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Foreword 
 
This project was conducted to assess the efficacy of three vaccination programs in the reduction of 
Salmonella Enteritidis isolate 7A faecal shedding, and also its colonisation of caecal tube and ovarian 
tissue. 
 
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 6905 or emailing research@australianeggs.org.au. 
 

http://www.australianeggs.org.au/
mailto:research@australianeggs.org
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Executive Summary 
 
Salmonellosis caused by Salmonella Enteritidis (SE) has been historically considered an exotic disease  
in Australia. However, the isolation of the bacterium from food borne illness in the human population 
and its linkage with egg laying farms raised concern in the Australian poultry industry. In the present 
study, the objective was to evaluate and compare the efficacy of different vaccination programs in 
terms of protection against a laboratory-controlled exposure of laying hens to the Australian isolate 
SE 7A. The four vaccination programs included unvaccinated, only live Salmonella typhimurium (ST), 
only killed autogenous SE, and a combined program of live ST and killed autogenous SE. At 16 weeks 
of age, hens were exposed to SE 7A inside isolators equipped with HEPA filters. Cloacal samples were 
collected from all hens at 3, 7, 14, 21 and 28 days after exposure (DAE). Hens were humanely 
euthanised at 32 DAE. Salmonella cultures of ovaries and caeca from each bird were undertaken. 
 
The present study demonstrated that high levels of seroconversion were achieved with the SE 
autogenous vaccine but not with the ST vaccine. 
 
The results demonstrate that a very high level of protection against ovarian colonisation was achieved 
using a priming vaccination with two doses of live commercial ST vaccine in conjunction with two 
doses of an autogenous SE vaccine. However, a mid-lay study (at about 45 weeks of age) is essential 
to assess the duration of immunity conferred by this vaccination program. 
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1  Introduction 
 
Salmonellae are potential zoonotic organisms, including several Salmonella serovars, such as S. 
Typhimurium (ST) and S. Enteritidis (SE). A proportion of human salmonellosis cases are closely related 
to the consumption of raw or partially cooked eggs1. 
 
The control of SE in commercial chicken production is of high importance. The mitigation of SE in table 
egg layers is multifactorial involving biosecurity, husbandry, hygiene, feed additives, and live and killed 
vaccines. In conjunction with those measures, the subsequent prevention of food safety events in 
humans depends on egg handling and food preparation practices. 
 
Until 2018, the Australian commercial egg industry was free of SE that was causally associated with 
food safety events. Human cases of SE in Australia were historically and invariably involved with 
people who had recently travelled overseas2. In 2018, the first recognition of table egg associated SE 
food poisoning was recognised in several egg producers in NSW3 and in early 2019 one producer in 
Victoria4.  
 
The recently identified SE was characterised and referred to as SE 7A, and has never been reported or 
observed previously in Australia or for that matter anywhere in the world. As reported by the 
Department of Primary Industries of New South Wales, genetic studies indicate the closest relative to 
7A was an isolate from an Australian traveller returning from Southern Europe, who visited Croatia 
exclusively. While the source of the Australian infection is unclear, the likely mode was an introduction 
through human associated horizontal contacts and international travel. This is based on the 
epidemiology that from Infected Property 1 (IP1), where all other farms subsequently identified as SE 
positive had clearly identifiable trace back to the original IP1. Also, all SE 7A food safety cases were 
provisionally identified as related to table egg consumption. If another primary vector such as wild 
birds, rodents or a food source were involved, the epidemiological picture would have been different.  
 
Currently in Australia there are two registered live ST vaccines that are marketed as an aid in the 
control of Salmonella. These are Vaxsafe ST (Bioproperties®) and Poulvac ST (Zoetis®) derived from 
the same vaccine candidate which is an aroA deletant mutant (STM-1) of a ST Phage Type 44, initially 
developed in Australia5-8. Work has shown that these vaccines confer some protection against  
ST (homologous) and also some protection against S. Infantis, S. Heidelberg and SE (heterologous)8-12. 
Routine vaccination protocol includes multiple administration of a live vaccine in pullets, which may 
be initially be primed by coarse aerosol of day-old chickens at the hatchery and/or followed up by 
several drinking water applications in the field. While there are several variations to the current 
program being implemented, the most common in the Australian layer industry is several live primes 
followed by incorporating the suspended freeze-dried vaccine in an inactivated vaccine (normally 
incorporated into EDS + NDV1 adjuvanted killed vaccine) and given by intramuscular injection (IM). 
 
Other vaccine options in Australia are autogenous inactivated adjuvanted bacterins that incorporate 
the specific Salmonella strain isolated from an affected farm, which are used in replacement pullets 
destined to production sites affected by potential food safety Salmonella. These vaccines are 
approved by the APVMA2 with special conditions. In these cases, the program normally utilised is the 
live prime of the pullets followed by two doses of the autogenous Salmonella vaccine. 

