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THESIS ABSTRACT 

Coxiella burnetii causes Q fever, a zoonotic disease commonly associated with 

exposure to infected animals, particularly ruminants. In this study, the dynamics of C. 

burnetii infections were elucidated by detecting serological responses to C. burnetii and DNA 

of the organism in samples from adult and kid goats on a large dairy enterprise in Australia 

on which 24 cases of Q fever had occurred since 2013. An indirect immunofluorescence 

assay (IFA), initially developed for human serology, was adapted and standardised to detect 

IgG and IgM antibodies to phase 1 and to phase 2 antigens of C. burnetii. A cross-sectional 

study was then undertaken in 164 pregnant goats of different parities (86 primiparous and 78 

multiparous) to determine the changes in seroprevalence over the kidding period. Following 

kidding, the seroprevalence in adult goats increased by 17.7%; the increase was higher 

(26.7%) in primiparous than in multiparous goats (7.7%) as 47.4% of the multiparous goats 

were seropositive pre-partum compared to 4.7% of the primiparous goats. However, the risk 

of seroconversion in multiparous and primiparous goats that were seronegative pre-partum 

was comparable; 24.4% and 26.8%, respectively, suggesting a constant risk of infection with 

C. burnetii to all susceptible goats across the kidding period, irrespective of parity status. A 

longitudinal study in 95 kids from two successive kidding seasons was performed to elucidate 

the infection dynamics of C. burnetii.  Maternally-derived antibody was detected after 

feeding pooled goat colostrum but this subsided within 9 weeks and new infections (shown 

by a rise in phase 2 IgM) occurred soon after. As kid goats were infected very early in life 

and well before they were mated, it was concluded that there is a need to vaccinate young 

goats, before they are 9 weeks of age, in addition to the conventional strategy of vaccinating 

adult goats shortly before breeding. Since a vaccine registered for use in goats is not currently 
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available in Australia, an inactivated autogenous vaccine, prepared from an isolate from the 

goat farm, was trialled in 8-week-old goats. Two injections, four weeks apart elicited specific 

IgM and IgG responses in all vaccinated goats (n = 11), while no antibodies were detected in 

two control groups (n = 22). Swelling at the site of inoculation was observed in all of the 

vaccinated and in 91% of the control group but receded after 3 weeks. The data indicated that 

this autogenous vaccine could be suitable for immunising young goats (< 3 months of age) to 

break the cycle of infection with C. burnetii on this property although further trials to 

determine level of protection against field challenge are required.  
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CHAPTER ONE: LITERATURE REVIEW 

1.1 General introduction 

1.1.1 Q fever 

Q fever is a zoonotic disease that was first described in nine abattoir workers by 

Derrick Holbrook Edward in Brisbane, Australia, in 1935 [1, 2]. The causative agent of Q 

fever is Coxiella burnetii, an obligate intra-cellular Gram-negative bacterium [1, 2] which 

was first described as a Rickettsial-like organism by Macfarlane Frank Burnet in 1937, 

following isolation from experimental animals infected using tissues from diseased 

individuals [1-3].  A year later, C. burnetii was also isolated from Dermacentor andersoni 

ticks in Nile Mile, Montana by Herald Rea Cox who described the agent as a filterable 

organism that was unable to grow in axenic culture, thus ruling out the possibility of the new 

organism being a tick-born bacteria [4]. An accidentally infected laboratory worker in 

Montana had signs similar to those described by Derrick in the nine abattoir workers in 

Queensland [1, 5] suggesting the isolated organism in Australia and Montana was the same. 

Q fever manifests as either acute or chronic disease in humans. Although chronic 

disease is known to progress from untreated acute Q fever, cases of chronic Q fever in 

individuals with no history of acute disease are increasingly being reported [6-8].  Acute Q 

fever is often characterised by pneumonia and flu-like illness lasting a few weeks followed by 

a mild fatigue syndrome that may persist for several months [9]. Recent outbreaks have 
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reported symptomatic disease in 71% of infected individuals unlike in previous studies where 

only 40% of infected individuals were reported to be symptomatic [10]. 

Chronic Q fever is characterised by debilitating arthritis, myopathy and/or cardiac 

malfunction [6, 7, 11-15]; mortalities of up to 13% among chronic Q fever patients have been 

reported [8, 16-19]. The diagnosis of chronic Q fever among individuals that have never been 

diagnosed with acute disease draws attention to the need for increased detection and 

treatment of sub-clinical Q fever infections [6-8]. There have also been increasing reports of 

chronic Q fever in children [8, 16-19] further highlighting the potentially severe impacts of 

the disease. 

1.1.2 C. burnetii infection in animals 

C. burnetii infections are documented to occur in mammals including domestic 

ruminants, cats [20, 21], dogs[22], horses [23, 24] and marsupials[25] as well as in birds [26, 

27], reptiles [28] and ticks. However, most Q fever outbreaks have been associated with 

livestock farming. This may be due to infected livestock farms holding a higher density of 

infected animals resulting in a much greater environmental contamination with C. burnetii 

thereby increasing the risk of human infection [9, 29, 30]. Environmental contamination is 

presumably even higher if infection occurs within intensive livestock farming systems, as 

these may involve synchronisation of oestrus and parturition, resulting in bacterial shedding 

from numerous infected animals giving birth within narrow timeframes.  

Q fever outbreaks have also been linked to other species, especially companion 

animals, perhaps due to exposure of susceptible humans to relatively higher concentrations of 

C. burnetii shed by some of these animals [31]. For instance, nine veterinary personnel and a 

cat owner were infected with C. burnetii after exposure to high bacterial loads during a 

caesarean section procedure on an infected cat in Sydney, Australia [21]; and five individuals 
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from a single family in France were infected with C. burnetii after exposure to infected 

pigeon faeces and ticks [27]. The risk factors for infections in pets reportedly include ecto-

parasites, predation and exposure to infected farm animals [31]. Accidental occupational 

infections have also occurred in individuals thought to be at minimal risk of the disease, as 

was the case in a Q fever outbreak involving four of the eight workers at a factory that 

processes ovine foetal products for cosmetics [32]. This highlights the need to protect all 

individuals working with potentially infected animals or their produce. 

C. burnetii infections in livestock have typically been reported to be asymptomatic, 

except in pregnant ruminants where infection with C. burnetii may cause abortions in the last 

trimester [33]. Still births, peri-natal deaths, retained placenta, endometritis and infertility 

have also been associated with C. burnetii infections in livestock [33, 34]. Given the fact that 

these non-specific clinical signs may be caused by many other diseases, C. burnetii infections 

may go unnoticed in livestock herds. Infections of C. burnetii in livestock have mainly been 

identified following human outbreaks among individuals in close proximity to livestock herds 

or individuals working on farms (“human sentinels”) and also, in cases of unusual storms of 

abortions. For example abortion storms were observed in dairy goats as early as 2005 

although their aetiology was not determined until the commencement of the 2008 human Q 

fever outbreak in The Netherlands [9]. 

1.1.3 Morphological variation of C. burnetii 

C. burnetii has a spore-like small cell variant (SCV) which can survive harsh 

environmental conditions such as desiccation; and a metabolically active large cell variant 

(LCV) [35-37]. SCVs are produced when the LCV is lysed after exposure to environments 

outside the host [38]. The SCV is minute with a diameter of 0.2 to 0.5 μm and can be carried 

in dust particles and fluid aerosols thus facilitating infection of humans and animals via 

inhalation [39-42]. Upon transmission and phagocytosis by host cells, SCV develop into the 
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metabolically active replicative LCV through a lag phase that is characterized by production 

of more than 48 structural proteins within the acidic vacuoles of phagocytic host cells [43, 

44]. Multiplication of the LCV occurs from 2 to 6 days following infection under the acidic 

environment in phagolysosomes of host cells which may explain the 1-3-week period 

between infection and the first detection of antibodies [43, 45]. There have been suggestions 

of an intermediate extra-cellular “Small Dense Cell” variant which is unresponsive to 

pressure and facilitating infection across host-cells instead of pressure-sensitive SCV [45]. 

However, further studies are needed to confirm the existence of this intermediate variant.  

1.1.4 Phase variation in C. burnetii 

Phase variation has been reported in C. burnetii since 1956 when the ability to react 

with complement was observed in the Nine Mile strain only after the 8th passage in 

embryonated egg yolk [46, 47]. This characteristic was later described as a change from 

phase 1 (unable to react with complement) to phase 2 (able to react with complement) [46, 

47] and has been attributed to permanent chromosomal deletions in the clone 4 Nile Mile 

strain [36, 45]. In other strains of C. burnetii, this phase variation seems to be reversible with 

phase 2 organisms obtained after passage in embryonated eggs having been shown to revert 

to their phase 1 properties after re-introduction in guinea pigs [46]. The permanent change 

from phase 1 to phase 2 in the clone 4 Nine Mile strain has been utilised to create phase 2 

organisms with only phase 2 antigens for use in serological tests to detect antibodies against 

phase 2 antigen in susceptible hosts. Similarly, the change from phase 2 to phase 1 upon re-

introduction into mammalian hosts has been used to make phase 1 antigen for detection of 

antibodies against phase 1 antigen in infected or vaccinated hosts [46]. 

Naturally occurring phase 1 C. burnetii organisms have been shown to possess both 

phase 1 and 2 antigens whereas phase 2 organisms contain only the phase 2 antigen [46]. 

Phase 2 antigens are accessible on the surface of the organisms [45, 47] and elicit early 
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immune responses during infection. The phase 1 antigen is presented to the immune system 

much later following structural changes in the lipopolysaccharide (LPS) structure triggering 

the late appearing antibodies [46-49]. Thus, the appearance of antibodies against phase 2 in 

previously seronegative animals and humans is a marker of recent infection. 

It has been suggested that the delay in production of antibodies to phase 1 antigen 

results from the LPS being inaccessible to immune recognition due to an extended 

carbohydrate structure that shields it from components of the immune system [50, 51]. This 

leaves only immune recognition of surface proteins and thus producing a phase 2 sero-

reactivity [51]. Other studies have attributed the delayed immune response to the poor uptake 

of phase 1 organisms via the phagolysosomal pathway resulting in a lag in exposure of the 

concealed phase 1 antigen to the immune system and delayed production of antibodies 

against it [34, 52].  

1.1.5 Mode of transmission 

C. burnetii infections are most commonly transmitted via inhalation of aerosolised 

birth fluids or dust particles contaminated with the pathogen [34]. Most previous outbreaks 

have been associated with airborne transmission from ruminant herds to neighbouring human 

populations. Notable outbreaks include the 1992 outbreak in the United Kingdom [53], the 

1998 Germany outbreak [29] and the 2008 Dutch outbreak [9, 54]. Although the maximum 

distance of spread of C. burnetii aerosols has not yet been determined, the risk of disease was 

31.1 times higher (95% Confidence Interval (CI): 16.4, 59.1) in individuals living within 2 

km of dairy farms, compared to those residing ≥ 5 km away during the 2008 Q fever outbreak 

in The Netherlands [54]. The incidence of Q fever seemed to diminish with increasing 

distance of residence of individuals from the C. burnetii positive farms during the 2008 Q 

fever outbreak in The Netherlands, as shown in Table 1.1 [55]. This decrease in the incidence 

of Q fever, as the distance of residence of individuals at risk increases from C. burnetii 
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positive farms was also observed in a Q fever outbreak in Germany 2005 where the incidence 

decreased from 12% in individuals living 50 m from the farm to 1% in individuals living 350 

m to 400 m from the farm [56]. 

Studies have shown that infection in humans and guinea pigs may result from 

inhalation of as few as 1-2 organisms [39]. Both intra-peritoneal and intra-nasal routes of 

infection were used and in each case doses of a single particle of C. burnetii were able to 

induce infection in both humans and guinea pigs [39]. However, this may not be the case in 

natural infections, considering variation at individual, species and population level may result 

in differences in susceptibility to infection.  

Table 1.1 Q fever attack rates in individuals residing at different distances 

from C. burnetii positive farms A, B and C 

Distance (km) from 

C. burnetii + farm 

Variable A B C 

0-1 Cases 0 0 35 

 human population 92 136 8482 

  AR per 100,000  0 0 413 

1-2 Cases 33 27 24 

 human population 8696 7535 20616 

  AR per 100,000 379 358 116 

2-3 Cases 26 31 10 

 human population 15765 17816 21251 

  AR per 100,000 165 174 47 

3-4 Cases 11 8 2 

 human population 32123 24083 19802 

  AR per 100,000 34 33 10 

4-5 Cases 1 8 7 

 human population 39435 34804 20628 

  AR per 100,000 3 23 34 

5-10 Cases 13 13 8 

 human population 107680 93469 102192 

  AR per 100,000 12 14 8 

+ = positive, AR = Attack rates. Adapted from: [55] 

 

Studies in Australia have linked infections in domestic ruminants to contamination of 

pasture and water sources with excreta and birth fluids from infected wild animals (especially 



 

34 
 

marsupials) as well as tick bites [57, 58]. No studies were found that confirmed human Q 

fever infections acquired directly from wildlife and ticks. A few studies have documented Q 

fever cases thought to be a result of exposure to wildlife and ticks but case reports had no 

way of confirming these exposures [59]. One study reported Q fever in an individual 

suspected to have been infected by Dermacentor andersoni ticks found in his clothes, but, the 

individual had no apparent evidence of tick bites and he reportedly had no contact with 

wildlife or domestic ruminants in the month preceding the symptoms and signs of Q fever he 

manifested [5]. Another case of Q fever in an individual involved in kangaroo hide tanning 

was notified to the Department of Health in 2011 but there was no way to exclude other 

exposures [59]. It is yet to be established if there is any direct form of transmission from 

wildlife and ticks to humans as is the case with other tick-borne diseases such as Lyme 

disease [60]. 

1.1.6 Response to infection 

C. burnetii has been shown to target macrophages and monocytes [34]. Macrophages 

in the lungs phagocytose the bacteria and transport them systemically resulting in 

pathological changes in the lungs, liver and spleen [34]. Cell-mediated immunity is known to 

be responsible for the elimination of intra-cellular pathogens such as C. burnetii, but the 

humoral immune response has been reported to facilitate the elimination of C. burnetii in 

infected hosts [61]. The mode by which antibodies facilitate this elimination is not clear but 

experimental studies have shown that treating the organism with immune serum made them 

more susceptible to destruction by phagocytosis [61, 62].  The growth of C. burnetii in mouse 

spleens was also suppressed by prior mixing of the organisms with immune serum [62]. The 

mechanism by which immune serum, produced against C. burnetii, facilitates the phagocytic 

destruction of Coxiella organisms could be similar to the protective mechanism of 

vaccination as well as during natural immunity following repeated exposure to C. burnetii. 
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C. burnetii has also been shown to have high affinity for the trophoblast cells of the 

placenta [33, 45] where the organism has been documented to replicate up to 90-fold within 3 

days of infection [63]. Placentas from infected animals have been shown to contain as high as 

109 organisms per gram [33] thus pregnant animals could play a vital role in transmission of 

the bacterium to susceptible hosts as well as in the maintenance of the bacterium in infected 

herds. C. burnetii infections can also evade the immune response when they trigger the 

production of cytokines, such as interleukin (IL)-10, which suppress the T-helper 1 immune 

responses thus enabling their own proliferation [34].   

1.1.7 Occurrence of Q fever 

1.1.7.1 Q fever notifications 

Q fever has been reported to occur worldwide, except in New Zealand, most 

commonly affecting individuals handling livestock on farms, at veterinary practices, abattoirs 

and other animal product processing plants as well as those exposed to C. burnetii in 

laboratories [44]. The rate of notification of Q fever cases in Australia is the highest reported 

anywhere in the world; being three times the rate reported in the European Union and six 

times the rate reported in the United Kingdom [35]. 

Several Q fever outbreaks originating from livestock are thought to have been precipitated by 

changes in livestock management systems, including increased stock density [30]. The 

shedding of large numbers of C. burnetii in birth fluids of cattle, sheep and goats on large 

infected livestock farms has been implicated in many of the large Q fever outbreaks all over 

the world [9, 29] and could be the most important mode of transmission of the organism to 

humans.  Examples of previous Q fever outbreaks originating from livestock are presented in 

Table 1.2  
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Table 1.2: Selected Q fever outbreaks associated with livestock farms 

Country 

(Place) 

Year Human 

cases 

Livestock 

species 

involved  

Possible source of 

infections 

Ref 

Spain 

(Basque) 

1981 – 

1985 

 

130  sheep and 

cattle 

Windborne spread from 

lambing and calving 

infected farm 

[64] 

UK 1989 147 sheep and 

cattle 

Windborne spread from 

outdoor lambing and 

calving farms 

[65, 66] 

Germany 1996 45  sheep Outdoor lambing during 

dry weather 

[29] 

France 1996 29 sheep Airborne transmission 

from uncovered sheep 

waste in slaughterhouse. 

[67] 

Germany 2005 303 sheep Airborne spread from a 

lambing at a sheep 

meadow near a 

residential area. 

[56] 

Netherlands 2007 - 

2010 

4000 goats Intensive dairy goat 

farms close to human 

settlements 

[9] 

United 

Kingdom 

2012 Not 

reported  

goats A large commercial dairy 

goat enterprise with high 

abortion rates. No human 

cases recorded 

[68] 

Ref = references 

      

 

1.1.7.2 Q fever in Australia 

In Australia, Q fever notifications are highest in Queensland and New South Wales, 

followed by Victoria, South Australia, Tasmania and Northern Territory [69]. Feral goats, 

kangaroos, bandicoots and ticks have been reported as major reservoirs for Q fever in 

Australia [57, 58, 70]. These shed C. burnetii in uterine discharges and foetal membranes and 

transmit it to domestic animals with which they share grazing land in Australia’s pastoral 

areas [57, 58]. Ticks transmit the bacterium among wildlife and domestic animals [57, 58, 

71].  Previous serological studies highlighted the widespread exposure of Australian wildlife 
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to C. burnetii with seroprevalence ranging from 32% to 60% in feral goats in South Australia 

[58], 34% seropositivity to C. burnetii antigen in kangaroos sampled in Western Australia 

[57] and overall seropositivity of 21% among various macropods in Queensland and Western 

Australia [72]. 

A government report by Giddings showed 5% of farmers and 6% of shearers in 

Victoria were positive at pre-vaccination screenings compared to much higher 

seroprevalences in Queensland shearers (26%) and farmers (21%), and NSW shearers (21%) 

and farmers (15%) [73]. This may suggest that Q fever is not endemic in livestock in 

Victoria, or if so not widespread. Many of the Victorian abattoirs and farms associated with 

human cases have received cattle, sheep and goats from other Australian states [74-76]. A 

study undertaken in 1970 revealed a very low seroprevalence (using the complement fixation 

assay) of C. burnetii in cattle in Victoria (0.5%) [77], no further studies had been carried out 

to estimate the prevalence of the disease among animals in Victoria until 2015. Provisional 

results of the seroprevalence survey of C. burnetii in Victorian livestock that commenced in 

2015 show very low (less than 2%) seropositivity [78]. 

Data from the Australian Q fever registry shows approximately equal percentages of 

pre-existing immunity to Q fever amongst abattoir workers at pre-vaccination screenings in 

Victoria, Queensland and New South Wales, Table 1.3 [35]. However, the serological 

prevalence in abattoir workers and shearers may not be representative of exposures in the 

general population because slaughterhouse staff may work across different Australian states 

and abattoirs may process interstate animals. 

1.1.7.3 Q fever outbreaks in Victoria 

Q fever outbreaks in Victoria are said to occur if ≥ 2 cases clustered in time are 

associated to a common exposure. On reviewing Q fever notifications from 2004 to 2013 
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using data from the Department of Health and Human Services in Victoria, a total of 268 

cases were recorded in the 10-year period and a 42% (n = 113) hospitalisation rate [59, 74-76, 

79-94]. A total of 209 out of the 268 cases (78%) were associated with livestock farms and 

abattoirs where there is contact with animals moved from interstate. Most (95% [254/268]) of 

the Q fever notifications in Victoria between 2004 and 2013 occurred in unvaccinated 

individuals and only 14 previously vaccinated individuals were diagnosed with Q fever [59, 

74-76, 79-94]. Two of the 14 cases were reported to have occurred in individuals that started 

work within 15 days after vaccination, a period over which effective protection provided by 

immune response to the vaccine could not have been achieved in vaccinated individuals [59, 

74-76, 79-94]. 

Table 1.3: The number of pre-vaccination screenings and the percentage of individuals 

with existing immunity in Victoria, Queensland and New South Wales among abattoir 

workers in the National Q Fever Management Program, 2001-2004.   

State Victoria Queensland New South Wales 

Year Q fever 

Screening  

 

Existing 

immunity (%)  

 Q fever 

Screening  

 

Existing 

immunity 

(%)  

Q fever 

Screening  

 

Existing 

immunity 

(%)  

2001 2032 11  714 14 226 28 

2002 2991 12  4115 13 3365 14 

2003 1865 12  3600 10 2104 11 

2004 155 6  608 9 136 7 

Source: [73] 

 

Nine out of the 10 outbreaks that occurred in Victoria between 2004 and 2013 were 

associated with either abattoirs or livestock farms (Table 1.4). Abattoir exposure does not 

raise as much concern for the health of Victorian livestock because contamination in the 

abattoirs may never affect livestock in Victoria assuming infected animals come from other 
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states. However, the introduction of infected animals from inter-state on to farms may result 

in transmission to other flocks or herds within Victoria and could result in the endemicity C. 

burnetii infections in Victorian livestock. Between 2011 and 2013, two of the three outbreaks 

in Victoria were due to increased number of animals giving birth in a given season which 

could potentially increase the risk of transmission within herds [95, 96]. 

Table 1.4: Q fever outbreaks in Victoria, 2004 – 2013 

Year Place Number 

of cases 

Number of 

vaccinated 

cases 

Possible reason for 

occurrence 

Ref 

2005 Loddon Mallee 4 3 * Abattoir workers ‡ [74] 

 Loddon Mallee 3 3 Abattoir workers ‡ [74] 

 Metropolitan 3 3 Abattoir workers ‡ [74] 

 Barwon SW 4 0 Exposure to animal birth 

products in a cosmetic 

factory † 

[74] 

2006 Regional Victoria 5 0 Lived near an abattoir [80] 

 Regional Victoria 5 0 Abattoir workers (3 from 

NSW) ‡ 

[80] 

2009 Gippsland 3 0 Keeping pet goats and lived 

next to a cattle farm 

[83] 

2011 Hume Region 5 0 Increased animal birthing (27 

calves & 12 foals)  

Change in disposal of animal 

birth products to open 

compost  

Importation of cattle from 

New South Wales 

 

2011-

2012 

Gippsland 3 0 Dairy goats  

2013 Grampians 16 0 Change in management from 

extensive sheep rearing to a 

large intensive dairy goat 

farm with synchronised 

kidding seasons. 

[91-94] 

*1 case started work before the end of the 15-day waiting period after vaccination. † Change 

in the handling of frozen animal birth products from direct boiling to inclusion of a thawing 

stage. ‡ the animal species processed at the abattoir were not reported.  Ref = references. 

 

The 16 cases of Q fever observed in Victoria in 2013 (Table 1.4) were associated with 

a 5000 goat and 1100 sheep intensive dairy enterprise [97]. The enterprise is made up of five 
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farms, with four kidding periods on each farm [97]. Approximately 250 goats are 

synchronised to kid on each of the farm at all the four kidding periods [97]. The cases 

increased and reached a total of 18 confirmed and 6 probable cases at the end of 2014 [97]. 

Like the majority of the other outbreaks reported in Victoria (see Table 1.4), the identified 

cases in the 2013 Q fever outbreak in Victoria were all individuals that worked on the goat 

farm [97]. However, the farm was not close to densely populated areas, with the closest 

human settlement being 10 km away from the farm [97]. This helps to explains the relatively 

few Q fever cases associated with the 2013 Q fever outbreak linked to the large intensive 

farm in the Grampians region in Victoria, unlike other outbreaks where high numbers of Q 

fever cases were reportedly associated with similarly sized infected livestock farms (see 

Table 1.2).  

The subsequent sections of this review will focus on summarising known aspects and 

highlighting important gaps in knowledge on disease detection, transmission dynamics and 

control strategies for C. burnetii in livestock in Australia and around the world. These will be 

used to bring to light key aspects of C. burnetii epidemiology that require attention in the 

attempt to control C. burnetii infections on the large scale intensive dairy farm associated 

with the outbreak of Q fever reported in 2013.   

 

1.2 Transmission of C. burnetii infections 

1.2.1 Shedding of C. burnetii 

1.2.1.1 Routes of C. burnetii shedding important in the transmission of infections 

The shedding of C. burnetii by infected animals during parturition presumably 

presents a high risk for transmission of the organism from livestock to humans as shown in 

Table 1.2 and Table 1.4. The majority of Q fever outbreaks listed in Table 1.2 and 1.4, were 
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associated with parturition seasons. The risk of infection with C. burnetii shed by infected 

animals at parturition is exacerbated by management strategies that synchronise oestrous and 

breeding resulting in an increased number of livestock giving birth within narrow timeframes. 

For example, the Q fever outbreak in Australia associated with 18 cases in 2013 [97] was 

linked to a sheep dairy that transformed into a large intensive 5000 goat enterprise with 

synchronised kiddings (Table 1.4). Q fever outbreaks in other parts of the world have also 

been associated with intensive ruminant farms: over 4000 human cases of Q fever occurred in 

the Netherlands between 2007 and 2010, where increased risk of infection was associated 

with living in close proximity to intensively-managed dairy goat herds [98]. Similarly, 147 

human cases in the United Kingdom were associated with lambing ewes in the West 

Midlands in 1992 [53, 65], and 23% of the residents in a rural German town were considered 

to have contracted Q fever from a large sheep farm in 1996 [29]. 

The persistence of the C. burnetii in the environment and its subsequent spread to 

humans through inhalation of C. burnetii-contaminated dust [39, 40] is also an important 

aspect of C. burnetii transmission in humans. Airborne transmission between herds has not 

been demonstrated in livestock but was speculated to be responsible for the widespread C. 

burnetii infections in goat herds during the Q fever outbreak in the Netherlands [54]. Control 

efforts to minimise the persistence of the bacterium in the environment have focussed on 

proper disposal of faecal material and birth products. For instance, during the Netherlands Q 

fever outbreak, 2007-2010, a ban on the spreading of manure was one of the control measures 

[54, 98, 99]. Also, a study carried out on two sheep farms reported that C. burnetii 

contaminated aerosols persisted for 2 years after the cessation of shedding in the flock in 

which there was no removal of accumulated manure while no C. burnetii contaminated 

aerosols were detected after the cessation of shedding in the flock with constant removal of 
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manure [100]. These examples illustrating the persistence of C. burnetii in the environment 

highlight the importance of hygienic practices in the control of C. burnetii in infected herds.  

Improper disposal of birth products may also increase the risk of transmission; as was 

the case in a Q fever outbreak on a mixed cattle, horse and crop farm in Victoria, Australia in 

2011 (Table 1.3) [76]. Infection of humans and animals on the mixed farm in Victoria was 

linked to a change in the management of birth products [76]. The birth products were 

disposed-off in an open compost for use on the organic crop enterprise that been had set-up 

on the farm [76].  This example further highlights the importance of hygienic practices in the 

transmission of C. burnetii. These should however be supplemented with control strategies to 

reduce C. burnetii shedding by livestock and implementing policies to prevent susceptible 

humans from coming into contact with infected animals and contaminated environments (i.e. 

restricting access to known infected properties only to those that can demonstrate evidence of 

appropriate vaccination or past infection) [97].   

C. burnetii is also shed in milk and the bacterium has been shown to persist in the 

mammary glands and uterus of infected goats [101, 102]. However, C. burnetii shed through 

milk appears not to be important in the transmission of C. burnetii to humans as experimental 

infection of humans through ingestion of milk demonstrated to have viable C. burnetii, has 

been shown to be unsuccessful [103]. Although the concentration of C. burnetii consumed 

during the experimental trial was not estimated in this experiment, the individuals consumed 

milk containing viable C. burnetii shown to infect experimental animals and embryonated 

chicken eggs [103]. Also, with the daily consumption of the C. burnetii contaminated milk 

for a month, no antibodies were detected in any of the 34 volunteers and no clinical signs 

were observed which highlights the strengths of these results [103]. It still remains unknown 

if C. burnetii can be transmitted to livestock through ingestion of contaminated milk.   
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It is also unknown if sexual transmission through C. burnetii contaminated semen is 

possible in livestock and humans. C. burnetii has been identified in human and cattle semen 

although the issue of sexual transmission is still debatable [104, 105]. The development of Q 

fever in a partner of an infected individual 15 days after coitus as well as the presence of the 

organism in semen has however been reported [105]. Nevertheless, the possibility that the 

transmission could have occurred by any other route of infection was not ruled out. There is 

thus need to investigate the possibility of sexual transmission from infected breeding males. 

1.2.1.2 Differences in the pattern and route of C. burnetii shedding in livestock  

Sheep, goats and cattle have major differences in the routes and duration of C. 

burnetii shedding as well as the quantity of C. burnetii they shed. A study of shedding 

patterns in naturally infected livestock herds observed sheep and goats to have shed higher 

loads of C. burnetii than cattle [102]. It has also been observed that caprine and ovine 

infections result in more severe placentitis compared to cattle [65]. This is in agreement with 

reports of C. burnetii infected cattle remaining asymptomatic unlike sheep and goats which 

have been shown to abort when infected with C. burnetii [102, 106, 107]. The factors 

responsible for the higher loads of C. burnetii among sheep and goats in comparison to cattle 

are not known. It is also not clear whether the high quantities of C. burnetii shed by caprine 

and ovine species translates into greater risk for C. burnetii transmission, yet noteworthy that 

most of the large Q fever outbreaks have been associated with small ruminant farming (Table 

1.2).  

A study in naturally infected cattle, sheep and goat herds showed that C. burnetii 

shedding by infected cattle occurred exclusively in milk, while sheep and goats shed C. 

burnetii in vaginal secretions, milk and faeces [102]. Another study showed that C. burnetii 

shedding via the faecal route was scarce and sporadic and reported 50% of the cows to have 

shed C. burnetii in vaginal mucus and 40% in milk [108]. Infected pregnant goats on the 
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other hand, were observed to have C. burnetii in vaginal mucus, faeces and milk [107] while 

in ewes, C. burnetii shedding occurred in vaginal mucus and faeces after abortion or lambing 

[106]. From these studies, it is apparent that the patterns of C. burnetii shedding are varied in 

cattle, sheep and goats but vaginal and faecal shedding appears to be consistent in sheep and 

goats while shedding in milk is consistent in cattle. 

The duration of shedding in vaginal fluids, faeces and milk is also variable in sheep, 

goats and cattle; with much of the shedding being recorded to occur around kidding [107, 

109]. C. burnetii shedding persists for longer durations in vaginal fluids than in faeces and 

milk of sheep. In cattle, the shedding of the organism persists for longer periods in milk and 

may be scarce or not present in vaginal fluids and faeces [108, 110]. A study in naturally 

infected ewes reported that C. burnetii was shed for greater than 12 days in vaginal mucus 

and less than 12 days in faeces and milk [110]. Another study in ewes reported C. burnetii to 

have been shed in vaginal mucus and faeces at 3 weeks after abortion or lambing [106].  

Goats on the other hand, appear to shed C. burnetii for longer in vaginal mucus and 

faeces than ewes and cattle. Goats infected during pregnancy, reportedly shed C. burnetii in 

vaginal fluids for 14 days after abortion, for 52 days in milk after abortion and for a duration 

of 20 days in faeces, intermittently before and after abortion [107]. Similar shedding patterns 

were observed in naturally infected goats at 16 weeks after parturition, when a large 

proportion of goats shed C. burnetii in milk for a longer duration compared to the duration of 

shedding of the bacterium in vaginal mucus and faeces [102]. 

1.2.1.3 Risk of shedding across parity groupings 

In infected herds, higher proportions of primiparous goats reportedly shed C. burnetii 

than in multiparous goats [106, 111, 112]. Also, primiparous ewes reportedly shed C. burnetii 

in higher quantities and for longer durations of time than multiparous goats [106, 111, 112]. 
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A study in infected goats observed larger proportions of primiparous unvaccinated goats to 

have shed C. burnetii at their first kidding than multiparous goats [112]. Another study of 

goat herds in The Netherlands also showed that higher proportions of maiden unvaccinated 

goats were positive for C. burnetii in uterine fluid (55%, n = 159) and vaginal swabs (96%, n 

= 167) compared to multiparous goats (uterine fluid: 14%, n = 159; and vaginal swabs:54%, 

n = 123) [111]. 

Similarly, primiparous ewes reportedly shed higher concentrations of C. burnetii and 

for a longer duration than multiparous ewes [106]. In another study the proportion of 

primiparous sheep positive for C. burnetii in uterine fluid (5/17) and vaginal fluid (11/79) 

was lower than the proportion of multiparous sheep shedding C. burnetii in uterine fluid 

(17/17) and vaginal fluid (76/82) [111]. However, the low sample sizes of less than 100, used 

in the latter study of sheep shedding patterns [111] are likely to have affected the result than 

in the former where the sample sizes were greater than 150 [106]. Presumably high 

concentration of C. burnetii shed, high proportion of animals shedding in the herd and longer 

duration of shedding the bacterium in secretions of infected animals lead to increased 

transmission, but it is worth noting the range of environmental factors that come into play, 

considering persistence of the organism in the environment and the low infectious dose of the 

bacterium.  

1.2.1.3 Reproductive wastage and shedding of C. burnetii 

Although C. burnetii is known to cause abortions, still birth, fertility and weak 

offspring in goats and sheep [33, 113], there appears to be no clear association between 

shedding and occurrence of reproductive wastage in livestock. For example, a study 

undertaken on infected herds reported no statistically significant difference in the level of C. 

burnetii shedding in milk, faeces and vaginal swabs between aborting (milk 19/50, faeces 

7/34; vaginal swabs 22/50) and non-aborting goats (milk 21/60; faeces 8/41, vaginal swabs 
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19/70) [114]. However the level of seropositivity was higher in aborting goats (45/50) 

compared to non-aborting goats (44/70) [114]. 

1.2.2 Infection with C. burnetii 

1.2.2.1 Timing of infection 

Adult animals in kidding areas or pens and newly born animals as well as other 

animals in the herd are exposed to the high risk of C. burnetii shed in faeces, vaginal fluids 

and birth products at parturition. There are suggestions in the literature that trophoblasts are 

required for establishment of C. burnetii infection thus restricting infections to only after 

conception [115, 116].  However, C. burnetii DNA has been detected in amniotic fluid as 

well as the spleens and kidneys of live and aborted kids; histopathological lesions similar to 

those in infected adult goats have also been reported in newborn goats [36, 107, 115]. Goat 

embryos have also been shown to be highly susceptible to C. burnetii infection in vitro [117]. 

These studies may point to infection of newly born animals with C. burnetii before or during 

parturition but the DNA detected through PCR could also be acquired through contamination 

from the heavily infected placentas; and since all the studies that tested organs from aborted 

goats did not provide details of how contamination of foetal tissues by DNA from the heavily 

infected placental tissues was prevented, the results of DNA positive organs of new borne 

animals and foetuses still remain contentious [36, 115, 118]. 

Furthermore, a few studies have reported animals aged < 1 year that were 

seronegative before breeding. For example, a study carried out in a sheep flock found 14% 

(23/161) of lambs less than 10 months of age to have been seropositive for C. burnetii [119]. 

