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A B S T R A C T

Prophylactic use of antibiotics in poultry diets has been identified as a problematic practice because of its po-
tential to exacerbate the spread of antibiotic resistance to human pathogens. A range of countries have opted to
completely ban the use of antibiotics in animal feed. The animal production industries are looking for alternative
ways to effectively control pathogens while providing the performance benefits previously secured by antibiotics
in feed. Here, we present evidence that oregano (Origanum vulgare) could be a potential alternative for pathogen
control in the poultry industry. Broiler diets were supplemented with oregano powder (0%, 0.5%, 1%, and 2%)
for six weeks. The capacity for pathogen control was estimated by microbiota profiling of the jejunum, ileum,
and caecum content, and in the faeces, by 16S rRNA gene amplicon sequencing. The concentrations of short-
chain fatty acids in the caecal content were also measured, as were villus/crypt parameters in the ileum.
There were no differences among treatments in weight gain, feed intake, or the concentration of short-chain
fatty acids. The height, width, and the surface area of villi in the ileum were not influenced by oregano addi-
tion. However, 1% and 2% of oregano produced a significant increase in the villus height to crypt depth ratio.
There were no visible histopathological changes in the liver in control and treated groups. Although oregano had
no significant effect on overall microbial diversity and gross composition, some specific genera, like Proteus,
Klebsiella and Staphylococcus, which include known pathogens, were reduced in relative abundance by oregano
treatment. Bifidobacterium, recognized as a beneficial and probiotic genus, was also suppressed by the oregano
treatment.
1. Introduction

The poultry industry has to deal with high pathogen load environ-
ments, influenced by high bird stocking density and faecal loaded sur-
roundings, requiring control measures to reduce the incidence and risk of
disease outbreaks. For many years the industry has used in-feed supple-
mentation of antibiotic growth promoters (AGPs) to control poultry
pathogens. The beneficial effects of sub-therapeutic use of AGPs on bird
health have been particularly evident on farms where biosecurity and
bird living conditions were the poorest. This suggests that improving the
living conditions and animal husbandry techniques could be an effective
way to reduce the requirement for AGPs. However, it is prudent to
maintain multiple lines of defence against pathogens to prevent disease
outbreaks. A major challenge for pathogen control in broiler sheds is the
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high excreta pathogen load that can be found in the litter, particularly as
coprophagous activity is normal amongst broilers. Interactions with the
litter have been implicated in the bird to bird transmission of pathogens
such as Campylobacter jejuni [1]. The use of AGPs and their ability to
control pathogens and improve the overall health and performance of
birds has contributed to the immense growth of the poultry industry.
However, the use of AGPs in production has been gradually over-
shadowed by the public concern of antibiotics in the human food chain as
well as the potential for farms to become breeding grounds for
antibiotic-resistant bacteria.

Phytobiotics, such as oregano's volatile compounds - carvacrol,
thymol, and their pre-cursors p-cymene and γ-terpinene, have been
demonstrated to have synergistic/additive effects, such as antifungal,
antiparasitic, antioxidant and antimicrobial activities. This suggests that
tober 2019
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oregano could be a viable alternative to AGPs provided there are no
negative effects on the birds' health and that the efficiency of controlling
the pathogen load in the gastrointestinal tract community is confirmed in
vivo. Carvacrol and other oregano compounds can be cytotoxic [2, 3] at
high doses indicating the need for optimising the concentration of
oregano in feed to achieve maximum positive effects without cytotoxic
effects. Additionally, there is a valid concern that phytobiotics may
induce microbial resistance [4]. Use of phytobiotics in the form of
essential oil is complicated by the volatility of compounds, which leads to
rapid absorption in the upper gastrointestinal tract and difficulty in
delivering sufficient dosages to the lower regions of the gut.

In the current study, chicken feed was supplemented with a range of
oregano powder concentrations (0%, 0.5%. 1% and 2%) to investigate
the effects on the pathogen load in the gastrointestinal tract and on short-
chain fatty acid (SCFA) production in the caecum of broiler chickens. We
evaluated liver cytotoxicity and ileal digestive capacity using histological
assessment of these sections. Our results demonstrate the ability of
oregano to control some poultry and human pathogens without visible
effect on ileal and liver morphology.

