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Foreword 
 
This project was conducted to understand the role of commercial probiotics and synbiotics in the 
control of Salmonella and their interactions with gut microbiota in layer production systems. Both pen 
and field trials were conducted to understand the effects of short-term and strategic feeding of 
probiotics and synbiotics on Salmonella shedding. The structure of gut microbiota was studied in the 
presence and absence of Salmonella Typhimurium infection.  
 
The short-term trials in chicks showed that short-term feeding of both the probiotics and synbiotics 
were effective in improving the gut microbial balance displaced by the Salmonella Typhimurium 
challenge, but the products were not effective in significantly reducing Salmonella shedding level or 
invasion into internal organs. The caecal transcriptomic data revealed that Toll-like receptors and 
cytokines were the main players during Salmonella Typhimurium infection. The exposure of chicks to 
Salmonella Mbandaka and Salmonella Agona prior to Salmonella Typhimurium infection resulted in 
significant reduction of Salmonella Typhimurium. However, this study needs to be repeated at a large 
scale by understanding the role of non-pathogenic Salmonella on gut microbiota. The long-term pen 
trial with the Bacillus based probiotic revealed that continuous feeding of the probiotic was effective 
in reducing the faecal and organ load of Salmonella Typhimurium and balancing the microbial 
communities displaced by the challenge. The long-term field trial in free range production system 
showed that the Bacillus based probiotic was effective in positively influencing the egg internal quality. 
However, this trial was continued only up to 36 weeks of flock age, and suggestions are made to 
perform such trials until the end of the production cycle, as egg quality issues surface once hens get 
close to the end of the production cycle. 
 
This project was funded from industry revenue, which is matched by funds provided by the Australian 
Government. 
 
This report is an addition to Australian Eggs Limited’s range of peer reviewed research publications 
and an output of our R&D program, which aims to support improved efficiency, sustainability, product 
quality, education and technology transfer in the Australian egg industry. 
 
Most of our publications are available for viewing or downloading through our website: 
 

www.australianeggs.org.au 
 
Printed copies of this report are available for a nominal postage and handling fee and can be requested 
by phoning (02) 9409 6999 or emailing research@australianeggs.org.au. 
 

http://www.australianeggs.org.au/
mailto:research@australianeggs.org.au
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Executive Summary 
 
This project involved a series of pen trials and a field experiment to understand and optimise 
the role of commercially available probiotics and synbiotics on the Salmonella shedding level 
in faeces and its invasion into internal organs. Probiotics, prebiotics, or their combinations 
(synbiotics) are used in poultry production for enhancing overall bird performance.  
 
Chapter 1 investigated the effects of the use of short-term two probiotics and two synbiotics 
on the composition of gut microbiota, reduction in Salmonella Typhimurium shedding, and 
invasion into internal organs in layer chicks. The data suggested that although the early 
colonisation of the gut with probiotics was effective in positively modulating the gut 
microbiota, none of the probiotics and synbiotics were sufficient to significantly reduce a load 
of Salmonella in organs. 
 
Chapter 2 attempted to understand the effect of Salmonella Typhimurium on the regulation 
of the mucosal immune system in chicks in a temporal manner. The transcriptomic data 
revealed that 103 CFU of Salmonella Typhimurium was sufficient to modulate the caecal 
immune system by mainly up-regulating Toll-like receptors and cytokine pathways. Nested 
network analysis showed that Interleukin 6 (IL6) had a broader role in the immune system 
regulation, where it was involved in multiple immune system pathways. This experiment also 
suggested that matrix metalloproteinase 7 (MMP7) and matrix metalloproteinase 9 (MMP9) 
might play a defensive role in Salmonella Typhimurium infection in chickens.  
 
Chapter 3 investigated the role of Salmonella Mbandaka and Salmonella Agona in the 
competitive exclusion of Salmonella Typhimurium. The data showed that exposure to both 
the serovars before Salmonella Typhimurium infection resulted in a significant reduction 
of Salmonella Typhimurium load and invasion into internal organs; however, both serovars 
did not completely inhibit the colonisation caused by Salmonella Typhimurium.  
 
Chapter 4 determined the effects of strategic feeding of a Bacillus based probiotic on the 
shedding profile of Salmonella Typhimurium, and gut microbiota in layers at point of lay. The 
data showed that the continuous supplementation of the probiotic was effective in lowering 
the overall load of Salmonella in faeces and organs. The probiotic was effective in restoring 
various microbial genera displaced by the Salmonella challenge. The data also showed that 
certain microbial genera, particularly Faecalibacterium, might confer resistance to Salmonella 
colonisation in the gut.  
 
Chapter 5 determined the effects of Bacillus based probiotic on gut health and egg quality in 
a flock followed from day 1 to 36 weeks of age in the free range production system. Due to 
the low prevalence of Salmonella in the selected experimental flock, the effect of probiotic 
on the reduction of Salmonella could not be determined in the field conditions.  
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Overall Conclusions 
 
Improving gut health through the strategic feeding of probiotics and synbiotics may be one aspect of 
enhancing food safety. Although Salmonella Typhimurium does not cause clinical disease in layers, it 
colonises the gut and invades into internal organs for continuous shedding, but the shedding level 
can be reduced by the supplementation of probiotics.  
 

• Short-term feeding of probiotics did not reduce the Salmonella shedding although early 
feeding of probiotics can modulate the development of gut microbiota. 

• Exposure of chicks to Non Typhoidal Salmonella serovars such as Salmonella Mbandaka and 
Salmonella Agona prior to Salmonella Typhimurium infection resulted in significant reduction 
in Salmonella Typhimurium.  

• Continuous feeding of a Bacillus based probiotic supplement resulted in reduction of 
Salmonella Typhimurium shedding and also reduced bacterial load in vital organs.  

• Periodic feeding (four weeks on and four weeks off) did not result in reduction of Salmonella 
Typhimurium shedding, which suggests that continuous feeding is beneficial.  

• Partly, probiotics and synbiotics supplementation can be an effective strategy for improving 
gut microbiota that in turn enhances food safety. Further studies are essential to understand 
the effects of probiotics on the gut microbiota of hens raised in different housing conditions. 

• The continuous supplementation of a Bacillus based probiotic improved egg internal quality 
during early lay. Further studies are essential to investigate the effects of continuous feeding 
of probiotics on the egg quality of flocks in mid to late lay.  

 
 



1 
 

 

1 Short-term feeding of probiotics and 
synbiotics modulates caecal microbiota during 
Salmonella Typhimurium infection but does 
not reduce shedding and invasion in chickens 

 
Samiullah Khan and Kapil K. Chousalkar 
 
Published in Applied Microbiology and Biotechnology 104, pp. 319–334; 2020. 
 
1.1 Introduction 
 
Caecal microbiota in chickens is linked with host health and productive traits that reflect its 
importance in colonisation resistance to zoonotic pathogens (Shini et al. 2013). Positively influencing 
the host gut microbiota helps in digestion and metabolism (Stanley et al. 2012), regulation of intestinal 
angiogenesis (Stappenbeck et al. 2002), development and regulation of host immune system (Hooper 
et al. 2001), and even in brain function (Benakis et al. 2016). Microbial communities are influenced by 
tissue type, flock age, disease and rearing conditions (Cui et al. 2017; Luoma et al. 2017,  
Ngunjiri et al. 2019). Studies suggested that the host genotype can exert a strong influence on gut 
microbiota composition (Goodrich et al. 2016) and, therefore, the microbiome of egg-type birds is not 
the same as that of broilers (Ocejo et al. 2019). In layer chicks, the lowest complexity of caecal 
microbiota is around day 1 of life, where it usually consists of five different species (Crhanova et al. 
2011). The microbial diversity slowly increases with bird age to 14 species on day 3, and approximately 
42 species around day 19 of life (Crhanova et al. 2011). After two weeks post-hatch, the Ruminococcus 
and Firmicutes increase to a greater extent than the Enterobacteriaceae (Ballou et al. 2016). Newly 
hatched chicks are prone to colonisation by pathogenic microorganisms present in the rearing 
environment. Higher microbial diversity is commonly associated with healthy host conditions, while 
reduced microbial diversity affects the intestinal health negatively (Sommer et al. 2017).  
 
To modulate the gut microbiota composition in chickens, diets are often supplemented with pre- and 
pro- biotics. Prebiotics are non-living fibrous feed additives (non-digestible oligosaccharides) that 
promote the growth and multiplication of the indigenous gut microbiota (Macfarlane et al. 2008). 
Therefore, a prebiotic serves as feed for beneficial indigenous gut bacteria. The proposed mechanisms 
of action of prebiotics include the production of antimicrobial substances (Chen et al. 2007), 
modulation of the host immune system (Babu et al. 2012) and improving gut morphology (Pourabedin 
et al. 2014). In contrast to prebiotics, probiotics are live microbial feed supplements that beneficially 
affect the host by improving its intestinal microbial balance (Fuller 1989; Martin & Langella 2019). The 
protective effects of probiotics in the gut could be due to the production of organic acids (lactic acid) 
and adhesion inhibitors, and the secretion of antimicrobial substances such as hydrogen peroxide and 
bacteriocins (Spinler et al. 2008). Probiotics can also secrete enzymes that hydrolyse bacterial toxins 
and modify toxin receptors (Buts et al. 1994).  
 
In laying hens, diets supplemented with different strains of probiotics have significantly improved gut 
microbial balance, blood and yolk cholesterol levels, egg production and overall egg quality. For 
example, Lactobacillus improved the equilibrium of gut microbiota by increasing the population of 
Bifidobacteria and decreased potentially harmful bacteria (Forte et al. 2016). Lactobacillus and Bacillus 
improved overall bird performance, caecal microbiota and gut morphology (Forte et al. 2016). 
Lactobacillus salivarius and Bacillus subtilis improved egg production, serum low-density cholesterol 
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and serum antibody level against avian influenza virus (Zhang et al. 2012). Bacillus licheniformis and 
B. subtilis improved egg production, damaged egg ratio, egg yolk cholesterol and serum cholesterol 
(Kurtoglu et al. 2004). Pediococcus acidilactici positively influenced overall egg quality, feed efficiency, 
and yolk fatty acid composition and yolk content (Mikulski et al. 2012). Enterococcus faecium 
improved overall egg quality, gut microbiota, serum cholesterol level, nutrient digestibility and excreta 
ammonia emission (Park et al. 2016; Zhang and Kim 2013). Apart from competitive exclusion theory, 
probiotics may offer protection against pathogens by modulating the host immune response. For 
example, chickens infected with Salmonella Typhimurium had reduced production of IFN-γ when fed 
with Lactobacillus, Bifidobacterium and Streptococcus based probiotic (Haghighi et al. 2008). Similarly, 
pre-treatment of human intestinal epithelial cells with Bifidobacterium or Lactobacillus resulted in the 
inhibition of Salmonella induced IL-8 expression (O'Hara et al. 2006). In laying hens, prebiotics 
supplementation has been shown to influence gut health and bird performance positively. For 
example, xylo-oligosaccharides improved intestinal epithelial morphology, caecal Bifidobacterial 
population, caecal butyrate level, plasma immunoglobulins concentrations and plasma vitamin D3 
level (Ding et al. 2017). Isomalto-oligosaccharide improved overall egg quality, egg production, feed 
intake and serum cholesterol level (Tang et al. 2017). Mannan-oligosaccharides positively influenced 
egg production, egg weight, liver antioxidant status and feed conversion ratio (Bozkurt et al. 2016). 
Fructo-oligosaccharides reduced Salmonella Enteritidis colonisation in the liver and ovary (Donalson 
et al. 2008). Inulin reduced yolk cholesterol concentration, caecal pH and coliform bacteria count 
(Shang et al. 2010). 
 
In healthy adult chickens, Salmonella infection generally does not lead to the development of clinical 
signs (Barrow & Lovell 1991), while in young chicks it can cause morbidity and mortality (Williams & 
Tucker 1980). However, Salmonella infection potentially changes gut microbial communities 
dominated by Enterobacteriaceae (Liu et al. 2018), with more visible effects in younger chicks (Juricova 
et al. 2013). In one-week old layer chicks, Salmonella Enteritidis challenge altered the caecal microbial 
communities (Mon et al. 2015). The effects of Salmonella Enteritidis on changes in gut microbiota was 
greater in day old chicks compared with 4 and 16-day old Isa-Brown chicks (Juricova et al.  2013). Pre- 
and pro- biotics are effective in clearing Salmonella from the chicken gut through modification of the 
gut microbiome (Azcarate-Peril et al. 2018; Bratburd et al. 2018) and host immune system modulation 
(Chang et al. 2019; Haghighi et al. 2008). Lactobacillus has been shown to reduce Salmonella Enteritidis 
load in chicken caeca significantly (Penha Filho et al. 2015). In a mouse colitis model, probiotic 
Escherichia coli Nissle 1917 was effective in reducing Salmonella Typhimurium colonisation (Deriu  
et al. 2013). Multiple strains based probiotic was effective in reducing the shedding level of Salmonella 
Typhimurium in pigs (Casey et al. 2007). A significant interaction of pre- and pro- biotics on host 
immune response against Salmonella Typhimurium has been observed in pigs (Naqid et al. 2015). In 
humans, gastroenteritis caused by Salmonella Typhimurium is often traced back to contaminated 
poultry produce (Fearnley et al. 2011). Hence the poultry industry is under constant pressure to 
contain this pathogen at farm level. Based on the intended use of probiotics and synbiotics for 
controlling Salmonella in chickens, we hypothesised that, if used in the first week of the chick’s hatch, 
commercial probiotics and synbiotics can provide colonisation resistance through competitive 
exclusion against Salmonella Typhimurium in the caeca at an early age. To test this hypothesis, we 
used next-generation sequencing targeting hypervariable regions within microbial 16S rRNA genes to 
compare the caecal luminal microbiota of layer chicks exposed to short-term probiotic and synbiotic 
supplementation and subsequently challenged with Salmonella Typhimurium or left as a control. To 
understand the effects of different commercial probiotics and synbiotics on Salmonella Typhimurium 
colonisation and invasion into internal organs, culture methods were used for organ load 
determination. The outcome of the study has broadened our understanding of the interaction of 
Salmonella Typhimurium with gut microbiota in the presence or absence of probiotic and synbiotic 
supplements.  
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1.2 Materials and methods 
 
1.2.1 Ethics statement and rearing of birds 
 
The Animal Ethics Committee at the University of Adelaide approved the work (approval number  
S-2017-080) in accordance with the guidelines specified in the Australian code for the care and use of 
animals for scientific purposes, 8th edition (2013). Standard Operating Procedures were followed for 
caring and processing of the experimental chicks. 
 
Fertile eggs from an Isa-Brown parent flock were obtained from a local breeder farm. Following 
fumigation (by formaldehyde and potassium permanganate (3:1)), the eggs were incubated in clean 
conditions for hatching in the School of Animal and Veterinary Sciences. From the incubator, the 
hatching tray papers with chicks’ meconium samples were processed by culture methods for 
Salmonella isolation. Before the chicks’ placement, the entire experimental facility was cleaned and 
then tested for Salmonella. The hatched chicks were reared in a house with strict biosecurity protocols 
as per the protocol of the ISA General Management Guide 2009-10. Next, the chicks (n = 90) were 
equally divided into ten treatment groups (Table 1-1) and reared in pens (different treatment groups 
in separate rooms), with water and feed provided ad libitum. The feed was fumigated as described 
previously and the drinking water was autoclaved. The fumigated feed was routinely tested by culture 
enrichment for the presence of Salmonella spp. The commercially available probiotics and synbiotics 
used in this study were selected based on their claimed efficacy for control of Salmonella through gut 
microbiota modulation in poultry. These products are usually used in layer industry for improving 
birds’ performance.  
 
Four commercial probiotic and synbiotic products were purchased and used in this study. 100 mg of 
each of the probiotics and synbiotics was cultured in De Man, Rogosa and Sharpe (MRS) media and 
characteristic colonies were gram stained. For approximate CFU count in 1 g of the probiotics and 
synbiotics, 100 mg of individual products was suspended into PBS, serially diluted and plated  
(100 µL) on MRS media. For all the probiotic and synbiotic treatment groups, 1 g of each of the product 
was mixed in either 1 kg of fumigated feed or 1 L of autoclaved water. Every day, a freshly prepared 
batch of the products was offered to the treatment groups from the day of hatch to day 7 of the chicks’ 
age. At day 8 of the chicks’ age, birds from the probiotics and synbiotics supplemented and Salmonella 
Typhimurium treatment and positive control groups (Table 1-1) were challenged via the oral route 
with Salmonella Typhimurium phage type 9. The probiotics, synbiotics and negative control groups 
received phosphate buffered saline (PBS) only.  
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Table 1-1  Treatment group distribution and probiotics/synbiotics details used in the study 

Code used 
for 
supplement 

Commercial product 
composition 

Aerobically 
grown log10 

CFU 

Anaerobically 
grown log10 
CFU 

Mode of 
administration 

Treatment 
groupa 

Probiotic A  Lactobacillus 
acidophilus, L. 
delbrueckii subspecies 
bulgaricus, L. plantarum, 
L. rhamnosus, 
Bifidobacterium bifidum, 
Enterococcus faecium 
and Streptococcus 
salivarius subspecies 
thermophilus 

11.008 8.411 Water Probiotic A 
control 
Probiotic A and 
STb challenge 

Probiotic B  Bacillus subtilis, Bacillus 
subtilis and Bacillus 
amyloliquefaciens 

8.204 4.040 Feed Probiotic B 
control 
Probiotic B and 
ST challenge 

Synbiotic A  Enterococcus sp., 
Pediococcus sp., 
Bifidobacterium sp., 
Lactobacillus sp. and 
fructooligosaccharides  

4.944 2.954 Water Synbiotic A 
control 
Synbiotic A and 
ST challenge 

Synbiotic B  Lactobacillus 
acidophilus, L. casei, L. 
salivarius, L. plantarum, 
L. rhamnosus, L. brevis, 
Bifidobacterium bifidum, 
B. lactis, S. thermophiles, 
prebiotic inulin (chicory 
root extract), protease, 
amylase, cellulase, 
hemicellulase, lipase, 
papain and bromelain 

8.602 8.049 Water Synbiotic B 
control 
Synbiotic B and 
ST challenge 

Controls in the study Positive control 
(normal feed 
and ST 
challenge) 
Negative control 
(normal feed, 
no ST challenge) 

 

a  In each treatment group, there was a total of 9 chicks. At each sampling time-point (days 3, 5 and 7 post-infection),  
3 chicks from each treatment group were euthanised for sample collection. 

b  ST is Salmonella Typhimurium. Each product was aerobically and an-aerobically grown on MRS media to understand  
the approximate log10 CFU per gram of the product.  

 
1.2.2 Inoculum preparation and birds challenge 
 
Salmonella Typhimurium previously isolated from a layer farm (Gole et al. 2014) was used in this study. 
Salmonella Typhimurium inoculum was prepared by following the method described previously 
(McWhorter & Chousalkar 2018). In the challenge groups, each bird received an oral dose of 103 colony 
forming unit (CFU; 0.1 mL) of Salmonella Typhimurium. The inoculation dose was kept low to 
understand its effects on gut microbiota modulation and colonisation of internal organs. Studies 
suggest that approximately 103 CFU of Salmonella per chicken is enough to activate the host immune 
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system (Chart et al. 1992; Marcq et al. 2011). 100 µL of the original inoculum with serial dilutions was 
plated onto Xylose Lysine Deoxycholate (XLD; Thermo Fisher Scientific, Victoria, Australia) media to 
confirm the CFU received by each bird. From each treatment group at each time-point (days 3, 5 and 
7 post-infection), three birds were euthanised by cervical dislocation for the collection of caecal 
contents and tissues. Previous study showed a minor variation in gut microbiota between individual 
birds (Videnska et al. 2014). A number of other studies also used three birds at each time-point for gut 
microbiota analysis (Juricova et al. 2013; Kubasova et al. 2019). 
 
1.2.3 Salmonella Typhimurium enumeration in tissue 
 
Pieces of liver, spleen and caecal tissues were aseptically collected and weighed into 1.5 mL Eppendorf 
tubes containing stainless steel beads 0.5–2.0 mm and PBS. The samples were maintained on ice until 
further use. Tissues were homogenised using a Bullet Blender Storm homogeniser (Next Advance, NY, 
USA) on full speed for 5–10 min. Serial dilutions were prepared from the original tissue homogenates, 
plated onto XLD agar and incubated overnight at 37°C. The Salmonella Typhimurium colonies were 
counted to determine the bacterial load (log10 CFU) in 1 g of tissue. A 100 µL sample from the original 
homogenates was also enriched in 900 µL buffered peptone water (BPW; Thermo Fisher, Victoria, 
Australia) and incubated overnight at 37°C. A 100 µL sample of the incubated BPW samples was added 
to 10 mL of Rappaport Vassiliadis soya peptone (RVS) broth (Thermo Fisher Scientific, Victoria, 
Australia) and incubated overnight at 42°C for selective growth of Salmonella. The RVS samples were 
streaked on XLD and incubated overnight at 37°C. Suspected Salmonella cultures from XLD agar were 
sub-cultured on Brilliance Salmonella agar (BSA; Thermo Fisher Scientific, Victoria, Australia) plates for 
confirmation.  
 
1.2.4 Caecal contents DNA extraction 
 
To obtain quality DNA from caecal contents, the manufacturer’s protocol of the commercial kit used 
(QIAamp DNA Stool Mini Kit; Qiagen, Victoria Australia) was modified slightly. Briefly, approximately 
180 mg of caecal contents was weighed into a 1.5 mL tube (Eppendorf Safe-Lock). Glass beads (acid-
washed ≤106 μm and 425–600 μm; Sigma Aldrich) were added to the samples and maintained on ice. 
Next, the samples were processed for DNA extraction as per the kit protocol except for the inclusion 
of the step of homogenisation in a bullet blender. DNA was eluted in 100 µL of buffer ATE (10 mM 
Tris-Cl pH 8.3, 0.1 mM EDTA and 0.04% NaN3) as per protocol of QIAamp DNA Stool Mini Kit. The purity 
(260/280 ratio 1.70–2.05; 230/260 ratio 1.80–2.30) and concentrations (20~300 ng/µL) were 
measured in a NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific, Victoria, Australia). The 
DNA samples were stored at -80°C until used for downstream applications. Three samples at each 
sampling time-point per treatment group were submitted to the Australian Genome Research Facility 
(Melbourne, Australia) for diversity profiling analysis (16S: 341F - 806R (V3 - V4)) using the forward 
(CCTAYGGGRBGCASCAG) and reverse (GGACTACNNGGGTATCTAAT) primer pair.  
 
1.2.5 16S rRNA analysis 
 
1.2.5.1 PCR amplification and MiSeq sequencing 
 
PCR amplicons were generated using the primers (forward, CCTAYGGGRBGCASCAG and reverse, 
GGACTACNNGGGTATCTAAT) from V3-V4 region amplification of bacterial DNA using AmpliTaq Gold 
360 master mix (Thermo Fisher Scientific, Victoria, Australia) for the primary PCR. The PCR conditions 
were: initial heating at 95°C for 7 min and 29 cycles of dissociation at 94°C for 30 sec, annealing at 
50°C for 60 sec and extension at 72°C for  
60 sec with a final finish of 72°C for 7 min. A secondary PCR to index the amplicons was performed 
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with TaKaRa Taq DNA Polymerase (Takara Bio, CA, USA). The resulting amplicons were measured by 
Qubit 4 fluorometer (Thermo Fisher Scientific, Victoria, Australia) and normalised. The equimolar pool 
was then measured by qPCR (KAPA) followed by sequencing on the Illumina MiSeq Platform  
(San Diego, CA, USA) with 2 × 300 base pairs paired-end chemistry. 
 
Paired-end reads were assembled by aligning the forward and reverse reads using PEAR (version 0.9.5) 
(Zhang et al. 2013). From the sequences, primers were identified and trimmed. Trimmed sequences 
were processed using Quantitative Insights into Microbial Ecology (qiime 1.8) (Caporaso et al. 2010) 
USEARCH (version 7.1.1090) (Edgar 2010; Edgar et al. 2011) and UPARSE (Edgar 2013) software. Using 
USEARCH, sequences were quality filtered, and full length duplicate sequences were removed and 
sorted by abundance. Singletons or unique reads in the data set were discarded. Sequences were 
clustered followed by chimera filtered using “rdp_gold” database as a reference. To obtain the 
number of reads in each operational taxonomic unit (OTU), sequences were mapped back to OTUs 
with a minimum identity of 97%. In qiime, taxonomy was assigned using GreenGenes database 
(version 13_8, Aug 2013) (DeSantis et al. 2006). The OTU file was uploaded into Calypso software 
(version 8.72) (Zakrzewski et al. 2016) and the data were further analysed for group comparisons at 
false discovery rate (FDR) < 0.05. During data analysis in Calypso, the OTU table was filtered to exclude 
taxa with low abundance (< 0.01%) and was total sum normalised (TSS) square root transformed. The 
processed data in Calypso were subsequently used for univariate (one- and two-way ANOVA), 
multivariate and diversity analyses. The Shannon index was used to calculate the microbial alpha 
diversity affected by probiotics treatment and sampling time-point (or birds’ age) at OTU, genus and 
family levels. In Calypso, the Shannon index at OTU level measures how the microbes are balanced 
and how species (evenness) are at a similar or dominant level to each other.   
 