Some of these young lambs had high optical density (OD) enzyme-linked immunosorbent 

assay (ELISA) values of between 120-130 [119]. Another study found that 52% of young 

animals from 3-4 months of age were seropositive [120]. Although, it could be argued that 
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some of these animals were seropositive as a result of maternally derived colostrum 

antibodies, most of the results are from animals at ages when maternally derived antibodies 

should have waned. Also, the finding of C. burnetii in the uterine fluid of culled pregnant 

nulliparous goats during the Netherlands Q fever outbreak, 2007 – 2010, further attests to the 

fact that nulliparous goats can get infected with C. burnetii [111]. Another study reported a 

seroprevalence of 9.8% in 6 month-old goats that had been kept in a closed facility with no 

exposure to adult goats [68].  These studies highlight the possibility of young animals getting 

infected with C. burnetii. However, the actual time when animals on C. burnetii infected 

farms first become infected with C. burnetii is not known.  

1.2.2.2 Herd versus individual dynamics of C. burnetii transmission 

Although herd-level infection status is quicker, less expensive and has been widely 

used as a surveillance method [121, 122], testing of pooled animal samples like milk or 

faeces does not describe infection dynamics within herds which might be important for 

identifying risk factors for infection as well as high risk groups within herds [123]. The use of 

herd-level samples to study C. burnetii epidemiology is also affected by dilution of samples 

from infected animals by samples from non-infected animals which may affect detection of 

infection. It may also not be able to identify sub-groups with important risk factors.  Testing 

individual animals is thus required to comprehensively investigate exposure and transmission 

within herds.  

Individual animal testing to detect IgM and IgG antibodies against phase 1 and phase 

2 C. burnetii is routinely used to interpret the course of C. burnetii infection in humans but 

has not been widely used to study C. burnetii infection in domestic animals [48, 49, 124, 

125]. Recent infections can be identified by detection of IgM phase 2 antibodies, which 

appear early in the course of the infection [37, 48, 49, 114]. Persisting or chronic infections 

can be identified by detection of IgG antibodies to phase 1 C. burnetii antigens, which appear 
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much later in the course of infection, typically about 114 days after infection in humans [48, 

49, 62, 119, 126]. The occurrence of antibodies against phase 1 antigens could indicate 

convalescence, recrudescence or chronic disease, and could also be a marker of constant 

antigenic stimulation [48, 49, 62, 119, 126]. During a study of natural infections in humans 

during an outbreak of Q fever in England, IgM titres were observed as early as 7 days after 

the onset of illness while the earliest IgG antibodies were detected a week later [53]. The 

sequential production of antibodies to phase 2 and phase 1 antigens of C. burnetii was 

initially described in guinea pigs [46] and has recently been described in goats [124]. Similar 

results were observed in a serological study in cattle with antibodies to phase 2 antigens 

appearing before those against phase 1 antigens [125]. Phase-specific serology may therefore 

be a valuable tool for studying the dynamics of infection within herds and for promptly 

detecting new infections and differentiating them from past/chronic infections. 

1.2.2.3 Management factors driving C. burnetii transmission 

Although much of the C. burnetii transmission is driven by the subclinical nature of 

the disease in non-pregnant animals, the risk of transmission of C. burnetii infections is 

exacerbated by the fact that the occurrence of abortions due to C. burnetii in livestock is not 

notifiable in most countries except in The Netherlands [54]. Suspected and confirmed human 

Q fever is however, notifiable in most of the countries in the European Union, and also in  

Australia and the United States which explains why infected livestock properties have been 

identified after being associated to outbreaks of Q fever in humans [35, 56, 64, 68, 97]. 

Nonetheless animals displaying unusual clinical signs could warrant notification under 

significant disease investigation mechanisms especially when a zoonotic disease is suspected. 

Additionally, the only direct economic effect of C. burnetii infections on livestock 

herds is considered to be reproductive wastage, which includes C. burnetii-induced abortions 

and perinatal deaths [127, 128]. However, reproduction wastage may not result in any 
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economic loss, on some farms, because of the high fecundity results in the production of 

more replacement stock than needed. Also, goats in particular, have been reported to undergo 

lactation even after experiencing abortions due to causes other than C. burnetii [129, 130]. A 

study in which the components of milk were assessed reported no difference in the 

components of milk of goats that aborted and those that started lactation after normal 

parturition [129]. It is thus very unlikely that abortions due to C. burnetii would in turn affect 

milk production in dairy goats.   

Indirect economic losses due to the cost of interventions such as vaccination and 

cessation of breeding as well as the cost of treating human infections and weeks of lost work 

have also been previously described [131, 132] but these are mostly incurred by the 

employees or the government implementing the control program and not the farmer. There is 

thus limited information on direct production losses due to C. burnetii infection in livestock 

other than those arising from reproductive anomalies. One study reported a strong association 

between shedding of C. burnetii in milk and the occurrence of subclinical mastitis in dairy 

cattle but this has not been described elsewhere or in other species [133]. However, 

confounding factors such as other organisms present in the herd that are known to cause sub-

clinical mastitis, need to be accounted for in such studies. Evaluation of direct economic 

impacts of C. burnetii infections on dairy herds could be a driving factor for implementation 

of farmer-initiated strategies to control the disease in livestock. 

 

1.3 Detection and diagnosis of C. burnetii  

C. burnetii infections in livestock can be diagnosed through microscopic observation 

of the organism in stained tissues; by examination of the cytopathic effects when the live C. 

burnetii is grown in specific culture media; through detection of components of C. burnetii 
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genetic material using polymerase chain reaction assay (PCR); and through detection of 

antibodies to C. burnetii antigens in blood and milk (15, 16).  

1.3.1 Diagnosis of clinical C. burnetii infections 

Clinical detection of C. burnetii infections through reproductive wastage could be the 

quickest and simplest method of diagnosing C. burnetii infections. Detection of C. burnetii 

infections in ruminant herds is however often hindered by the failure to diagnose abortions in 

herds and because of the subclinical nature of C. burnetii infections in non-pregnant animals 

[9, 102]. Clinical disease in the form of abortions, stillbirth and repeat breeding resulting 

from C. burnetii infections in livestock may also go unnoticed if no routine estimation of 

reproductive wastage is done on the farms. A low rate of reproductive wastage is expected 

and the increase in reproductive wastage due to C. burnetii infections may never be evaluated 

if the farms do not routinely estimate reproductive losses [134]. Thus, early clinical diagnosis 

of C. burnetii infection requires routine diagnosis of the causes of abortions and other forms 

of reproductive wastage on livestock farms. Diagnosis of the cause of abortions on a dairy 

goat farm was key to the identification of a Q fever outbreak on a dairy farm in the United 

Kingdom in 2012, before any human cases could be identified [68]. The delay in clinical 

diagnosis of C. burnetii can be exemplified by the 2007–2010 Q fever epidemic in the 

Netherlands, where the link between infected farms and human cases became apparent only 

after the implementation of mandatory reporting of increased abortion rates on farms [9]. 

Also, during the 2013-2015 outbreak on the large intensive dairy goat enterprise in Victoria, 

the owner reported that the number of abortions in the herd began to substantially increase 

from 2004 but detailed records on abortions were not kept and thus the delay in recognition 

of the outbreak [97]. 
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1.3.2 Detection of the organism 

Microscopic examination of C. burnetii organisms in placental tissues is done using 

Stamp-Macchiavello coloration in which heat-fixed smears are stained with basic fuschin, 

before decolourisation with citric acid, followed by counter-staining with methylene blue. 

Chlamydia spp., C. burnetii and Rickettsia spp. stain red under a blue background [135]. The 

organism can also be detected by examining its cytopathic effects when cultured in cells, 

embryonated hen eggs or cell-free media [136, 137]. Microscopy and culture are expensive 

and require Biosafety Level 3 facilities. Furthermore, microscopic examination of stained 

tissues for C. burnetii detection is reported to have poor specificity because C. burnetii can be 

confused with other organisms like Chlamydia and Brucella [137]. The culturing of C. 

burnetii is slow and has been reported to be unsuccessful from some individuals despite them 

being positive by PCR, serology and microscopy, suggesting culturing is an unreliable 

method for C. burnetii detection [138]. 

1.3.3 Detection of antibodies 

1.3.3.1 Advantages and limitations of serological diagnosis 

Antibodies are produced within a short timeframe of usually 2-3 weeks after infection 

with C. burnetii in animals [124]. Thus, detecting antibodies is useful for timely diagnosis of 

new C. burnetii infections.  Antibodies to C. burnetii in ruminants and humans have also 

been reported to remain in circulation for long periods thus making serological diagnosis a 

reliable method of detecting exposure to the organism [139]. Antibodies following acute Q 

fever in human patients in the Netherlands were reported to persist for at least 1 year after the 

initial diagnosis [139]. A seroprevalence study in humans reported that IgM antibodies lasted 

for 6 months after the onset of natural infections, however they did not specify whether the 

antibodies were against phase 1 or 2 antigens [53]. Limitations of serology for the diagnosis 
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of coxiellosis include the 2-3 week delay between exposure and seroconversion, when 

antibodies against C. burnetii cannot be detected in blood [124, 140]. 

The 2-3 week delay in seroconversion during suspected infections can be controlled 

for by testing paired samples collected at least 4 weeks apart to ensure seronegative animals 

are diagnosed appropriately [50, 141]. The collection of paired samples is also important in 

identifying re-infection in endemic herds where a certain base antibody titre may be present. 

In such circumstances, collecting paired sera to demonstrate seroconversion or a four-fold 

raise in titres and the detection of IgM antibodies to phase 2 have been reported to be 

important diagnostic pillars [48, 64].   

1.3.3.2 Performance of serological tests 

The World Organization for Animal Health (OIE) recommends the complement 

fixation test (CFT) for serological diagnosis of coxiellosis in animals [142] despite this assay 

being widely reported to have a very low diagnostic sensitivity [114] and to have non-specific 

reactions on some samples leading to uninterpretable results. The indirect immuno-

fluorescence assay (IFA) is the human reference test and has been reported to have a 

diagnostic sensitivity (DSe) ranging from 98% to 100%, and a diagnostic specificity (DSp) of 

95% [50, 143] for human sera. The indirect ELISA is reported to have similarly high 

specificity but a lower sensitivity than the IFA in detecting antibodies against C. burnetii 

antigen when diagnosis of  human Q fever is done using serum samples [143, 144]. 

A number of studies have reported that the IFA and the indirect ELISA are more 

sensitive than CFT for diagnosis of coxiellosis in ruminants [114, 145-147]. For instance, a 

study that compared serological positivity in 50 aborting and 70 non-aborting ruminants 

demonstrated the IFA and ELISA detected higher numbers of infected animals in the aborting 

goats (45/50 for ELISA and 45/50 for the IFA) compared to the CFT (34/50) [114]. Key 

published diagnostic specifications for the ELISA, IFA and CFT are presented in Table 1.5, 
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all showing that the CFT is less sensitive than the ELISA or the IFA despite the test being 

standardised across laboratories and not being species-specific. There is thus need to validate 

more sensitive tests that could be used to accurately estimate the prevalence of disease and 

identify infected animals in herds.  

The reported sensitivities of the ELISA and IFA in ruminants (Table 1.5), are based 

on testing a few samples from affected populations and were computed based on relative 

sensitivities using imperfect tests as gold standards or on results obtained from presumably 

infected and non-infected animals [145-147].  One study estimated DSe and DSp using 

maximum likelihood methods although there were no reference positive and negative 

samples for goats and cattle [148]. Maximum Likelihood methods are known to provide a 

consistent unbiased estimate of DSe and DSp if large sample sizes are present and the 

distribution of test results are approximately normal. Bayesian latent class analysis have also 

been reported to provide reliable estimates to DSe and DSp in situations where the reference 

test (gold standard) is imperfect; as is the case with diagnosis of coxiellosis where the 

reference test (CFT) is known to have poor DSe [114, 125, 142, 149]. Bayesian latent class 

methods in addition to analytical methods to estimate and ascertain the characteristics of 

more sensitive tests like the IFA and ELISA for detection of C. burnetii in livestock herds. 

All these serological tests can be used in Australia. The CFT is available through 

submission to State government diagnostic laboratories but testing using the CFT could also 

be carried out by independent laboratories. The IDEXX CHEKIT ELISA is commercially 

available in Australia for use by certified laboratories, and the IFA has only been 

implemented by certain research groups. 
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Table 1.5 Previously published Diagnostic sensitivities and specificities of the ELISA, IFA 

and CFT 

Species Methods Test/ (antibody) Diagnostic 

sensitivity

% 

Diagnostic 

specificity 

% 

Ref. 

Human Used ELISA as 

reference (presumed 

gold standard) test  

IFA (IgG phase 2) 97.7 100 [144] 

 IFA (IgG phase 1) 87.2 90.0 [144] 

 IFA (IgM phase 2) 66.7 75.9 [144] 

 IFA (IgM phase 1) 60.0 64.7 [144] 

Human Using infected and non-

infected samples ⁂1 

IFA (IgM phase 2 100 95.3 [143] 

 ELISA (IgM phase 2) 85.7 97.6 [143] 

Human Using infected and non-

infected samples ⁂2 

ELISA  98.6 87.6 [141] 

 CFT  72.9 89.9 [141] 

Cattle Relative comparison 

with the ELISA 

(presumed gold 

standard) 

CFT (cattle) 26.6 99.7 [146] 

Sheep 

and 

goats 

CFT (sheep and goats) 10.0 99.9 [146] 

Cattle 

and 

goats 

Using infected and non-

infected samples ⁂3 

aI-ELISA 95 100 [147] 

bP-ELISA 81 99 [147] 

CFT 68 100 [147] 

Cattle, 

sheep, 

goats 

Receiver Operating 

Characteristic curve, 

maximum likelihood 

methods (Test 

Accuracy in absence of 

a gold standard (TAGS) 

software‡ 

cELISA 1 87.0 99.1 [148] 

dELISA 2 98.6 97.1 [148] 

eELISA 3 55.7 99.3 [148] 

CFT 36.2 98.3 [148] 

‡ Cattle, sheep and goat sera were treated as one population because no known positive and 

negative sera for cattle and goats. The types of ELISA kits used were from a IDEXX, United 

States of America, b Institute Pourquier, France, c had ovine derived antigen, d had tick-

derived Nine Mile antigen, e had bovine derived antigen. ⁂ Reference positive and negative 

sera were obtained from 1clinically suspected Q fever patients that tested positive or negative 

to the IgM IFA (Panbio, United States of America), 2 from samples tested with both the IFA, 

ELISA and CFT, 3 samples confirmed to be positive or negative through the inter-laboratory 

proficiency testing through the Australian National Quality Assurance programme. 
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1.3.4 Diagnosis using cell-mediated immunity to C. burnetii infections 

Infection with C. burnetii, like other infections by intracellular pathogens, elicits cell-

mediated immunity [63]. The detection of components of cell-mediated immunity, for 

instance, cytokines, resulting from C. burnetii infection could be important in the diagnosis of 

infections in human and livestock [150]. Assays based on cell-mediated immunity include the 

whole-blood interferon-gamma (IFN-γ) production assay (IGPA) and the enzyme-linked 

immunospot (ELISPOT) assay, and are commercially available for the diagnosis of 

tuberculosis in humans and livestock but are not yet commercially available for diagnosis of 

C. burnetii in livestock and humans [151-154]. A few studies have reported the use of 

reactions to intra-dermal injection of C. burnetii antigen in cattle as a measure of cell-

mediated immunity but this method is likely to have very low specificity as reported in 

tuberculin tests used in the diagnosis of tuberculosis [155, 156] 

The IGPA and ELISPOT are highly specific and implore the fact that T-lymphocytes 

infected with C. burnetii will release IFN-γ if they are re-exposed to C. burnetii antigens 

[150, 156]. The IGPA measures the amount of IFN-γ released in plasma while ELISPOT 

depends on visualization of cells producing IFN-γ [150, 157-160].  The ELISPOT is thought 

to be more specific than the IGPA as reported by a recent study that compared the 

performance of the tests using samples from known C. burnetii infected patients [150]. The 

ELISPOT returned a positive test and negative test for 88% of the samples (n = 16) from 

infected C. burnetii patients and 100% (n = 17) from samples from the control patients, 

respectively, while the IGPA detected was positive on 3/17 negative control patients although 

it was 100% sensitive [150].  

The detection of IFN-γ appears to have been validated for in-house use by some 

research laboratories for diagnosis of C. burnetii infection in humans [150, 157-160] but 

there appears to be limited commercialisation of such assays for use in other laboratories. The 
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methods seem to be similarly less common for diagnosis of C. burnetii in livestock; as there 

seems to be only few studies where the assays have been used for detection of C. burnetii 

infection in livestock [124]. The production of IFN-γ also appeared to have been 

downregulated during pregnancy in experimentally infected goats and substantial amounts 

were detected only after parturition which could limit its use to only non-pregnant animals.  

The performance of the methods appears to be affected by the nature of the antigen used, as 

described by a study in which stimulation using the Nine Mile strain of C. burnetii resulted in 

more false positives (3/17) compared to stimulation using the Henzerling strain (1/17) of C. 

burnetii [150].  These results point out serious limitations surrounding the diagnosis of C. 

burnetii using assays targeting cell-mediated immunity. 

1.3.5 Genomic detection of C. burnetii 

1.3.5.1 Advantages and limitations of PCR assays 

Polymerase Chain Reaction (PCR) is used for detection of DNA of the organism in 

tissues and in secretions like birth fluids and milk [114, 142]. These reactions target DNA 

sequences known to exist in the C. burnetii genome and considered to be absent from the 

genomes of other organisms. Some of the Coxiella genome sequences that have been targeted 

by PCR reactions include; the highly conserved single copy com1 and htpB, plasmid QpH1 

and QpRs genes as well as the multiple copy transposase IS1111 element [161, 162].  

PCR methods of detecting C. burnetii DNA are considered to be highly sensitive 

[163]. PCR has been shown to detect C. burnetii DNA in peripheral blood cells within days 

of exposure in humans, before antibodies can be detected in blood samples although this can 

only be done within a 2-3 week window following infection [124, 140]. This early detection 

of C. burnetii DNA in peripheral blood before seroconversion has however not been reported 

in any of C. burnetii infection studies in ruminants that were selected for this review. In one 

experimental infection of goats with C. burnetii, the earliest PCR positive blood samples 
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were obtained 28 days after exposure much later after antibodies to C. burnetii were mounted 

[115]. The limitations of PCR assays in the diagnosis of C. burnetii include their dependency 

on the shedding of the organism which occurs for a relatively short period of time in ruminant 

faeces, milk, vaginal mucus and urine [102, 107]. This limits the use of PCR assay for the 

detection of C. burnetii infection to only the peripartum period when the organism is shed in 

faeces, milk, vaginal fluids and urine [109].  

1.3.5.2 Diagnostic performance of C. burnetii PCR assays 

PCR assays targeting the multi-copy genes (e.g. IS1111) are important in detecting C. 

burnetii but may not be suitable for quantifying the concentration of C. burnetii present in the 

original samples, whereas single-copy genes like com1 are important in quantifying the 

number of C. burnetii organisms present as every copy of the gene detected corresponds to a 

single organism [164]. Specificity can also be improved and definitive diagnosis achieved by 

testing samples using a multiplex PCR in which genes of other similar bacterial species like 

Chlamydia and Brucella have been included [165].   

1.3.5.3 Discrepancy between serology and PCR results 

Discrepancies, such as seronegative animals shedding C. burnetii, could be due to the  

timing of the infection, or to the lack of sensitivity of the serological tests rather than a true 

absence of antibodies in infected animals [102, 165]. Indeed, some of these studies have used 

a mixed antigen enzyme linked immunosorbent assay (ELISA) that is reported to lack 

sensitivity for IgG phase 2 antibodies [166]. However, it would be expected to detect 

seropositive animals that may have earlier but are no longer shedding C. burnetii since 

antibodies last long after the animals are exposed, which further highlights the importance of 

considering a fourfold rise in antibody titre to ascertain recent infection. 
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1.3.6 Factors to consider when selecting diagnostic tests for use in livestock 

Although the selection of diagnostic tests for detection of C. burnetii infection or 

exposure is affected by several factors, some of which may be logistical, close consideration 

should be given to the presence of analytes (C. burnetii, antibodies to C. burnetii or 

components of cell-mediated immunity) in the samples selected as well as the availability of 

suitable assays for detecting the analytes. Table 1.6 summarises timing of sample collection 

and samples collected for some of the diagnostic analytes for C. burnetii infection in 

livestock. 

Table 1.6: A summary of the use of different diagnostic analytes for diagnosis of C. burnetii 

infection in livestock 

Analyte Sample Most effective time for taking 

samples 

Indicates 

infection? 

Limitations 

Antibodies Serum Anytime, (shown to be present 

in young and adult animals). 

(four-fold rise in titre in paired 

samples taken at 3 weeks’ 

interval [48, 64] 

Yes Time of initial infection 

in young animals is not 

known. 

There is a 2-3-week 

delay in production of 

antibodies after 

infection [124, 140]. 

Organism 

or its 

DNA 

Blood, 

birth 

products, 

vaginal 

fluids, 

faeces 

and milk 

Present in blood for the first 2-3 

weeks after infection [124, 140]. 

Present in aborted foetuses and 

new born kids and in the 

placenta [36, 115, 118] 

Present in vaginal fluids 

~3weeks after parturition [102, 

107], In milk, up to 2 months 

after infection in goats, ~3 

months in cattle [102].  

In faeces, ~ 3 weeks before and 

after parturition [107] 

Yes 

 

 

Yes 

 

Yes 

 

Yes  

Samples can be easily 

contaminated especially 

those collected around 

kidding when high 

levels of C. burnetii 

shedding occurs in 

infected herds. 

Cell-

mediated 

immunity 

Blood 

Skin test 

After infection, but very low 

during pregnancy [124]. 

Yes Test need to be fully 

validated and not 

commercially available.  
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1.4 Control of C. burnetii outbreaks  

1.4.1 Biosecurity and hygiene measures 

Hygienic measures like proper disposal of manure and birth products as well as 

biosecurity measures like limiting the movement of animals from infected farms to 

uninfected farms, closing access of infected premises to unvaccinated individuals and the 

vaccination of all workers at least 15 days prior to the start of work are important components 

for the control of C. burnetii infections in livestock and humans [167]. For example, a ban on 

breeding, culling of pregnant animals and vaccination of animals before breeding were used 

to control the large Q fever outbreak in the Netherlands [29, 53, 65, 98]. Two documented 

cases in individuals in Victoria, between 2004 and 2013, had started work within 15 days 

after vaccination [74, 94] 

1.4.2 Control of C. burnetii through vaccination of humans and livestock 

1.4.2.1 Vaccines for use in livestock and humans 

In Australia, a vaccine (Q-VAX™, CSL, Australia), is licensed for use in humans 

[35]. Q-VAX is a formalin-inactivated whole cell preparation of C. burnetii phase 1 

organisms [35, 168]. The vaccine was first trialled in 6000 abattoir workers between 1981 

and 1989, before it was rolled out to the farming community and eventually to all risk groups 

in 2000-2003 through the National Q fever management program [169].   

An animal vaccine, (Coxevac™, Ceva Sante Animale, France), is used in The 

Netherlands, France and other countries in Europe but not available in Australia [111]. 

Coxevac contains phase 1 formaldehyde-inactivated C. burnetii [36, 111]. Another animal 

vaccine, Chlamyvax-FQ, a phase 2 C. burnetii, was commercially available in France; this 

was shown not to be efficacious, presumably because it contains only phase 2 antigens [36]. 

In a herd where Chlamyvax-FQ was used, the risk of abortion was 87%, a percentage similar 
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to that in unvaccinated herds (88%) while the risk of abortion was 6% in herds vaccinated 

with the Coxevac phase 1 vaccine [36].  

Studies have also suggested that antibodies to phase 1 antigens provide protection 

against C. burnetii [36].  However, it has not been established whether the protection derived 

following vaccination is solely due to antibodies against phase 1 antigens given that phase 1 

vaccines are made up of phase 1 organisms, which contain both phase 1 and 2 antigens [47]. 

Perhaps, there could also be other antigenic components other than the phase 1 lipo-

polysaccharide antigen that contribute to the immunogenicity and efficacy of phase 1 C. 

burnetii vaccines (which may be switched off in phase 2 organisms).  

1.4.2.2 Reduction of shedding and reproductive wastage through vaccination of livestock 

Many large Q fever outbreaks have been linked to farms with small ruminants 

and key control strategies have targeted reducing shedding of C. burnetii by the 

animals [29, 53, 65, 98]. Vaccination of ruminants with inactivated phase 1 C. 

burnetii antigen 1 month before breeding is the most commonly used strategy of 

controlling C. burnetii in infected domestic ruminant herds, as recommended by the 

manufacturers of the only existing livestock vaccine, Coxevac [54, 111-113, 170-

174]. The goal of vaccination against C. burnetii in livestock has previously been 

described as the reduction of environmental contamination by infected livestock and 

consequently the reduction of the risk for human and animal infection [128, 175, 176].  

Vaccination of livestock before breeding has been shown to reduce C. burnetii 

shedding and C. burnetii-associated abortions in infected herds [112, 113, 171, 177, 178]. 

Rousset et al. 2009 tested the efficacy of a phase 1 C. burnetii vaccine administered before 

breeding and found a lower proportion (4%) of vaccinated sheep and goats among high 

shedders [defined as animals with concentrations of ≥ 106 C. burnetii organisms per mL of 

uterine fluid] compared to 13% of non-vaccinated  sheep and goats being identified as high 
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shedders [112]. Similarly, Taurel et al., 2014 observed a reduction of the concentration of C. 

burnetii in samples taken at parturition in herds where > 80% of the cows were vaccinated 

before breeding compared to herds where ≤ 80% of the cows were vaccinated [171]. A study 

involving naturally infected sheep, observed that after vaccinating animals before breeding, 

abortions were reduced from 6% to 2% (n = 315) in one flock and from 5% to 2% (n = 332) 

in another flock [113].  

Conversely, some studies have reported no differences in the level of shedding 

between livestock vaccinated 1 month before breeding and unvaccinated controls. For 

instance, a study of sheep vaccinated before breeding did not observe a statistically 

significant difference in the proportion of shedders between vaccinated animals and 

unvaccinated animals on testing of vaginal swabs, faeces and milk samples [100]. With such 

large sample sizes and the detection of similarly large proportions of animals shedding C. 

burnetii in the vaccinated group [vaginal swabs (63%, n = 149), faeces (53%, n = 211) and 

milk (23%, n = 211)] compared with the unvaccinated groups [vaginal swabs (51%, n = 61), 

faeces (55%, n = 97) and milk (20%, n = 97)], it is very likely that the vaccine has limited 

effect when given at 1 month before breeding in already infected sheep [100]. This, in 

addition to the presence of C. burnetii shedding in vaccinated animals, highlights the 

shortcomings of vaccinating animals before breeding. On infected farms, it is possible that 

many animals are already infected at the time of breeding when vaccination is implemented, 

thus vaccination of animals before breeding would be performed with the expectation that the 

vaccine not only provides protection against infection but also controls infection in already 

infected animals.  

1.4.2.3 Vaccination of infected and non-infected animals 

A number of studies have shown vaccination to be more effective in reducing 

the shedding of the organism when carried-out in seronegative animals than in 



 

62 
 

seropositive ones, underscoring the need to vaccinate animals before they are first 

infected with C. burnetii [36, 111, 179, 180]. In an observational study of the efficacy 

of vaccination in a naturally infected goat herd, seronegative dairy goats were 

reported to have responded better to vaccination than seropositive goats, with greater 

reductions in the proportion of shedders and the amount of C. burnetii shed per 

animal compared to already seropositive animals [120]. Given that most seronegative 

goats that responded to vaccination were aged 3-4 months [120], it is very likely that 

reduction in the proportion of ruminants shedding C. burnetii as well as the load of C. 

burnetii shed per animal is due to the lower numbers of 3-4 month-old animals 

infected with C. burnetii compared to adult animals.  

1.4.2.4 Vaccination of pregnant animals and non-pregnant animals 

It is expected that many livestock are already infected at the time of breeding. The 

affinity of the bacterium for trophoblast cells of the placenta and the enormous replication of 

C. burnetii in the trophoblasts would be expected to limit the efficacy of vaccination of 

pregnant livestock. This hypothesis is supported by the findings of many studies that have 

shown vaccination of pregnant animals not to be effective in reducing the proportion of 

shedders and the load of C. burnetii shed. For instance, in cattle, the proportion of vaccinated 

non-pregnant heifers (1/15) and vaccinated non-pregnant cows (1/14) shedding C. burnetii 

was lower than the proportion of shedders in both vaccinated pregnant heifers (8/26) and 

vaccinated pregnant cows (8/31) [179]. These proportions of vaccinated pregnant cattle 

shedding C. burnetii were not statistically significantly different from those observed in 

unvaccinated heifers (12/40) and cows (12/34) which further highlights the lack of efficacy of 

the Coxevac vaccine when administered in pregnant cattle on infected herds [179].  In 

another study by Roussel et al, vaccination did not reduce shedding in vaginal fluids, as 87% 

(51) of vaccinated pregnant goats shed C. burnetii compared to 88% (59) of unvaccinated 
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goats; 72% of the vaccinated pregnant goats also aborted [112]. Also, vaccination did not 

reduce bacterial load in pregnant cattle when compared to control animals (vaccinated 101.83, 

placebo 102.91 bacteria per swab) but reduced the quantity of C. burnetii shed in non-pregnant 

cattle (vaccinated 100.60 bacteria per swab) compared to the placebo (102.41 bacteria per swab) 

[179].  

The studies portraying the lack of vaccine efficacy in already infected animals and 

pregnant animals highlight the need to review the current C. burnetii control strategies with a 

possibility of vaccinating susceptible animals before they are first infected. Also, reduction in 

C. burnetii shedding and abortions, may have little impact on transmission of infections, 

especially in large intensive herds, given the low infective dose of the bacterium, its 

persistence in dry and dusty environmental conditions and the billions of C. burnetii 

organisms that can potentially be shed per gram of placental tissue by infected livestock [37, 

63].   

1.4.2.5 Vaccination of young versus adult livestock 

The initial age of infection in goats born on infected herds is not known, but this 

information would help to inform the decision of the optimum age to be targeted for 

vaccination of nulliparous animals. Some studies provide clues to when vaccination should 

be carried out. A study that compared vaccination of 3-4 month old goats to vaccination of 

goats 1 month before breeding, observed that vaccinating young animals led to a significantly 

higher reduction in C. burnetii shedding compared to goats vaccinated 1 month before 

breeding [120]. The study also noted that unvaccinated goats kidding for the first time 

excreted higher quantities of C. burnetii [106.53 bacteria per vaginal swab] compared to 

unvaccinated adult goats [103.49 bacteria per vaginal swab] [120]. Also, in five vaccinated 

herds in the Netherlands, 41% (n = 248) of pregnant young nulliparous goats (~10 months of 

age) were PCR positive for C. burnetii in the vaginal swabs during a mandatory culling of 
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pregnant animals which highlights that vaccination should possibly be done earlier than a 

month before breeding [111]; the proportion of goats shedding C. burnetii in vaccinated herds 

was not statistically significantly different from those in four unvaccinated herds (160/241) 

[111]. Thus, in goats, animals should be vaccinated not later than 3 months of age as this 

gave better reductions in the level of shedding compared to vaccinations done 1 month before 

breeding. 

Results of studies of C. burnetii efficacy in cattle are similar to those observed in 

goats, where reduction of shedding and not prevention was observed in heifers (1/15) and 

cows (1/14) vaccinated before breeding compared to shedding in those that received the 

placebo (heifers = 12/40 and cows 12/46) [179]. In sheep, vaccination did not result in any 

statistically significantly different reduction in the proportion of shedding between yearlings 

and ewes [113]. These studies, demonstrating absence of a statistically significant difference 

in the proportion of vaccinated sheep shedding C. burnetii when compared to unvaccinated 

sheep, could be the reason why the Coxevac vaccine has not been licenced for use in sheep, 

but its use in goats and cattle has been authorized in the European Union,  [100, 179, 181]. 

The age at which most animals born on infected farms first seroconvert to C. 

burnetii has not been documented. These prior studies do not indicate when the goats 

first seroconverted to C. burnetii although the results point to a time before 4 months 

of age. Reduction in the number of animals shedding C. burnetii could be much 

higher and elimination of infection from herds might be possible to achieve if 

vaccination were administered at an age before animals are infected with C. burnetii.  

Vaccination of livestock with Coxevac before 3 months of age has been 

previously contraindicated because it was thought that adverse reactions were likely 

to affect young animals and, due to reports of the immunogenicity of the vaccine 

being hindered by the presence of maternal antibodies [182].  Also, that some 
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lymphoid tissues do not reach full anatomical and functional maturity until several 

months after birth has been thought to result in lack of appropriate response to the 

vaccine in young animals [183]. For example, the intestinal lymphoid tissue, a source 

of B cells in vaccinated and challenged animals, reportedly reaches maturity at 8 

weeks of age. However, a study that compared the immunogenicity of a heat-

inactivated vaccine against Mycobacterium paratuberculosis in 15-day old and 5 

month-old sheep and goats detected humoral and cell-mediated immunity against the 

vaccine in both age-groups [183]. Thus, killed vaccines do appear to be able to trigger 

humoral and cell-mediated immunity in young animals. 

1.4.2.6 Frequency of vaccination  

In humans, no annual booster vaccinations are required before 5 years and even then 

the absence of both humoral and cellular immunity has to be confirmed before repeated 

administration of the Q-Vax vaccination is administered to prevent side effects [155]. 

Although there are no documented side effects from annual vaccination in livestock herds, 

80% of vaccinated cattle in herds with a vaccine coverage of > 80% still had immune markers 

1 year after vaccination, which indicates that annual boosters may not be required [155, 171]. 

Vaccination of > 80% of the herd also resulted in an overall decrease in C. burnetii shedding 

(OR 0.29, 95% CI: 0.09, 0.90) when compared to vaccinating ≤ 80% of the herd [155, 171].  

The proportion of cattle with cell-mediated immunity was however dependent on age, 

as only 68% of the heifers had cell-mediated immunity a year after vaccination compared to 

>80% of adult cattle, indicating that heifers might need an annual booster in the year 

following vaccination [155]. The higher proportion of cattle with cell-mediated immunity 

among adult cows compared to the proportion of heifers with cell-mediated immunity a year 

after vaccination could be confounded by longer duration of exposure of adult animals to C. 

burnetii shed on the property compared to heifers, as repeated exposure to C. burnetii 
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infection is also expected to increase both humoral and cellular immunity against the 

organism.  

Also, herds where vaccine coverage was > 80% were three times more likely to have 

reduced number of shedders and concentration of C. burnetii at their next parturition 

compared to herds where ≤ 80% of the animals had been vaccinated [171]. This could imply 

that increasing vaccine coverage reduces effective contact between infected and susceptible 

animals thus decreasing the probability of transmission of C. burnetii.  

As expected, the majority of the heifers and cows that were seronegative at the time of 

vaccination tested negative for cellular immunity detected 1 year later through intra-dermal 

inoculation with killed C. burnetii organisms. Conversely, the majority of the cattle that were 

already seropositive at the time of vaccination were still positive for cellular immunity, 1 year 

after vaccination [155]. This may imply that vaccination in uninfected herds requires an 

annual booster [155]. This may also point to the possible influence of infection on measures 

of cell-mediated immunity in infected herds. Also, it is not known whether immunity from 

exposure to infection contributes to protection of animals against C. burnetii or not.  

It’s been demonstrated that small quantities of intra-dermal treatments increased 

antibody levels by 111 optical densities (OD) in infected and 87 OD in uninfected cattle 

[155]. Perhaps, small intradermal quantities of the vaccine could be used during the booster 

vaccinations instead of a full dose of the vaccine to reduce the cost of vaccinating each 

animal.  

