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ABSTRACT

Salmonella Brandenburg causes acute diarrhoea and severe illness in a variety of animals
and was first isolated in New Zealand in 1986. Since 1996 Salmonella Brandenburg has
been associated with an emerging epidemic of abortions and deaths in sheep in the southern
regions of the South Island. Little is known about the specific epidemiology of Salmonella
Brandenburg in sheep and as a result control to date has been largely based on anecdotal
evidence and general principles. This study focused on the following aims:

e To develop a serological test for use in epidemiological studies and for monitoring

future control efforts targeting Salmonella Brandenburg in New Zealand sheep.
e To identify factors associated with the occurrence and severity of Salmonella

Brandenburg outbreaks in New Zealand sheep.

Traditionally Salmonella diagnosis has depended on bacteriological culture. Such tests are
time consuming, labour and equipment intensive, and may lack sensitivity. ELISA
(Enzyme-Linked Immunosorbent Assay) methodologies offer an alternative for the
diagnosis of Salmonella infection. Therefore the development of an ELISA test for
detecting antibodies to Salmonella Brandenburg organism in sheep plasma was undertaken.
Expression of common antigens has resulted in a high level of antibody cross-reactivity
between different serovars in serological tests. Lipopolysaccharides (LPS) (O Antigens) are
the primary cause of these cross-reactions. Cross-reactivity with two common sheep
serovars (Salmonella Typhimurium and Salmonella Brandenburg) was of major concern for
the development of a Salmonella Brandenburg ELISA. This was overcome by preparing an
antigen mainly composed of flagella and fimbria proteins (LPS free). The antigen
preparation was of a relatively crude and non-characterised nature and could only produce a
reasonable optical density response at a high concentration. Unfortunately, while the
ELISA was responsive, the specificity of the ELISA for Salmonella Brandenburg
antibodies remained poor. Further investigation of the specificity of the antigen preparation,
through the use of different sera, or through the development of a more pure and specific
antigen, is needed for the successful development of a sensitive and specific serological test

for determining Salmonella Brandenburg exposure in New Zealand sheep.



A case control study was performed as part of a large-scale ongoing investigation aimed at
identifying factors associated with Salmonella Brandenburg disease in New Zealand sheep.
Details of disease prevalence and farm management methods were collected from two
affected regions in southern New Zealand. Associations between possible risk factors and
Salmonella Brandenburg were evaluated using odds ratios, with analyses being performed
at two different levels:

e farm level analysis to compare affected vs. unaffected farms using a case-control

approach.
e within farm analysis restricted only to affected farms to evaluate risk factors associated
with severity of reported disease on affected farms.

Data were collected from 405 farms containing a total of 1, 170,737 ewes. Of the 175 case
farms, 97% had diseased mixed age (MA) ewes, 45% had diseased two-tooth (TT) ewes,
and 5% had diseased hogget (H) ewes.

Salmonella Brandenburg appeared to occur in better performing flocks, which are often
associated with intensive farming methods. At the farm level, factors such as increased total
number of ewes, feeding of hay, and controlled winter grazing appeared to increase the risk
of disease. Farming methods such as controlled winter grazing may result in higher stress
levels and increase the shedding of Salmonella Brandenburg organisms. This may create a
higher risk of exposure in sheep yards and on pasture, resulting in a higher risk of disease.
Feeding crop and having hilly terrain decreased the risk of a farm having disease. A
protective effect of hilly terrain could be due to less intensive farm management, with a
subsequent reduction in stress associated disease risk. Within affected farms, disease
appeared to be more severe with the removal of rams after July, feeding of hay, and the
practices of strop grazing. Shearing after July, increasing the total number of pre-lamb
yardings, and vaccinating for Salmonella appeared to be protective. Therefore reducing
stress and vaccinating ewes appear to reduce the risk of a Salmonella Brandenburg

outbreak.
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CHAPTER ONE

Review of the Literature

Salmonella

Salmonella are facultatively anaerobic gram-negative rods of the Enterobacteriaceae
family. They can be non-motile or motile with peritrichous flagella, and generally have
simple nutritional requirements. Salmonella can grow in temperatures ranging from 5 °C to
47°C, and are able to tolerate pH levels ranging from 4 to 9. They are durable and versatile
organisms that have the ability to survive in harsh environments. Since 1918, the
Kauffmann and White scheme has classified 2249 Salmonella serovars. The combined
profile of somatic (O) antigens and flagella (H) antigens make up the antigenic profile of
the Salmonella serovar, forming the basis of the Kauffman and White classification

scheme.