1.3 Statistical Analysis 
 
The Salmonella Typhimurium load (log10 CFU) per gram of tissue was analysed in Statview v.5.0.1.0 by 
taking sampling time-point and treatment group as the main effects. Repeated measure analysis was 
used to investigate the effects of time-point or treatment on Salmonella load in the organs. Level of 
significance was determined by PLSD at P < 0.05.  
 
1.4 Results 
 
The double enrichment method used in the current study can detect one viable cell of Salmonella. 
Before the placement of chicks, the experimental facility tested was negative for Salmonella spp. 
Similarly, the fumigated feed tested was also negative for the presence of Salmonella. No Salmonella 
was recovered from the chicks’ meconium or from chicks sampled at regular intervals until the 
selected groups were challenged with Salmonella Typhimurium (ST). The faecal samples collected 
from the challenged groups on days 3, 5 and 7 post-infection (p.i.) were positive for Salmonella by 
culture method. All the control groups were negative for Salmonella throughout the experiment. No 
mortality or clinical signs of salmonellosis were observed after the chicks were challenged with ST. 
However, during sample collection, some of the challenged birds showed partially emptied caeca with 
mucous plugs. On day 3 p.i., one bird from the positive control group showed necrotic foci on the liver, 
while one bird from the probiotic A supplemented and ST challenge group showed haemorrhage in 
the spleen. The characteristic clinical signs observed in the caeca of the ST challenged groups have 
been summarised in Table 1-2.  
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Table 1-2  Gross lesions observed in the caeca of different treatment groups 

Treatment groupa Day post-infection Lesion observed % of birds 
affected 

Positive control 3 Partially filled caeca and mucous plug 33 
Positive control 5 Partially filled caeca 33 
Positive control 7 Partially filled caeca 66 
Probiotic A and STb 
challenge 

7 Mucous plug 33 

Probiotic B and ST 
challenge 

7 Partially filled caeca 33 

Synbiotic A and ST 
challenge 

5 Partially filled caeca 33 

a Details of the treatment groups have been provided in Table 1-1. 
b ST is Salmonella Typhimurium. 
 

1.4.1 Microbiome sequencing and quality of generated data 
 
A total of 6.45 Gb sequences data for the ten different treatment groups were generated using 
Illumina sequencing. The average reads numbers per treatment group and quality have been 
tabulated in Table 1-3. To further check the depth of microbial communities’ coverage, a rarefaction 
analysis curve was calculated for all the treatment groups. In rarefaction analysis, the number of 
observed species was counted and plotted as a function of the number of sampled sequences. The 
slope of the curve indicates how well the sequenced data represent the underlying microbial 
community. The rarefaction analysis curve showed that the underlying microbial communities in all 
the treatment groups were well covered by the sequenced data (Appendix Figure 1-1). 
 
Table 1-3  Reads quality generated in the study 

Treatment group Raw average 
reads 

After QC 
(average) 

Mapped at 
97% 

Negative control 118632.00 93701.22 90890.19 
Positive control 143071.40 111496.10 108151.20 
Probiotic A control 144692.70 112840.90 109455.70 
Probiotic A and STa challenge 126533.30 93272.33 90474.16 
Probiotic B control 102005.40 80460.56 78046.74 
Probiotic B and ST challenge 105908.60 81927.33 79469.51 
Synbiotic A control 75867.67 59892.33 58095.56 
Synbiotic A and ST challenge 122043.40 95423.89 92561.17 
Synbiotic B control 125146.40 95996.67 93116.77 
Synbiotic B and ST challenge 126789.00 96383.67 93492.16 

a ST is Salmonella Typhimurium. 
Details of individual probiotics and synbiotics have been mentioned in Table 1-1. 
 
1.4.2 Caecal luminal microbial communities 
 
A total of 22 known genera was identified with some sequences reads mapped to unclassified bacterial 
families (Figure 1-1). At family level, the communities of caecal bacteria mainly comprised of 
Bacillaceae, Bifidobacteriaceae, Clostridiaceae, Enterobacteriaceae, Enterococcaceae, 
Erysipelotrichaceae, Lachnospiraceae, Lactobacillaceae, Paenibacillaceae, Peptostreptococcaceae, 
Pseudomonadaceae, Ruminococcaceae, Streptococcaceae and Veillonellaceae in addition to 
unclassified bacteria. The three most abundant phyla were Actinobacteria, Firmicutes, and 
Proteobacteria.   



8 
 

 

 
Figure 1-1  Overall genera observed in the caecal lumen of layer chicks 

For genera taxa visualisation, OTU data were clustered in all the treatment groups combined in Calypso software.   
 

1.4.3 Caecal luminal bacterial abundance and diversity are affected by 
probiotic and synbiotic supplementation and Salmonella Typhimurium 
challenge 

 
Overall, the probiotic and synbiotic supplementation and ST challenge significantly (FDR < 0.05) 
affected microbial abundance in the caecal lumen of layer chicks. Within each treatment group, 
sampling time-point (or flock age) significantly affected (P < 0.05) the microbial diversity. To gain 
insight into microbial abundance and diversity, individual probiotic or synbiotic supplemented group 
samples (with or without ST challenge) were analysed against the positive control and negative control 
groups. Data from the different probiotic or synbiotic treatment groups were not compared with one 
another because the contents of each product were different. Only the genera and families 
significantly affected (FDR < 0.05) by probiotic, synbiotic treatments or ST challenge have been 
presented here.  
 

1.4.3.1 Effect of probiotic A supplementation 
 
At the genus level, in the probiotic A control group, the abundance of Trabulsiella and Oscillospira was 
higher compared to the probiotic A supplemented and ST challenged, ST negative control and ST 
positive control groups (Figure 1-2a). Unclassified Ruminococcaceae, Klebsiella and Anaerotruncus 
abundance was higher in the ST positive control compared with the other treatment groups. ST 
challenge decreased the abundance of Paenibacillus and increased Anaerotruncus in the ST positive 
control and probiotic A supplemented and ST challenged groups compared with the probiotic A 
control and ST negative control groups. Compared with the ST positive control group, in the presence 
of probiotic A supplementation, ST challenge affected the abundance of Coprococcus, Butyricicoccus, 
Eubacterium and Blautia differently as seen in the probiotic A supplemented and ST challenged group. 
A complete list of the significant genera affected by the probiotic A supplementation and/or ST 
challenge is depicted in Figure 1-2a. The core caecal microbiome was affected by the probiotic A 
supplementation and ST challenge (Appendix Figure 1-2). At OTU level, there were 32 common taxa 
in the probiotic A supplemented group.   
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In the probiotic A supplemented group, at OTU level, the Shannon index showed that the bacterial 
communities per group were at the same level (P = 0.6600) across all the treatment groups (Appendix 
Figure 1-3). Within each treatment group, bird age (or sampling time-points) increased (P = 0.0230) 
the diversity of microbial communities in the negative control (P = 0.0091) and the probiotic A control 
(P = 0.0046) groups, while ST challenge with (P = 0.2723) or without (P = 0.3128) probiotic A 
supplementation had no significant effect on the microbial diversity (Figure 1-2b). The Shannon index 
at the genus and family level produced very similar results to OTU level diversity measurements. The 
redundancy analysis (RDA+) is a multivariate method that is used to explore complex associations 
between community composition and multiple explanatory variables. The RDA+ showed that overall 
the treatment groups clustered separately, showing the significant effects (P = 0.001) of probiotic A 
supplementation and ST challenge on the composition of bacterial communities (Figure 1-2c).  
 

 
Figure 1-2  Caecal luminal microbial abundance and diversity affected by probiotic A 
supplementation and Salmonella Typhimurium (ST) challenge 

(a)  Microbial abundance at genera level. 
(b)  Stripchart showing the Shannon index of the OTU (diversity) affected by bird age (or sampling time-point). 
(c)  RDA+ of each of the treatment group. 
P < 0.024 was equivalent of FDR < 0.05 in Calypso software. 
Probiotic A (protexin) was comprised of Lactobacillus acidophilus, L. delbrueckii subspecies bulgaricus, L. plantarum,  
L. rhamnosus, Bifidobacterium bifidum, Enterococcus faecium and Streptococcus salivarius subspecies thermophilus. 
 
1.4.3.2 Effect of probiotic B supplementation  
 
Probiotic B supplementation and ST challenge had a significant effect (FDR < 0.05) on caecal luminal 
microbial abundance at the genus and family levels. At the genus level, ST challenge increased the 
abundance of unclassified bacteria and decreased Ruminococcaceae both in the probiotic B 
supplemented and ST challenged and ST positive control groups (Figure 1-3a). The abundance of 
Ruminococcus and Bifidobacterium was higher in the probiotic B supplemented control group 
compared with the probiotic B supplemented and ST challenged, ST positive control and negative 
control groups. Paenibacillus, Lactococcus, Eubacterium, Enterococcus and Coprobacillus were 
abundant in the probiotic B supplemented and ST challenged group compared with the probiotic B 
control, ST positive control and negative control groups. The core caecal microbiome was affected by 
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the probiotic B supplementation and ST challenge (Appendix Figure 1-4). At OTU level, there were 30 
common taxa in the probiotic B supplemented group. 
 
Probiotic B supplementation and ST challenge did not significantly affect (P = 0.0860) microbial 
diversity among the treatment groups (Appendix Figure 1-5). Alpha diversity measured by the 
Shannon index based on sampling time-point (or birds’ age) showed a significant (P = 6e-05) variation 
in microbial diversity (Figure 1-3b). Probiotic B supplementation reduced (P = 0.0032) the microbial 
diversity on day 5 and day 7 compared with day 3 in the probiotic B control group, although it was not 
altered (P = 0.1252) in the probiotic B supplemented and ST challenged group. The RDA+ showed that 
probiotic B supplementation and ST challenge changed (P = 0.001) the composition of bacterial 
communities (Figure 1-3c). 
 

 
Figure 1-3  Caecal luminal microbial abundance and diversity affected by probiotic B 
supplementation and Salmonella Typhimurium (ST) challenge  

(a)  Microbial abundance at genera level. 
(b)  Stripchart showing the Shannon index of the OTU (diversity) affected by bird age (or sampling time-point). 
(c)  RDA+ of each of the treatment group. 
P < 0.019 was equivalent of FDR < 0.05 in Calypso software. 
Probiotic B contained Bacillus subtilis DSM 32324, Bacillus subtilis DSM 32325 and Bacillus amyloliquefaciens in its 
composition.  
 

1.4.3.3  Effect of synbiotic A supplementation 
 
At the genus level, in the synbiotic A supplemented and ST challenge group, the abundance of 
Anaerotruncus, Lactococcus, Lactobacillus, Eubacterium and Bifidobacterium was significantly  
(FDR < 0.05) higher compared with the synbiotic A control, ST positive control and negative control 
groups (Figure 1-4a). Synbiotic A supplementation without ST challenge significantly increased the 
abundance of Trabulsiella and Ruminococcus as seen in the synbiotic A control group. A list of all of 
the significant genera has been provided in Figure 1-4a. The core caecal microbiome was mainly 
affected by the synbiotic A supplementation interaction with ST challenge (Appendix Figure 1-6). At 
OTU level, there were 28 common taxa in the synbiotic A supplemented group. There were no specific 
taxa attributed to the synbiotic A control group.  
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A significant effect (P = 0.0072) of synbiotic A supplementation was observed on microbial diversity in 
different treatment groups (Appendix Figure 1-7). The microbial diversity was significantly lower in the 
synbiotic A control group compared with the synbiotic A supplemented and ST challenged, ST positive 
control and negative control groups. Within each treatment group (P = 0.0012), microbial diversity 
significantly decreased (P = 0.0191) with bird age (or sampling time-point) in the synbiotic A control 
and negative control groups, while in the synbiotic A supplemented and ST challenged (P = 0.4262) 
and ST positive control (P = 0.3128) groups, there was no difference in the microbial diversity  
(Figure 1-4b). The RDA+ showed that synbiotic A supplementation and ST challenge changed  
(P = 0.001) the composition of bacterial communities, although some overlap between the synbiotic 
A control and negative control groups was observed (Figure 1-4c).  
 

 
Figure 1-4  Caecal luminal microbial abundance and diversity affected by the synbiotic A 
supplementation and Salmonella Typhimurium (ST) challenge 

(a)  Microbial abundance at genera level. 
(b)  Stripchart showing the Shannon index of the OTU (diversity) affected by bird age (or sampling time-point). 
(c)  RDA+ of each of the treatment group. 
P < 0.021 was equivalent of FDR < 0.05 in Calypso software. 
Synbiotic A was composed of Enterococcus sp., Pediococcus sp., Bifidobacterium sp., Lactobacillus sp. and 
fructooligosaccharides. 
 
1.4.3.4 Effect of synbiotic B supplementation 
 
At the genus level, in the synbiotic B control group, the abundance of Trabulsiella, Oscillospira and 
Holdemania significantly increased compared with the synbiotic B supplemented and ST challenged, 
ST positive control and negative control groups (Figure 1-5a). Escherichia and Coprococcus genera 
were higher in abundance in the synbiotic B supplemented and ST challenged group compared with 
the other three treatment groups. Overall, the ST challenge increased the abundance of unclassified 
bacteria in the ST positive control group. The overall genera significantly affected by the synbiotic B 
supplementation and ST challenge have been depicted in Figure 1-5a. The core caecal microbiome 
was affected by the synbiotic B supplementation and ST challenge (Appendix Figure 1-8). At OTU level, 
there were 36 common taxa in the synbiotic B supplemented group. 
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In the synbiotic B supplemented group, at the OTU level, the diversity of the microbial communities 
was not affected (P = 0.4200) by the synbiotic supplementation or ST challenge (Appendix Figure 1-9). 
Overall, sampling time-point (or birds’ age) had a significant effect (P = 0.004) on microbial diversity 
(Figure 1-5b) only in the negative control group (P = 0.0091). The RDA+ showed that synbiotic B 
supplementation and ST challenge changed (P = 0.001) the composition of bacterial communities 
(Figure 1-5c). 
 

 
Figure 1-5  Caecal luminal microbial abundance and diversity affected by synbiotic B 
supplementation and Salmonella Typhimurium (ST) challenge  

(a)  Microbial abundance at genera level. 
(b)  Stripchart showing the Shannon index of the OTU (diversity) affected by bird age (or sampling time-point). 
(c)  RDA+ of each of the treatment group. 
P < 0.019 was equivalent of FDR < 0.05 in Calypso software. 
Synbiotic B contained Lactobacillus acidophilus, L. casei, L. salivarius, L. plantarum, L. rhamnosus, L. brevis, Bifidobacterium 
bifidum, B. lactis, S. thermophiles, prebiotic inulin (chicory root extract), protease, amylase, cellulase, hemicellulase, lipase, 
papain and bromelain in its composition. 
 
1.4.4  Salmonella Typhimurium load in different organs 
 
Salmonella spp. were not recovered from either the negative control group or the probiotics and 
synbiotics control groups. Probiotics A and B supplementation in young layer chicks for a week did not 
significantly reduce (P > 0.05) the ST load (log10 CFU/g of tissue) in the caeca, liver and spleen  
(Figure 1-6a–f). In the probiotics A and B supplemented and challenged with ST groups, the bacterial 
load in all three organs increased with day p.i. except for the caeca and liver of the probiotic A 
challenged group (Figure 1-6a–f). 
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Figure 1-6  Effect of probiotics A and B on mean load (log10 CFU/g of tissue) of Salmonella 
Typhimurium (ST) in caeca, liver and spleen collected on days 3, 5 and 7 p.i. 

(a)  ST load in caecal tissue of probiotic A supplemented chicks. 
(b)  ST load in liver tissue of probiotic A supplemented chicks. 
(c)  ST load in spleen tissue of probiotic A supplemented chicks. 
(d)  ST load in caecal tissue of probiotic B supplemented chicks. 
(e)  ST load in liver tissue of probiotic B supplemented chicks. 
(f)   ST load in spleen tissue of probiotic B supplemented chicks. 
Superscripts (a,b) represent significant difference affected by days p.i. in positive control groups. 
Superscripts (x,y) represent significant difference affected by days p.i. in probiotic supplemented groups. 
In each graph, the line across the bars represents significant differences (*P < 0.05; **P < 0.005; ***P < 0.0005) between 
the respective groups. 
Details of probiotics A and B are in Table 1-1. 
 
Feeding synbiotics A and B to layer chicks for a week did not significantly reduce (P > 0.05) ST load in 
the caeca, liver and spleen. The ST load significantly increased with day p.i. only in the caeca  
(Figure 1-7a–f). There was a general trend of lower ST load in the liver and spleen of the synbiotics A 
and B supplemented groups; however, these differences were not statistically significant. 
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Figure 1-7  Effect of synbiotics A and B on mean load (log10 CFU/g of tissue) of Salmonella 
Typhimurium (ST) in caeca, liver and spleen tissues collected on days 3, 5 and 7 p.i.  

(a)  ST load in caecal tissue of synbiotic A supplemented chicks. 
(b)  ST load in liver tissue of synbiotic A supplemented chicks. 
(c)  ST load in spleen tissue of synbiotic A supplemented chicks. 
(d)  ST load in caecal tissue of synbiotic B supplemented chicks. 
(e)  ST load in liver tissue of synbiotic B supplemented chicks. 
(f)   ST load in spleen tissue of synbiotic B supplemented chicks. 
Superscripts (a,b) represent significant difference affected by days p.i. in positive control groups. 
Superscripts (x,y) represent significant difference affected by days p.i. in probiotic supplemented groups. 
In each graph, the line across the bars represents significant differences (***P < 0.0005) between the respective groups. 
Details of synbiotics A and B are in Table 1-1. 
 

1.5 Discussion 
 
This study aimed to understand the effects of short-term feeding of four different commercial 
probiotic and synbiotic supplements on gut health in the presence or absence of Salmonella 
Typhimurium challenge in Isa-Brown layer chicks. During the last century, the incorporation of growth-
promoting antibiotics into the feed of production animals has resulted in improvements to health 
conditions and productivity. Globally there are concerns about the use of in-feed antibiotics for growth 
promotion due to the development of antimicrobial resistance and the spread of resistance genes 
(Marshall & Levy 2011). Moreover, the use of antimicrobials can negatively alter gut microbiota 
(Becattini et al. 2016). Probiotics and synbiotics are favoured in recent days due to their ability to 
induce a structural change in gut microbiota (Ziemer & Gibson 1998).  
 
The rationale behind discontinuation of the probiotics and synbiotics before Salmonella Typhimurium 
challenge was to understand the effects of the developed gut microbiota on Salmonella load and 
invasion into internal organs. In this study, irrespective of the probiotic and synbiotic supplementation 
and Salmonella Typhimurium challenge, a total of 22 distinct genera were identified in layer chicks; 
however, we have only discussed the genera significantly affected by the probiotics, synbiotics or 
Salmonella Typhimurium challenge relative to positive and negative control groups.  
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In the current study, most of the genera that colonised the chicks’ caeca are involved in diverse 
physiological functions. For example, Bifidobacterium (Milani et al. 2015), Clostridium (Bayer et al. 
2008), Enterococcus (Robert & Bernalier-Donadille 2003), Eubacterium (Montgomery 1988) and 
Ruminococcus (Moon et al. 2011) in the gut are involved in fibre digestion. Eubacterium is one of the 
dominant genera of the caecum in layers (Callaway et al. 2009). Some species of Eubacterium (e.g. 
Eubacterium hallii) in the gut are involved in metabolising glycerol to 3-hydroxypropionaldehyde that 
exists in a multi-compound system called reuterin (Fekry et al. 2016). Reuterin possesses antimicrobial 
activity against a range of pathogens (Vollenweider et al. 2010). Eubacterium hallii in the human gut 
has been linked with the formation of propionate (Engels et al. 2016). Therefore, the most abundant 
Eubacterium in chicks’ caeca could be linked with numerous functions ranging from short chain fatty 
acids (SCFAs) production to metabolic balance. In the current study, a reduction of Eubacterium 
abundance in the Salmonella Typhimurium positive control group compared with the probiotics  
(A and B) and synbiotic A supplemented and Salmonella Typhimurium challenged groups showed that 
these products were effective in maintaining the Eubacterium population in the gut even in the 
presence of Salmonella Typhimurium. This study also demonstrated some interaction between 
Eubacterium and Salmonella Typhimurium because, in the absence of challenge, the abundance of 
Eubacterium was not significantly different among the treatment groups.   
  
Oscillospira is another genus of gut microbiota abundantly present in layer chickens’ caeca (Volf et al. 
2016). Oscillospira species help in starch digestion in many different hosts (Mackie et al. 2003) and 
therefore are butyrate producers (Gophna et al. 2017). Butyrate is one of the three main types of 
SCFAs and is involved in ATP provision to enterocytes (Treem et al. 1994) and possesses anti-
inflammatory (Vinolo et al. 2011) and anti-microbial properties (Cox et al. 1994). In this study, an 
increased abundance of Oscillospira in the probiotic A and synbiotic B supplemented groups without 
Salmonella Typhimurium challenge indicates that these products favoured starch digesting and SCFAs 
producing bacteria were favoured. It was also observed that, in the presence of the probiotic A and 
synbiotic B supplementation, Salmonella Typhimurium reduced the Oscillospira abundance compared 
with the Salmonella Typhimurium positive control group. It is possible that there is an interaction 
between Oscillospira and Salmonella, where Salmonella Typhimurium depletes its population. 
Ruminococcus is among other genera involved in SCFAs production in chickens (Huang et al. 2018). In 
the current study, different probiotics and synbiotics affected Ruminococcus abundance differently. 
For example, synbiotic B supplementation reduced Ruminococcus abundance in the synbiotic 
supplemented groups with or without Salmonella Typhimurium challenge. Probiotic B and synbiotic A 
increased the Ruminococcus abundance both in the probiotic and synbiotic supplemented and 
Salmonella Typhimurium challenged groups. This shows that one particular probiotic or synbiotic may 
not favour the abundance of all beneficial bacterial genera in the gut. In the current study, the 
predominant bacterial genera of Eubacterium, Oscillospira and Ruminococcus positively modulated by 
the probiotics and synbiotics indicate their role in the overall gut health in young chicks. No significant 
effect of Salmonella Typhimurium and Salmonella Enteritidis was observed on the composition of gut 
microbial communities of laying chickens (Azcarate-Peril et al. 2018; Nordentoft et al. 2011).  
 
Probiotic A and synbiotics A and B supplementation increased the abundance of Trabulsiella, while 
Salmonella Typhimurium challenge decreased it. Trabulsiella is a member of the Enterobacteriaceae 
with no apparent role in chicken gut microbiota. Bifidobacterium is one of the dominant members of 
gut microbiota that plays a role in complex starch digestion (Milani et al. 2015), preventing the 
production of pro-inflammatory cytokines (Fanning et al. 2012) and stress reduction (Savignac et al. 
2014). In this study, its abundance was affected mainly by the probiotic B and synbiotic A with or 
without Salmonella Typhimurium challenge. These probiotic and synbiotic were effective in 
maintaining Bifidobacterium abundance even in the presence of Salmonella Typhimurium. This shows 
that Bifidobacterium is one of the gut bacteria with a possible protective role against Salmonella 
Typhimurium infection. However, at least in the conditions applied in the current study, the protective 
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environment produced by the Bifidobacterium was not sufficient to reduce the load of Salmonella 
Typhimurium significantly in caeca. We suggest further investigation to understand the interaction of 
Bifidobacterium with Salmonella Typhimurium as a probiotic candidate for the chicken gut. A reduced 
abundance of Klebsiella and Escherichia in the probiotic A and synbiotic B supplemented and no 
Salmonella Typhimurium challenge groups, respectively, showed the positive modulation of gut 
microbiota by these products. Important diseases of poultry attributed to E. coli include cellulitis, 
septicaemia, colibacillosis, omphalitis and respiratory tract infection (Morley & Thomson 1984; 
Stromberg et al. 2017).  
 