1.4.2.7 Duration of vaccination programs 

Two years of annual vaccinations in sheep resulted in cessation of shedding in vaginal 

samples in the third year in two separate flocks [113]. However, C. burnetii contaminated 

aerosols were detected after 4 years of the vaccination program in one sheep flock where the 
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manure had not been routinely removed, highlighting the importance of implementing 

hygienic practices in combination with vaccination programmes [113]. In another study, 

shedding of C. burnetii was observed to reduce from 63% (n = 87) in the first year of 

implementing the vaccination program to 10% (n = 99) in the second year [100]. The load of 

C. burnetii in the vaginal samples was also observed to have reduced from 3 bacteria per mL 

in the first year to 2 bacteria per mL in the second year [100].  

1.4.2.8 Elimination from herds 

Based on modelling of C. burnetii transmission and control in Dutch dairy 

farms, Bontje et al found that vaccination of goats was the only control measure that 

could eliminate C. burnetii infection from infected herds [116]. The models estimated 

that it would take 7 years to eliminate the disease from infected farms if goats were to 

be vaccinated annually, 1 month before breeding [184]. There is a possibility that 

elimination of C. burnetii on infected farms could be achieved in shorter timeframes if 

vaccination of goats against C. burnetii were implemented at the age when most 

animals had not yet been infected, noting the 10 to 14-day lag until appropriate 

immune responses are achieved. The Dutch transmission models supported the value 

of preventive vaccination over vaccination of already infected animals [116, 184].  

1.4.2.9 Differentiating infected from vaccinated animals  

Antibody titres in vaccinated dairy cattle were reported to remain four times as high 

as titres in infected unvaccinated cattle for at least 20 months (20). It would however be very 

hard to differentiate humoral immune responses of vaccinated and infected animals when the 

entire herd has been vaccinated. Cell-mediated immunity has been shown to occur in both 

vaccinated and unvaccinated cattle in infected herds [155]. With no way of differentiating 

immune responses from infection and vaccination, the estimation of the effectiveness of 

vaccination would mainly rely on good baseline studies of the rate of reproductive wastage 
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and the level of shedding of C. burnetii especially if all animals in the herd are vaccinated. It 

would also require baseline studies on antibody levels and levels of cellular-mediated 

immunity to C. burnetii before the start of vaccination.   

1.4.2.10 Simultaneous use of the Coxevac vaccine with other vaccines in livestock 

Experimental studies in mice and goats have shown that the vaccine could be used 

simultaneously with other vaccines [36, 185, 186]. In goats, the mixed Chlamydia-Coxiella 

inactivated vaccine was made up of phase 2 organisms instead of phase 1 and was thus not 

effective in protecting against C. burnetii challenge [186]. No unexpected reactions to the 

vaccine were observed [186]. An inactivated phase 1 vaccine mixed with Chlamydia or 

another goat vaccine needs to be tested to ascertain if administering the C. burnetii phase 1 

vaccine with another vaccine will affect its ability to protect against infection [186].  

The QVAX vaccine has been previously used in combination with Gudair™ (Zoetis, 

Australia), another inactivated vaccine for protection against Mycobacterium 

paratuberculosis infections, as it was considered to have the capability to work as an 

adjuvant, during experimental vaccination of sheep to obtain antibodies to C. burnetii for the 

inter-laboratory proficiency testing under the Australia National Quality Assurance program 

[187]. During this experiment, intra-muscular administration of 1 mL of QVAX mixed with 1 

mL of Gudair at 4 different sites in sheep resulted in no overt reactions [187]. However, 

QVAX, unlike Coxevac, is highly purified through differential centrifugation and is thus 

expected to result in less adverse reactions. Such purification of vaccines is likely not to be 

economically feasible for livestock vaccines as it could come with extra costs in production.  

1.4.2.11 Vaccines and antibiotics  

In dairy cattle, the use of antibiotics at drying off resulted in less risk (OR = 0.40; 

95% CI: 0.21, 0.75) of being detected as a shedder of C. burnetii compared to cattle that had 
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not been treated with antibiotics [179]. However, the same study observed antibiotics to have 

had no effect on bacterial load [179]. When used alone at drying off and at calving in herds 

where vaccination had not been undertaken for ≥ 5 years, no effect was observed [188].  

However, combining vaccination and antibiotics increased the odds of reducing the 

proportion of shedders and decreasing bacterial load. The odds of having reduced number of 

shedders and decreased bacterial load were 6 times higher (OR = 6.59, 95% CI: 1.47, 29.52) 

in animals that received both the vaccine and antibiotics  compared to herds with no 

treatment  [171]. The blanket use of antibiotics on farm might, however, result in antibiotic 

resistance on herds. 

  

1.5 Concluding remarks   

C. burnetii has a broad host range including mammals, birds, ticks and macropods 

[33] which makes its infection cycle and epidemiology complicated. There is still limited 

knowledge on many aspects of detection, transmission and control of C. burnetii infections. 

The areas of major concern for understanding the epidemiology of C. burnetii infections in 

livestock include:   

• the performance characteristics of diagnostic tests used to detect C. burnetii infections 

in livestock; 

• the timing of initial infection in livestock born in infected herds; 

• the role of sexual and airborne transmission in the spread of infection within livestock 

herds; 

• risk factors for transmission of infection within herds; and  

• the effects of C. burnetii infections on production parameters other than reproduction. 



 

70 
 

 Also, the most effective strategy of implementing vaccination in C. burnetii in 

infected herds is still unknown given that the current strategy of vaccinating livestock 1 

month before breeding only reduces, but does not stop, the shedding of C. burnetii in 

livestock. 

There was consistency in the published literature on some aspects of C. burnetii 

detection, transmission and control in livestock. The most notable include: 

• the enormous replication of the C. burnetii in the placenta of livestock; 

• the intermittent shedding of the bacterium in vaginal fluids, milk and faeces of 

ruminants and the persistency of the organism in the environment for more than 2 

years after the cessation of C. burnetii shedding; 

• the species-specific differences in the patterns of shedding of C. burnetii in livestock; 

• the effectiveness of phase 1 C. burnetii vaccines in reducing C. burnetii shedding in 

livestock; and 

• the demonstration of vaccination being more effective in seronegative and non-

pregnant animals compared to seropositive pregnant animals in infected livestock 

herds. 

Some aspects of C. burnetii epidemiology in livestock were reported only once or in 

publications from one research group, and require further investigation to confirm that they 

are generalisable to other scenarios of C. burnetii infection. For instance: 

• the observation of vaccine coverage > 80% in infected herds being associated with 

increased C. burnetii vaccine efficacy in cattle; 

• the cessation of shedding in sheep after 2 years of annual vaccinations; and 
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• the detection of cell-mediated and humoral immunity after 2 years following 

vaccination with the phase 1 C. burnetii vaccine in infected herds implying no need 

for annual vaccination in infected livestock herds.   

 

1.6 Key action areas and their significance 

Using the Q fever outbreak on the large intensive dairy goat enterprise (Table 1.4) in 

Victoria, 2013, dynamics of C. burnetii infections in goats will be investigated so as to 

provide an understanding of the epidemiology of the disease [95, 96]. This will inform the 

designing of vaccination protocols suitable for use on the outbreak farm as well as other 

affected livestock enterprises in Australia and other parts of the world.  

Notably, risk of infection over the kidding season in different groups of goats and the 

age at which kid-goats born on the intensively-managed goat enterprises are first infected will 

also be investigated. These studies intend to provide knowledge on: 

• the risk across the different groups of goats which might be useful in implementing 

control strategies;  

•  the age at which vaccination could be implemented to prevent infection; and 

• the effectiveness of the vaccination strategies derived from infection dynamics studies. 

If successful, these strategies will not only help to eliminate the shedding of C. 

burnetii at kidding but also aide in producing a disease-free replacement herd, thereby 

evading the implementation of alternative and costly control measures like slaughter of 

pregnant does, which was used in Netherlands [54].
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 CHAPTER TWO: VALIDATION OF SEROLOGICAL TESTS 

Published work: Muleme, Michael, et al. "Bayesian validation of the indirect 

immunofluorescence assay and its superiority to the enzyme-linked immunosorbent assay and 

the complement fixation test for detecting antibodies against Coxiella burnetii in goat 

serum." Clinical and Vaccine Immunology 23.6 (2016): 507-514. 

2.1 Abstract 

Although many studies have reported the indirect immuno-fluorescence assay (IFA) to be 

more sensitive in detection of antibodies to C. burnetii than the complement fixation test (CFT), 

the diagnostic sensitivity (DSe) and specificity (DSp) of the assay has not been previously 

established for use in ruminants. This study aimed to validate the IFA by describing the 

optimisation, selection of cut-off titres, repeatability and reliability, as well as the DSe and DSp 

of the assay. Bayesian latent class analysis was used to estimate diagnostic specifications in 

comparison with the CFT and enzyme-linked immuno-sorbent assay (ELISA). The optimal cut-

off dilutions for screening for IgG and IgM antibodies in goat serum using the IFA were 

estimated to be 1:160. The IFA had good repeatability (>96.9% for IgG, >78.0% for IgM) and 

there was almost perfect agreement (Cohen’s Kappa >0.80 for IgG) between the readings of two 

technicians for samples tested for IgG antibodies. The IFA had a higher DSe (94.8%; 95% CI: 

80.3, 99.6) for the detection of IgG antibodies against C. burnetii compared to the ELISA 

(70.1%; 95% CI: 52.7, 91.0) and CFT 29.8%, (95% CI: 17.0, 44.8). All three tests were highly 

specific for goat IgG antibodies. The IFA also had a higher DSe (88.8%; 95% CI: 58.2, 99.5) for 

detection of IgM antibodies when compared to the ELISA (71.7%, 95% CI: 46.3, 92.8). These 
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results underscore the suitability of the IFA over the CFT and ELISA for detection of IgG and 

IgM antibodies in goat serum and possibly other ruminants.  
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2.2 Introduction 

Coxiella burnetii causes Q fever in humans as well as abortions, stillbirths and 

infertility in ruminants [33, 52, 107, 189, 190]. The organism replicates in the placenta of 

infected ruminants, reaching up to 109 bacteria per gram of placenta tissue [15, 33, 107].  C. 

burnetii organisms are shed in extremely high concentration in birth fluids, placental tissues 

and aborted foetal membranes as well as in milk, urine and faeces of infected ruminant 

animals around the parturition period [33, 107]. The high concentration of C. burnetii 

organisms shed in tissues, fluids and excreta of infected ruminants is reportedly the primary 

source of human infections [109]. 

Caprine and ovine infections have been reported to result in severe placentitis and 

consequently in shedding of higher numbers of C. burnetii organisms compared to cattle 

[191]. Studies have also revealed that goats and sheep shed higher quantities of C. burnetii in 

faeces, vaginal mucus and birth tissues compared to other livestock [102]. Thus, the risk of 

human transmission is higher when infections occur in herds of small ruminants compared to 

other livestock. Unsurprisingly, the majority of reported large outbreaks of Q fever have been 

associated with infected sheep and goat flocks, including a major outbreak of more than 4000 

human Q fever cases in the Netherlands that was linked to sheep and goat farms with over 50 

animals [29, 102, 192-195]. Infection with C. burnetii can be asymptomatic in many animals 

and may only be detected in ruminants when infection causes abortions and reproductive 

abnormalities in pregnant animals [52]. Delay in diagnosis in livestock slows the 

implementation of appropriate control strategies thus increasing the risk of human infection. 

Coxiellosis in animals can be diagnosed through microscopic examination of stained 

tissues, culture, detection of C. burnetii DNA using polymerase chain reaction assay (PCR) 

and detection of antibodies to C. burnetii in blood and milk [45, 136]. The microscopic 

diagnosis of coxiellosis is mainly undertaken on placental tissues using Stamp-Macchiavello 
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coloration or Giemsa stain [136, 137]. The organism can be cultured in cells, embryonated 

hen eggs or cell-free media [136, 137]. However, microscopy and culturing of C. burnetii are 

expensive and require Biosafety Level 3 facilities. Furthermore, microscopic examination of 

stained tissues for C. burnetii detection is reported to have poor specificity because C. 

burnetii can be confused with other organisms like Chlamydia and Brucella [137]. The 

culturing of C. burnetii is slow and has been reported to be unsuccessful from some 

individuals despite them being positive by PCR, serology and microscopy [138]. This 

suggests culturing is an unreliable method for C. burnetii detection [138]. 

PCR methods of detecting C. burnetii DNA are widely considered to be highly 

sensitive [163]. Nevertheless, the relatively short period of time over which ruminants shed 

C. burnetii in faeces, milk, vaginal mucus and urine [102, 107] limits the suitability of PCR 

for the detection of C. burnetii infection. For example, goats experimentally infected with C. 

burnetii were reported to shed the bacterium for 14 days in vaginal swabs, 52 days in milk 

and 20 days in faeces [107]. Another study in naturally infected dairy cattle reported 

scenarios where shedding occurred by one route and not the other with only 6.4% of the 

infected animals shedding the organism in all the three shedding routes (vaginal mucus, 

faeces and milk) [136]. Therefore, PCR detection of C. burnetii from milk, faeces and vaginal 

swabs should only be attempted within a short period before and after parturition and should 

be used alongside other diagnostic methods. 

Antibodies to C. burnetii in ruminants and humans have been reported to remain in 

circulation for long periods thus making serological diagnosis a reliable method of detecting 

exposure to the organism. Antibody titres in vaccinated dairy cattle were reported to remain 

four times as high as titres in unvaccinated cattle for at least 20 months [196]. Furthermore, 

antibodies following acute Q fever in human patients in the Netherlands were reported to 

persist for at least a year after the initial diagnosis [139, 196]. IgM and IgG antibodies to 
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phase 1 and phase 2 antigens of C. burnetii are used to interpret the course of C. burnetii 

infection in animals and humans [48, 49, 197]. Recent infections can be identified by 

detection of IgM phase 2 antibodies, which appear early in the course of the disease. 

Persisting or chronic infections can be identified by detection of IgG antibodies, thus making 

serology very useful in detection of C. burnetii infection and epidemiological investigations 

[48, 49]. Limitations of serology for the diagnosis of coxiellosis include an estimated 2 to 3-

week delay between exposure and seroconversion, when C. burnetii DNA can be detected in 

peripheral blood cells within days of exposure, leading to seronegative animals that may be 

detected by PCR on blood samples [140, 197]. The early detection of C. burnetii DNA before 

seroconversion has however not been reported in ruminants. In experimental infections with 

C. burnetii in goats, the earliest PCR positive blood samples were obtained 28 days after 

exposure [115]. Paired samples collected 4 weeks apart should be obtained to ensure 

seronegative animals are diagnosed appropriately [50, 141]. The occurrence of seronegative 

animals shedding C. burnetii beyond the 4-week period over which seroconversion might be 

expected to occur could be due to lack of sensitivity of the serological tests rather than a true 

absence of antibodies in infected animals [102, 165]. Indeed, some of these studies have used 

a mixed antigen enzyme linked immunosorbent assay (ELISA) that is reported to lack 

sensitivity for IgG phase 2 antibodies [166]. Further studies are therefore necessary to 

investigate the occurrence of seronegative animals shedding C. burnetii in excreta.  

The World Organization for Animal Health (OIE) recommends the complement 

fixation test (CFT) for serological diagnosis of coxiellosis in animals [142] despite this assay 

being widely reported to have a very low diagnostic sensitivity [114] and to have non-specific 

reactions on some samples leading to uninterpretable results. The indirect immuno-

fluorescence assay (IFA) is the human reference test [50, 143]and has been reported to have a 

diagnostic sensitivity of between 98% and 100%, and a diagnostic specificity of 95%. The 
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ELISA is reported to have similarly high specificity but a lower sensitivity than the IFA in 

diagnosing human Q fever using serum samples [143, 144]. 

A number of studies have reported that IFA and ELISA are more sensitive than CFT 

for diagnosis of coxiellosis in ruminants [114, 145-147]. As yet, estimates of diagnostic 

sensitivity (DSe) and specificity (DSp) of the IFA for diagnosis of C. burnetii in ruminants 

have not been published. The OIE guidelines for the validation of diagnostic tests [198] 

require a clear description of the optimization process and setting of cut-offs as well as 

establishing the analytical and diagnostic performance of the assay for any given diagnostic 

purpose. Bayesian latent class analysis has been reported to provide reliable estimates to DSe 

and DSp in situations where the reference test (gold standard) is imperfect [114, 145, 149]. 

As is the case with diagnosis of coxiellosis where the reference test (CFT) is known to have 

poor DSe [114, 145, 149]. The aim of this study was to validate the indirect immuno-

fluorescence assay for detection of antibodies to C. burnetii in goat serum in infected herds, 

as well as to test for presence of disease in herds of unknown infection status. The specific 

objectives include using Bayesian latent class analysis to estimate the DSe and DSp of the 

IFA in detecting antibodies against C. burnetii in goat serum. 

 

2.3 Materials and methods 

2.3.1 Development of an IFA for detection of antibodies against C. burnetii in goat serum  

Microscope slides were coated with phase 1 (Henzerling strain from the Australian Q 

vax vaccine) and phase 2 (Nine Mile) C. burnetii antigens grown in Vero cells as previously 

described [199]. Fluorescein-labelled anti-goat IgG and anti-sheep IgM (KPL, USA) were 

used to detect IgG and IgM antibody-antigen complexes, respectively, as formerly described 

[200]. All samples and conjugates were diluted in 2% casein in phosphate buffered saline 
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(PBS) to limit non-specific binding. All samples and controls were tested in duplicate on 

every slide.  

Briefly, serum samples made to a starting dilution of 1:40 and twofold serial dilutions 

of 1:40, were incubated with antigen in duplicate for a period of 40 minutes at 37ºC before 

unbound serum was removed by washing with 10% PBS. Secondary conjugated antibodies 

were applied for a period of 40 minutes at 37ºC and then unbound antibodies were removed 

by washing with 10% PBS.  The slides were observed using UV light microscopy at 400 

magnification. Seropositive samples were identified by the presence of fluorescence while 

negative samples produced no fluorescence.  

A total of 12 goat serum samples were obtained from New Zealand (NZ, an OIE 

declared C. burnetii-free country) to be used as negative controls and two goat serum samples 

from a known C. burnetii-positive farm that had been pre-tested and found to have positive 

CFT titres (16 and 32) were used as positive controls. All the negative control sera also tested 

negative using CFT (Serion Virion) and ELISA (IDEXX Q fever antibody ELISA kit).  

To establish an initial dilution cut-off for goat serum, two-fold serial dilutions of 1:5 

to 1:160 of all the negative control sera were tested with the conjugate at a 1:50 dilution. The 

1:50 conjugate dilution was established using checker-board dilutions of the conjugates 

within the recommended manufacturer’s range of 1:10 and 1:100. The lowest dilutions of 

conjugate and negative control sera that did not produce fluorescence were chosen as the 

initial cut-off dilution for a true positive sample. 

Serum samples were then collected from 84 randomly selected goats in a 250-goat 

herd in Victoria, Australia (University of Melbourne Animal Ethics Committee approval 

number 1413118). The herd had previously tested positive for C. burnetii antibodies in serum 

using CFT testing and had also tested positive for C. burnetii DNA in air samples, vaginal 
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swabs and placenta samples using PCR [97]. There were also 22 laboratory-confirmed human 

cases of acute Q fever associated with the farm [97]. Two-fold serial dilutions of the serum 

samples, from 1:40 to 1:40960, were prepared and tested in duplicate using IFA to determine 

the endpoint titre above which no antibodies to C. burnetii were detected in each of the 

samples. A starting dilution of 1:40 was previously published as optimal for detecting C. 

burnetii antibodies in goat serum using IFA [114].  

2.3.2 Analytical performance of the developed IFA for detection of antibodies against C. 

burnetii in goat serum  

To assess the reliability of inter-operator reading, each of the wells of the 84 serum 

samples, and the 14 control serum samples, were read by two technicians [201] and the level 

of agreement beyond chance was estimated using Cohen’s kappa test statistic (Κ) [202]. In 

total, 1280 wells were read in duplicate (364 for phase 1 IgG test, 364 for phase 2 IgG, 276 

for phase 1 IgM and 276 for phase 2 IgM). To assess the robustness and repeatability of the 

test, 32 of the 84 samples were retested after 3 months of storage at 4 ºC, and Κ estimated for 

the paired samples. Kappa values were interpreted according to the Landis and Koch 

descriptors with Κ ≤ 0 considered to represent poor agreement, 0 < Κ ≤ 0.20 slight 

agreement, 0.20 < Κ ≤ 0.40 fair agreement, 0.40 < Κ ≤ 0.60 moderate agreement, 0.60 < Κ ≤ 

0.80 substantial agreement and 0.80 < Κ < 1.00 almost perfect agreement [203]. 

2.3.3 Comparison of the diagnostic performance of the IFA, CFT and ELISA methods for 

detecting antibodies against C. burnetii in goat serum  

The 12 negative control sera and the 84 field samples from the infected herd were 

tested using the CFT and a commercially available ELISA (IDEXX CHEKIT). The CFT was 

used, as it is configured, to detect IgG and IgM antibodies to phase 2 C. burnetii. This testing 
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was performed at the Victorian State Government veterinary diagnostic laboratory (AgriBio, 

DEDJTR). 

The IDEXX CHEKIT ELISA kit was used to detect IgG antibodies to phase 1 and 2 

C. burnetii in all serum samples according to manufacturer’s instructions. The IDEXX 

ELISA kit was modified to detect IgM antibodies by replacing the anti-ruminant IgG 

conjugate with mouse anti-sheep IgM monoclonal antibody (clone 25.69; isotype IgG1 from 

AbD Serotec) and peroxidase conjugated sheep anti-mouse IgG, as previously described 

[147]. The plates were blocked with 10 mg/mL bovine serum albumin (BSA) in PBS. All 

sera and conjugated antibodies were diluted in 5 mg/mL BSA in PBS, 0.05% Tween 20. The 

mouse anti-sheep IgM was used at the optimum dilution of 1:600 (See Supplementary Table 

S2.1). The sheep anti-mouse IgG was used at the optimum dilution of 1:3000 (See 

Supplementary Table S2.1) while control and test serum samples were used at a dilution of 

1:400. To determine the cut-off for the IgM ELISA the negative control NZ sera were tested 

at the optimum sera and conjugate dilutions and their absorbance measured at 450 nm. The 

mean optical density (OD) value and standard deviation (SD) of the known negative samples 

were calculated. Corrected OD (COD) values were then calculated using the following 

formula: 

 

where ODsample = the mean OD of two ELISA plate wells containing the same sample, 

ODblank = mean OD of the two ELISA plate wells containing only the diluent (5 mg/mL BSA 

in PBS) and ODpositive = mean OD of the two ELISA plate wells containing diluted positive 

controls. 
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Cut-off values for the ELISA were calculated using COD mean and SD values 

obtained from the negative control sera. The 84 samples from the positive farm and the 12 

negative control samples were all tested by the modified ELISA (modELISA) to detect total 

IgM antibodies (IgM antibodies to both phase 1 and 2 C. burnetii). 

2.3.4 Statistical analysis   

Bayesian latent class models were constructed to estimate the cut-off titre that 

maximised diagnostic sensitivity and specificity, as assessed using Youden’s index (Y = DSe 

+ DSp – 1), following the OIE-recommended approach [198, 204, 205]. Separate models 

were constructed to compare each pair of tests, assuming both tests in each pair were 

conditionally dependent (i.e. based on a similar biological phenomenon) and that neither was 

a ‘gold standard’.  Comparisons were made only between the different combinations of 

antigen and immunoglobulin classes that the CFT and ELISA are designed to detect: IgG and 

IgM to phase 2 only for the CFT, IgG only for phases 1 and 2 for the ELISA and IgM only 

for phases 1and 2 for the modELISA. This approach makes no assumptions about the 

infection status of tested animals. Indeed, the model is constructed to estimate four latent 

probabilities (that samples testing + +, + –, – + or – – on the two tests are truly positive), to 

enable inference of the diagnostic specifications of both tests without perfect knowledge. A 

two-population model was implemented to assume different true animal-level prevalence for 

the 12 known negative NZ samples and the 84 samples from the infected herd. 

Prior information about the diagnostic specificity and sensitivity of each assay was 

modelled using independent and informative unimodal beta distributions based on published 

diagnostic sensitivities of 93.1%, 93.1%, 85.7% and 20.6% for the IFA, IDEXX ELISA, 

modELISA and CFT, respectively; and diagnostic specificities of 91.2%, 91.2%, 97.6% and 

97.3% for the IFA, IDEXX ELISA, modELISA and CFT respectively (see Supplementary 

Table S2.2 for detailed prior specifications) [114, 143, 144, 146-148].  
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Diagnostic specificity and sensitivity of the IFA were specified as diffuse prior 

distributions, following Branscum et al. [204], to represent a lack of knowledge of the test’s 

specifications. Dependence parameters were specified as ‘uninformed’ independent uniform 

distributions, and Bayesian inferences were based on the joint posterior distribution, 

numerically approximated using the program WinBUGS [206], implemented with 

R2WinBUGS package [207] in the R statistical package [208], running 110,000 model 

iterations, discarding the first 10,000 iterations as burn-in and thinning by 10 to minimise 

auto-correlation. Parameters for Beta prior distributions were estimated using the epiR library 

[209]. K, prevalence and bias adjusted kappa (PABAK) and the proportions of positive and 

negative agreement for each comparison were directly calculated as model outputs among the 

known negative group and samples from the infected herd. Final inferences were presented as 

the 50%, 2.5% and 97.5% quantiles of the marginal posterior distributions for each of the 

parameters, corresponding to a posterior median point estimate and 95% confidence interval 

(95% CI), respectively. Analyses were repeated applying different cut-off titres for 

dichotomising the IFA results as test-positive, which enabled estimation of the two-way 

receiver-operator-characteristic (ROC) curve and globally optimal cut-off (as assessed using 

Youden’s index). A sensitivity analysis was performed to test for the influence of the priors 

on the final results, inputting vague (‘flat’) priors with wider confidence intervals and 

comparing all model outputs. 
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2.4 Results 

2.4.1 Analytical performance of the IFA for detection of antibodies against C. burnetii in 

goat serum  

No fluorescence was observed using any of the negative control samples with the IFA 

conjugates (IgG and IgM) and antigens (phase 1 and 2) at 1:160 serum dilution (Table 2.1). 

The overall observed level of agreement between the two experienced technicians’ readings 

was 94.4% (95% CI: 93.0, 95.5) and overall agreement beyond chance between readings of 

the two technicians was K = 0.88 (95% CI: 0.83, 0.94).  

Test-specific observed levels of agreement between readings of two technicians are 

reported in Table 2.2. The repeatability of the IFA was 100% (95%CI: 89.3, 100) for IgG 

phase 1, 96.9 % (95% CI: 84.3, 99.4) for IgG phase 2 and 78.1% (95% CI: 61.2, 89.0) for 

both IgM phase 2 and IgM phase 1 (Figure 2.1). Agreement between the two testings was K = 

0.93 (95% CI: 0.58, 1.00) and 1.00 (95% CI: 0.65, 1.00) for IgG phase 2 and IgG phase 1, 

and K = 0.57 (95% CI: 0.26, 0.89) and 0.58 (95% CI: 0.27, 0.89) IgM phase 2 and IgM phase 

1, respectively.



 

84 
 

 

Figure 2.1: The number of samples at different antibody titres that produced same 

results when tested with indirect immunofluorescence assay, 3 months later  

The black bars (Rep) show the number of samples with same results while the white bars 

(Tot) represent the total number of samples retested. T represents antibody titre. 
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Table 2.1. Assay optimisation to establish the serum dilution without non-specific 

binding to anti-goat IgG and anti-sheep IgM conjugates when 12 known negative goat 

sera were tested for antibodies against phase 1 and 2 C. burnetii antigen using the 

indirect immunofluorescence assay.  

 IFA antigen   Phase 2 Phase 1 

Sample dilutions 5 10 20 40 80 160 5 10 20 40 80 160 

Anti-goat IgG conjugate 

Sample IDs and IFA result 

at different dilutions 

370 ± ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

371 ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

372 ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ 

373 ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ 

374 ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

375 ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

924 ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ 

925 ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

927 ± ± ± ± ± ─ ─ ─ ─ ─ ─ ─ 

928 ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

930 ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

936 ± ± ± ± ± ─ ─ ─ ─ ─ ─ ─ 

Number of Samples with ±  9 8 5 2 2 0 0 0 0 0 0 0 

Anti-sheep IgM conjugate 

Sample IDs and IFA result 

at different dilutions 

370 ─ ─ ─ ─ ─ ─ ± ± ± ± ─ ─ 

371 ± ± ± ± ─ ─ ± ± ± ± ─ ─ 

372 ± ± ± ─ ─ ─ ± ─ ─ ─ ─ ─ 

373 ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ 

374 ± ± ─ ─ ─ ─ ± ± ± ± ─ ─ 

375 ± ± ± ─ ─ ─ ± ± ± ± ± ─ 

924 ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ 

925 ± ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ 

927 ± ± ± ± ─ ─ ± ± ─ ─ ─ ─ 

928 ± ± ± ± ─ ─ ± ± ± ± ─ ─ 

930 ± ± ± ─ ─ ─ ─ ─ ─ ─ ─ ─ 

936 ± ± ± ─ ─ ─ ± ± ± ± ± ─ 

Number of Samples with ±   11 11 10 4 0 0 8 7 6 6 3 0 

─  Negative, ± Non-specific binding, ID identification, IFA indirect 

immunofluorescence assay 



 

86 
 

 

Table 2.2. Level of agreement between readings of two technicians of the indirect 

immunofluorescence assay against phase 1 and 2 C. burnetii antigens in goat serum. 

Test Proportion of 

positive 

agreement 

% (n) 

Proportion of 

negative 

agreement 

% (n) 

observed 

agreement 

% (95% CI) 

Κ (95% CI) 

IgG Phase 2 86.2 (145) 98.2 (219) 93.4 (90.4, 95.5) 0.86 (0.76, 0.96) 

IgG Phase 1 95.2 (165) 99.0 (199) 97.3 (95.0, 98.5) 0.94 (0.84, 1.00) 

IgM Phase 2 75.9 (83) 96.9 (193) 90.6 (86.6, 93.5) 0.77 (0.65, 0.88) 

IgM Phase 1 98.3 (61) 94.8 (215) 95.7 (92.6, 97.5) 0.88 (0.76, 1.00) 

CI confidence interval, K Cohen’s Kappa 

2.4.2 Comparison of the diagnostic performance of the IFA and IDEXX ELISA methods 

for detecting IgG antibodies against C. burnetii in goat serum  

Comparisons of the CFT and the ELISA to the IFA are described in Table 2.3. Only 

one sample was positive on ELISA but negative on both IFA and CFT; and two other 

samples were inconclusive on ELISA but positive on IFA and CFT (Table 2.3). All of the 

negative control samples from New Zealand (OIE-declared C. burnetii free) tested negative 

on all three tests. 

Table 2.3. Comparison of the indirect immunofluorescence assay (IFA), CFT (Serion Virion) 

and ELISA (IDEXX) in detecting IgG antibodies to C. burnetiiin 96 goat serum samples at the 

optimum cut-off of 1:160 for the IFA as estimated with Bayesian latent class analysis*. 

 ELISA + ELISA –   CFT + CFT –   CFT + CFT – 

IFA + 22 14  IFA + 12 24  ELISA + 10 13 

IFA – 1 59  IFA – 0 60  ELISA – 2 71 

+ Positive, – Negative. *All samples from New Zealand (OIE-declared C. burnetii free) tested 

negative on all three tests 
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Figure 2.2: Bayesian estimates of diagnostic sensitivity and specificity of the C. burnetii 

IFA at different cut-off titres in goat sera, compared to the IDEXX ELISA  

Shading represents 95% confidence intervals; the solid line (representing sensitivity of the 

IFA) crosses the dashed line (representing specificity of the IFA) at a dilution where the 

highest Youden index (best combined sensitivity and specificity of the IFA) is obtained. 
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Compared to the IDEXX ELISA, the IFA had the greatest specificity and sensitivity 

(Youden’s index) for detecting both IgG phase 2 and 1 antibodies in goat sera at a cut-off 

titre of 1:160 total antibody titre (Figure 2.2). The observed agreement between the IFA and 

the ELISA at the 1:160 cut-off titre was 81.1% (95% CI: 72.7, 88.0); the proportion of 

agreement beyond chance was 0.60 (95% CI: 0.43, 0.74). The IFA was more sensitive 

(94.8%; 95% CI: 80.3, 99.6) than the ELISA (70.1%; 95% CI: 52.7, 91.0) in detecting IgG 

phase 1 and 2 C. burnetii antibodies in goat serum. The IFA and IDEXX ELISA had 

comparable diagnostic specificity (Table 2.4). Bayesian estimates of the specificity and 

sensitivity for the IFA and IDEXX ELISA, and prior probability distributions, are presented 

in Table 2.4.  

2.4.3 Comparison of the diagnostic performance of the IFA and modELISA for detecting 

IgM antibodies against C. burnetii  

The mean COD + 2 SD of the negative control sera tested with the modELISA was 

0.448, whilst the mean COD + 3 SD of the negative control sera was 0.530. Therefore, the 

modELISA test samples that had a COD < 0.448 were interpreted as negative, whilst test 

samples that had a COD ≥ 0.530 were interpreted as positive. Test samples that had a COD ≥ 

0.448 but < 0.530 were interpreted as inconclusive. The Bland-Altman test of agreement on 

all the negative control sera and the three positive control sera showed no statistically 

significant difference between duplicate modELISA results on the same sample (p(t) = 

0.813).  

When compared to the modELISA, the highest specificity and sensitivity (Youden’s 

index) of the IFA in detecting both IgM phase 2 and 1 antibodies in goat sera was obtained at 

a cut-off titre of 1:160 (Figure 2.3). The IFA had a higher diagnostic sensitivity (88.8%; 95% 

CI: 58.2, 99.5) for IgM (phase 1 and 2) antibodies than the modELISA (71.7%, 95% CI: 46.3, 

92.8) at the 1:160 cut-off titre. 
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Figure 2.3: Diagnostic sensitivity and specificity of the C. burnetii IFA at different cut-

offs titres estimated using Bayesian latent class analysis for goat sera, when compared 

against the modified IgM ELISA  

Shading represents 95% confidence intervals; the solid line (representing sensitivity of the 

IFA) crosses the dashed line (representing specificity of the IFA) at a dilution where the 

highest Youden index (best combined sensitivity and specificity of the IFA) is obtained. 
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Table 2.4. Bayesian estimates of diagnostic sensitivity and specificity of the indirect immunofluorescence assay (IFA) in comparison to the 

ELISA (IDEXX) in detection of IgG and IgM antibodies to C. burnetii at 1:160 dilution of goat serum 

Antibody 

Types 

Tests Sensitivity 

% (95% CI) 

Specificity 

% (95% CI) 

Prevalence 1 

% (95% CI) 

Prevalence 2 

% (95% CI) 

Agreement a 

% (95% CI) 

K a 

(95% CI) 

PABAK a 

(95% CI) 

IgG 

Phases 1 

& 2 

IFA 94.8 (80.3, 

99.6) 

92.5 (77.1, 

99.3) 

40.4 (26.0, 

53.6)  

0.00 (0.00, 

1.20) 

81.1 (72.7, 

88.0) 

0.60 (0.43, 

0.74) 

0.62 (0.45, 

0.76) 

ELISA 70.1 (52.7, 

91.0) 

96.2 (88.9, 

99.2) 

— — — — — 

IgM 

Phases 1 

& 2 

IFA 88.8 (58.2, 

99.5) 

92.4 (83.0, 

99.2) 

16.0 (8.6, 

25.4) 

0.00 (0.00, 

1.20) 

73.5 (64.5, 

81.1) 

0.27 (0.09, 

0.45) 

0.47 (0.29, 

0.62) 

modELISA 71.7 (46.3, 

92.8)  

80.7 (71.2, 

89.8) 

— — — — — 

Phase 2 

only 

(IgM/IgG) 

IFA 84.5 (54.4, 

98.7) 

94.4 (79.8, 

99.5)  

41.4 (26.0, 

63.7) 

0.00 (0.00, 

1.30) 

71.4 (62.2, 

79.1) 

0.30 (0.16, 

0.46) 

0.43 (0.24, 

0.58) 

CFT 29.8 (17.0, 

44.8) 

96.8 (89.2, 

99.5) 

— — — — — 

a Estimated including negative controls from New Zealand (OIE-declared C. burnetii free). CI Confidence interval, Prevalence 1 is 

estimated animal-level true prevalence in samples from known infected herd. Prevalence 2 is estimate of animal-level true prevalence in 

samples from New Zealand. Agreement is proportion agreement, K Cohen’s Kappa, PABAK Prevalence and bias adjusted K, modELISA 

modified IDEXX ELISA. 
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Bayesian estimates of the specificity and sensitivity for the IFA and modELISA, and 

prior probability distributions, are also presented in Table 2.4. The comparison between the 

IFA and modELISA showed less agreement beyond chance (K) than for the comparison 

between the IFA and IDEXX ELISA (for IgG), Table 2.4. Given the relatively low animal-

level prevalence of IgM antibodies, PABAK was a more appropriate measure and estimated 

higher agreement than K. 