2. Materials and methods

2.1. Oregano powder preparation

The dried aerial parts of oregano (Turkish, Saucy Spice Company,
NSW) were used to make the powder. We have previously evaluated the
effect of the oregano spice particle size on the growth of poultry patho-
gens in-vitro and concluded that the oregano powder with particle size
lower than 80μm are the most efficient in pathogen control. Oregano was
processed by blending (100g, 1.5min/max, 1500W, Nutri Ninja Auto iQ
Duo, SharkNinja, USA) to reduce particle size. That powder was then
processed in a Planetary Ball Mill Machine (speed no. 5, 2 hrs, 40g*each
run; Changsha Yonglekang Equipment, China). The oregano was then
placed in an electric sieve machine (Changsha Yonglekang Equipment,
China); the powder used in the trial was the material that passed through
a 75μm sieve. The particle size of the final oregano powder product was
determined by laser diffraction (Mastersizer 2000, Malvern, ATA scien-
tific, Australia) to have an average diameter of 10μm.

2.2. Feed preparation

Chicken starter diet (Red Hen, Laucke Mills, Australia) with no an-
timicrobials or coccidiostats was used throughout the trial. The feed was
formulated to meet or exceed the National Research Council guidelines
for broiler chickens [5]. The oregano was mixed into the feed to make 3
treatment groups 2% (0.02 kg/kg w/w), 1% (0.01 kg/kg w/w) and 0.5%
(0.005 kg/kg w/w) in an electric mixer (125L cement mixer CMX-125,
Ozito, China).

2.3. Birds and management

The study was approved by the Animal Ethics Committee of Central
Queensland University under the approval number 0000020312. Forty
eight one-day-old chicks (Ross Broiler 308, Bond Enterprises, Too-
woomba) were randomly distributed into four pens, with 12 birds per
pen. Each pen received feed supplemented with a different amount of
oregano: the control 0%, 0.5%, 1% and 2%. The purpose of this experi-
ment was not to evaluate bird performance but rather to evaluate the
effects of oregano on gastrointestinal sections and on pathogen load
reduction. All birds were fed ad libitum and had unrestricted access to
drinking water. Birds were individually tagged using leg bands and
weighed every week. The trial ran for a total of 42 days. Faecal material
was collected for each bird by placing a transparent loose chicken wire
enclosure around individual birds and waiting until fresh faeces were
deposited and collected. Birds were euthanised at day 42 post hatch
(CO2, BOC, Australia) and dissected. Jejunum, ileum and caecum
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contents were taken for microbiota analysis, and liver and ileum sections
were collected for histology.

2.4. Short chain fatty acids measurement

The standards and samples were analysed on a GC-MS (GC-MS-
QP2010 Ultra) fitted with a AOC-20s Shimadzu autosampler and a Shi-
madzu AOC-20i auto-injector with a polar column (Agilent J&W GC,
30m, 0.250 diameters (mm), film 0.25 (μm) temperature limits form 40
�C–260 �C).

SCFAs were determined by injecting a 1 μl sample at 250 �C with
helium (1.97 ml/min, 5.0, Coregas, Australia) as the carrier gas. The
injection mode had a 5.0 split. The pressure was maintained at 143.3 kPa
and a helium flow of 103.4 ml/min. The mass spectrometer operated in
the electron ionization mode at 0.2kV, source temperature was 220 �C,
and the scan mode was between 33 to 150m/z.

2.5. Histology

The tissue samples of liver and the midpoint of the ileum were
collected and fixed in 10% buffered formalin solution. Fixation, paraffin
embedding, deparaffinization, rehydration and staining with hematox-
ylin and eosin (H&E), were done by routine laboratory procedures. Glass
slides were scanned at the TRI Microscopy Core Facility (Brisbane,
Australia) using a Nikon Brightfield, Olympus VS120 slide scanner and
analysed using Olympus microscopy software Olyvia. Morphometric
analysis of the ileum was performed using Olympus software SensEntry
1.13. For each tissue sample, 20 well-oriented villi and crypts were
examined. The measured parameters were: villus height (distance from
the tip to the bottom of the villi), villus width (mean value between basal
and apical villi width) and the crypt depth (distance between the crypt
neck and its base). These morphometric measures were also utilised for
the calculation of the villus surface area and the villus height to crypt
depth ratio. The villus surface area was calculated using the equation [6]:
Villus surface area [μm2] ¼ π � Villus height [μm] � Villus width [μm].