Salmonella organisms are pathogenic to both humans and warm-blooded animals, where
they can cause diseases such as typhoid and gastroenteritis. Salmonellosis is a common
infectious disease, where the main sources of infection are Salmonella excretion from
domesticated animals or contaminated food of animal origin. Disease primarily occurs in
the intestinal tract where the organisms establish infection by attaching themselves to the
wall of the intestinal epithelium. Organisms then invade intestinal cells of the ileum and
colon (intracellular parasitism) and multiply. When the cell is destroyed, the organism

spreads and causes inflammation often resulting in enteritis.

Extra-intestinal manifestations can also occur. If Salmonellae break through the intestinal
barrier, organisms may then spread through the body via the lymph and blood vessels. If
the immune response does not overcome this infection, septicaemia may result. Organ
specific problems such as pneumonia, meningitis, septic arthritis and abortions may also

follow bacteraemia (Wray and Wray, 2000).

Salmonellain sheep

World-wide, the prevalence of ovine salmonellosis is relatively low. However, when



outbreaks occur they often have a severe effect on individual farms where extensive stock
and financial losses occur. Salmonella serovars, such as Salmonella Abortus-ovis,
Salmonella Montevideo, Salmonella Dublin and Salmonella Typhimurium have all been

recognised as common causative agents of ovine salmonellosis (Wray and Wray, 2000).

Salmonella Abortus-ovis

Salmonella Abortus-ovis was first recognised in Germany in 1921, and in the late 1950s to
early 1960s was endemic in the Southwest of England. It is host specific to sheep and
causes abortion in the last 4-6 weeks of pregnancy, which is sometimes followed by ewe
death. Clinically affected ewes do not generally discharge organisms more than a few days
after abortion. In addition, ewes that have recovered from clinical infection often return to

normal fertility the following season.

Salmonella Montevideo

Salmonella Montevideo emerged as a sporadic cause of abortion and death amongst ewes
in Southeast Scotland between 1970 and 1981. A total of 67 outbreaks were reported in this
period with another outbreak occurring in 1982, involving 37 farms. In this region of
Scotland, 20-30 farms are still affected annually. Salmonella Montevideo showed
similarities to Salmonella Abortus-ovis with abortion being the predominant clinical
symptom. Most affected ewes did not scour and only showed transient mild illness.

Approximately 10% of aborting ewes died due to systemic illness.

Salmonella Typhimurium

Salmonella Typhimurium is the most common Salmonella serovar in sheep. The
predominant phage type can differ between countries. For example, in Australia the
predominat phage type is DT135/9, while in the UK it is DT104. Infection with Salmonella
Typhimurium often results in both enteric and systemic symptoms. Affected animals
usually develop a high temperature and scour profusely and usually die from septicaemia or

dehydration. However, sudden death without prior signs of illness may also occur.

Salmonella Dublin

In the late 1960's and early 1970's Salmonella Dublin was seen as the predominant serotype

of the UK. Salmonella Dublin infection produces similar clinical signs to Salmonella



Typhimurium.

Treatment and prevention of Salmonella associated disease

To reduce the spread of infection affected animals are usually isolated and the rest of the
flock spread out. This controls the disease to a certain point, although by the time
Salmonellosis is detected it has often already spread widely through the flock.
Unfortunately, no treatment is consistently effective. Treatment of animals with clinical
symptoms associated with Salmonella infection usually comprises of antibiotic and fluid
therapy and other various treatments aimed at alleviating the symptoms associated with

gastro-enteritis and septicaemia.

Vaccination

Josland (1954), was the first to investigate the use of a vaccine to control Salmonellosis in
sheep. He discovered an injection of formalised alum-precipitated Salmonella
Typhimurium vaccine resulted in low and inconsistent antibody response. Even though a
greater number of vaccinated animals survived following challenge, compared to

unvaccinated animals, he concluded that prophylactic vaccination was of little use.

Cooper (1967), decided to investigate the efficacy of a monovalent vaccine for protecting
sheep against Salmonella Typhimurium. The vaccine gave significant protection against
death at the 5% level in both an experimental challenge trial and a field trial. While this
vaccine provided significant protection against Salmonella Typhimurium, Salmonella

Bovis-morbificans still proved to be a significant problem.

Wallace and Murch (1967) and Beckett (1967) performed a number of vaccination trials on
numerous farms with a non-viable bivalent Salmonella Typhimurium and Salmonella
Bovis-morbificans vaccine. Both investigated the same bivalent vaccine, but Wallace and
Murch took a different approach to Beckett and vaccinated sheep prior to challenge, while
Beckett vaccinated sheep during challenge. Both groups found more deaths occurred in the
control group compared to the vaccinated group. Beckett also found the vaccine offered
protection for a period of 14 days after administration. Both concluded that the non-viable
vaccine was a useful method for stimulating resistance in sheep flocks that have been

previously challenged with Salmonella.



