E. coli.

The pen is contaminated, and the chickens peck and ingest contaminated litter. Con-
tamination may come from internal (e.g., previous positive flocks) or external sources
(e.g., environment and rodents); the origin is not considered in our model.

For the first scenario, we adopted the seeder-bird model and set 18 from 90 chicks
(ratio 1:5) positive with an amount of 10> CFU per chick on day 1. The basic setting
consisted of 90 Ross 308 chickens, 18 seeders, 72 sentinels, a feeding duration of 36 days, a
target weight of 2.332 kg, a stocking density of 39 kg/m? and 1000 g of litter per square
meter. The pen area was calculated from the number of chickens, the target weight and
the stocking density. Here it is 5.38 m?, from which the amount of litter at the beginning of
the fattening period was derived, i.e., 5.38 kg. This setting served as a control group with
which we subsequently compared the results of the groups where we changed management
practices or calculated the impact of other measures.
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For the second scenario, we modeled a contaminated pen at the beginning of the
fattening period. We tried different amounts of ESBL-producing E. coli. In our model, these
bacteria were not located in individual places but were evenly distributed in the litter. All
chicks were set to be negative at the beginning. We also used the breed Ross 308, a stocking
density of 39 kg/m?, a target weight of 2.332 kg, 1000 g litter/m? and a feeding duration of
36 days. The pen area was also 5.38 m?, and the amount of litter was 5.38 kg. The setting
where contamination was just high enough to result in a positive flock throughout the
entire fattening period then served as the control group for the calculations where the
measures were modeled.

2.5. Modeling Changes in Management Practice

Changes could be inserted into the modeled processes at various points, and, thus,
management measures could be simulated. We then calculated the impact on the bacterial
load of broilers in the pen.

The following measures were tested for their effect on chick colonization for both
scenarios, a pen with positive chicks and a contaminated pen.

e Amount of litter at the beginning of the fattening period: 3000, 6000 and 9000 g/m?,
instead of 1000 g/m?;

e  DBreed Rowan x Ranger with a feeding duration of 47 days, daily feed intake and daily
body weight gain according to the corresponding Aviagen manual [45] and a target
weight of 1.911 kg on day 47, instead of Ross 308 with a feeding duration of 36 days, a
target weight of 2.332 kg and daily intake and daily body weight gain according to the
corresponding Aviagen manual [44];

Stocking density: 20 or 25 kg/m?, instead of 39 kg/m?;

Different combinations of the previously mentioned measures;

Products with impact on the microbiota, such as prebiotics, probiotics, synbiotics,
feed additives or competitive exclusion, were expected to reduce the prevalence of
ESBL-producing E. coli [23,25]. We modeled the effect of these products with a lower
maximum growth rate of ESBL-producing E. coli in the intestine—10* instead of 10°.

2.6. Model Runs

Our model was initiated by selecting the total number of chickens, number of seeders
and sentinels, the farming conditions, breed, litter amount and stocking density, as well as
the initial amount of “inoculated” CFU and the day when the chicks are positive, or the
number of CFU in the pen. In each run, 100 flocks were simulated.

The calculated numbers were written in tables with absolute numbers of CFU and
recalculated as logjg CFU (Supplementary Tables S1-528). As described above, we model
an additional day beyond the nominal fattening period. Therefore, the tables include an
additional day after the end of the fattening period, i.e., day 37 for the 36-day fattening
period. Mean values, including standard deviation, were calculated first over all chicks
and then over all 100 iterations.

We plotted the mean prevalence of ESBL-positive chickens on each day of the fattening
period; the mean number of excreted bacteria, averaged over all animals [CFU/g feces]; the
amount of litter plus feces (pen mass) (g); the number of bacteria per square meter in the
pen [logg CFU/ m?]; the number of bacteria per g pen mass [logjo CFU/g]; the mean total
number of bacteria in the intestine, averaged over all animals [log;g CFUJ; the mean of total
CFU excreted, averaged over all animals; and the mean of total CFU ingested, averaged
over all animals.

We used the prevalence, the number of excreted bacteria per gram feces [CFU/g feces]
and the number of bacteria per gram pen mass [logig CFU/g] to compare the measures in
their effects in both scenarios, positive chicks at the beginning or contaminated pen.
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3. Results
3.1. Adaptation to Experimental Data

The parameters we used to model the processes were extensively reviewed and finally
chosen to be as close as possible to the description of events in vivo. However, at the begin-
ning of our modeling experiments, we had to estimate two factors: the maximum number
of bacteria that remain capable of reproduction after ingestion (kyi,); and the excretion
factor (kexc), which describes the fraction of bacteria grown in the gut that is excreted.
We then used the empirical seeder-bird experiments of Dame-Korevaar et al. [43,50] and
Robé et al. [21,49] to test and optimize the values of these parameters. We found that
we needed to set kyj, to a maximum of 0.5 and keyc to 0.3 in order for our results to best
match published data from colleagues, in terms of curve progression and data for mean
bacteria excreted, averaged over all animals [log;y CFU/g feces] or bacteria per g pen mass
[log19 CFU/g]. We were then able to show that five seeder chicks set positive with 10> CFU
ESBL each on day 1 were sufficient to make the other five sentinel birds positive within a
few days (setting: Ross 308 birds, target weight 2 kg, stocking density 20 kg/m?, feeding
duration 21 days and pen area 1 m?). On day 5, i.e., 72 h after the seeder are classified
positive in the model (day 2), 97.2 &= 9.13% of all chickens were positive. Subsequently, on
day 7 of the fattening period, 99.2 £ 4.42% of the chickens were positive and stayed positive
until the end of the fattening period (Figure 2 and Table 2). The excreted amount of CFU/g
feces is calculated with a maximum of 4.51 & 4.42 log at the end of the fattening period on
day 22. In the litter, it is up to 3.71 & 3.66 log1g CFU/g on day 17 (Table 2). If the settings are
changed to those of Robé et al. [49], i.e., a seeder—sentinel ratio of 1:5, 20 chickens in total,
breed Ross 308, feeding duration 36 days, target weight 2 kg, stocking density 39 kg/m?,
giving a pen area of 4.6 m?, and inoculation on day 3, the results are also similar. Setting the
seeder birds positive with 10> CFU per seeder, 87.55 + 24.96% of the chicks are positive 72 h
after inoculation, i.e., on day 7 in our model. The maximal prevalence is reached on day
15 with 97.15 £ 14.67%. This prevalence persists until the end of the fattening period (see
Figure 3 and Table 2). The excreted amount of CFU/g feces is calculated with a maximum
of 3.6 £ 3.43 logyp on day 23. There are up to 4.41 =+ 4.26 log;y CFU/g in the litter on day
23 (Table 2).

Table 2. Calculated prevalence and bacterial counts for the simulated scenarios with seeder birds
introducing ESBL-producing E. coli into the flock (100 iterations).

Seeder- Feeding ESBL-Producing ESBL-Producing E. coli
. No. of . . Prevalence * . AR S
Sentinel Chicks Duration Inoculation [%] E. coli in Feces * in Litter
Ratio [Days] ¢ [logyo CFU/g] [logio CFU/g]
Amount  On Day Maximum On Day Max. On Day Max. On Day
1:1 10 21 102 CFU 1 99.2 +4.42 7 451 +4.42 21 3.71 + 3.66 17
1:5 20 36 102 CFU 3 97.15 + 14.67 15 4.41+426 23 3.6 £343 23

* Both the average of the prevalence and the CFU values per gram litter are calculated over all iterations. The
excreted CFU values are obtained by calculating the average over all animals in one iteration at first and then over
all iterations.

