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Deepoxy‑deoxynivalenol (DOM‑1), a derivate 
of deoxynivalenol (DON), exhibits less toxicity 
on intestinal barrier function, Campylobacter 
jejuni colonization and translocation in broiler 
chickens
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Abstract 

Background:  Intestinal epithelial cells are challenged by mycotoxins and many bacterial pathogens. It was previ-
ously shown that the mycotoxin deoxynivalenol (DON) as well as Campylobacter (C.) jejuni have a negative impact on 
gut integrity. Recently, it was demonstrated that DON increased the load of C. jejuni in the gut and inner organs. Based 
on this finding, it was hypothesized the DON metabolite (deepoxy-deoxynivalenol, DOM-1) should be able to reduce 
the negative effects of DON on colonization and translocation of C. jejuni in broilers, since it lacks the epoxide ring, 
which is responsible for the toxicity of DON.

Methods:  A total of 180 broiler chickens were housed in floor pens on wood shavings with feed and water pro-
vided ad libitum. Birds were divided into six groups (n = 30 with 5 replicates/group): 1. Control, 2. DOM-1, 3. DON, 4. 
DOM-1 + C. jejuni, 5. DON + C. jejuni, 6. C. jejuni. At day 14, birds of groups 4, 5 and 6 were orally inoculated via feeding 
tube (gavage) with 1-ml of a PBS suspension containing 1 × 108 CFU of C. jejuni NCTC 12744. The performance param-
eters: body weight (BW), body weight gain (BWG), and feed intake of the birds were determined. At 7, 14, and 21 days 
post infection, samples from liver, spleen, duodenum, jejunum and cecum were aseptically collected and processed 
for bacteriological investigations. Finally, at each killing time point, segments of duodenum, jejunum and cecum were 
harvested and prepared for Ussing chamber studies to measure the paracellular mannitol fluxes.

Results:  A significant decrease in body weight was observed for chickens receiving the DON diet with or without 
C. jejuni compared to the other groups. Furthermore, it was found that the co-exposure of birds to DON and C. jejuni 
resulted in a higher C. jejuni load not only in the gut but also in liver and spleen due to increased paracellular perme-
ability of the duodenum, jejunum and cecum. On the contrary, DOM-1 supplementation in the feed improved the 
birds’ performance and led to a better feed conversion ratio throughout the trial. Furthermore, DOM-1 did not nega-
tively affect gut permeability and decreased the C. jejuni counts in the intestine and internal organs.
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Background
Despite years of research, and the integration of appro-
priate agricultural and manufacturing practices in the 
food chain, mycotoxin burden remains a global prob-
lem [1]. Substantial economic losses are associated with 
mycotoxin contamination of feed due to impaired ani-
mal health, welfare and productivity [2]. Deoxynivalenol 
(DON) is a trichothecene and one of the most prevalent 
mycotoxins in the world. Chemically, trichothecenes 
belong to the group of sesquiterpenoids containing the 
12, 13 epoxide group, considered to be critical for their 
toxicity. Due to the damaging effect of DON on the gut 
epithelium it can be expected that the toxin decreases the 
resistance of the gut to infectious agents. Indeed, it was 
found that the presence of mycotoxins during an infec-
tion potentiated the clinical signs of disease in cattle [3], 
pigs [4] and chickens [5]. Furthermore, it was shown 
in vitro that DON increased the translocation of a patho-
genic Escherichia coli strain via the intestinal epithelial 
cell monolayer (IPEC-1) [6]. Recently, it was also demon-
strated that feeding of DON is a predisposing factor for 
the development of necrotic enteritis in broiler chickens 
due to the negative influence of the mycotoxin on the 
epithelial barrier, which causes an increased intestinal 
nutrient availability for clostridial proliferation [5]. In 
agreement with this we found that the presence of DON 
in the broiler diet during an infection with Campylobac-
ter (C.) jejuni lead to an increase in intestinal permeabil-
ity and translocation of bacteria to inner organs with a 
decrease in birds’performance [7].