In 1968, Rudge et al. and Davies (1969) investigated the same bivalent vaccine in
experimentally infected sheep. They found that vaccination produced a significant level of
immunity, and vaccinated sheep showed a lower incidence of infection following

challenge.

In 1974, Cooper and MacFarlane investigated sheep that had received either one or two
doses of a New Zealand manufactured bivalent vaccine. Interestingly, they found that there
were no deaths amongst vaccinated sheep; and that sheep infected with Salmonella
Typhimurium had significantly fewer organisms in their blood if they had been vaccinated
twice (once with a sensitiser, once with a booster). Therefore, the use of a bivalent vaccine

was considered to provide some level of protection to the animal.

In the 1980s, Schering Plough released a Salmonella vaccine called Salvexin®. This is an
inactivated whole cell vaccine containing four Salmonella strains - Salmonella
Typhimurium (2), Salmonella Bovismorbificans and Salmonella Hindmarsh. At the time of

writing, Salvexin® was the only available Salmonella vaccine in New Zealand.

Salmonella history and isolation in New Zealand sheep

Since 1949, when Salmonella was first diagnosed in New Zealand (Salisbury, 1958), a
number of Salmonella serotypes have been identified as causative organisms of ovine
ilness (Table 1.).

Table 1. Salmonella serotypes isolated from sheep in New Zealand (Clark et al., 1999).

S. Adelaide S. Infantis

S. Anatum S. Mbandaka

S. Bovismorbificans S. Oranienberg

S. Brandenburg S. Saintpaul

S. Dublin S. Tennessee

S. Enteritidis S. Typhimurium

S. Heidelberg Group B 4,12:-:1,2
S. Hindmarsh Species rough:r:1,5




The most common Salmonella serotypes of sheep recognised in New Zealand are
Salmonella Hindmarsh and Salmonella Typhimurium. Clinical symptoms usually consist of
acute diarrhoea and severe illness (Clark et al., 1999). Outbreaks usually occur at the
beginning of the year and are often associated with factors such as high stocking rates,
facial eczema control, transport and change in nutrition. Carrier animals and intermittent
faecal excretion from animals are thought to be important in the transmission of

Salmonella.

Overseas, abortion storms have often been associated with Salmonella. Fortunately, New
Zealand has not experienced severe abortion storms, although sporadic outbreaks of
abortions have occurred. The majority of ovine abortions in New Zealand are a result of
infection of host animals by organisms such as Campylobacter or Toxoplasma gondii.
Because of the development and widespread usage of vaccines against Campylobacter and
Toxoplasma, sheep abortions have not been a major problem in the New Zealand sheep

industry, until recently, with the appearance of Salmonella Brandenburg.

Salmonella Brandenburg disease outbreaks in New Zealand sheep.

In 1996 a Canterbury (New Zealand) sheep farm experienced an outbreak of abortions, and
a number of deaths amongst pregnant ewes (Bailey, 1997). The causative organism was
identified as Salmonella Brandenburg, an uncommon Salmonella isolate amongst New
Zealand sheep. As seen below, further outbreaks of Salmonella Brandenburg were seen in
1997 - 2001 throughout the southern regions of the South Island (Table 2.).

Table 2. Number of ovine Salmonella Brandenburg confirmed lab submissions (Clark, 2000).

Years Canterbury Otago Southland

1996 1 )]0 © o (0)
1997 17 )]0 ORF 1)
1998 31 (3) | 55 ) | 67 (0)
1999 45 (5) | 71 @) | 162 (10)
2000 36 (14) | 62 (16) | 233 (40)
2001 8 (12) | 21 (19) | 187 (42)

() Cattle



Animal Health Laboratory records clearly show that in 1997 17 farms in mid Canterbury
and one in Southland experienced an epidemic of abortions and deaths in ewes due to
Salmonella Brandenburg (Bailey, 1997). In 1998, over 100 farms were affected and for the
first time, cases were reported in Otago. From 1999 to 2001, a total of 297 (1999), 401
(2000) and 216 (2001) infected farms were reported throughout Canterbury, Otago and
Southland. Salmonella Brandenburg is now recognised as a common ovine isolate in the
South Island. Figure 1 shows the total number of farms infected by Salmonella
Brandenburg per year. It shows an increasing trend, signalling an emerging epidemic of
Salmonella Brandenburg in the South Island over this period.