 
1  EDS: Egg Drop Syndrome; NDV: Newcastle Disease. 
2  APVMA: Australian Pesticides and Veterinary Medicines Authority. 
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Australia has no registered live SE vaccine because of its freedom status from SE, and the industry 
believes there is still the potential for SE to be eradicated. At this stage, its introduction is not 
considered necessary and is also not supported because of potential country status interpretation and 
field differentiation. This could and would change if SE became endemic in the Australian egg/poultry 
industry. 
 
An autogenous SE vaccine, with the consideration of a Salmonella bacterin vaccine Minor Use permit, 
is supported as a useful and risk-free option. It would assist while establishing freedom of existing 
positive farms wishing to restock, and other sites that consider themselves a high risk because of 
known horizontal contacts. Permits already exist in Australia for autogenous Salmonella vaccines, 
which include SE, and batches have already been made awaiting field application. One regulatory 
aspect of autogenous vaccines is that while they must be safe, their efficacy does not have to be 
proven and their use is at the discretion of the requesting veterinarian. Historical field data, published 
papers and conference presentations over the years, have determined that inactivated adjuvanted 
Salmonella bacterins are a useful and valuable tool in aiding the control of Salmonella in commercial 
layer flocks13-19. A peer reviewed paper indicates that live vaccines are more efficacious in the 
development of a broader immunological protective response, with this protection being augmented 
by the inactivated vaccine20.  
 
The objective of the present study was to evaluate the protection conferred by various vaccination 
programs including or excluding an autogenous SE 7A bacterin. Considering the availability of the 
existing live ST vaccines in Australia that provide some cross-protection, the level of protection of the 
ST live vaccine alone and in combination the SE autogenous vaccine were evaluated against an SE 7A 
oral exposure. 
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2  Materials and methods 
 
2.1 Animal ethics 
 
This experiment was conducted under the approval of the Animal Ethics Committee, Faculty of 
Veterinary and Agricultural Sciences, the University of Melbourne (approval ID number 1915043.1). 
 
2.2 Production of the SE autogenous vaccine 
 
The SE autogenous vaccine was produced using the strain SE 7A, isolated in Australia. The laboratory 
reference number for the vaccine was 1914/19 5RXI, and analysis revealed that the strain belonged 
to the MSLT type 11. The vaccine was produced under APVMA approval, permit number 12576. The 
vaccine corresponds to a whole cell bacterin, where the bacterium was formalin inactivated, and using 
aluminium hydroxide and oil in water as adjuvants. 
 
2.3 Source of hens and treatments 
 
A total of 80 laying hens (Hy-Line Brown) were randomly selected from two different floor rearing 
farms (A and B), and randomly allocated in 5 groups (Table 1); both farms with a history of being free 
of SE. Hens from both farms had different parent flocks. Before being sent to the University of 
Melbourne, drag swabs were collected and pooled from the manure of the hens included in the trial 
(from both farms), and were sent to ACE laboratories for Salmonella isolation. Results confirmed that 
the hens were Salmonella free before the start of the laboratory phase. Also, the serological negative 
status of the negative controls also confirm that they were not previously exposed to Salmonella group 
B or D (see results below). As displayed in Figure 1, hens from Farm A were vaccinated at the hatchery 
using a commercial live Salmonella Typhimurium (ST) vaccine (Vaxsafe ST, Bioproperties®) and this 
was repeated in the drinking water again at 4 weeks of age, and in Farm B pullets remained 
unvaccinated against live ST. In Farms A and B, at 8 weeks of age, and then at 12 weeks of age, 16 hens 
from each farm were vaccinated with the SE autogenous vaccine according to the grouping found in 
Table 1. After the first vaccination with the SE autogenous vaccine, all birds were individually identified 
using leg tags and their cages were identified until their transfer to APCAH facilities. 
 

 

Figure 1  Experiment timeline 
 
Birds were weighed on their arrival at the animal research facilities. Then, at 24 and 3 hours prior to 
exposure to SE 7A, all birds were administered 0.6 ml of the antibiotic vancomycin orally at a 
concentration of 100 mg/ml or approximately 30 mg/kg liveweight. Application of vancomycin has 
been used successfully in prior studies with ST by the authors and previously described as necessary 
to achieve a more stable infection rate as compared with untreated birds, and is more suitable for the 
study of anti-Salmonella interventions21, such as vaccination. Also, when mature birds are orally 
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challenged with Salmonella, the intestinal flora of the chickens outcompete Salmonella22-24, leading to 
the potential failure of a challenge model. 
 