In addition, we tested an inoculation amount of 10! CFU per bird to confirm our
model, but this amount did not infect all birds, regardless of the seeder—sentinel ratio
(Supplementary Figures S1 and S3 and Tables S1 and S3).
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For the second scenario, “contaminated pen”, we tested different values for the
number of bacteria in the litter at the beginning of the fattening period. A contami-
nation of less than 10° CFU in the pen was not sufficient to infect even a single chick
(Supplementary Figure S17); thus, a dissemination could not start. A number of 10° CFU
evenly distributed in 5.38 kg litter, i.e., initially 185 CFU/g litter or 2.27 log;y CFU/g,
was sufficient to initiate the infection process. Almost all chicks were positive on day 7,
with a prevalence of 99.79 & 0.61% (Table 3), and they remained so throughout the rest of
the fattening period (Figure 5). The excreted amount of CFU/g feces was a maximum of
4.51 £ 3.85 logyg on day 26, and a maximum of 3.68 £ 3.36 log;g CFU/g was calculated in
the litter for day 20 (Table 3).
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Table 3. Calculated prevalence and bacterial counts for the control groups and the simulated man-
agement measures on flocks with 90 chickens (100 iterations).

Feeding ESBL-Producing E. coli ESBL-Producing E. coli
. . Prevalence * . s ox.
Scenario Duration [%] in Feces * in Litter *
[Days] ° [logyo CFU/g] [logyo CFU/g]
Maximum On Day Maximum On Day Maximum On Day
Reference groups
Chicks positive 36 99.38 £ 1.98 6 4.63 £ 4.08 20 3.9 +3.47 18
Pen positive 36 99.79 £ 0.61 7 451 £3.85 26 3.68 £ 3.36 20
Management measure 3000 g litter/m?
Chicks positive 36 98.53 £ 6.24 11 419 £3.92 34 3.25 £ 3.04 30
Pen positive 36 32.46 +4.42 3 148 +1.14 3 1.47 £ Inf 1
Management measure 6000 g litter/m>
Chicks positive 36 57.23 £25.11 7 2.63 £2.37 2 1.13 £ 0.77 3
Pen positive 36 0 0 0 0 1.18 & Inf 1
Management measure 9000 g litter/m>
Chicks positive 36 29.72 £ 16.97 5 2.64 £2.43 2 0.94 £ 0.59 3
Pen positive 36 0 0 0 0 1.01 & Inf 1
Management measure slow growing breed
Chicks positive 47 99.59 £ 1.82 6 423 +4.01 25 3.4 £3.33 21
Pen positive 47 99.19+1 5 4.01+37 30 3.11+284 27
Management measure stocking density 25 kg/m?
Chicks positive 36 99.16 £4.15 7 45+ 4.04 22 3.7+3.29 21
Pen positive 36 90.64 + 28.71 16 4.1+ 3.98 30 3.2+3.04 32
Management measure stocking density 20 kg/m?
Chicks positive 36 99.04 £ 5.68 7 444 £3.92 26 3.59 £3.15 23
Pen positive 36 49.28 £5.21 3 2.7 £3.43 35 1.71 £245 35
Combination of measures litter 3000 g/m? and stocking density 20 kg/m? (Combination 1)
Chicks positive 36 56.91 £ 28.45 8 2.61 +2.38 2 1.47 £1.93 37
Pen positive 36 0 0 0 0 1.19 & Inf 1
Combination of measures breed RxR, litter 3000 g/m? and stocking density 25 kg/m? (Combination 2)
Chicks positive 47 72.03 £28 6 3.3 £3.07 2 141+1.14 4
Pen positive 47 32.12 £5.09 3 1.29 £ 0.95 3 1.37 £ Inf 1
Measure on microbiota: reduced growth of ESBL E. coli in the intestine
Chicks positive 36 20.68 £ 6.97 3 1.71 £ 146 2 0.81 £ 0.56 2
Pen positive 36 77.04 £4.79 4 1.25 +0.63 3 1.9 + Inf 1

* Both the average of the prevalence and the CFU values per gram litter are calculated over all iterations. The
excreted CFU values are obtained by calculating the average over all animals in one iteration at first and then over
all iterations. The decadic logarithm of zero or negative values is negative infinite (-Inf).
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3.3.2. A Slow-Growing Breed
With the breed Rowan x Ranger instead of Ross 308, nearly no effect was calculated
compared to the reference group in both scenarios when one-fifth of the chickens were
set positive or when the pen was set positive at the beginning of the feeding period. The
numeric values are almost the same (see Table 3). The prevalence reached 99% at day 6
(positive chicks) or at day 5 (positive pen), and the curves remained at nearly 100% until
day 48 (Figure 6). The maximum excreted amount of CFU/g feces was 4.23 & 4.01 log;g on
day 25 (positive chicks) and 4.01 £ 3.7 log1g on day 30 (positive pen) (see Figure 7). The
litter contained a maximum number of bacteria with 3.4 £ 3.33 log;y CFU/g on day 21
(positive chicks) and 3.11 & 2.84 log;y CFU/g on day 27 (positive pen) (see Figure 8).
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3.3.3. Lower Stocking Densities

When positive day-old chicks entered our model pen, a reduction in the stocking
density had little effect on the dissemination of ESBL-producing E. coli. A stocking density
of 25 or 20 kg/m? showed the same prevalence of 99% on day 7. Moreover, the amounts of
excreted CFU and ESBLs in the litter are similar, as well: around 4.5 log;g CFU/g feces, and
about 3.6 log;g CFU/g litter (Figures 6—8 and Table 3). Considering the second scenario,
where the litter was contaminated at the beginning, there was a minor effect with a stocking
density of 25 kg/m? and a strong effect with a stocking density of 20 kg/m?. At a stocking
density of 25 kg/m?, the prevalence curve resembles that of the reference group but does
not exceed 90.64 £ 28.71% (Figure 6 and Table 3). The maxima for excreted ESBLs with
4.1 £ 3.98log1p CFU/g and for bacteria in the litter with 3.2 & 3.04 log;o CFU/g were
slightly lower and occurred later than in the reference group (Table 3). Choosing a stocking
density of 20 kg/m? for this scenario, the prevalence reaches only 50% on day 3, decreases
to 6% on the sixth day and further thereafter (Figure 6 and Supplementary Table S24b). The
levels for ESBL in the feces and litter decreased sharply in comparison to the reference,
reaching a maximum of only 2.7 £ 3.43 logg CFU/g feces and 1.71 & 2.45 log;o CFU/g in
litter, both on day 35 (Table 3).
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3.3.4. Combination of Measures

When we model different combinations of management practices, the number of
infected birds decreases in all cases, but to different degrees. First, we reduced the stocking
density while increasing the litter quantity. In the modeled pen, where one-fifth of the
day-old chicks were set positive, the combination litter quantity 3000 g/m? and stocking
density of 20 kg/m? (Combination 1) had a stronger effect than when the stocking density
was 25 kg/m? (Figures 6-8 and Supplementary Figure S15). With a stocking density of
20 kg/m? and 3000 g litter/m?, the prevalence was highest on day 8 at 56.91 + 28.45% and
decreased from day 9 to 21.58 £ 36.05% on day 37 (Figure 6 and Table 3). The excreted
bacteria levels reached a maximum of 2.61 + 2.38 log;o CFU/g on day 2, and the litter
contained a maximum of 21.58 £ 36.05 log1g CFU/g on day 37 (Table 3). In the scenario
with the contaminated pen, the uptake and spread of ESBLs does not start at all in this
setting (Figure 6). In contrast to the positive chicks, we obtained the same result for the
positive pen with a stocking density of 25 kg/m? in combination with 3000 g litter/m?
(Supplementary Figure S25; Table S25a,b).