Different probiotics and synbiotics supplementation in the presence of Salmonella Typhimurium 
challenge showed positive effects on the abundance of certain genera. For example, probiotic A 
supplementation increased the abundance of Butyricicoccus, Eubacterium, Coprococcus and Blautia 
in the Salmonella Typhimurium challenged compared to the positive control or probiotic control 
groups. Similarly, synbiotic B affected the abundance of Escherichia, Coprococcus and Anaerotruncus, 
while synbiotic A affected Lactococcus, Lactobacillus, Eubacterium, Coprococcus, Bifidobacterium and 
Anaerotruncus. Probiotic B mainly influenced Paenibacillus, Eubacterium and Coprobacillus. This 
further strengthens the notion that, in the presence of Salmonella Typhimurium, short-term feeding 
of probiotics or synbiotics has the potential to influence resident gut bacterial genera positively. 
However, this short-term treatment may not be sufficient to inhibit Salmonella Typhimurium from 
colonising caeca or invading internal organs. Overall, compared to the negative control group, the 
microbial diversity (measured at OTU level) was decreased with bird age (or sampling time-point) by 
synbiotic A supplementation. This shows that the synbiotic A reduced the genera of certain bacteria 
in the gut of layer chicks. The Shannon index of redundancy analysis (RDA+) showed that probiotic and 
synbiotic supplementation and Salmonella Typhimurium challenge shifted the gut microbiota diversity 
and therefore it clustered separately among different treatment groups, showing the importance of 
probiotic or synbiotic supplementation in Salmonella Typhimurium infected birds. These results were 
further supported by the presence of various biomarkers in different treatment groups. Probiotic and 
synbiotic supplementation increased the abundance of many genera of the gut microbiota in the 
presence or absence of Salmonella Typhimurium; however, these effects varied depending on the 
products. 
 
The bacteriology results (counted as CFU/g of tissue) showed that feeding the probiotics and 
synbiotics for a week was not effective in significantly reducing ST load in the liver, spleen and caecal 
tissues of layer chicks. It seems that the early colonisation of caeca with probiotic bacterial strains may 
not competitively exclude Salmonella Typhimurium. Limited studies performed on probiotic or 
prebiotic supplementation and Salmonella Typhimurium challenge in layer chickens presented 
different results reflecting the importance of the nature and duration of the probiotic being 
supplemented, genetic strain, age of the bird and the bird rearing environment. For example, the 
inclusion of fructooligosaccharides (FOS) in an alfalfa moulting diet significantly decreased caecal 
Salmonella Enteritidis counts in laying hens (Donalson et al. 2008). In White Leghorn Hy-Line cockerels 
challenged with Salmonella Enteritidis, FOS supplementation (alone or in combination with probiotic) 
significantly decreased Salmonella load in caeca at days 1, 7 and 14 p.i. (Fukata et al. 1999). In  
46-week old White Leghorn laying hens challenged with Salmonella Enteritidis, supplementation of 
Lactobacillus plantarum for seven days post-infection did not significantly reduce Salmonella load in 
the caeca (Adhikari et al. 2018). Interestingly, synbiotic supplemented laying hens challenged with 
Salmonella Enteritidis showed no Salmonella in the caecal contents on day 10 p.i. (Luoma et al. 2017).  
 
Lactobacillus johnsonii strain R‐17504 and Lactobacillus reuteri strain R‐17485 supplementation into 
day-old layer chicks significantly reduced Salmonella Enteritidis load in caeca on day 6 p.i. (Van Coillie 
et al. 2007). In this study, no significant difference between the treatment groups for Salmonella 
Typhimurium load in caecal tissue indicate that the probiotics and synbiotics were not effective in 
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reducing Salmonella count at days 3, 5 and 7 p.i. in Isa-Brown layer chicks. Further studies are required 
to investigate the long-term feeding of probiotic supplements on Salmonella Typhimurium 
colonisation, shedding and/or invasion into the vital organs of hens. Overall, a week long probiotic and 
synbiotic supplementation to layer chicks was effective in modulating positively the abundance of 
certain resident gut microbiota. Salmonella Typhimurium challenge decreased the abundance of many 
useful bacterial genera, while the probiotics and synbiotics supplementation increased it. The 
abundant genera play a pivotal role in maintaining overall gut health. Nevertheless, probiotic and 
synbiotic supplementation to chicks for one week did not competitively exclude Salmonella 
Typhimurium from caeca or prevent internal organ invasion. Further studies are required to 
understand the long-term feeding of probiotics on laying chicken gut microbiota and its effects on 
Salmonella Typhimurium shedding.  
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2.1 Introduction 
 
In Australia, eggs or egg products related to foodborne outbreaks in humans are often associated with 
Salmonella Typhimurium (Ford et al. 2018). Salmonella Typhimurium infected chicks do not always 
exhibit clinical signs of salmonellosis; however, blood-tinged faeces were recorded in a previous study 
(Howard et al. 2018). The pattern of pathogenesis in the chicken gut varies with different Salmonella 
serovars (Henderson et al. 1999). For example, infection with Salmonella Pullorum causes limited 
inflammation, while Salmonella Typhimurium results in an influx of heterophils in gut epithelial tissue 
(Henderson et al. 1999). Two days post-challenge, Salmonella Typhimurium elicits heterophilic 
infiltration, individual cell necrosis and formation of crypt abscesses in the lamina propria of the caecal 
epithelium (Henderson et al. 1999). After colonisation, Salmonella Typhimurium resides in vacuoles 
inside intestinal epithelial and mononuclear cells in the lamina propria of caecal epithelium 
(Henderson et al. 1999). As a general concept, during Salmonella infection the pathogen and host 
interact at several points with varying results that are determined by the strength of the host immune 
response.  
 
Salmonella encounters phagocytes either within the host gut (Rescigno et al. 2001) or during the 
invasion of the mucosal epithelium (Vazquez-Torres et al. 1999). Uptake of Salmonella by antigen-
presenting cells (APCs) results in either the death of the survival of the APCs. The death of the APCs 
results in the release of pro-inflammatory cytokines (e.g. IL1β, IL18, IFNγ) and bacterial antigen uptake 
by other APCs for presentation to macrophages. Upon survival, APCs present the antigens to the major 
histocompatibility complex (MHC), but Salmonella has the potential to divert this process through 
Salmonella pathogenicity island 2 (SPI2) dependent pathways. Protected from host antibody 
detection, intracellular Salmonella utilises APCs for invasion and replication in internal organs (Salcedo 
et al. 2001). After activation by the antigen, helper T cells help in isotype class switching, cytokine, and 
humoral immune response, while cytokine production supports Th1 dependent T cell differentiation 
(Harris et al. 2000). Therefore, the outcome of Salmonella infection is the cumulative result of complex 
interactions between host and pathogen (Fields et al. 1986).  
 
As a part of host immune system response, specialised epithelial cells produce antimicrobial peptides 
and stimulate the release of pro-inflammatory cytokines that attract immune cells such as 
macrophages, granulocytes and dendritic cells (Wick 2004). Chickens respond to Salmonella enterica 
infections by regulating their immune system in the gut (Berndt et al. 2007; Withanage et al. 2005). 
After Salmonella Typhimurium infection in chickens, the expressions of pro-inflammatory cytokines, 
such as IL1β, TGFβ, and IFNγ are activated in the caeca (Beal et al. 2004). The infection elicits a 
significant increase in granulocytes, TCR1+ (γδ), CD4+ and CD8α+ cell proliferation or infiltration into 
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caecal tissue from day 1 to day 9 post-infection (Berndt et al. 2007). Other molecules that are 
regulated in the caeca of chickens during Salmonella Typhimurium infection include iNOS, IL12, IL18, 
LITAF and MIP1β (Berndt et al. 2007). Overall, it takes approximately three weeks for chickens to clear 
Salmonella Typhimurium from the gut (Beal et al. 2006). However, the persistence of Salmonella 
Typhimurium in the gut for longer periods has been shown (McWhorter & Chousalkar 2018;  
Pande et al. 2016). The clearance of Salmonella Typhimurium from infected chickens is dependent on 
the age of the birds at infection (Barrow et al. 1987), whereas Th1 plays a crucial role in pathogen 
clearance from the gut (Withanage et al. 2005). The host immune system regulation in Salmonella 
infections in non-chicken models has been widely studied; however, it is not completely understood 
how the gut regulates its immune functions against Salmonella, as laying chickens act as asymptomatic 
carriers. Here, we performed RNA sequencing on caecal tissue to understand the chick caecal immune 
response to Salmonella Typhimurium challenge in a temporal manner. The primary objective of this 
study was to understand the basics of the mucosal immune system of the Salmonella Typhimurium 
challenged chicks that can be used as a platform for devising measures for Salmonella control in 
poultry.  
 
2.2 Materials and methods 
 
2.2.1 Animal ethics and rearing of Salmonella free layer chicks 
 
The experimental work was approved by the Animal Ethics Committee (approval number S-2017-080) 
at the University of Adelaide. The experimental procedures complied with the guidelines specified in 
the Australian Code for the Care and Use of Animals for Scientific Purposes, 8th edition (2013). Isa-
Brown laying chicks (n = 18) were hatched and the meconium on the day of hatch and faeces from 
day-old until day 7 were tested fortnightly for Salmonella using a culture enrichment method. Briefly, 
1 g of faeces was suspended in 9 mL of buffered peptone water (BPW; Thermo Fisher Scientific, 
Australia) and incubated overnight at 37°C. 100 µL of the incubated samples was enriched in 10 mL of 
Rappaport Vassiliadis soya peptone (RVS) broth (Thermo Fisher Scientific, Australia), incubated 
overnight at 42°C, and streaked on xylose lysine deoxycholate (XLD; Thermo Fisher Scientific, 
Australia) and Brilliance Salmonella agar (BSA; Thermo Fisher Scientific, Australia) media plates. The 
plates were incubated overnight at 37°C and were then read as positive or negative for Salmonella on 
the basis of characteristics colony shape and colour. Chicks were equally divided into Salmonella 
challenged and negative control groups. All the chicks were reared in pens as per the ISA General 
Management Guide 2009-10. Before placing the chicks, environmental swabs (Whirl-Pak Speci-Sponge 
Environmental Surface Sampling Bag) from rearing pens and rooms were collected for Salmonella 
testing using the enrichment method described earlier. Water and feed were regularly tested for the 
presence of Salmonella using this same enrichment method.  
 
2.2.2 Salmonella Typhimurium inoculum preparation and chicks challenge 
 
Salmonella Typhimurium phage type 9 previously isolated from a layer flock was streaked on XLD agar 
plates and a single colony was enriched in Luria-Bertani (LB; Thermo Fisher Scientific, Australia) broth 
by incubating the sample at 37°C in a shaking incubator for 12 hours. The Salmonella culture broth 
was centrifuged at 4200 ×g for 10 min, the bacterial pellet was resuspended in phosphate buffered 
saline (PBS) and the inoculum dose was prepared from its optical density (OD) reading at 600 nm in a 
spectrophotometer (Eppendorf BioPhotometer Plus). A week after the hatch, individual chicks in the 
infected group orally received 103 colony forming units (CFUs) of Salmonella Typhimurium, while 
chicks in the control group received PBS. The low inoculum dose was used to understand the host 
caecal immune system modulation by Salmonella. The faeces on days 3, 5 and 7 post-infection (p.i.) 
were processed for the isolation of Salmonella by the culture enrichment method as previously 
described.  
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2.2.3 Caecal tissue and contents collection  
 
From each of the control and infected groups, three chicks on days 3, 5 and 7 p.i. were euthanised by 
cervical dislocation for the collection of caeca. The caecum was selected for studying intestinal 
immune response, as it plays a more important role in host defence compared with other segments 
of the gut. The caecal tissue was collected in RNALater and stored at -80°C until used for total 
ribonucleic acid (RNA) extraction. Previous studies show that for RNA sequencing analysis, a minimum 
of 3 biological replicates per treatment group are sufficient to obtain robust data (Li et al. 2018;  
Li et al. 2017; Sah et al. 2018). Caecal contents were collected for the quantification of Salmonella 
Typhimurium load through quantitative polymerase chain reaction (qPCR). 
  
2.2.4 Caecal tissue RNA extraction and purification  
 
TRIzol Reagent (Invitrogen, Australia) was used for total RNA extraction from the stored caecal tissue 
following a previously described method (Khan et al. 2019). The RNA clean-up was performed using 
an RNeasy Mini Kit (Qiagen, Australia) and the procedure included an RNase-Free DNase (Qiagen, 
Australia) digestion step. The total RNA was tested for integrity and purity in an Agilent 2200 
TapeStation (Integrated Sciences, Australia) as per the manufacturer’s protocol for an RNA Screen 
Tape. The RNA samples (n = 18) were processed by the Australian Genome Research Facility for  
RNA sequencing and basic bioinformatics analyses. For optimisation of the RNA sequencing data 
through qPCR, approximately 1 µg RNA from individual samples was reversely transcribed to cDNA 
using the QuantiTect Reverse Transcription Kit (Qiagen, Australia) as per the manufacturer’s protocol. 
  
2.2.5 RNA sequencing of caecal tissue 
 
2.2.5.1 cDNA synthesis 
 
Illumina’s TruSeq Stranded mRNA Library Prep (Cat. No. 20020594) kit was used for the processing of 
total RNA samples. The process included mRNA purification via poly-T oligo attached magnetic beads, 
fragmentation of mRNA into small pieces using divalent cations under appropriate temperature, 
copying of cleaved mRNA into first strand cDNA using random primers and reverse transcriptase and 
second strand cDNA synthesis using RNase H and DNA Polymerase I. During the second strand 
complementary DNA (cDNA) synthesis, strand specificity was achieved by replacing deoxythymidine 
triphosphate (dTTP) with deoxyuridine triphosphate (dUTP) in the Second Strand Marking Mix (SMM) 
as per protocol of the kit.  
 
2.2.5.2 cDNA library preparation 
 
cDNA libraries were prepared by DNA fragment end repair (blunt ending of DNA fragments),  
3’ adenylation of DNA fragments, sequence adaptor ligation (utilising T-A pairing of adapter and DNA 
fragments) and amplification of library via PCR. One library for each sample was constructed for 
sequencing – three samples per sampling for a total of three sampling time-points and two treatment 
groups. Sequencing of libraries using 100 bp single read was performed on an Illumina NovaSeq 6000 
sequencing system. The primary sequence data were generated using the Illumina bcl2fastq 
2.20.0.422 pipeline. The sequence files were generated in a standard FASTQ format. Next, the data 
were processed through RNA sequencing expression analysis workflow, which included alignment, 
transcript assembly, quantification and normalisation. Differential gene expression analysis was 
performed at the end and false discovery rate (FDR) was used for determining the level of significance 
between the treatment groups.  
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2.2.5.3 Bioinformatics analysis 
 
2.2.5.3.1 Quality control and sequence data evaluation 
 
Image analysis was performed in real time by the NovaSeq Control Software v1.6.0 and Real Time 
Analysis v3.4.4. Initial quality control of the RNA sequences was evaluated by the FastQC v0.11.5 
(Andrews 2010). The per base sequence quality of all the samples was >96% bases above Q30. The 
raw reads were screened for the presence of any cross-species contamination, Illumina adaptor or 
overrepresented sequences, empty reads and low-quality sequences. Trim_galore v0.4.4 was used for 
removing Illumina adaptors and contaminated sequences (Martin 2011). 
 
2.2.5.3.2 Reads mapping  
 
The cleaned sequence reads were aligned against the reference genome of Gallus gallus v6 
(Anonymous 2018). The Spliced Transcripts Alignment to a Reference (STAR) aligner v2.5.3a was used 
to map reads to the genomic sequences. The features summary table was created that provided an 
overall mapping rate with the genome and genome feature (feature=exons). 
 
2.2.5.3.3 Transcriptome assembly 
 
2.2.5.3.3.1 Raw gene counts and reference guided transcript assembly 
 
The counts of reads mapping to each known gene were summarised at gene level using featureCounts 
v1.5.3 utility of the subread package (Liao et al. 2019). The raw gene counts or the DGE (digital gene 
expression) values were used in edgeR (v3.26.5) for computing differential gene expression in counts 
per million (CPM). The transcripts were assembled with the StringTie tool v1.3.3 (Pertea et al. 2015) 
utilising the reads alignment and reference annotation based assembly option (RABT). This option 
generated assembly for known and potentially novel transcripts.  
 
2.2.5.3.3.2 Differential gene expression analysis 
 
To identify differentially expressed genes (DEGs) between the Salmonella infected and control groups 
on days 3, 5 and 7 p.i., CPM values were used in edgeR (v3.26.5) of R packages v3.6.0. The edgeR is a 
package used to detect and quantify differential expression of digital gene expression data, that is, 
counts of reads mapped for each gene of a given organism. During the analysis, the default trimmed 
mean of M values (TMM) normalisation method of edgeR was used to normalise the counts between 
the treatment groups. A Generalised Linear Model (GLM) was used to quantify the DEGs between the 
Salmonella challenged and control groups on days 3, 5 and 7 p.i. For assessing the regulation of genes 
affected by Salmonella Typhimurium, the control group was used a reference control. Within the 
infected and control groups, data were also compared between days 3, 5 and 7 p.i. to understand the 
effects of the age of the chicks on gene regulation in the caecal tissue.  
 
2.2.6  Functional annotation of significantly regulated DEGs 
 
The DEGs (log2 fold change > 1 or < -1; False Discovery Rate (FDR) < 0.05) from days 3, 5 and 7 p.i. were 
subjected to functional analysis using ClueGO v2.5.6 (Bindea et al. 2009) and CluePedia (Bindea et al. 
2013) plugins in Cytoscape v3.7.2. Previously, ClueGO and CluePedia have been used for the functional 
analysis of RNA sequencing data (Khan et al. 2019). The DEGs were enriched for terms specific for 
Gallus gallus Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways involved in diseases. In the 
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ClueGO, the right-sided hypergeometric test with Benjamini-Hochberg was used for significant  
(P < 0.05) enrichment of pathway analysis. The association strength between the pathway terms was 
calculated using a corrected kappa score of 0.4. The created network showed the pathway terms as 
nodes and size of the nodes reflected the enrichment significance. A nested network of the 
significantly regulated genes for individual functional group terms was created in CluePedia. Efforts 
were also made to study the transcriptome regulation of Salmonella Typhimurium in the caeca of 
laying chicks temporally; however, the sequences generated were only 0.2% of the total sequences. 
Only 10% of the generated sequences matched to the reference genome of Salmonella Typhimurium, 
and this was considered insufficient for DEGs data analysis.  
 

2.2.7 RNA sequencing results validation by qPCR 
 

2.2.7.1 Primer design and validation 
 
Using the option for exon-exon spanning in the National Center for Biotechnology Information (NCBI) 
software, primers for the candidate target and reference genes were designed (Table 2-1). The primer 
sequences were further confirmed for containing minimum secondary structure characteristics in 
Beacon Designer and NetPrimer software (Premier Biosoft). For candidate target genes, at least two 
genes that were significantly up- or down-regulated on days 3, 5 and 7 p.i. were selected. TBP and 
YWHAZ were used as reference genes due to their stable expression in different treatment conditions 
in chickens (Khan et al. 2017; Hassanpour et al. 2018). Using qPCR and gel electrophoresis with 2% 
agarose gel, primers were optimised for the amplification efficiency and target specificity as previously 
described (Khan et al. 2017).  
 
Table 2-1  Primer sequence used for RNA sequencing data validation 

Gene 
Symbol 

Primer sequence (5ʹ-3ʹ) Exon 
junction (bp) 

Fragment 
size (bp) 

Annealing 
(°C) 

NCBI Accession 

IL8L2 F-CCTAACCATGAACGGCAAGC 
R-CGTCCTACCTTGCGACAGAG 

138/139 
(reverse 
primer) 

76 60 NM_205498.1 

MMP7 F- AGCCCTGATGTACCCTCTCT 
R-CATCACGTACTTGCGGATGC 

822/823 
(reverse 
primer) 

107 60 NM_001006278.1 

CALB1 F: CTTCGAGATCTGGCACCACT 
R: TGTTAAGTCCAAGCCTGCCT 

261/262 
(reverse 
primer) 

118 60 NM_205513.1 

FABP2 F- AAGCAATGGGCGTGAATGTG 
R- GTCGATGGTACGGAAGTTGC 

67/68 
(forward 
primer) 

122 60 NM_001007923.1 

ACOD1 F- ATGTGGGCAAAGACAATTACAGG 
R- TACAGAGGAGGCAGTCGGAA 

68/69 
(forward 
primer) 

239 60 NM_001030821.1 

EXFABP F- GACTCTACAGCAGAAGCCGT 
R- TGTAGTTCCGCTCCCTAGCA 

427/428 
(forward 
primer) 

78 60 NM_205422.1 

IL4I1 F- CCGGCCATAAGGTCACGAT 
R- TGTCATCTGTCTGGCGGAAC 

228/229 
(forward 
primer) 

183 60 NM_001099351.3 

MYL1 F- GCCCGTCCGCTCTACTTTT 
R- AGGCCTCCTTGAAGTCATTGAT 

80/81 
(reverse 
primer) 

75 60 NM_001044632.1 

CYP1A1 
 F- GAGCTGGATCAGACCATCGG 

R- GCTTGAAGGAAGGAGGGTCC 

1146/1147 
(forward 
primer) 

250 60 NM_205147.1 

https://www.ncbi.nlm.nih.gov/nucleotide/49169792?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/57529312?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/45382892?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/56118999?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/71895162?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/45382220?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/372266149?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/113206047?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/45384061?report=gbwithparts
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IL6 

F- GCAGGACGAGATGTGCAAGA 
R- ATTTCTCCTCGTCGAAGCCG 

295/296 
(forward 
primer); 
409/410 
(reverse 
primer) 

131 60 NM_204628.1 

CCLL4 
F- TCCTCAACTCCACTTGCTGTC 
R- TGTGTGCTTCTCCACGTTCA 

73/74 
(forward 
primer) 

213 60 NM_001045831.1 

NOS2 
F- CCTGTACTGAAGGTGGCTATT 
R- AGGCCTGTGAGAGTGTGCAA 

2649/2650 
(forward 
primer) 

66 60 NM_204961.1 

ALB 
F- GCAGCCATGAAGTGGGTAAC 
R- ACTCTTGTGCTCTGCATCACG 

116/117 
(reverse 
primer) 

102 60 NM_205261.2 

TBP* 
F- CCACGGTGAATCTTGGTTGC 
R- GCAGCAAAACGCTTGGGATT 

534/535 
(reverse 
primer) 

88 60 NM_205103.1 

YWHAZ
* F- ACTTGACATTGTGGACATCGGA 

R- GAGGCAGACGGAAGTTGGAA 

761/762 
(forward 
primer) 

94 60 NM_001031343.1 

*  Used as reference genes for relative expression data analysis. 
Exon junctions represent the spanning of exons on respective genes sequence, necessary for primers to specifically amplify 
cDNA and not genomic DNA. 
 
2.2.7.2 Quantitative PCR  
 
Quantitative PCR was performed on all caecal tissue cDNA samples (n = 18) using the QuantiTect SYBR 
Green PCR Kit (Qiagen, Australia). PCR master mix (in a 20 µL reaction volume) was prepared as per 
the manufacturer’s protocol, and 2 µL of the cDNA was added into each reaction well (in duplicate) 
using a robot (Corbett Research, Sydney, Australia). Thermocycling conditions in Rotor-Gene Q were: 
polymerase activation at 95°C for 5 min, 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C 
for 30s and extension at 72°C for 30s. A melting step from a ramp of 50 to 99°C was included to assess 
the specificity of amplification. For relative expression data analysis, the expression levels of the 
candidate target genes were normalised against the reference genes TBP and YWHAZ. 
 
2.2.8 Salmonella Typhimurium quantification from caecal contents 
 
Total DNA was extracted from approximately 180 mg of caecal contents using the QIAamp DNA Stool 
Mini Kit (Qiagen, Australia). To get quality DNA, a bead bashing step was added to the extraction 
method (Khan & Chousalkar 2020). The quality and purity of DNA were assessed in a Nanodrop-1000 
(Thermo Fisher, Australia). For DNA copy number calculation, a standard curve was constructed  
(R2 = 0.99234; amplification efficiency = 1.01) from different dilutions (10-2 to 10-9) of a purified qPCR 
product (using QIAquick PCR Purification Kit) of Salmonella Typhimurium DNA fragment. A primer 
sequence (F: 5′-TTTACCTCAATGGCGGAACC-′3; R: 5′-CCCAAAAGCTGGGTTAGCA-′3; 303 bp; Accession 
Number: AAL23311.1) was optimised for target specificity and efficiency for the amplification of 
Salmonella Typhimurium LT2 putative cytoplasmic protein gene (STM4493) fragment. qPCR was 
performed as per the protocol of QuantiTect SYBR Green PCR Kit (Qiagen, Australia) in a Rotor-Gene 
Q thermal cycler. DNA copy number in the standard curve dilutions was calculated based on the 
number of different nucleotides in the DNA fragment sequence, nucleotide molecular weight and the 
purified qPCR product DNA concentration in ng/µL. To quantify Salmonella, DNA from both the 
Salmonella challenged and negative control groups was amplified by qPCR along with standard curve 
dilutions. The known DNA copy number of the standard curve dilutions was used to calculate the 

https://www.ncbi.nlm.nih.gov/nucleotide/45382888?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/113951656?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/766944281?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/45384143?report=gbwithparts
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genomic DNA copy number of Salmonella in the samples. The log10 DNA copy number per gram of 
caecal contents was expressed as Salmonella Typhimurium mean load/g of caecal contents. All of the 
qPCR-amplified samples were run on 2% agarose gel for amplicon size confirmation.   
 