C. jejuni is the most prevalent food-borne patho-
gen, primarily associated with poultry. The relationship 
between C. jejuni and the chicken was originally thought 
to be commensal. Based upon recent findings, however, 
it was demonstrated that C. jejuni exacerbates the intes-
tinal paracellular permeability with consequences on the 
translocation of bacteria to inner organs as well as a neg-
ative influence on the bird performance following experi-
mental infections [8–13]. The high prevalence together 
with antibiotic-resistant Campylobacter strains [14, 15] 
underlines the importance to find intervention strate-
gies to decrease Campylobacter burden in chickens and 
to minimize campylobacteriosis in humans. Many studies 
have been published on the use of competitive exclusion 

to control Campylobacter with contradictory outcome 
and until today there is no commercial product available 
that shows good results [16–19].

In case of DON, it was demonstrated in various trials 
that a microbial feed additive with de-epoxidation activ-
ity was able to negate the toxic effects induced by this 
mycotoxin in chickens [20–24]. Mycotoxin deactivators 
are capable to transform DON to non-toxic metabolites 
such as deepoxy-deoxynivalenol (DOM-1), 3-keto-DON, 
3-epi-DON due to enzymatic biotransformation [25]. 
Widely used deactivators favouring the prevalence of 
DOM-1 support the idea to investigate consequences on 
gut health and C. jejuni colonization. The aforementioned 
metabolite has not yet been investigated in combination 
with a pathogen such as C. jejuni and remain to be eluci-
dated. We therefore hypothesized that the dietary inclu-
sion of the DON metabolite DOM-1 instead of DON 
could alleviate DON-related effects on performance, gut 
permeability and C. jejuni colonization. Therefore, the 
objective of the present study was to investigate the effect 
of the dietary addition of the DON metabolite (DOM-1) 
to broiler feed on the colonization of C. jejuni in the gut 
as well as the translocation of C. jejuni to inner organs 
in comparison to DON. Furthermore, the epithelial para-
cellular permeability in different intestinal parts which 
is possibly affected by the presence of DON/DOM-1 in 
combination with C. jejuni, was determined by applying 
the Ussing chamber technique.

Results
Comparative effect of DOM‑1 and DON on zootechnical 
performance
Performance parameters are depicted in Figs.  1 and 2. 
The initial body weight of broiler chicks did not differ 
(P > 0.05) among the groups at day 1. During the experi-
ment, the mean body weight per bird was significantly dif-
ferent between groups (P < 0.05), except at week 2 (wk2) 
(Fig.  1a). The growth performance of birds in groups 3 
and 5 was numerically decreased (P < 0.1) at wk2. At wk4 
and wk5 birds in group 2 had a significantly higher body 
weight (P < 0.01) compared with groups 1, 3 and 5, while 
birds in group 3 had a significantly (P < 0.001) lower body 
weight. Similarly, birds in groups 5 and 6 infected with 
C. jejuni had a significantly lower body weight (P < 0.05) 

Conclusion:  Altogether, the presence of DOM-1 in the feed as a result of the enzymatic biotransformation of DON 
leads to a lower C. jejuni count in the intestine and better feed conversion ratio. Moreover, this study demonstrates 
that the detoxification product of DON, DOM-1, does not have negative effects on the gastrointestinal tract and 
reduces the Campylobacter burden in chickens and also the risk for human infection.

Keywords:  Deoxynivalenol (DON), Deepoxy-deoxynivalenol (DOM-1), Campylobacter jejuni, Colonization, 
Translocation, Intestinal permeability, Ussing chamber, Broiler chickens
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Fig. 1  Exposure of broilers to deoxynivalenol and deepoxy-deoxynivalenol with/without C. jejuni and consequences on a body weight (BW) and b 
body weight gain (BWG). Results are presented as mean and standard error of mean (SEM). Asterisks mark differences with P ≤ 0.1 (#), P ≤ 0.05 (*), or 
P ≤ 0.001 (***)