Figure 1. Annual increase of Salmonella Brandenburg affected farms in Canterbury,
Otago and Southland.
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Salmonella Brandenburg causes major financial losses. An average lambing loss of 17% on
affected farms has been observed throughout the Southern region, where most farmers have
experienced a loss of lambs ranging from 23-500, and a loss of ewes ranging from 15-350
(Boxall et al., 1999). There is a definite need to develop strategies to control this disease, as
an estimation of the potential financial costs to farmers averages $10,400 per farm per
annum (Roe, 1999). Currently farmers are under intense economic pressure; therefore it is
essential to retain high performing stock. A disease such as Salmonella Brandenburg cannot

be left uncontrolled if farms are to remain financially viable.

Salmonella Brandenburg has also been recognised as a zoonosis. It can cause severe

diarrhoea and stomach cramps in people, with recovery taking up to 6 weeks (Clark et al.,



1999). In New Zealand, Salmonella Brandenburg has been an infrequent human pathogen,
accounting for 1% of human Salmonellosis cases (Wright et al., 1998). Averages of
approximately 33 human cases per annum were diagnosed with Salmonella Brandenburg
from 1994 - 1997 (Figure 2). In 1998 and 1999, 168-178 human cases were diagnosed
(Smart, 1999). All cases appear to have work related exposure to the organism, for

example, farmers and abattoir staff.

Figure 2. The total number of human Salmonella Brandenburg cases reported from
1985 - 1999 (Smart, 1999).
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The Current Situation

Currently, the disease in sheep has not spread north of Oxford, Canterbury (Figure 3.), and
the number of infected farms in Canterbury has appeared relatively constant for the past
three years. In Otago, after the initial outbreak, the number of infected farms seems to have
levelled off, with the only subsequent spread being from the Milton-Balclutha area to West
Otago. However, in Southland the number of infected farms is still increasing annually,
with the number nearly doubling from 1998 to 1999, and increasing another 27% in 2000.
In 1998 the disease was reported in the Winton-Otautau area, and by 2000 it had spread to
the Northern Southland, Gore, Edendale and Tokonui areas (Clark, 2000).



Figure 3. Location of farms affected with Salmonella Brandenburg from 1996-2001

throughout New Zealand.

Although Salmonella Brandenburg infection has been epidemic in sheep since 1997, in

New Zealand Salmonella Brandenburg infection has occurred sporadically in cattle, pigs,

dogs, sheep, and birds for years (Table 3).

Table 3. Salmonella Brandenburg infection in other species (Bailey, 1997).

Bird | Cat/dog | Cattle | Deer | Goats | Horses | Pigs Sheep
1990 0 0 0 0 0 0 2 0
1991/92 0 0 0 0 0 0 0 0
1993 0 1 0 0 0 0 2 0
1994 0 0 1 0 0 0 0 0
1995 0 0 0 0 2 0 1 1
1996 1 1 0 0 0 0 0 0
1997 0 1 0 1 0 0 3 27
1999 1 4 18 1 1 2 1 264
2000 0 4 106 0 1 4 2 545
2001 1 8 137 5 1 1 1 344




Since 1999, there has been increasing concern about the number of cattle being affected by
Salmonella Brandenburg. In 1999, there were 18 farms that reported infected cattle. In
2000, this number increased to 70, indicating that Salmonella Brandenburg infection in
cattle is escalating, which is probably related to the increased contamination of the southern
environment (Clark, 2000; Keller, M. per comm.).

Salmonella Brandenburg infection is believed to occur mainly in the autumn/spring period,
and primarily in pregnant ewes. Abortion usually occurs after 3 months of gestation and is
more likely to occur in multiple bearing ewes. In an affected flock, the disease has been
shown to take a course of about 16-20 days, with the number of cases peaking around 8-10
days after identification of the first case (Smart, 1999). In a new area, the abortion rate and
death rate of clinically infected ewes can be reasonably high, with 5-20% of the ewes
aborting and 10-100% of the aborting ewes dying. However in subsequent years of

infection, both abortion and ewe death numbers appear to drop (Clark, 2000).

It is not known how or when this bacterium infects sheep. However, it is believed that
infection may occur primarily through excretion and ingestion of Salmonella organisms. It
has been shown by (Clark et al., 2000) that ewes can excrete Salmonella for up to 6 months
and that Salmonella can survive in the environment for up to 3 months (Tannock and
Smith, 1971). Furthermore Salmonella is able to survive in dust (Robinson, 1967).
Therefore, infection may occur through licking and smelling of aborted foetuses, through
the ingestion of faecal contaminated pasture and water, or through such things as sheep

yards where ingestion of dust occurs.

This information implicates many different factors when considering how Salmonella
Brandenburg may be transmitted. Salmonella transmission has been shown to occur
through foodstuff (Al-Hindawi and Taha, 1979), pasture and water (Hunter and lIzsak,
1990; Robinson, 1970), dust (Robinson, 1967) and scavengers.