2.3 Statistical analysis 
 
For the validation of RNA sequencing data, the relative expression of candidate target genes was 
calculated by 2^-ΔΔCt method. The Ct values of the target genes were normalised against the reference 
genes YWHAZ and TBP (Khan et al. 2017). A regression analysis was performed in StatView (v 5.0.1.0) 
to calculate the correlation between the RNA sequencing and qPCR data. The qPCR Salmonella 
Typhimurium genomic DNA copy number data were expressed as log10 DNA copy number/g of caecal 
contents, and analysed in IBM SPSS and Amos 26.0 by one-way analysis of variance (ANOVA). Level of 
significance was determined by Tukey’s test at P < 0.05.  
 
2.4 Results 
 
2.4.1 Gross pathological lesions in caeca and Salmonella Typhimurium load in 

caecal contents 
 
In this study, clinical signs were not observed in the Salmonella Typhimurium infected chicks. All birds 
from the negative control group were Salmonella negative throughout the experiment. From the 
infected group, the faecal samples collected on days 3, 5 and 7 p.i. were positive for Salmonella 
Typhimurium (Appendix Table 2-1). The post mortem findings revealed partially filled caeca (in 33.33% 
of chicks on each of the day 3 and 5 p.i.) and the presence of a mucous plug (in 33.33% of chicks on  
day 3 p.i.). On day 7 p.i, 66.66% of the chicks had partially filled caeca. 
 
Using qPCR assay, all the caecal contents samples from the Salmonella negative control group tested 
negative for Salmonella Typhimurium. The mean load (expressed as log10 DNA copy number/g of 
caecal contents) of Salmonella Typhimurium on days 3, 5 and 7 p.i. was 9.253, 9.586 and 9.553, 
respectively (Appendix Figure 2-1). The Salmonella Typhimurium load was not significantly (P = 0.7320) 
different between days 3, 5 and 7 p.i. (Appendix Figure 2-1). All of the qPCR amplified products from 
the Salmonella challenged groups showed the expected band size (303 bp) on 2% agarose gel 
electrophoresis (Appendix Figure 2-2). 
 
2.4.2 Transcriptomic analysis of caecal tissue 
 
All the RNA samples showed distinct 18S and 28S bands with an average RNA integrity number (RIN) 
of > 8.9 (Appendix Figure 2-3). The transcriptome data feature summary showed that the percentage 
of the clean reads mapped to the Gallus gallus genome was ≥ 95% (Appendix Table 2-2). Normalised 
reads in a multi-dimensional scaling plot indicated that there was a significant effect 
of Salmonella infection on the expressed genes in the caecal tissue, at different time-points. A total of 
5584 gene transcripts were assessed for differential gene expression after filtering. There were no 
significantly (FDR > 0.05; log2 fold change > 1 or < -1) regulated differently expressed genes (DEGs) in 
the control group between days 3, 5 and 7 p.i. In the Salmonella Typhimurium challenged group, 23 
genes were significantly regulated between days 3 and 5 p.i., 184 genes between days 3 and 7 p.i., 
and 89 genes between days 5 and 7 p.i. Most of the significantly regulated genes were from pathways 
involved in immune system regulation. 
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2.4.2.1 Genes differentially expressed following infection with Salmonella 
Typhimurium and their functional annotation 

 
Compared to the control group, on day 3 p.i, 321 genes were up-regulated (FDR < 0.05;  
log2 fold change > 1) and 112 genes were down-regulated (FDR < 0.05; log2 fold change < -1) in the 
Salmonella Typhimurium infected group. Most of the up-regulated genes were from a broad list of 
genes that play direct or indirect roles in immune system regulation. Most of the down-regulated 
genes observed in this experiment are involved in basic cell functional activities and metabolism. 
Functional pathway analysis of the up-regulated DEGs was grouped into 11 Kyoto Encyclopedia of 
Genes and Genomes (KEGG) disease-associated pathway terms (Figure 2-1A). Amongst these, the six 
major pathway terms were Toll-like receptor signalling pathway, arginine biosynthesis, cell adhesion 
molecules, apoptosis, phagosome and cytokine-cytokine receptor interaction (Figure 2-1A). The 
down-regulated genes on day 3 p.i. mapped into pathway terms tryptophan metabolism, retinol 
metabolism, folate biosynthesis, metabolism of xenobiotics by cytochrome P450 and 
glycolysis/gluconeogenesis (Figure 2-1B).  
 

 
Figure 2-1  KEGG pathway functional group terms associated with significantly (FDR < 0.05;  
log2 fold change > 1 or < -1) up- or down- regulated DEGs in caeca of Salmonella Typhimurium 
challenged chicks 

A  Terms associated with the up-regulated genes on day 3 p.i. 
B  Terms associated with the down-regulated DEGs on day 3 p.i. 
The DEGs list was obtained by comparing the Salmonella Typhimurium challenged samples with the control group. 
 
The annotated genes to the individual pathway terms and their associations that up-regulated on day 
3 p.i. are presented in Figure 2-2. The annotated genes to the individual pathway terms and their 
associations that down-regulated on day 3 p.i. are shown in Appendix Figure 2-4.  
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Figure 2-2  Enriched KEGG pathway terms and their associated genes obtained from the mapping 
of significantly up-regulated genes on day 3 post-infection  

In ClueGO, pathways only significantly (p-value < 0.05) enriched were visualised. 
Size of the nodes indicates the number of associated genes affected by Salmonella Typhimurium challenge. 
 
Compared to the control group, on day 5 p.i., 371 genes were significantly up-regulated and 249 genes 
were down-regulated in the infected group. Functional pathway analysis of the up-regulated genes 
was grouped into 11 pathway terms (Figure 2.3A). The six major pathway terms were Toll-like receptor 
signalling pathway, NOD-like receptor signalling pathway, arginine biosynthesis, phagosome, 
cytokine-cytokine receptor interaction and Salmonella infection (Figure 2-3A). The down-regulated 
genes on day 5 p.i. mapped into 11 pathway terms that included retinol metabolism, pentose and 
glucuronate interconversions, peroxisome, steroid hormone biosynthesis, and valine, leucine and 
isoleucine degradation (Figure 2-3B).  
 

 
Figure 2-3  KEGG pathway functional group terms associated with significantly (FDR < 0.05;  
log2 fold change > 1 or < -1) up- or down- regulated DEGs in caeca of Salmonella Typhimurium  
challenged chicks  

A  Terms associated with the up-regulated genes on day 5 p.i. 
B  Terms associated with the down-regulated DEGs on day 5 p.i. 
The DEGs list was obtained by comparing the Salmonella Typhimurium challenged samples with the control group.  
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The annotated genes to the individual pathway terms and their associations that up-regulated on day 
5 p.i. are shown in Figure 2-4. The annotated genes to the individual functional group terms and their 
associations that down-regulated on day 5 p.i. are shown in Appendix Figure 2-5. 
 

 
Figure 2-4  Enriched KEGG pathway terms and their associated genes obtained from the mapping 
of significantly up-regulated genes on day 5 post-infection 

In ClueGO, pathways only significantly (p-value < 0.05) enriched were visualised. 
Size of the nodes indicates the number of associated genes affected by Salmonella Typhimurium challenge. 
 
Compared with the control group, on day 7 p.i., 632 genes were significantly up-regulated and 325 
genes were down-regulated in the Salmonella Typhimurium infected group. Functional pathway 
analysis of the up-regulated genes was grouped into 10 pathway terms that included the Toll-like 
receptor signalling pathway, the intestinal immune network for IgA production, apoptosis, 
phagosome, cell cycle and Salmonella infection (Figure 2-5A). The down-regulated genes on day 7 p.i. 
mapped into 10 pathway terms that included drug metabolism, pentose and glucuronate 
interconversions, retinol metabolism, peroxisome and PPAR signalling pathway (Figure 2-5B).  
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Figure 2-5  KEGG pathway functional group terms associated with significantly (FDR < 0.05;  
log2 fold change > 1 or < -1) up- or down- regulated DEGs in caeca of Salmonella Typhimurium 
challenged chicks  
A  Terms associated with the up-regulated genes on day 7 p.i. 
B  Terms associated with the down-regulated DEGs on day 7 p.i. 
The DEGs list was obtained by comparing the Salmonella Typhimurium challenged samples with the control group. 
 

The up-regulated genes on day 7 p.i. annotated to individual pathway terms and/or associated with 
other pathway terms showed that the immune system was modulated by the interactions of multiple 
genes (Figure 2-6).  
 

 
Figure 2-6  Enriched KEGG pathway terms and their associated genes obtained from the mapping 
of significantly up-regulated genes on day 7 post-infection  
In ClueGO, pathways only significantly (p-value < 0.05) enriched were visualised. 
Size of the nodes indicates the number of associated genes affected by Salmonella Typhimurium challenge. 
Yellow line with circular end between genes shows association, while red bar at the end of yellow line indicates the 
inhibition of one gene by another.  
 

Nested network analysis of the pathway terms cytokine-cytokine receptor interaction (Figure 2-7A), 
Toll-like receptor signalling pathway (Figure 2-7B), the intestinal immune network for IgA production 
(Figure 2-7C), Salmonella infection (Figure 2-7D), cellular senescence (Figure 2-7E) and C-type lectin 
receptor signalling pathway showed a strong association of IL6 with other genes. The annotated genes 
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to the individual pathway terms and their associations that down-regulated on day 7 p.i. are shown in 
Appendix Figure 2-6. 
 

 
Figure 2-7  Nested network of individual pathway term based on the significantly up-regulated 
genes (red colour font) on day 7 p.i. and all associated genes (black colour font) with the term  
A  Cytokine-cytokine receptor interactions. 
B  Toll-like receptor signalling pathway. 
C  Intestinal immune network for IgA production. 
D  Salmonella infection. 
E  Apoptosis. 
F  C-type receptor signalling pathway. 
The nested network was created in CluePedia for the association of activation (green line with arrow at the end), 
expression (yellow line with circle at the end) and inhibition (red line with bar at the end) of the significantly up-regulated 
genes with all the associated genes in individual functional group term. 
Within each pathway term, colour fragments of the node represent the percentage of the individual genes involved in 
more than one pathway as shown in Figure 2-6. 
Not all of the significantly up-regulated term associated with the individual function group term were mapped in the 
nested network visualisation in CluePedia software. 
 

2.4.2.2 Consistently regulated genes across days 3, 5 and 7 post-infection 
 
A total of 214 genes were consistently up-regulated (FDR < 0.05; log2 fold change > 1) on days 3, 5 and 
7 p.i. Thirty seven genes were up-regulated both on day 3 and day 7 but did not up-regulate on day 5 
p.i.  Out of the 37 genes, IRF5, TNFRSF13C, TNFSF8, CXCR5, IL6, LRP8, IRF4, CD79B, STAT4, CCR8, CHIR-
B4, IFITM5, IL10, IL2RA, IL7R and IRF5 are known to be involved in immune system function. A total of 
94 genes were up-regulated both on days 5 and 7 p.i. but did not up-regulate on day 3 p.i. The genes 
that were up-regulated on day 5 and 7 p.i. and involved in immune system regulation were CCL20, 
CCR6, CD14, CD5, CD7, CD74, CXCL12, FASLG, ICOS, GNLY, IL2RB, JAK3, MST1R, and TNFSF11. A total 
of 287 genes were up-regulated on day 7 p.i. but these genes were not up-regulated at either day 3 
or day 5 p.i. Some of the genes that were up-regulated only on day 7 p.i. and are known to be involved 
in immune system regulation included AICDA, AvBD1, AvBD2, AvBD6, AvBD7, BF2, BLA, BLEC1, BLEC2, 
CCL5, CCR7, CD3D, CISH, CXCR4, DMB1, IGLL1, IL12RB2, IL21, IL5RA, ISLR2, LEF1, LSP1, LYZ, SIVA1, 
TNFRSF13B, TNFRSF8, TP63, XLC1, XCR1 and CXCL13L3. 
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A total of 75 genes were consistently down-regulated (FDR < 0.05; log2 fold change < -1) on days 3, 5 
and 7 p.i. Eleven genes were down-regulated on days 3 and 7 p.i., while 91 genes were down-regulated 
on days 5 and 7 p.i. The down-regulated genes list both on days 5 and 7 p.i. contained TLR3, ICOSLG, 
and MAPKAPK5 that are involved in immune system regulation. A total of 148 genes were down-
regulated on day 7 p.i. but did not change in regulation on days 5 and 3 p.i. On day 7 p.i., the down-
regulated genes involved in immune system regulation were CD200R1, CD19, CXCL14, LY86, TLR5 and 
TPD52L1. Overall, the down-regulated genes were involved in activities relevant to cell nutrient 
synthesis and metabolism functions. 
 

2.4.2.3 Genes associated with pathway term Salmonella infection 
 
Functional analysis of the significantly up-regulated genes in KEGG resulted in the association of genes 
with the pathway term Salmonella infection. Most of the associated genes were up-regulated on days 
3, 5 or 7 p.i. in the Salmonella Typhimurium challenged group (Table 2-2). MYD88 was up-regulated 
only on day 3, while RELA and ACTC2L were up-regulated on day 7 p.i.   
 
Table 2-2  Significantly up-regulated genes annotated to KEGG pathway term Salmonella infection  

Gene 
symbol 

Day post-infection Location on chromosome 
(position in bp) 3 5 7 

Fold 
change 

FDR Fold 
change 

FDR Fold 
change 

FDR 

ARPC1B 2.324 0.0363 3.087 0.0192 3.666 0.0021 14: 4,766,374-4,772,041 
forward strand 

CCL4 6.350 0.0008 6.966 0.0017 5.384 0.0039 19: 539,445-570,383 
reverse strand 

FOS 1.639 0.0291 1.948 0.0214 1.742 0.0105 5: 38,430,793-38,433,702 
forward strand 

IFNGR1 - - 1.059 0.0085 - - 3: 54,895,190-54,914,161 
forward strand 

IL18 4.255 0.0077 3.983 0.0198 3.535 0.0082 24: 6,169,486-6,173,722 
forward strand 

IL1B 5.095 0.0151 4.626 0.0361 4.619 0.0108 22: 5,171,645-5,173,295 
reverse strand 

IL6 10.636 0.0427 9.163 0.0100 7.931 0.0045 2: 30,863,310-30,866,004 
forward strand 

IL8L1 4.415 0.0002 3.547 0.0016 3.288 0.0005 4: 50,925,077-50,928,369 
forward strand 

IL8L2 5.394 0.0000 5.452 0.0001 5.282 0.0000 4: 50,937,659-50,940,883 
forward strand 

MYD88 1.285 0.0058 - - - - 2: 4,892,458-4,905,115 
forward strand 

NOS2 5.650 0.0008 6.837 0.0014 5.731 0.0005 19: 9,342,031-9,361,245 
reverse strand 

TLR4 2.192 0.0114 2.370 0.0135 1.865 0.0108 17: 3,938,812-3,944,462 
forward strand 

RELA - - - - 2.020 0.0059 33: 6,490,052-6,498,311 
reverse strand 

ACTC2L - - - - 1.074 0.0289 18: 9,187,889-9,190,934 
forward strand 

The RNA sequencing data are expressed in log2 fold change. 
For fold change calculation, the Salmonella Typhimurium challenged groups sampled on days 3, 5 and 7 post-infection 
were compared with their respective negative control groups. 
Empty cells indicate that the respective genes were not significantly up-regulated.    

https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000032588;r=14:4766374-4772041
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000032717;r=19:539445-570383
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000028037;r=5:38430793-38433702;t=ENSGALT00000043488
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000013865;r=3:54895190-54914161;t=ENSGALT00000031776
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000007874;r=24:6169486-6173722
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000029940;r=22:5171645-5173295;t=ENSGALT00000075268
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000010915;r=2:30863310-30866004
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000011668;r=4:50925077-50928369;t=ENSGALT00000019072
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000026098;r=4:50937659-50940883;t=ENSGALT00000042745
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000005947;r=2:4892458-4905115;t=ENSGALT00000044477
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000038096;r=19:9342031-9361245;t=ENSGALT00000072375
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000007001;r=17:3938812-3944462;t=ENSGALT00000011333
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000039409;r=33:6490052-6498311;t=ENSGALT00000062215
https://asia.ensembl.org/Gallus_gallus/Location/View?db=core;g=ENSGALG00000028749;r=18:9187889-9190934;t=ENSGALT00000061419
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2.4.3 Quantitative PCR validation of RNA sequencing data  
 
The primers used for the amplification of the selected genes fragments that were either up- or down-
regulated at different time-points were highly specific (Appendix Figure 2-7). The gene amplification 
efficiency (%) ranged from 0.89 to 1.20. Regression analysis of the qPCR versus the RNA sequencing 
data showed a positive correlation (P < 0.0001; R2 = 0.720) (Table 2-3). 
 
Table 2-3  Comparative gene expression data of RNA sequencing and qPCR 

Gene Mean log2 fold change post Salmonella Typhimurium challenge Linear 
regression 

RNA sequencing qPCR 
Day 3 Day 5 Day 7 Day 3 Day 5 Day 7 

IL8L2 5.394 3.548 5.283 5.341 5.143 5.667 

R2 = 0.720; 
P < 0.0001 

MMP7 11.155 14.143 11.503 3.049 2.721 2.943 
ACOD1 6.978 8.224 7.346 0.089 0.728 1.257 
EXFABP 8.256 8.051 7.242 6.908 7.438 6.210 
IL4I1 8.431 8.011 7.487 7.401 5.893 6.385 
IL6 10.637 9.163 7.931 4.786 7.786 2.277 
CCLL4 10.561 6.966 5.385 3.618 3.989 1.645 
NOS2 5.651 6.838 5.731 3.163 3.434 3.453 
ALB -4.349 -0.795 -0.102 -3.923 -5.151 -7.733 
CALB1 -2.397 -3.971 -5.193 -9.418 -8.018 -8.161 
FABP2 -2.248 -4.526 -5.959 -4.003 -5.229 -6.372 
MYL1 -5.073 -10.069 -11.524 -4.058 -6.524 -8.797 

For linear regression analysis between the RNA sequencing and qPCR data, the log2 fold change values were analysed in 
StatView software. 
The log2 fold change was calculated by comparing the Salmonella Typhimurium infected samples with the control group. 
qPCR was performed on caecal tissue cDNA samples, the mean relative expression was calculated by 2^-ΔΔCt method and 
the values were converted into log2 fold change. 
For qPCR data analysis, YWHAZ and TBP were used as reference genes. 
Plus (+) and minus (-) signs show log2 fold change values for the up- or down- regulated genes, respectively. 
 
2.5 Discussion 
 
The primary objective of this study was to understand the regulation of caecal mucosal immune 
response during Salmonella Typhimurium infection in chicks. Validation results of the qPCR assay 
indicated that the data obtained through RNA sequencing were robust for scientific interpretations. 
The Salmonella Typhimurium load quantified by qPCR was comparable to the load of Salmonella 
obtained through culture method from caecal tissue containing caecal contents (Khan & Chousalkar 
2020). Almost all of the terms in the KEGG pathway analysis of the up-regulated genes were highly 
relevant to the terms associated with the immune system, indicating the role of Salmonella 
Typhimurium in activating the host immune system response in the caeca. These findings were also 
supported by the pathological lesions found in the caeca of infected chicks.  
 
The down-regulated genes mapped to pathways involved in cellular functions and nutrient 
metabolism indicated that the Salmonella infection disrupted normal cell functions. The non-
significant difference in the regulation of genes in the control group between days 3, 5 and 7 p.i. 
showed that the regulation of genes in the infected group was mainly due to the Salmonella 
colonisation/invasion in the caecal tissue. It is not clear why chickens do not exhibit clinical signs 
similar to human or murine models during Salmonella Typhimurium infection. However, Salmonella 
resistance associated quantitative trait loci (QTLs) on chromosomes 2, 3, 5, 12 and 25 were linked to 
the severity of infection in disease resistant and susceptible chickens (Fife et al. 2009). In chickens, 
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SAL1 loci on chromosome 5 contain 14 genes that confer resistance to Salmonella infection. In the 
current study, genes, such as SLC11A1 (NRAMP1), SIVA1 and TNC that have been implicated in 
Salmonella resistance (Hu et al. 1997), were not significantly up-regulated except for SIVA1 on  
day 7 p.i. This finding suggests that other genes may be involved in the gut mucosal immune response 
to Salmonella infection in chickens. This hypothesis was also supported by the 208 genes consistently 
up-regulated on days 3, 5 and 7 p.i. Therefore, the immune response developed against Salmonella 
Typhimurium is a cumulative process involving multiple immune system pathways. 
 
While the up-regulated genes on days 3, 5 and 7 p.i. annotated to KEGG pathway terms remained 
consistent, the number of genes associated with individual pathway terms varied considerably. This 
shows that some of the genes either down-regulated or up-regulated clustered to specific pathway 
terms on days 3, 5 or 7 p.i. The major pathway term Toll-like receptor signalling pathway on days 3, 5 
and 7 p.i. shows the role of TLRs in the caecal mucosal immune system activation against Salmonella 
Typhimurium in young chicks. Amongst TLRs, TLR4 recognises the presence of Salmonella 
lipopolysaccharide leading to the activation of macrophages, expression of various cytokines, 
chemokine and antibacterial peptides genes (Kogut et al. 2005). In the current study, the consistent 
up-regulation of TLR4 implicated Salmonella activated immune response. The significant up-regulation 
of CCL4 on days 3, 5 and 7 p.i. suggests that it could be a potential marker for quantifying caecal 
immune response to Salmonella Typhimurium. CCL4 acts as an effector molecule in the regulation of 
immune response against Salmonella infection (Kogut et al. 2012). Based on the nested network 
analysis of individual pathway terms, it can be concluded that the immune response was an 
accumulative process of the involvement of multiple genes. The role of IL6 was important, as it showed 
a wider association with other genes in the respective pathway terms. 
 
The non-consistent up-regulation of CCL5, CTSK, MYD88 and SPP1 on days 3, 5 and 7 p.i. indicated 
their specific role in the regulation of immune response during Salmonella Typhimurium infection. 
Secreted phosphoprotein-1 (SPP1) also known as osteopontin (OPN) or early T-lymphocyte activation 
1 (ETA-1) is a cytokine and macrophage chemoattractant that was found to be upregulated in the gut 
of Salmonella Enteritidis infected chickens (Luan et al. 2012). In the current study, the up-regulation 
of ETA-1 on day 7 showed its role in the activation of the immune response at later stages of infection. 
TLR15 was not annotated to any KEGG pathway term; however, its consistent up-regulation on  
days 3, 5 and 7 p.i. indicates its role in immunity against Salmonella. TLR15 was associated with the 
caecal immune response against Salmonella Typhimurium (Higgs et al. 2006).  
 
Several genes were annotated to the pathway term intestinal immune network for IgA production. 
The up-regulation of AICDA (AID) only on day 7 p.i. shows its role in the immunity in later stages of 
Salmonella Typhimurium infection. The expression of AICDA is induced by activated B-cell CD40 
signalling, and is further enhanced by IL4 secreted from CD4+ T cells or TLR activating bacterial 
molecules (Xu et al. 2007). In the current study, CD40 and various TLRs were up-regulated. These TLRs 
may play a role in the regulation of AICDA for IgA production in the chicken caecal tissue. The role of 
AICDA in the regulation of IgA can be further supported by the up-regulation of BLA on day 7 p.i., PIGR 
on days 5 and 7 p.i. and MHCDMA on days 5 and 7 p.i. 
 
Most of the genes annotated to the KEGG pathway term phagosome on days 3 and 5 p.i. were C3, 
CYBB, ITGB2, NCF1, NCF4, TAP1, TCIRG1, TLR2A and TLR4 in addition to TUBB and TUBB3 up-regulated 
on day 5 p.i. only. On day 7 p.i., in addition to these genes, genes such as ACTC2L, BF2, BLA, CTSS, 
DMB2, LOC420160, MHCDMA, TAP2, TUBA1A and TUBB2B were also annotated to phagosome. This 
shows that the function of phagocytic cells increased with number of days post-infection. MHCDMA 
and DMB2 are shown to be part of MHC class II system (Parker & Kaufman 2017). CD28 is expressed 
on NK and T cells and provides costimulatory signals for T cells (Mittrücker et al. 1999). In this study, 
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the up-regulation of CD28 could be attributed to the stimulation of T cells in the caeca of Salmonella 
Typhimurium challenged chicks. 
 