Fig. 2  Comparative effect of the co-exposure to deoxynivalenol and deepoxy-deoxynivalenol with C. jejuni on a feed intake (FI) and b feed 
conversion rate (FCR). Results are presented as mean and SEM. Asterisks mark differences with P ≤ 0.1 (#), or P ≤ 0.05 (*)
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compared with birds in the non-infected groups 1 and 2. 
Furthermore, comparing the average BW of the feeding 
groups at each week, the DOM-1 group had increased 
BW at wk2 and wk5 compared to that of the DON 
group (P = 0.040 and P = 0.008, respectively). Numerical 
changes in body weight gain (BWG) were demonstrated 
at wk2, wk5, and this effect reached the statistical signifi-
cance (P < 0.05) at wk3 and wk4. Moreover, birds in group 
2 had a numerically higher weight gain at wk2 and wk5 
and a significant higher weight gain at wk4 in comparison 
to other groups (Fig. 1b). Additionally, the BWG was sig-
nificantly increased for birds supplemented with DOM-1 
at wk2, wk4 and wk5 compared to that of the DON group 
(P = 0.001, P = 0.051, and P = 0.005, respectively). The 
overall body weight gain was significantly (P = 0.007) 
lower (1750 ± 36  g) in group 3 compared with group 
1 (1937 ± 27  g), while birds in group 2 had the highest 
weight gain (2043 ± 31 g). Furthermore, DOM-1 supple-
mented birds had a greater overall body weight gain than 
DON supplemented birds (P = 0.005).

The feed intake was not significantly different between 
groups during the first three weeks (Fig.  2a) and only 
slight differences were observed in the average daily 
feed intake between group 1 (85  g/bird/day) and group 
2 (83 g/bird/day). An increase in the average feed intake 
from week 3 onwards was recorded in groups 3, 4, 5, and 
6 compared to groups 1 and 2. This finding was signifi-
cant at wk4 (P < 0.05) and remained at a numerical differ-
ence in wk5. Furthermore, a decreased feed intake was 
observed at wk4 for the DOM-1 feed group compared to 

that in the DON group (P = 0.018). In this context, feed 
conversion ratio (FCR) at wk4 and wk5 of infected birds 
in groups 4, 5, and 6 was higher compared with non-
infected birds in groups 1, 2 and 3 (Fig. 2b). In addition, 
DOM-1 supplemented birds had a lower FCR than DON 
supplemented birds at wk4 and wk5 (P = 0.000, P = 0.033, 
respectively). Throughout the whole trial, the average 
feed conversion ratio was lower in group 2 compared 
with the other groups and this effect was significant at 
wk4 and wk5 (Fig. 2b), indicating that DOM-1 was able 
to improve the feed efficiency under the present experi-
mental conditions.

Comparative effect of DOM‑1 and DON on colonization 
and translocation of C. jejuni
Prior to the experimental infection, all birds were con-
firmed as Campylobacter free by cloacal swab samples 
taken from day-old birds and at 14  days of age. The C. 
jejuni load in the intestine and inner organs is presented 
in Fig.  3. In group 5, birds had higher loads of C. jejuni 
in the jejunum and cecum at 7 dpi compared to birds in 
group 6, however, at that time, no significant differences 
were found regarding the C. jejuni counts in liver and 
spleen of the birds fed different diets. At 14 dpi a signifi-
cant increase of C. jejuni was found in caeca as well as in 
the liver and spleen of DON-fed birds (group 5). Fur-
thermore, co-exposure of broiler chickens to DON and 
C. jejuni supported C. jejuni colonization in jejunum and 
cecum and induced translocation to the liver and spleen 
at 14 dpi and 21 dpi, indicating that the noticeable effect 

Fig. 3  Comparative effect of the co-exposure to deoxynivalenol and deepoxy-deoxynivalenol with C. jejuni on the colonization and translocation of 
Campylobacter at different times post infection. Results are presented as mean and SEM (n = 5). Asterisks mark differences with P ≤ 0.1 (#), or P ≤ 0.05 
(*)
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of the co-exposure is more prominent at later stages. The 
dietary inclusion of DOM-1 in group 4 decreased the load 
of C. jejuni in duodenum, jejunum and cecum significantly 
at 7 and 14 dpi. Moreover, a decreased load of C. jejuni in 
jejunum and cecum was observed at 7 dpi for the DOM-1 
feed group compared to that in the DON group (P = 0.012 
and P = 0.033, respectively). In line with that, at 14 dpi, 
DOM-1 decreased the translocation of C. jejuni to liver and 
spleen compared to that of the DON group (P = 0.037 and 
P = 0.016, respectively). Later on, no significant differences 
between groups were noticed although a certain tendency 
remained with lower C. jejuni counts in DOM-1 fed birds.