As datasets were homogenous (cv<30%), the groups were compared
using one-way ANOVA followed by Tukey's multiple comparison test. A
significant difference was estimated at P< 0.05 and P< 0.01 significance
levels. Statistical analysis of the results obtained in the experiment was
carried out using statistical software GraphPad Prism version 6 (Graph-
Pad, San Diego, CA, USA).

2.6. DNA extraction

DNA was extracted from jejunal, ileal, caecal and faecal samples.
Approximately 0.2 g of sample was transferred into tubes containing 0.2
g of glass beads (0.1 mm diameter) and 0.7 ml of lysis buffer (500 mM
NaCl, 50 mM EDTA, 50 mM TrisHCl (pH 8), 4% SDS). Samples were
homogenised at maximum speed for 5 min (Mini-Beadbeater, Biospec
products) and incubated at 75 �C for 15 min with vortexing at 5 min
intervals. Samples were then centrifuged (16,000 rcf, 5 min) and 0.4 ml
of the supernatant was combined with 500 μl of binding buffer (5 M Gu-
HCl, 30% isopropanol) and transferred into a DNA spin column with a
collection tube (Enzymax LLC, Cat# EZC101, Kentucky, US). The spin
column was centrifuged (8,000 rcf, 1 min) and the contents of the
collection tube discarded. The spin column was then washed twice with
800 μl of wash buffer (10 mM Tris-HCl, 80% ethanol (pH7.5) centri-
fuging at 8,000 rcf for 1 min. The spin columns were dried by centrifu-
gation (8,000 rcf, 1 min) and placed in new collection tubes and eluted
with 50 μl of elution buffer (10 mM Tris-HCl). The DNA quality and
quantity was estimated using a NanoDrop spectrophotometer.

2.7. 16S rRNA gene sequencing

Primers used for amplification of the V3–V4 region of 16S rRNA genes
were: forward ACTCCTACGGGAGGCAGCAG, reverse



Fig. 1. Effect of oregano supplementation on the ileal morphology. Statistical analysis of villus height (A); villus surface area (B); crypt depth (C); villus/crypt ratio
(D). Results shown as mean � SD and P < 0.05 was considered statistically significant (*P < 0.05 and **P < 0.01). Microphotography of ileum of the control (E) and
2% oregano supplemented broiler (F); H&E, bar ¼ 200μm.
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GGACTACHVGGGTWTCTAAT. The primers contained barcodes, spacers
and Illumina sequencing linkers that have been previously described [7].
The 16S rRNA gene sequencing library preparation and amplification
followed themanufacturer's protocol (Illumina Inc., San Diego, CA, USA).
Sequencing was conducted on the IlluminaMiSeq platform using 2� 300
bp paired-end sequencing.

The microbial communities of each sample were initially analysed
using Quantitative Insights Into Microbial Ecology (QIIME v.1.9.1) [8].
Paired-end sequences were combined using the Fastq-Join algorithm,
allowing no mismatches within the region of overlap. Phred quality
threshold had a minimum of 20. OTUs were picked at 97% similarity
using Uclust [9] and inspected for chimeric sequences using Pintail [10].
All taxonomic assignments were performed in QIIME against the
3

GreenGenes database and QIIME default parameters [11]. A UniFrac
matrix was calculated in QIIME using a rarefied table of OTU abundance.
Calypso was used to further explore and present the data [12]. After
quality filtering, 16S rRNA gene amplicon data for 36 faecal, 39 caecum,
41 ileum and 41 jejunum, samples were included in the analysis. The
sequence data is publicly available at the MG-RAST database under li-
brary accession number mgl745316 and a project ID mgp89580.