Overall, 59 genes annotated to the KEGG pathway term cytokine-cytokine receptor interaction. This 
pathway involve the regulation of genes from CC subfamily, CX subfamily, C subfamily, the class I and 
II helicase cytokines, interferon family, TNF family and TGF-β family. Amongst them, CCL1 is one of the 
several chemokine genes involved in immunoregulatory and inflammatory processes. CCL20 interacts 
with CCR6 while CCL19 interacts with CCR7 and, therefore, CCL20 plays a vital role in the regulation of 
mucosal immune response through the recruitment of lymphocytes and dendritic cells to the sites of 
inflammation (Schutyser et al. 2003). In the current study, the up-regulations of CCL1, CCL19, CCL20 
and CCR7 demonstrate their role in cytokine-cytokine receptor interaction pathway activated by 
Salmonella Typhimurium challenge. CCR6 is a chemokine receptor that mediates the homing of 
dendritic and CD4+ T cells to the gut mucosal lymphoid tissue as shown in human and mouse studies 
(Ito et al. 2011). Flagellin of Salmonella induces the secretion of the inflammatory chemokine CCL20, 
a vital ligand for CCR6 (Sierro et al. 2001). Caspase genes involved in apoptosis produced mixed results 
as only PCASP2 was significantly up-regulated on days 3, 5 and 7 p.i. CASP2 and CASP18 up-regulated 
only on day 7 p.i. indicating their role in apoptosis at the later stage of Salmonella Typhimurium 
infection. 
 
Genes that were significantly and consistently up-regulated on days 3, 5 and 7 p.i., but did not 
annotate to any known KEGG term during pathway analysis, included MMP7, MMP9, EXFABP, AVD, 
LYG2, ACOD1, IFNγ, OASL, CD72AG, TLR15, CD3E, EOMES, GNLY (TLA519), FUT4, IRF4, SASH3 and RSFR. 
These genes may be implicated in the regulation of the caecal immune system triggered by Salmonella 
Typhimurium infection. Both the MMP7 and MMP9 are expressed by different cells including 
macrophages and are involved in immune system regulation (Parks et al. 2004). We suggest future 
investigation into the mechanistic role of MMP7, MMP9 and TLR15 in chicken resistance to Salmonella 
infection. The up-regulation of MMP7 in chicken caeca has been associated with Salmonella Enteritidis 
infection (Rychlik et al. 2014). EXFABP, LYG2 and AVD are expressed in the caeca of chickens in 
response to Salmonella Enteritidis infection (Matulova et al. 2012). In the current study, the up-
regulation of EXFABP, LYG2 and AVD on days 3, 5 and 7 p.i. confirmed their important roles in the 
modulation of the caecal immune system in Salmonella Typhimurium infection. CD3E is involved in 
early T lymphocytes and NK cells development (Wang et al. 1994). In the current study, the significant 
up-regulation of CD3E highlights its role in caecal immune system modulated by Salmonella 
Typhimurium challenge. The up-regulation of EOMES shows its role in the differentiation of effector 
CD8+ T cells, which are involved in defence against pathogens. RSFR protein possesses antibacterial 
activity and the gene RSFR has been implicated in chicken caecal immune response triggered by 
Salmonella Enteritidis (Ma et al. 2014). The role of GNLY and FUT4 in the regulation of the chicken 
immune system is not clear and further studies are essential to investigate their specific roles during 
Salmonella Typhimurium infection. 
 
Intestinal epithelial cells are held together through the regulation of junction proteins that include 
junctional adherent molecules, occludins, claudins and cadherins. Amongst the tight junction proteins, 
mucins cover epithelial surfaces of the gut and form a protective layer. The protective function is 
achieved by both the secreted and membrane-bound mucins. Secreted mucins are controlled by 
MUC2, MUC5ac, MUC5b and MUC6. In the current study, the significant up-regulation of MUC2 on 
days 5 and 7 p.i. shows its role in maintaining the function of tight junctions during Salmonella 
Typhimurium infection. Amongst the claudins, the up-regulation of CLDN2 on days 3 and 7 p.i. is 
important in Salmonella infection, as the other claudins were not significantly regulated. The down-
regulation of GJB6 on day 7 p.i. indicates that Salmonella was still affecting the function of GJB6 
protein involved in the regulation of gap junction for nutrient transport. The function of CAMP ranges 
from antimicrobial activities to inflammatory response regulation and cell chemotaxis, and its up-
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regulation only on day 7 p.i. confirms its role in multiple pathways. The down-regulation of CALB1 on 
day 7 p.i. shows that calcium absorption from the intestinal epithelium was disrupted by the 
Salmonella Typhimurium infection.  
 
In the current study, Toll-like receptor signalling pathway seemed to be the major immune system 
regulator. Specific TLRs dependent vaccine adjuvants against Salmonella may improve the efficacy of 
Salmonella vaccine, as TLR adjuvants can enhance host immune response (Steinhagen et al. 2011). 
There were more genes regulated by Salmonella Typhimurium on day 7 p.i. compared to days 3 and 5 
p.i. The current study confirmed that 103 CFU of Salmonella Typhimurium was sufficient to cause gross 
pathological lesions in caeca and modulate the caecal immune response in a week old chicks. The load 
of Salmonella Typhimurium on rearing farms depends on individual farm management. Hence, further 
studies are required to determine a dose dependent relationship with the severity of clinical disease 
and immune response in laying chickens. In conclusion, the caecal mucosal immune response of chicks 
to Salmonella Typhimurium infection was modulated by multiple pathways that regulated the genes 
involved in the Toll-like signalling pathway, cytokine, chemokine production and IgA production. 
Future research should focus on adding TLR adjuvants to improve the efficacy of Salmonella vaccine 
for a robust host immune response.  
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3 Effects of non-pathogenic Salmonella serovars 
on the shedding and invasion profile of 
Salmonella Typhimurium in laying chicks 

 
3.1 Introduction 
 
The leading causes of foodborne human gastroenteritis in Australia and other countries are Salmonella 
Enteritidis and Salmonella Typhimurium. Salmonella associated gastroenteritis in humans is often 
traced back to the consumption of contaminated poultry products. In Australia, Salmonella 
Typhimurium is frequently associated with poultry production (Ford et al. 2018; Gole et al. 2017), 
while Salmonella Enteritidis has been recently isolated from layer farms in different States of the 
country. Once colonised in chickens, Salmonella Typhimurium has the potential to invade internal 
organs resulting in prolonged faecal shedding (Pande et al. 2016; McWhorter & Chousalkar 2018). 
However, the shedding profile of Salmonella in chickens is affected by factors that include gut 
microbiota composition (Khan & Chousalkar, 2020) and environmental conditions (Gole et al. 2017).  
 
In layers, coinfection with Salmonella Typhimurium and Salmonella Mbandaka indicates that 
Salmonella Mbandaka could provide a competitive and immunoprotective mechanism against 
Salmonella Typhimurium infection (Pande et al. 2016). Leghorn chicks either challenged with 
Typhimurium or Enteritidis followed by the reciprocal serovar challenge showed that the initially 
inoculated serovars predominantly colonised the gut (Yang et al. 2018). Similarly, in mice with 
different gut microbiota composition, the endogenous Enterobacteriaceae population resulted in the 
reduced colonisation of gut by Salmonella Typhimurium (Velazquez et al. 2019). In day-old Light Sussex 
chicks, oral administration of live strains of virulent Salmonella produced inhibition to the subsequent 
caecal colonisation by Salmonella Typhimurium administered one day later (Barrow et al. 1987). 
However, a recent study confirmed that co-infection of layer chickens with Salmonella Typhimurium 
and Salmonella Mbandaka results in a minor variation in the genome of Salmonella Typhimurium 
(McWhorter et al. 2019). It is important to note that prior infection of layer chickens with a  
other serotypes of Salmonella can reduce Salmonella Enteritidis, but does not eliminate it completely 
from the gut (Holt & Gast 2004). Therefore, it seems that there is a competition among Salmonella 
serovars for gut colonisation. If this competition exists, some strains (particularly non-pathogenic 
strains) can be used as a tool for competitive exclusion of pathogenic Salmonella from poultry 
production for improving food safety.  
 
An important source of variation in animal experiments is the microbiome, but little is known about 
specific changes in the microbiota composition that cause phenotypic differences. Day-old hatched 
chicks in commercial hatcheries lack natural gut microbiota as they are hatched in a clean environment 
and are therefore highly susceptible to pathogens colonisation (Crhanova et al. 2011). The maturation 
of gut microbiota enhances the immune system and ultimately increases resistance to infection by 
pathogens; however, it does not completely inhibit the colonisation of pathogens such as Salmonella 
Enteritidis and Salmonella Typhimurium. How the composition of gut microbiota in the presence of 
non-pathogenic Salmonella varies, needs to be investigated. Based on the potential capabilities of 
non-pathogenic Salmonella in providing gut colonisation resistance, we hypothesised that Salmonella 
Mbandaka and Salmonella Agona might act as competitive inhibitors in Salmonella Typhimurium 
challenge model. Therefore, the main objective of this study was to investigate the effectiveness of 
Salmonella Mbandaka and Salmonella Agona on the colonisation and invasion profile of Salmonella 
Typhimurium in laying chicks.  
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3.2 Materials and methods 
 
3.2.1 Animal ethics and rearing of Salmonella free chicks 
 
All experimental work was approved by the University of Adelaide, Animal Ethics Committee (approval 
number S-2017-080) in accordance with the guidelines specified in the Australian code for the care 
and use of animals for scientific purposes, 8th edition (2013). Standard Operating Procedures were 
followed for caring and processing of the experimental chicks. Fertile eggs from an Isa-Brown laying 
flock were obtained from a local farm with no obvious history of Salmonella. After fumigating 
(formaldehyde and KMnO4), the eggs were incubated in clean conditions for hatching in the School of 
Animal and Veterinary Sciences. The hatched chicks were reared as per the protocol of the ISA General 
Management Guide 2009-10. From the incubator, the hatching trays paper with the chicks’ meconium 
samples were processed through an enrichment method for Salmonella detection (if any). Prior to the 
chicks’ placement, the rearing house was sampled for Salmonella presence through the enrichment 
method. The chicks were equally divided into 6 treatment groups and reared in pens for 15 days with 
water and feed provided ad libitum. For the Salmonella Mbandaka and Salmonella Agona treatment 
groups, bacterial pellets were suspended in PBS and added into 500 mL of autoclaved water with a 
final 103 CFU/mL. At day 1 of hatch, the chicks were allowed to drink the Salmonella containing water 
for 20–24 hrs. The Salmonella shedding was monitored on days 3, 5 and 7 p.i. in faeces through culture 
method. 

3.2.2 Salmonella Typhimurium inoculum preparation and chicks challenge 
 
Pure isolate of Salmonella Typhimurium was cultured on nutrient agar (Thermo Fisher Oxoid, CM3, 
Hampshire, UK) and then individual colony was grown to a log phase in Luria-Bertani (LB) broth. The 
culture was centrifuged and the pellet was resuspended in PBS. The CFU of Salmonella in per mL of 
PBS was calculated from the optical density (OD) of the Salmonella suspension. In the challenge 
groups, an individual bird received an oral dose of 103 CFU (0.1 mL) of Salmonella Typhimurium, while 
birds in the control groups received PBS only. A 100 µL of the original inoculum and its serial dilutions 
were plated onto xylose lysine deoxycholate (XLD; Thermo Fisher Scientific, Australia) media to 
confirm the CFU received by an individual bird. From each treatment group at each time-point (days 
3, 5 and 7 p.i.), 3 birds were processed by cervical dislocation for the collection of ceca, liver and 
spleen. 
 
3.2.3 Salmonella Typhimurium enumeration in tissue 
 
Small pieces of liver, spleen and caeca aseptically collected into 1.5 mL Eppendorf tubes containing 
stainless steel beads 0.5–2.0 mm and PBS were maintained on ice. After weighing, tissues were 
homogenised using a bullet blender (Next Advance, United States) on full speed for 5–10 min. From 
the original tissue homogenates or serially diluted samples (caeca), 100 µL was plated onto XLD and 
incubated overnight at 37°C. The Salmonella colonies (black with sheen metal appearance) were 
counted for enumeration of bacterial load (log10) in 1 g of tissue. Salmonella Typhimurium colonies 
were distinguished from Mbandaka and Agona based on the size and morphology of the colonies as 
previously established (Howard et al. 2018). A 100 µL from the original homogenates was also 
enriched into 900 µL buffered peptone water (BPW; Oxoid, Australia) and incubated overnight at 37°C. 
100 µL of the incubated BPW samples were added into 10 mL of Rappaport Vassiliadis soya peptone 
(RVS) broth (Oxoid, Australia) and incubated overnight at 42°C for selective growth of Salmonella. 
Salmonella appearance colonies on XLD were sub-cultured on Brilliance Salmonella agar (BSA; Thermo 
Fisher Scientific, Australia) plates for confirmation. Incubated plates were read as positive or negative 
for Salmonella based on the characteristics colour development on the XLD (black with mucoid 
surrounding) and Brilliance Salmonella Agar (BSA; deep pink) media. 
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3.3 Statistical analysis 
 
The log10 CFU/g of tissue data were analysed in StatView software by taking treatment group and day 
effect as independent variables. Level of significance was determined by PLSD at P < 0.05. Graphs were 
prepared in GraphPad Prism version 8.0.0.  
 

3.4 Results and discussion 
 

Faeces collected from the chicks that received Salmonella Agona or Salmonella Mbandaka were 
Salmonella positive at days 3, 5 and 7 post-infection. This shows that both the Salmonella Agona and 
Salmonella Mbandaka had the potential to effectively colonise the gut and shed in the faeces. The 
Salmonella Typhimurium load in the caeca of chicks that received Salmonella Agona, and in the spleen 
of chicks that received either Salmonella Mbandaka or Salmonella Agona was significantly lower 
compared with the positive control group (Figure 3-1a, c). Interestingly, there was a significant effect 
of treatment and day post-infection on the overall load of Salmonella Typhimurium in the liver, but 
the mean values were not significantly different at different days post-infection. A significantly lower 
Salmonella Typhimurium load in the caeca of the Salmonella Agona and Salmonella Typhimurium 
challenged birds showed that the serovar Agona competitively reduced the colonisation of Salmonella 
Typhimurium but did not completely inhibit it from caecal colonisation. However, both the Salmonella 
Mbandaka and Salmonella Agona were equally effective in conferring resistance to the invasion 
potential of Salmonella Typhimurium in the spleen. In layers, co-infection with Salmonella Mbandaka 
and Salmonella Typhimurium resulted in colonisation resistance of Mbandaka to Typhimurium (Pande 
et al. 2016). However, a more recent study indicated that this co-infection model results in a minor 
variation in the genome of Salmonella Typhimurium that increases its invasion capacity (McWhorter 
et al. 2019). 
 

 
Figure 3-1  Salmonella Typhimurium load in organs of chicks 

The chicks received Salmonella Mbandaka or Salmonella Agona at day 1 of hatch and were challenged with Salmonella 
Typhimurium at day 8 of hatch. 
Salmonella Typhimurium load was determined in a) caeca, b) liver and c) spleen at days 3, 5 and 7 post Salmonella 
Typhimurium challenge. 
Values are mean ± SD. Different superscripts across the bar show significant difference. 
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The load of Salmonella Mbandaka and Salmonella Agona was also quantified from the Salmonella 
Typhimurium challenged chicks (Figure 3-2). The data showed that both the Salmonella Mbandaka 
and Salmonella Agona had a similar pattern of potential to colonise the caecal tissue (Figure 3-2a) and 
invade liver (Figure 3-2b) and spleen (Figure 3-2c). This shows that both the Salmonella Mbandaka and 
Salmonella Agona regulate their Salmonella pathogenicity islands (SPIs) machinery for invasion into 
internal organs. Salmonella Mbandaka is frequently present in layer production (Gole et al. 2014); 
however, its role in the competitive exclusion against Salmonella Typhimurium has not been 
determined. Based on the preliminary findings of the current study, it seems that Salmonella Agona 
performs better in competitively excluding Salmonella Typhimurium in the gut and invasion into 
internal organs. Salmonella Agona and Salmonella Typhimurium possess a common O-antigen 
(Varmuzova et al. 2016) that might enable them to affect the colonisation of each other in chickens’ 
gut. Studies confirm that both the Salmonella Typhimurium and Salmonella Agona possess a similar 
profile of multi-drug resistance (Cloeckaert et al. 2000; Boyd et al. 2001). Therefore, future studies 
should focus on characterising the interaction between Salmonella Agona and Salmonella 
Typhimurium with the aim of using both the serovars in developing vaccine for poultry. 
 

 
Figure 3-2  Salmonella Mbandaka and Salmonella Agona load in chicks challenged with Salmonella 
Typhimurium at day 8 of birds age 

The chicks received Salmonella Mbandaka or Salmonella Agona at day 1 of hatch and were challenged with Salmonella 
Typhimurium at day 8 of hatch. 
Salmonella Mbandaka and Salmonella Agona load was determined in a) caeca, b) liver and c) spleen at days 3, 5 and 7 post 
Salmonella Typhimurium challenge. 
Values are mean ± SD.  
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4.1 Introduction 
 
The chicken gut microbiome is composed of multiple microorganisms and their genetic materials. 
These microorganisms (microbiota) are involved in functions that are critical to bird health and 
performance. The gut microbiota helps in digestion and metabolism (Stanley et al. 2012), regulation 
of enterocytes (Stappenbeck et al. 2002), vitamin synthesis and development and regulation of the 
host immune system (Talham et al. 1999). The chicken gut microbiota is mainly composed of the phyla 
Proteobacteria, Bacteroidetes, Actinobacteria and Firmicutes (Oakley et al. 2014). The host gut 
microbiota is affected by multiple factors such as disease, diet, husbandry conditions and age (Cui  
et al. 2017). Salmonella Typhimurium causes clinical disease in many animals and humans; however, 
chickens are often asymptomatic carriers. Salmonella present in laying production systems often 
result in gastroenteritis in humans after the consumption of contaminated food (Ford et al. 2018). In 
the chicken gut, Salmonella elicits inflammation through the activation of Salmonella pathogenicity 
island 1 (SPI1) for encoding the type III secretion system (Dieye et al. 2009). In the inflamed gut, 
motility allows Salmonella Typhimurium to utilise available nutrients for its enhanced growth (Stecher 
et al. 2008). To escape nutrient limitation caused by the intestinal microbiota, Salmonella uses specific 
metabolic traits for the utilisation of compounds that are not metabolised by gut microbiota (Staib & 
Fuchs 2015). Gram-negative bacteria dominate the gut at an early age, while gram positive Firmicutes, 
particularly Clostridia taxa, become more prominent at later ages (Ballou et al. 2016).  
 
A previous study demonstrated a negative correlation between Enterobacteriaceae and 
Lachnospiraceae, Ruminococcaceae, Erysipelotrichaceae and Peptostreptococcaceae in Salmonella 
Enteritidis challenged chicks (Mon et al. 2015), thus causing gut dysbiosis. Gut dysbiosis results from 
microbial imbalance due to impaired microbiota (Myers 2004). The mechanism by which the gut 
microbiome affects pathogen colonisation is partly mediated by the production of short-chain fatty 
acids (SCFAs) that are the metabolites of bacterial fermentation of undigested dietary fibre (Morrison 
& Preston 2016). SCFAs activate G protein-coupled receptors (GPCRs) including free fatty-acid 
receptors 2 and 3 (FFAR2 and FFAR3) (Sun et al. 2017), inhibit histone deacetylases (Fellows et al. 
2018) and provide energy to enterocytes (Scheppach 1994). Although the roles of GPCRs  
(e.g. FFAR3/GPR41 and FFAR2/GPR43) are not well established, they have been implicated in 
regulation of leukocytes (Senga et al. 2003) and leptin production (Lu et al. 2016) in murine models. 
GPR41 and GPR43 play a role in lowering body weight through the down-regulation of leptin mRNA 
(Lu et al. 2016). Previous research in broiler chickens showed that the activation of GPR41 and GPR43 
by gut microbiota derived SCFAs resulted in the production of Glucagon-like peptide-1 (GLP-1), which 
suppressed lipid accumulation in the liver (Zhang et al. 2019). Therefore, the host microbiome 
constitutes an attractive target for manipulation, as it can be modified for pathogen colonisation 
resistance to reduce disease risk.  
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To strengthen and improve the gut microbiota composition in chickens, pre- and pro- biotics are often 
supplemented as a part of the feeding regimen. Prebiotics are host non-digestible complex 
carbohydrates that help to increase the resident gut microbiota through fermentation (Macfarlane  
et al. 2008). Examples of prebiotics are pectin, xylooligosaccharides, galactooligosaccharides, 
fructooligosaccharides and inulin. Probiotics are live microbial feed supplements that beneficially 
affect the host by improving its intestinal microbial balance (Fuller 1989; Martin & Langella 2019). The 
representative bacterial genera in probiotics include Lactobacillus, Bifidobacterium, Enterococcus, 
Streptococcus and Bacillus. Apart from gram-positive bacteria, some probiotics are also composed of 
yeast and moulds. Some of the proposed functions of probiotics include competitive exclusion (Lloyd 
et al. 1977), antagonism (Laport et al. 2018), bacterial interference (Reid et al. 2001), barrier effect 
(Honda & Littman 2012), modulation of host immune system (Hooper et al. 2001) and colonisation 
resistance (Buffie & Pamer 2013). These actions are achieved mainly through bacteria-bacteria and 
host-bacteria interactions. The bacteria-bacteria interactions result in the production of SCFAs 
(Rechkemmer & Rönnau 1988), modification of redox potential (Million et al. 2016), production of 
antimicrobial compounds, competition for epithelial receptors, quorum sensing (Ismail et al. 2016) 
and production of an ecosystem harmful for pathogenic organisms. The reduced luminal pH due to 
organic acids restricts the growth of many pathogens. Probiotic bacteria secrete enzymes that 
hydrolyse bacterial toxins and modify toxin receptors (Wilson & Perini 1988). Attachment of probiotic 
bacteria to cell surface receptors of enterocytes initiates signalling events that result in the synthesis 
of cytokines (Tejada-Simon & Pestka 1999) and stimulation of Toll-like receptors (Brisbin et al. 2010).  
 
In laying hens, probiotics are generally used as feed supplements for improving flock performance and 
egg quality (Mikulski et al. 2012; Panda et al. 2008). From the food safety perspective, Salmonella is 
an important foodborne pathogen that is often present in the gut of chickens. Salmonella reduction 
in layers, for the production of safer egg and egg products, has always been a priority for the egg 
industry. In Australia, Salmonella Typhimurium has been responsible for the majority of the egg 
related foodborne outbreaks (Ford et al. 2018). The supplemental use of probiotics lowers the 
incidence of Salmonella in poultry production (Van Coillie et al. 2007). Given the longer commercial 
life span of egg laying hens, in order to achieve the cost-effective reduction in Salmonella shedding, it 
is critical to optimise the use of probiotics and to understand the dynamics of gut microbiota during 
probiotic treatment. Previous studies of probiotics use for Salmonella control in laying chickens have 
mainly focused either on young chicks, using different serovars of Salmonella or have used a short 
duration trial where the effect of Salmonella was not tested on gut microbiota dysbiosis at different 
time-points while chickens were laying (Luoma et al. 2017; Wang et al. 2018; Pascual et al. 1999). In 
this study, we raised Salmonella free birds to understand the role of Salmonella Typhimurium in gut 
microbiota dysbiosis and its subsequent restoration through the use of a Bacillus based probiotic in 
laying chickens from point of laying until 30 weeks of age. Based on the role of microbiota in the 
clearance of gut pathogens, we hypothesised that, if used strategically, a Bacillus based probiotic could 
be effective in positively modulating the microbiota for gut health during Salmonella Typhimurium 
infection.  
   
4.2 Methods 
 
4.2.1 Ethics approval and rearing of laying chickens 
 
All experimental work was approved by the Animal Ethics Committee at the University of Adelaide 
under approval number S-2017-080 in accordance with the guidelines specified in the Australian code 
for the care and use of animals for scientific purposes, 8th edition (2013). Eggs from an Isa-Brown 
parent breeder flock were obtained from a hatchery, fumigated and hatched at the School of Animal 
and Veterinary Sciences. Meconium samples were tested through standard culture methods for the 
presence of Salmonella spp. (if any). Before placement of day-old laying chicks, the rearing facility was 
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tested for the presence of Salmonella spp. The day-old female chicks were divided into six treatment 
groups (7 chickens in each treatment group), reared in pens until week 14 and then transferred into 
individual cages. The treatment groups were: negative control (NC), Salmonella challenge (SX), 
continuous probiotic supplemented and Salmonella challenge (CPX), continuous probiotic 
supplemented control (CPC), intermittent probiotic supplemented and Salmonella challenge (IPX) and 
intermittent probiotic control (IPC). The feeding regime was as per the protocol of the ISA General 
Management Guide. Before adding the probiotic, the feed was fumigated and regularly tested for the 
presence of Salmonella. For the probiotic-supplemented groups, 1 g of Bacillus based probiotic 
(Bacillus subtilis DSM 32324, Bacillus subtilis DSM 32325 and Bacillus amyloliquefaciens) was mixed 
with 1 kg of fumigated feed. The intermittent probiotic supplemented groups were on the probiotic 
supplement for alternate 4 weeks (4 weeks ON/OFF strategy). Faeces from all the treatment groups 
were tested fortnightly for Salmonella isolation until the specific group chickens were challenged with 
Salmonella Typhimurium. At 18 weeks of age, pullets from the selected groups were orally inoculated 
with 106 colony forming units (CFUs) per mL of Salmonella Typhimurium phage type 9, while the 
control groups received phosphate buffered saline (PBS). For the preparation of bacterial inoculum, 
Salmonella Typhimurium was grown on xylose lysine deoxycholate (XLD; Thermo Fisher Scientific, 
Australia) agar and a single colony was cultured in Luria-Bertani (LB) broth. The inoculum was prepared 
by re-suspending the washed bacterial pellet in PBS. Ten-fold serial dilutions of the original inoculum 
were plated onto XLD to confirm the CFU received by the individual chickens. 
 