Comparative effect of DOM‑1 and DON on intestinal 
paracellular permeability
The unidirectional mucosa-to-serosa permeability of 14C 
mannitol in duodenum, jejunum and cecum is shown in 
Fig.  4a–c. The findings revealed that DON caused a dis-
ruption of the intestinal epithelial barrier function and 
increased paracellular permeability. Similarly, the results 
showed that C. jejuni exposure induces a significant 
increase in the flux of 14C mannitol in all parts of the intes-
tine. Consequently, this effect was particularly pronounced 
in birds co-exposed to DON and C. jejuni (group 5). Dur-
ing the baseline period (30–60 min), there were significant 
differences in the flux of the marker molecule in the duo-
denum, jejunum and cecum among the different groups at 
7 dpi. Furthermore, during the second flux period (from 
60 to 90 min), a continuous increase in 14C mannitol flux 
was found, most probably because of passive diffusion. It 
was obvious that the effect of DON was more persistent 
in the jejunum and cecum at 21 dpi. Furthermore, the co-
exposure to DON and C. jejuni potentiates this negative 
effect on the permeability of the duodenum in all flux peri-
ods, which is indicated by a higher mannitol flux at 7 dpi 
(P < 0.05), 14 dpi (P < 0.001) and 21 dpi (P < 0.05) compared 
to the controls. Similarly, the results revealed that expo-
sure with DON induced an increase in the flux of manni-
tol in the jejunum and cecum at 7 dpi, 14 dpi and 21 dpi. 
On the contrary, feeding of DOM-1 induced no significant 
changes in intestinal permeability and led to a comparable 
permeability of the chicken gut as in the control group. In 
addition, at 7 dpi, a decreased mannitol flux in the duode-
num (P = 0.019, P = 0.000, and P = 0.000 during the first 
(30–60 min), second (60–90 min) and third (90–120 min) 
flux periods, respectively), and in the jejunum (P = 0.025 
and P = 0.000, during the second and third flux periods, 

respectively) were observed for the DOM-1 fed group 
compared to that in the DON fed group. This difference 
in the mannitol flux between the DOM-1 fed group and 
DON fed group was more pronounced in the duodenum 
and jejunum at 7 dpi and 14 dpi (P < 0.01), but this differ-
ence did not reach statistical significance at 21 dpi which 
could be attributed to that DON is rapidly and efficiently 
absorbed in the upper gastrointestinal tract. Data showed 
that the impact of the dietary treatments on intestinal per-
meability varies highly between different gut sites, which 
likely reflects different mechanisms for the alterations of 
intestinal permeability of each intestinal segment.

Discussion
Mycotoxin contamination of poultry feeds is a worldwide 
problem, as this can increase the incidence of disease and 
reduce production efficiency [26]. In general, the contami-
nation of livestock feed with mycotoxins has a profound 
effect on animal welfare and productivity [27, 28]. Further-
more, contrary to pathogens exposure, there are no clear 
clinical signs of mycotoxin intoxication, as mycotoxins are 
normally present at low levels. However, they are able to 
damage epithelial tissue, increase intestinal permeability, 
and therefore may result in a weakened immune system or 
even death [29, 30, 31, 26].

Mechanisms how mycotoxins influence prokaryotes also 
began to emerge as an important area of future research 
perspectives [32, 33]. Recently, presented evidence indi-
cates that DON can negatively affect the gut microbiota 
of either humans or animals [34, 35]. This, in turn, has led 
to a greater interest in understanding bacterial responses 
towards DON. Applying an experimental model for 
necrotic enteritis Antonissen et  al. [5] found that broiler 
chickens fed a diet contaminated with 5 mg DON/kg feed 
were more prone to develop necrotic enteritis compared 
to chickens fed with the control diet. Previously, it was also 
shown that the co-exposure of broiler chickens to DON 
and C. jejuni supported the C. jejuni colonization in the gut 
at certain time points post infection, revealing that DON 
might provide a favorable condition for Campylobacter 
growth [7].