By adding the alternative breed to a stocking density of 25 kg/m? and the increased
litter (3000 g/m?), i.e., Combination 2, we see that there is a strong effect on the colonization
of birds with ESBLs. The prevalence is highest on day 6 at 72.03 £ 28%, and the curve
drops to 1.83 £ 8.97% on day 37 (Table 3 and Supplementary Table S15b) in the pen where
the birds were set positive on day 1. In the contaminated pen, only 32.12 &+ 5.09% of the
birds were positive on day 3. From the fourth day, all chicks were negative (Figure 6). The
levels of bacteria in feces and litter were low (Figures 7 and 8 and Table 3).

3.3.5. Products with Impact on the Microbiota

Our model also shows that the infection dynamics change drastically when the max-
imum growth rate of ESBL-producing E. coli in the chickens’ intestines is reduced from
10° to 10*. In the scenario with the positive birds, the prevalence did not exceed 21%, and
both feces and litter contained low levels of bacteria, namely 1.71 & 1.46 log;9 CFU/g feces
and 0.81 & 0.56 log;o CFU/ g litter (Figures 6-8). If we model a contaminated pen at the
beginning, the effect is different. A prevalence of 77.04 = 4.79% is reached on day 4, but on
the sixth day, the curve drops steeply to 0% (Figure 6). The values for fecal and litter con-
tamination are low, with maxima calculated for the first days only, 1.25 & 0.63 log1g CFU/g
feces (day 3) and 1.9 log;o CFU/g litter (day 1) (Figures 7 and 8 and Table 3).

4. Discussion

Mathematical models, in general, serve to simplify complex problems and, thus, help
us to comprehend and study them [55]. Therefore, they are well suited to help us better
understand the transmission and spread of AMR [38,56]. Moreover, as in our case, they
can replace costly life- and animal-intensive trials. Of course, we also identified limitations.
Relevant factors that could have a strong impact on the outcome could not be considered
in all details, e.g., environmental influences such as temperature, the competitive behavior
of different bacterial species in the gastrointestinal tract or the individual characteristics
of organisms, such as growth or inactivation, persistence or resilience [57]. Our model
describes the effects of management measures to the colonization of broiler chickens and
the dissemination of resistant bacteria within a flock in a pen. The uptake, spread and
circulation of ESBL-producing E. coli were modeled by using basic assumptions, estimated
parameters and data from the literature. Some of these assumptions may underestimate
or overestimate the actual processes. For example, the processes in the gastrointestinal
tract of broilers are very complex and partly unknown. Therefore, we could only make
approximations and work with estimates. However, we were able to show that the model
is consistent with observations from experimental studies. For this purpose, we have
compared our calculated results with data from the seeder-bird experiments of Dame-
Korevaar et al. [43,50] and Robé et al. [49]. After adjusting individual parameters, whose
values we initially estimated, we found that the results were very similar: an initial dose of
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102 CFU per seeder bird was enough to colonize almost all of the birds in a flock 72 h after
setting the seeder birds positive, regardless of the ratio of seeder to sentinels (1:1 or 1:5)
and the day of setting them positive, i.e., the equivalent to the day of inoculation. To be
precise, our model does not distinguish whether chicks are positive from the first or third
day of life, because we did not model the emergence and composition of the gut microbial
flora. However, age presumably plays a critical role in colonization, as the development
of the microbiota takes place in the first days of chicks’ life [58,59]. In addition to the
prevalence data, the excretion levels and the number of CFU in the mixture of litter and
feces, obtained by our model, are comparable to the results from experimental studies. For
the seeder-bird scenarios without any intervention, the mean excretion is around 4.5 log1g
CFU/g feces. A wide range of 2 to 9.92 log1p CFU/g feces can be found in the literature,
due to different designs of the experiments or calculation methods. Laube [60], for example,
found an arithmetic mean of 6.89 log;g CFU/g feces in pooled fecal samples from three
sampling dates from day 1 to day 35 after being housed. Blaak et al. published 10? to
8.3 x 10° log CFU/g, i.e., 2 to 9.92 logyg CFU/g, in fresh droppings [54]. In litter, our
average values are about 3.75 logjg CFU/g. Blaak et al. [54] and Siller et al. [31] published
geometric means ranging from 2.98 to 4.72 logg CFU/g litter, with the geometric mean
generally lower than the arithmetic mean we used in our model.

We addressed the findings of Daehre et al. [10] and Huijbers et al. [35] and modeled a
scenario with a contaminated pen at the beginning of the fattening period. Daehre et al.
observed horizontal transmission of ESBL/AmpC-producing Enterobacteriaceae from one
broiler fattening flock to another, due to a contaminated housing environment after cleaning
and disinfection. Huijbers et al. concluded from their studies that the environment, as well
as positive day-old chicks, plays an important role in the introduction and transmission of
ESBL/ AmpC-producing E. coli into broiler flocks. Possible sources for the introduction of
ESBL-producing E. coli into the pen include not only the previous flock but also humans;
and companion and wild animals such as birds, rodents or small mammals [61-64]. For this
reason, cleaning and disinfection, as well as pest control and internal hygiene measures,
are so important [65,66]. To this end, we investigated different levels of contamination,
but found that the number of bacteria below 10° CFU is not sufficient to infect the entire
flock during the entire fattening period. Our model calculated a homogenous distribution
of this initial contamination and, later, a homogenous distribution of the excretions of
ESBL-producing E. coli in the litter. Since litter is removed after the fattening period,
contamination of a real pen is mainly found in cracks and crevices in floors, walls and
ceilings [66,67]. In addition, it can be assumed that litter contamination by excretion
is mainly affected at the surface, and survival rates for E. coli are, in turn, different at
the surface than deeper in the litter, due to temperature and moisture differences [31].
Furthermore, chicks also do not disperse evenly throughout the pen. In the first days, they
like to cuddle together or stay mainly in warm spots. Finally, the ratio of feces to litter at the
beginning of the fattening period is probably less favorable for bacterial survival than at
the end of fattening, when litter may be moist and clumpy. Because of a lower survival rate
in the dry litter at the beginning of fattening, the spread of ESBL-producing E. coli could
be slower. We did not model temperature or humidity, so increasing litter quantity by a
factor of three to six did not have much effect in our model with the scenario of positive
day-old chicks. Only when we increased the litter amount by a factor of nine (9000 instead
of 1000 g/m?) was the prevalence strongly reduced. The reason for this could be that the
ratio of feces to litter changes little during the fattening period, because the amount of feces
excreted in total is high. Even with 9000 g litter/m? in a pen with 90 chicks—the pen area
is 5.38 m? (stocking density 39 kg/m?, target weight 2.332 kg)—there is 48.6 kg of litter at
the beginning instead of 5.4 kg, but, in addition, there is about 450 kg of feces, calculated
with 5 kg per chick. It should be noted here that our calculation for excretion and the
resulting amount of feces (4-6 kg) are comparable to the literature data of Bolan et al. [68].
In contrast to the scenario just described, increasing the amount of litter in the contaminated
pen, has a strong effect. Even an amount of 3000 g/m? litter has a significant impact on
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the dissemination of ESBL-producing E. coli. We explain this by the fact that the amount
of ESBL with which we “contaminated” the pen in the model, as mentioned above, was
evenly distributed in the litter, so it was highly diluted and no longer sufficient to infect the
chickens. In this case, the results of our model differ from the results of the experimental
studies of Robé et al. [21], who found a significant increase in the cecum colonization with
both resistant E. coli strains with the increased litter amount (3000 g/ m?). In our model, we
calculated an impact on the dissemination of resistant bacteria for both scenarios. On the
other hand, we agree with the data of Robé et al. [21] on the use of an alternative breed.
They found no significant difference in colonization with ESBL- and pAmpC-producing
E. coli. Our model shows that there is little effect on colonization and transmission of
ESBL-producing E. coli in either scenario, whether the chicks or the pen is positive at the
beginning. However, the difference between the Ross 308 and Rowan x Ranger breeds
is probably not just the length of the fattening period and a different amount of feed per
day, as included in our model. Possibly the intestinal flora has a different composition, or
the immune system reacts differently to bacterial strains. Differences in the microbiota are
suspected in different breeds, but there are few published data on this to date [59,69,70].