All OTUs with less than 0.01% abundance were removed. Statistical
analysis including Spearman correlations, alpha and beta diversity were
done on Hellinger transformed [13] OTU table. Significantly differen-
tially abundant taxa were analysed using ANOVA. Bodyweight data were
analysed using a one-way ANOVA in IBM SPSS Statistics. Significance
was considered at P < 0.05.



Fig. 2. Hierarchical sample clustering bar-chart showing 20 most abundant genera (A) and the sequencing reads per sample barchart (B).

Fig. 3. Influence of oregano on alpha diversity.
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Fig. 4. Oregano and beta diversity expressed as weighted and unweighted UniFrac. Samples are coloured by concentrations of oregano (left) and sampling
origin (right).

Table 1
Phylum level: ANOVA significant and Pearson significantly correlated with
oregano concentration phyla.

Taxa (ANOVA) P- value FDR corrected

Tenericutes 0.00019 0.0011
Chloroflexi 0.026 0.062
Proteobacteria 0.031 0.062
Firmicutes 0.068 0.1
Bacteroidetes 0.58 0.7
Actinobacteria 0.77 0.77

Taxa (Pearson correlated) P-value R

Proteobacteria 0.0096 -0.1981
Firmicutes 0.045 0.1541
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3. Results

3.1. Bird performance

The experiment had a relatively low mortality rate (4%) and there
were no significant differences in bird weights (P ¼ 0.514) or feed intake
between treatment groups over the 42 day grow-out period.

3.2. Gut histology and SCFA

Light microscopic observation revealed there were no significant
differences in height, width and the villus surface area in the ileum in
oregano supplemented groups (Fig. 1). The morphology of mucosal
epithelium was well preserved in all groups. Depth of the crypts was not
significantly different; however, the villus height to crypt depth ratio was
significantly increased in groups treated with 1% P < 0,05) and 2%
oregano (P < 0,01) (Fig. 1). Histological analysis of liver tissue showed
no histological appearance of pathological changes and no visible dif-
ference between the groups. There were no significant differences in
either acetic, butyric, isobutyric nor in valeric acid concentrations in
caecal content.

3.3. Microbiota data summary

A total of 157 samples from different oregano concentrations (0, 0.5,
1 and 2%) and the gut origins (cecum, ileum, jejunum and faeces) were
sequenced (Fig. 2).

3.4. Alpha diversity

There were no statistically significant differences in alpha diversity
indices due to the oregano supplementation, as assessed by Shannon (P¼
0.66), Inverse Simpson (P ¼ 0.70), Richness (P ¼ 0.61) or Evenness
indices (P ¼ 0.64). However, as expected, the gut sections had very
different diversity structure, with caecum showing higher richness and
taxa evenness using all indexes analysed: Shannon (P ¼ 3.1e�29), Inverse
5

Simpson (P ¼ 9.1e�45), Richness (P ¼ 7.2e�39) and Evenness index (P ¼
2.7e�24) as shown in Fig. 3.

Weighted and unweighted UniFrac at an OTU level and a Bray Curtis
matrix at genus and phylum levels were used inspect the differences in
beta diversity. Based on weighted UniFrac there was no significant dif-
ference between the microbiotas from the treatment groups fed different
oregano concentrations (Adonis P ¼ 0.359) nor based on bird sex (P ¼
0.396) or weight (P¼ 0.554). However, the gut origin had a very distinct
microbiota structure (Adonis P ¼ 3.3e�4). Similarly, based on un-
weighted UniFrac oregano concentration was not a major influencer (P¼
0.456) and neither were the bird sex (P ¼ 0.234) or their weight (P ¼
0.178), but the gut origin had a significant role in microbiota structure
(Adonis P ¼ 3.3e�4) (Fig. 4). Additionally, using Primer-e based PER-
MANOVA and Bray Curtis distance, at the genus level oregano has no
significant influence (P ¼ 0.064), the gut origin was very distinct (P ¼
1e�4) and there was no significant interaction between the gut origins
and oregano concentration (P¼ 0.194). Based on the above, oregano had
a marginal influence on overall gut microbiota independent from the gut
sections inspected, thus targeting specific taxa rather than a total
community.