4.2.2 Faecal shedding profile of Salmonella Typhimurium challenged chickens 
 
Individual chickens were monitored for the faecal shedding profile of Salmonella Typhimurium by 
sampling the faeces on days 3, 5 and 7 and then weeks 2, 4, 6, 8, 10 and 12 post-challenge. Fresh faecal 
samples were collected in sterile zip lock bags from individual chickens including the control groups. 
Faecal samples were also collected in 1.5 mL and 5 mL tubes and stored at -80°C until used for 
microbial DNA extraction and quantification of SCFAs, respectively. The SCFA analysis was performed 
on samples collected at weeks 1, 4, 8 and 12 post-challenge. A miniaturised most probable number 
(mMPN) method was used for the enumeration of Salmonella Typhimurium in individual positive 
faecal samples. The mMPN method was originally developed by the U.S. Department of Agriculture 
(USDA) and U.S. Food and Drug Administration (FDA), validated on chicken faecal samples for 
Salmonella enumeration (Pavic et al. 2010) and has been used frequently in similar studies (Gole et al. 
2017; Pande et al. 2016). The bacterial culture and mMPN procedures were performed following the 
methods previously described (Gole et al. 2017). 
 
4.2.3 Processing of eggs for Salmonella enumeration 
 
Once the chickens were in lay, eggs from all the treatment groups were aseptically collected every 
fortnight in Whirl-Pack plastic bags and processed for the enumeration of Salmonella Typhimurium on 
the eggshell surface and in egg internal contents following the methods previously described (Pande 
et al. 2016; Gole et al. 2013). An mMPN was performed on the samples positive for Salmonella 
Typhimurium.  
 
4.2.4 Short chain fatty acids quantification in faeces 
 
The faecal samples stored at -80°C (≤ 3 month-old samples) were processed for SCFA (acetate, 
propionate and butyrate) quantification using gas chromatography (Hewlett-Packard6890; Palo Alto, 
CA, USA) equipped with a BP21 capillary column 10 mm, I.D. 0.32 mm, film thickness 0.25 mm (SGE 
Pty Ltd., Australia) and a flame ionisation detector (FID). Briefly, 0.1 g of individual faecal samples were 
weighed into 1.5 mL centrifuge tubes into which 1 mL of water containing 2 % orthophosphoric acid 
was dispensed. 20 µL of internal standard (1 mmol/L of 4-methyl valerate) was added to each sample, 
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which was then briefly vortexed and incubated for 30 min at room temperature. The samples were 
centrifuged at 12,000 rpm for 10 min. The supernatants were transferred with a disposable glass 
Pasteur pipette to their corresponding 6 mL scintillation vials and 2 mL of diethyl ether was added into 
each sample, which was then briefly vortexed. The upper layer of diethyl ether was transferred into 
corresponding gas chromatography vials and run for SCFA analysis. A programmed temperature ramp 
(50–220°C) was used. Helium gas was utilised as a carrier at a flow rate of 3 mL/min in the column and 
the inlet split ratio was set at 20:1. The identification and quantitation of SCFAs were achieved by 
comparing the retention times and a peak area of unknown samples to that of commercial lipid 
standard (4-methylvaleric acid) as an internal control. 
 
4.2.5 Salmonella Typhimurium enumeration in organs 
 
At week 30 of flock age, the laying chickens were humanely euthanised by cervical dislocation and 
tissue pieces of various organs (spleen, liver, ovary, infundibulum/magnum, shell gland, jejunum and 
caecum) were aseptically collected into 1.5 mL Safe-Lock Eppendorf tubes containing stainless steel 
beads 0.5–2.0 mm and 500 µL PBS. After weighing, tissues were homogenised using a bullet blender 
(Next Advance, USA) on full speed for 5–10 min. From the original tissue homogenates or serially 
diluted samples (caecum), 100 µL was plated onto XLD agar and incubated overnight at 37°C. 
Salmonella load was expressed as log10 CFU/g of tissue. A 100 µL from the original homogenates was 
also enriched into 900 µL buffered peptone water (BPW) and processed for Salmonella isolation 
through the enrichment method (Gole et al. 2017). Putative Salmonella colonies on XLD were streaked 
on Brilliance Salmonella agar (BSA; Oxoid, Australia) plates and incubated overnight at 37°C for 
confirmation. Incubated plates were read as positive (scored as 1) or negative (scored as 0) for 
Salmonella based on the colony characteristics.  
 
4.2.6 Faecal DNA extraction and 16S rRNA sequencing 
 
Faecal DNA was extracted following the protocol of QIAamp FAST DNA Mini Kit with the inclusion of 
homogenisation step with glass beads (acid-washed ≤ 106 μm and 425–600 μm; Sigma Aldrich, 
Australia). The DNA quality was tested using a Nanodrop-1000 and the samples (n = 378) were 
submitted to the Ramaciotti Centre for Genomics (University of New South Wales, Australia) for 16S 
rRNA sequencing and generation of operational taxonomic units (OTUs) table. For  
generating 2 × 300 bp paired‐end reads in Illumina, V3-V4 region specific primer pair  
(341F: 5'-CCTACGGGNGGCWGCAG-3'; 805R: 5'-GACTACHVGGGTATCTAATCC-3') was used.  
 
4.2.6.1 16S rRNA library preparation and Illumina sequencing 
 
The library was prepared using barcoding PCR in a 25 µL reaction volume that contained 12.5 μL KAPA 
HiFi HotStart Readymix (Kapa Biosystems), 1 μL of each the primers, 1 μL DNA template and 10.5 µL 
PCR grade water. The thermal cycling conditions in SimpliAmp Thermal Cycler (Applied Biosystems) 
were: initial denaturation at 95°C for 3 min, 35 cycles of denaturation at 95°C for 30 s, annealing at 
55°C for 30 s and elongation at 72°C for 30 s, ending with a final elongation at 72°C for 5 min. The PCR 
products were normalised and pooled using SequalPrep™ Normalization Plate Kit (Thermo Fisher 
Scientific, Australia) according to the manufacturer’s instructions. The library was purified using 
Axygen AxyPrep Mag PCR Clean-Up Kit (Fisher Biotec, Australia) as per the manufacturer’s 
instructions. Concentration and quality of the pooled library were checked with Qubit and the library 
size on an Agilent 2200 TapeStation instrument. The Agencourt AMPure XP Bead Clean-up kit was 
used on the pool to reduce/remove the presence of primer dimers. The library pool was sequenced 
on Illumina MiSeq using a MiSeq Reagent Kit v3 with a 2 × 300 bp run format, using default run 
parameters including adaptor trimming. For these runs, custom primers were added to the reagent 
cartridge for Read1, Index and Read2. 
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4.2.6.2 Microbial community data analysis for generation of OTU table 
 
Reads were processed with mothur (v1.39.5) (Schloss et al. 2009) according to the MiSeq protocol. 
Briefly, the reads were quality filtered and assigned to their respective samples. Samples were 
trimmed and only those with a length between 405 and 495 bp were retained. Samples with 
homopolymers longer than 8 bp were removed. Chimeric sequences were removed using the 
chimera.vsearch script in mothur (Quast et al. 2012). The sequences were aligned and classified 
against the SILVA reference alignment (v132) (Quast et al. 2012) and lineages not targeted by the 
primer pair (i.e. archaea, chloroplast, eukaryote, mitochondria and unknown) were removed. 
Sequences were grouped into OTUs based on 97% similarity using the OptiClust algorithm (Westcott 
& Schloss 2017) and subsampled based on the sample with the lowest number of sequences, i.e. 25556 
sequences. Sequencing error was assessed using the ZymoBIOMICS Microbial Community Standard as 
control in each sequencing run. Interactive OTU plots were created with Krona (Ondov et al. 2011) 
from the subsampled data. OTU richness plot was generated with the mothur_krona_XML.py script. 
Diversity plots were generated by using the OTUsamples2krona.sh script  by providing a reformatted 
mothur biom file. 
 
4.3 Statistical analysis 
 
The Salmonella Typhimurium load data in faeces (log10 mMPN) and in organs (mean percent value) 
were analysed in Statview software (Version 5.0.1.0) by taking treatment and sampling time-point as 
main effects. Level of significance was determined by Fisher’s protected least significant difference 
(PLSD) at P < 0.05. For microbial community profiling (abundance and diversity), the OTU table was 
analysed in Calypso software (Zakrzewski et al. 2016) using one- and two-way ANOVA, redundancy 
analysis (RDA+), regression and diversity analyses. To remove the non-independence of relative 
microbial abundance, the data were transformed using the total sum normalisation (TSS) method 
(Badri et al. 2018; Zakrzewski et al. 2016). TSS normalises count data by dividing feature read counts 
by the total number of reads in each sample for obtaining relative abundance (Zakrzewski et al. 2016). 
RDA is used to calculate complex association between microbial community composition and 
explanatory variables. In Calypso, a false discovery rate (FDR) of < 0.05 was used for level of 
significance between the treatment groups.  
 
4.4 Results 
 
4.4.1 16S rRNA data and its quality 
 
The sequenced reads quality was as per Q30 standard and the average reads generated per sample 
were enough for genome alignment and the generation of the OTU table for downstream analysis. 
The rarefaction analysis showed that the sequenced data covered well the diversity of the studied 
microbiota (Appendix Figure 4-1). Overall, at phylum level, the microbial communities were clustered 
into Actinobacteria, Bacteroidetes, Cyanobacteria, Deferribacteres, Firmicutes, Proteobacteria, 
Synergistetes, Tenericutes and Verrucomicrobia (Appendix Figure 4-2).  
 
4.4.2 Gut microbiota abundance and diversity are affected by Salmonella 

Typhimurium challenge 
 
To understand the effects of Salmonella Typhimurium on gut microbiota diversity and the abundance 
levels of different genera, the faecal microbiota data of the challenged laying chickens were analysed 
against the negative control group. Compared with the negative control, Salmonella challenge 
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significantly (FDR < 0.05) reduced the abundance of various bacterial genera that included 
Subdoligranulum, Shuttleworthia, Sellimonas, Ruminiclostridium_9, Intestinimonas, 
Gastranaerophilales_ge, Faecalibacterium, Enorma and Blautia (Figure 4-1).  

 
Figure 4-1  Effect of Salmonella Typhimurium challenge on the abundance of gut microbial 
communities  

Compared with the negative control (NC), the abundance levels of different genera were significantly different in the 
Salmonella Typhimurium challenged (SX) group. 
Only significant genera (* indicates the level of significance) between the two treatment groups have been depicted here. 
In the Calypso software, P < 0.037 was equivalent to FDR < 0.05. 
 
The abundance levels of Oscillibacter, GCA900066225, Flavonifractor, Erysipelatoclostridium, 
Eisenbergiella, Caproiciproducens and Butyricicoccus were significantly increased in the Salmonella 
Typhimurium challenged group compared with the negative control group. The abundance of these 
genera was also visualised in individual samples of the same chickens obtained at different sampling 
time-points (Appendix Figure 4-3). The abundance of Bacteroides increased after week 8 post-
challenge both in the negative control and Salmonella challenged groups.  
 
A significant (FDR < 0.05) effect of sampling time-point was observed on the abundance of multiple 
genera between the negative control and Salmonella Typhimurium challenged groups (Figure 4-2; 
Appendix Figure 4-4).  
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Figure 4-2  The microbial abundance of individual genera affected by Salmonella Typhimurium 
challenge  

The microbial abundance at the genera level of the negative control (NC) group was compared with the  
Salmonella Typhimurium challenged (SX) group. 
The data from the samples collected at nine different sampling time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 
12) were visualised between the NC and SX groups. 
 
The abundance levels of different genera varied differently with sampling time-points. Genera such as 
Subdoligranulum, Gastranaerophilales_ge, Intestinimonas, Ruminococcaceae_UCG005 and 
Sellimonas were consistently lower in abundance in the Salmonella Typhimurium challenged group at 
all sampling time-points. A correlation heatmap was used to understand the effects of the sampling 
time-points and Salmonella Typhimurium challenge on the abundance of individual genera of gut 
microbial communities. A clear pattern of representation of individual microbial communities at 
different time-points both in the negative control and Salmonella Typhimurium challenged groups 
shows that Salmonella challenge affected the abundance of multiple microbial genera (Figure 4-3).  
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Figure 4-3  Heatmap showing the abundance of individual microbial communities affected by 
Salmonella Typhimurium challenge and sampling time-points  

The abundance levels of different microbial genera of the negative control group (NC) were clearly separated from  
the Salmonella challenged (SX) group. 
Data obtained from the faecal samples collected on days 3, 5 and 7, and weeks 2, 4, 6, 8, 10, and 12 post-challenge were 
visualised. 
 
Measured by redundancy analysis (RDA+), there was a significant (P < 0.05) effect of Salmonella 
challenge on the microbial community composition (Figure 4-4a). The microbial alpha diversity 
(measured as Shannon index at genera level) was significantly different between the negative control 
(NC) and the Salmonella Typhimurium challenged (SX) group (Figure 4-4b).  
 

 
Figure 4-4  Microbial community composition and diversity affected by Salmonella Typhimurium 
challenge 

(a) Microbial community composition between the negative control (NC) and Salmonella Typhimurium challenged (SX) 
groups. 

(b) Microbial diversity between the NC and SX at different time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 12)  
post-challenge.  
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The microbial diversity was significantly lower in the SX group across all the sampling time-points. 
Around week 4 post-challenge, two out of seven chickens were consistently negative for Salmonella 
Typhimurium. The gut microbiota analysis of the two Salmonella negative chickens showed a 
significantly higher abundance of Faecalibacterium, Erysipelotrichaceae_unclassified, 
Rikenellaceae_RC9_gut_group and Intestinimonas (Appendix Figure 4-5). 
 
To understand the effects of the probiotic on gut microbiota in the presence of Salmonella 
Typhimurium, the abundance of microbial genera was compared between the CPC and CPX and 
between the IPC and IPX groups. Compared with the CPC, Salmonella Typhimurium  challenge 
significantly decreased the abundance levels of Acetanaerobacterium, Akkermansia, Anaerostipes, 
Bacteroides, Blautia, Eggerthella, Eisenbergiella, Enterococcus, EscherichiaShigella, Faecalibacterium, 
Lactobacillus, Melissococcus, Oscillibacter, Pediococcus, Ruminiclostridium_9, 
Ruminococcaceae_UCG014, Sellimonas, Subdoligranulum and Weissella, while increasing the 
abundance levels of Alistipes, Barnesiella, Bifidobacterium, Butyricimonas, Enorma, Intestinimonas, 
Megamonas, Parabacteroides, Paraprevotella, Parasutterella, Phascolarctobacterium and Sutterella 
(Appendix Figure 4-6). 
 
The microbial alpha diversity of the CPC was significantly separated from the CPX group (Appendix 
Figure 4-7a). The microbial diversity was significantly lower in the CPC compared with the CPX across 
all the sampling time-points (Appendix Figure 4-7b). The abundance levels of microbial genera in the 
IPC and IPX treatment groups were comparable to the CPC and CPX treatment groups, but there were 
fewer genera significantly affected between the two treatment groups of IPC and IPX (Appendix  
Figure 4-8). The microbial community composition of the IPX group was clearly separated from the 
IPC group and diversity of the IPX treatment group was significantly lower than the IPC across all the 
sampling time-points (Appendix Figure 4-9a, b).  
 
To determine the effects of probiotic supplementation on microbial abundance and diversity, data 
were analysed and compared between the negative control and the probiotic supplemented control 
groups (excluding Salmonella Typhimurium challenge). Compared to the negative control, the 
continuous supplementation of the probiotic decreased the diversity of microbiota (Appendix  
Figure 4-10a) and the abundance of Eisenbergiella, EscherichiaShigella, Blautia, Flavonifractor and 
Subdoligranulum (Appendix Figure 4-10b). Compared with the negative control, the intermittent 
supplementation of probiotic decreased the diversity of microbiota (Appendix Figure 4-11a) and the 
abundance of microbial genera, such as Faecalibacterium, EscherichiaShigella, Blautia, Sellimonas and 
Subdoligranulum (Appendix Figure 4-11b). 
 
4.4.3 Gut microbiota displaced by Salmonella Typhimurium was restored by 

Bacillus based probiotic supplementation 
 
To understand the effects of the Bacillus based probiotic in restoring the gut microbial community 
abundance, we analysed the data obtained from the chickens continuously or intermittently fed with 
probiotic supplement and challenged with Salmonella Typhimurium or left as probiotic controls. The 
data were analysed against each of the respective treatment groups. The abundance levels of 
microbial genera that were significantly decreased or increased by the Salmonella Typhimurium 
challenge (SX) compared with the negative control (NC) group, were assessed for the effects of the 
probiotic. Probiotic supplementation restored (FDR > 0.05) the abundance levels of microbial genera, 
such as Bacteria_unclassified, Christensenellaceae_R7_group, Christensenellaceae_unclassifed, 
Lachnospiraceae_UCG010, Ruminiclostridium_9, Erysipelotrichaceae_unclassified, 
Firmicutes_unclassified, Ruminococcaceae_UCG005, Clostridiales_unclassified and 
Gastranaerophilales_ge (Figure 4-5a–j). Compared with the negative control, Salmonella challenge 
significantly increased the abundance of Eisenbergiella, Erysipelatoclostridium, Flavonifractor, 



59 
 

GCA900066225 and Oscillibacter (Figure 4-5k–o). When the effects of the continuously and 
intermittently supplemented Bacillus based probiotic on the restoration of the abundance of these 
microbial communities were assessed, the data showed that the continuously and intermittently 
supplemented probiotic restored microbiota with clearer effects observed for the continuously 
supplemented probiotic (Figure 4-5a–o).  
 

 
Figure 4-5  Bacillus based probiotic can restore the abundance of microbial communities  
(genera level analysis) that are displaced by Salmonella Typhimurium challenge 

For direct group comparisons, the level of significance (if any) has shown between: the negative control (NC) and 
Salmonella challenged (SX); the continuously supplemented probiotic control (CPC) and continuous supplemented 
probiotic and Salmonella challenged (CPX); and the intermittent supplemented probiotic control (IPC) and intermittent 
supplemented probiotic and Salmonella challenged (IPX) groups. 
The number of asterisks shows the level of significance (Tukey’s P value). 
The graphs show the abundance levels of (a) Bacteria_unclassified; (b) Christensenellaceae_R7_group;  
(c) Christensenellaceae_unclassified; (d) Lachnospiraceae_UCG010; (e) Ruminiclostridium_9;  
(f) Erysipelotrichaceae_unclassified; (g) Firmicutes_unclassified; (h) Ruminococcaceae_UCG005;  
(i) Clostridiales_unclassified; (j) Gastranaerophilales_ge; (k) Eisenbergiella; (l) Erysipelatoclostridium; (m) Flavonifractor;  
(n) GCA900066225 and (o) Oscillibacter between the treatment groups NC and SX, CPC and CPX, and IPC and IPX. 
 

4.4.4 Microbial abundance affected by Salmonella Typhimurium was different 
in the presence of probiotic 

 
The effect of the Bacillus based probiotic on the abundance of microbial communities at genera level 
in the presence and absence of Salmonella Typhimurium challenge was also assessed. Compared with 
the probiotic supplemented control groups, Salmonella challenge significantly reduced the abundance 
of Acetanaerobacterium, Pediococcus, Anaerostipes, Eggerthella, Bacteroides and Lactobacillus in the 
probiotic supplemented and Salmonella Typhimurium challenged groups (Figure 4-6a–f). This effect 
was highly significant for the continuously supplemented probiotic compared with the intermittently 
supplemented probiotic group (Figure 4-6a–f). Interestingly, the abundance of Butyricimonas, 
Anaerotruncus, Barnesiella, Megamonas, Parabacteroides, Paraprevotella, Parasutterella, Alistipes, 
Phascolarctobacterium and Sutterella was significantly higher in the probiotic supplemented and 
Salmonella challenged groups compared with the probiotic supplemented control groups  
(Figure 4-6g–p). The abundance of these microbial communities was not significantly different 
between the negative control and Salmonella challenged groups (Figure 4-6a–p). 



60 
 

 
Figure 4-6  The abundance of microbial genera affected by Salmonella Typhimurium in  
the presence of Bacillus based probiotic 

For direct group comparisons, the level of significance (if any) has shown between: the negative control (NC) and 
Salmonella challenged (SX); the continuous supplemented probiotic control (CPC) and continuously supplemented 
probiotic and Salmonella challenged (CPX); and the intermittent supplemented probiotic control (IPC) and intermittent 
supplemented probiotic and Salmonella challenged (IPX) groups. 
The number of asterisks shows the level of significance (Tukey’s P value). 
The graphs show the abundance levels of (a) Acetanaerobacterium; (b) Pediococcus; (c) Anaerostipes; (d) Eggerthella;  
(e) Bacteroides; (f) Lactobacillus; (g) Butyricimonas; (h) Anaerotruncus; (i) Barnesiella; (j) Megamonas; (k) Parabacteroides; 
(l) Paraprevotella; (m) Parasutterella; (n) Alistipes; (o) Phascolarctobacterium and (p) Sutterella between the treatment 
groups NC and SX, CPC and CPX, and IPC and IPX. 
 
4.4.5 Gut microbiota drives Salmonella Typhimurium load 
 
To understand the interaction of Salmonella Typhimurium load with the gut microbiota at individual 
genera level, a regression analysis was performed on the log10 mMPN values of individual birds against 
each of the genera in the Salmonella challenged (SX) group. The load of Salmonella Typhimurium in 
the gut significantly (P < 0.05) affected the abundance of different microbial genera. The abundance 
of 30 microbial genera showed a significant weak negative correlation with the Salmonella 
Typhimurium load in the gut (Table 4-1). These genera included important gut resident microbiota 
members such as Lactobacillus, Megamonas, Enorma, Barnesiella, Butyricimonas, Faecalibacterium, 
Intestinimonas and Parabacteroides. The abundance of 24 microbial genera showed a significant weak 
positive correlation with the Salmonella Typhimurium load in the gut (Table 4-1). These microbial 
communities included genera such as Acetanaerobacterium, Akkermansia, Anaerostipes, Blautia, 
Eggerthella, Pediococcus and EscherichiaShigella.  
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Table 4-1  Correlation of Salmonella Typhimurium load with abundance of microbial genera in 
faeces 

Microbe R value P value Microbe R value P value 

Alistipes -0.341 1.60E-06 Prevotellaceae_UCG001 -0.323 5.70E-06 

Atopobiaceae_unclassified -0.442 1.80E-10 Prevotellaceae_unclassified -0.297 3.30E-05 

Bacteroidales_unclassified -0.279 1.00E-04 Rikenellaceae_RC9-gut-group -0.258 3.30E-04 

Bifidobacterium -0.531 3.70E-10 Acetanaerobacterium 0.181 0.013 

Barnesiella -0.433 5.00E-10 Akkermansia 0.212 0.0034 

Butyricimonas -0.233 1.30E-03 Anaerostipes 0.153 0.036 

Christensenellaceae_R7_group -0.146 4.40E-02 Anaerotruncus 0.179 0.014 

Clostridiales_vadinB860_group_ge -0.346 1.10E-06 Blautia 0.258 0.00033 

Enorma -0.403 9.10E-09 Caproiciproducens 0.192 0.0082 

Faecalibacterium -0.213 3.30E-03 Clostridiaceae_1_unclassified 0.299 2.90E-05 

Family_XIII_UCG001 -0.318 8.10E-06 Clostridium_sensu_stricto_1 0.25 0.00051 

Intestinimonas -0.301 2.50E-05 Eggerthella 0.39 2.90E-08 

Lactobacillus -0.384 4.80E-08 Eisenbergiella 0.416 2.70E-09 

Megamonas -0.309 2.60E-05 Enterococcaceae_unclassified 0.397 1.60E-08 

Negativibacillus -0.168 2.10E-02 Erysipelatoclostridium 0.391 2.70E-08 

Parabacteroides -0.301 2.60E-05 Erysipelotrichaceae_ge 0.29 5.00E-05 

Paraprevotella -0.242 7.90E-04 EscherichiaShigella 0.542 8.90E-16 

Parasutterella -0.304 2.10E-05 Flavonifractor 0.268 1.90E-04 

Phascolarctobacterium -0.194 7.50E-03 Fusicatenibacter 0.21 3.70E-03 

Romboutsia -0.304 2.10E-05 GCA900066575 0.422 1.50E-09 

Sutterella -0.377 9.20E-08 Lachnospiraceae_unclassified 0.267 0.00021 

Succinivibrionaceae_unclassified -0.26 3.00E-04 Melissococcus 0.252 4.60E-04 

Ruminococcaceae_UCG005 -0.355 5.50E-07 Pediococcus 0.22 2.40E-03 

Rikenellaceae_unclassified -0.318 8.40E-06 Ruminiclostridium_5 0.279 1.00E-04 

Bacteroidia_unclassified -0.186 1.00E-02 Ruminococcaceae_unclassified 0.146 4.60E-02 

Mollicutes_RF39_ge -0.281 8.90E-05 Sellimonas 0.333 2.90E-06 

Muribaculaceae_unclassified -0.309 1.80E-05 Weissella 0.352 6.70E-07 

The faecal load of Salmonella Typhimurium (in log10 mMPN) was regressed against the abundance of individual genera of 
gut microbiota. 
Minus (-) sign shows negative correlation. 
 