In our model, we see no effect of reduced stocking density in the scenario where
one-fifth of the birds are positive at the beginning of the fattening period. On the other
hand, in the initially contaminated pen, a reduced prevalence is already evident with a
reduction in stocking density from 39 to 25 kg/m?. At a stocking density of 20 kg/m?,
the influence is even stronger. Presumably, a dilution effect can also be observed here,
which is reflected in the ESBL concentrations in the feces and in the litter. At lower stocking
densities, chickens do not pick up enough bacteria at the beginning of the fattening period
to become infected and start the infection dynamics. It is known that the stocking density
in broiler chickens affects the composition of the microbiota [71,72] and colonization of the
gastrointestinal tract [73], possibly due to the fact that the stocking density also has an effect
on litter moisture [74,75] and, thus, on the survival rate of E. coli. Furthermore, the stocking
density has an effect on animal welfare, behavior and locomotion [76,77], possibly including
pecking and ingestion of potentially contaminated litter material. In their experiments,
Robé et al. [21] also found that a lower stocking density reduced the number of ESBL-
producing E. coli in the cecum of chicks. However, a reduction in pAmpC-producing E. coli
was not observed.

Feed additives, probiotics or competitive exclusion products could be suitable to have
a decisive influence on the multiplication rate in the gastrointestinal tract of broilers and
are expected to prevent the colonization of broilers with ESBL-producing Enterobacteriaceae
or E. coli [22,25,78,79]. As we noted in a review [32], the most effective measures seem to
be cleaning and disinfection, as well as products influencing the microbiota and thereby
suppressing the growth of undesired bacteria in the gastrointestinal tract. In accordance
with these findings, our model shows that, in both scenarios, reducing the growth rate in
the intestine has a strong impact on the transmission and spread of resistant bacteria. The
infection process comes to a standstill.

To the best of our knowledge, there is no study on the effects of a combination of
measures on ESBL-producing E. coli in broiler farms. Our model suggests that rearing
broiler chickens at lower stocking densities, in combination with a higher amount of litter
per square meter, reduces the transmission of ESBL-producing E. coli. This is in line with
expectations for the efficiency of biosecurity measures or a combination of various produc-
tion parameters, management factors, hygiene measures and further preventive measures.
Thus, the control of resistant E. coli could benefit from these intervention strategies.

Our model describes the effects of management measures on the colonization of broiler
chickens and the dissemination of resistant bacteria within a flock. We were able to use it to
simulate numerous virtual experiments and determine the effectiveness of both individual
interventions and combinations of management changes in reducing the prevalence of
ESBL-producing E. coli. However, in part, there are still gaps in our knowledge in the field
of AMR and animal husbandry. For example, a more detailed understanding of the effects
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of stocking density on the uptake rate of resistant bacteria or on growth rates in the gut of
chickens could lead to the further improvement of mathematical models such as this one.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /microorganisms10050981/s1. Figures S1-528: Calculated infection
dynamics for different scenarios and intervention measures. Tables S1-528: Calculated numeric
values for different scenarios and intervention measures (CFU and log;y CFU).

Author Contributions: Conceptualization, AK., E.B. and G.C.-C.; methodology, E.B. and G.C.-
C.; software, E.B. and G.C.-C,; validation, G.C.-C., M.P, E.B. and A K,; formal analysis, G.C.-C.
and E.B.; investigation, E.B., M.P. and G.C.-C.; resources, A.K.; data curation, G.C.-C. and E.B;
writing—original draft preparation, E.B. writing—review and editing, G.C.-C., M.P. and A .K; visual-
ization, E.B. and G.C.-C.; supervision, A K.; project administration, A.K. and E.B.; funding acquisition,
A K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by funds of the Federal Office for Agriculture and
Food (BLE) (EsRAM project), grant number 2817701614.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Sascha Bulik for the preliminary work on the model
for the project EsSRAM, as well as Hans Mielke for transforming the model from MATLAB to R.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

Wielders, C.C.H.; van Hoek, A.; Hengeveld, P.D.; Veenman, C.; Dierikx, C.M.; Zomer, T.P; Smit, L.A.M.; van der Hoek, W,;
Heederik, D.J.; de Greeff, S.C.; et al. Extended-Spectrum Beta-Lactamase- and PAmpC-Producing Enterobacteriaceae among the
General Population in a Livestock-Dense Area. Clin. Microbiol. Infect. 2017, 23, 120.e1-120.e8. [CrossRef] [PubMed]

Pietsch, M.; Irrgang, A.; Roschanski, N.; Brenner Michael, G.; Hamprecht, A.; Rieber, H.; Kdsbohrer, A.; Schwarz, S.; Rosler, U.;
Kreienbrock, L.; et al. Whole Genome Analyses of CMY-2-Producing Escherichia Coli Isolates from Humans, Animals and Food
in Germany. BMC Genom. 2018, 19, 601. [CrossRef]

Dierikx, C.M.; van Duijkeren, E.; Schoormans, A.H.; van Essen-Zandbergen, A.; Veldman, K.; Kant, A.; Huijsdens, X.W.; van
der Zwaluw, K.; Wagenaar, J.A.; Mevius, D.]. Occurrence and Characteristics of Extended-Spectrum-Beta-Lactamase- and
AmpC-Producing Clinical Isolates Derived from Companion Animals and Horses. |. Antimicrob. Chemother. 2012, 67, 1368-1374.
[CrossRef] [PubMed]

Dohmen, W.; Schmitt, H.; Bonten, M.; Heederik, D. Air Exposure as a Possible Route for ESBL in Pig Farmers. Environ. Res. 2017,
155, 359-364. [CrossRef]

Hartmann, A.; Locatelli, A.; Amoureux, L.; Depret, G.; Jolivet, C.; Gueneau, E.; Neuwirth, C. Occurrence of CTX-M Producing
Escherichia Coli in Soils, Cattle, and Farm Environment in France (Burgundy Region). Front. Microbiol. 2012, 3, 83. [CrossRef]
Van Hoek, A; Dierikx, C.; Bosch, T.; Schouls, L.; van Duijkeren, E.; Visser, M. Transmission of ESBL-Producing Escherichia Coli
between Broilers and Humans on Broiler Farms. |. Antimicrob. Chemother. 2020, 75, 543-549. [CrossRef]

Fischer, J.; Hille, K,; Ruddat, I.; Mellmann, A.; Kock, R.; Kreienbrock, L. Simultaneous Occurrence of MRSA and ESBL-Producing
Enterobacteriaceae on Pig Farms and in Nasal and Stool Samples from Farmers. Vet. Microbiol. 2017, 200, 107-113. [CrossRef]
[PubMed]

Huijbers, PM.C.; van Hoek, A H.A.M.; Graat, E.A.M.; Haenen, A.PJ.; Florijn, A.; Hengeveld, P.D.; van Duijkeren, E. Methicillin-
Resistant Staphylococcus Aureus and Extended-Spectrum and AmpC 3-Lactamase-Producing Escherichia Coli in Broilers and in
People Living and /or Working on Organic Broiler Farms. Vet. Microbiol. 2015, 176, 120-125. [CrossRef] [PubMed]

Huijbers, PM.; Blaak, H.; de Jong, M.C.; Graat, E.A.; Vandenbroucke-Grauls, C.M.; de Roda Husman, A.M. Role of the
Environment in the Transmission of Antimicrobial Resistance to Humans: A Review. Environ. Sci. Technol. 2015, 49, 11993-12004.
[CrossRef]