2.4.4 Comparison of the diagnostic performance of the IFA, CFT and ELISA in detecting 

antibodies to C. burnetii  

The IFA was more sensitive (84.5; 95% CI: 54.4, 98.7) than the CFT (29.8; 95% CI: 

17.0, 44.8) in detecting IgG and IgM antibodies to phase 2 at the 1:160 cut-off (Table 2.4). 

Bayesian estimates of the specificity and sensitivity as well as prior distributions, prevalence 

estimates and levels of agreement between the IFA and CFT are presented in Table 2.4.  

Unlike the IFA, the ELISA (IDEXX and modELISA) had a significantly higher 

diagnostic sensitivity for IgG (78.1; 95% CI: 59.7, 94.9) and IgM (79.6; 95%CI: 56.6, 94.8) 

antibodies against phase 2 C. burnetii compared to IgG (71.5; 95% CI: 53.9, 92.5) and IgM 

(71.7; 95% CI: 46.0, 92.8) against phase 1 C. burnetii (See details in supplementary Table 

S2.3).  

Estimates of sensitivity and specificity of the IFA vs ELISA; IFA vs CFT; as well as 

IFA vs modELISA based on vague prior probability distributions, are presented as additional 

material (Supplementary Table S2.4). The use of flat priors resulted in significantly lower 

diagnostic sensitivity of the IFA (65.4; 95% CI: 21.8, 95.6) and modELISA (64.7; 95% CI: 

33.2, 90.1) for IgM antibodies compared to sensitivity estimates obtained using published 

priors (Table 2.4). The diagnostic specifications (sensitivity and specificity) of all other tests 

were highly comparable irrespective of whether flat or informative priors were utilised.  
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2.5 Discussion 

The CFT is still widely used for the serological detection of C. burnetii in animals 

despite its poor sensitivity [114, 142] possibly because it is the only test that has been fully 

validated and standardized for use in detecting antibodies to C. burnetii in animals across 

different laboratories worldwide.  The highly sensitive and specific human IFA was adapted 

and validated for use in serological diagnosis of coxiellosis in goats.  Diagnostic sensitivity 

and specificity estimates of the test for detecting IgG and IgM antibodies to phase 1 and 2 C. 

burnetii antigens were also generated. 

Unlike the CFT, the IFA can be used to distinguish IgG from IgM antibodies to phase 

1 & 2 C. burnetii, an attribute that has been used to differentiate recent infections from past 

exposure in humans [48, 49]. The IFA validated in this thesis could potentially also be used 

in veterinary diagnostics to differentiate recent infections from chronic infections in infected 

goat herds to assist with outbreak investigations or to establish freedom from C. burnetii 

infection. Diagnostic sensitivity and specificity estimates of the IFA based on its performance 

in samples from infected and disease-free populations have also been produced.  

The higher sensitivity of the IFA compared to the ELISA for antibodies against C. 

burnetii in goat serum obtained in this study is similar to what has been previously published 

for human Q fever serology [143, 144].  There have also been reports of low sensitivity to 

IgG phase 2 antibodies in ELISA kits coated with mixed (both phase 1 and 2) antigen [125].  

A study done to compare the performance of three ELISA kits (mixed antigen, phase1 and 

phase 2) in detecting antibodies against C. burnetii in cattle sera, reported poor performance 

of the mixed antigen ELISA compared to phase 1 and phase2 ELISA [125].  This “mixed 

antigen effect” could explain the lower sensitivity of the ELISA compared to the IFA in 
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detecting IgG antibodies observed in this study (Table 2.4). Also, the ELISA was observed to 

be more sensitive to IgG antibodies against phase 2 antigen than phase 1 which could 

possibly be a result of the type of antigen used in this kit. 

All commercially available tests were not able to separately quantify IgM antibodies 

in goat sera; the IDEXX ELISA measures only IgG antibodies and the CFT titres are a 

combination of both IgG and IgM antibodies. This validated IFA assay which provides 

specificity and sensitivity estimates for detecting IgM antibodies to phase 1 and 2 C. burnetii 

antigens is a novel test for veterinary diagnostics. The sensitivity of the modELISA for 

detection of IgM antibodies is comparable to the sensitivity of the IDEXX ELISA for 

detection of IgG antibodies, which is possibly because the modELISA and the IDEXX 

ELISA contain the same antigen “mixed phase 2 and 1 C. burnetii”. The lower sensitivity 

estimates of the ELISA and IFA for IgM antibodies obtained using “flat” priors could 

possibly be due to low prevalence of IgM antibodies in samples used for this study; a 

scenario that has been reported previously in human diagnostics [143].  

The low sensitivity of the CFT obtained in this research study is similar to what has 

been reported in other studies; it can be explained by the fact that in ruminants, only IgG1 

antibodies fix complement and the presence of IgG2 and IgM antibody types inhibits IgG1 

from fixing complement [125, 143, 210]. The CFT is thus likely to result in many false 

negative samples, which make the test unsuitable in estimating prevalence and identifying 

exposed or infected ruminants.  However, due to its high specificity and the fact that it is not 

species-specific, the CFT is still useful for identifying infected herds and declaring herds to 

be free of disease. Nonetheless, a larger sample size would be required because of the low 

sensitivity of the CFT. This low sensitivity explains why the agreement between the CFT and 

the highly sensitive IFA was only fair (K = 0.30) with only 13% of the samples positive for 

both tests at a 1:160 serum dilution (Table 2.3).  
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Accumulated evidence shows that New Zealand is free of Q fever [50, 211, 212]. 

Therefore, any fluorescence observed in New Zealand samples was considered false 

fluorescence.  These negative control samples showed no fluorescence at a 1:160 serum 

dilution, which was used as a cut-off titre for absolute positivity. The Bayesian latent class 

model used in this study, also produced the highest Youden’s index at 1: 160 for both IgG 

and IgM which reinforces the reliability of a 160-cut-off titre. All samples with end-titres 

below 160 were treated as negative. Furthermore, the high kappa coefficient (Table 2.2) and 

the high observed proportion of agreement (95.5%) between readings of the two technicians 

[203] confirms that there was limited human bias in the readings. This is important as IFA is 

subjective and may require the operator to differentiate background fluorescence from true 

fluorescence. Much of the disagreement occurred at dilutions close to the end-point titre 

where weakly positive titres were classified as negative by either one of the technicians. 

All samples had almost perfect repeatability over time (Figure 2.1) for detection of 

antibodies against IgG phase 1 and 2 C. burnetii. Most of the poor repeatability results were 

for IgM titres, which were generally low, between 0 and 160, in the tested population.  These 

low titres were difficult to distinguish from negative controls, which also had background 

fluorescence at these titres. This further supports the use of 1:160 as a reliable cut-off titre for 

determining a true positive result and suggests that the IFA is unreliable for detecting C. 

burnetii antibody titres below 1:160 in goat sera.  

 

2.6 Conclusions 

By providing sensitivity and specificity estimates of three serological tests used in Q 

fever diagnostics, these results are a yardstick for the serological diagnosis of coxiellosis in 

goats. The IFA is highly sensitive and specific and should be used as a reference diagnostic 



 

95 
 

test for coxiellosis in goats and other livestock. Furthermore, the ability of the IFA to 

differentiate IgG and IgM antibodies could be a useful tool in identifying recently infected 

animals and associated risk factors for infection as well as for designing C. burnetii disease 

control programs in goat herds. On the other hand, the ELISA is easier to perform and may 

be the quickest way to test high numbers of samples while the high specificity of the CFT 

makes it suitable as a confirmatory test for samples positive to other tests.  However, because 

of its low diagnostic sensitivity, the CFT is likely to give unreliable prevalence estimates of 

C. burnetii antibodies in goats and other livestock. 

 

2.7 Ethical approval 

All applicable international, national, and institutional guidelines for the care and use 

of animals were followed. All procedures performed in studies involving animals were in 

accordance with the ethical standards of the University of Melbourne (application number: 

1413118). 
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2.8 Supplementary material 

 

Table S2.1: Optical density readings obtained at different dilutions of mouse anti-sheep IgM 

and anti-mouse IgG-HRP* on positive controls and blank (diluent; Bovine Serum Albumin) 

during optimisation of the IDEXX ELISA for detection of IgM antibodies to C. burnetii. 

 Samples Mouse anti-sheep 

Sheep anti-mouse IgG-HRP 

dilutions  

  IgM dilutions    

  

1/600 

1/1000 1/3000 1/9000 

 Blank 0.483 

0.535 

0.227 

0.221 

0.110 

0.108   1/300 

 Positive controls 1/600 2.240 1.169 0.494 

  1/300 2.283 1.120 0.571 

 

*HRP is horse-radish peroxidase. There was limited colour intensity in the blank and a strong 

colour change in positive controls at 1:600 mouse anti-sheep IgM conjugate dilution and 

1:3000 sheep anti-mouse IgG-HRP conjugate. The 1:600 mouse anti-sheep IgM and the 

1:3000 sheep anti-mouse IgG-HRP were thus chosen as the optimum dilutions for the 

conjugate. 
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Table S2.2. Prior probability distributions placed on parameters to inform Bayesian latent class analysis to estimate diagnostic sensitivity and specificity 

of the IFA, CFT (Serion Virion), ELISA (IDEXX) and modELISA (modified IDEEX ELISA) for detection C. burnetii antibodies 

Test Parameter Expert-elicited priors distribution mode (Q2.5, Q97.5) Vague priors distribution mode (Q2.5, Q97.5) References 

IFA (IgG) Diagnostic 

sensitivity 

Beta (4.982, 1.295) 0.931 (0.500, 0.977) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [114, 148] 

ELISA (IgG) Beta (4.982, 1.295) 0.931 (0.500, 0.977) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [148] 

IFA (IgM) Beta (8.784, 1.079) 0.990 (0.700, 0.993)  Beta (2.659, 1.553) 0.750 (0.250, 0.936) [143] 

modELISA Beta (6.110, 1.853) 0.857 (0.500, 0.955) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [143] 

CFT Beta (3.490, 10.597) 0.206 (0.087, 0.450) Beta (3.285, 6.332) 0.400 (0.122, 0.600) [148] 

IFA (IgG) Diagnostic 

specificity 

Beta (5.218, 1.407) 0.912 (0.500, 0.973) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [114, 148] 

ELISA (IgG) Beta (5.218, 1.407) 0.912 (0.500, 0.973) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [148] 

IFA (IgM) Beta (4.741, 1.184) 0.953 (0.500, 0.982)  Beta (2.659, 1.553) 0.750 (0.250, 0.936) [143] 

modELISA Beta (4.522, 1.087) 0.976 (0.500, 0.985) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [143] 

CFT Beta (4.549, 1.098) 0.973 (0.500, 0.985) Beta (2.659, 1.553) 0.750 (0.250, 0.936) [148] 

IgG * Beta (4.842, 3.561) 0.600 (0.300, 0.831) Beta (1.745, 2.119) 0.400 (0.100, 0.834)  

 ** Beta (1, 100) 0.010 (0.000, 0.030) Beta (1.000, 4.322) 0.030 (0.001, 0.060) † 

IgM * Beta (9.003, 46.350) 0.150 (0.089, 0.250) Beta (5.619, 42.573) 0.100 (0.051, 0.200)  

 ** Beta (1, 100) 0.010 (0.000, 0.030) Beta (1.000, 4.322) 0.030 (0.001, 0.060) † 

Both IgG and 

IgM 

* Beta (4.842, 3.561) 0.600 (0.253, 0.864) Beta (2.346, 4.140) 0.300 (0.100, 0.675)  

** Beta (1, 100) 0.010 (0.000, 0.030) Beta (1, 100) 0.010 (0.000, 0.030) † 

†Samples from New Zealand (OIE declared Coxiella-free), *Animal-level prevalence in known infected herds, ** Animal-level prevalence in 

considered disease free herds 



 

98 
 

Table S2.3. Bayesian estimates of diagnostic sensitivity and specificity of the indirect immunofluorescence assay (IFA) in comparison to 

the ELISA (IDEXX) and modELISA (modified IDEEX) in detection of IgG and IgM antibodies to phase 1 and 2 Coxiella burnetii at 

1:160 serum dilution 

Antibody 

Types 

Tests Sensitivity 

% (95% CI) 

Specificity 

% (95% CI) 

Prevalence 1 

% (95% CI) 

Prevalence 2 

% (95% CI) 

Agreement a 

% (95% CI) 

K a 

(95% CI) 

PABAK a 

(95% CI) 

IgG 

Phase 2 

IFA 92.1 (74.1, 

99.3) 

93.6 (81.9, 99.4) 35.3 (22.9, 

48.2) 

0.00 (0.00, 

1.30) 

85.2 (77.3, 

91.0) 

0.67 (0.50, 

0.80) 

0.70 (0.55, 0.82) 

ELISA 78.1 (59.7, 

94.9) 

95.9 (88.5, 99.2) — — — — — 

IgG 

Phase 1 

IFA 94.8 (80.0, 

99.6) 

92.7 (78.1, 99.4) 39.4 (25.6, 

52.1) 

0.00 (0.00, 

1.20) 

82.1 (74.0, 

88.5) 

0.61 (0.45, 

0.75) 

0.64 (0.48, 0.77) 

ELISA 71.5 (53.9, 

92.5) 

96.3 (89.4, 99.3)      

IgM 

Phase 2 

IFA 87.2 (54.1, 

99.4) 

97.2 (90.7, 99.8) 13.8 (7.5, 

22.3) 

0.00 (0.00, 

1.20) 

77.7 (69.3, 

84.8) 

0.34 (0.16, 

0.52) 

0.55 (0.39, 0.69) 

modELISA 79.6 (56.6, 

94.8) 

80.9 (71.5, 89.7) — — — — — 

IgM 

Phase 1 

IFA 87.2 (55.8, 

99.3) 

94.6 (86.1, 99.5) 14.2 (7.1, 

23.1) 

0.00 (0.00, 

1.30) 

73.4 (64.8, 

81.0) 

0.24 (0.07, 

0.43) 

0.47 (0.30, 0.62) 

modELISA 71.6 (45.9, 

92.5) 

79.4 (69.9, 88.4) — — — — — 

CI = Confidence Interval  
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Table S2.4. Prior sensitivity analysis: Bayesian estimates of diagnostic sensitivity and specificity of the indirect immunofluorescence assay 

(IFA) in comparison to the ELISA (IDEXX) in detection of IgG and IgM antibodies to Coxiella burnetii at the 1:160 cut-off, utilising vague 

priors. 

Antibody 

Types 

Tests Sensitivity 

% (95% CI) 

Specificity 

% (95% CI) 

Prevalence 1 

% (95% CI) 

Prevalence 2 

% (95% CI) 

Agreement a 

% (95% CI) 

K a 

(95% CI) 

PABAK a 

(95% CI) 

IgG 

Phases 1 

& 2 

IFA 89.8 (58.0, 

98.9) 

89.3 (66.2, 

98.9) 

38.7 (13.8, 

60.6) 

0.00 (0.0, 

1.5) 

80.2 (71.5, 

87.2) 

0.57 (0.40, 

0.72) 

0.60 (0.43, 

0.74) 

ELISA 62.8 (39.2, 

86.0) 

93.3 (77.3, 

98.7) 

— — — — — 

IgM 

Phases 1 

& 2 

IFA 65.4 (21.8, 

95.6) 

87.9 (77.0, 

97.0) 

12.8 (3.3, 

24.2) 

0.00 (0.00, 

2.60) 

71.9 (63.1, 

79.8) 

0.21 (0.03, 

0.40) 

0.44 (0.26, 

0.60) 

modELISA 64.7 (33.2, 

90.1) 

78.5 (68.0, 

89.1) 

— — — — — 

Phase 2 

only 

(IgM/IgG) 

IFA 83.1 (50.2, 

98.0) 

89.4 (69.3, 

98.8) 

34.4 (10.7, 

56.3) 

0.0 (0.0, 1.2) 73.6 (64.8, 

81.3) 

0.34 (0.18, 

0.50) 

0.47 (0.30, 

0.63) 

CFT 32.5 (16.4, 

51.0) 

93.4 (83.0, 

98.6) 

— — — — — 

a Estimated including negative controls from New Zealand (OIE-declared Coxiella burnetii free). PI Predictive interval, Prevalence 1 is 

estimated animal-level true prevalence in samples from known infected herd. Prevalence 2 is estimate of animal-level true prevalence in 

samples from New Zealand. Agreement is proportion agreement, K Cohen’s Kappa, PABAK Prevalence and bias adjusted K, modELISA 

modified IDEXX ELISA 
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CHAPTER THREE: PERIPARTUM DYNAMICS OF COXIELLA 

BURNETIIINFECTIONS IN INTENSIVELY MANAGED DAIRY GOATS 

ASSOCIATED WITH A Q FEVER OUTBREAK IN AUSTRALIA 

Published work: Muleme, Michael, et al. " Peripartum dynamics of Coxiella burnetii 

infections in intensively managed dairy goats associated with a Q fever outbreak in 

Australia." Preventive Veterinary Medicine 139 (2017): 58-66. 

 

3.1 Abstract 

Coxiella burnetii may cause reproduction disorders in pregnant animals but subclinical infection 

in other animals. Unrecognised disease may delay implementation of control interventions, 

resulting in transmission of infection to other livestock and to humans. Seroreactivity to C. 

burnetii phase-specific antigens, is routinely used to interpret the course of human Q fever. This 

approach could be similarly useful in identifying new and existing infections in livestock herds 

to help describe risk factors or production losses associated with the infections and the 

implementation of disease-control interventions.  This study aimed to elucidate the dynamics of 

C. burnetii infections using seroreactivity to phase-specific antigens and to examine the impact 

of infection on milk yield in goats in an endemically-infected farm that was associated with a Q 

fever outbreak in Australia. Seroreactivity pre- and post-partum and milk yield were studied in 

164 goats (86 nulliparous and 78 parous). Post-partum, the seroprevalence of antibodies to C. 

burnetii increased from 4.7% to 31.4% throughout goats’ first kiddings and from 47.4% to 

55.1% in goats kidding for the second or greater time. Of 123 goats that were seronegative pre-

partum, 26.8% seroconverted over the three-month peri-partum period, highlighting the 
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importance of controlling infection throughout this time. The risk of seroconversion was 

comparable in first or later kidders, suggesting constant risk irrespective of parity. No loss in 

milk production associated with seroconversion to phase 2 was observed within the first nine 

weeks of lactation.  However, seroconversion to only phase 1 was associated with extra 0.276 

litres of milk per day (95% Confidence Interval: 0.010, 0.543; P = 0.042), which warrants further 

investigation to ascertain whether or not it is a genuine and possibly causal association. Further 

studies on seroreactivity and milk production over longer periods are required, as milk 

production loss caused by C. burnetti may be an additional reason to control the disease in goat 

herds.  

Keywords: Coxiella burnetii, transmission, control, goats, production losses
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3.2 Introduction 

Coxiella burnetii is the causative agent of Q fever, a zoonotic disease characterized by a 

flu-like illness in its acute form as well as cardiac malfunction and granulomatous hepatitis in its 

chronic form in humans [15]. The bacterium mostly circulates sub-clinically in domestic animals 

and wildlife although infections in pregnant animals have been reported to result in abortions, 

still-births, weak offspring and neonatal death [33, 52]. Early detection of C. burnetii outbreaks 

in ruminant herds has previously been hindered by the subclinical nature of C. burnetii infections 

in non-pregnant animals and the failure to routinely diagnose causes of abortions on farms [9, 

102]. During the 2007–2010 Q fever epidemic in the Netherlands, the link between infected 

farms and human cases became apparent after implementation of mandatory reporting of 

increased abortion rates on farms [9] 

In ruminants, coxiellosis is thought to cause reproductive loss through inflammation of 

the placenta following massive replication of C. burnetii in the trophoblast cells [33]; up to 90 

fold within three days of infection [63]. Thus C. burnetii infections in ruminants and other 

domestic animals consequently lead to environmental contamination during parturition or 

abortion when the placenta and birth fluids are shed. This is considered to be the primary source 

of human and domestic animal C. burnetii infections, with transmission mainly occurring 

through inhalation of C. burnetii-contaminated dust and fluid aerosols [39, 40]. 

Intensive ruminant farming, which often involves synchronisation of oestrus and thus 

parturition, may result in very high rates of both environmental contamination and transmission 

of infection to susceptible hosts, with bacterial shedding from numerous infected ruminants 

giving birth within narrow timeframes. Such an effect may explain why a number of previous 
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outbreaks have been associated with intensive ruminant farms: over 4000 human cases of Q 

fever occurred in the Netherlands between 2007 and 2010, with increased risk of infection 

associated with living in close proximity to intensively-managed dairy goat herds [98]. Similarly, 

147 human cases in the United Kingdom were associated with lambing ewes in the West 

Midlands in 1992 [53] [213], and 23% of the residents in a rural German town were considered 

to have contracted Q fever from a large sheep farm in 1996 [29]. 

Testing for antibodies and C. burnetii DNA in bulk tank milk (BTM) has been widely 

used as a surveillance method [121] [122]. However, BTM testing does not describe infection 

dynamics within herds which is important for identifying infection risk factors [123]. BTM 

monitoring of C. burnetii epidemiology also excludes non-lactating animals and may not detect 

the initial stages of an outbreak involving fewer animals, leading to falsely negative enzyme-

linked immunosorbent assay (ELISA) or polymerase chain reaction (PCR) results [123]. Thus, 

testing individual animals is required to comprehensively investigate exposure and transmission 

within herds. 

Serological reaction to phase-specific antigens of C. burnetii is routinely used to diagnose 

and interpret the course of Q fever in humans but has not been widely used to study C. burnetii 

infection in domestic animals [48, 125]. Recent infections may be identified by the presence of 

IgM antibodies to phase 2 C. burnetii surface glycoproteins, which appear within two weeks of 

infection, or through detecting seroconversion or a fourfold rise in titre of IgG antibodies to 

phase 2 C. burnetii antigens [9, 48, 114]. Conversely, IgG antibodies to phase 1 C. burnetii 

antigens appear much later in the course of infection—about 114 days after infection in 

humans—which indicates convalescence, recrudescence or chronic disease, and could also be a 

marker of constant antigenic stimulation [126, 214, 215]. The sequential production of antibodies 
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to phase 2 and phase 1 antigens of C. burnetii was initially described in guinea pigs [46] and has 

recently been described in goats [197]. Phase-specific serology may therefore be a valuable tool 

for studying the dynamics of infection within herds and for prompt detection of new infections.  

Since antibodies are produced within a short timeframe of usually 2-3 weeks in newly 

infected animals [197], detecting antibodies is useful for timely diagnosis of new infections.  In 

contrast, detectable C. burnetii DNA is usually only present in secretions or excreta during late 

pregnancy and after parturition following the massive replication of organisms in the placenta 

[33, 102, 189]. There seems to be no evidence of regular shedding of C. burnetii by infected 

ruminants outside the peri-parturient period [109].  

Early detection and timely implementation of disease control interventions could reduce 

production losses attributed to C. burnetii infections in ruminant herds. These are mainly due to 

reproductive wastage following C. burnetii-induced abortions and perinatal deaths [127, 128]. 

Economic losses due to the cost of interventions such as vaccination and cessation of breeding as 

well as the cost of treating human infections and weeks of lost work have also been previously 

described [131, 132, 184]. For example, in the Netherlands outbreak, the retention payoff index 

(value of future profitability foregone) was estimated to be €250 per goat for breeding 

prohibition and €300 per goat culled [132].  

There is limited information on direct production losses due to C. burnetii infection in 

livestock other than those arising from reproductive anomalies. However, one study reported a 

strong association between shedding of C. burnetii in milk and the occurrence of chronic mastitis 

in dairy cattle [133]. This study aimed to describe the dynamics of C. burnetii infections and to 

examine the impact of infection on milk production in goats on an intensively-managed goat 
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enterprise associated with a Q fever outbreak in Australia, using phase-specific seroreactivity 

and milk yield. 

  

3.3 Materials and methods 

3.3.1 Study population 

The study was undertaken on an intensive goat and sheep dairy enterprise at the centre of 

a Q fever outbreak that lasted 2 years (2012 – 2014) and comprised of 18 confirmed and 6 

probable human cases in Victoria, Australia [97]. The enterprise grazed sheep on pasture, then 

converted into an intensive goat and sheep dairy in the late 1990s. Stock numbers have steadily 

risen and now there are 5000 milking goats and 1100 sheep reared in six herds on five different 

farms, three of which are in close proximity (Figure 3.1). Although the sheep dairy herd is still 

managed extensively on pasture, the dairy goats are reared in large sheds and their reproductive 

cycles are synchronised to ensure short kidding periods four times a year namely; February-

March, June-July, September-October and November-December. 

3.3.2 Bulk milk monitoring of herd-level status 

3.3.2.1 Testing for antibodies to C. burnetii in milk using ELISA 

To describe the distribution of infected herds, 50 mL of BTM samples were collected on 

five different samplings from all the six herds over a four-month period in 2014. Two of the bulk 

milk samplings were done two weeks prior to a kidding period (August, before the September 

kidding and October, before the November kidding) and three samplings were done weekly in 

the three weeks following the November 2014 kidding period (first, second and third week of 

December). The milk samples were tested for antibodies to C. burnetii using ELISA (IDEXX) 
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and indirect immuno-fluorescence assay (IFA), and for C. burnetii DNA with a quantitative PCR 

assay targeting the com1 gene.   

To test for antibodies against C. burnetii using the Q fever ELISA (IDEXX), 15 mL from 

the BTM samples was centrifuged at 5000 g for 15 min and 50 µL of the resultant milk whey 

from each sample was diluted 1:5 using kit washing buffer. The diluted milk whey was tested for 

antibodies to phase 1 and phase 2 C. burnetii antigens as per the IDEXX kit instructions. Colour 

intensity in the ELISA plate wells was measured as optical density (OD) at 450 nm wavelength 

which is directly proportional to the concentration of antigen-antibody complexes in each well. A 

corrected OD (COD) of each well was then calculated using the formula:  

 

OD values were interpreted according to the kit manufacturer’s protocol, i.e. 0 ≤ COD < 

0.300 as negative, 0.30 ≤ COD < 0.40 as suspect and COD ≥ 0.40 as positive.  

3.3.2.2 Testing for antibodies to C. burnetii in milk using IFA 

The milk whey obtained from the centrifugation above was also tested using IFA. 

Undiluted milk whey and 1:5 and 1:10 dilutions of the whey in phosphate buffered saline (PBS) 

were incubated with C. burnetii phase 1 (Henzerling strain) and phase 2 (Nine Mile, Clone 4) 

antigen on 40 well microscopic slides as previously described (Da Silva et al., 2014). Negative 

controls were 2% casein in PBS, whey obtained from full cream pasteurised goat milk negative 

for C. burnetii antibodies on the ELISA, and a 1:160 dilution of known negative sera from New 

Zealand goats in whey obtained from full cream pasteurised milk. A positive control was created 

from known positive serum diluted 1:160 in whey obtained from full cream pasteurised goat 
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milk. The diluted samples were tested for IgG antibodies to C. burnetii using a fluorescent-

labelled rabbit anti-goat IgG conjugate as described previously (Muleme et al., 2016). 

Testing for C. burnetii DNA in bulk tank milk 

To identify herds shedding C. burnetii, BTM from each of the six herds was also tested 

for C. burnetii DNA. DNA was extracted from two 200 µL aliquots of each BTM sample using a 

HiYield Genomic DNA Mini Kit (Real Biotech Corporation), with a protocol validated for the 

extraction of DNA from milk [164]. This protocol produced greater and more consistent DNA 

yields than the Chelex-100 (Sigma-Aldrich) extraction method, see supplementary materials 

Tables S1 – S4 [194]. Pasteurised milk spiked with C. burnetii strain Nine Mile Clone 4 was 

used as a positive control and, pasteurised goat milk and PBS as negative controls. C. burnetii 

DNA was detected using a real-time PCR assay targeting the com1 gene [164]. The number of C. 

burnetii genome equivalents in positive samples was determined using a standard curve created 

from a cloned com1 amplicon.  Positive samples with a C. burnetii concentration < 1 copy /µL 

were retested and considered positive if they contained ≥ 1 copy /µL of the target gene at 

subsequent assays.  

Demonstration of freedom of infection on farms negative for C. burnetii antibodies on bulk tank 

testing  

To confirm whether farms with negative ELISA, IFA and PCR results on BTM were free 

of infection, and to demonstrate freedom from infection in preparation for a separate vaccination 

study, 400 blood samples were collected from individual goats on one of the negative farms and 

tested for IgG and IgM antibodies to C. burnetii using a validated IFA [216]. This sample size 

provides 99% confidence of detecting a ≥ 1% prevalence of infection in a 1000-goat herd 
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(Cannon and Roe, 1982), assuming the IFA has 95% diagnostic sensitivity (DSe) and 93% 

diagnostic specificity (DSp) for antibodies to C. burnetii in serum [216].  

3.3.3 Individual animal testing for C. burnetii and milk yield 

To study peri-partum infection dynamics of C. burnetii in goats, paired blood samples 

were collected 30 days pre-kidding and 30 days post-kidding from 164 goats, randomly selected 

from a 252-head milking herd that was positive for C. burnetii antibodies and DNA on BTM 

samples. Sampling was conducted with the approval of the University of Melbourne Animal 

Ethics Committee (application number 1413118). Blood samples were centrifuged at 1,000 g for 

4 minutes to obtain serum, which was stored at 4 °C and tested for the presence of IgG and IgM 

antibodies against phase 1 and phase 2 C. burnetii antigens using a validated IFA estimated to 

have a diagnostic sensitivity of 94.8% (95% CI: 80.3, 99.6) and specificity of 92.5 (95% CI: 

77.1, 99.3) for antibodies to C. burnetii in goat sera [216].  

To assess the relationship between seroreactivity and milk yield, individual daily milk 

yield data for the first 9 weeks of lactation were obtained from farm records and were used for 

comparison with individual animal serological testing results for C. burnetii. This timeframe of 

monitoring milk yield was aligned with the period when pre- and post-kidding serum sampling 

were taken and ended well before commencement of the subsequent kidding period. Birth dates, 

kidding dates and the number of prior parities for each of the goats was also recorded.  

3.3.4 Statistical analysis 

Bulk milk monitoring data were cross-tabulated by farm and sampling point, and 

comparisons made between ELISA and PCR as well as the IFA and ELISA results using the 

exact binomial test for correlated proportions in Rstudio. A non-significant binomial exact test 

indicating limited evidence that the two tests detected different proportions of positive samples, 
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was followed by comparisons using Cohen’s kappa test statistic (Κ) [203, 217], considering 

neither diagnostic test gold standard for herd-status.  

Infection dynamics were described by comparing paired pre- and post-partum phase-

specific antibody titres and estimation of the proportion of seroconversions (defined as a four-

fold or greater rise in titre), stratified by parity of the goats under investigation. The parity for 

each of the goats was defined based on its pre-partum parity: i.e. parity 0 (nulliparous) were 

those goats that had never kidded prior to the pre-partum sampling, parity 1 (primiparous) were 

those that had previously kidded once and parity ≥ 2 (multiparous) were those that had 

previously kidded twice or more. 

The difference in seroprevalence over the kidding period was also estimated by parity as 

detected by the various classes of antibodies to C. burnetii. The risk of seroconversion, by parity 

groups, was estimated amongst animals that were seronegative on pre-partum sampling. The 

McNemar test of paired proportions was performed using MedCalc statistical software to 

compare the proportions of goats initially seronegative that seroconverted, seropositive initially 

with increasing titres, seropositive initially with decreasing titres and those that remained 

seronegative [218]. Power analysis using the two-sample Fisher’s exact test showed that a 

sample size of 162 had power of 0.873 in detecting a relative risk of 2.0 while a sample size of 

123 had a power of 0.752 in detecting the same effect. Mixed effects linear regression models 

were constructed to assess the relationship between seroreactivity to C. burnetii (by IgG antibody 

phase and by combined IgG antibody profiles) and milk production in the first 9 weeks of 

lactation, adjusting for parity, day of lactation and accounting for repeated measures and 

individual animal variability with a random effect based on goat ID. In the mixed effects model 

to assess the impact of C. burnetii infection on milk yield, seroconversion was based on presence 
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or absence of a fourfold rise in antibody titre over the kidding period. The 9 weeks of lactation 

was the period between the kidding period studied and the start of the next kidding season on the 

same farm, a high-risk period for further exposure to C. burnetii. The mixed effects model used 

to assess effect of seroconversion on milk volumes was of the form: 

 

 

where Milkvolij is the milk yield of the ith goat on the jth day of lactation; β0 is the mean 

milk volume for the reference group; β1 is the fixed linear regression coefficient of the variable 

days in milk (dayj ); β2, β3, β4, β5 and β6  are class effects of indicator variables for the parity and 

seroconversion for the ith goat; ui is the Gaussian-distributed random effect for each goat and  

is the residual error (assumed to be independent and to also follow a Normal distribution). The 

mixed effects linear regression model was assessed for robustness by comparing model results to 

those obtained implementing generalised estimating equations (GEE) models including a variety 

of covariance structures. GEE models were chosen for this comparison because all goats were 

obtained from one farm giving the data a longitudinal two-level (one cluster) structure in which 

multiple observations of daily milk volume were made on each individual goat over time. 

Exchangeable, first order autoregressive (AR1) and stationary covariance structures (over a 

range of orders) were tested in separate GEE models and the results from each of the models 

compared using the Quasilikelihood under the independence model criterion (QIC) [219], which 
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is an extension of the Akaike's information criterion (AIC) that allows over a broader range of 

link functions, correlation structures and robust standard error estimators. The outcomes of the 

model with the best fit for the data among the multivariable mixed linear regression and the GEE 

models were compared to those of multivariable linear regression of seroreactivity and average 

daily milk volume for each day of the 9-week lactation period derived using the area under the 

lactation curve fitted for each goat using the Wood’s model in RStudio, after adjusting for parity 

[220-222]. All statistical analyses and plots were performed using STATA version 13.0 

(StataCorp, College Station, TX) and R statistical package version 3.1.1 [208].  