4.4.6 Short chain fatty acids quantification from faeces 
 
The levels of acetate, butyrate and propionate were significantly (P < 0.05) affected over time 
following Salmonella Typhimurium infection (Figure 4-7). Among the treatment groups, the levels of 
acetate and butyrate were significantly higher in the continuously supplemented probiotic control 
(CPC) compared with the continuously supplemented probiotic and Salmonella Typhimurium 
challenged (CPX) group. However, within each treatment group, at each sampling time-point, there 
was no significant (P > 0.05) difference in the acetate content of the faeces (Figure 4-7a). Within each 
treatment group, the level of butyrate in the faeces was significantly higher in the CPC and intermittent 
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supplemented probiotic control (IPC) groups compared with the CPX and the intermittent 
supplemented probiotic and Salmonella Typhimurium challenged (IPX) groups. Within each treatment 
group, the level of butyrate in the faeces at weeks 1, 4 and 8 post-challenge was significantly higher 
in the CPC compared with the IPX group (Figure 4-7b). The propionate level was significantly affected 
by the sampling time-point post Salmonella Typhimurium challenge but was not consistent with the 
levels of acetate and butyrate (Figure 4-7c). Within each treatment group, the level of propionate in 
the faeces was significantly lower in the CPC and IPC compared with the CPX and IPX groups. 
 

 
Figure 4-7  Short-chain fatty acids levels in the faeces of chickens fed with probiotic and challenged 
with Salmonella Typhimurium 

The respective treatment groups were compared with each other at each sampling time-point of Salmonella Typhimurium 
post-challenge. 
(a) acetate, (b) butyrate and (c) propionate levels in faeces at different sampling time-points (weeks 1, 4, 8 and 12 post-
challenge). 
Bar (with asterisks) across the individual graph shows a significant effect of treatment group on short-chain fatty acids 
production. 
NC is negative control; SX is Salmonella challenge; CPX is a continuous probiotic supplemented and Salmonella challenge; 
CPC is a continuous probiotic supplemented control; IPX is intermittent probiotic supplemented and Salmonella challenge; 
IPC is intermittent probiotic control. 
 
4.4.7 Effects of probiotic supplementation on Salmonella Typhimurium load 

in faeces and organs  
 
To understand the effects of gut microbiota modulation through the probiotic on Salmonella 
Typhimurium shedding levels in faeces, an mMPN method (log10) was performed. Faeces from the 
negative and probiotic control groups were negative for Salmonella. Irrespective of the probiotic 
supplementation, some chickens from the Salmonella challenged groups turned negative for 
Salmonella Typhimurium load in faeces around week 4 post-challenge. However, not all of these 
chickens were consistently negative for faecal load of Salmonella at different sampling time-points. A 
significant effect of time-point and treatment was observed on the shedding level of Salmonella 
Typhimurium in the faeces (Figure 4-8a, b). Within each sampling time-point, the continuously 
supplemented probiotic and Salmonella Typhimurium challenged group (CPX) showed a significantly 
lower bacterial load compared with the intermittent supplemented probiotic and Salmonella 
Typhimurium challenged group (IPX) at week 8 post-challenge (Figure 4-8a). Overall, the load of 
Salmonella Typhimurium was significantly lower in the CPX compared with the Salmonella challenged 
(SX) and IPX groups (Figure 4-8b).  
 
The load of Salmonella Typhimurium in organs was determined at the point of termination of the 
experiment (week 30 of flock age). Salmonella was not recovered from various organs collected from 
the negative and probiotic control groups. For the Salmonella Typhimurium challenged groups, organ 
homogenates directly plated on XLD and BSA media were negative; however, some samples turned 
positive when an enrichment method was followed. Therefore, the load of Salmonella Typhimurium 
in organs was expressed as mean percent value per treatment group. The mean percent value of 
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Salmonella Typhimurium for caecum was significantly lower in the CPX compared with the SX group 
(Figure 4-8c) The mean percent value of Salmonella Typhimurium for shell gland was significantly 
lower in the CPX and IPX compared with the SX group (Figure 4-8h). Salmonella Typhimurium was not 
recovered from the caecum, jejunum, liver, magnum/infundibulum and shell gland of the CPX group 
(Figure 4-8c, d, e, g, h). Similarly, Salmonella Typhimurium was not recovered from the liver, 
magnum/infundibulum and shell gland of the IPX group (Figure 4-8e, g, h). No Salmonella was isolated 
from the internal contents of the eggs. Shell wash samples positive for Salmonella through the 
enrichment method showed no measurable load by the mMPN method.  
 

 
Figure 4-8  Load of Salmonella Typhimurium in faeces affected by sampling time-points and  
mean percent value of Salmonella Typhimurium in organs at week 12 post-challenge 

(a)  Salmonella load in log10 mMPN per gram of faeces at different sampling time-points in three treatment groups  
(SX- Salmonella Typhimurium challenged; CPX- Salmonella Typhimurium challenged and continuously supplemented 
feed with probiotic; IPX- Salmonella Typhimurium challenged and continuously supplemented feed with probiotic). 

(b)  Salmonella load in log10 mMPN per gram of faeces affected by treatment groups. 
Mean percent value of Salmonella Typhimurium in (c) caecum; (d) jejunum; (e) liver; (f) spleen; (g) magnum/infundibulum 
and (h) shell gland. 
For Salmonella load in the organs, small pieces of the tissues with known weight were homogenised in 500 µL PBS and a 
100 µL was plated on XLD media. From the same tissue homogenates, a 100 µL was enriched in BPW followed by RVS and 
streaked on XLD/BSA media. The XLD/BSA plates were read as positive (1) and negative (0). 
The data were analysed in Statview software for getting mean percent values that represent the load of Salmonella 
Typhimurium in organs. 
 
4.5 Discussion 
 
The main objectives of this study were to understand the dynamics of the gut microbiota in Salmonella 
Typhimurium infected laying chickens, and to study the effects of continuous and intermittent feeding 
of probiotic on Salmonella Typhimurium shedding. A balanced gut microbiota can resist pathogen 
colonisation and subsequent clearance from the gut (Pickard et al. 2017). In this study, we reared 
Salmonella spp. free laying chickens to understand the true effects of this pathogen on gut microbiota 
displacement as other species of Salmonella, if already colonised in gut, can significantly influence the 
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shedding of Salmonella Typhimurium. The results showed that both the Salmonella Typhimurium and 
the Bacillus based probiotic significantly affected the composition and diversity of the gut microbial 
communities. The data also showed that continuous supplementation of the Bacillus based probiotic 
reduced the load of Salmonella Typhimurium in the faeces (overall) and in organs tested at the end of 
the experiment. The decrease in abundance levels of Eisenbergiella, EscherichiaShigella, Blautia, 
Flavonifractor and Subdoligranulum by the probiotic supplementation shows that the Bacillus based 
probiotic has the potential to affect gut microbial abundance. Of the reduced microbial genera, 
Escherichia and Shigella have the potential to cause infection in certain conditions, while other genera 
such as Blautia, Flavonifractor and Subdoligranulum are vital for gut health. The probiotic 
supplementation also increased the abundance levels of good bacteria, such as Bacteroides and 
Alistipes. Further investigation is necessary to determine the effects of the decreased abundance of 
the above mentioned microbial genera on the host gut. 
 
In chickens, the composition of gut microbiota varies considerably with bird age, with more complex 
microbiota present in older birds (Videnska et al. 2014). Salmonella Typhimurium induces 
inflammation of intestinal epithelia (Wang et al. 2018) and displacement of gut microbiota in laying 
chicks (Azcarate-Peril et al. 2018). However, the long-term effects of Salmonella Typhimurium on the 
gut microbiota in laying chickens have not been investigated. To understand the role of Salmonella 
Typhimurium colonisation on the abundance and diversity of gut microbiota, the microbial 
communities of the faeces of individual birds collected at nine different time-points post-challenge 
from the Salmonella negative control and Salmonella challenged groups were compared. Overall, the 
Salmonella Typhimurium infection reduced the abundance of many bacterial genera including Blautia, 
Bacteria_unclassified, Christensenellaceae_R7_group, Enorma, Faecalibacterium, 
Christensenellaceae_unclassifed, Lachnospiraceae_UCG010, Ruminiclostridium_9, Subdoligranulum 
and Firmicutes_unclassified. This shows that not all members of the gut microbiota have the potential 
to compete with the Salmonella Typhimurium. Most of these bacterial genera play a vital role in 
maintaining gut health through the production of organic acids and vitamins. For example, 
Christensenellaceae contains bacteria that secrete β-glucosidase, β-galactosidase and α-arabinosidase 
and therefore help in polysaccharide digestion (Morotomi et al. 2012). As Salmonella lacks the enzyme 
β1-4 linkage, which is required for polysaccharide fermentation, Christensenellaceae can ferment 
these polysaccharides. However, Salmonella Typhimurium challenge reduces the abundance of 
Christensenellaceae and Lachnospiraceae (Azcarate-Peril et al. 2018). Therefore, Salmonella infection 
could lead to the interruption of the Christensenellaceae based polysaccharide fermentation. 
Ruminiclostridium_9 and Ruminococcaceae_UCG005 are members of Ruminococcaceae that are 
common gut microbes involved in the breakdown of complex carbohydrates. A decreased abundance 
of Erysipelotrichaceae was observed in Crohn's disease (Dey et al. 2013). Some species in Clostridiales 
degrade a variety of fibre and have been identified as producing propionate, acetate and butyrate. 
Gastranaerophilales_ge obtains its energy by obligate fermentation resulting in the production of 
organic acids in the gut. A previous study suggested that Salmonella Enteritidis reduced the abundance 
level of Faecalibacterium in the chicken gut (Liu et al. 2018). The functions of Faecalibacterium in the 
chicken gut are not well characterised; however, it is one of the most abundant resident gut microbes 
in a human gut  
(Qin et al. 2010). In the current study, the lower abundance levels of the above mentioned microbial 
communities show that Salmonella Typhimurium establishes its niche in the gut at the expense of 
displacing these bacterial communities leading to Salmonella driven dysbiosis. In the current study, 
the increased abundance of Faecalibacterium in the gut of hens that turned negative for Salmonella 
suggest its potential role to be characterised as a probiotic candidate for gut health.  
 
Compared with the negative control group, Salmonella Typhimurium challenge increased the 
abundance of Eisenbergiella, Erysipelatoclostridium, Flavonifractor, GCA900066225 and Oscillibacter. 
Eisenbergiella is a rod-shaped, non-proteolytic, non-motile, anaerobic bacteria in the Lachnospiraceae 
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that produces succinate, lactate, butyrate and acetate during fermentation (Amir et al. 2014). 
Erysipelatoclostridium is a part of normal gut microbiota but could become an opportunistic pathogen 
and has been identified as a gut microbiota biomarker in human patients suffering from Crohn's 
disease and Clostridium difficile infection (Mancabelli et al. 2017). In the current study, the non-
significant difference in the abundance levels of Eisenbergiella, Flavonifractor, GCA900066225, 
Oscillibacter and Erysipelatoclostridium between the continuously supplemented probiotic control 
and the continuously supplemented probiotic and Salmonella Typhimurium challenged groups shows 
the positive effect of the probiotic on gut microbiota. These results are further supported by the 
positive correlation of the abundance levels of the above-mentioned genera with Salmonella load in 
the gut. 
 
The regression analysis of the Salmonella Typhimurium load (measured as log10 mMPN/gram of 
faeces) against the abundance of gut microbial genera showed that more genera were negatively 
affected by the Salmonella Typhimurium infection. This indicates that, as the Salmonella Typhimurium 
load decreased over time, these microbial genera had the potential to restore normal abundance. The 
negatively correlated genera, such as Lactobacillus, Megamonas, Negativibacillus, Parabacteroides, 
Paraprevotella, Parasutterella, Phascolarctobacterium, Romboutsia, Bifidobacterium, Butyricimonas, 
Barnesiella, Faecalibacterium and Intestinimonas perform vital functions ranging from vitamin 
synthesis to organic acid production. Megamonas contains a gene cluster that encodes secreted 
cellobiose phosphotransferase system, endo-glucanases and 6-phospho-beta-glucocidase that 
potentially degrade non-starch polysaccharides to cellobiose in the chicken gut (Sergeant et al. 2014). 
Negativibacillus belongs to Ruminococcaceae with no known functions. Parabacteroides improves 
host metabolism through the production of succinate and secondary bile acids in the gut as shown in 
mice (Wang et al. 2019); however, its functions in chickens have not been investigated. For propionate 
production, Parabacteroides, Alistipes and Paraprevotella express cobalamin-binding methylmalonyl-
CoA mutase and/or methylmalonyl-CoA epimerase (Polansky et al. 2016). In Firmicutes, 
Phascolarctobacterium, Megamonas and Blautia produce propionate through epimerase, 
decarboxylase and methylmalonyl-CoA mutase pathways (Polansky et al. 2016). Faecalibacterium, 
Subdoligranulum, and Phascolarctobacterium produce butyrate through acetyl/propionyl-CoA 
carboxylase pathway. In the current study, the reduced abundance of the useful microbial genera by 
the Salmonella Typhimurium challenge would have affected their normal functions vital for 
maintaining gut health through fermentation. Moreover, most of these microbial communities were 
positively influenced when the probiotic was supplemented in the diet. The effects of the probiotic on 
the abundance at the genera level were clearer in the continuously supplemented, rather than the 
intermittent supplemented group. For example, the continuously supplemented probiotic restored 
the abundance of Christensenellaceae_R7_group, Erysipelatoclostridium and Oscillibacter, while the 
intermittent supplementation merely improved it compared with the Salmonella challenged groups. 
This shows that the continuous supplementation of the probiotic produced better results. 
 
On the other hand, the increased load of Salmonella Typhimurium favoured a large number of 
microbial communities of the gut microbiota by increasing their abundance. The bacterial genera that 
were positively correlated with the Salmonella Typhimurium load included Flavonifractor, 
Akkermansia, Anaerostipes, Blautia, Caproiciproducens, Eggerthella, Eisenbergiella, 
Erysipelatoclostridium, Melissococcus, Pediococcus, Ruminiclostridium_5, Sellimonas, Weissella and 
some unclassified genera. Although these genera are part of normal gut microbiota, some of them can 
become opportunistic pathogens causing dysbiosis and subsequent infections. The precise molecular 
mechanisms underlying how Salmonella Typhimurium causes the increased abundance of these 
genera are not known; however, in this study, we showed that the Salmonella driven dysbiosis favours 
a large number of resident gut microbiota to increase in abundance thereby affecting the abundance 
of other resident gut microbial community members. Flavonifractor is a member of resident gut 
microbiota but has been shown to cause infection in an immunocompromised patient (Berger et al. 
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2018). The precise role of Flavonifractor in the dysbiosed gut of chickens needs to be investigated. 
 
In the current study, the levels of acetate, butyrate and propionate in faeces were quantified at weeks 
1, 4, 8 and 12 post-challenge to understand the effects of the probiotic treatment in Salmonella 
challenged or non-challenged hens. The higher level of butyrate in response to the supplementation 
of the probiotic shows that the probiotic treatment increased its production, while the Salmonella 
infection decreased it possibly due to the displaced microbial communities. The microbiota produced 
gut metabolites such as acetate, butyrate and propionate. These metabolites play an important role 
in gut health ranging from the provision of energy to host enterocytes and regulation of the immune 
system (LeBlanc et al. 2017). The propionate level was higher in Salmonella challenged and probiotic 
supplemented groups compared to the probiotic control groups. It seems that certain organic acid 
producing genera that increased in abundance in response to Salmonella infection may have produced 
propionate. However, this needs further investigation.  
 
The inconsistency in the Salmonella positive faecal samples from the infected groups with the 
Salmonella status of the caeca (at point of termination of the experiment) might highlight the 
importance of Salmonella persistence in other parts of the gut, such as the colon, which requires 
further investigation. Irrespective of the probiotic supplementation status, the faeces of some 
Salmonella challenged chickens turned negative for Salmonella around week 4 post-challenge but 
were inconsistent in shedding profile. However, around week 8 post-challenge, more hens turned 
negative for Salmonella Typhimurium shedding in the faeces in the continuous supplemented 
probiotic (n = 5) compared with the intermittent supplemented probiotic (n = 2) and Salmonella 
challenged (n = 3) groups. This shows that the Salmonella challenged chickens could harbour the 
bacteria in the gut for intermittent shedding. Probiotic treatment can reduce the level of shedding but 
continuous or intermittent feeding of probiotics does not eliminate the pathogen. 
 
4.6 Conclusions 
 
Salmonella Typhimurium affects the microbial abundance of certain genera that play a role in 
maintaining a healthy gut. Microbial genera that are increased in abundance in the Salmonella 
populated gut might play a role either in the Salmonella driven dysbiosis or in maintaining a normal 
gut function. The displaced gut microbiota can be partly restored by supplementing the feed with a 
Bacillus based probiotic, thus lowering the mean load of Salmonella in faeces.  
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5 Determining the effects of Bacillus based 
probiotic on Salmonella load in the free range 
production system 

 
5.1 Introduction 
 
Salmonella is a gram negative foodborne pathogen frequently associated with poultry production 
(Ford et al. 2018). While many food items can become contaminated with Salmonella, raw eggs and 
egg based food products are frequently identified as the bacterial source during trace back 
epidemiological investigation of human salmonellosis (Ford et al. 2018). In the egg production 
environment, various serovars of Salmonella are present (Moffatt et al. 2017). However, Salmonella 
Enteritidis and Salmonella Typhimurium, are of particular concern as they cause gastroenteritis in 
humans. In Australia, Salmonella Enteritidis has recently been implicated in egg associated foodborne 
salmonellosis in humans, while Salmonella Typhimurium is the most frequently implicated in egg 
associated salmonellosis (Ford et al. 2018; Moffatt et al. 2016). In Australia, due to public demand, 
free range egg production is increasing (Australian Eggs Report 2019). In free range production 
systems, other common serovars of Salmonella frequently isolated include Salmonella Mbandaka and 
Salmonella Agona (Gole et al. 2017). The prevalence of Salmonella in the poultry environment is 
influenced by proper sanitisation, the status of the hatched chicks being placed on a farm, stress and 
genetics of the bird. However, no positive correlation between faecal corticosterone level and 
Salmonella prevalence exists at least in a free range production system (Gole et al. 2017).  
 
Gut health is maintained partly by the resident gut microbiota that provides first line of resistance to 
pathogen colonisation (Khan et al. 2020). However, the composition and diversity of gut microbiota 
vary with genotype (Zhao et al. 2013), rearing conditions, age (Cui et al. 2017; Ballou et al. 2016) and 
stress factors. For example, in a broiler study, temperature stress negatively affected the composition 
of ileal microbiota and enhanced the colonisation of Salmonella Enteritidis (Burkholder et al. 2008). 
Therefore, strategies that help in improving gut health will result in lower colonisation of the gut by 
Salmonella, leading to the improvement of product safety. The pen experiments conducted as part of 
this project (see Chapter 5) suggested that diet supplemented with probiotics can modulate the gut 
microbiota and reduce the colonisation of Salmonella Typhimurium DT9 (Khan & Chousalkar 2020). 
Prebiotics are host non-digestible polysaccharides fermented by the resident gut microbiota members 
for increasing their population and as a result organic acids are produced (Macfarlane et al. 2008). 
Probiotics are viable bacteria that maintain gut health through the production of organic acids, 
priming the immune system and saturation of enterocytes for pathogen colonisation resistance  
(Fuller 1989, Martin & Langella 2019). Our pen trials conducted as part of this project suggested that 
Bacillus based probiotic (Bacillus subtilis spp. and Bacillus amyloliquefaciens) improve the abundance 
and diversity of many gut microbial genera (Khan & Chousalkar 2020). However, as the rearing 
conditions of a cage system are different from free range, an optimisation of the most effective 
probiotic is required. Also, the Salmonella load dynamics are different between the cage and free 
range production systems (McWhorter & Chousalkar 2019; McWhorter & Chousalkar 2020). The main 
objective of this study was to test the effects of Bacillus based probiotic on the Salmonella load in 
faeces and shed environment and egg quality in the field conditions, in a free range production system. 
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5.2 Materials and methods 
 
5.2.1 Animal ethics and experimental design 
 
The experimental work was approved by the Animal Ethics Committee at the University of Adelaide, 
(approval number S-2019-109) in accordance with the guidelines specified in the Australian code for 
the care and use of animals for scientific purposes, 8th edition (2013). Faecal swab collections were 
performed as per standard operating procedures approved by the Animal Ethics Committee.  
 
Prior to placing the chicks, swabs were collected from an empty shed before and after the clean-up to 
determine the contamination level of Salmonella (if any). The experimental flock was divided into two 
rearing sheds on a pullet rearing farm from day 1 of chicks placement with approximately 10,000 
chicks in each shed. Shed A acted as a control, while birds in Shed B received a premix of Bacillus based 
probiotic at the rate of 1 g/kg of feed from day 1 until the termination of the experiment. Prior to 
shifting the pullets to the production farm, the sheds at the egg production farm were also swabbed 
to determine the load of Salmonella contamination (if any). The flocks were shifted to free range 
production sheds (Shed A - control; Shed B - probiotic fed) at 16 weeks of flock age. Faecal swabs  
(n = 20 from each flock at each time-point) and environmental swabs (n = 10 from each flock at each 
time-point) were collected at days 1 (meconium samples), 5, and 21, and weeks 6, 12, 16 (Day 1 and 
5 after shifting), 18, 24, 30 and 36 of flock age. Once in lay, eggs (n = 30) from each flock were collected 
at 24, 30 and 36 weeks of flock age, and processed for egg quality measurements. Faecal swab samples 
were collected in 4 mL of buffered peptone water (BPW, Thermo Fisher Scientific, Australia), while 
environmental swabs (Whirl–Pak Speci-Sponge, Thermo Fisher Scientific, Australia) were soaked in  
20 mL BPW and an individual swab was dragged to cover at least 1 m2 area in the shed including 
exhaust fans and the covering board of the nest boxes. Shoe covers from each shed were soaked in 
150 mL BPW and processed for Salmonella isolation.   
 
5.2.2 Qualitative and quantitative assessment of Salmonella in faeces and 

shed environment 
 
At least 0.5 mL from the individual faecal, shoe cover and environmental swab samples were stored 
at 5°C for the quantitative assessment of Salmonella by using the most probable number (MPN) 
method. MPN was performed only on Salmonella positive samples. For Salmonella detection, an 
enrichment method was followed that included the overnight incubation at 37°C of the swab samples 
collected in BPW, then 0.1 mL of the incubated BPW enrichment into 10 mL Rappaport Vassiliadis Soya 
Peptone Broth (RVS; Thermo Fisher Scientific, Australia) and overnight incubation at 42°C for the 
selective growth of Salmonella. The incubated RVS samples were streaked into both the xylose lysine 
deoxycholate (XLD; Thermo Fisher Scientific, Australia) and brilliance Salmonella (BS) agar, and 
incubated overnight at 37°C. The plates were read for the presence of Salmonella characteristic colony 
colour and morphology. A single colony from the Salmonella positive plates was sub-cultured in Luria 
Bertani (LB; Thermo Fisher Scientific, Australia) broth and stored in 50% glycerol at -80°C for serovars 
determination through traditional PCR. 
 