In Scotland, scavengers such as seagulls have been implicated in the spread of Salmonella
serotypes. For example in the 1970s, gulls were implicated in the spread of Salmonella

Montevideo in cases of sheep abortions (Coulson et al., 1983; Reilly et al., 1985). The



outbreak of Salmonella Montevideo in Scotland has paralleled the Salmonella Brandenburg
situation in New Zealand in many ways. Common links such as infection of cattle, dogs

and humans have been seen in both situations.

In 1998/99 researchers from Ministry of Agriculture and Forestry (MAF) and Massey
University showed that black backed gulls sourced from Salmonella Brandenburg infected,
and non-infected farms, carried Salmonella Brandenburg organisms in their intestinal
contents (Clark et al., 1999). Therefore, it has been suggested that, as in Scotland, these
gulls have the potential to act as reservoirs of infection, and are capable of spreading the

disease.

Farming practices also have to be taken into consideration when considering how
Salmonella may be transmitted. Interestingly, Salmonella Brandenburg appears to be
occurring in better performing flocks, where there is a higher stock rate, rotational grazing
and a high percentage of multiple births. Currently, better performing flocks are often
associated with intensive farming methods, such as higher stock numbers, controlled winter
grazing and pre-lamb yarding, which may result in higher stress levels for pregnant ewes.
Environmental stress factors such as poor weather conditions and poor feeding conditions
also place a lot of stress on stock. In Scotland, the number of Salmonella Montevideo cases
reached epidemic proportions in the winter of 1982, when ewes were subjected to
prolonged cold stress (Coulson et al., 1983). Activation of latent infection from poor
feeding or starvation has also been suggested as a possible cause of salmonellosis (Cooper,
1967). In another study, higher feed intakes in Salmonella Dublin infected sheep appeared
to reduce the disease (Baker et al, 1971). It has been shown by Barham, et al. (2002), that
animals under stress tend to excrete more frequently. This potentially creates higher risks of
infection in yards or on pasture. Intensive farming is therefore likely to result in a higher

risk of outbreaks of contagious diseases.

Salmonella Brandenburg - preventative measures

Factors such as nutrition, health, immune responses, stress and environment all play a role
in the occurrence and severity of a disease. A number of preventative and control measures

have been suggested in an attempt to reduce both the risk of occurrence and severity of
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disease (Clark et al., 1999):

e Rapid disposal of aborted foetuses,

e Rapid removal of aborted ewes into quarantine mobs,
e Reduce stress and overcrowding,

e Cull aborted ewes,

e Control of scavengers,

e Practise good hygiene measures,

e Clean and disinfect vehicles,

e Care in buying sheep and

e Vaccination of susceptible sheep.

Salmonella Brandenburg Vaccine development in New Zealand

Because Salmonella Brandenburg was an uncommon isolate in New Zealand, there was no
available vaccine when the Salmonella Brandenburg epidemic broke out. Researchers
undertook a strain type investigation, using DNA based methods, to investigate Salmonella
Brandenburg isolates. Cultured samples were sent from Animal Health Laboratories, and
isolates showed the same RFLP (Restriction Fragment Length Polymorphism). This
showed that the sheep were all infected with the same strain of Salmonella bacteria (Boxall
et al, 1999), an important discovery in determining the likely role of a vaccine.

Trials were performed in 1998 to investigate the possible role of vaccination in controlling
and preventing Salmonella Brandenburg. Due to the common somatic antigens shared
between Salmonella Brandenburg and Salmonella Typhimurium, a mouse challenge trial
was conducted to investigate whether Salvexin® might provide some cross protection
against Salmonella Brandenburg (Marchant, 1999). Although some degree of cross-reaction
was demonstrated, the researchers could not be confident that Salvexin® would protect
against clinical Salmonella Brandenburg disease in sheep. A sheep challenge trial was also
carried out. In this trial, groups of pregnant sheep were given no vaccine (control group),
Salvexin ®, or Salvexin® with added Salmonella Brandenburg antigens. The three groups
of sheep were then challenged with Salmonella Brandenburg organisms (Marchant, 1999).
It was found that the addition of Salmonella Brandenburg antigens to Salvexin was
beneficial for the protection of the sheep against infection with Salmonella Brandenburg.
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At the beginning of 2000, Salvexin B+® a new Salmonella vaccine containing antigens
against five Salmonella strains (Salmonella Typhimurium (2), Salmonella Hindmarsh,
Salmonella Bovis-morbificans and Salmonella Brandenburg.) was released. The
recommendation from the manufacturer was that all breeding sheep should be vaccinated.
The recommended vaccination program consisted of two doses of Salvexin B+ (a sensitiser
and a booster) given four to eight weeks apart, with one vaccination given at least two
weeks before the challenge period. Further vaccination surveys are needed in the field to

evaluate the efficiency of this new vaccine.