Daehre, K.; Projahn, M.; Semmler, T.; Roesler, U.; Friese, A. Extended-Spectrum Beta-Lactamase-/AmpC Beta-Lactamase-
Producing Enterobacteriaceae in Broiler Farms: Transmission Dynamics at Farm Level. Microb. Drug Resist. 2018, 24, 511-518.
[CrossRef]

Massella, E.; Reid, C.J.; Cummins, M.L.; Anantanawat, K.; Zingali, T.; Serraino, A.; Piva, S.; Giacometti, F.; Djordjevic, S.P.
Snapshot Study of Whole Genome Sequences of Escherichia Coli from Healthy Companion Animals, Livestock, Wildlife, Humans
and Food in Italy. Antibiotics 2020, 9, 782. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms10050981/s1
https://www.mdpi.com/article/10.3390/microorganisms10050981/s1
http://doi.org/10.1016/j.cmi.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27773759
http://doi.org/10.1186/s12864-018-4976-3
http://doi.org/10.1093/jac/dks049
http://www.ncbi.nlm.nih.gov/pubmed/22382469
http://doi.org/10.1016/j.envres.2017.03.002
http://doi.org/10.3389/fmicb.2012.00083
http://doi.org/10.1093/jac/dkz507
http://doi.org/10.1016/j.vetmic.2016.05.021
http://www.ncbi.nlm.nih.gov/pubmed/27328620
http://doi.org/10.1016/j.vetmic.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25582613
http://doi.org/10.1021/acs.est.5b02566
http://doi.org/10.1089/mdr.2017.0150
http://doi.org/10.3390/antibiotics9110782

Microorganisms 2022, 10, 981 20 of 22

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Leverstein-van Hall, M.A.; Dierikx, C.M.; Stuart, ].C.; Voets, G.M.; van den Munckhof, M.P,; van Essen-Zandbergen, A.; Platteel,
T.; Fluit, A.C.; van de Sande-Bruinsma, N.; Scharinga, J.; et al. Dutch Patients, Retail Chicken Meat and Poultry Share the Same
ESBL Genes, Plasmids and Strains. Clin. Microbiol. Infect. 2011, 17, 873-880. [CrossRef]

World Health Organization. Global Action Plan on Antimicrobial Resistance. Available online: https://www.who.int/
publications/i/item /9789241509763 (accessed on 14 April 2022).

European Food Safety Authority (EFSA) The European Union Summary Report on Antimicrobial Resistance in Zoonotic and
Indicator Bacteria from Humans, Animals and Food in 2019-2020. EFSA ]. 2022, 20, €7209. (accessed on 14 April 2022). [CrossRef]
Dahms, C.; Hubner, N.O.; Kossow, A.; Mellmann, A.; Dittmann, K.; Kramer, A. Occurrence of ESBL-Producing Escherichia Coli in
Livestock and Farm Workers in Mecklenburg-Western Pomerania, Germany. PLoS ONE 2015, 10, e0143326. [CrossRef]
Kaesbohrer, A.; Bakran-Lebl, K.; Irrgang, A.; Fischer, ].; Kampf, P; Schiffmann, A.; Werckenthin, C.; Busch, M.; Kreienbrock, L.;
Hille, K. Diversity in Prevalence and Characteristics of ESBL/PAmpC Producing E. Coli in Food in Germany. Vet. Microbiol. 2019,
233, 52-60. [CrossRef]

Clemente, L.; Leao, C.; Moura, L.; Albuquerque, T.; Amaro, A. Prevalence and Characterization of ESBL/AmpC Producing
Escherichia Coli from Fresh Meat in Portugal. Antibiotics 2021, 10, 1333. [CrossRef]

Motola, G.; Hafez, H.M.; Bruggemann-Schwarze, S. Efficacy of Six Disinfection Methods against Extended-Spectrum Beta-
Lactamase (ESBL) Producing E. Coli on Eggshells in Vitro. PLoS ONE 2020, 15, e0238860. [CrossRef]

Tebrun, W.; Motola, G.; Hafez, M.H.; Bachmeier, J.; Schmidt, V.; Renfert, K.; Reichelt, C.; Bruggemann-Schwarze, S.; Pees, M.
Preliminary Study: Health and Performance Assessment in Broiler Chicks Following Application of Six Different Hatching Egg
Disinfection Protocols. PLoS ONE 2020, 15, e0232825. [CrossRef]

Projahn, M.; Daehre, K.; Roesler, U.; Friese, A. Extended-Spectrum-Beta-Lactamase- and Plasmid-Encoded Cephamycinase-
Producing Enterobacteria in the Broiler Hatchery as a Potential Mode of Pseudo-Vertical Transmission. Appl. Environ. Microbiol.
2017, 83, e02364-16. [CrossRef]

Robe, C.; Daehre, K.; Merle, R.; Friese, A.; Guenther, S.; Roesler, U. Impact of Different Management Measures on the Colonization
of Broiler Chickens with ESBL- and PAmpC-Producing Escherichia Coli in an Experimental Seeder-Bird Model. PLoS ONE 2021,
16, €0245224. [CrossRef]

Saliu, E.-M.; Ren, H.; Goodarzi Boroojeni, F.; Zentek, J.; Vahjen, W. The Impact of Direct-Fed Microbials and Phytogenic Feed
Additives on Prevalence and Transfer of Extended-Spectrum Beta-Lactamase Genes in Broiler Chicken. Microorganisms 2020,
8, 322. [CrossRef] [PubMed]

Ren, H.; Vahjen, W.; Dadi, T.; Saliu, E.M.; Boroojeni, F.G.; Zentek, ]. Synergistic Effects of Probiotics and Phytobiotics on the
Intestinal Microbiota in Young Broiler Chicken. Microorganisms 2019, 7, 684. [CrossRef] [PubMed]

Methner, U.; Friese, A.; Rosler, U. Competitive Exclusion: A Tool to Combat Extended-Spectrum Beta-Lactamase-Producing
Escherichia Coli Strains in Chickens. Res. Vet. Sci. 2019, 123, 124-128. [CrossRef] [PubMed]

Methner, U.; Rosler, U. Efficacy of a Competitive Exclusion Culture against Extended-Spectrum Beta-Lactamase-Producing
Escherichia Coli Strains in Broilers Using a Seeder Bird Model. BMC Vet. Res. 2020, 16, 143. [CrossRef]

Projahn, M.; Sachsenroeder, J.; Correia-Carreira, G.; Becker, E.; Martin, A.; Thomas, C.; Hobe, C.; Reich, F,; Robe, C.; Roesler, U;
et al. Impact of On-Farm Interventions against CTX-Resistant Escherichia Coli on the Contamination of Carcasses before and
during an Experimental Slaughter. Antibiotics 2021, 10, 228. [CrossRef]

Thomas, C.; Schonknecht, A.; Puning, C.; Alter, T.; Martin, A.; Bandick, N. Effect of Peracetic Acid Solutions and Lactic Acid on
Microorganisms in On-Line Reprocessing Systems for Chicken Slaughter Plants. J. Food Prot. 2020, 83, 615-620. [CrossRef]
Reich, F,; Atanassova, V.; Klein, G. Extended-Spectrum Beta-Lactamase- and AmpC-Producing Enterobacteria in Healthy Broiler
Chickens, Germany. Emerg. Infect. Dis. 2013, 19, 1253-1259. [CrossRef]

Von Tippelskirch, P; Golz, G.; Projahn, M.; Daehre, K.; Friese, A.; Roesler, U.; Alter, T.; Orquera, S. Prevalence and Quantitative
Analysis of ESBL and AmpC Beta-Lactamase Producing Enterobacteriaceae in Broiler Chicken during Slaughter in Germany. Int.
J. Food Microbiol. 2018, 281, 82-89. [CrossRef]