The high prevalence of Campylobacter jejuni in broil-
ers combined with the fear to spread multi-drug resist-
ance genes underlines its high importance from a 
socio-economic perspective. In consequence, many stud-
ies attempted to combat the burden of this bacterium in 
poultry in order to decrease the risk of human infection 

(See figure on next page.)
Fig. 4  Comparative effect of the co-exposure to deoxynivalenol and deepoxy-deoxynivalenol with C. jejuni on the paracellular permeability in 
the duodenum (a), jejunum (b) and cecum (c) at different time points post infection. Mucosal to serosal flux (Jms) of the permeability marker 
14C-mannitol were performed in Ussing chambers. Data are presented as the mean values and SEM (n = 5). Asterisks mark differences with P ≤ 0.1 
(#), P ≤ 0.05 (*), P ≤ 0.01 (**), or P ≤ 0.001 (***)
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Fig. 4  (See legend on previous page.)
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[36–39]. It has been shown that the use of competitive 
exclusion to control Campylobacter results in a contradic-
tory outcome and until today there is no commercial prod-
uct available with good efficacy [16, 18, 19]. Similarly, for 
DON, it was reported that mycotoxin deactivators were 
capable to transform DON into the non-toxic metabolite 
DOM-1 due to enzymatic biotransformation, thus decreas-
ing the DON burden in the chicken. However, direct effects 
of purified DOM-1 on gut barrier and performance have 
never been assessed in chickens. Furthermore, no data are 
available about the interaction of DON or the non-toxic 
metabolite DOM-1 in context of an C. jejuni infection in 
broiler chickens, altogether the subject of the actual study.

Overall, the actual study demonstrated that the dietary 
inclusion of a non-toxic metabolite of DON, DOM-
1, does not lead to negative effects in broiler chickens. 
Concurrently, birds fed with DOM-1 had a better per-
formance compared to all other groups, as shown by the 
higher body weight and body weight gain, as well as an 
improved feed conversion ratio. The better performance 
in the DOM-1 -supplemented birds could be explained 
by that the non-toxic metabolite of DON claims several 
modes of action such as activation and supporting the 
liver function as well as enhancement of the immune 
system, metabolic enzyme activity and feed digestibil-
ity [40]. On the contrary, the BW and feed intake were 
negatively affected by DON at 5  mg/kg. The impaired 
growth performance results may be related to changes in 
gut physiology caused by the mycotoxin. Negative effects 
on nutrient digestibility and BW could be explained by 
suppressed villus length and a decrease in the nutrient 
absorption surface area in the jejunum [41]. Similarly, 
a linear decrease in feed intake and weight gain with 
increasing dietary proportions of DON-contaminated 
wheat in the diet of male broilers reared for 5 weeks was 
reported [42]. Currently, the guidance level for DON in 
the European Union in complete feed for poultry is set at 
5 mg DON/kg feed (EC 2006). However, the toxic effects 
of DON in poultry depend not only on the dose but also 
on the length of exposure to DON as well as other fac-
tors, whereby the interactions with other dietary compo-
nents that are affecting intestinal health may play a role 
[31]. Moreover, the inconsistency of the performance 
does not only rely on DON as such, but also on the 
growth potential and feed efficiency traits of birds. Con-
sequently, it is important to re-evaluate threshold levels 
for DON in chicken feed which are reflected in the cur-
rently applicable guidance values (EC 2006).

In this context, the results of the actual study also indi-
cated that DON increased the intestinal paracellular 
permeability as reported in previous studies [29, 7]. Simi-
larly, effects of C. jejuni on the gut physiology of chick-
ens have also been reported [12]. It was shown that these 

bacteria have a negative impact on the nutrient absorp-
tion indicating that a lower slaughter weight might prob-
ably be due to the reduction in the feed efficiency [13]. 
Furthermore, the occurrence of a leaky gut syndrome 
caused by C. jejuni is known to enhance bacterial trans-
location from the gut to internal organs [9, 11]. The study 
also revealed that the co-exposure to DON and C. jejuni 
potentiates a significant increase in paracellular perme-
ability. Interestingly, the intestinal permeability was not 
negatively influenced by the feeding of DOM-1 and led 
to comparable intestinal permeability as in the control 
group.