The specific epidemiology of Salmonella Brandenburg

Little is known about the specific epidemiology of Salmonella Brandenburg disease. There
is a definite need for research in this area to understand disease infection and transmission

routes so effective control and prevention practices can be developed.

The immunology of Salmonella infection

The immune response

The immune system reacts to Salmonella infection in two different ways. It produces either
innate or specific immune responses. When a microorganism invades, it is the innate
response that usually occurs as the primary line of defence. The innate response consists of
various physical barriers, such as skin, and simple biochemical reactions that destroy
bacteria. This immune response is non-specific and at times insufficient. If the innate
response is insufficient the host will respond to the invasion via specific immunity. Specific
immunity is split into two different categories; humoral immunity and cellular immunity. In
humoral immunity, B-lymphocyte cells produce antibodies, which bind to the surface of a
foreign protein (antigen), and enhance the engulfment of foreign proteins through
phagocytic cells. Cellular immunity is mediated by various T-lymphocytes, which either
directly Kkill host cells or causes the activation of phagocytic defence. Both humoral and
cellular immunity play an important role in protection against Salmonella infection
(Mastroeni et al, 1993).

Antibody production

If Salmonella organisms are ingested and pass successfully through the stomach they enter
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the intestine. From here Salmonellae may invade the bowel wall through specialised
epithelial cells, which overlay intestinal lymphoid tissue. It is here that they encounter the
first line of specific immune defence. As soon as the host is infected, the immune system
produces a rapid humoral response. Antibody production in every host differs depending on
the individual antigens of the microorganism. Antigens can produce an immuno-dominant
response early on, or a delayed immune response depending on how invasive the
microorganism is. After two weeks of infection with Salmonella, an antibody response has
been detected in chickens, (Chart et al., 1990; Gast and Beard, 1990; Hassan et al., 1991a;
Humphrey et al., 1991b; Kim et al., 1991) pigs, (Gray et al., 1996) cattle, and sheep
(Brennan et al., 1994). ImmunoglobulinM (IgM) is often the first antibody class detected,
followed by immunoglobulinG (1gG) and immunoglobulinA (IgA). 1gG concentrations rise,
peak, and persist for about 2-3 months after infection, while IgA and IgM concentrations
decrease (Chart et al., 1992; Hassan et al., 1991a).

Factors affecting the immune response

The humoral response can be affected by the following factors: dose of challenge
organisms (Gray et al., 1996; Humphrey et al., 1991a), virulence of organism (Gray et al.,
1995), route of administration (Chart et al., 1992; Gray et al., 1995), genetic background of
the host (Barrow, 1992) and the age of the host (Humphrey et al., 1991b; Gast and Beard,
1988; Thorns et al., 1996)

Diagnostic techniques for Salmonella infection

Bacteriological methods

The diagnosis of Salmonella serovar infections is primarily achieved through
bacteriological culturing methods, and depends on the isolation of a specific organism. In
the case of abortions, direct samples from the foetal, stomach or placenta tissues are
needed, while in the case of enteric septicaemia, the organisms are isolated through cultures
from internal organs, faeces and intestinal lymph nodes. Once the sample has been
collected, there are a large variety of media and methods available for both isolation and
identification of Salmonella. Bacteriological culturing generally includes the following 5

steps;
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Direct culture
Non-selective pre enrichment - allows resuscitation and multiplication of bacteria.
Selective enrichment - survival and growth of only Salmonella organisms

Isolation - using selective agar media, restricts growth of bacteria other than Salmonella

a b w N oE

Biochemical and serological confirmation - isolates are subjected to a variety of

biochemical and serological tests to confirm and identify the Salmonella serovar.

Serological methods

Various alternative serological methods have been utilised for the diagnosis of Salmonella
infections. There are many different kinds of serological tests that have been developed
over the years, all of which exhibit widely variable results in terms of test performance. The
most common serological technique that has been utilised in the past for diagnosis of

Salmonella is agglutination-based serology.