 

3.4 Results 

3.4.1 Bulk milk monitoring 

Antibodies to C. burnetii were detected in all BTM samples from goat herds on the three 

farms in close proximity to each other (GL, LC and FH). BTM samples from the sheep flock at 

GL were also positive but less frequently than the goats, with one suspect positive ELISA and 

two positive IFA results (Table 3.1 and Figure 3.1). No antibodies were detected in BTM 

samples from the other two farms (NV and RC). C. burnetii DNA was detected only in BTM 

samples from farms GL, LC and FH. There was evidence of disagreement between the PCR and 

ELISA results (exact binomial test p value = 0.031), with the ELISA testing positive for all 

samples that tested positive by PCR, and for six further samples (Table 3.1). The IFA detected 

two more C. burnetii positive BTM samples than the ELISA although there was almost perfect 

agreement between the two tests (Κ = 0.87, [95% confidence interval (CI): 0.70, 1.00]). 

Estimates of the DSe and DSp of the ELISA, PCR and IFA on BTM samples are yet unavailable 
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but approximations obtained by the composite reference standard procedure on the limited BTM 

sample size used in this study, are shown in supplementary Table S3.5 (Dohoo et al., 2009).   

All 400 blood samples collected from individual adult goats on farm RC (that tested 

negative on all ELISA and PCR bulk tank milk samples) tested negative for IgG and IgM 

antibodies to C. burnetii using the IFA. 

  

Figure 3.1: Map showing the location and distance between the different farms on the dairy 

enterprise. NV and RC are over 40km from the main property (M). The main property consists 

of SH (sheep flock) and goat farms (GS, LC and FH), all within 2km from each other. The white 

small polygons within the grey areas (FH, LC and GS) are the shed where the goats are kept. 
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Table 3.1: Occurrence of antibodies to C. burnetii and detection of DNA in bulk tank milk 

samples from herds on an intensive goat and sheep dairy enterprise in Victoria, Australia, 

2014. 

Farms 

(Distance in 

km from 

farm GL) 

Before 

kidding 

(August) 

Before 

kidding 

(October) 

After kidding 

(week 1 

December) 

After kidding 

(week 2 

December) 

After kidding 

(week 3 

December) 

  ELISA results (corrected OD) 

Sheep (0) S (0.30) -  (0.23) -  (0.24) -  (0.17) -  (0.26) 

GL (0) + (0.90) + (0.60) + (0.79) + (0.78) + (0.76) 

FH (1.6) + (1.15) + (0.74) + (0.81) + (0.91) + (0.92) 

LC (1.9) + (0.57) + (0.39) + (0.52) + (0.51) + (0.48) 

RC (44.1) -  (0.03) -  (0.00) -  (0.00) -  (0.00) -  (0.01) 

NV (54.1) -  (0.00) -  (0.01) -  (0.00) -  (0.00) -  (0.00) 

IFA results (1:10 dilution of milk whey with PBS) 

Sheep (0) +  +   -   -   -   

GL (0) +  +  +  +  +  

FH (1.6) +  +  +  +  +  

LC (1.9) +  +  +  +  +  

RC (44.1) - - - - - 

NV (54.1) -   -   -   -   -   

  PCR results (mean CT, where positive) 

Sheep (0) -  - - - - 

GL (0) + (39.1) - + (36.5) - + (36.0) 

FH (1.6) + (36.3) + (36.8) - + (37.1) + (37.2) 

LC (1.9) + (35.6) - - - + (35.5) 

RC (44.1) - - - - - 

NV (54.1) - - - - - 

For ELISA results OD ≥ 0.40 are positive, 0.30≥OD<0.40 are suspects and OD < 0.30 are 

negative. GL, FH, LC, RC and NV are intensive goat herds. The sheep herd is extensively 

reared on pastures. The estimate of the concentration of C. burnetii DNA in each of the 

PCR positive samples is presented in Table S3.6. 
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3.4.2 Individual animal testing 

Overall seroprevalence (serological positivity to any of the antibody classes) by parity of 

the goats, pre- and post-kidding is presented in Table 3.2. Overall seroprevalence increased from 

25.0% to 42.7% over the kidding period (Table 3.2). Most of this increase was driven by 

seroconversions in nulliparous animals with a statistically significant rise in seroprevalence of 

26.7% (95% CI: 16.0, 37.5) across the kidding period, whereas seroprevalence only rose slightly 

amongst primiparous and multiparous goats (Table 3.2). 

  

Table 3.2: Comparison of pre- and post-partum overall seroprevalence of IgG and IgM 

antibodies against phase 1 and phase 2 C. burnetii in adult goats of different parity tested using 

indirect immunofluorescence assay. 

Parity N Pre-partum to post-partum 

change in serological 

status, n 

Number of IFA positive goats, n 

(%) 

Difference in 

prevalence (%) over 

the kidding period 

(95% CI)*   + + + - - + - - Pre-partum Post-partum 

≥2 42 16  2 5 19 18 (42.9) 21 (50.0) 7.1 (-7.0, 15.4) 

1 36 17  2  5 12 19 (52.8) 22 (61.1) 8.3 (-8.2, 18.0) 

0 86 4  0  23 59 4 (4.7) 27 (31.4) 26.7 (18.8, 26.7) 

Total 164 37  4  33 90 41 (25.0) 70 (42.7) 17.7 (11.1, 21.2) 

Parity grouping was based on pre-partum parity status: parity 0 is nulliparous, parity 1 is 

primiparous and parity ≥2 is multiparous. *calculated using McNemar’s test for paired 

proportions. [++] are goats that remained positive, [+ -] are goats that changed from positive to 

negative, [- +] are goats that seroconverted, [- -] are goats that remained negative. 

 

The majority of infected animals were detected through testing for IgG antibodies to 

phase 1 and 2; as IgG to phase 1 was most prevalent (23.2%) on pre-partum testing and IgG to 

phase 2 was the most detected (32.9%) antibody type on post-partum sampling.  Detailed data 

are provided as supplementary material by antibody class, antigen phase and parity, across the 

kidding period (Table S3.7). Furthermore, at pre-partum sampling, the prevalence of all antibody 

types (IgG and IgM to phase 1 and phase 2) was higher in parous (multiparous and primiparous) 
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compared to nulliparous goats. At post-partum sampling, the prevalence of all antibody classes 

were comparable across the different parity categories of animals, except for IgG phase 1, which 

was 35.9% higher in parous compared to nulliparous goats (95% CI: 22.8, 49.1) (Table S3.7). 

Amongst the goats that were seronegative pre-partum, 26.8% seroconverted to C. burnetii 

over the kidding period (Table 3.3). The risk of seroconversion among goats that were 

seronegative on pre-partum sampling was similar for nulliparous and parous goats. Phase 1 IgG 

antibodies were the only antibody class that differed between parity categories among previously 

negative does that seroconverted during kidding: Parous does had a higher but not statistically 

significant risk of seroconversion with IgG phase 1 antibodies than nulliparous ones (RR = 2.00; 

95% CI: 0.81, 4.92); whilst the risk of seroconversion based on IgG phase 2 antibodies was 

similar across the different parity categories (RR = 1.0; 95% CI: 0.47, 2.14; P = 0.99), see 

supplementary Table S3.8.  

 

Table 3.3: Seroconversions among goats that were seronegative to C. 

burnetii pre-partum, by parity  

Parity (n) Seronegative  

pre-partum, n 

Seroconverted, 

n (%) 

Relative risk (95% 

CI) 

≥1 (78) 41 10 (24.4) 0.87 (0.46, 1.65) 

0 (86) 82 23 (28.0) 1.0 (reference) 

Total (164) 123 33 (26.8)  

Parity grouping was performed based on pre-partum parity status. Parity 0 is 

nulliparous, parity ≥ 1 are parous (multiparous and primiparous groups were 

collapsed due to small numbers). 

 

Serological status pre- and post-partum, by IgG to each antigen phase and by parity is 

presented in Table 3.4, allowing comparison for the proportions of four categories of changes in 

antibody response: [- -] = goats seronegative pre-partum that remained negative over the kidding 
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period, [- +] = goats seronegative pre-partum that seroconverted or goats that were seropositive 

and had a fourfold rise in antibody titres, , [+ +] = goats with constant titres or a rise in titre that 

was < four-fold, and [+ -] = goats seropositive pre-partum with decreasing titres. The trend of 

pre- to post-kidding IgG titres (Table 3.4) showed that significantly more primiparous and 

multiparous does were already seropositive prior to kidding than nulliparous does while more 

nulliparous does remained seronegative than parous ones.   

 

Nulliparous animals produced less milk in the first nine weeks after kidding (mean ± 

standard deviation [SD] = 1.804 ± 1.005 L per day) compared to primiparous (mean ± SD = 

2.264 ± 1.221 L per day) and multiparous goats (mean ± SD = 2. 486 ± 1. 295 L per day). 

Lactation curves were approximately linear, decreasing from an early peak by 2 mL per day of 

lactation (95% CI: <1, 5 mL per day). Accounting for correlation using GEE models with 

Table 3.4: Comparison of the proportion of goats with different patterns of pre-partum to post-partum 

changes in IgG antibody titres to C. burnetii over the kidding period 

Antibody 

type  

Parity  N Pre-partum to post-partum changes in antibody 

titres, n (%) 

Difference in 

proportions 

(McNemar)   - - + -a + +b - +c 

IgG phase 

2 

≥2  42 20 (47.6) 7 (16.7) 2 (4.8) 13 (30.9) 14.3 (-8.8, 33.0) 

1 36 17 (47.2) 4 (11.1) 6 (16.7) 9 (25.0) 13.9 (-8.3, 29.5) 

 0 86 66 (76.7) 0 (0) 0 (0) 20 (23.3) 23.3 (15.4, 23.3) 

IgG phase 

1 

≥2  42 22 (52.3) 7 (16.7) 2 (4.8) 11 (26.2) 9.5 (-12.2, 28.0) 

1 36 12 (33.3) 7 (19.5) 4 (11.1) 13 (36.1) 16.7 (-10.2, 38.5) 

 0 86 74 (86.0) 1 (1.2) 0 (0) 11 (12.8) 11.6 (3.2, 13.9) 
[+] = positive, [-] = Negative.  [- -] is the proportion of goats that remained negative; [+ -] is 

seroreversion but also includes a (goats with decreasing antibody titres). [+ +] are goats that stayed with 

constant titres or b (goats with increasing titres that were less than fourfold). [- +] are goats that 

seroconverted and those c (those that had a fourfold rise in antibody titres). 
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exchangeable, AR1 and stationary covariance structures showed improved fit for the data when 

compared to the mixed effects multivariable linear regression model (Supplementary Tables S3.9 

and S3.10). Conversely, the GEE models had only minor effects on coefficients and no real 

change in inference when compared to the mixed effects multivariable linear regression model 

(Supplementary Table S3.9 and Table S3.10).  

Overall, the GEE model that included an AR1 covariance structure presented in Table 

3.5, produced the best fit for the data based on QIC (Supplementary Table S3.10). Goats that 

seroconverted to only IgG phase 1 produced an extra 0.286 L of milk per day (95% CI: 0.056, 

0.516 L; P = 0.015) compared to those that did not seroconvert; while milk volumes of goats that 

seroconverted to both IgG phase 1 and phase 2 and that of goats that seroconverted to only IgG 

phase 2 were comparable to milk volumes of goats that did not seroconvert (Table 3.5).  

The GEE model with the exchangeable covariance structure had the same coefficients as 

the mixed effects model (Supplementary Tables S3.9 and S3.10). More complex GEE models 

with stationary covariance structures of orders ≥2 had higher QICs, suggesting any such 

additional complexity in the correlation was not supported by the data (Supplementary Table 

S3.10).  

The results of the GEE model with the AR1 covariance structure were also comparable to 

those obtained by linear regression of seroreactivity and average daily milk volumes obtained 

from lactation curves fitted using the Wood’s model (see Table S3.11).  Similar results were 

obtained when GEE models with AR1 covariance structures compared milk yield among goats 

with different combined seroconversion profiles; with goats that seroconverted based on IgG 

antibodies to phase 1 C. burnetii produced 0.207 L more milk per day (95% CI: 0.048, 0.366 L 

per day; P = 0.011) in the first 9 weeks of lactation compared to those that did not seroconvert, 
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after adjusting for parity and day of lactation (Figure 3.2; Supplementary Table S3.12). Further 

comparison of seroconversion based on IgG phase 1 to other changes in antibody titres i.e. [+ -] 

(seroreversion), [+ +] (remaining positive) and [- -] (remaining negative), did not affect the 

statistical significance of the association between mean daily milk volume and seroconversion to 

IgG phase 1 (Supplementary Table S3.13). There was no statistically significant interaction 

between the effects of parity and serological status on milk volume. 

 

 

Figure 3.2: Daily milk volumes of goats by parity and seroconversion status (Yes = positive 

based on IgG antibodies to phase 1 C. burnetii). 
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Table 3.5: Generalized estimating equations (GEE) population-averaged model of daily milk volumes (litres) of individual goats with 

different parity and C. burnetii seroconversion status over a 63-day lactation period, with the autoregressive covariance structure included.  

Outcome variable Explanatory variable Categories Coef. SE(Coef.)a (95% CI) P-value 

Milk volume (litres) 

 

Day of lactation   0.002 0.001 (0.000, 0.005) 0.021 

Parityb ≥2 0.725 0.075 (0.578, 0.871) <0.001 

 1 0.444 0.111 (0.226, 0.662) <0.001 

 0 0  — (reference) — 

Seroconvertedc P1 only 0.286 0.117 (0.056, 0.516) 0.015 

 P2 and P1 0.171 0.094 (-0.013, 0.355) 0.068 

 P2 only -0.005 0.091 (-0.184, 0.174) 0.954 

 Negative 0  — (reference) — 

Constant  1.688 0.057 (1.576, 1.799) <0.001 

      

Within-goat temporal 

autocorrelation 

 0.149    

QIC  14913.459    
a SE were adjusted for clustering at the individual goat level. b Parity grouping was done based on pre-partum parity status. Parity 0 is 

nulliparous, parity 1 is primiparous, parity ≥2 is multiparous. c Seroconversion defined as a ≥ fourfold increase in antibody titre between 

samplings. P1 = phase 1, P2 = Phase 2, Coef = coefficient, SE = standard error, CI = confidence interval, QIC = Quasilikelihood under the 

independence model information criterion. 
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3.5 Discussion 

The use of paired samples and detection of a four-fold rise in antibody titre is routinely 

used in humans and occasionally in some domestic animals to detect C. burnetii infections using 

IFA [223-226]. Using paired sera to detect increasing antibody titres and to diagnose active C. 

burnetii infection may not have been widely adopted for livestock herds given the cost 

considerations [125]. However, when properly implemented, paired testing of individual animals 

provides important information on infection dynamics that can be crucial for identifying risk 

factors as well as for developing control protocols.   

The results showing a more marked increase in seroprevalence among nulliparous goats 

after exposure to kidding (Table 3.2) points to higher susceptibility among these animals 

compared to those that have previously kidded. The occurrence of a similar risk of 

seroconversion amongst those seronegative prior to kidding, irrespective of parity, implies 

relatively constant risk of infection among all goats. This also suggests a common source and 

intensity of exposure such as from a heavily contaminated environment.  Therefore, there is a 

need to implement control protocols among all goats in infected herds, regardless of parity.  

Nonetheless, control measures are likely to achieve the greatest benefit when applied to 

cohorts containing many seronegative animals, such as young does kidding for the first time, 

whose seroprevalence increased from 4.7% to 31.4% in this study.  Presumably widespread 

infection occurs in this cohort when they are exposed to high loads of C. burnetii shed in the 

placenta and birth fluids of their older infected pen-mates giving birth at the same time.  This not 

only underscores the need to protect these animals before they are exposed to kidding but also 

suggests the separation of nulliparous goats from older does at the time of their first kidding 

could be an additional strategy to reduce transmission of infection [113, 125, 174, 227].  
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The low pre-partum seroprevalence in nulliparous goats also seems to suggest that these 

goats may possibly have had limited exposure to C. burnetii at the time they were born, a 

presumably high-risk period for exposure and transmission of C. burnetii. Additionally, given 

that this study was performed on a goat farm where C. burnetii infection was highly endemic, it 

still remains unclear why so many of the nulliparous goats had remained seronegative before 

their first kidding, given their close proximity to sheds of adult goats with very high 

seroprevalence. However, low pre-partum prevalence among nulliparous goats has also been 

previously reported in a study undertaken during a Q fever outbreak on a goat farm in France; 

where 94.7% of seronegative goats were nulliparous [120, 180]. Perhaps, close proximity or 

contact with birth fluids and tissue, accentuated by the sniffing and consumption of birth 

materials by goats [228], is a more important mode of C. burnetii transmission in goats than 

airborne transmission through contaminated dust which is believed to occur at distances of as far 

as 5 km in humans [229, 230].  

An alternative explanation may be that exposure to lower doses of C. burnetii only 

triggers low and short-lived antibody titres that had diminished by the point of sampling (in the 

last month of gestation).  However, it is highly unlikely that goats infected with C. burnetii 

would fail to develop detectable antibody titres by the last month of gestation given the affinity 

that the organism has to placental tissue and the enormous replication of the organism within the 

placenta reported to occur in pregnant goats particularly late in gestation [63, 231]. This also 

explains why goats were sampled one month before kidding and highlights the robustness of the 

serological findings of this research study, as pre-partum samples provide a pre-exposure 

baseline while the post-partum samples illuminate changes arising from exposure to high loads 

of C. burnetii released in the placenta and birth fluids at the time of kidding [113, 125, 174, 227]. 
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The finding that the seroprevalence was significantly higher in parous (parity ≥1) 

compared to nulliparous goats suggests a build-up in the overall herd seroprevalence as more 

animals join the kidding herd. This may also point to the development of higher and longer-lived 

antibody titres after repeated exposure to high doses of C. burnetii shed at kidding as suggested 

by the finding that parous goats had, and maintained, higher titres of IgG to phase 2 and phase 1 

antigens, both before and after kidding, than nulliparous goats (Table 3.4). It is, however, not 

clear whether a build-up of herd humoral immunity is reflective of protection versus re-infection 

and subsequent contamination of the environment.  

The protective ability of antibodies to C. burnetii has been demonstrated in a study in 

which administration of immune serum in experimental mice before challenge with C. burnetii 

led to increased resistance to infection and clearance of C. burnetii organisms from the spleens of 

the mice [232]. Another study performed in mice showed that B-cells producing IgG and IgM 

antibodies against phase 1 C. burnetii play a major role in protection against infection, providing 

further evidence for a role of humoral immunity in protection against Coxiella infections [233, 

234]. However, even if humoral immunity is protective against subsequent challenge with C. 

burnetii, only 42.7% of the herd was seropositive to C. burnetii after exposure to kidding.   

From the BTM testing results, the occurrence of C. burnetii infection on the enterprise 

seemed to be centred on the three goat farms (LC, FH and GL) within a distance of 2 km from 

each other and not on the other two (RC and NV) goat farms located > 40 km away. Also, 

disease freedom was serologically demonstrated in one of the BTM-negative herds (farm RC), 

even though it shares a milk truck and other vehicles, plus some staff, with the infected farms 

GL, FH and LC. This suggests that the risk of transmission of C. burnetii on fomites is very low. 
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Fewer samples from the milking sheep flock on farm GL were positive for antibodies, 

despite the flock’s proximity to the goat herds on the three infected farms. This may have been 

because excretion of C. burnetii in ovine milk is reportedly short-lived [109]. Alternatively, the 

difference may be because the sheep are raised extensively on pastures at much lower stocking 

densities than the goat enterprise, reducing the rate of intra-flock transmission and intensity of 

environmental contamination. 

The DSe of the tests used on BTM samples could have been affected by the dilution of 

milk from positive goats by milk from negative goats, the intermittent shedding of C. burnetii, or 

even the proportion of positive goats at the time of sampling [108, 109]. Cross-reactivity with 

other agents like Chlamydia spp. [235] could also have occurred resulting in reduced DSp. 

However, all the three tests have previously been reported to be highly specific for C. burnetii 

antibodies in goat serum [216] and to have a high analytical specificity for C. burnetii DNA 

[164]. Lockhart et al., 2011, demonstrated that the PCR targeting the com1 gene of C. burnetii, 

which was used in this study, was negative on DNA extracted from a wide range of bacteria 

[164].  

The effect of pooling milk from infected and non-infected goats in BTM on the DSe and 

DSp of the tests could not be satisfactorily assessed using the samples available for this study. 

This would require Bayesian latent class modelling using reasonably high numbers of samples 

from farms of unknown C. burnetii status as well as BTM samples from known C. burnetii 

positive and negative farms [204]. However, the ELISA and the IFA detected exposure to C. 

burnetii in more BTM samples than the PCR, as has been previously reported [121] and as 

reflected in the composite reference standard estimates of DSe (PCR 56%; ELISA 89%) 

(Supplementary Table S3.5).  Given that the intention of BTM testing here was to identify herds 
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exposed to C. burnetii, limitations due to decreased DSe of the tests on BTM samples were 

considered to have been reduced by the regime of multiple testing (5 times) of each farm and the 

interpretation of three tests in parallel. 

Similarly, the Dse and Dsp of the IFA on serum would imply that between 0.4 and 19.7% 

of truly positive goats could be undetected by the IFA and between 0.7 to 22.9% of goats 

classified as test positive could be false positives due to cross-reaction of the conjugate with 

components of the goat sera or other microorganisms. This could possibly lower the estimated 

prevalence and may have introduced misclassification of individuals. This was however 

considered not to have major implications on the key findings of this study given that it affects 

all comparison groups equally (i.e. a non-differential misclassification).  

The finding of comparable milk yields amongst goats that seroconverted to IgG phase 2 

titres and those that did not seroconvert in this research study, suggests that acute C. burnetii 

infections has little if any effect on milk yields in the first 9 weeks of lactation. Data for the full 

330-day lactation period were not used, because there were only 9 weeks between the kidding 

period studied and the start of the next kidding season on the same farm, a high-risk period for 

further exposure to C. burnetii. Prior information on the infection status of the goats outside the 

study period was also not available, but serological findings were not affected by vaccination 

since vaccination of livestock against C. burnetii is not available in Australia. Additionally, there 

could have been confounding factors unknown to us that could have influenced seroconversion 

and milk yield.  Future research could longitudinally sample and test does from each of the four 

kidding seasons in the year to describe the effect of acute infections on milk production for the 

full lactation period. 
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An unexpected finding was the increased milk yield in goats that had seroconverted to 

IgG antibodies against phase 1 C. burnetii antigens, compared to those that had not. IgG 

antibodies against phase 1 antigens appear later than antibodies targeting phase 2 antigens, thus 

seroconversion based on IgG phase 1 antibodies may be indicative of a longer or repeated 

exposure to C. burnetii as well as a fully developed humoral immune response when the goats 

may possibly have acquired the ability to cope with the effects of acute infections on milk yields 

[61, 62, 126, 214]. Greater milk yields in seropositive animals have also been reported in cattle 

infected with Mycobacterium avium paratuberculosis and were attributed to the ability of 

seropositive animals to overcome the effects of infection [236].  

Further investigations into this relationship are indicated to ascertain whether or not it is a 

causal association; as this study found comparable milk yields among goats that seroconverted to 

phase 2 and those that did not seroconvert. A limitation of this study that may provide an 

explanation for this finding is that numerous statistical comparisons were conducted and this 

may have introduced multiple testing error. However, it is also possible that the acute infections 

take longer than 9 weeks to cause reductions in milk yields in affected goats. Further research is 

thus needed to assess the effect of seroreactivity on milk yields over the entire lactation period. 

Evidence of C. burnetii-associated milk production losses could be an additional motivation to 

implement C. burnetii control programs on intensive dairy goat farms.  

This study involved Saneen goats on five farms of a large intensive goat dairy enterprise; 

and all the farms had similar husbandry and management protocols. Thus, a random selection of 

65% (164/252) of the goats due to kid is unlikely to have posed considerable selection bias. 

Further credibility to these results is demonstrated by the high power (>0.80) to detect relative 

risks of 2.0 across the kidding period.  
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Also, given that only the one breed of goats is used across the enterprise and the same 

animal husbandry protocols are implemented, the results are highly likely to be valid for other 

farms on the property. Additionally, the findings of this study are most likely to be generalisable 

to other large intensive farms with synchronised kidding seasons.  No other study has estimated 

the risk of seroconversion to C. burnetii in adult goats in intensive farms across the kidding 

season, but results from a study undertaken during a Q fever outbreak in England reported high 

(78%) seroprevalence of C. burnetii in goats kidding for the first time, 24 days after the last 

abortion, which points to the susceptibility of this cohort of goats to C. burnetii shed by their 

older infected pen-mates kidding at the same time [68].  

 

3.6 Conclusions 

In this herd, there was a greater increase in seroprevalence over the kidding period in 

goats kidding for the first time (26.7%) compared to older goats (8.3%) which points to higher 

susceptibility to C. burnetii infection among goats kidding for the first time and the possibility of 

controlling C. burnetii transmission through the separation of first-time kidders from older goats. 

Many nulliparous goats had remained seronegative until kidding whilst in close proximity to 

sheds of adult goats with very high seroprevalence, suggesting that contact with birth fluids and 

tissue at kidding is a more important mode of C. burnetii transmission in goats than airborne 

transmission through contaminated dust. 

Importantly, the risk of seroconversion over the kidding period was similar in all goats 

that were seronegative pre-partum irrespective of parity, which underscores the need to 

implement control strategies involving all goats on affected farms and to time these interventions 

to ensure all goats are protected from infection before each kidding period. 
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 No milk production loss associated with acute C. burnetii infections based on 

seroconversion to IgG phase 2 antigens was detected within the first nine weeks of lactation. 

However, goats that seroconverted to IgG against phase 1 antigens produced more milk than 

those that did not seroconvert; a result that was not expected, should be investigated to ascertain 

whether or not, the association is causal. Therefore, further research is needed to assess the effect 

of seroreactivity on milk yields over the entire lactation period.  
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3.7 Supplementary material 

Table S3.1: Comparison of PCR results of DNA extracted from milk and PBS spiked with C. 

burnetii clone 4 Nine Mile strain at different dilutions and extracted by the standard (real genomics) 

extraction method* 

Dilutions Milk spiked with clone 4 PBS spiked with clone 4 

 

Difference 

in CT 

(milk and 

PBS) 
 CT copies/ul Difference in 

CT between 

subsequent 

dilutions 

 CT copies/ul Difference in 

CT between 

subsequent 

dilutions 

10-5 35.06 7.64 × 100 1.56 34.78 9.32 × 100 1.68 0.28 

10-4 33.50 2.30 × 101 2.87 33.10 3.05 × 101 3.14 0.40 

10-3 30.63 1.73 × 102 3.74 29.96 2.79 × 102 3.91 0.67 

10-2 26.89 2.42 × 103 3.65 26.05 4.36 × 103 3.59 0.84 

10-1 23.24 3.17 × 104  22.46 5.50 × 104  0.78 

Neat: Average CT = 18.97; DNA yield 6.71 × 105 

PCR Standards:  Average CT = 27.16; DNA yield 2.11 × 103  

*Comparable DNA yields were obtained from dilutions of C. burnetii in both milk and PBS; PCR 

targeted a single copy gene (com1) of C. burnetii. Negative extraction controls of commercial 

pasteurized milk and PBS as well as the no template control were all negative for C. burnetii DNA. 
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Table S3.2: PCR results on milk spiked with C. burnetii clone 4 Nine Mile at different 

dilutions and extracted by the Chelex extraction method (Biorad)* 

Dilutions CT of 

replicate 

1 

CT of 

replicate 

2 

Difference 

between CT of 

replicates 

Average 

CT of 

replicates 

DNA yield 

(copies/ul) 

10-5 38.39 39.64 -1.25 39.25 4.21 × 10-1 

10-4 37.08 35.52 1.56 36.30 3.00 × 100 

10-3 36.91 36.85 0.06 36.88 1.73 × 100 

10-2 35.64 32.47 3.17 34.06 4.25 × 101 

10-1 32.25 31.02 1.23 31.64 7.60 × 101 

PCR standards 26.82 26.91 -0.09 26.87 2.00 × 103 

PCR targeted a single copy gene (com1) of C. burnetii. Negative extraction controls of 

commercial pasteurized milk and PBS as well as the no template control were all negative 

for C. burnetii DNA. The DNA yield obtained by the Chelex method was lower than that 

of the standard method (Table S3.1). There was variation in CT values of replicate samples 

and inconsistency CT values between dilutions. 
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Table S3.3: Comparison of C. burnetii DNA yield obtained by the Chelex extraction 

method on milk spiked with clone 4 C. burnetii and that obtained by the standard 

extraction method on the same dilutions of milk with clone 4 but after the initial 

processing steps of the Chelex method* 

 Standard Chelex 

Dilutions Average CT Average DNA yield 

(copies/ul) 

Average CT Average DNA yield 

(copies/ul) 

10-5 33.65 2.06 × 101 36.47 5.63 × 100 

10-3 34.02 1.80 × 101 33.05 8.55 × 101 

10-1 29.73 3.33 × 102 29.43 4.20 × 102 

PCR 

standards 

Average CT = 27.17; Average DNA yield = 2.11 × 103 

*Initial Chelex steps include (incubation of 1000ul of milk with proteinase K at 55ºC; 

Spinning the milk samples at 10000xg for 5 minutes; removing the supernatant and 

resulting fat) [195].  The standard and Chelex extraction yielded comparable DNA 

concentrations after the initial Chelex steps indicating that DNA is lost during the first 

steps. PCR targeted a single copy gene (com1) of C. burnetii. Negative extraction controls 

of commercial pasteurized milk and PBS as well as the no template control were all 

negative for C. burnetii DNA. 
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Table S3.5: Composite reference standard (CRS) estimates of diagnostic sensitivity and 

specificity of the IDEXX ELISA, and com1 PCR for detection of C. burnetii antibodies 

or DNA in bulk tank milk samples* 

 Reference test Resolver  

 ELISA IFA CRS 

PCR + - + - + - 

+ 10(a) 0(b) 0(e) 0(g) 10(a+e) 0(g) 

- 6(c) 15(d) 2(f) 13(h) 8(c+f) 13(h) 

Total 10 21 8 13 18 13 

Sensitivity (PCR) 56% (95% CI: 31%, 78%) 

Specificity (PCR) 100% (95% CI: 66%, 100%) 

 Reference test Resolver   

 PCR IFA CRS 

ELISA + - + - + - 

+ 10(a) 6(b) 6(e) 0(g) 16(a+e) 0(g) 

- 0(c) 15(d) 2(f) 13(h) 2(c+f) 13(h) 

Total 10 21 8 13 18 13 

Sensitivity (ELISA) 89% (95% CI: 65%, 99%) 

Table S3.4: Comparison of the Coxiella burnetii DNA obtained using the standard (real 

genomics) and the Chelex (Biorad) DNA extraction methods. 

 

Dilution Method of extraction CT Copies com1/µL  

10-5 Standard 32.88 6.94 × 101 

 Chelex 33.69 3.92 × 101 

10-3 Standard 30.19 4.63 × 102 

 Chelex 33.71 3.87 × 101 

10-1 Standard 25.01 1.78 × 104 

 Chelex 34.08 2.97 × 101 

PCR standard _ 28.63 1.38 × 103 

The Chelex extraction protocol results in lower yields of DNA when compared to the standard 

extraction method. 
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Specificity (ELISA) 100% (66%, 100%) 

Results of samples that tested negative with the reference test were evaluated with those 

of the resolver test [237]. IFA was chosen has a resolver test since it had a detected the 

highest number of positives and had a higher sensitivity on individual animal samples 

compared to the ELISA. With larger sample sizes, estimates obtained by Bayesian latent 

class analysis [204] would be more appropriate than CRS estimates of DSe and DSp. 
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Table S3.6: Cycle Thresholds obtained when replicates of the samples of bulk tank milk were tested 

using com 1 PCR* 

Farm  Time Replicates Number of 

positives / 

replicates 

tested 

Mean CT  

  1 2 3 4 Conc. 

Copies/ul 

FH August 35.54 37.8 35.25 36.59 4/4 36.30 8.74 × 100 

 October 36.83 _ _ _ 1/4 36.83 4.81 × 100 

 December 1 _ _   0/2 _ _ 

 December 2 37.08 _ _ _ 1/2 37.08 4.04 × 100 

  December 3 37.05 _ 37.13 37.32 3/4 37.17 6.97 × 100 

LC August 35.58 _ _ _ 1/4 35.58 5.30 × 100 

 October _ _   0/2 _ _ 

 December 1 _ _   0/2 _ _ 

 December 2 _ _ _ _ 0/4 _ _ 

  December 3 35.36 _ 35.73 35.46 3/4 35.52 2.22 × 101 

GS August _ 39.08 _ 39.11 2/4 39.10 1.22 × 100 

 October _ _   0/2 _ _ 

 December 1 37.05 35.9   2/2 36.47 5.25 × 100 

 December 2  _   0/2 _ _ 

  December 3 34.69 _ 37.26 36.01 3/4 35.99 1.64 × 100 

SH August _ _ _ _ 0/4 _ _ 

 October _ _   0/2 _ _ 

 December 1 _ _   0/2 _ _ 

 December 2 _ _   0/2 _ _ 

 December 3 _ _   0/2 _ _ 

NV August _ _ _ _ 0/4 _ _ 

 October _ _   0/2 _ _ 

 December 1 _ _   0/2 _ _ 

 December 2 _ _   0/2 _ _ 

 December 3 _ _   0/2 _ _ 

RC August _ _ _ _ 0/4 _ _ 

 October _ _   0/2 _ _ 

 December 1 _ _   0/2 _ _ 

 December 2 _ _   0/2 _ _ 

 December 3 _ _   0/2 _ _ 

The DNA extraction was done using the standard (real genomics extraction protocol). The average 

CT of the standards (containing 2 x 103) from all the PCR runs used to test these milk samples was 

28.28. The equation of the adjusted standard curve was conc=10(-0.306*CT+11.95) or CT 

=3.267*log (concentration) + 39.066. These were used to derive the concentration of C. burnetii 

DNA in the samples. 
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Table S3.7: Comparison of pre- and post-partum prevalence of antibodies to  

Coxiella burnetiiin adult goats of different parity status. 