Fig. 5. Taxa at different phylogenetic levels significantly (P < 0.05) responding to different oregano concentrations.
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3.5. Oregano and microbiota

Several taxa at all taxonomic levels were differentially abundant be-
tween the groups treated with different oregano concentrations. The
phyla that significantly (P < 0.05) differed between the treatments
6

included Tenericutes (higher in oregano treatments), Chloroflexi (lower
in oregano groups) and Proteobacteria, reduced in oregano treatments
(Table 1). Both Firmicutes and Proteobacteria were significantly corre-
lated (Pearson) with oregano concentration, with Proteobacteria signif-
icantly (P ¼ 0.009, R ¼ -0.19) reduced in the higher concentrations of



Table 2
Genus level: ANOVA significant and Pearson significantly correlated with
oregano concentration genera.

Taxa (ANOVA) P- value FDR corrected

Oligella 0.0000059 0.00067
Bifidobacterium 0.000044 0.0025
Unclassified.RF39 0.00019 0.0072
Proteus 0.00067 0.019
Klebsiella 0.0035 0.068
Solibacillus 0.0036 0.068
Jeotgalicoccus 0.015 0.24
Unclassified.Alcaligenaceae 0.017 0.24
Unclassified.Bacillales 0.021 0.27
Unclassified.JG30KFCM45 0.026 0.27
Salinicoccus 0.026 0.27
Granulicatella 0.041 0.36
Unclassified.Carnobacteriaceae 0.043 0.36
Rhodococcus 0.049 0.36

Taxa (Pearson correlated) P- value R

Proteus 0.000063 -0.3018
Unclassified Planococcaceae 0.018 -0.1811
Unclassified Enterobacteriaceae 0.025 -0.1713
Staphylococcus 0.027 -0.1693
Unclassified Gemellales 0.027 -0.1701
Unclassified Lactobacillales 0.044 -0.155
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oregano and Firmicutes significantly (P ¼ 0.045, R ¼ 0.15) increased in
higher oregano concentrations (Fig. 5). At the genus level (detailed in
Table 2), the genera that were differentially abundant between the
treatments (Fig. 5) included Bifidobacterium (P ¼ 4.4e�5), Proteus (P ¼
6.7e�4), Klebsiella (P ¼ 0.003) and Jeotgalicoccus (P ¼ 0.015); all reduced
in oregano groups. Proteus (P ¼ 6.3e�5 R ¼ -0.3) and Staphylococcus (P ¼
0.027, R ¼ -0.17; Fig. 5) were significantly negatively correlated with
oregano concentrations.

At an OTU level, there were several OTUs that varied in relative
abundance between treatments (Fig. 5), with Enterobacteriaceae OTU
291838 (100% identical to Klebsiella pneumoniae subsp. ozaenae strain
ATCC 11296 using Blastn across the amplified region), and Corynebac-
terium OTU 173995 (100% identical to Corynebacterium bovis DSM
20582), negatively correlated with oregano concentration (P ¼ 8.7e�3, R
¼ -0.2 and P ¼ 3.9e�3, R ¼ -0.22, respectively, Fig. 5) and a Clostridiales
OTU 284045 (most similar to Ruminococcus lactaris ATCC 29176 (99%))
that was slightly positively correlated (P¼ 0.012, R¼ 0.19) with oregano
concentration.
3.6. High concentration of oregano

The comparison between the microbiota of the birds at 0% and 2%
oregano shows the effects of relatively high concentrations of oregano.
Proteobacteria and Firmicutes phyla significantly changed in relative
abundance, Enterobacteriaceae and Planococcaceae families were
reduced while Bifidobacteriaceae were dramatically inhibited by 2%
oregano. At the genus level Proteus, Klebsiella, Bifidobacterium and
Staphylococcus were all significantly reduced by 2% oregano in the feed
(Fig. 6).