The slide agglutination test is a crude test that utilises serum or whole blood. It is easy to
conduct but requires a high level of skill to interpret. In the past it has been successfully
used in the poultry industry in the regional eradication of Salmonella Pullorum and
Salmonella Gallinarum. Unfortunately, the test does have a number of disadvantages such
as cross-reactions, antigen quality and requirements. It has also been suggested that slide
agglutination may potentially be able to identify IgM, which is relatively low in chronically
infected animals but relatively high in newly infected animals. Thus, the slide agglutination
test may be more sensitive in the earlier stage of infections. Unfortunately, this
conventional serological agglutination test has produced poor results in detecting
Salmonella infection. Using the Micro-agglutination Test (MT), the sensitivity of the
agglutination test can be increased. However, this test also usually detects IgM
concentrations, which rise and fall rapidly in response to infection. Therefore, while this
test may increase the sensitivity, detection is still more difficult. Overall agglutination-
based assays suffer from limited sensitivity and a tendency to produce both false-negative

and false positive results (Kim et al, 1991).

Another serological test that has been developed is the Micro-antiglobulin Test (MAT). The
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MAT has been used in the poultry industry and has been found to be more reliable than
other agglutination assays (Williams and Whittemore, 1976). This test has been able to
detect antibody early and persistently throughout infection. The MAT is reported to be
more efficient than the MT or Rapid Slide Test (RST), and results often correlate well with
the Enzyme Linked Immunosorbent Assay (ELISA) results. Unfortunately, the practical
difficulties in performing this test on a large scale outweigh any advantages that it may
offer over the ELISA (Nicholas and Cullen, 1991).

A number of ELISAs have been independently developed throughout the world, and are
now recognised as a useful serological technique for detection of Salmonella infections in
populations. It is a quick, sensitive and reproducible assay that is able to cope with large
numbers of samples. Compared to other serological tests, the ELISA has been shown to be
more sensitive and specific than agglutination tests, such as the RST Test and MT (Kim et
al., 1991). Good correlation has been seen between the MAT and the ELISA (Cooper et al.,
1989; Nicholas and Cullen, 1991). While ELISA's have been shown to be more sensitive,
they are not necessarily more specific than the MAT (Cooper et al., 1989).

Serological methods vs. bacteriological methods

Bacteriological sampling does not always provide an accurate indication of infection,
though modification of conventional direct culture by the addition of enrichment and
selective media, may improve the likelihood of recovering organisms. Such improvements
to conventional culture are costly in terms of labour, equipment and time. Alternative, more
rapid diagnostic techniques, offer considerable promise in the diagnosis of Salmonella,

particularly when large numbers of samples are being screened (Figure 4).
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Figure 4. Alternative methods for diagnosis of Salmonella infection (Wray CA and
WA, 2000).
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Key: BPW, Buffered Peptone Water; RV, Rappaport-Vassiliadis; SC, Selinite Cystine;
BGA, brilliant green agar; XLD, xylose-lysine-deoxycholate; BS, bismuth sulphate;
HGMF, hydrophobic grid membrane filter; PCR, polymerase chain reaction; ELISA
enzyme-linked immunosorbent assay; ELFA, enzyme-linked fluroscent assay; MUCAP, 4-
methylumbelliferyl caprylate.
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Serological methods have a number of advantages over bacteriological culturing. However,

problems also exist in this area (Wray and Davis, 1994). For example:

e Intestinal colonisation of Salmonella may not stimulate an antibody response that can
be detected by conventional serological tests,

e Serological agglutination tests rely on agglutination of bacteria and therefore are biased
towards IgM responses (Kim et al, 1991),

e Serological methods should only be used to identify infected populations, rather than
infected individuals, because of low sensitivity at the individual level,

e Animals with a positive serological response may not still be infected with Salmonella
organisms,

e The need to be able to differentiate between a vaccine response and a natural infection
response,

e The effect of antibiotic therapy on serological response is still unclear and

e More than 2000 different Salmonella serovars exist, and therefore serological cross-

reactions between different serovars may occur.

ELISA : Rapid specific serological test?

Because bacteriological testing has been shown to be unreliable, and due to the relative
insensitivity of conventional serological tests, there remains a need for a rapid, specific
serological test. The ELISA has overcome many of the problems associated with
bacteriological tests and conventional serological tests. Due to the high titre of IgG that
persists for months after initial infection, ELISA may be able to detect the infection of an
intermittent excretor of Salmonella and serum samples can also be easily collected. As
already mentioned, the ELISA has been shown to be more sensitive and specific than
agglutination tests, such as the RST Test and MT (Kim et al., 1991), where good
correlation has been shown between MAT and the ELISA (Cooper et al., 1989; Nicholas
and Cullen, 1991). However, while the ELISA has been shown to be more sensitive, it is
not necessarily more specific than the MAT (Cooper et al., 1989), and problems still exist.
While the ELISA may be an appropriate method for diagnosing previous exposure to
infection and for detecting Salmonella antigens, it cannot differentiate between active
infection and previous infection. The presence of detectable antibodies does not imply
active infection, only that the animal has been infected at some stage in the past. Another
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problem that occurs in ELISAs are discrepancies in the interpretation of results. Caution
needs to be taken when determining the cut-off optical density as it has a great effect on the
number of positive or negative results. A number of different ELISA techniques are being
used throughout the world, which could potentially cause problems when comparing results
from different studies (Barrow et al, 1996).