Thomas, C.; Idler, C.; Ammon, C.; Herrmann, C.; Amon, T. Inactivation of ESBL-/ AmpC-Producing Escherichia Coli during
Mesophilic and Thermophilic Anaerobic Digestion of Chicken Manure. Waste Manag. 2019, 84, 74-82. [CrossRef]

Siller, P.; Daehre, K.; Thiel, N.; Nubel, U.; Roesler, U. Impact of Short-Term Storage on the Quantity of Extended-Spectrum
Beta-Lactamase-Producing Escherichia Coli in Broiler Litter under Practical Conditions. Poult. Sci. 2020, 99, 2125-2135. [CrossRef]
Becker, E.; Projahn, M.; Burow, E.; Kédsbohrer, A. Are There Effective Intervention Measures in Broiler Production against the
ESBL/AmpC Producer Escherichia Coli? Pathogens 2021, 10, 608. [CrossRef]

Rawson, T.; Dawkins, M.S.; Bonsall, M.B. A Mathematical Model of Campylobacter Dynamics Within a Broiler Flock. Front.
Microbiol. 2019, 10, 1940. [CrossRef]

Bastard, J.; Haenni, M.; Gay, E.; Glaser, P.; Madec, ].-Y.; Temime, L.; Opatowski, L. Drivers of ESBL-Producing Escherichia Coli
Dynamics in Calf Fattening Farms: A Modelling Study. One Health 2021, 12, 100238. [CrossRef]

Huijbers, PM.C.; Graat, E.A.M.; van Hoek, A.; Veenman, C.; de Jong, M.C.M.; van Duijkeren, E. Transmission Dynamics of
Extended-Spectrum Beta-Lactamase and AmpC Beta-Lactamase-Producing Escherichia Coli in a Broiler Flock without Antibiotic
Use. Prev. Vet. Med. 2016, 131, 12-19. [CrossRef]


http://doi.org/10.1111/j.1469-0691.2011.03497.x
https://www.who.int/publications/i/item/9789241509763
https://www.who.int/publications/i/item/9789241509763
http://doi.org/10.2903/j.efsa.2022.7209
http://doi.org/10.1371/journal.pone.0143326
http://doi.org/10.1016/j.vetmic.2019.03.025
http://doi.org/10.3390/antibiotics10111333
http://doi.org/10.1371/journal.pone.0238860
http://doi.org/10.1371/journal.pone.0232825
http://doi.org/10.1128/AEM.02364-16
http://doi.org/10.1371/journal.pone.0245224
http://doi.org/10.3390/microorganisms8030322
http://www.ncbi.nlm.nih.gov/pubmed/32110912
http://doi.org/10.3390/microorganisms7120684
http://www.ncbi.nlm.nih.gov/pubmed/31835884
http://doi.org/10.1016/j.rvsc.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30641471
http://doi.org/10.1186/s12917-020-02370-y
http://doi.org/10.3390/antibiotics10030228
http://doi.org/10.4315/0362-028X.JFP-19-350
http://doi.org/10.3201/eid1908.120879
http://doi.org/10.1016/j.ijfoodmicro.2018.05.022
http://doi.org/10.1016/j.wasman.2018.11.028
http://doi.org/10.1016/j.psj.2019.11.043
http://doi.org/10.3390/pathogens10050608
http://doi.org/10.3389/fmicb.2019.01940
http://doi.org/10.1016/j.onehlt.2021.100238
http://doi.org/10.1016/j.prevetmed.2016.07.001

Microorganisms 2022, 10, 981 21 of 22

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

60.

Plaza Rodriguez, C.; Correia Carreira, G.; Kasbohrer, A. A Probabilistic Transmission Model for the Spread of Extended-Spectrum-
Beta-Lactamase and AmpC-Beta-Lactamase-Producing Escherichia Coli in the Broiler Production Chain. Risk Anal. 2018, 38,
2659-2682. [CrossRef]

Correia-Carreira, G.; Langkabel, N.; Projahn, M.; Becker, E.; Kasbohrer, A. Modelling of Interventions for Reducing External
Enterobacteriaceae Contamination of Broiler Carcasses during Processing. Risk Anal. 2022, submitted.

Birkegard, A.C.; Halasa, T.; Toft, N.; Folkesson, A.; Graesboll, K. Send More Data: A Systematic Review of Mathematical Models
of Antimicrobial Resistance. Antimicrob. Resist. Infect. Control 2018, 7, 117. [CrossRef]

Hill, A.; Simons, R.; Ramnial, V.; Tennant, ].; Denman, S.; Cheney, T.; Snary, E.; Swart, A.; Evers, E.; Nauta, M.; et al. Quantitative
Microbiological Risk Assessment on Salmonella in Slaughter and Breeder Pigs: Final Report. EFSA Support. Publ. 2010, 7, 46E.
[CrossRef]

Greesboll, K.; Nielsen, S.S.; Toft, N.; Christiansen, L.E. How Fitness Reduced, Antimicrobial Resistant Bacteria Survive and Spread:
A Multiple Pig—Multiple Bacterial Strain Model. PLoS ONE 2014, 9, e100458. [CrossRef]

R Development Core Team. A Language and Environment for Statistical Computing. R Foundation for Statistical Computing:
Vienna, Austria, 2008. Available online: https:/ /www.R-project.org (accessed on 14 April 2022).

Malone, G.W.; Chaloupka, G.W.; Saylor, W.W. Influence of Litter Type and Size on Broiler Performance. Poult. Sci. 1983, 62,
1741-1746. [CrossRef]

Dame-Korevaar, A.; Fischer, E.A ].; van der Goot, J.; Velkers, F.; Ceccarelli, D.; Mevius, D.; Stegeman, A. Early Life Supply of
Competitive Exclusion Products Reduces Colonization of Extended Spectrum Beta-Lactamase-Producing Escherichia Coli in
Broilers. Poult. Sci. 2020, 99, 4052-4064. [CrossRef]

Aviagen. ROSS 308/ROSS 308 FF BROILER: Performance Objectives. Available online: http:/ /en.aviagen.com/assets/Tech_
Center/Ross_Broiler /Ross308-308FF-BroilerPO2019-EN.pdf (accessed on 14 April 2022).

Aviagen. Managing the Rowan Ranger. Available online: http://en.aviagen.com/assets/Tech_Center/Rowan_Range/
RowanRangerManagement2016EN.pdf (accessed on 14 April 2022).

Watkins, S.; Tabler, G.T. Avian Advice, Summer 2009. pp. 8-12. Available online: https://scholarworks.uark.edu/cgi/
viewcontent.cgi?article=1029&context=avian-advice (accessed on 14 April 2022).