The SE 7A challenge inoculum to be used in the experiment was prepared by ACE Laboratory Services3 
at a concentration of 0.81 × 109 CFU/ml (Appendix 1), consistent with the dose used in previous 
publications21, 25. On arrival at the animal research facilities, the inoculum was aliquoted into 3 ml 
syringes containing 1 ml each in a Biohazard cabinet. Two aliquots of 1 ml of the inoculum each were 
stored at -80°C for retrospective analysis. 
 
Table 1  Distribution of the birds in the different groups included in the SE vaccine trial  

Group Treatment n ST vaccine SE vaccine Exposure* to SE 7A 

1 Negative Control (NC) 16 - - No 

2 ST+SE 16 + + Yes 

3 ST 16 + - Yes 

4 SE 16 - + Yes 

5 Positive Control (PC) 16 - - Yes 

* The exposure to SE was conducted in the HEPA PC3 isolators located in the animal research facilities of  
the University of Melbourne, FVAS (Werribee Campus). Hens received a live ST vaccine,  
an inactivated autogenous SE vaccine, a combination of the two, or none of them (controls). 

 
The inoculum was administered to the corresponding groups at 17 weeks of age using the oral route 
of administration, 1 ml per hen. Hens in the negative control group received sterile Salmonella growth 
medium using the same route of administration. After exposure, hens were monitored daily and the 
general health status of the birds was observed and recorded (Appendix 2). 
 

2.4 Monitoring 
 
Five hens per group were randomly selected and bled at 11 weeks of age (one week before SE 7A 
autogenous vaccine booster) and at 16 weeks of age (one week before exposure to SE 7A), and then 
each serum used in three different ELISA tests (BioChek®, Unit 5 Kings Ride Business Park, Kings Ride, 
Ascot, Berkshire SL5 8BP, UK) to detect Groups B, D and B+D Salmonella antigens, following the 
manufacturer’s directions. For all ELISA tests, there was a cut-off value established by BioChek® to 
discriminate between positive and negative samples. The titre cut-off value for both Group B and 
Group D antigen ELISA tests was 654, while for Group B+D antigen ELISA, the sample to positive ratio 
(S/P) cut-off value was 0.5. At the time of transferring the hens to APCAH, two drag swabs embedded 
with peptone water were collected from the manure belts, pooled and sent to ACE Laboratory Services 
to attempt the isolation of Salmonella spp. 
 
On arrival of the hens at the animal research facilities, hens were individually weighed, and the weights 
recorded. Hens were also weighed at the end of the study following euthanasia. 
 

A cloacal swab was taken from each individual bird just before the exposure to SE 7A (day 0), and at 
3, 7, 14, 21 and 28 days after exposure (DAE). Each swab was embedded in peptone water before 
sample collection from the cloaca. All swabs were sent to the microbiology laboratory at the University 
of Melbourne (Werribee Campus), to attempt Salmonella isolation. 

 
3  Ace Laboratories: Animal Consulting Enterprise, East Bendigo, Victoria 3550, Australia. 
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2.5 Post-mortem analysis 
 
Hens were humanly euthanised at 32 DAE using an intravenous injection of barbiturates, according to 
the protocol approved by the animal ethics committee. The post-mortem analysis started with the 
hens from the negative control group, followed by the vaccinated and exposed groups, with the 
positive control group (unvaccinated and exposed) examined last. The post-mortem of the negative 
control group was performed in a post-mortem room, while the same procedure for those birds 
exposed to SE was performed inside their corresponding HEPA filtered isolators. During the  
post-mortem, caecal contents and ovaries were swabbed from all the hens. The caecal samples were 
taken by opening the caecal tubes and swabbing the inner part of the tube, collecting its content. The 
ovarian samples were collected by swabbing the surface and then breaking the external membrane of 
the largest follicle and swabbing the follicular content. In the case of pericardium and air-sac 
membrane swabs, 5 birds per group were selected. In the cases of the pericardial samples, the external 
membrane was opened, and the swab was taken from the space between the outer and inner 
membrane. And in the case of the air-sac membrane samples, the sample was taken after the removal 
of the oblique septum, from the surface of the abdominal air-sac membrane. All samples were sent to 
the microbiology laboratory at the University of Melbourne (Werribee Campus) to attempt Salmonella 
isolation. 
 
2.6 Protective index 
 
A protective index (PI) was calculated using the data in Table 4. The PI allows the measurement of the 
level of protection conferred by the vaccination against the SE 7A exposure. The formula used to 
calculate the PI was the following:  
 

 
 
2.7 Rep-PCR for Salmonella identification 
 
In order to confirm the identity of the Salmonella isolates obtained from the post-mortem samples, a 
repetitive element polymerase chain reaction (Rep-PCR) was conducted. A Rep-PCR utilises primers 
that bind randomly on the genome of the target organism generating a series of random products of 
different length, which are used as a ‘fingerprint’. The samples selected for the Rep-PCR were one 
caecal sample isolate from the ST+SE group (a hen that was also positive in the pericardial sample), 
and one caecal and two ovarian samples isolates from ST, SE and PC groups. The hens from ST, SE and 
PC groups, from which these caecal isolates were selected for the Rep-PCR, were also positive by 
isolation from the air-sac membrane samples. Also, the hens from which these ovarian isolates were 
selected for the Rep-PCR were also positive by isolation from the caecal samples. 
 