Although the ELISA is more specific than other serological tests, there are still problems
with cross-reactivity. The specificity of the assay has been one of the largest problems
encountered in the development of a suitable ELISA test. More than 2000 different
Salmonella serovars exist, hence it is not surprising that serological cross-reactions between
serovars possessing the same somatic antigens, have been encountered. The antigens used

in an ELISA are a crucial element in attempting to optimise the specificity of the assay.

Antigensused in ELISA

Development of an effective ELISA depends on the isolation of specific antigenic

components from the organism of interest. In the past, a variety of antigenic components

have been used in an ELISA to detect specific antibodies to various Salmonella serovars.

These include:

e Lipopolysaccharides (LPS) (Hassan et al., 1991a; Nicholas and Cullen, 1991),

e Whole flagella (Timoney et al., 1990b),

e Recombinant flagella protein containing serotype specific flagellin fragment (Baay and
Huis in't Veld, 1993),

e SEF14 fimbrial fragment (Hoorfar et al., 1996; Thorns et al., 1990),

e Outer membrane proteins (Hassan et al., 1991b; Kim et al., 1991),

e Disrupted whole bacterial cell proteins (Hassan et al, 1991a) and

e Flagella proteins (Barrow et al, 1991; Gast and Holt, 1998)

Overall, LPS have been the most commonly used antigens for ELISA's. This is the reason
for the high number of cross-reactions between different Salmonella groups. This has
particularly been seen between Salmonella groups B and D on a number of occasions
(Barrow, 1992; Hassan et al., 1991a; Nicholas and Cullen, 1991), where Chart et al. (1990)
have found that both groups B and D share a common predominant O antigen epitope 12.
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A variety of techniques have previously been explored in an attempt to overcome the

problem of cross-reactions. For example:

a)

b)

d)

f)

Periodate treatment of group D LPS is believed to destroy the two cross-reacting
epitopes O antigen 1 and O antigen 12 of group D, while leaving the specific epitopes
untouched (House, 1993),

The use of different antigens from other specific groups. In 1993, (Baay and Huis in't
Veld) used Salmonella group D2 antigens, which contain the specific O antigens 9 and
46 but not the cross-reacting O antigen 12, to try to capture Salmonella enteritidis
(group D1) antibodies. This affinity method did not work because O antigen 9 was not
recognised by Salmonella Enteritidis antibodies,

The use of a blocking ELISA. If a monoclonal antibody is used and the reaction is
blocked with the reactive antigen, the specificity of the reactions can be measured.
Hoorfar et al. (1996) used a monoclonal antibody specific for O9 LPS to confirm
infection by Salmonella Dublin, a group D (O9) serovar. Confirmation was also backed
up by bacteriological evidence,

Chemical modification of the antigen (Konrad, 1994),

Zamora et al (1999) increased the specificity of his ELISA by removing the common
LPS factor O: 12 from the antigen preparation. The end result was an antigen mixture
consisting of essentially fimbriae and flagella and outer membrane proteins (Zamora et
al, 1999).

The use of more sensitive solid phase immunoassays, for example radioimmunoassays
and chemiluminiscence. Compared to an ELISA, the chemiluminscent immunoassay
has a wider measurement spectrum, takes less time and has improved test performance.
Compared to the operating costs of a CLIA (Chemiluminisent Immuno-assay), the
ELISA is less expensive.

While LPS is believed by many to play a dominating role in the immune response, others

believe that the immune response is mainly directed against other membrane proteins.

There are numerous reports of improved specificity and sensitivity for the detection of

specific serotypes, when using outer membrane and flagella proteins as antigens in ELISA
tests (Kim et al., 1991; Nicholas, 1992; Nicholas and Cullen, 1991; Timoney et al., 1990a).
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Specific immune responses have been demonstrated using flagellar antigens for both

Salmonella Enteritidis and Salmonella Typhimurium (Baay and Huis in't Veld, 1993).

It would appear that use of antigens derived from outer membrane proteins, flagella and
fimbriae fractions may make it possible to avoid cross-reactions between different serovars.
A better understanding and identification of the surface structures of Salmonella serotypes,
would help the future development of diagnostic tests through the identification of new,
more effective antigens for use in vaccines. Flagella antigens are more numerous within
Salmonella groups and therefore potentially have a gr