LefSe analysis (Fig. 7) confirmed that poultry pathogen-rich genera
Clostridium, Proteus, Serratia, Klebsiella and Sporosarcina as well as bene-
ficial Bifidobacterium, were the genera that most defined the microbiota
differences between the control group and the 2% oregano treated group.
Proteobacteria was the most defining phylum carried by the control
group and higher levels of Firmicutes and Tenericutes were the most
defining phyla of the microbiota within the 2% oregano group.
3.7. Influence of oregano in different gut sections

PERMANOVA analysis demonstrated no difference in response to
oregano in different gut sections. Due to the high data volume presented
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in the manuscript, the detailed account of oregano influence in each in-
testinal compartment; caecum, ileum, jejunum and faeces, is given in
Supplementary File 1. Each sheet within the file presents a data summary
for a different sample origin, each containing genus level clustered bar
chart, RDA multivariate plot and significance, DAPC group to group as-
sociation plot, richness and evenness bar charts and a table with ANOVA
significant genera with a bar chart figure for all ANOVA significant taxa.
Based on RDA analysis, differences between oregano concentrations
significantly affected microbial communities in caecum (P < 0.001) and
in faeces (P ¼ 0.037) while there were no significant differences in the
ileum and jejunum microbiota compositions. There were significant
differences in richness only in the jejunum and faecal microbiota, but not
in caecum or ileum microbiota (Supplementary File 1).

4. Discussion

A desirable property of potential AGP replacements for pathogen
control is that they should not induce major shifts in the gut microbiota,
thus avoiding unforeseen consequences of microbial disruption [14].

Proteobacteria are a microbial signature of dysbiosis, and an increase
in Proteobacteria has been associated with several GIT diseases including
metabolic syndromes, diabetes, cancer, obesity, Chron's disease, in-
flammatory bowel disease and ulcerative colitis [15]. Additionally, their
reduction has been shown to increase bird performance [16]. Entero-
bacteriaceae was the only family significantly reduced by oregano treat-
ments. Four out of five Enterobacteriaceae genera detected in the study
were significantly decreased in various oregano concentrations: Klebsi-
ella, Proteus, Unclassified Enterobacteriaceae genus and Serratia. Klebsi-
ella and Proteus members are associated with a wide range of diseases
within human and animal health, as well as antimicrobial resistance.
They are known to be related to diseases that result from biofilm pro-
duction [17, 18], host cell invasion [19, 20], translocation-related [21,
22, 23] and foodborne illness [24, 25].

Enterobacteriaceae family members have been shown to rapidly pro-
duce biofilms in heterogeneous bacterial populations within the mucus
layer of the intestinal epithelium [26]. Biofilm communities are capable
of exclusion of antimicrobial agents and are associated with many
persistent bacterial infections [27] and adherence to epithelial cells,
which is essential for bacterial host invasion. However, the mechanisms
are dynamic and still not well understood. For example, Klebsiella has
been shown to use a transcellular pathway to translocate without the
requirement for degradation of tight junction proteins, likely by hijack-
ing eukaryotic signalling machinery to control downstream cytoskeleton
dynamics [28]. In a study conducted in mice, Klebsiella increased
inflammation by producing β-glucuronidase and endotoxin lipopolysac-
charide, which resulted in reduced tight junction proteins [29]. Addi-
tionally, Klebsiella strains are becoming of increasing concern due to
antimicrobial resistance particularly within the broiler industry where a
study conducted in China has shown that 96.7% of Klebsiella were
multidrug resistant [30, 31, 32]. Proteus has been correlated with 5.8% of
deaths associated with bacterial related foodborne disease in China be-
tween 1994-2005 [33].