Antibody 

type 
Parity N 

Pre-partum to post-

partum change in 

serological status, n 

Total number of IFA 

positive goats, n (%) 
Difference in 

prevalence (%) 

over the kidding 

period (95% CI)* + + + - - + - - 
Pre-

partum 

Post-

partum 

IgG 

phase 2 
All parities 164 27 7 27 103 34 (20.7) 54 (32.9) 12.2 (5.0, 17.1) 

≥2 42 11 5 6 20 16 (38.1) 17 (40.5) 2.4 (-13.9, 17.4) 

 1 36 13 2 4 17 15 (41.7) 17 (47.2) 5.6 (-9.2, 15.2) 

 0 86 3 0 17 66 3 (3.5) 20 (23.3) 19.8 (12.1, 19.8) 

IgG 

phase 1 
All parities 164 31 7 18 108 38 (23.2) 49 (29.9) 6.7 (0.2, 11.6) 

≥2 42 14 3 3 22 17 (40.5) 17 (40.5) 0 (-10.9, 10.9) 

 1 36 16 3 5 12 19 (52.8) 21 (58.3) 5.6 (-11.3, 18.4) 

 0 86 1 1 10 74 2 (2.3) 11 (12.8) 10.5 (2.2, 12.7) 

IgM 

phase 2 

All parities 164 2 9 10 143 11 (6.7) 12 (7.3) 0.2 (-4.9, 5.9) 

≥2 42 2 4 4 32 6 (14.3) 6 (14.3) 0 (-18.1, 13.1) 

 1 36 0 4 2 30 4 (11.1) 2 (5.6) 5.6 (-9.2, 15.2) 

 0 86 0 1 4 81 1 (1.2) 4 (4.7) 3.5 (-2.5, 5.8) 

IgM 

phase 1 

All parities 164 8 9 17 130 17 (10.4) 25 (15.2) 4.9 (-1.8, 10.4) 

≥2 42 4 5 2 31 9 (21.4) 6 (14.3) -7.1 (-7.0, 15.4) 

 1 36 3 4 5 24 7 (19.4) 8 (22.2) 2.8 (-14.4, 18.1) 

 0 86 1 0 10 75 1 (1.2) 11 (12.8) 11.6 (4.5, 11.6) 

Positive 

to either 

IgG or 

IgM 

All parities 164 37  4  33 90 41 (25.0) 70 (42.7) 17.7 (11.1, 21.2 

≥2 42 16  2 5 19 18 (42.9) 21 (50.0) 7.1 (-7.0, 15.4) 

1 36 17  2  5 12 19 (52.8) 22 (61.1) 8.3 (-8.2, -18.0) 

0 86 4  0  23 59 4 (4.7) 27 (31.4) 26.7 (18.8, 26.7) 

          

Parity grouping was done based on pre-partum parity status. Parity 0 is nulliparous, parity 1 is 

primiparous and parity ≥2 is multiparous.  
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Table S3.8: The risk of seroconversion among goats with previous exposure to kidding 

(parous) and those never exposed (nulliparous). 

Antibody 

types 

Parity 

(n) 

Seronegative 

pre-partum, n 

Seroconverted 

n (%) 

Relative Risk (95% CI) 

   

IgG phase 2 ≥ 1  41 8 (19.5) 1.0 (0.47, 2.14) 

 0  82 16 (19.5) 1.0 (reference) 

 Total  123 24 (19.5)  

IgG phase 1 ≥ 1  41 8 (19.5) 2.00 (0.81, 4.92) 

 0  82 8 (9.8) 1.0 (reference) 

 Total  123 16 (13.0)  

IgM phase 2 ≥ 1  41 2 (4.9) 1.33 (0.23, 7.70) 

 0  82 3 (3.7) 1.0 (reference) 

 Total  123 5 (4.1)  

IgM phase 1 ≥ 1  41 3 (7.3) 0.60 (0.17, 2.02) 

 0  82 10 (12.2) 1.0 (reference) 

 Total  123 13 (10.6)  

Either IgG or 

IgM 
≥ 1  41 10 (24.4) 0.87 (0.46, 1.65) 

0  82 23 (28.0) 1.0 (reference) 

Total  123 33 (26.8)  

     

Parity grouping was done based on pre-partum parity status. Parity 0 is nulliparous, 

parity ≥1 are parous. All goats were seronegative to both IgG and IgM antibodies on pre-

partum sampling. 
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Table S3.9: Mixed effects linear regression models for differences in milk volume (litres) in presence of different IgG antibody 

titres to either phase 1 or phase 2 C. burnetii 

Outcome variable Explanatory variable Categories Coef. SE(Coef.) (95% CI) P-valuea 

Milk volume (litres) 

 

Day of lactation   0.002 0.001 (0.001, 0.003) 0.001 

Parityb ≥2 0.728 0.086 (0.280, 0.617) <0.001 

 1 0.448 0.079 (0.574, 0.883) <0.001 

 0 0  _ (reference) _ 

Seroconvertedc P1 only 0.276 0.136 (0.010, 0.543) 0.042 

 P2 and P1 0.173 0.095 (-0.013, 0.360) 0.069 

 P2 only -0.010 0.105 (-0.215, 0.195) 0.922 

 Negative 0  _ (reference) _ 

Constant  1.690 0.053 (1.587, 1.794) <0.001 

  Est. SE (Est.)   

Random effect per goat 0.149 0.019 (0.116, 0.191) <0.001 

-Log likelihood  12807.057    

       
a P-values estimated using Wald test statistic for explanatory variables and the likelihood ratio test for random effect terms. b Parity 

grouping was done based on pre-partum parity status. Parity 0 is nulliparous, parity 1 is primiparous, parity ≥2 is multiparous. c 

Seroconversion defined as a ≥ fourfold increase in antibody titre between samplings. P1 = phase 1, P2 = Phase 2, Coef = coefficient, 

SE = standard error, CI = confidence interval, Est = Estimate. 



 

137 
 

Table S3.10: Generalized estimating equations (GEE) population-averaged models of daily milk volumes of individual goats with 

different parity and C. burnetii seroconversion status over a 63-day lactation period, testing a variety of correlation structures.  

Explanatory 

variable 

Categories Covariance structures used in the different GEE models 

  Exchangeable First order autoregressive (AR1) Stationary  

(order 2) 

  Coef. SE (Coef.)a Coef. SE (Coef.)a Coef. SE (Coef.)a 

Day of 

lactation  

  0.002 0.001 0.002 0.001 0.003 0.001 

Parityb ≥2 0.728 0.076 0.725 0.075 0.725 0.075 

 1 0.448 0.109 0.444 0.111 0.445 0.111 

 0 – – – – – – 

Seroconvertedc P1 only 0.276 0.114 0.286 0.117 0.286 0.117 

 P2 and P1 0.173 0.096 0.171 0.094 0.171 0.094 

 P2 only -0.010 0.090 -0.005 0.091 -0.006 0.091 

 Negative – – – – – – 

Constant  1.690 0.057 1.688 0.057 1.684 0.057 

Rho  0.1198  0.1486  lag 1:  

lag 2: 

lag >2: 

0.1486 

0.1285 

0 

        

QIC   14915.258  14913.459  14913.643  
a SE were adjusted for clustering at the individual goat level. b Parity grouping was based on pre-partum parity status. Parity 0 is 

nulliparous, parity 1 is primiparous, parity ≥2 is multiparous. c Seroconversion defined as a ≥ fourfold increase in antibody titre 

between samplings. P1 = phase 1, P2 = Phase 2, Coef = coefficient, SE = standard error, CI = confidence interval, QIC = 

Quasilikelihood under the independence model information criterion, Rho = intra-class correlation coefficient (for the AR1 model 

this represents within-goat temporal autocorrelation).  Population-averaged coefficients and inferences from the GEE models 

accounting for covariance were similar to those of the mixed effects multilevel regression model in Table S3.9.  
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Table S3.11: Linear regression model for differences in average daily milk volume obtained using fitted Wood’s lactation curves in 

goats with different IgG antibody titers to phase 1 and phase 2 Coxiella burnetii* 

Outcome variable Explanatory variable Categories Coef. SE(Coef.) (95% CI) P-valuea 

Milk volume Parityb ≥2 0.691 0.080 (0.533, 0.848) <0.001 

 1 0.414 0.087 (0.241, 0.587) <0.001 

 0 0 — (reference) — 

Seroconvertedc P1 only 0.235 0.138 (-0.038, 0.508) 0.091 

 P1 and P2 0.132 0.097 (-0.059, 0.322) 0.175 

 P2 only -0.031 0.106 (-0.242, 0.174) 0.767 

 No 0 — (reference) — 

 Constant 1.851 0.049 (1.755, 1.948)  

  F (5, 156) R-squared   

   18.99 0.378  <0.001 
a P-values estimated using simple linear regression of explanatory variables and the average daily milk volume obtained from fitted 

Wood’s lactation curves. b Parity grouping was done based on pre-partum parity status. Parity 0 is nulliparous, parity 1 is 

primiparous, parity ≥2 is multiparous. c Seroconversion defined as a ≥ fourfold increase in antibody titre between samplings. P1 = 

phase1, P2 = phase 2, Coef = coefficient, SE = standard error, CI = confidence interval, Est = Estimate.  *The Wood’s model 

fits lactation curves using a non-linear mixed approach using available milk yield data [221, 

222]. Yit   is the milk yield of goat i at days in milk t. Ki, bi and Ci specify the shape of the lactation curve. 
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Table S3.12: Generalized estimating equations (GEE) population-averaged models for differences in milk volume (litres) in presence of 

different IgG antibody titres to either phase 1 or phase 2 C. burnetii 

Model Explanatory variable Categories Coef. SE(Coef.) a (95% CI) P-value 

1: Seroconversion based on 

IgG phase 2 

Day of lactation (l)  0.002 0.001 (<0.001, 0.003) 0.002 

Parityb ≥2 0.753 0.074 (0.608, 0.898) <0.001 

 1 0.507 0.102 (0.307, 0.708) <0.001 

 0 0 — (reference) — 

Seroconvertedc Yes 0.065 0.072 (-0.076, 0.205) 0.367 

 No 0 — (reference) — 

Constant  1.693 0.056 (1.582, 1.803) — 
Within-goat temporal 

autocorrelation 
 0.153    

2: Seroconversion based on 

IgG phase 1 

Day of lactation (l)  0.002 0.001 (<0.001, 0.005) 0.021 

Parityb ≥2 0.726 0.074 (0.581, 0.872) <0.001 

 1 0.457 0.108 (0.245, 0.669) <0.001 

 0 0  (reference) — 

Seroconvertedc Yes 0.207 0.081 (0.048, 0.366) 0.011 

 No 0  (reference) — 

Constant  1.684 0.054 (1.578, 1.790) — 

 Within-goat temporal 

autocorrelation 
 0.149    

a SE were adjusted for clustering at the individual goat level. b Parity grouping was done based on pre-partum parity status. Parity 0 is 

nulliparous, parity 1 is primiparous, parity ≥2 is multiparous. c Seroconversion defined as a ≥ fourfold increase in antibody titre between 

samplings. Coef = coefficient, SE = standard error, CI = confidence interval, Est = Estimate. 
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Table S3.13: Generalized estimating equations (GEE) population-averaged model of daily milk volumes (litres) of individual goats with 

different parity and changes in IgG antibody titres to either phase 1 or phase 2 C. burnetii, after inclusion of the first order autoregressive 

covariance structure  

Model Explanatory variable Categories Coef. SE(Coef.) (95% CI) P-value 

1: Seroreactivity based on 

IgG phase 2 

Day of lactation (l)  0.002 0.001 (0.001, 0.003) 0.020 

Paritye ≥2 0.748 0.084 (0.583, 0.914) <0.001 

 1 0.526 0.119 (0.292, 0.760) <0.001 

 0 0 — (reference) — 

Change in antibody [- +]a 0.061 0.079 (-0.093, 0.215) 0.438 

titres [+ +]b -0.158 0.153 (-0.457, 0.141) 0.302 

 [+ -]c 0.075 0.135 (-0.119, 0.340) 0.581 

 [- -] 0 —_ (reference) — 

Constant  1.694 0.057 (1.582, 1.805) <0.001 
Within-goat 

autocorrelation 
 0.152 —   

2: Seroreactivity based on 

IgG phase 1 

Day of lactation (l)  0.002 0.001 (<0.001, 0.005) 0.019 

Paritye ≥2 0.714 0.084 (0.549 0.880) <0.001 

 1 0.457 0.130 (0.202, 0.712) <0.001 

 0 0 — (reference) — 

Change in antibody [- +]a 0.214 0.095 (0.028, 0.400) 0.024 

titres [+ +]b -0.283 0.140 (-0.557, -0.008) 0.043 

 [+ -]c 0.158 0.126 (-0.090, 0.406) 0.211 

 [- -] 0_ —_ (reference) — 

Constant  1.680 0.055 (1.572, 1.788) <0.001 
Within-goat 

autocorrelation 
 0.145    



 

141 
 

(+) = positive, (-) = Negative.  Change in antibody titres was defined as [- -] for goats that remained negative; [+ -] is seroreversion but also 

includes a(goats with decreasing antibody titres). [+ +] are goats that stayed with constant titres or b(had increasing titres that were less than 

fourfold). [- +] are goats that seroconverted and those c(those that had a fourfold rise in antibody titres). e Parity grouping was done based 

on pre-partum parity status. Parity 0 is nulliparous, parity 1 is primiparous, parity ≥2 is multiparous. Coef = coefficient, SE = standard 

error, CI = confidence interval. 
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CHAPTER FOUR: A LONGITUDINAL STUDY OF SEROLOGICAL RESPONSES TO 

COXIELLA BURNETII AND SHEDDING AT KIDDING AMONG INTENSIVELY-

MANAGED GOATS SUPPORTS EARLY USE OF VACCINES  

4.1 Abstract 

Vaccination against Coxiella burnetii, the cause of Q fever, is reportedly the only feasible 

strategy of eradicating infection in ruminant herds.  Preventive vaccination of seronegative goats 

is more effective in reducing shedding of C. burnetii than vaccinating seropositive goats. The age 

at which goats born on heavily-contaminated farms first seroconvert to C. burnetii has not yet 

been documented. In a 16-month birth cohort study, the age at which goats seroconverted against 

C. burnetii was investigated; 95 goats were bled every 2 weeks and tested for antibodies against 

C. burnetii. Risk factors for seroconversion were explored and goats shedding C. burnetii were 

identified by testing vaginal swabs taken at the goats’ first kidding using a com1 polymerase 

chain reaction assay. The first surge in the number of goats with IgM to C. burnetii was observed 

at week 9. Thus, a first vaccination not later than 8 weeks of age to control C. burnetii in highly 

contaminated environments is indicated. The odds of seroconversion were 2.0 times higher [95% 

Confidence Interval (CI): 1.2, 3.5] in kids born by does with serological evidence of recent 

infection (IgM seropositive) compared to kids born by IgM seronegative does, suggesting either 

in-utero transmission or peri-parturient infection. The rate of seroconversion was 4.5 times 

higher (95% CI: 2.1, 9.8) during than outside the kidding season, highlighting the risk posed by 

C. burnetii shed during kidding, even to goats outside the kidding herd. Shedding of C. burnetii 

at kidding was detected in 15 out of 41 goats infected before breeding. 
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4.2 Introduction 

Coxiella burnetii causes Q fever in humans, a disease that manifests with 

influenza-like symptoms including fever and pneumonia in approximately 30% of those 

acutely infected [6, 7]. Chronic Q fever is characterised by debilitating arthritis, 

myopathy and cardiac malfunction [6, 7, 11-14]. Recent reports of chronic Q fever 

among individuals that had never been diagnosed with acute disease draws attention to 

the need for increased detection and treatment of sub-clinical Q fever infections [6-8]. 

The impact of the disease is further highlighted by increasing reports of chronic Q fever 

in children and mortalities of up to 13% among chronic Q fever patients [8, 16-19]. These 

potentially severe impacts of Q fever underscore the need to implement stringent 

prevention and control measures. It is therefore imperative to have evidence of how 

effective the different control measures are in the control of C. burnetii infections. 

Many large Q fever outbreaks have been linked to farms with small ruminants and 

key control strategies have targeted reducing shedding of C. burnetii by the animals [29, 

53, 65, 98]. For example, a ban on breeding, culling of pregnant animals and vaccination 

of animals before breeding were used to control the large Q fever outbreak in the 

Netherlands [29, 53, 65, 98]. Additionally, vaccination against C. burnetii in animals was 

shown to be more effective in reducing the shedding of the organism when carried-out in 

seronegative animals than in seropositive ones, underscoring the need to vaccinate 

animals before they are infected with C. burnetii [36, 111, 180].  

The age at which most animals born on infected farms first seroconvert to C. 

burnetii has not been documented. Several previously published studies point to the 

possibility that goats get infected early in life. For example, during a human Q fever 
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outbreak that was linked to a goat farm in France, 52% of 3-4-month-old kids were 

reported to have been seropositive to C. burnetii; and approximately 90% of these were 

reported to have been infected with C. burnetii before they started kidding [120]. 

Similarly, 33% (192/589) of kid goats in another study undertaken on a farm linked to a 

human [120].  Q fever outbreak, were reported to have been infected before they started 

kidding and shed C. burnetii at their first kidding despite being kept away from adult 

goats as soon as they were born [180]. These studies do not indicate when the goats first 

seroconverted to C. burnetii although some of the results point to a time before 4 months 

of age.  

Based on modelling of C. burnetii transmission and control in Dutch dairy farms, 

Bontje et al found that vaccination of goats was the only control measure that could 

eradicate C. burnetii infections from infected herds [116]. The models estimated that it 

would take 7 years to eradicate the disease from infected farms if goats were to be 

vaccinated 1 month before breeding annually for all the 7 years [184]. There is a 

possibility that eradication of C. burnetii on infected farms could be achieved in shorter 

timeframes if vaccination of goats against C. burnetii were implemented at the age when 

most animals had not seroconverted. The Dutch transmission models supported the value 

of preventive vaccination over vaccination of already infected animals [116, 184]. 

Similarly, experimental and field studies that were carried out to assess the effectiveness 

of phase 1 vaccines administered prior to breeding mostly reported that vaccination only 

reduced the level of shedding at the herd level but did not prevent infection. This may be 

due to most of the goats being infected by the time of vaccination [36, 111, 112, 120].  
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This study therefore aimed to establish the age at which goats born on an 

intensively-managed goat dairy associated with human cases of Q fever first 

seroconverted to C. burnetii to provide recommendations on the timing of vaccination 

against C. burnetii. Additional objectives included: describing and comparing the nature 

(time of occurrence, duration and titres) of antibody-mediated immune responses to C. 

burnetii of goats that first seroconverted before the target breeding age (28 weeks) to 

those of goats that seroconverted later, and identifying risk factors and estimating any 

production losses associated with goats seroconverting before the target breeding age.  

4.3 Materials and methods 

4.3.1 Study design  

In this longitudinal cohort study, 95 goats were followed from birth for 16 months 

in two birth cohorts starting in March and June 2014. The animals were kept under 

routine animal management conditions on a large intensive dairy goat enterprise in 

Victoria, Australia. The enterprise holds approximately 5000 milking goats which are 

synchronised to concentrate kidding at four times each year, (March, June, September 

and November), in herds on five farms. The enterprise also has a flock of 1100 paddock-

grazed extensively-managed dairy sheep. The sheep flock is kept separately from the goat 

flock. Since 2013, the enterprise was associated with 18 confirmed human cases of Q 

fever and tested polymerase chain reaction (PCR) positive for C. burnetii on various 

clinical and environmental samples [97].  Approximately 250 goats kid on each of the 

farms in every one of four kidding seasons, at a kidding rate of approximately 2 kids per 

goat. Only female kids and males from high producing animals (elite males) are kept for 

raising and production.   
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In herds infected with caprine arthritis and encephalitis virus (CAEV), some kids 

are routinely ‘snatch-reared’, i.e. removed from their does before they feed on colostrum 

to prevent transmission of CAEV. These were then bottle-fed pooled colostrum from a 

CAEV negative farm. The 95 goats (90 female and 5 elite males) in this study were on 

two of the farms (‘GS’ and ‘LC’), both of which were CAEV-positive herds, that were 

previously shown to have a high prevalence of C. burnetii [238]. Therefore, the kids in 

this study were mostly snatch-reared and were bottle-fed colostrum (from the herd on a 

third farm, ‘FH’, holding CAEV-negative, but C. burnetii- positive goats) within 8 hours 

after birth. The colostrum is routinely heat-treated before it is fed to the goats; It is 

anticipated that heat-treatment would not lower the quality of immunoglobulins in the 

colostrum. The kid goats were then fed a milk replacer and weaned at approximately 10 

weeks of age. At 28 weeks of age (target breeding age), the female goats that weighed ≥ 

23 kg were mated using adult elite males (not the elite males followed in this study). The 

goats are routinely weighed at weaning and before breeding.  

4.3.2 Sample size   

The minimum required sample size was estimated to be 40 kids per cohort to have 80% 

power of detecting a statistically significant difference between paired samplings (day 0 to 2 

week sampling as well as 0 to 12 weeks) assuming seroconversion to C. burnetii would be very 

rare in kids between 0 and 2 weeks of age (<1%) and that 20% of the kids would have 

seroconverted by 12 weeks of age; at a 5% chance of a Type I error. Based on this sample size 

calculation, with consideration of anticipated mortality, losses to follow-up and multivariable 

effects, 95 goats were recruited from two kidding seasons; 33 in the March 2014 kidding season 

(cohort 1) and 62 in the June 2014 kidding season (cohort 2). Goats in cohort 1 were recruited 
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from farms GS and LC while goats from cohort 2 were recruited only from LC. All animal 

sampling was conducted with the approval of the University of Melbourne Animal Ethics 

Committee, application number 1413118. 

4.3.3 Examination of antibody-mediated immune responses to C. burnetii in goats from birth 

to 16 months of age 

To investigate the age at which goats seroconvert to C. burnetii as well as to 

describe and compare antibody-mediated immune responses to C. burnetii among goats 

that seroconverted before and after the target breeding age, blood samples were taken 

from the recruited goats at birth (before feeding colostrum), then every 2 weeks for the 

first 7 months of life and then every 4 weeks until the end of the study, and tested for 

serum IgM and IgG antibodies against C. burnetii antigens using a previously validated 

indirect immunofluorescence assay (IFA) [216].  

In this study, the IFA applied was on a dilution series commencing at 1:160. As described 

in detail elsewhere [216], at this cut-off there was minimal background fluorescence in negative 

control goat samples obtained from New Zealand, an OIE-declared C. burnetii free country. 

Appling a 1:160 cut-off, the IFA has also been shown to be highly sensitive for IgG (94.8%) and 

IgM antibodies (88.8%) [216]. The repeatability of the IFA was previously estimated to be 100% 

for IgG phase 1, 96.9% for IgG phase 2 and 78.1% for both IgM phase 2 and IgM phase 1 using 

samples re-tested after 3 months of storage at 4ºC [216]. The IFA slides were read by two 

experienced technicians with 94.4% agreement (Cohen’s Kappa = 0.88) [216].  

To quantify serum antibodies to C. burnetii two-fold serial dilutions of sera were 

prepared, from 1:160 (the previously validated cut-off value) to 1:1280, and tested for 
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IgM and IgG antibodies against C. burnetii antigen using the IFA [216]The testing of the 

two-fold serial dilutions from 1:160 to 1:1280 was undertaken on sera from 54 of the 95 

goats that were present throughout the first 12 months of the study. Among those 

excluded were animals that were lost to follow-up, including those that died in the first 10 

weeks of the study before immune responses were mounted. Repeat samples from each 

goat were also used to describe the duration of the immune response and the proportion 

of goats mounting secondary immune responses (immune responses that occur after the 

initial antibody response had declined). All samples were tested in duplicate for IgM and 

IgG against phase 1 and 2 C. burnetii. 

Colostrum antibodies were identified through the occurrence of high IgG phase 1 

titres in kid goats that were previously seronegative but seroconverted after feeding 

colostrum, as IgG antibodies occur late in the course of infection and are not expected to 

occur within 2 weeks in goats that had been negative.  After the decay of IgG phase 1 

maternal antibodies, new C. burnetii infections were considered to have occurred when 

serum IgM followed by IgG antibodies against phase 2 antigens were identified in 

previously seronegative goats or a twofold rise in antibody titre was detected following 

seroconversion to IgG phase 2, as is routine practice in human and veterinary C. burnetii 

diagnostics [114, 124]. Antibodies against the phase 2 antigens of C. burnetii appear 

early in the course of infection while antibodies against phase 1 antigens appear much 

later in the course of infection [114, 124]. Incidence rates were estimated using an animal 

time at risk denominator calculated as the number of weeks from birth to the sampling 

time immediately before the first seroconversion (from negative to positive for both IgM 

and IgG or ≥ two-fold rise in IgG titre against phase 2) or loss to follow-up of each 
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animal. Half of the time between the last negative sample and the first positive sample or 

loss to follow up was added to the length of time an animal was considered at risk [239]. 

Pooled colostrum collected from the CAEV-negative farm, FH, was tested for C. 

burnetii IgG antibodies to phases 1 & 2 C. burnetii using the IDEXX commercial ELISA 

kit validated for detecting antibodies in milk whey at a 1:5 dilution [238, 240]. Undiluted 

whey from the pooled colostrum was also tested for IgG and IgM antibodies against 

phase 1 and 2 C. burnetii using the IFA protocol that had been validated for use with goat 

serum, to ascertain the type of antibodies the goats obtained from colostrum, as described 

previously [238, 240]. The colostrum was also tested for C. burnetii DNA using a DNA 

extraction protocol and PCR assay targeting the com 1 gene of C. burnetii as previously 

described [164, 238]. 

4.3.4 Identification of risk factors associated with seroconversion to C. burnetii before 

breeding 

The probability of remaining seronegative at the different sampling points until 

the target breeding age was estimated using survival analysis. Initially, three parametric 

models (namely the Weibull, the Cox proportional hazard model and the Exponential 

model) were constructed to estimate the probability of goats remaining seronegative from 

birth to breeding. These were then analysed for goodness of fit based on the Akaike 

information criterion (AIC) [241]. As the Weibull model displayed the best fit to the data, 

the probability density function of the time to first seroconversion [change from negative 

to positive for both IgM and IgG or ≥ two-fold rise in IgG titre against phase 2] (t) was 

derived from the Weibull distribution using the equation:    
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where f(t) is the probability density function of seroconversion at the different time points 

t; λ > 0 is the probability of seroconversion or scale parameter and α > 0 is the shape 

parameter. α is 1/σ, σ being a variance-like parameter on the log-time scale. From this the 

survival (i.e. proportion yet to seroconvert at each timepoint), S(t), was derived as: 

 

The influence of qualitative risk factors including farm, cohort, C. burnetii 

exposure status of the source does, failure of passive transfer and the quality of passive 

transfer, on seroconversion was tested using the Weibull survival model. The C. burnetii 

exposure status of the source does was obtained by testing serum samples from the source 

does for IgG and IgM antibodies against C. burnetii at the time of birth of the study kid-

goats. The occurrence of passive transfer was inferenced through the detection of IgG 

phase 1 maternally-derived antibodies in the study goats at 2 weeks of age while the 

quality of passive transfer was assessed using the titre of maternally-derived IgG phase 1 

and 2 antibodies detected the kid-goats at 2 weeks of age as well as the detection of IgG 

phase 1 maternally-derived antibodies in kid goat sera after 4 weeks of age. The risk 

factors were included in separate univariable Weibull models to assess their influence on 

the probability of goats remaining seronegative or seroconverting at various times before 

the target breeding age. The univariable Weibull models testing the influence of risk 

factors on the probability of seroconversion is described by the equation: 
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where the influence of risk factor xj, for the ith goat is modelled through the 

seroconversion probability parameter λj and . 

Kaplan-Meier survival curves and univariable Weibull regression coefficients 

were then generated for different factors at cohort, farm (farm of birth), doe (IgG and 

IgM serological status) and individual kid level (level and duration of antibodies to C. 

burnetii derived from colostrum) and used to assess how the different risk factors 

influence seroconversion. Multivariable Weibull regression models were constructed 

(based on appropriate fit to the data) including all factors statistically significant in 

univariable analysis at P<0.2. The coefficients of the Weibull model were converted to 

hazard ratios using the ConvertWeibull package in R version 3.1.3 [208, 242], and only 

variables associated with the relevant outcome at P<0.05 were retained in final models. 

The residuals and predicted values of the variables in the final models were analysed and 

scaled-schoenfied residual plots were prepared for the variables in the final models. 

 To ascertain whether exposure to kidding periods resulted in increased numbers 

of infected goats, the rate of occurrences of IgM or IgG responses against C. burnetii 

during and outside the kidding season was compared using the animal time at risk 

denominator and the number of IgM and IgG responses as the numerator in the “compare 

2 rates” function in Open Epi, version 3.01. The number of IgG and IgM responses were 

counted whenever a change from negative to positive to either IgM or IgG occurred 

during testing at the screening dilution. Primary and secondary IgM or IgG responses 

were considered to have occurred during the kidding period if they were detected within 

or 15 days after the kidding months. The extra 15 days were included to cater for the time 
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required for antibody-mediated immune responses to occur in case goats became infected 

towards the end of the kidding season. Antibody-mediated immune responses that could 

have resulted from infections due to C. burnetii shed at either early kidding or late-term 

abortions, occurring within two weeks prior to the start of the kidding season, would fall 

within the kidding months and thus catered for in the “within kidding” counts of 

seroconversion. Only antibody-mediated immune responses that occurred after weaning 

(week 10) were included in this analysis as they were considered to be immune responses 

arising from environmental exposure to C. burnetii and not infection as neonates during 

the kidding process.   

The period between any two consecutive sampling points from week 10 to the end 

of the study were classified as occurring “within” or “outside” the kidding season based 

on whether or not they fell during the kidding month and 15 days later. Animal time at 

risk “within” and “outside” the kidding period was computed for each animal as the 

number of weeks between the two consecutive sampling points if its samples tested 

negative at both points; half of the length of time between two sampling points if 

antibody-specific immune responses occurred (from negative to positive at 1:160 

screening dilution), seroreversion (from a positive to either IgM or IgG at the 1:160 

screening dilution to negative) or loss to follow-up occurred. For periods with one 

sampling point falling within the kidding season and the other outside the kidding season, 

the animal time at risk was divided equally between the within and outside kidding 

categories.  
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4.3.5 Estimating the effect of pre-breeding seroconversions on shedding of C. burnetii at 

kidding and on production parameters 

To estimate the proportion of shedding arising from goats that seroconverted 

before the target breeding age, vaginal swabs were obtained within 24 hours of the goats’ 

first kidding and tested using the real genomics DNA extraction protocol (Real Biotech 

Company) and a PCR targeting the com1 gene of C. burnetii [164]. The difference in the 

risk of delayed kidding (not kidding by 12 months of age), delayed joining (not bred at 7 

months) and shedding of C. burnetii among goats that seroconverted before the target 

breeding age and those that seroconverted after the target breeding age was estimated 

using two-by-two contingency tables, and comparing relative risks with estimation of 

95% confidence intervals and Fisher’s exact test statistic in STATA.  

The association between seroconversion before breeding and outcomes of weight 

at weaning, and weight change between weaning and breeding, were estimated using 

multivariable linear regression models, and adjusting for cohort and farm, using STATA 

13.0. The model residuals and the weight variables used were also analysed for normality 

in STATA 13.0.  

 

4.4 Results 

4.4.1 Antibody-mediated immune responses to C. burnetii in goats from birth to 16 months  

No antibodies against C. burnetii were detected before goats were fed colostrum 

(Figure 4.1).  High IgG antibody titres to phase 1 and phase 2 C. burnetii were detected 

after feeding colostrum (Figure 4.1). IgG antibodies against phase 1 C. burnetii were used 

to differentiate maternally-derived antibodies from responses to C. burnetii exposure; 
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IgG antibodies against phase 1 waned by week 7 weeks (median duration of presumably-

colostrum derived antibodies: 7 weeks; inter-quartile range: 4 to 7 weeks). Of the 80 

goats sampled after they had been fed colostrum, 71 (89%) became seropositive for IgG 

to phase 1 antibodies (presumably maternally-derived). Furthermore, all these, except 

one, were also positive for IgG antibodies against phase 2 C. burnetii.  Colostrum was 

tested and found to have IgG antibodies to phase 1 & 2 C. burnetii antigens using ELISA 

(Optical density (OD) of 1.09 at 0.40 cut-off) and IFA (titres of 1024 IgG to phase 1, 

1024 IgG phase 2) and contained negligible amounts of IgM against phase 2 (IFA titre = 

40) and no IgM to phase 1 C. burnetii.  

IgM seroconversion to phase 2 C. burnetii occurred as early as week 2 after birth; 

however, the first surge in the number of goats that seroconverted to phase 2 C. burnetii 

was observed at 9 weeks of age (Figure 4.2). Similarly, IgM titres to phase 2 C. burnetii 

rose as early as 2 weeks into the study, but the first peak was observed at 9 weeks of age 

as shown in Figure 4.1.  This was followed by a rise in IgG titres to phase 2 C. burnetii 

and a rise in IgG titres to phase 1 C. burnetii at 24 and 40 weeks of age in cohort 2 and 

cohort 1, respectively (Figure 4.1). 

From birth to 10 weeks, 40 out of the 80 goats (50%) present at the second sampling 

point showed IgM seroconversion to phase 2 C. burnetii while between week 10 and week 28, 

another 17 out of the 76 (22%) goats present at week 10 showed IgM seroconversion to phase 2. 

From birth to week 10, IgG seroconversion to phase 2 was detected in 2 out of the 80 goats (3%) 

and between week 10 and week 28, a total of 38 out of the 76 goats (50%) showed IgG 

seroconversion to phase 2. One goat had IgG antibodies against phase 2 without a detectable IgM 

response against phase 2.  
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Figure 4.1: Median and inter-quartile range of antibody titres against C. burnetii in 

intensively-managed goats*  

* The solid light grey band shows the inter-quartile range of titres while the solid black line 

shows the median titres. High IgG titres against phase 1 and phase 2 were detected after feeding 

colostrum during the follow up of 95 kid-goats. IgG phase 1 antibodies against C. burnetii were 

used to differentiate maternally-derived antibodies from immune response to C. burnetii 

exposure; IgG antibodies against phase 1 waned by 7 weeks. IgM titres started to rise from 2 

weeks of age and reached the first peak at 8 weeks of age.  This was followed by a rise in IgG 

phase 2 titres. A rise in IgG phase 1 titres then followed at 24 weeks of age in cohort 2 and 40 

weeks in cohort 1.  
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Figure 4.2:  Occurrence of seroconversions against C. burnetii during a longitudinal study 

in intensively-reared goats.  

The horizontal white bars on the top of the graph represent the kidding seasons. Colostrum was 

fed at birth (C) and E is the median point at which IgG phase 1 and 2 antibodies detected soon 

after feeding colostrum waned. W corresponds to the target weaning age while B is the target 

breeding age. The white vertical bars represent primary immune response to presumed first 

exposure in goats. The primary immune responses occurred soon after IgG phase 1 colostrum-

derived antibodies had waned; they were the first immune responses detected in goats that had 

no IgG phase 1 colostrum-derived antibodies. The vertical grey bars represent secondary 

seroconversions mounted following seroreversion from primary seroconversions.  
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Nine goats did not have detectable IgG antibodies to phase 1 after feeding 

colostrum. Of these, seven goats showed IgM seroconversion to phase 2 by week 28 

(three at week 2, three at week 7 and one at week 25) and only one seroconverted after 

week 28. One of the nine goats that did not have IgG to phase 1 after feeding colostrum 

died at week 4 before seroconverting to C. burnetii.  

 A total of 19 out of the 95 goats died by week 5, before any seroconversion was 

observed.  Of these, only three had the initial IgG to phase 1 and phase 2 observed after 

feeding colostrum while one goat did not have IgG antibodies to phase 1 after feeding 

colostrum. The rest of these goats (15) died before the second sampling, thus their 

serological status after feeding colostrum could not be assessed.  Another six goats died 

between week 5 and week 10, all of which had detectable IgG to phase 1 after feeding 

colostrum. One of these showed IgM seroconversions to phase 2. An additional eight 

deaths occurred between week 10 and week 28, all except one had IgG antibodies against 

phase 1 after feeding colostrum and only three had seroconverted with IgM against phase 

2. 

The crude incidence rate was 7 seroconversions (95% CI: 5.7, 8.9) per 100 goat 

weeks at risk. Equivalent interpretations include 7 seroconversions per 100 goats at risk 

for 1 week, or per 50 goats followed for 2 weeks. Whilst there was no statistically 

significant difference in the rates when compared across time periods (from birth to 

weaning, weaning to target breeding age and after the target breeding age), see Table 4.1, 

there was a trend suggesting gradually increasing risk over time. 
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Table 4.1: The incidence rate of seroconversion to C. burnetii before and after the breeding 

age 

Time 

period  

(weeks) 

Number 

at risk 

Goat weeks 

at risk 

Number of 

seroconversions 

Incidence rate 

(per 100 goat 

weeks at risk) 

Incidence rate 

ratio (95% CI) 

0 to 10  95 618.5 40 6.5 (4.6, 8.8) 1.00 (reference) 

11 to 28 32 238.0 18 7.6 (4.5, 12.0) 1.17 (0.67, 2.04) 

29 to 71 8 61.5 8 13.0 (5.6, 25.6) 2.01 (0.94, 4.30) 

Total 135 918.0 64 7.0 (5.7, 8.9) – 

CI = Confidence Interval. 10 weeks is the target weaning age, 28 weeks was the 

target breeding age in the intensively-managed goats on the study farm in Victoria, 

Australia, 2014-2015. 