From these samples, DNA was extracted using QIAGEN® DNA mini kit. The primers used were (GTG)5, 
which have been previously used for Rep-PCR26, 27. The DNA was visualised by using 1.5% agarose gel 
in 0.5× Tris/Borate/EDTA (TBE) at 80 volts for 60 minutes and stained with gel red. As a control for the 
Rep-PCR, an aliquot of the inoculum used during the exposure was utilised. This aliquot was taken 
during the exposure day, and saved at -80°C, as previously described. In those groups with cloacal 
swabs positive to Salmonella, one sample per group was tested. In those with ovarian swabs positive 
to Salmonella, two samples were tested. 
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2.8 Statistical analysis 
 
For the comparison of proportions, a 2×2 contingency table was used as displayed in Table 2. 
Calculation of the χ2 value and Fisher’s exact test was undertaken using the software package 
GraphPad Prism, version 8.4.2 (GraphPad Software, La Jolla California USA). For the comparison of 
weight gain, a two-way analysis of variance (ANOVA) was used, using the Tukey’s multiple comparison 
test. All these analyses were performed using the software package GraphPad Prism, version 8.4.2 
(GraphPad Software, La Jolla California USA). 
 
Table 2  Two by two contingency table 

 Positive Negative 

Group X A B 

Group Y C D 

Probability was determined using the Chi-square (χ2) distribution with a P < 0.05 being considered significant,  
as determined using the Fisher’s exact test. 
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3  Results 
 

3.1 ELISA results after two vaccinations with live ST, and pre and post  
SE autogenous vaccine booster 

 
Five hens per group were bled and the serum was tested for the presence of antibody to Salmonella 
Group B, D, or B+D. This sampling was undertaken before the SE autogenous vaccine booster at  
11 weeks of age (11 WOA), and before transfer of the hens to the animal research facilities and 
exposure to SE 7A at 16 WOA, 4 weeks after the SE vaccine booster was applied. Results are displayed 
in Table 3. Neither the positive nor negative control birds showed antibodies against Salmonella Group 
B or D. Hens tested from group 3, which were vaccinated at the day of hatch and at 4 weeks of age 
with a live ST vaccine, were negative in all of the ELISA tests. On the other hand, at 11 WOA, hens from 
both the ST+SE and SE groups exhibited reaction in both Group D and B+D antigen ELISA tests, with 
only one positive hen from the ST+SE group in the Group B antigen ELISA test. At 16 WOA (after the 
SE booster) all the serum samples from hens allocated in both the ST+SE and SE groups were positive 
in both Group D and B+D antigen ELISA tests, with only one positive hen in the ST+SE group in the 
Group B antigen ELISA test. As stated above, at this stage the two drag swabs taken from the manure 
belt were negative to Salmonella spp. (Appendix 3). 
 

In order to follow the course of reaction before and after the booster vaccination, the same hens were 
bled during both rounds of ELISA tests at 11 and 16 WOA (identified by their leg tags). The ELISA results 
per hen are represented in Figure 2. 
 

Table 3  Number of serums positive to Salmonella antibodies (ELISA) from blood samples taken 
before the booster vaccination with SE autogenous vaccine, and after the booster and before their 
exposure to SE 7A 

    
 

  
Positives 11 WOA  

(before booster with SE)*   
Positives 16 WOA  

(after booster with SE)* 

Group Treatment  Farm   B+D B D   B+D B D 

1 NV (NC) B   0 0 0   0 0 0 

2 ST+SE A   3 1 3   5 1 5 

3 ST  A   0 0 0   0 0 0 

4 SE B   5 0 4   5 0 5 

5 NV (PC) B   0 0 0   0 0 0 

* Five hens per group were tested at each sampling day. B, D and B+D antigens included in the ELISA tests used. 
NV – not vaccinated. 
ST – vaccinated with ST live vaccine. 
SE – vaccinated with SE autogenous vaccine. 
ST+SE – vaccinated with both live ST and autogenous SE vaccines. 
NC – negative control. 
PC – positive control. 