Kirkpatrick, K.F. Aviagen Brief—Water Quality; Aviagen: Huntsville, AL, USA, 2008; Available online: https://eu.aviagen.com/
assets/Tech_Center/Broiler_Breeder_Tech_Articles/English/AviagenBrief WaterQuality_Feb08.pdf (accessed on 14 April 2022).
Muschkowitz, C. Impedimetrische Bestimmung von Generationszeiten Bei Stimmen Lebensmittelhygienisch Relevanter Enter-
obacteriaceaespezies Und -Genera. Ph.D. Thesis, Freie Universitat, Berlin, Germany, 1997. [CrossRef]

Robe, C.; Blasse, A.; Merle, R.; Friese, A.; Roesler, U.; Guenther, S. Low Dose Colonization of Broiler Chickens With ESBL-/ AmpC-
Producing Escherichia Coli in a Seeder-Bird Model Independent of Antimicrobial Selection Pressure. Front. Microbiol. 2019,
10, 2124. [CrossRef]

Dame-Korevaar, A.; Fischer, E.A.].; van der Goot, J.; Velkers, E; van den Broek, J.; Veldman, K.; Ceccarelli, D.; Mevius, D.;
Stegeman, A. Effect of Challenge Dose of Plasmid-Mediated Extended-Spectrum Beta-Lactamase and AmpC Beta-Lactamase
Producing Escherichia Coli on Time-until-Colonization and Level of Excretion in Young Broilers. Vet. Microbiol. 2019, 239, 108446.
[CrossRef]

Rougiere, N.; Carre, B. Comparison of Gastrointestinal Transit Times between Chickens from D+ and D- Genetic Lines Selected
for Divergent Digestion Efficiency. Animal 2010, 4, 1861-1872. [CrossRef]

Svihus, B.; Itani, K. Intestinal Passage and Its Relation to Digestive Processes. J. Appl. Poult. Res. 2019, 28, 546-555. [CrossRef]
Ravindran, V. Feed Enzymes: The Science, Practice, and Metabolic Realities. J. Appl. Poult. Res. 2013, 22, 628-636. [CrossRef]
Blaak, H.; van Hoek, A.H.; Hamidjaja, R.A.; van der Plaats, R.Q.; Kerkhof-de Heer, L.; de Roda Husman, A.M.; Schets, EM.
Distribution, Numbers, and Diversity of ESBL-Producing E. Coli in the Poultry Farm Environment. PLoS ONE 2015, 10, e0135402.
[CrossRef]

Ebenhoh, W. Zur Bedeutung Der Mathematischen Modellierung. Available online: https:/ /wiki.hhu.de/download/attachments/
157483130/ BedeutungDerMathematischenModellierung_WolfgangEbenhoeh.pdf?version=1&modificationDate=158489237700
0&api=v2 (accessed on 14 April 2022).

Opatowski, L.; Guillemot, D.; Boelle, P.Y.; Temime, L. Contribution of Mathematical Modeling to the Fight against Bacterial
Antibiotic Resistance. Curr. Opin. Infect. Dis. 2011, 24, 279-287. [CrossRef] [PubMed]

Génzle, M. Pradiktive Mikrobiologie. Available online: https://roempp.thieme.de/lexicon/RD-16-03896 (accessed on 14 April 2022).
Jurburg, S.D.; Brouwer, M.S.M.; Ceccarelli, D.; van der Goot, J.; Jansman, A.].M.; Bossers, A. Patterns of Community Assembly in
the Developing Chicken Microbiome Reveal Rapid Primary Succession. Microbiologyopen 2019, 8, e00821. [CrossRef] [PubMed]
Schokker, D.; Veninga, G.; Vastenhouw, S.A.; Bossers, A.; de Bree, EM.; Kaal-Lansbergen, L.M.; Rebel, ].M.; Smits, M.A. Early Life
Microbial Colonization of the Gut and Intestinal Development Differ between Genetically Divergent Broiler Lines. BMC Genom.
2015, 16, 418. [CrossRef] [PubMed]

Laube, H.; Friese, A.; von Salviati, C.; Guerra, B.; Kasbohrer, A.; Kreienbrock, L.; Roesler, U. Longitudinal Monitoring of
Extended-Spectrum-Beta-Lactamase / AmpC-Producing Escherichia Coli at German Broiler Chicken Fattening Farms. Appl.
Environ. Microbiol. 2013, 79, 4815-4820. [CrossRef]


http://doi.org/10.1111/risa.13145
http://doi.org/10.1186/s13756-018-0406-1
http://doi.org/10.2903/sp.efsa.2010.EN-46
http://doi.org/10.1371/journal.pone.0100458
https://www.R-project.org
http://doi.org/10.3382/ps.0621741
http://doi.org/10.1016/j.psj.2020.04.025
http://en.aviagen.com/assets/Tech_Center/Ross_Broiler/Ross308-308FF-BroilerPO2019-EN.pdf
http://en.aviagen.com/assets/Tech_Center/Ross_Broiler/Ross308-308FF-BroilerPO2019-EN.pdf
http://en.aviagen.com/assets/Tech_Center/Rowan_Range/RowanRangerManagement2016EN.pdf
http://en.aviagen.com/assets/Tech_Center/Rowan_Range/RowanRangerManagement2016EN.pdf
https://scholarworks.uark.edu/cgi/viewcontent.cgi?article=1029&context=avian-advice
https://scholarworks.uark.edu/cgi/viewcontent.cgi?article=1029&context=avian-advice
https://eu.aviagen.com/assets/Tech_Center/Broiler_Breeder_Tech_Articles/English/AviagenBrief_WaterQuality_Feb08.pdf
https://eu.aviagen.com/assets/Tech_Center/Broiler_Breeder_Tech_Articles/English/AviagenBrief_WaterQuality_Feb08.pdf
http://doi.org/10.17169/refubium-5056
http://doi.org/10.3389/fmicb.2019.02124
http://doi.org/10.1016/j.vetmic.2019.108446
http://doi.org/10.1017/S1751731110001266
http://doi.org/10.3382/japr/pfy027
http://doi.org/10.3382/japr.2013-00739
http://doi.org/10.1371/journal.pone.0135402
https://wiki.hhu.de/download/attachments/157483130/BedeutungDerMathematischenModellierung_WolfgangEbenhoeh.pdf?version=1&modificationDate=1584892377000&api=v2
https://wiki.hhu.de/download/attachments/157483130/BedeutungDerMathematischenModellierung_WolfgangEbenhoeh.pdf?version=1&modificationDate=1584892377000&api=v2
https://wiki.hhu.de/download/attachments/157483130/BedeutungDerMathematischenModellierung_WolfgangEbenhoeh.pdf?version=1&modificationDate=1584892377000&api=v2
http://doi.org/10.1097/QCO.0b013e3283462362
http://www.ncbi.nlm.nih.gov/pubmed/21467930
https://roempp.thieme.de/lexicon/RD-16-03896
http://doi.org/10.1002/mbo3.821
http://www.ncbi.nlm.nih.gov/pubmed/30828985
http://doi.org/10.1186/s12864-015-1646-6
http://www.ncbi.nlm.nih.gov/pubmed/26017153
http://doi.org/10.1128/AEM.00856-13

Microorganisms 2022, 10, 981 22 of 22

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Dorado-Garcia, A.; Smid, J.H.; van Pelt, W.; Bonten, M.J.M.; Fluit, A.C.; van den Bunt, G.; Wagenaar, J.A.; Hordijk, ].; Dierikx,
C.M,; Veldman, K.T.; et al. Molecular Relatedness of ESBL/ AmpC-Producing Escherichia Coli from Humans, Animals, Food and
the Environment: A Pooled Analysis. ]. Antimicrob. Chemother. 2018, 73, 339-347. [CrossRef]

Huijbers, PM.; Graat, E.A.; Haenen, A.P,; van Santen, M.G.; van Essen-Zandbergen, A.; Mevius, D.J.; van Duijkeren, E.; van Hoek,
A H. Extended-Spectrum and AmpC Beta-Lactamase-Producing Escherichia Coli in Broilers and People Living and/or Working
on Broiler Farms: Prevalence, Risk Factors and Molecular Characteristics. J. Antimicrob. Chemother. 2014, 69, 2669-2675. [CrossRef]
Guenther, S.; Bethe, A.; Fruth, A.; Semmler, T.; Ulrich, R.G.; Wieler, L.H.; Ewers, C. Frequent Combination of Antimicrobial
Multiresistance and Extraintestinal Pathogenicity in Escherichia Coli Isolates from Urban Rats (Rattus Norvegicus) in Berlin,
Germany. PLoS ONE 2012, 7, e50331. [CrossRef]