Effects of purified DOM-1 on the intestine have never 
been tested. However, nutritional strategies including 
bacteria/enzyme transforming DON to deepoxy-DON 
reduced the occurrence and extent of intestinal lesions 
resulting in the same zootechnical performance as the 
control animals [21, 43, 44]. Recently, an increase in the 
colonization and translocation of C. jejuni and E. coli 
could be demonstrated in birds fed with DON, again 
confirmed in the actual study [7]. By contrast, feeding of 
DOM-1 reduced the colonization of all measured parts of 
the intestine with C. jejuni in a range of 1.5–3.0 log dur-
ing the first two weeks post infection compared to the 
DON + C. jejuni treatment. Furthermore, it can also be 
hypothesized that DOM-1 may create a different intesti-
nal milieu to C. jejuni at a certain time point postinfec-
tion. However, these findings warrant additional studies 
to explain how DON and DOM-1 could affect (directly 
or indirectly) the level of a prokaryote such as Campylo-
bacter in chickens. The reduced colonization of C. jejuni 
due to DOM-1 supplementation could be explained by 
the fact that DOM-1 could have beneficial effects on 
the microbial populations and metabolic end products 
(short-chain fatty acids, SCFAs) in the intestine, since it 
was thought that a more stable microbiota might prevent 
the colonization of pathogens [45]. Finally, the results of 
this study can be useful in understanding how gram-neg-
ative bacteria respond to DON and DOM-1, however the 
bacterial response at the transcriptome level needs fur-
ther investigation.

Conclusion
In summary, results of the current study showed that the 
presence of DOM-1 in the feed as a result of the enzy-
matic biotransformation of DON does not have toxic 
effects on zootechnical parameters and intestinal per-
meability. The results demonstrated that the dietary 
inclusion of DOM-1 in broiler feed together with an C. 
jejuni infection decreased bacterial load in the gut and 
reduced Campylobacter dissemination to inner organs 
which might be due to DOM-1 -related changes in host 
physiology and intestinal permeability in comparison to 
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DON. Besides, the dietary supplementation of DOM-1 
to the infected birds effectively alleviated the intestinal 
alterations caused by C. jejuni and compensated nega-
tive effects on permeability. Moreover, an improvement 
in birds’ performance was observed by DOM-1 feeding. 
Feed technologies, reducing not only the detrimental 
effects of DON in chicken feed but also the Campylobac-
ter burden, display a significant impact on animal welfare 
and public health.

Material and methods
Birds, treatment groups and bacteriological study
A total of 180 one-day–old broiler chicks were obtained 
from a commercial hatchery (Ross-308; Geflügelhof 
Schulz, Lassnitzhöhe, Austria) and divided into six treat-
ment groups, each with an identical set up (n = 30 birds 
with 5 replicates/ group): 1. negative control (basal diet), 
2. DOM-1 supplemented diet (5  mg/kg feed), 3. DON 
contaminated diet (5  mg/kg feed), 4. DOM-1 supple-
mented diet (5 mg/kg feed) + C. jejuni infection, 5. DON 
contaminated diet (5 mg/kg feed) + C. jejuni infection, 6. 

positive control (C. jejuni infection + basal diet) (Fig. 5). 
On the day of hatch, chicks were tagged, weighed and 
put into floor pens equipped with fresh wooden shav-
ings litter under strict conditions of biosecurity. Light 
was provided in a 16:8 light/dark cycle. Temperature was 
kept at 35 °C during the first days of life provided via red 
light spot lamps and later reduced to 25 °C with the age 
of birds. Humidity was at an interval between 55 and 
60%. Feed and water were provided ad libitum. The birds 
were fed for 5 consecutive weeks with either contami-
nated diets with 5 mg DON/kg feed, or basal diet supple-
mented with 5  mg DOM-1/kg feed (BIOMIN Research 
Center, Technopark 1, 3430 Tulln, Austria), or only basal 
diets (control, non-contaminated diet during the starter 
and grower periods). The control diet was prepared with 
non-contaminated wheat. The mycotoxin contaminated 
diet was prepared by replacing “non-contaminated” 
control wheat with DON contaminated wheat. Moreo-
ver, the 5 mg DON/kg feed in this study is the currently 
applicable EU guidance value of DON contamination 
(5  mg DON/kg poultry feed) (EC, 2006). Consequently, 