 

It is possible to see that, in both NC and PC groups, and also in the ST group, there was a very slight 
and undistinguishable increase, but in most of the cases a decrease in titre between 11 and 16 WOA 
in all the ELISA tests. In those hens from the ST+SE group, there was an increase from 3 to 5 positives 
in the Group D ELISA test between 11 and 16 WOA. It is possible to see that there was a decrease in 
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titre in two out of five individuals. However, that decrease in titre is not biologically significant, as the 
two hens remained positive (the titres in both samples went from 3102 to 2689, and from 1288 to 
1241, when the cut-off value for the test was 654). In the Group B ELISA, it is possible to see that the 
hen positive at 11 and 16 WOA was not the same in both sampling days, one of them with an important 
increase in titre between 11 and 16 WOA. In those hens from the SE group, there was not only an 
increase from 3 to 5 positives in the Group D ELISA between 11 and 16 WOA. In 4 out of 5 there was 
an important increase in titres before and after the booster with the autogenous vaccine. In the hen 
where it was possible to see a decrease in titre between 11 and 16 WOA, it went from 4213 to 3493, 
still substantially beyond the cut-off limit of 654 for the test. 
 
A similar situation can be found in the results from the Group B+D ELISA test of the hens from the  
SE group, where there was an increase in titres from 11 to 16 WOA in the sera from all the hens tested. 
In the same group, all sera had an increase in titres between 11 and 16 WOA in the Group B ELISA test, 
but all remained negative. 

 
Figure 2  Difference in titres measured by the ELISA technique from blood samples taken from the 
hens included in the SE trial at two different times 

The first samples, at 11 weeks of age (WOA), were taken 3 weeks after the first vaccination with the SE autogenous vaccine 
in the hens from the corresponding groups and one week before the second vaccination. The second samples were taken 
at 16 WOA, one day before transport of the hens to the animal research facilities and one week before the exposure of the 
hens to SE 7A under isolated conditions. Each line represents an individual hen. Solid lines represent hens that had an 
increase in titre of that ELISA test between 11 and 16 WOA. Segmented lines represent hens that had a decrease in titre of 
that ELISA between 11 and 16 WOA. The horizontal dotted lines represent the cut-off limit determined by the ELISA tests. 
The upper line (at a titre of 654) represents the cut-off limit of both Group B and D ELISA tests, while the lower line (at a 
S/P ratio of 0.5) represents the cut-off limit of the Group B+D ELISA test.  
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3.2 Cloacal swabs 
 
As expected under the controlled experimental conditions, swabs collected before the exposure to  
SE 7A were negative in all the groups included in the trial (Figure 3). At 3 and 7 DAE, all swabs collected 
from the SE 7A exposed groups were positive to Salmonella isolation, while the unexposed group 
remained negative. In hens from the ST group, there was a drop in the number of positives to 81% at 
14 DAE, but then it increased to 94% and 100% at 21 and 28 DAE, respectively. In those from the  
SE group, the percentage of positive swabs decreased to 94% at 14 DAE, then decreased further to 
81% at 21 DAE, increasing to 88% at 28 DAE. Hens from ST+SE group had a decrease in the number of 
positives to 88% at 14 DAE, and then to 75% at 21 and 28 DAE. In the PC group, there was a decrease 
in the proportion of positive samples from 100% to 94% (the sample from one hen) at 14 DAE that 
remained at 21 and 28 DAE (Figure 3). However, the hen that was negative on the test at day 14 was 
positive at day 21 and 28, and at day 21, a new hen became positive, and then again negative at day 
28. Once again, a new hen became positive at day 28 that was negative at 14 and 21 days. Hens from 
the negative control group all remained negative during the entire duration of the experiment.  

 
Figure 3  Proportion of cloacal swabs positive to Salmonella isolation 

Samples were taken at 0-, 3-, 7-, 14-, 21- and 28-days after oral exposure of the hens to SE 7A. At days 3, 7 and 14, the data 
of the positive control group (black diamonds) overlap with the data from the SE group (purple inverted triangles). 
 

3.3 Weight gain 
 
The total weight gain of the hens in any of the SE 7A exposed groups (including the PC group) was not 
lower compared with the hens in the NC group (Figure 4). However, the total weight gain of the hens 
in the ST+SE group was significantly higher (405 ± 68 grams) than those of the positive control group 
(234 ± 79 grams). Even though the mean weights in the hens of the PC group were lower than those 
of the other groups (NC, ST and SE groups), those differences were not statistically significant. 
 
3.4 Post-mortem 
 
During the post-mortem analysis, no hen presented significant gross lesions (Appendix 4). Swabs were 
collected from the inner part of the caecum, the most developed follicle of the ovary, the pericardium 
and the air-sac membrane. While the caecal and ovarian swabs were taken in all of the hens examined, 
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the pericardium and air-sacs sabs were taken from 5 hens per group. The total number of positives 
per group and the sites tested can be found in Table 4, and graphic representation of the proportion 
of positives and negatives per group from the caecal and ovary samples in Figure 5. During sample 
collection, one caecal swab from the NC group and one ovary swab from the ST+SE were discarded for 
technical reasons, reducing the total number of samples to 15 instead of 16. 