 

Secondary IgM against phase 2 was detected in 42 out of the 70 goats (60%) 

present at the time of weaning. A total of 24 of these secondary IgM immune responses 

occurred before the target breeding age and the other 18 occurred after the target breeding 

age. Secondary IgG immune responses against phase 2 were detected in only 11 goats, 

four of these occurring before the target breeding age. Only seven goats had a secondary 

IgM response against phase 1 and only one goat had a secondary IgG response against 

phase 1. 

The duration of IgG and IgM immune responses are described in Table 4.2.  The 

duration of primary immune responses was significantly higher in cohort 2 than in cohort 

1, except for IgM against phase 2 as shown in Figure 4.3.  Overall, immune responses 

that occurred before the target breeding age were not statistically different from those that 

occurred after the target breeding age (Table 4.2).  
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Table 4.2: Comparison of the duration of pre-breeding to post-breeding antibody responses to C. 

burnetii in goats 

Antibody 

type 

Type of 

immune 

response 

Time of 

occurrence 

Duration of antibody responses in weeks 

n (rev)  Mean Median (range) P value* 

IgM phase 2 Primary Pre-breeding 57 (55) 10.9 5.5 (1.0, 51.0) 0.570 

 Post-breeding 7 (7) 5.9 6.0 (2.0, 12.0)  

Secondary Pre-breeding 24 (24) 10.4  9.0 (1.0, 34.0) 0.523 

  Post-breeding 18 (18) 8.4 4.0 (2.0, 33.0)  

IgG phase 2 Primary Pre-breeding 40 (27) 19.4 12.0 (1.0, 48.5) 0.376 

 Post-breeding 14 (5) 7.5 6.0 (2.5, 13.0)  

Secondary Pre-breeding 4 (3) 30.7 42.5 (3.0, 46.5) 0.564 

  Post-breeding 7 (2) 25.8 25.8 (17.0, 34.5)  

IgM phase 1 Primary Pre-breeding 29 (29) 5.1 4.0 (1.0, 12.0) 0.197 

 Post-breeding 9 (7) 2.9 3.0 (1.0, 6.0)  

Secondary Pre-breeding 3 (3) 1.3 1.0 (1.0, 2.0) 0.127 

  Post-breeding 4 (4) 2.9 3.5 (1.0, 3.5)  

IgG phase 1 Primary Pre-breeding 40 (12) 23.7 22.5 (5.0, 42.5) 0.897 

 Post-breeding 14 (14) 20.5 22.3 (5.0, 34.5)  

Secondary Pre-breeding 0 (0) _ _ _ 

  Post-breeding 1 (1) 11.5 _  

Pre-breeding responses are those that started before the target breeding age while post-breeding 

responses are those that started after the target breeding age in intensively managed goats on the 

study farm in Victoria, Australia, 2014-2015. rev. = number of antibody responses that 

seroreverted (moved from positive to negative) which were used in calculating the duration of 

serological positivity; n = total number of antibody responses; * P values derived using the 

Mann-Whitney U test comparing the duration of pre-breeding immune responses to the post-

breeding immune responses. 
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Figure 4.3: Box plots of the duration of IgG and IgM antibodies against C. burnetii in 

intensively-reared goats. Overall the duration of antibodies to C. burnetii was higher in cohort 2 

compared to cohort 1. 
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4.4.2 Risk factors associated with seroconversion to C. burnetii before breeding 

The probability of goats remaining seronegative to C. burnetii for the first 28 weeks of 

life was 16.7% (95% CI: 9.4, 29.4) (Figure S4.1).  The Weibull model had the best fit for these 

data with (AIC = 440.9) compared to the Cox proportional hazards model (AIC= 457.5) and the 

Exponential model (AIC = 460.6). Being from farm GS, being a member of cohort 1, having 

colostrum-derived IgG phase 1 antibodies titres ≥ 320 and being born by an IgM seronegative 

doe were all associated with a higher probability of not seroconverting against C. burnetii before 

28 weeks of age on univariate analysis as shown in Figure 4.4. Outputs of multivariable Weibull 

regression are presented in Table 4.3, and for completeness, univariable results are presented in 

Table S4.1. The odds of seroconversion were 2.0 times higher [95% Confidence Interval (CI): 

1.2, 3.5] in kids born by does with serological evidence of recent infection (IgM seropositive) 

compared to kids born by IgM seronegative does. Model residual analysis showed that the 

assumptions for the Weibull model were not violated.  
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Figure 4.4: Weibull survival curves comparing the pre-breeding probability of remaining 

seronegative to C. burnetii in goats  

D.IgMp2 = IgM serological status of the source does with (D.IgMp2 (-) representing negative 

does and (D.IgMp2(+) the positive ones. IgGp1 = colostrum derived antibody titres 

dichotomised at a cut-off of 1:320 (IgGp1).  Goats in cohort 1, farm GS and those born by 

(D.IgMp2 (-)  as well as those with IgGp1=320 had statistically significantly (P<0.1) higher 

probabilities of remaining seronegative before breeding than goats from cohort 2, farm LC as 

well as those from D.IgMp2(+) and those with IgGp1<320 colostrum antibodies. 
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Table 4.3: Multivariable Weibull accelerated failure-time regression model assessing risk factors 

for seroconversion to C. burnetii before breeding* 

Variable Levels n Serocon. Coef. SE 

(Coef.) 

P 

value 

Survival rate 

ratio (95% CI) 

Hazard ratio (95% 

CI) 

Cohort Cohort 2 62 42 -0.60  0.11 0.001 0.55 (0.39, 0.78) 2.73 (1.45, 5.16) 

 Cohort 1 33 16 0.00 (ref)   1.00 1.00 

Doe 

IgM Positive 37 29 -0.42  0.16 0.008 
0.65 (0.48, 0.89) 2.04 (1.19, 3.54) 

 Negative 56 28 0.00 (ref)   1.00 1.00 

Intercept – – – 3.89 0.35 <0.001 - – 

*in intensively-reared goats in Victoria, Australia, 2014-2015. Interpretation: After adjusting for 

the effect of cohort, kids born by does that had positive IgM titres (Doe IgM = positive; indicating 

recent exposure) were 2.04 times more likely to seroconvert within the first 6 months of life 

compared to those born by IgM seronegative does. Log likelihood = -201.1. Coef. = coefficient. 

Similarly, after adjusting for the effect of farm, kids born by does that had positive IgM titres were 

2.23 times (95% CI: 1.29, 3.86) more likely to seroconvert within the first 6 months of life 

compared to those born by IgM seronegative does; See Table S4.2. 

 

The rate of occurrence of IgG immune responses to C. burnetii was 4.5 times higher 

(95% CI: 2.1, 9.8) within the kidding season than outside the kidding season among goats in 

cohort 2 (see Table S4.3 for details), whereas, the rate of occurrence of IgG immune responses 

was comparable within and outside the kidding season among goats in cohort 1.   

4.4.3 The effect of pre-breeding seroconversions on the shedding of C. burnetii and on 

production parameters 

Overall, 18 out of 46 goats were detected as shedding C. burnetii by PCR at their 

first kidding. Shedding was detected in 15 out of the 41 goats that seroconverted before 

week 28, some of which remained seropositive until kidding (see Figure S4.2). Out of the 
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5 goats that had not seroconverted by week 28, 3 goats had detectable C. burnetii DNA in 

vaginal swabs taken at their first kidding.  

The proportion of goats that were joined on time was comparable in goats that 

seroconverted before 28 weeks (28/50 goats, 56.0%) and those that had not seroconverted 

by week 28 (6/8 goats, 75.0%). Similarly, the proportion of goats kidding on time was 

comparable in goats that seroconverted before week 28 (19/50 goats, 38.0%) and those 

that had not seroconverted by week 28 (5/8 goats, 62.5%). 

The multivariable linear regression model showed no statistically significant 

difference in pre-breeding weight between goats that seroconverted early and those that 

seroconverted later (Table 4.4). At weaning, goats in cohort 2 weighed 4.8 kg less than 

goats in cohort 1 (95% CI: 6.6, 3.1 kg less); and 30 out of the 49 goats (61%) with 

weaning weight records in cohort 2 had seroconverted to either IgG or IgM phase 2 by 

week 10 while only 5 out of the 13 of goats (39%) with weaning weight data in cohort 1 

had seroconverted by week 10. Between the time of weaning and the target breeding age, 

goats in cohort 2 gained 5.3 kg more than goats in cohort 1 (95% CI: 2.4, 8.1). Only 10 

out of the 38 goats (26%) in cohort 2 seroconverted between weaning and the target 

breeding age compared to 6 out of the 12 goats (50%) in cohort 1. The distribution of the 

model residues and weight variables used in the model were within acceptable limits 

(skewedness ± 1). 
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Table 4.4: Multivariable linear regression analysis of the effect of seroconversions to C. burnetii 

on goat weights 

Model Variable Levels n Coef. SE(Coef.) P value 95% CI of 

Coef. 

Effect of 

seroconversion 

on weight at 

weaning* 

Cohort Cohort 2 49 -4.84 0.88 <0.001 -6.61, -3.08 

 Cohort 1 13 0.00 (ref)    

Sex Male 4 3.64 1.46 0.016 0.71, 6.56 

 Female 58 0.00 (ref)    

Time of first 

seroconversion 

After 28 

weeks 

10 -0.33 1.00 0.740 -1.03, 2.35 

10 -28 

weeks 

17 0.66 0.84 0.435 -2.36, 1.66 

 

0 – 10 

weeks 

35 0.00 (ref)    

Intercept – – 17.71 0.89 < 0.001 15.93, 19.48 

Effect of 

seroconversion 

on weaning to 

breeding 

weight 

change† 

Cohort Cohort 2 38 5.27 1.41 0.001 2.43, 8.11 

 Cohort 1 12 0.00 (ref)    

Time of first 

seroconversion 

After 28 

weeks 

3 0.98 2.52 0.700 -4.09, 6.04 

10 -28 

weeks 

16 -0.60 1.31 0.652 -3.23, 2.04 

0 – 10 

weeks 

31 0.00 (ref)    

Intercept – – 7.67 1.40 < 0.001 4.86, 10.49 

Interpretation: *No statistically significant difference in weaning weight was observed between 

goats that seroconverted before breeding and those that seroconverted post-breeding after 

adjusting for cohort and sex. However, goats in cohort 2 had weighed 4.84kg lower at weaning 

than goats in cohort 1. † Similarly, no statistically significant difference in weaning-breeding 

weight change was observed between goats that seroconverted before breeding and those that 

seroconverted post-breeding after adjusting for cohort.  Surprisingly, goats in cohort 2 weighed 

5.27 kg more than goats that had not seroconverted by breeding. Sex was not included in model† 

because all male animals were lost from the study by breeding time. 
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4.5 Discussion 

To the best of my knowledge, this is the first birth cohort study to systematically 

investigate C. burnetii seroconversions in goats on infected farms over an extended 

period from birth. Furthermore, this study was undertaken in the absence of vaccination 

of goats or other control measures that would reduce the shedding of C. burnetii in 

infected goats. Therefore, the patterns of seroconversion or transmission described in this 

study can be considered representative of transmission of C. burnetii among young goats 

in a heavily contaminated intensive dairy herd.  

Detection of antibodies in serum was considered the most effective way of 

detecting recent infection with C. burnetii in goats before breeding. Substantial quantities 

of C. burnetii are shed in milk, vaginal mucus and faeces around parturition due to 

massive replication of C. burnetii in the placenta [33, 109, 189]. However, shedding is 

only detectable over a very short timeframe and not before breeding [33, 109, 189] . 

Additionally, C. burnetii is present in low concentrations in blood, and for only a few 

days following infection, unlike antibodies which appear 1-3 weeks after infection and 

typically last for weeks to months depending on antibody class [124].  

High proportions of goats had seroconverted to IgM and IgG against phase 2 C. 

burnetii by week 28 of the study which indicates that majority of the goats born on C. 

burnetii positive farms are infected early in life. Seroconversions were observed well 

before the goats were mated, which is contrary to the notion that trophoblasts are required 

for establishment of C. burnetii infection in ruminants. Infection of young non-pregnant 

goats with C. burnetii has been disputed in previous studies [68, 107, 115, 118, 120, 180]. 

Although some studies suggest that C. burnetii requires trophoblasts for successful 
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establishment of infection in ruminants [33, 63, 115, 243], I am not aware of any study 

that has investigated whether the absence of trophoblasts in young and male animals 

prevented the establishment of C. burnetii infection. Previous work has suggested that C. 

burnetii infections require trophoblasts to infect ruminants. This was hypothesised after 

observing primary replication and histopathological lesions only in trophoblasts 

following experimental infection of pregnant goats with C. burnetii [115]; that finding 

has been referenced in other studies [116]. However, it is possible that the organisms 

could have been present in other tissues in quantities undetectable by the methods used, 

,as noted by the authors of the study [115]. 

Despite some studies suggesting that trophoblasts are required for establishing 

infection in ruminants,  a number of studies investigating other aspects of C. burnetii on 

infected farms have reported a  high proportion ( > 50%)   of seroconversions to C. 

burnetii in young ruminants before breeding [120, 180], which is similar to the level 

detected  in this study. Another study reported a seroprevalence of  9.8% in 6 month-old 

goats that had been kept in a closed facility with no exposure to adult goats [68]. In some 

instances young animals were thought not to pose much risk in the transmission of C. 

burnetii thus excluding them from C. burnetii studies [111].  It is likely that the 

discrepancy in the proportion of young animals that seroconvert to C. burnetii among 

several studies [68, 120, 180] is highly dependent on the proportion of parent does 

shedding C. burnetii and the timing of the samplings relative to the progression of the 

outbreak. The proportion of adult goats shedding C. burnetii is likely to increase over 

time in an uncontrolled outbreak thus increasing the dose of C. burnetii organisms each 

susceptible animal in the herd is exposed to; and henceforth increasing the number of 



 

168 
 

animals infected with C. burnetii. It is not clear if the build-up in the proportion of goats 

shedding C. burnetii would be affected by development of immunity after repeated 

exposure to C. burnetii but one study reported that infected goats shed C. burnetii for at 

least two successive kiddings [189].  

Furthermore, studies that detected C. burnetii organisms in spleens, liver, lungs, 

kidneys and hearts of young goats [36, 115, 118, 224] as well as interstitial non-

suppurative pneumonia and granulomatous hepatitis lesions, similar to those observed in 

adult goats infected with C. burnetii, adds further evidence to the notion that goats can be 

infected early in life [224]. In most of these studies, it is apparent that diagnosis was 

made on a few tissues that were submitted, and the majority of the tissues were from kids 

that died perinatally as well as those that had been sacrificed after birth.  

These studies provide useful clues to potential sites of replication and persistence 

of C. burnetii infection in non-pregnant young goats that could possibly result in 

shedding of low levels of the bacterium before breeding. However, the site of persistent 

C. burnetii infection in young ruminants is still unknown, unlike in adult goats where C. 

burnetii infection persists in the mammary glands and uterus resulting in continuous 

shedding of C. burnetii in milk long after kidding [101, 102]. The site of persistent 

infection in young animals needs to be investigated, notwithstanding the possibility that 

the organism may be present in low numbers below the detection limit of most diagnostic 

tools.  

The initial rise in IgG phase 1 and IgG phase 2 following colostrum feeding is 

probably due to uptake of antibodies against C. burnetii in colostrum. This is further 

supported by the high concentrations of IgG specific for phase 1 and phase 2 as well as 
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negligible quantities of IgM that were detected in colostrum. The IgG and IgM 

concentrations in colostrum reported by this study are in accordance with another study 

that reported colostrum IgG concentrations of 41.2 mg/mL and IgM concentrations of 1.9 

mg/mL [244]. In the event of infection at birth or around the time of feeding colostrum, 

IgG antibodies to phase 1 against such infections would not be detectable within 2 weeks 

as IgG phase 1 antibodies appear much later in the course of infection [62, 115, 126, 

197]. Thus, the extremely high IgG phase 1 and phase 2 antibody titres (Figure 4.2) 

observed in the serum of kids at 2 weeks were most likely derived from colostrum.  

Early IgM responses were detected mostly in kids that did not receive sufficient 

colostrum. This suggests that antibodies and other immune components in colostrum are 

protective against C. burnetii infection. This further explains the surge in IgM and IgG 

immune responses after the IgG phase 1 colostrum antibodies (antibodies detected 

immediately after feeding colostrum) wane, at around 7 weeks (median), and thus 

suggests that goats are at risk after the depletion of colostrum antibodies. These findings 

also suggest that, in this study, ingestion of colostrum was protective in goat kids.  

Colostrum could also have been a source of C. burnetii infection although this 

appears not to have been the case in this study possibly due to heat treatment of 

colostrum before it is fed to the goats. In any case, it appears that infection resulting from 

ingestion of contaminated milk is not readily achieved and observations in humans 

ingesting contaminated milk failed to demonstrate resulting infection [103, 245]. It is 

therefore worthwhile to ensure that all goats are fed enough colostrum containing 

antibodies against C. burnetii, especially in instances where new-born goats are snatched 

from their mothers before they ingest colostrum. Perhaps, efforts could also be aimed 
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towards increasing antibodies and immune components against C. burnetii in colostrum 

indirectly by giving a booster vaccination against C. burnetii to pregnant goats, as 

demonstrated in a vaccination trial of sows against Porcine Circovirus type 2 in pigs 

where the aim was to protect piglets from infection with this virus early in life [246]. 

Also, studies in which, pregnant animals were vaccinated using phase 1 C. burnetii 

vaccines have not reported any deleterious effects of the vaccine [112, 115]. 

In a dairy farm setting where new-born animals are restricted from receiving milk 

from their does, it seems reasonable to protect these animals as early as possible. 

However, considering the workload on intensive dairy farms during and immediately 

after kidding and the difficulty of ensuring that all kids receive adequate colostrum 

intake, vaccination implemented at not later than 8 weeks of age is recommended, i.e. 

preceding the majority of seroconversions in this study. Also, a booster dose to increase 

vaccine coverage is recommended, considering that antibodies derived from colostrum 

may still be present in some goats at 8 weeks of age and interfere with antibody 

production, even for inactivated vaccines like the Coxevac vaccine, (CEVA, France) used 

to vaccinate against C. burnetii in goats [182].  

Cell-mediated immunity also plays an important role in protection against intra-

cellular pathogens like C. burnetii and it is not affected by the presence of maternally 

derived antibodies, as demonstrated in a study that evaluated vaccination against 

Aujesky’s disease in pigs [61, 157, 182]; early vaccination, even in the presence of 

maternal antibody, may still be protective. Some studies have however, shown that some 

components of the cell-mediated immune system, for example, the B cells derived from 

the intestinal lymphoid tissues are not produced until after 8 weeks of age in goats [183]. 
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Ideally the best time to vaccinate the kids would be during the narrow window of 

opportunity that occurs between the decline of the colostrum-derived maternal antibodies 

and the synthesis of kid-endogenous antibody arising from their environmental exposure 

to C. burnetii. This is probably from 8 to10 weeks of age. 

The comparable duration of sero-positivity and median antibody titres of goats 

that seroconverted prior to and after the target breeding age suggests similarity in 

exposure before and after breeding. The duration of sero-positivity varied widely, which 

accords with what has been previously reported in another outbreak in the UK [68]. The 

finding that the IgG phase 2 and 1 responses last longer than the IgM phase 2 and 1 

responses that precede them is consistent with what has been reported in human serology 

and in adult animal studies [62, 197]. However, the number of secondary IgM responses 

compared to IgG responses, described in Table 4.2, may have been confounded by the 

lower repeatability of the IFA for IgM (78.1%) compared to IgG antibodies (96.9%) as 

well as the lower sensitivity of the IFA for IgM (88.8%) compared to IgG antibodies 

(94.8%).   

The difference in risk associated with the two cohorts from two different kidding 

times studied here suggests that differences in the level of C. burnetii shedding at each 

kidding season, and possibly different levels of exposure to C. burnetii at birth, or soon 

after, may influence timing of occurrence of seroconversions against C. burnetii 

infections.  This could also indicate differences in colostrum quality and its 

administration. Similarly, the surge in IgM and IgG seroconversions that occurred prior 

to weaning could possibly be due to exposure to C. burnetii at birth. The difference in the 

risk of seroconversion at farm level points to variability in contamination or shedding 
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patterns on the different farms on the property; animals on Farm GS were partly reared 

by less intensive small out-grower farms until 4 months of age, which may explain the 

lower risk of seroconversion compared to Farm LC. 

The increased risk of seroconversion in kids born to IgM seropositive does 

suggests recent infections in these does and points to either in-utero transmission of C. 

burnetii or periparturient transmission. In utero transmission of C. burnetii has not been 

confirmed but C. burnetii DNA has been detected in amniotic fluid as well as spleen and 

kidneys of live and aborted kids; histopathological lesions similar to those in infected 

adult goats have also been reported in new-born goats [36, 107, 115]. Another study has 

also shown goat embryos to be highly susceptible to C. burnetii infection in vitro [117]. 

However, there is a challenge in differentiating DNA present because of C. burnetii 

infection from that due to contamination from the heavily infected placentas. The 

majority of the reports of PCR positive results from tissues of aborted kids provided very 

little information on how the prevention of contamination of these tissues by DNA from 

the heavily infected placental tissues was achieved [36, 115, 118]. Perhaps, the 

demonstration of vertical transmission of C. burnetii using PCR needs to be 

complemented by other methods, such as immunohistochemistry, that detect C. burnetii 

within the cells in tissues of foetuses or new-born kid goats.  

As expected, exposure to C. burnetii shed at subsequent kidding seasons could be 

playing a role in increasing the proportion of infected goats before the target breeding 

age. This was more evident in cohort 2, where the rate of occurrence of antibody 

mediated responses was 4.5 times higher within than outside the kidding season. The 

comparable rate of occurrence of immune responses within and outside the kidding 
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season for cohort 1 could be a result of a proportion of these goats being reared on out-

grower farms for the first 4 months of their lives.  The occurrence antibody-mediated 

immune responses outside the kidding seasons points to other risks of exposure to C. 

burnetii in the environment; for example, contaminated straw, hay or pastures, as well as 

inhalation or ingestion of contaminated dust particles especially during dry and windy 

weather [39, 40, 212]. 

Although occurrence of IgM and IgG responses and not the conventional twofold 

rise in IgG against phase 2 or IgM followed by IgG were used in comparing outside and 

within kidding season exposure to C. burnetii, this seemed the most practical way of 

computing animal-time at risk given the shorter duration of IgM antibodies compared to 

IgG as shown in Table 4.2. Comparisons for within and outside kidding seasons were 

also restricted to either IgM and IgG to cater for the differences in duration of IgM and 

IgG seropositivity as well as the differences in repeatability and sensitivity of the IFA for 

IgM and IgG antibodies. The detection of antibodies using the IFA may have been 

enhanced by repeated sampling and testing of samples in duplicate against IgG and IgM 

to phase 1 and 2 C. burnetii given that all IgG responses except one were preceded by 

IgM responses.  The performance of the IFA may also have been enhanced by the quality 

of antigens used and the experience of the technicians in this instance, as these factors 

may influence the reproducibility of the test.  

The shedding of C. burnetii by goats that seroconverted before breeding and 

remained seropositive through pregnancy underscores the role played by pre-breeding 

infections in the transmission of infection within the herd. Owing to mortality, a 

sufficiently large sample size was not available in each of the cohorts at the end of the 
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study to detect any statistically significant differences in C. burnetii shedding patterns 

between goats that seroconverted before breeding and those that seroconverted after 

breeding. Similarly, no statistically significant reductions in weight gain were detected at 

the individual animal level. These considerations are the focus of further ongoing studies. 

Future longitudinal studies will have to aim at sample sizes of greater than 80 animals per 

cohort to be able to maintain a power of at least 0.80 and the required sample size of 40 

necessary for detecting changes in as low as 20% of the recruited animals as 

approximately 50% of the recruited animals were lost to follow-up in this study 

(supplementary Figure S4.3).  The high mortalities reaching up to 20% in the first months 

of follow-up were thought to result from a number of factors, including a poor-quality 

milk replacer and infectious causes like coccidiosis.  

4.6 Conclusions  

The first surge in the number of goats seroconverting with IgM antibodies to C. 

burnetii antigens was observed at 9 weeks of age, which underscores the need to 

vaccinate goats born on C. burnetii positive farms not later than 8 weeks of age. 

However, experimental studies are required to establish the effectiveness and feasibility 

of vaccinating goats at 8 weeks of age. It is expected that booster doses of vaccine will 

need to be administered to increase vaccine coverage. The shedding of C. burnetii by 

goats that remained seropositive after the initial seroconversion before the target breeding 

age provides more evidence supporting the notion that goats infected early in life can 

transmit C. burnetii to other goats and humans at their first kidding, underscoring the 

need to vaccinate young goats. 
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Post-weaning, the rate of seroconversion to C. burnetii was significantly higher within 

than outside the kidding seasons, this being more notable among goats in cohort 2, which were 

exposed to kidding season throughout the study period. Furthermore, goats from IgM 

seropositive does were two times more likely to seroconvert before the target breeding age, 

which points to either the occurrence of in-utero transmission of C. burnetii or infection of goats 

during or shortly after birth. 

Some of the goats that seroconverted before breeding shed C. burnetii at their first 

kidding, suggesting that goats infected early in life can be a risk for transmission of C. 

burnetii to susceptible animals in the herd.  

No statistically significant reductions in weight gain at the individual animal level 

were observed among goats that seroconverted against C. burnetii before breeding. 

4.7 Ethics approval 

All animal sampling was conducted with the approval of the University of Melbourne 

Animal Ethics Committee, application number 1413118. 
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4.7 Supplementary material 
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Figure S4.1: Kaplan-Meier survival curve showing the probability of intensively-reared kid 

goats remaining seronegative to C. burnetii before breeding, Victoria, Australia, 2015. 

Dotted lines represent 95% confidence intervals, crosses represent kid goats that were lost to 

follow-up (died between samplings) and were therefore censored. 
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Figure S4.2: Median and inter-quartile range of antibody titres of goats in cohort 2 that 

shed C. burnetii at their first kidding during a Q fever outbreak farm. The solid light grey 

band shows the inter-quartile range of titres while the solid black line shows the median titres. 

The different shapes of points symbols represent titres for individual goats. 
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Figure S4.3: Power (1-β) at different sample sizes (N) for a constant effect size (absolute 

increase of 0.19% in serological prevalence between any two time-periods). The sample size 

would have to be maintained at a minimum of 39 throughout the study period to maintain a 

power of 0.80.   

 

Table S4.1: Univariable assessment of the effect of risk factors on seroconversion against C. 

burnetii in goats 

Variables Categories Total Events Coef. SE 

Coef. 

P 

value 

Survival rate ratio 

(95%CI) 

Hazard ratio 

(95% CI) 

Farm LC 79 52 -0.647 0.271 0.017 0.52 (0.31, 0.88) 2.81 (1.19, 6.62) 

 GS 16 6 _   1.00 1.00 

Cohort Cohort 2 62 42 -0.483 0.181 0.007 0.62 (0.43, 0.88) 2.19 (1.21, 3.98) 

 Cohort 1 33 16 _   1.00 1.00 

Doe IgG  Positive 48 30 0.144 0.176 0.413 1.16 (0.82, 1.63) 0.80 (0.48, 1.36) 

 Negative 45 27 _   1.00 1.00 

Doe IgM  Positive 37 29 -0.309 0.178 0.083 0.73 (0.52, 1.04) 1.59 (0.95, 2.67) 
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 Negative 56 28 _   1.00 1.00 

Doe 

Parity 

> 3 60 45 0.195 0.181 0.282 1.21 (0.85, 1.73) 0.74 (0.43, 1.28) 

≤ 3 35 27 _   1.00 1.00 

Colo. 

IgG P1 

Present 71 51 0.143 0.276 0.604 1.15 (0.67, 1.98) 0.81 (0.37, 1.79) 

Absent 9 7 _   1.00 1.00 

Colo. 

IgG P2 

Present 72 53 -0.375 0.310 0.227 0.69 (0.37, 1.26) 1.76 (0.70, 4.44) 

Absent 8 5 _   1.00 1.00 

Colo. 

IgG P1  

≥640 52 41 -0.124 0.210 0.554 0.88 (0.59, 1.33) 1.20 (0.66, 2.16) 

<640 21 15 _   1.00 1.00 

Colo 

IgG P1  

≥320 58 47 -0.453 0.248 0.068 0.64 (0.39, 1.03) 1.95 (0.95, 3.99) 

<320 15 9 _   1.00 1.00 

Colo. 

IgG P2 

≥640 55 44 -0.380 0.220 0.084 0.68 (0.44, 1.05) 1.76 (0.92, 3.35) 

<640 19 12 _    1.00 

Colo. 

IgG P2  

≥320 59 45 -0.138 0.233 0.555 0.87 (0.55, 1.38) 1.22 (0.63, 2.36) 

<320 15 11 _   1.00 1.00 

Colo. 

Duration 

>4weeks 51 40 -0.275 0.200 0.168 0.76 (0.51, 1.12) 1.50 (0.85, 2.64) 

≤4weeks 20 16 _   1.00 1.00 

Colo. = maternally-derived colostrum antibodies detected in the kid’s sera. Coef. = 

Coefficient, SE = standard error, CI is confidence interval. The farm, the cohort, IgM status of 

the source doe, having colostrum IgG phase 1 antibodies titres ≥320 and IgG phase 2 

colostrum titres ≥640 was associated with a higher probability of not seroconverting against 

C. burnetii before 28 weeks of age in goats. The intercepts were removed from the univariate 

models to ease presentation. 
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Table S4.2: Multivariable Weibull accelerated failure time regression model assessing risk 

factors for seroconversion to C. burnetii before breeding in intensively-reared goats 

Variable Levels n Sero. Coef. SE 

(Coef.) 

P 

value 

Survival rate ratio 

(95% CI) 

Hazard ratio (95% 

CI) 

Farm LC 79 52 -0.837  0.266 0.002 0.43 (0.23, 0.73) 4.04 (1.65, 9.92) 

 GS 16 6    1.00 1.00 

Doe IgM Positive 37 29 -0.481 0.163 0.003 0.62 (0.45, 0.85) 2.23 (1.29, 3.86) 

 Negative 56 28    1.00 1.00 

Intercept 

– 

– – 4.477 0.536 <0.001 

87.94 (30.78, 

251.23) – 

Interpretation: After adjusting for the effect of farm, kids born by does that had positive 

IgM titres (Doe IgM = positive; indicating recent exposure) were 2.23 times more likely to 

seroconvert within the first 6 months of life compared to those born by IgM seronegative 

does. Log likelihood = -200.4. Coef. = coefficient. Sero. = seroconverted. 

 

 

 

 

Table S4.3: Comparison of the rate of occurrence of antibody responses within and outside 

the kidding season in intensively managed goats 

Cohort Antibody 

Type 

Kidding 

season 

Goat weeks at 

risk 

Number of 

antibody 

responses 

Rate of occurrence 

of antibody 

responses (per 100 

goat weeks at risk) 

Occurrence rate 

ratio (95% CI) 

1 IgM Within 224.25 18 8.0 (4.8, 12.7) 1.4 (0.71, 2.7) 

  Outside 290.75 17 3.4 (2.2, 4.8)  

 IgG Within 261.25 11 4.2 (2.1, 7.5) 1.3 (0.5, 3.0) 

  Outside 298.75 10 3.3 (1.6, 6.2)  

2 IgM Within 323.50 28 8.7(5.8, 12.5) 4.1 (2.1, 8.2) 
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  Outside 575.00 12 2.1 (1.1, 3.6)  

 IgG Within 218.00 34 15.6 (10.8, 21.8) 4.5 (2.1, 9.8) 

  Outside 232.50 8 3.4 (1.4, 6.8)  

The rate of occurrence of antibody responses to C. burnetii was four times higher within 

the kidding season than outside the kidding season among goats in cohort 2. However, the 

rate of occurrence of antibody responses was not statistically different within the kidding 

season and outside the kidding season. 
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 CHAPTER FIVE: A RANDOMISED CONTROLLED TRIAL OF THE 

IMMUNOGENICITY AND SAFETY OF A FORMALDEHYDE-INACTIVATED 

COXIELLA BURNETII VACCINE IN 8-WEEK-OLD GOATS  

5.1 Abstract 

Coxiella burnetii causes Q fever in individuals exposed to infected ruminants. 

Vaccination in 3-4-month-old goats, has been reported to result in a significantly 

greater reduction in C. burnetii shedding compared to goats vaccinated one month 

before breeding, the most commonly used strategy of controlling Q fever on infected 

intensively-managed herds. It is possible that an even greater reduction in the number 

of animals shedding C. burnetii and elimination from herds could be achieved if 

vaccination were administered shortly after protection from colostrum antibodies 

wanes and animals become susceptible to infection with C. burnetii. This study aimed 

to evaluate the immunogenicity and safety of an autogenous, phase 1 C. burnetii 

vaccine in 8-week-old goats. Since a vaccine registered for use in goats is not 

currently available in Australia, an inactivated autogenous vaccine, prepared from an 

isolate from a goat farm, was evaluated in 8-week-old goats from that farm.  Two 

injections, four weeks apart, elicited specific IgM and IgG responses in all vaccinated 

goats (n = 11), while no antibodies were detected in two control groups (n = 22). 

Swelling at the site of inoculation was observed in all of the vaccinated and in 10/11 

of the placebo-treated goats but receded after 3 weeks. Weight change and rectal 

temperatures were also comparable between vaccinated and control goats. The data 

indicated that this autogenous vaccine could be suitable for immunising 8-week-old 

goats to break the cycle of infection with C. burnetii, although further trials to 

determine level of protection against challenge are required.  
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5.2 Introduction 

Coxiella burnetii is a zoonotic bacterium shed by infected ruminants and the cause of 

Q fever in humans [136, 189, 247]. The bacteria multiply to extremely high numbers in 

ruminant placentas and consequently highly infectious loads may be shed in birth fluids, 

placenta and foetal membranes [33]. The organism is also shed in milk, urine and faeces for 

some time after parturition or abortion [248]. Up to 109 C. burnetii organisms per gram of 

placenta has been reported in infected animals, which highlights the high level of 

contamination that can occur on C. burnetii infected farms, posing a high risk of Q fever 

infection for susceptible humans that come in contact with infected animals or material 

contaminated by them [33].   

Vaccination of ruminants with inactivated phase 1 C. burnetii antigen one month 

before breeding is the most commonly used strategy of controlling C. burnetii on infected 

domestic ruminant herds, as recommended by the manufacturers of the only existing 

livestock vaccine [CoxevacTM, Ceva Sante Animale, France] [111-113, 170-174]. Although 

the goal of vaccination against C. burnetii in livestock has previously been identified as 

reduction of environmental contamination by infected livestock and consequently the 

reduction of human infection arising from environmental contamination with C. burnetii, 

concern is now being shown for the increased reproductive wastage in livestock herds 

resulting from abortions and infertility caused by C. burnetii infection [128, 175, 176]. 