Fig. 5  Schematic outline of the experimental design. In the control group, birds were left untreated and fed the basal diet with no 
supplementation. In the DON and DOM-1 treated groups, birds were fed for 5 weeks with either DON or DOM-1. On day 14 of age, each bird within 
groups 4, 5 and 6 was orally inoculated into the crop with 108 CFU of C. jejuni (NCTC 12744)
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the used feeding model is relevant to mimic the field 
situation. The composition of the diet comprised maize, 
wheat, soy, soybean meal, soybean oil, and rapeseed oil. 
Additionally, a premix of vitamins, minerals, mono cal-
cium phosphate, and salt was supplemented. Feeds were 
provided by Biomin Holding GmbH (Tulln, Austria). 
Starter diet was fed for 9  days, followed by the grower 
diet from day 10 until 35 days of age. Representative feed 
samples for each group were analyzed for determining 
the concentration of DON, DOM-1 and other mycotox-
ins in the diets.

Birds were monitored daily for any adverse effects or 
clinical signs. Performance parameters monitored dur-
ing the trial included body weight of each bird, which was 
taken at the first day of the trial and afterwards weekly, 
body weight gain was determined weekly and feed con-
sumption was calculated weekly for each group and 
accordingly feed conversion ratio was measured. Cloa-
cal swabs were taken on day one and prior to infection. 
These swabs were directly streaked onto modified char-
coal-cefoperazone-deoxycholate agar (mCCDA Oxoid, 
Hampshire, UK), and incubated at 41.5 °C under micro-
aerophilic conditions (Genbox microaer, BioMérieux, 
Vienna, Austria). On day 14 of age, chicks from groups 
4, 5 and 6 were orally inoculated into the crop with 
1 × 108 cfu/ml C. jejuni NCTC 12744 using a syringe con-
nected to a stainless-steel cannula.

At 7, 14- and 21-days post infection, five birds from 
each group were randomly selected and euthanized 
for sampling. Gross pathological examination was fol-
lowed by collecting tissue samples from liver, spleen, 
duodenum, jejunum and cecum for bacterial enumera-
tion. These samples were homogenized (Ultra-Turrax 
IKA, Staufen, Germany) in 1:10 (wt:vol) PBS (phosphate 
buffered saline, Life Technologies Limited, Paisley, UK), 
followed by a preparation of serial ten-fold dilution and 
direct plating in duplicate on CASA agar (BioMérieux, 
Vienna, Austria). CFU counts were determined by calcu-
lating the mean value of both plates.

Intestinal paracellular permeability
At each killing time point, segments of duodenum, jeju-
num and cecum (2 replicates/segment/bird) were har-
vested from five birds for five birds per group, placed 
in ice-cooled buffer solution and prepared for Ussing 
chamber studies to measure the paracellular mannitol 
fluxes. Epithelial layers had an exposed tissue surface of 
1.1 cm2 and were incubated with 12 ml of buffer solu-
tion on either side under short-circuit conditions. Tis-
sue stabilization was followed by the addition of the 
radioactive tracer, 14C-mannitol (0.1  mCi/ml; Hart-
mann Analytic, Steinriedendamm 15 Braunschweig, 

Germany), to the mucosal solution. After a 30-min 
equilibration period, standards (0.1-mL) were collected 
from the mucosal side of each chamber and 30-min 
flux periods were established by taking 0.6-mL samples 
from the serosal compartment, four times in total. All 
procedures were performed as described by Awad et al. 
[29]. Finally, the presence of 14C-mannitol was detected 
by measuring β emission in a liquid scintillation coun-
ter after addition of up to 5 mL a liquid scintillation 
fluid to all samples (Ultima Gold, Perkin Elmer, MA, 
USA).

Statistical analysis
Data are presented as means with standard error of 
mean (SEM). To evaluate the normality Kolmogorov–
Smirnov´s test was utilized. A multivariate general lin-
ear model, ANOVA, Duncan´s multiple range test and 
LSD were performed to analyze performance, bacterial 
translocation and mannitol flux data. Data were ana-
lyzed by IBM SPSS Statistics 24 software for Windows 
(Chicago, IL, USA).
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