 
Figure 4  Total weight gain of hens in the different treatment groups 

The central horizontal line and error bars indicate the mean and the 95% confidence interval, respectively. The initial 
weights were recorded on the arrival of the hens at the research facilities, and the final weights were recorded during the 
post-mortem day, 37 days after their arrival at the research facilities and 31 days after exposure. Different letters represent 
differences that are statistically significant (p < 0.05). 
 
As expected, there were no samples positive to Salmonella in the NC group. In hens from the PC group, 
all of the swabs taken from the caecal tubes were positive to Salmonella, indicative of a successful 
challenge model, while 6 of the ovarian and 3 of the air-sac samples were positive. 
 
Table 4  Number and proportion of samples positive to Salmonella, collected during post-mortem 

Treatment 
  Number and proportion of positives 

  Caeca %   Ovary %   Pericardium   Air-sacs 

Negative control    0 of 15a 0.0%   0 of 16a 0.0%   0 of 5   0 of 5 

ST+SE    7 of 16b 43.8%   0 of 15a 0.0%   1 of 5   0 of 5 

ST    15 of 16c 93.8%    3 of 16ab 18.8%   1 of 5   2 of 5 

SE    13 of 16bc 81.3%   6 of 16b 37.5%   0 of 5   2 of 5 

Positive control   16 of 16c 100.0%   6 of 16b 37.5%   0 of 5   3 of 5 

Proportions in the same column labelled with different superscripts differ statistically (χ2 and Fisher’s exact tests, p < 0.05).  
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Figure 5  Proportion of samples positive and negative to Salmonella isolation per group 

Isolations were attempted from swabs collected during the post-mortem procedure. 
A – swabs collected from the interior of the caecal tubes. 
B – swabs collected from the most developed follicle of the ovary. 
Horizontal lines above the bars indicate when the differences in the proportions were statistically significant, using χ2 and 
Fisher’s exact test. * p < 0.05; ** p < 0.01; *** p < 0.001. 
 
In the ST group, the situation was not significantly different to that of the PC group, with 15 of the  
16 caecal swabs (93.8%) positive to Salmonella. The proportion of positives in the ovary was lower 
than in the PC group (18.8% versus 37.5%), but that difference was not statistically significant. In the 
SE group, the proportions of caecal and ovarian swabs positive to Salmonella were statistically higher 
than that of the NC group, and not different from that of the PC group. In hens from ST+SE group 
(Figure 5), the proportion of positives caecal samples was higher than the NC group. However, it was 
significantly lower than the proportion of positives obtained in the PC and ST groups. Vaccination with 
the ST+SE combination resulted in 100% prevention of colonisation of ovaries by the challenge 
organism. The proportion of positives (0/16) compared to the PC group (6/16) was statistically 
significant (p = 0.02) and was the same as the proportion of positives in the negative control group 
(Figure 5, B).  
 
The proportion of Salmonella positive pericardial and air-sac membrane swabs was not significantly 
different between any of the groups. 
 
3.5 Rep-PCR for Salmonella identification 
 
Results from the Rep-PCR (Figure 6 and Appendix 5) show that the amplicons obtained were of the 
same molecular weight compared with those obtained using the aliquot of inoculum saved at -80°C 
during the SE exposure day. On the other hand, the amplicons obtained from other bacteria used as 
control (two ST isolated from a chicken and a horse, a Salmonella Anatis isolated from a duck and  
E. coli) clearly differ from that of SE. None of the bands found in these controls were found in the  
SE samples. 
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Figure 6  Agarose gel (1.5%) containing the amplicons obtained after performing a Rep-PCR from 
Salmonella isolates obtained from caecal and ovarian samples 

MWM – molecular weight marker. 
SA – Salmonella Anatis. 
NTC – non-template control (negative control). 
 
3.6 Protective index 
 
Protective index results are presented in Table 5. The calculated PI was higher in the ST+SE group 
compared with that obtained in the ST and SE groups for both the caeca and ovary. 
 
Table 5  Protective index calculated using the data obtained from the Salmonella isolations 

   Protective index 

Treatment (vaccines)   Caeca Ovary 

ST+SE   56.2% 100.0% 

ST    6.2% 49.9% 

SE   18.8% 0.0% 
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4  Discussion 
 