Ewers, C.; Bethe, A.; Wieler, L.H.; Guenther, S.; Stamm, I.; Kopp, P.A.; Grobbel, M. Companion Animals: A Relevant Source of
Extended-Spectrum Beta-Lactamase-Producing Fluoroquinolone-Resistant Citrobacter Freundii. Int. ]. Antimicrob. Agents 2011,
37,86-87. [CrossRef]

Delpont, M.; Guinat, C.; Guérin, J.-L.; Le Leu, E.; Vaillancourt, ].-P.; Paul, M.C. Biosecurity Measures in French Poultry Farms Are
Associated with Farm Type and Location. Prev. Vet. Med. 2021, 195, 105466. [CrossRef]

Luyckx, K.Y.; Van Weyenberg, S.; Dewulf, J.; Herman, L.; Zoons, J.; Vervaet, E.; Heyndrickx, M.; De Reu, K. On-Farm Comparisons
of Different Cleaning Protocols in Broiler Houses. Poult. Sci. 2015, 94, 1986-1993. [CrossRef]

Mueller-Doblies, D.; Carrique-Mas, ].J.; Sayers, A.R.; Davies, R.H. A Comparison of the Efficacy of Different Disinfection Methods
in Eliminating Salmonella Contamination from Turkey Houses. . Appl. Microbiol. 2010, 109, 471-479. [CrossRef]

Bolan, N.S.; Szogi, A.A.; Chuasavathi, T.; Seshadri, B.; Rothrock, M.].; Panneerselvam, P. Uses and Management of Poultry Litter.
Worlds Poult. Sci. |. 2019, 66, 673-698. [CrossRef]

Paul, S.S.; Chatterjee, RN.; Raju, M.V.L.N.; Prakash, B.; Rama Rao, S.V.; Yadav, S.P; Kannan, A. Gut Microbial Composition
Differs Extensively among Indian Native Chicken Breeds Originated in Different Geographical Locations and a Commercial
Broiler Line, but Breed-Specific, as Well as Across-Breed Core Microbiomes, Are Found. Microorganisms 2021, 9, 391. [CrossRef]
Ramirez, G.A.; Richardson, E.; Clark, J.; Keshri, J.; Drechsler, Y.; Berrang, M.E.; Meinersmann, R.J.; Cox, N.A.; Oakley, B.B. Broiler
Chickens and Early Life Programming: Microbiome Transplant-Induced Cecal Community Dynamics and Phenotypic Effects.
PLoS ONE 2020, 15, €0242108. [CrossRef]

Wang, Y,; Jin, T.; Zhang, N.; Li, J.; Wang, Y.; Kulyar, M.F,; Han, Z.; Li, Y. Effect of Stocking Density and Age on Physiological
Performance and Dynamic Gut Bacterial and Fungal Communities in Langya Hens. Microb. Cell Factories 2021, 20, 218. [CrossRef]
Guardia, S.; Konsak, B.; Combes, S.; Levenez, F.; Cauquil, L.; Guillot, ].E.; Moreau-Vauzelle, C.; Lessire, M.; Juin, H.; Gabriel,
I. Effects of Stocking Density on the Growth Performance and Digestive Microbiota of Broiler Chickens. Poult. Sci. 2011, 90,
1878-1889. [CrossRef] [PubMed]

Torok, V.A.; Hughes, R.J.; Ophel-Keller, K.; Ali, M.; Macalpine, R. Influence of Different Litter Materials on Cecal Microbiota
Colonization in Broiler Chickens. Poult. Sci. 2009, 88, 2474-2481. [CrossRef] [PubMed]

Lopez-Lopez, P.; Sarmiento-Franco, L.A.; Santos-Ricalde, R. Effect of Stocking Density on Performance, Infection by Eimeria
Spp., Intestinal Lesions and Foot Pad Injuries in Broilers with Outdoor Access under Tropical Conditions. Br. Poult. Sci. 2021, 63,
108-114. [CrossRef] [PubMed]

McKeith, A.; Loper, M.; Tarrant, K.J. Research Note: Stocking Density Effects on Production Qualities of Broilers Raised without
the Use of Antibiotics. Poult. Sci. 2020, 99, 698-701. [CrossRef]

Bokkers, E.A.; de Boer, L.]. Economic, Ecological, and Social Performance of Conventional and Organic Broiler Production in the
Netherlands. Br. Poult. Sci. 2009, 50, 546-557. [CrossRef]

Simitzis, P.E.; Kalogeraki, E.; Goliomytis, M.; Charismiadou, M.A.; Triantaphyllopoulos, K.; Ayoutanti, A.; Niforou, K.; Hager-
Theodorides, A.L.; Deligeorgis, S.G. Impact of Stocking Density on Broiler Growth Performance, Meat Characteristics, Behavioural
Components and Indicators of Physiological and Oxidative Stress. Br. Poult. Sci. 2012, 53, 721-730. [CrossRef]

Dame-Korevaar, A.; Kers, ].G.; van der Goot, J.; Velkers, F.C.; Ceccarelli, D.; Mevius, D.J.; Stegeman, A.; Fischer, E.A.]. Competitive
Exclusion Prevents Colonization and Compartmentalization Reduces Transmission of ESBL-Producing Escherichia Coli in
Broilers. Front. Microbiol. 2020, 11, 566619. [CrossRef]

Ceccarelli, D.; van Essen-Zandbergen, A.; Smid, B.; Veldman, K.T.; Boender, G.J.; Fischer, E.A ].; Mevius, D.J.; van der Goot, J.A.
Competitive Exclusion Reduces Transmission and Excretion of Extended-Spectrum-Beta-Lactamase-Producing Escherichia Coli
in Broilers. Appl. Environ. Microbiol. 2017, 83, e03439-16. [CrossRef]


http://doi.org/10.1093/jac/dkx397
http://doi.org/10.1093/jac/dku178
http://doi.org/10.1371/journal.pone.0050331
http://doi.org/10.1016/j.ijantimicag.2010.09.007
http://doi.org/10.1016/j.prevetmed.2021.105466
http://doi.org/10.3382/ps/pev143
http://doi.org/10.1111/j.1365-2672.2010.04667.x
http://doi.org/10.1017/S0043933910000656
http://doi.org/10.3390/microorganisms9020391
http://doi.org/10.1371/journal.pone.0242108
http://doi.org/10.1186/s12934-021-01707-y
http://doi.org/10.3382/ps.2010-01311
http://www.ncbi.nlm.nih.gov/pubmed/21844251
http://doi.org/10.3382/ps.2008-00381
http://www.ncbi.nlm.nih.gov/pubmed/19903943
http://doi.org/10.1080/00071668.2021.1966749
http://www.ncbi.nlm.nih.gov/pubmed/34404284
http://doi.org/10.1016/j.psj.2019.09.004
http://doi.org/10.1080/00071660903140999
http://doi.org/10.1080/00071668.2012.745930
http://doi.org/10.3389/fmicb.2020.566619
http://doi.org/10.1128/AEM.03439-16

	Modeling the Impact of Management Changes on the InfectionDynamics of Extended-Spectrum Beta-Lactamase-ProducingEscherichia coli in the Broiler Production
	Abstract
	Introduction 
	Materials and Methods 
	Mathematical Model 
	Modeling the Processes 
	Uptake of ESBL-Producing E. coli 
	Growth of ESBL-Producing E. coli in the Intestine 
	Excretion of ESBL-Producing E. coli into the Litter 

	Adaptation to Experimental Data 
	Modeling Different Ways of Infection 
	Modeling Changes in Management Practice 
	Model Runs 

	Results 
	Adaptation to Experimental Data 
	Modeling Different Ways of Infection 
	Calculated Effects of Management Measures at Farm Level 
	Increasing the Amount of Litter per Square Meter 
	A Slow-Growing Breed 
	Lower Stocking Densities 
	Combination of Measures 
	Products with Impact on the Microbiota 


	Discussion 
	Supporting Information
	References