Carvacrol is the main antimicrobial compound found in oregano
plants and is known to interact with cell membranes [34]. Carvacrol
hydroxyl group has shown to facilitate the transport of cations across the
cell membrane, which reduces membrane potential, eventually leading
to cell death [35], subsequently, carvacrol's ability to interact with cell
membranes means that there is potential for cytotoxicity [2, 36]. Our
study revealed no significant changes in villi height, area or crypt depth
or difference in weight gain, suggesting that birds fed 2% oregano did not
compromise intestinal integrity or performance. While carvacrol has
been shown to be a potent antimicrobial, it has also displayed the ability
to disrupt the invasive ability of motile pathogens at sub-inhibitory levels
[37]. Escherichia coli has been shown to produce increased amounts of
heat shock protein 60 (HSP60) in the presence of 1mM of carvacrol and
become aflagellate and therefore non-motile [38]. In a recent study,



Fig. 6. Taxonomic levels significantly affected by high concentrations of oregano.
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Inamuco [39] revealed that Salmonella typhimurium lost motility and
invasive potential not as a result of malformed flagella, but potentially a
loss of flagellum functionality. Carvacrol has been demonstrated to
inhibit various strains of Klebsiella biofilm formation [40], although the
precise mechanisms are not identified. Many other studies also show that
carvacrol is able to disrupt biofilm formation at concentrations far below
the minimum inhibitory levels [41, 42, 43]. A more comprehensive study
8

conducted by Burt [44], demonstrated that carvacrol at sublethal levels
(<0.5mM) could disrupt quorum sensing of Chromobacterium violaceum,
inhibiting the formation of biofilms. The reduced load of Klebsiella and
Proteus in faeces is likely to decrease the transfer of pathogens by
coprophagous activities and other litter interactions.

Staphylococcus is another pathogen that is significantly affected by
higher concentrations of oregano. Some Staphylococcus species are



Fig. 7. LefSe analysis representing taxa that define control and oregano microbial structures.
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potential poultry pathogens with zoonotic significance. Staphylococcus
aureus is a widely prevalent enterotoxin-producing pathogen in poultry,
which is recognised to acquire resistance against methicillin and other
common antibiotics such as ciprofloxacin, erythromycin, tetracyclin etc.
[45, 46, 47, 48] and can transfer from poultry to humans and vice versa
[49]. Staphylococcus can cause a wide variety of infections both in
humans and in animals [50], with severe food poisoning with staphylo-
coccal enterotoxins [51], often associated with poultry meat [52].
Moreover, translocation of Staphylococcus from intestine can infect the
proximal epiphyseal plate of the femur, tibiotarsus and flexible thoracic
vertebrae causing bacterial chondronecrosis with osteomyelitis
(commonly called femoral head necrosis), which is one of the major
causes of lameness in chickens [53]. Therefore, staphylococcal inhibitory
effects of oregano are potentially of significant benefit to the poultry
industry.

Microbiota analysis indicated that the relative abundance of Coryne-
bacterium bovis in the intestine was negatively correlated to the oregano
treatment. Although this bacterium is a normal inhabitant of mammary
gland of bovine and opportunistically causes mastitis [54], the infection
of chicken with this bacterium is not commonly reported.

Although oregano did not have any major influence on the total in-
testinal Lactobacillus, all oregano concentrations reduced Bifidobacterium
carriage in the community. Intestinal Bifidobacterium are generally
regarded as beneficial to the host due to digestion of oligo- and poly-
saccharides, producing beneficial short chain fatty acids and lactic acid
[55, 56], inhibition of potential pathogens like Compylobacter jejuni [57]
and reduction in carcass condemnation due to cellulitis [58]. However,
different bifidobacterial strains have different abilities to utilise carbo-
hydrates [56]. Therefore further studies are necessary to elucidate the
9

specific impacts of bifidobacterial depletion on the host. Enrichment of
the product with pre-biotics could be an option to nullify this bifidotoxic
effect of oregano which needs further study to substantiate.

5. Conclusions

Oregano powder as a feed supplement suppressed the relative abun-
dance of various classes of pathogens and did not cause any negative
effects on liver and ileum histology. Oregano could have application in
the poultry industry as one of a series of compounds that can be used to
ameliorate some of the difficulties introduced with the removal of in-feed
AGPs. The strong reduction of Bifidobacterium is concerning and requires
further study to understand the breadth of Bifidobacterium strains
affected. Finally, we wish to acknowledge that our conclusions are drawn
from a single animal trial and that more work needs to be done to un-
derstand the role oregano supplementation has in the poultry intestine.
We are currently running oregano trials in industry with multiple sheds
and high bird number.
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