The challenge model used in the present study was demonstrated to be successful, as it was possible 
to reproduce the colonisation of the internal organs in all the unvaccinated hens exposed to SE 7A. 
The vancomycin treatment of the hens before exposure aided SE 7A colonisation in mature birds, as 
previously demonstrated22. In previous studies conducted by this group and others, a pre-exposure 
treatment with vancomycin was demonstrated to be necessary to obtain a reliable successful high 
level of SE or ST challenge in mature birds21, 22. Results from this experiment have shown that there 
was no detectable Group B or D antibodies in the samples from the ST group. However, live Salmonella 
vaccines induce a significant increase in local mucosal immunity, but not parenteral immunity28, 29.  
It was demonstrated that detectable antibody levels against Group D Salmonella can be achieved with 
two vaccinations with an SE autogenous killed vaccine alone. Also, detectable Group D antibodies 
were achieved with a program that included two vaccinations with a live ST vaccine and two injections 
of the SE autogenous vaccine. This is consistent with previous studies, where chickens immunised with 
only a killed vaccine had a significant increase in the number of parenteral antibodies against 
Salmonella compared with those vaccinated with the live vaccine (both flagellar and envelope 
antibodies)30. However, the results obtained in the present study suggest that the increase in the level 
of serum antibodies at best only partially prevents SE colonisation of internal organs. Hens in the  
SE group had a notable increase in antibody levels after two vaccinations, in some cases with titres 
higher than those obtained in hens from the ST+SE group (Figure 2 and Table 3). However, the results 
presented in Table 4 and Figure 5 demonstrated that the colonisation of the internal organs, especially 
caeca and ovary, was not prevented by these parenteral antibodies, suggesting that the protection 
observed in the ST+SE vaccinated birds involved more than the humoral response. Previous studies 
suggest that, in the case of Salmonella vaccinations, the use of a live vaccine is essential, as the cell-
mediated immune response generated by these vaccines confers an adequate protection against the 
disease30, 31. The local mucosal immunity conferred by the live vaccine would have also played a role 
in the significant level of protection conferred by the ST+SE vaccination program. As discussed above, 
live Salmonella vaccines are capable of inducing mucosal immunity by enhancing the IgA levels28. 
However, the intestine mucosal immunity was not assessed in the present study, and it should be 
considered in future vaccine research. The results obtained by Tran, et al. 32, where two Salmonella 
Enteritidis bacterin vaccines were tested should also be considered. One of the inactivated vaccines 
was able elicit local intestinal IgA immunity, while the other bacterin did not accomplish that level of 
IgA in the mucosa.  
 
In terms of the isolation of Salmonella from cloacal swabs, there was no difference between the 
challenged groups (PC, ST, SE and ST+SE) at any of the sampling times (3-, 7-, 14-, 21- and 28-DAE). 
Previous studies in broilers showed that more than 70% of the cloacal swabs in vancomycin-pre-
treated birds and challenged with ST remained positive for Salmonella for 3 weeks after the 
infection21. There was a lower proportion of Salmonella positive swabs in the ST+SE group (75%) 
compared with the PC group (94%) although this was not statistically significant (p = 0.33). The results 
of Salmonella isolation from the cloacal swabs in the PC group, where a different hen per week 
stopped shedding SE, suggests that the excretion of Salmonella is intermittent in some individuals. 
 
During the present study, no birds challenged with SE 7A demonstrated any overt clinical signs or 
morphological pathology (Appendix 6). While this has been the field observations of SE 7A infection 
in commercial layers, there was one report of mortalities associated with peritonitis from which SE 7A 
was recovered (personal communications, Alfirevich 2020). 
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In the present study, colonisation of the organs was assessed by a generic Salmonella isolation from 
the internal organ swabs collected during the post-mortem analysis. The results from the Rep-PCR 
confirm that the isolates correspond to the original SE inoculum used during the exposure.  
 
In terms of colonisation of the internal organs of the hens with SE, a reduction in the caecal 
colonisation of 56.2% was achieved by the combination of the live ST and autogenous killed SE 7A 
vaccines. Under these high challenge conditions, this level of reduction was considerably higher than 
that conferred exclusively by the application of the SE autogenous vaccine (18.8%). Even though a 
cross-protection to SE has been reported in chickens vaccinated with the ST live vaccines, a low level 
of protection was achieved in this trial, with a PI of only 6.2% for caecal colonisation, lower than the 
PI for caecal colonisation of 54.7% calculated from the data reported in the Zoetis technical 
information sheet of their live ST vaccine12. In the Zoetis ST live vaccine trials, the chickens used were 
broilers. Also, the live vaccine was applied to day-old chickens at the hatchery followed by a challenge 
with SE at 4 days of age, and the attempt of Salmonella isolation from the internal organs performed 
at 21 days of age (testing an early infection). The results presented in the present study demonstrate 
that this level of protection does not remain until the point of lay (POL). Similar results were obtained 
in another study33, where broiler breeders were vaccinated with a combination of ST live and killed  
ST vaccines. In that study, there was no reduction of the caecal colonisation in their progeny after a 
challenge with 1 × 106 cfu of SE/chick at 1 day of age33, indicating that the antibodies transferred from 
the breeders to their progeny were not protective. A more long-lasting protection should be 
considered and studied, in order to protect the birds until their POL and beyond.  
 