5.2.2.1 Enumeration of Salmonella through MPN 
 
The micro-dilution tube MPN method previously described (Pavic et al. 2010) was used to enumerate 
Salmonella in positive samples. Briefly, 0.1 mL of the BPW samples were serially diluted (10-1 to 10-8) 
in 0.9 mL PBS, and 0.1 mL of each dilution was added (in triplicate) to the micro-dilution tubes 
containing 0.9 mL semi-solid RVS medium with the MSRV Salmonella selective agent (Thermo Fisher 
Scientific, Australia) and incubated overnight at 42°C. White colour development indicated 
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presumptive positive Salmonella growth, which was confirmed by sub-culturing the samples on 
Brilliance Salmonella agar (BSA) plates. A combination of positive and negative micro-dilution tubes 
gave the MPN result. MPN/mL was determined using the MPN tables sourced from the FDA Laboratory 
Methods (Blodgett 2010).  
 
5.2.2.2 PCR characterisation of Salmonella serovars 
 
The stored isolates were revived on nutrient agar and a single colony was grown in LB broth at 37°C in 
a shaking incubator. To obtain the bacterial pellet, samples were centrifuged at 10 000 ×g for 5 min, 
the supernatant discarded and the pellet re-suspended in 0.2 mL of 6 % Chelex (Bio-Rad, Australia) 
prepared in Tris-EDTA (TE) buffer. The samples were incubated at 56°C for 20 min, vortexed and 
incubated at 100°C for 8 minutes. The samples were incubated on ice for 5 minutes, centrifuged briefly 
and the supernatant that contained DNA was stored at -20 °C until used for traditional PCR. A duplex 
PCR (Akiba et al. 2011; McWhorter & Chousalkar 2019) was performed to identify the serotype of the 
isolates collected during the sampling. Isolates were confirmed as Salmonella through the 
amplification of an invA gene fragment (Forward: 5′-AAACCTAAAACCAGCAAAGG-3′; Reverse:  
5′-TGTACCGTGGCATGTCTGAG-3′). To confirm for Salmonella Typhimurium serotype, primers 
designed from the TSR3 gene (Forward: 5′-TTTACCTCAATGGCGGAACC-3′; Reverse:  
5′-CCCAAAAGCTGGGTTAGCAA-3′) were used in the same reaction well. PCR reactions were performed 
in a total volume of 20 µL that contained 4 µL 5× MyRed Taq Buffer (Bioline, Australia), 0.3 μL of MyRed 
Taq Polymerase, 0.5 µL of each of the forward and reverse primers for invA and TSR3 and 2 µL of DNA 
template. PCR cycling conditions were: initial denaturation at 94°C for 2 minutes, then 40 cycles of 
95°C for 30 s and 60°C for 30 s, followed by an extension of 72°C for 5 min at the end. The PCR products 
were visualised on 2% agarose gel electrophoresis to confirm the size and specificity of the bands.  
 
5.2.3 Egg quality measurements 
 
The collected eggs were tested for measuring egg weight, shell weight, shell thickness, albumen 
height, Haugh unit and yolk colour. Technical supplies and services (TSS, UK) QCH albumen height 
gauge was used for albumen height measurement, while yolk colour was measured by the DSM Yolk 
Colour fan (scale 1-16). Shell thickness was measured by Mitutoyo Dial Comparator Gauge Model 
2109–10 (Kawasaki, Japan). Haugh unit was measured from the egg weight and albumen height by 
using the following equation (Eisen et al. 1962; Samiullah et al. 2014, 2017):  
 
HU = 100 * log10(HT - 1.7 * EW^0.37 + 7.6) 
 
5.3 Statistical analysis 
 
Where appropriate, data were analysed in StatView v5.0.1.0 with one- or two- way ANOVA. 
 
5.4 Results and discussion 
 
5.4.1 Effect of Bacillus based probiotic on Salmonella in free range layer 

production 
 
No Salmonella was isolated from the rearing and production sheds prior to placing the day old chicks 
or point of lay pullets. This demonstrates that the decontamination procedures performed on the 
rearing and production sheds prior to placing the chickens were appropriate. Effective cleaning and 
disinfection of poultry sheds reduces the levels of Salmonella contamination; however, the recovery 
of Salmonella spp. from surfaces such as dropping boards and floors in cleaned and disinfected sheds 
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is variable (Carrique-Mas et al. 2009). Throughout the sampling period, Salmonella was isolated from 
one faecal sample at 18 weeks and one environmental sample at 36 weeks of flock age from the 
control shed. At week 36, a shoe cover sample from the control shed was also positive for Salmonella 
spp. During the sampling period (day 1 to week 36 of flock age), no Salmonella was isolated from the 
probiotic supplemented shed. In a previous study, different Salmonella serovars – such as Salmonella 
Mbandaka and Salmonella Typhimurium – were isolated from a free range layer production system 
(Carrique-Mas et al. 2009). In the current study, the lack of Salmonella isolation from the probiotic 
supplemented shed could possibly be attributed to the beneficial effects of probiotics; however, a 
conclusive statement could not be made as the flock was not followed until the termination of the 
production cycle. Moreover, the number of Salmonella positive samples was too low to confidently 
determine the effects of probiotics on the flock. In a Salmonella Typhimurium challenged pen trial, 
the Bacillus based probiotic reduced the overall load of Salmonella in faeces but not all of the birds 
turned negative for Salmonella in the 12 week period of sampling (Khan & Chousalkar 2020). A 
previous study reported < 20% of Salmonella positive dust and faecal samples obtained from a free 
range layer production (McWhorter & Chousalkar 2019). 
 
Measured through the MPN method, the load of Salmonella in the faecal swab, environmental swab 
and shoe cover was 7.3, 11.1 and 15.1 per mL of BPW, respectively.  
 

5.4.2 Salmonella serotype confirmation through PCR 
 
The PCR and agarose gel electrophoresis results confirmed that one faecal pure culture isolate 
collected from the control shed at 18 weeks of flock age was Salmonella Typhimurium, while one each 
of the environmental and shoe cover samples collected at 36 weeks of flock age from the control shed 
were non Typhimurium Salmonella serovars (Figure 5-1). These results showed that Salmonella spp. 
and Salmonella Typhimurium could be more frequently isolated in the non-probiotic supplemented 
shed based on the sampling duration of the study. However, it is worth noting that such a low number 
of Salmonella isolates could be random biological variation.  
 

 
Figure 5-1  PCR products of Salmonella positive samples visualised on 2% agarose gel 
L  Ladder. 
1  Salmonella Typhimurium as positive control. 
2  No template negative control. 
3  Salmonella Typhimurium isolated from faecal swab at weeks 18 of flock age, from the control shed. 
4  Salmonella spp. isolated from environmental swab isolated at week 36 of flock age, from the control shed. 
5  Salmonella spp. isolated from environmental swab isolated at week 36 of flock age, from the control shed. 
For Salmonella spp. typing primers (605 bp) amplifying the fragment of invA gene were used, while for Salmonella 
Typhimurium confirmation, primers (303 bp) amplifying the fragment of TSR3 gene were used.   
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5.4.3 Effect of Bacillus based probiotic on egg quality  
 
Egg quality was measured on eggs collected at 24, 30 and 36 weeks of flock age. Feeding Bacillus based 
probiotic significantly (P < 0.05) affected egg internal quality. The overall quality of albumen height, 
Haugh unit and yolk colour (Figure 5-2) was improved in the probiotic treated flock. Probiotics are 
generally used as feed supplements for improvement in flock performance. In laying hens, diet 
supplemented with different probiotics significantly improved egg production and overall egg quality. 
For example, the cholesterol level in egg yolk was reduced, and tibial bone mineralisation increased 
in Pediococcus acidilactici fed hens (Mikulski et al. 2012). The feeding of Lactobacillus sporogenes to 
White Leghorn layer breeders from 25–40 weeks flock age lowered both the serum and yolk 
cholesterol levels without affecting most of the egg quality traits (Panda et al. 2008). Feeding 
Enterococcus faecium and fructooligosaccharides based synbiotic supplemented diet to Hy-Line 
brown laying hens at 24–36 weeks of flock age significantly reduced serum cholesterol, and positively 
influenced some egg quality parameters (Abdel-Wareth 2016). Feeding multiple strains or 
Enterococcus faecium based synbiotic to laying chickens for periods of 6 or 12 weeks did not 
significantly influence the level of blood cholesterol (Mohammadian et al. 2013; Zarei et al. 2011). 
Feeding protexin probiotic (contains multiple bacterial/fungal strains) to layer chickens for 12 weeks 
did not significantly influence egg quality, feed conversion and blood immune system parameters 
(Balevi et al. 2001). Feeding PoultryStar® that contains multiple strains of probiotic and 
fructooligosaccharide, to laying chickens from day of hatch up to 28 weeks of flock age and challenged 
with Salmonella Enteritidis at 24 weeks of age reduced Salmonella shedding from day 5 p.i. onwards 
(Luoma et al. 2017). Feeding prebiotic (isomaltooligosaccharide), probiotic (PrimaLac) and their 
combination to 20 to 52 week old laying hens improved performance, serum total cholesterol, and 
egg production (Tang et al. 2017). Feeding Bacillus subtilis and Enterococcus faecium to heat stressed 
laying hens for about 20 days improved gut microbiota and overall egg quality (Zhang et al. 2017). 
Based on the previous literature focusing on probiotic or prebiotic supplementation in layers and the 
findings of the current study, it seems that different probiotics affect egg quality parameters 
differently. The positive effects of the probiotics could be due to improved nutrient absorption in the 
gut of probiotics supplemented hens (Mikulski et al. 2012; Panda et al. 2008) or through the 
production of metabolites, enzymes or synthesis of vitamins (Crittenden et al. 2003; Hill 1997). Egg 
quality deteriorates with flock age and, therefore, it is recommended that future research can focus 
on the use of probiotics for improving gut health and bird performance from hatch to termination of 
the production cycle.  
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Figure 5-2  Effect of Bacillus based probiotic on the overall egg quality measurements  

Eggs were collected from both the control and the probiotic supplemented sheds at weeks 24, 30 and 36 week of flock age.  
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Objectives 

The main objectives of this project were: 
• To understand the role of probiotics and synbiotics in Salmonella 

control in layers. 
• To determine the effectiveness of probiotics and synbiotics in gut 

health. 
• To investigate how effective is the strategic feeding of Bacillus 

based probiotic in reducing the shedding and invasion of Salmonella 
in layers. 

• To investigate if other serovars of Salmonella can be used for 
inhibiting the colonisation of Salmonella Typhimurium in gut that 
can be used for developing multiserovars vaccine. 

• To investigate the effectiveness of Bacillus based probiotic in 
Salmonella reduction and egg quality in free range production 
system.  

Background 

Salmonella serovars, such as Typhimurium and Enteritidis are the leading 
causes of human gastroenteritis. In Australia, most gastroenteritis is 
associated with the consumption of contaminated eggs or egg based 
products. In field conditions, Salmonella persists and can colonise 
chickens for continuous or intermittent shedding that can result in the 
contamination of eggs. The control of Salmonella in layer production is 
multi-faceted and factors such as biosecurity, stress, shed 
decontamination, the use of feed supplements and vaccination affect its 
overall load. To date, current vaccines are not effective in lowering the 
load of Salmonella Typhimurium. Feed supplements such as probiotics 
and prebiotics are mainly used for improving birds’ performance and 
have not been optimised for gut health in layer production. Therefore, a 
better understanding of the use of prebiotics and probiotics for the 
control of Salmonella and their effects on gut health is needed to 
improve food safety.  

Research  A total of 5 experiments was conducted to understand the role of 
probiotics and synbiotics in the control of Salmonella in layer production.  
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The short-term pen trial aimed to understand the role of two probiotics 
and two synbiotics on the shedding and invasion profile of Salmonella 
Typhimurium in chicks. RNA sequencing was performed to get insights 
into the regulation of the caecal immune system in a temporal manner 
of chicks challenged with Salmonella Typhimurium. Based on the findings 
of previous studies, Salmonella Mbandaka and Salmonella Agona were 
used as competitive exclusion agents against Salmonella Typhimurium. A 
long-term pen trial was conducted to understand the effects of strategic 
supplementation of Bacillus based probiotic on gut microbiota, SCFAs, 
Salmonella Typhimurium load and invasion in layers at point of lay. Based 
on the findings that Bacillus based probiotic is effective in reducing the 
overall load of Salmonella and restoring the microbial genera displaced 
by Salmonella Typhimurium, this probiotic was tested for its 
effectiveness in free range field conditions.  

Outcomes  

The short-term supplementation of probiotics and synbiotics is effective 
in improving the gut microbiota balance but does not significantly reduce 
the colonisation and invasion of Salmonella Typhimurium in chicks. The 
caecal immune system in Salmonella Typhimurium is regulated by the 
involvement of Toll-like receptors and cytokine pathways with a broader 
role of IL6. Both Salmonella Mbandaka and Salmonella Agona are 
effective in lowering the load of Salmonella Typhimurium, with serovar 
Agona performing better than Mbandaka. The long-term strategic 
supplementation of Bacillus based probiotic is effective in lowering the 
overall load of Salmonella Typhimurium or Salmonella spp. and restores 
the microbial genera displaced by the Salmonella challenge. Data 
obtained in the pen trial (see Chapter 5) need to be confirmed by long-
term probiotic feeding trial as only 3 Salmonella isolates were obtained 
from the control birds, which could be due to biological variation. 

Implications The findings in the current study support the use of the given probiotics 
and synbiotics for improving gut health in layer production.   

Key Words Laying hen, gut health, Salmonella, probiotics, prebiotics,  
caecal immune system, gut microbiota 
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7 Appendix 
 

 
Figure 1-1  Rarefaction curve analysis affected by probiotic supplementation and Salmonella 
Typhimurium challenge shows a good coverage of underlying microbial communities by the 
sequenced data 
Treatment group details have been given in Table 2-1. 
 

 
 
Figure 1-2  Caecal core microbiome (at OTU level) affected by probiotic A (Protexin) 
supplementation and Salmonella Typhimurium challenge   



85 
 

 

Figure 1-3  Diversity of microbial communities affected by probiotic A supplementation and 
Salmonella Typhimurium challenge 
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Figure 1-4  Caecal core microbiome (at OTU level) affected by probiotic B supplementation and 
Salmonella Typhimurium challenge 
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Figure 1-5  Diversity of microbial communities affected by probiotic B (GalliPro Fit) 
supplementation and Salmonella Typhimurium challenge 
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Figure 1-6  Caecal core microbiome (at OTU level) affected by synbiotic A supplementation and 
Salmonella Typhimurium challenge  
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Figure 1-7  Diversity of microbial communities affected by synbiotic A (PoultryStar sol) 
supplementation and Salmonella Typhimurium challenge 
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Figure 1-8  Caecal core microbiome (at OTU level) affected by synbiotic B (Synbiotic) 
supplementation and Salmonella Typhimurium challenge 
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Figure 1-9  Diversity of microbial communities affected by synbiotic B (Synbiotic) 
supplementation and Salmonella Typhimurium challenge 
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Table 2-1  Faecal status of Salmonella Typhimurium challenged chicks and gross lesions observed 
in the caeca at different time-points of sampling  

Sampling time-point (day) Lesions observed Birds affected 
(%) 

Birds (%) positive for 
Salmonella 

Typhimurium 

3 Partially filled caeca 
and mucous plug 33.33 100 

5 Partially filled caeca 33.33 100 

7 Partially filled caeca 66.66 100 

Salmonella free birds were raised and challenged with Salmonella Typhimurium on day 8 post-hatch. 
Faecal samples from the birds were collected at day 3, 5 and 7 post-infection for Salmonella detection through culture 
method. 
The challenged birds were processed for caecal tissue collection at day 3, 5 and 7 post-infection for RNA sequencing. 
 
 

 

Figure 2-1  Salmonella Typhimurium load in caecal contents of the challenged birds 

The mean load (log10 genomic DNA copy number/g of caecal contents) was quantified through qPCR. 
There were 3 birds in each treatment group on days 3, 5 and 7 post-infection. 
Values are mean ± standard deviation. 
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Figure 2-2  Expected size of amplicon bands on agarose gel from the Salmonella challenged birds 

L. DNA marker. 
Bands 1 to 9 indicate that the caecal contents of individual chicks collected on days 3, 5 and 7 p.i. were positive for 
Salmonella Typhimurium. 
The qPCR result was confirmed by running the amplified products on 2% agarose gel. 
All the samples from the negative control group gave Ct values after cycle 30 and did not show the appropriate band size 
on the agarose gel. 
 

 

Figure 2-3  Quality of total RNA tested in TapeStation 2200 

A  RNA extracted from the caeca of chickens challenged with Salmonella Typhimurium and sampled at day 3, 5 and 7 
post-infection. In the image, A1 is DNA ladder, B1-D2 are individual RNA samples. 

B  RNA extracted from the caeca of control group. A1 is DNA ladder, while B1 to C2 are individual RNA samples. 
The quality of RNA was tested following the protocol of RNA Screen Tape (Agilent Technologies, Australia). 
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Table 2-2  RNA sequencing reads quality generated in the study  

Treatment Sample  
Total 
reads 

Number of 
reads 
mapped to 
genome 

Percent
age of 
reads 
mapped 
to 
genome 

Number of 
reads 
mapped to 
one 
feature 

Percent 
age of 
reads 
mapped 
to one 
feature 

Number of 
mapped 
reads not 
mapped to 
any feature 

Percentage 
of total 
reads that 
mapped to 
the 
genome 
but not to 
any known 
features 

Salmonella 
challenged 

D3_a 36263105 35164816 96.97% 18174408 50.12% 16929919 46.69% 

D3_b 33527487 31955623 95.31% 15939205 47.54% 15939713 47.54% 

D3_c 33859285 32843643 97.00% 15846275 46.80% 16911827 49.95% 

D5_a 24399097 23457002 96.14% 13025067 53.38% 10389852 42.58% 

D5_b 23233692 22175990 95.45% 11294682 48.61% 10838143 46.65% 

D5_c 21753577 20710695 95.21% 10923221 50.21% 9735189 44.75% 

D7_a 24180602 23084347 95.47% 11373300 47.03% 11659949 48.22% 

D7_b 24381304 23173334 95.05% 13803208 56.61% 9331245 38.27% 

D7_c 27703127 26343521 95.09% 13240034 47.79% 13041865 47.08% 

Control 

D3_a 39624489 38309269 96.68% 19593768 49.45% 18606352 46.96% 

D3_b 37375542 36080068 96.53% 18507895 49.52% 17453069 46.70% 

D3_c 36135438 34799111 96.30% 18444459 51.04% 16241612 44.95% 

D5_a 41205550 39716297 96.39% 20260109 49.17% 19338552 46.93% 

D5_b 38196540 29871626 78.21% 17457348 45.70% 12381178 32.41% 

D5_c 37280413 35289121 94.66% 20233099 54.27% 14991722 40.21% 

D7_a 36827852 35465860 96.30% 21011112 57.05% 14384618 39.06% 

D7_b 34589602 33471131 96.77% 18253990 52.77% 15156960 43.82% 

D7_c 36880780 35694732 96.78% 18232297 49.44% 17366118 47.09% 

D3, 5 and 7 refer to day of sampling after Salmonella Typhimurium challenge, while a, b and c refer to biological replicates 
in each sampling time-point. 
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Figure 2-4  Enriched KEGG pathway terms and their associated genes obtained from the mapping 
of down-regulated genes at day 3 Salmonella Typhimurium post-infection 
In ClueGO, pathways only significantly (p-value < 0.05) enriched were visualised. 
Size of the nodes indicates the number of associated genes affected by Salmonella Typhimurium challenge.  
 

 
 
Figure 2-5  Enriched KEGG pathway terms and their associated genes obtained from the mapping 
of down-regulated genes on day 5 Salmonella Typhimurium post-infection 
In ClueGO, pathways only significantly (p-value < 0.05) enriched were visualised. 
Size of the nodes indicates the number of associated genes affected by Salmonella Typhimurium challenge.  
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Figure 2-6  Enriched KEGG pathway terms and their associated genes obtained from the mapping 
of down-regulated genes on day 7 Salmonella Typhimurium post-infection  
In ClueGO, pathways only significantly (p-value < 0.05) enriched were visualised. 
Size of the nodes indicates the number of associated genes affected by Salmonella Typhimurium challenge. 
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Figure 2-7  Size of gene fragments showing the specificity of candidate target and reference genes 
used for the validation of RNA sequencing data 

L   DNA ladder 
1   IL8L2 (76 bp) 
2   ACOD1 (239 bp) 
3   MMP7 (107 bp) 
4   FABP2 (122 bp) 
5   EXFABP (78 bp) 
6   IL6 (131 bp) 
7   IL4I1 (183 bp) 
8   CALB1 (118 bp) 
9   ALB (102 bp) 
10 TBP (88 bp) 
11 YWHAZ (94 bp) 
12 NOS2 (66 bp) 
13 CCLL4 (213 bp) 
14 MYL1 (75 bp). 
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Figure 4-1  Rarefaction analysis of OTUs showing the quality of the reads generated from DNA 
obtained from chicken faeces 

The flattening curves towards right show that the underlying microbial communities were well covered by the sequenced 
data. 
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Figure 4-2  Abundance of microbial communities at phylum level in faeces 
Data for all the treatment groups were mapped in Calypso software to get the abundance of different phyla. 
 

 

Figure 4-3  Abundance of microbial communities at genera level in faecal samples of individual 
chickens in the negative control and Salmonella challenged chickens sampled at different  
time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 12 post-challenge) 
The genus bar is based on sampling time-points post-challenge.  
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Figure 4-4  Faecal microbial abundance affected by Salmonella Typhimurium challenge at different 
sampling time-points in laying chickens 

Panel labels (a-d) show the effect of Salmonella on individual bacterial genera. 
NC is negative control, SX is Salmonella challenged. 
Data from the faecal samples collected at days 3, 5, and 7, and week 2, 4, 6, 8, 10 and 12 post-challenge were used for 
comparison between the two treatment groups (NC and SX). 

 

 

Figure 4-5  Microbial genera abundance of Salmonella turned negative chickens 

The abundance level of the Salmonella turned negative chickens (n = 2) was compared with consistently Salmonella 
shedding chickens (n = 5) and negative control groups (n = 7). 
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Figure 4-6  Microbial genera abundance affected by Salmonella Typhimurium challenge and 
continuous supplementation of probiotic 

The microbial abundance at genera level of the continuous supplemented probiotic control (CPC) group was compared 
with the continuous supplemented probiotic and Salmonella Typhimurium challenged (CPX) group. 
Data from the faecal samples collected at nine different sampling time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 
12) post-challenge were analysed for comparison between the two treatment groups (CPC and CPX).  

 

 

Figure 4-7  Microbial community composition and diversity affected by Salmonella Typhimurium 
and continuous supplementation of probiotic 

(a)  Microbial community composition between the continuous supplemented probiotic control (CPC) and the continuous 
supplemented probiotic and Salmonella Typhimurium challenged (CPX) groups. 

(b)  Microbial diversity between the CPC and CPX at different time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 12) 
post-challenge. 

Data from the faecal samples collected at days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 12 post-challenge were used for the 
comparison between the two treatment (CPC and CPX) groups.  
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Figure 4-8  Microbial abundance of individual genera affected by Salmonella Typhimurium 
challenge and intermittent supplementation of probiotic 

The microbial abundance at genera level of the intermittent supplemented probiotic control (IPC) group was compared 
with the intermittent supplemented probiotic and Salmonella Typhimurium challenged (IPX) group. 
Data from the faecal samples collected at nine different sampling time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 
12) post-challenge were analysed for comparison between the two treatment groups (IPC and IPX). 

 

 

Figure 4-9  Microbial community composition and diversity affected by Salmonella Typhimurium 
and intermittent supplementation of probiotic 

(a)  Microbial community composition between the intermittent supplemented probiotic control (IPC) and the intermittent 
supplemented probiotic and Salmonella Typhimurium challenged group (IPX). 

(b)  Microbial diversity between the IPC and IPX at different time-points (days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 12) 
post-challenge. 

Data from the faecal samples collected at days 3, 5 and 7, and weeks 2, 4, 6, 8, 10 and 12 post-challenge were analysed for 
comparison between the two treatment groups (IPC and IPX). 
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Figure 4-10  Microbiota diversity and abundance of microbial genera affected by continuous 
supplementation of probiotic 

(a)  Overall diversity of faecal microbiota. 
(b)  Abundance of faecal microbial genera. 
For determining the effects of the probiotic on the diversity of gut microbiota and abundance levels of individual microbial 
genera, the negative control (NC) group was compared with the continuous supplemented probiotic (CPC) group (excluding 
Salmonella Typhimurium challenge).  

 

 

Figure 4-11  Microbiota diversity and abundance of microbial genera affected by intermittent 
supplementation of probiotic 

(a)  Overall diversity of faecal microbiota. 
(b)  Abundance of faecal microbial genera. 
For determining the effects of the probiotic on the diversity of gut microbiota and abundance levels of individual microbial 
genera, the negative control (NC) group was compared with the intermittent supplemented probiotic (CPC) group 
(excluding Salmonella Typhimurium challenge). 
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