The results presented here show that the prime vaccination with a live vaccine and a booster with a 
live and two killed vaccinations can achieve a level of protection against an SE challenge. However, a 
future study challenging layers in mid lay (at around 45 weeks of age) is necessary to assess the 
duration of immunity following the live ST/killed SE vaccination schedule.  
 
In terms of caecal and ovarian colonisation, there was a significant reduction in those hens vaccinated 
with the combined vaccination schedule with both ST and SE vaccines. While 37.5% of the swabs were 
positive to Salmonella (6 out of 16) in the unvaccinated and challenged group, there was no positive 
isolation in the ST+SE vaccinated group (PI = 100%). The χ2 and a two-tailed Fisher’s exact test showed 
that the difference in the proportion of positives in the ST+SE vaccinated group compared with 
challenged group was significant, with a p-value = 0.02 (Figure 5). A similar result was achieved in a 
previous study combining ST and SE vaccines34. The colonisation of the ovary after a SE challenge was 
lower in hens vaccinated with both ST and SE vaccines compared with the positive control. Also, the 
number of positives in the ST only or SE only vaccinated hens was not significantly lower than the 
positive control34.  
 
The isolation of SE from both pericardial and air-sac membrane swabs confirms that the Australian  
SE 7A isolate causes a systemic infection in the infected layers, as previously described for Salmonella 
spp. 35, 36 This also indicates that SE 7A may, with intercurrent stressors, manifest with clinical signs 
and morphological lesions not unlike chronic respiratory disease as observed by Alfirevich. 
 
The results obtained in the present study confirm the systemic nature of the Salmonella Enteritidis 
isolate 7A. They also demonstrate the transovarian (vertical) transmission of this Australian isolate. 
The calculated PI for both caeca and ovary suggested an important level of protection conferred by 
the ST+SE vaccination program against the colonisation with SE, suggesting that this could be the best 
vaccination program conferring the highest level of protection against SE. However, more studies will 
be required to confirm this finding and to assess a long-lasting protection against SE conferred by this 
vaccination program.  
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6  Plain English Summary 
 

Project Title: Evaluation of vaccination program options against Salmonella 
Enteritidis 7A in laying hens in Australia 
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Objectives 

To assess the efficacy of different Salmonella vaccination programs in 
reducing faecal shedding, and caecal and ovarian colonisation of 
Salmonella Enteritidis (SE). Vaccines included were a commercial live  
S. Typhimurium (ST) and a SE autogenous vaccine (which is made with 
the causal organism isolated in the farm). 

Background 

Recently, public concerns have been raised after cases of gastroenteritis 
associated with the consumption of table eggs in Australia. These cases 
have been traced back to farms where the infection has been confirmed. 
Using the experience of other countries, the best measure to prevent the 
infection of chickens is by vaccinating the hens with a program including 
both live and attenuated SE vaccines. However, Australia does not have 
approved live or attenuated SE vaccines. 

Research  

Three different vaccination programs were tested. The first vaccination 
program included two applications of commercial live ST vaccines (ST 
vaccinated); the second, two applications of SE autogenous vaccine made 
at ACE laboratories (SE vaccinated); and the third vaccination program 
used a combination of the first two programs (ST+SE vaccination).  
To assess the efficacy of the different vaccination programs, vaccinated 
hens were orally exposed to the Australian isolate SE 7A in a controlled 
environment (isolators). Cloacal swabs were obtained at 0, 3, 7, 14, 21 
and 28 days after exposure. At the end of the study, hens were humanly 
euthanised and caecal content and ovary contents cultured. 
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Outcomes  

The SE autogenous vaccine was able to induce a significant immune 
response in the vaccinated hens. There was a partial decrease in bacterial 
shedding in the vaccinated groups, but differences were not significant. 
The ST+SE vaccination program caused a significant reduction in the SE 
colonisation of the caecal tube, and a 100% reduction in the SE isolated 
from the ovarian follicle. 

Implications 

The results of this study indicated that SE control is possible using a 
combination of the current registered live ST vaccines and an SE killed 
autogenous vaccine. However, the long-term protection conferred by 
this vaccination program still needs to be proven.  

Key Words Salmonella Enteritidis, salmonellosis, autogenous vaccine, immunity 
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7  Appendix 
 
Appendix 1: ACE laboratories inoculum concentration report 
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Appendix 2: APCAH animal and isolator monitoring sheet  
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Appendix 3: Results of Salmonella spp. isolation from drag swabs 
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Appendix 4: Report of findings during the post-mortem procedure 
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Appendix 5: Asia-Pacific Centre for Animal Health Rep-PCR report 
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Appendix 6: Asia-Pacific Centre for Animal Health end of trial report 
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