Vaccination of livestock against C. burnetii has been shown to reduce the occurrence of 

abortions and infertility [177, 178].  Nonetheless, whether the ultimate goal is to prevent 

human infection or to reduce effects of infection in livestock, strategies are required to 

prevent infection of susceptible animals and minimize shedding by infected animals in the 

herd. 
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Vaccination of livestock before breeding has been shown to reduce C. burnetii 

shedding and C. burnetii-associated abortions in infected herds [112, 113, 171, 177, 178]. 

Rousset et al. 2009 tested the efficacy of a phase 1 C. burnetii vaccine administered before 

breeding and found a lower proportion (4%) of vaccinated sheep and goats identified as high 

shedders [defined as animals with concentrations of ≥ 106 C. burnetii organisms per mL of 

uterine fluid]  compared to 13% of non-vaccinated  sheep and goats [112]. Similarly, Taurel 

et al., 2014 observed a reduction of the concentration of C. burnetii in samples taken at 

parturition in herds where > 80% of the cows were vaccinated before breeding compared to 

herds where ≤ 80% of the cows were vaccinated [171]. A study involving naturally infected 

sheep, observed that after vaccinating animals before breeding, abortions were reduced from 

6% to 2% (n=315) in one flock and from 5% to 2% (n=332) in another flock [113]. However, 

other studies have reported no difference in the proportion of shedders between vaccinated 

and non-vaccinated sheep, continued shedding of C. burnetii after 2 years of implementing an 

annual vaccination program in sheep and recurrence or intermittent shedding after years of 

performing vaccination of goats one month before breeding [100, 249].  

Additionally, a study that compared the efficacy of vaccination of 3 to 4-month-old 

goats to vaccination of goats one month before breeding, observed that those vaccinated at 3 

to 4-months old had a significantly greater reduction in the proportion of shedders and the 

amount of C. burnetii shed per animal compared to goats vaccinated one month before 

breeding [120]. Given that the 3 to 4-month-old goats that responded better to the vaccine 

were seronegative at the time of vaccination [120], it is very likely that difference between 

them and the goats vaccinated one month before breeding in the proportion that were 

shedding C. burnetii as well as the load of C. burnetii shed per animal was due to the lower 

proportion of the 3 to 4-month-old animals being already infected with C. burnetii at the time 

of vaccination.  
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Recent research on an infected intensive dairy goat and sheep enterprise in Victoria, 

Australia, has revealed that snatch-reared goats fed 500 mL of pooled colostrum, started 

mounting IgM antibodies at around 9 weeks of age, shortly after maternally-derived 

colostrum antibodies had waned [250]. This demonstrates that kid goats are susceptible and 

are being exposed to C. burnetii before 9 weeks of age [250]. Prevention of infection, 

reduction in the number of animals shedding C. burnetii, and elimination of infection from 

herds, could be achieved if vaccination were administered shortly after protection from 

colostrum antibodies wanes and before animals lacking protective immunity are exposed to 

C. burnetii.  

Vaccination of livestock before 3 months of age has been previously contraindicated 

because it was thought that adverse reactions were likely to affect young animals and, due to 

reports of the immunogenicity of the vaccine being limited by the presence of maternal 

antibodies [182].  Also, some lymphoid tissues do not reach full anatomical and functional 

maturity until several months after birth was thought to result in lack of appropriate response 

to the vaccine in young animals [183]. However, a study that compared the immunogenicity 

of a heat-inactivated vaccine against Mycobacterium paratuberculosis in 15-day-old and 5-

month-old sheep and goats detected humoral and cell-mediated immunity against the vaccine 

in both groups [183].  

The hypothesis that, vaccinating against C. burnetii is safe and immunogenic in 8-

week-old goats and can provide protection against subsequent C. burnetii challenge, was 

tested. This study was therefore, conducted to evaluate the immunogenicity and safety of an 

autogenous phase 1 C. burnetii vaccine in 8-week-old goats. The study also aimed to evaluate 

the efficacy of the vaccine material in preventing C. burnetii infection in guinea pigs since 

guinea pigs are reportedly the best small animal model of coxiellosis because they develop 

fever after infection with C. burnetii. 
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5.3 Materials and methods 

5.3.1 The vaccine and the placebo 

A formaldehyde-inactivated vaccine was prepared in a biosafety level 3 laboratory by 

culturing, in specific-pathogen-free (SPF) chicken eggs, a C. burnetii isolate from an aborted 

goat foetus from a farm at the centre of a large Q fever outbreak, described in detail 

elsewhere [97]. Specific-pathogen-free (SPF) embryonated chicken eggs that were 7 days old 

were inoculated with 0.1 mL of a C. burnetii (Meredith goat strain AuQ60) inoculum into the 

yolk sac. The eggs were incubated at 40 ºC at 50% humidity. Eggs were candled every day to 

confirm embryo viability and only those eggs in which the embryo had grown were 

ultimately harvested on day 8 after infection. The yolk-sac membranes and the chorio-

allantoic membranes were harvested and pooled while the embryos and remaining yolk were 

discarded. The pooled membranes were washed three times in Hanks Balanced Salt Solution 

(HBSS) and then homogenised in a sterile household blender. Blending was done in 12 bursts 

lasting 10 seconds, with cooling to room temperature in-between each burst of 

homogenisation.  

Inactivation was done by adding homogenised egg membrane suspension 

(containing C. burnetii) to an equal volume of 2% formaldehyde in HBSS, to provide a 1% 

final formaldehyde concentration. The suspension was continuously agitated with a magnetic 

spin bar for 24 hours at room temperature. The membrane debris was removed with a low 

speed (500 g) centrifugation for 5 minutes and the supernatant collected and washed three 

times with HBSS by centrifugation at 18,000 g for 30 minutes to remove formaldehyde. The 

sediment collected and re-suspended. To ascertain that the final sediment (the vaccine) was 

free of both viable C. burnetii and residual formaldehyde, a sample of the sediment was 

inoculated into vero cell cultures which were incubated for 4 weeks.  
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The final suspension was checked for bacterial sterility by inoculation onto Horse 

Blood Agar followed by both aerobic and anaerobic incubation for 72 hours at 37 ºC. DNA 

was extracted from the vaccine using the HiYield Genomic DNA Mini Kit (Real Biotech 

Corporation) and the C. burnetii concentration in the vaccine was then estimated using a 

quantitative polymerase chain reaction (qPCR) targeting the com1 single copy gene of C. 

burnetii [251].The C. burnetii concentration in the vaccine (3.6 x109/mL) was then adjusted 

to a concentration of 1.8 x108 C. burnetii per mL with HBSS. The protein concentration of 

the vaccine was measured using a nanodrop at 280nm.  

A placebo was prepared in the same way but with saline inoculated into the 

embryonic eggs instead of C. burnetii. This was followed by inactivating the harvested SPF 

egg material with 1% formaldehyde followed by the same washing, centrifugation and tissue 

culture procedures that were undertaken on the vaccine. The protein concentration of the 

placebo was adjusted to 31.9 mg/mL, similar to that of the vaccine. Both the placebo and the 

vaccine were stored at 4 ºC until they were administered. To confirm that the vaccine 

contained phase 1 C. burnetii, the vaccine antigen was spotted on to 40 well slides and 

titrated with goat sera of with a known phase 1 antibody titre and no phase 2 antibodies using 

a validated IFA protocol described previously [216]. 

5.3.2 Guinea pig trial 

Six guinea pigs of the IMVS breed, housed in sealed cages [Techniplast GR900 with 

custom-made interlinking tunnels between each pair of cages] in a biosafety level 3 

laboratory were used for this trial. The guinea pigs were housed in pairs and given a 

combined floor area of 1800 cm2 to comply with animal ethics requirements. Food and water 

was supplied ad libitum. 
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A total of four guinea pigs received intramuscular injections of 0.1 mL of the vaccine; 

two guinea pigs received the vaccine once while the other two guinea pigs received two 

injections of 0.1 mL of the vaccine, 3 weeks apart.  Two guinea pigs received no vaccine.  All 

the six guinea pigs were anaesthetized by intramuscular injection of 50 mg ketamine 

(Ketaset) mixed with 2.5 mg of xylazine (Xylazine) at 9 weeks after the first injection with 

the vaccine and challenged by intra-nasal administration of 0.2 mL of viable C. burnetii 

(5.7x105 cells /mL), The challenge inoculum of C. burnetii was obtained from the enlarged 

spleen of a mouse inoculated 7 days previously with a frozen preparation of the bacterium. 

The mouse was clinically normal at the time of euthanasia. The spleen was removed 

aseptically and homogenized in 10 mL of Hanks Balanced Salt Solution. The concentration 

of C. burnetii in the suspension was determined by qPCR targeting the com 1 gene of C. 

burnetii. The concentration of C. burnetii was adjusted to obtain the required challenge dose. 

The body temperatures of the guinea pigs were measured daily from the first day of 

vaccination to 3 weeks after challenge with C. burnetii by means of a subcutaneous 

temperature transponder, inserted several weeks before vaccination. Fever was defined as a 

temperature greater than 39.6 ºC. At the conclusion of the experiment, the guinea pigs were 

euthanized with sodium pentobarbitone by intraperitoneal injection. 

5.3.3 Trial goats 

The vaccine trial involved three groups of goats: a vaccinated group which received 

the vaccine; a control group receiving the placebo containing all components of the vaccine 

except C. burnetii; and a no-treatment control group to act as the reference for the vaccine 

and the placebo groups. 

A goat farm that had repeatedly tested negative for antibodies against C. burnetii in 

bulk milk on both the enzyme-linked immune-sorbent assay (ELISA) and the 
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immunofluorescent assay (IFA), and negative for C. burnetii DNA on a qPCR targeting the 

com1 gene [238], was identified as a potential source of goats for the trial. Demonstration of 

freedom from C. burnetii infection on the source farm was undertaken by testing 400 blood 

samples from adult female pregnant goats for IgG and IgM antibodies to C. burnetii using a 

previously validated IFA [216]. The sample size of 400 goats provided 99% confidence of 

detecting a ≥ 1% prevalence of infection in a 1000-goat herd [252] based on published 

specifications for the IFA of 95% diagnostic sensitivity and 93% diagnostic specificity for 

antibodies to C. burnetii in serum [216].  

The minimum required sample size for the vaccination trial was estimated to be 8 

animals per treatment group so as to have 80% power and 95% confidence of detecting a 

statistically significant difference in the proportion of goats that seroconvert to C. burnetii 

between the treatment group and the two control groups, using the difference in proportions 

chi-square test, assuming 75% of the animals in the treatment group seroconverted 2 weeks 

after vaccination and one animal seroconverted in each control group. To allow for 

inaccuracies in the assumptions underlying these estimates and anticipated post-weaning 

mortalities at rates equivalent to those on the source farm, the sample size was increased to 

12 kids in each treatment group.  

All healthy male kid-goats (70 in total) born on the source farm during the November 

2015 kidding season were recruited for the study. The recruited goats were fed colostrum 

from their mothers for the first day of life as per routine husbandry procedures at the source 

farm, before being started on a milk replacer diet, still at the source farm. At about 4 weeks of 

age, the goats were given 1 mL of Tasvax© (Coopers), a vaccine containing 8 different 

strains of Clostridium spp., as per the routine vaccination regime at the source farm. The 

goats were weaned at 5 to 6 weeks of age.  
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All recruited goats were subjected to general physical examination and animals with 

any abnormalities were excluded. Notably, some of the excluded goats had nasal discharges, 

a rough hair coat and diarrhoea. The selected goats, 36 in total, were then transported to the 

University of Melbourne animal house in accordance with the Victorian code of transporting 

animals [253].  

Acclimatization at The University of Melbourne animal house had been planned to be 

7 days but was extended to 11 days after respiratory signs and diarrhoea were observed in 

some of the goats following arrival (detailed further under unexpected occurrences).   

5.3.4 Vaccination of the trial goats 

Pseudo-random number sequences were generated to allocate groups for the 18 goats 

that had not been observed with abnormal clinical signs during the acclimatization week (D-) 

and separately for the 15 goats (D+) that presented with abnormal signs during the 

acclimatization week (see Figure 5.1).  

At 8 weeks, the part of the neck to which the vaccine or placebo was to be 

administered was shaved and disinfected and 2 mL of vaccine or placebo was administered 

subcutaneously in the neck of each of the 11 goats allocated the vaccine or placebo groups, 

respectively. The remaining goats were used as no-treatment controls. Goats were placed in 

pens sorted by size and health status, in treatment mixed groups. The pens to which 

individual goats were housed were not changed after administration of the vaccine and 

placebo. A booster dose (2 mL) of either the vaccine or placebo was administered 3 weeks 

after the initial dose. The booster of the vaccine was administered at the side opposite to one 

where the initial dose had been injected.  
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5.3.5 Measuring of outcomes of vaccination in goats 

Blood samples were collected from all the goats in the study group at the source farm, 

during the acclimatization period, immediately before administration of the vaccine or 

placebo (initial and booster dose), 2 days after administration, and then weekly until the end 

of the study. Blood was collected into plain Vacutainer tubes and serum was separated and 

stored at -20º C until testing. All sera were screened for IgG and IgM antibodies against 

phase 1 and phase 2 C. burnetii at the 1:160 cut-off dilution using the IFA. Two-fold serial 

dilutions of the 1:160 diluted sera were also tested for antibodies against C. burnetii using the 

IFA, to obtain endpoint titres  as previously described [216].  

To evaluate the safety of the vaccine, the type of reaction and its duration at the 

injection sites of the vaccine and the placebo was compared to the size of reactions reported 

in the already licenced European C. burnetii vaccine, Coxevac (CEVA) [181, 254]. The 

checklist for monitoring reaction at the site of injection of the vaccine and placebo included 

checking for evidence of swelling, redness, pain, ulceration and discharge.  

The right and left pre-scapular lymph nodes, which drain the neck region where the 

vaccine was administered, were also examined from 14 days following the initial vaccination 

and weekly thereafter, to compare local lymph node reaction to injection of both the vaccine 

and the placebo. Lymph node reactions were graded as 0 if the pre-scapular lymph nodes 

were not palpable, 1 if they were palpable but not enlarged, 2 if they were enlarged and 3 if 

they were extremely enlarged. For each animal, the recorded size of the pre-scapular lymph 

node draining the vaccination site was compared to the recorded size of the pre-scapular 

lymph node on the opposite side. The initial and booster doses of the vaccines and the 

placebos were administered on alternate sides.  
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To monitor temperature and body weight changes in vaccinated and control goats, 

complete physical examination was carried out on the study group at the source farm, during 

the acclimatization period, at administration of treatments and weekly after administering the 

vaccine and the placebo. During each physical examination, the rectal temperature and body 

weight were measured and any abnormalities observed during the examination were 

recorded.  Additional measurements of rectal temperature were recorded daily for two days 

from the day of administering the vaccine or placebo. The recorded rectal temperature and 

changes in body weight were compared in the treatment groups to further evaluate the safety 

of the vaccine in young animals.  General animal health and welfare inspections were 

undertaken at least twice daily, each time observing whether the goats were feeding and 

ruminating, and also for demeanour, posture, movement, coughing, nasal discharge or any 

other signs of abnormality. Each pen was also examined for loose or watery faeces. A 

complete physical examination and or post-mortem examination and further laboratory 

analyses were undertaken for any animal observed to have unexpected outcomes, and the 

occurrence of any unexpected outcomes in the vaccinated and control groups was compared. 

Attempts were made to definitively diagnose any disease states observed during the study to 

aid in determining whether or not it was vaccine-associated. 

All the goats were euthanized at the end of the trial by intravenous injection of 

pentobarbital and a thorough post-mortem examination undertaken on every goat to detect 

any lesions and compare the distribution of any unexpected findings in vaccinated and 

control goats. The liver, spleen, kidney, pre-scapular lymph nodes and lungs of all study 

animals were observed for any gross lesions and sections stored for microbial testing and 

histological examination. Sections from each tissue were saved in both 10% neutral-buffered 

formalin for histopathology and at -20ºC for qPCR. Sections for microbial culture were 

utilised immediately. 
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To further assess the safety of the vaccine and to ascertain whether any abnormalities 

observed were associated with the vaccine, all collected tissues were tested for C. burnetii 

antigen using immunohistochemistry and for C. burnetii DNA using a qPCR targeting the 

com1 gene [164]. 

During the trial, the details of allocation of individual animals were placed on file and 

blinded from the researchers. These details were only referred to by the lead investigator at 

the time of giving the booster doses; other investigators were unaware of the treatments 

provided. Post-mortem examinations, serological testing, histopathology, 

immunohistochemistry and bacteriological testing were carried out by researchers who had 

no prior knowledge of the treatment each animal had received. No blinding was undertaken 

for DNA extraction since the pooled samples had to come from goats that had received the 

same treatment. Additionally, the routine recording sheets and the laboratory result sheets did 

not specify the intervention the animal received.  

5.3.6 Laboratory materials and methods 

The immunohistochemistry assay used was developed specifically for this trial using 

rabbit sera from rabbits vaccinated with the Nine Mile strain of C. burnetii obtained from the 

Peter Doherty Institute (PDI), Melbourne, Australia, as the primary antibody. The negative 

control was also obtained from PDI and consisted of sera from laboratory rabbits that had not 

been exposed to C. burnetii.  Archived placental tissue from a previous goat abortion reported 

to the veterinary pathology laboratory, University of Melbourne, Werribee campus, was used 

as a positive control tissue. Histology on the placenta revealed multifocal, moderate, 

placentitis and funisitis with intracellular Macchiavelli-positive organisms consistent with C. 

burnetii; this was further confirmed to be C. burnetii through quantitative PCR. 
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Formaldehyde-fixed tissues were cut from paraffin blocks and fixed on glass slides. 

The sections were then de-paraffinized in 3 xylene solutions for 5 mins in each solution, two 

100% ethanol solutions and one 70% ethanol solution for 5 minutes per solution. The tissues 

were washed in distilled water between each treatment.  

The C. burnetii antigen was retrieved using the S1700 target retrieval solution (Dako, 

Australia) which was heated for 8 mins at 97ºC before slides were added for further 20 

minutes. Following retrieval of the antigen, the slides were washed in phosphate buffered 

saline (PBS) and then transferred to hydrogen peroxide for 10 minutes. Foetal calf serum was 

then added as a blocking agent for 1 hour followed by the primary antibody (rabbit antibodies 

against C. burnetii). This was then followed by washing in PBS buffer for 20 minutes. The 

Envision mouse anti-rabbit conjugate (Dako, Australia) was then added for 1.5 minutes. The 

novared substrate (Dako, Australia) was then added for 1.5 minutes. Haematoxylin was then 

added for 1 second followed by Lithium carbonate for 15 seconds and lastly the slides were 

mounted. 

To determine the optimum primary antibody dilution, both the negative control rabbit 

and positive rabbit sera were diluted at 1:1000, 1:1500, 1:2000 and 1:2500 and used to test 

the positive control tissue. A dilution of 1:2500 of the negative control was selected because 

it resulted in limited background staining with similar appearance of the tissue when PBS was 

used instead of the primary antibody; the positive sera at 1:2500 did not lose its reactivity 

(see supplementary Figure S5.1).   

The DNeasy Blood and Tissue (Qiagen, Australia) DNA extraction protocol was used 

for qPCR detection of C. burnetii DNA on samples of ≈ 25 mg of the lung, kidney and lymph 

nodes and ≈ 10 mg of each spleen. Where required, specific tissues (either spleen, lymph 

node or lung) were pooled from at most three animals from the same group and thoroughly 
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mixed together using a vortex. Ethanol (90-100%) was added to AW1 and AW2 buffer. A 

total of 180 µL of buffer ATL and 20 µL of proteinase K were added to the pooled tissues 

before vortexing followed by overnight incubation at 56 °C as per the kit protocol. During the 

incubation, the tissues were repeatedly vortexed until they had been completely lysed. AL 

buffer (200 µL) was then added to the lysed tissue followed by 200 µL of ethanol (90-100%). 

A tube containing the C. burnetii vaccine was included in the extraction as a positive 

extraction control and PBS was included as a negative extraction control. The resultant 

mixture was washed and the DNA eluted as per the kit protocol. The resultant DNA was then 

quantified using a qPCR targeting the com1 gene of C. burnetii, with each extracted DNA 

mixture being tested twice [164].  

Statistical analysis 

The differences between vaccinated and control goats were assessed using the 

Kruskal Wallis test for continuous or ordinal variables and using the Chi-square test or 

Fischer’s exact test for categorical variables. Weight change in all trial groups was graphed 

using the R statistical package version 3.1.3 [208]. Multivariable linear regression of the 

change in weight in the trial animals over the week following treatment and of rectal 

temperatures a day after the treatments, to test for associations with treatment group, 

stratified by the D- / D+ status, were implemented using STATA 13.0 statistical package 

(StataCorp, College Station, Texas) [255]. 

 

5.4 Results 

5.4.1 Vaccine development and the guinea pig challenge trial 

Inoculation of the vaccine material in vero cells did not result in any cytopathogenic 

effect after 4 weeks of incubation. Similarly, aerobic and anaerobic incubation of the vaccine 
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material on horse blood agar resulted in no growth. The final vaccine material had a protein 

concentration of 36.4 mg/mL and a DNA concentration of 1.8 x108 C. burnetii per mL. The 

vaccine antigen reacted with goat sera of a known phase 1 antibody titre and no phase 2 

antibodies. All the four vaccinated guinea pigs remained afebrile after challenge while the 2 

unvaccinated guinea pigs had fevers for 2 and 5 days respectively, commencing on the day of 

challenge. Their febrile temperatures ranged from 39.7 ºC to 41.0 ºC. 

5.4.2 Immunogenicity of the vaccine in goats 

The median age of the goat kids at the time of administration of the first vaccine dose 

was 56 days (interquartile range: 46, 65 days). The median age in the vaccinated, placebo and 

no treatment groups was 56 days (interquartile range: 54, 59 days), 52 days (interquartile 

range: 52, 56 days) and 62 days (interquartile range: 51, 65 days), respectively. No 

statistically significant differences in the age of goats allocated to each treatment group were 

detected (Kruskal-Wallis test statistic with ties = 1.623, degrees of freedom = 2, p = 0.44).  
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Figure 5.1: Consort diagram of animals at different stages of the trial of a 

formaldehyde-inactivated C. burnetii vaccine in 8-week-old goats  

 

Assessed as eligible (n= 36) 

Excluded in acclimatisation period (n=3) 
   Dead (respiratory signs) (n=2) 
   Euthanized (respiratory signs) (n=1) 

Vaccinated (n=11; 8 survived duration of study) 

Egg control (n=11; all survived) 

No treatment control (n=11;10 survived duration 

of study) 

 

Deaths (vaccinated=3, 
placebo=0, no treatment=1) 

Alive (n=11) 

 Received vaccine (n= 5) 

 Received egg control (n= 5) 

 No treatment group (n= 5) 
 

 

Dead (n=0) 

Alive (n=18) 

 Received vaccine (n=6) 

 Received egg control (n=6) 

 No treatment group (n=6) 

 

Allocation 

Analysis 

Follow-Up 

Randomized 

(n=33) 

Enrolment=36 

[D+]: Signs of 

systemic disease 

(n=15) 

 Respiratory (n= 5) 

 Diarrhoea (n= 3) 

 Both (n= 4) 

 

 

[D-]: No signs of 

systemic disease 

(n=18) 

Diarrhoea 

Day4 8/15 

Diarrhoea 

day4 0/18 

Recruitment=70 
Excluded (n=34) 
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Figure 5.2:  Number of vaccinated 8-week-old goats producing IgM and IgG antibody-

mediated immune responses to a formaldehyde-inactivated C. burnetii vaccine at the 

1:160 screening dilution. (V1 and V2: time of administration of first and second (booster) 

vaccine doses, respectively).  
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Figure 5.3: Individual goat (grey lines) and group (black line) geometric mean antibody 

titres of 8-week old goats vaccinated with a formaldehyde-inactivated C. burnetii 

vaccine. (V1 and V2: time of administration of first and second (booster) vaccine doses, 

respectively).  
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Figure 5.4: Weekly weight change in vaccinated (black lines & points), placebo (dashed 

lines & hollow points) and no-treatment control (grey lines & points) groups (Lines 

represent median weight change; error bars inter-quartile range; points show the minimum 

and maximum weekly weight change) 

 

No antibodies against C. burnetii were detected in samples from goats that received 

the placebo or in goats in the no treatment control group. Among vaccinated goats, IgM 

responses against phase 2 C. burnetii were observed as early as 2 days after the first vaccine 

was administered (see Figure 5.2). IgG responses were first detected at 1 week after the first 
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vaccination. At the time of administration of the booster dose of the vaccine (day 21), 8 of the 

10 surviving goats in the vaccination treatment group had detectable antibodies from the 

initial vaccine; all surviving goats had detectable antibodies to C. burnetii 7 days after the 

booster vaccination (Figure 5.1). Individual and group geometric mean antibody titres of 

vaccinated goats are presented in Figure 5.3. There was an increase in both IgM and IgG 

antibody titres against phase 2 C. burnetii antigen after the initial and booster doses of the 

vaccine as shown in Figure 5.3. Comparable geometric mean titres and patterns of antibody 

titres were observed in both the D+ and D- group (see supplementary Figure S5.2 and 

supplementary Figure S5.3). IgG antibodies to phase 1 C. burnetii antigens were not detected 

over the 49-day monitoring period used in this trial.  

5.4.3 Safety of the vaccine in goats 

Reactions at the site of injection were observed in all goats that received the vaccine 

and in 10/11 goats that received the placebo. The reactions included well-demarcated and 

diffuse epithelial and sub-cutaneous swellings and erythema, as described in Table 5.1. 

Following administration of the first dose of the vaccine 6/11 goats had injection-site 

swellings larger than 4 cm in diameter. In contrast, no swellings larger than 4 cm were 

observed in goats that received the placebo. Three of 9 goats had a swelling larger than 4 cm 

after the booster dose of the vaccine was administered and 1/11 goats injected with the 

second placebo dose had a swelling greater than 4 cm in diameter.  
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Table 5.1: Numbers of goats with different types of injection-site reactions after 

administration of the vaccine and placebo 

Intervention Type of reaction After first 

vaccination 

(total n=22) 

After booster dose 

(total n=20*) 

Vaccine Diffuse swelling 5 0 

 

Lump 3 8 

  Soft swelling 3 1 

 No reaction 0  0 

Placebo Diffuse swelling 0 0 

 

Lump 10 8 

  Soft swelling 0 1 

 No reaction 1 2 

 

* Two goats in the vaccination group died between the administration of the first and 

booster doses, through causes not considered related to the vaccine. 
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Table 5.2: Comparison of the size of pre-scapular lymph nodes draining the site of administration of the 

vaccine and placebo to lymph nodes on the opposite side over time in goats*. 

Day Vaccine    Placebo  No Treatment P 

value** 

 

 N Greater Equal Smaller  N Greater Equal Smaller  N Greater Equal Smaller  

14 10 7 3 0  11 8 3 0  11 5 5 1 0.431  

16 10 4 5 1  11 9 1 1  11 4 6 1 0.079  

21 10 2 8 0  11 6 5 0  10 2 6 2 0.194  

22 10 2 6 2  11 5 6 0  10 1 8 1 0.199  

28 9 1 7 1  11 1 8 2  10 2 5 3 0.819  

35 9 0 8 1  11 1 9 1  10 1 7 2 1.00  

42 8 1 7 0  11 1 9 1  10 1 8 1 1.00  

*The first vaccine/placebo dose was administered subcutaneously on the right side of the neck. The 

descriptions (greater, equal and smaller) are based on the recorded sizes of the right lymph nodes relative to 

that of the left lymph nodes in each individual goat across all the treatment groups. N is the total number of 

goats in each treatment group over time. **is Fischer’s exact P value obtained by comparing the proportion 

of goats with right pre-scapular lymph nodes larger than those on the left across the three treatment groups. 
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Table 5.3: Comparison of the change in body weight over the 7 days after the first and 

booster vaccination of 8-week-old goats, by treatment group and disease status before 

vaccination. 

Time Status* Median (Range) kilograms P values 

comparing 

vaccine, placebo 

and treatment 

groups**  

Vaccine Placebo No treatment 

After 

initial 

dose,  

0-7 

D- -0.3 (-1.2, 0.7) -0.3 (-0.6, 0.4) 0.2 (-0.6, 1.0)   0.603 

D+ -1.8 (-3.2, -0.8) -0.2 (-1.4, 0.7) -0.6 (-1.1, 0.2)  0.031 

D+ & D- -0.8 (-3.2, 0.7) -0.2 (-1.4, 0.7) -0.5 (-1.1, 1.0)  0.121 

After 

booster 

dose, 

21-28 

D- -0.8 (-1.3, -0.4) -0.6 (-1.9, 0.4) 0 (-1.2, 0.8)  0.102 

D+ 0 (-0.1, 1.5) -0.1 (-1.6, 1.3) -0.6 (-1.1, 0.1)  0.425 

D+ & D- -0.5 (-1.3, 1.5) -0.2 (-1.9, 1.3) 0 (-1.2, 0.8)  0.576 

* Disease status of the goats before vaccination; D+ includes goats observed to have any 

disease occurrences during the acclimatization period; these disease signs had cleared at the 

time of vaccination. D- includes goats that had no observable disease signs during the 

acclimatization period. D+ & D- includes all goats that were part of the trial. ** estimated 

using the Kruskal-Wallis test.  

 

Erythema at the injection site was observed in 3 of 11 goats in the vaccine group and 2 of 

11 goats in the placebo group. Only one goat in each of the vaccine and placebo groups showed 

erythema at the injection site following administration of the booster dose. No other lesions were 

observed at the vaccine or placebo injection-site in any of the treated goats. 

More goats were observed with larger pre-scapular lymph nodes draining the site of 

injection than those draining the opposite side of the neck 2 weeks after administration of the 

vaccine and the placebo, as shown in Table 5.2. This difference rapidly resolved, with the size of 

the pre-scapular lymph nodes draining the vaccine or placebo injection site and the size of the 
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lymph nodes draining the opposite side not consistently elevated thereafter, and comparable to 

observations made in the no treatment group (Table 5.2).  

The change in weight of goats in each of the treatment groups over the entire trial period 

is described in (Figure 5.4). There was no statistically significant difference in weight change 

among vaccinated, placebo-administered and no treatment control goats following the first and 

booster doses of the vaccine (Table 5.3). However, there was a statistically significant decrease 

in weight among D+ vaccinated goats compared to D+ placebo and no treatment goats following 

administration of the first dose but not after the booster vaccination (Table 5.3).  

There was no significant difference in rectal temperature between the three groups at one 

day after vaccination (Supplementary Table S5.1). The rectal temperatures were also comparable 

among goats in the different treatment groups throughout the trial (see supplementary Figure 

S5.4).   

Details of unexpected occurrences during each stage of the trial are included in the 

Consort diagram in Figure 5.1. All cases with respiratory signs showed widespread interstitial 

pneumonia on gross pathological and histological examination (see supplementary Figure S5.5). 

Bacteriological examination confirmed the presence of Mycoplasma ovipneumonia and 

Mannheimia hemolytica (Supplementary Table S5.2).  The respiratory signs were first observed 

during the acclimatization week and all goats exhibiting respiratory disease signs and a high 

temperature (D+) were treated and responded well to 1.1 mL of 100 mg/mL intravenous 

oxytetracycline (Engemycin, MSD Animal Health, New Zealand) for 5 days during the 

acclimatization period. All other goats (D-) were given a single prophylactic (1 mL) 

intramuscular injection of 200 mg/mL oxytetracycline (Engemycin). 
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Further details of unexpected occurrences and the diagnoses made are presented in 

Supplementary Table S5.2. These included respiratory disease (diagnosed to be due to infection 

with Mannhemia hemolytica) and diarrhoea (diagnosed to be due to extensive coccidia 

infestation [supplementary Figure S5.6]). The number of animals with specific disease signs are 

summarised in Supplementary Table S5.3. None of the affected tissues from animals that died or 

were euthanized before the end of the study, tested positive for C. burnetii antigen on the 

immunohistochemistry assay (Figure S5.4). The spleens, lymph nodes and kidney tissues of 

these animals also tested negative for C. burnetii on the qPCR. 

Gross and histological examination of tissues from euthanized animals at the end of the 

trial revealed pneumonia as well as lymphoid hyperplasia in the lungs, spleen and pre-scapular 

lymph nodes. The lesions were comparable across the vaccinate, placebo-treatment and the no 

treatment goats except for pre-scapular lymph node lymphoid hyperplasia which was more 

common in the vaccinated (7/8) and placebo-treated goats (4/11) compared to the no treatment 

group (2/10); χ2 = 8.7, Fisher’s exact p value = 0.017, (see Supplementary Table S5.4). Sections 

of the spleen, lungs and lymph node tissues from animals euthanized at the end of the trial tested 

negative for C. burnetii on immunohistochemistry and lymph nodes, spleen and kidneys were all 

negative for the com1 qPCR.  

 

5.5 Discussion 

This study provides novel information on the safety and immunogenicity of a 

formaldehyde-inactivated vaccine against C. burnetii in 8-week old goats, one month earlier than 

the 3-month age reported in previous trials of the Coxevac livestock vaccine available in Europe 
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[120, 181, 256]. Previous studies carried out during this PhD research in two cohorts of 

intensively reared goats from herds infected with C. burnetii showed that goats were infected 

early in life; as IgM antibodies, which are the first antibodies produced in new infections, were 

detected at 9 weeks of age, after maternally-derived colostrum antibodies had been depleted 

[250].   

 The vaccine was immunogenic in 8-week old goats as demonstrated by the 

production of antibodies in all animals after injection of the first and booster doses. The 

antibodies observed in vaccinated 8-week-old goats can confidently be attributed to the 

vaccine as the vaccinated goats were obtained from a C. burnetii negative farm and the 

vaccine was demonstrated to be free of viable C. burnetii as no cytopathic effects were 

observed after 4 weeks of incubation in vero cells. The vaccine elicited IgG phase 2 

antibody titres that lasted throughout the 7-week follow-up period. Furthermore, the goats 

that had seroconverted after the first vaccination produced higher phase 2 antibody titres 

following administration of the booster dose of the vaccine which highlights the 

importance of a booster dose following the first vaccine dose. Administration of a booster 

dose could also be useful in increasing vaccine coverage, as antibodies passively derived 

from colostrum, which interfere with antibody production, may still be present in some 

goats at 8 weeks of age [182].  

Additionally, the persistence of antibodies arising from the vaccination of 8-

week-old goats beyond the 7-week monitoring period of this study, is not known. Thus, 

in future field studies, the persistence of antibodies arising from the vaccination of 8-

week-old goats needs to be evaluated to determine the most appropriate frequency of 
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vaccination. In adult goats, antibodies to the Coxevac vaccine last for 280 days, 

necessitating annual vaccination [181, 254].  

Also, antibodies against phase 1 were not detected possibly because of the short 

follow up period of 7 weeks used in this study. Phase 1 antibodies against C. burnetii 

antigen reportedly appear much later compared to phase 2 antibodies and could possibly 

have been detected if a longer follow-up period was used.  

The vaccine protected vaccinated guinea pigs from clinical fever when challenged with 

viable C. burnetii and could as well be efficacious in goats. A significant proportion of goats in 

this study, more than half after the first vaccination and one third after the booster, had swellings 

larger than the 4 cm in diameter swellings reported to occur after vaccination with the European 

Coxevac vaccine [254]. However, all swellings resolved within 3 weeks without any treatment 

which indicates that vaccine is safe for 8-week-old goats [254]. Also, the swellings did not affect 

the physiological activity and feeding behaviour of the goats. Other local reactions like erythema 

have been previously reported with Coxevac usage but these reportedly disappear within a short-

time without the need for treatment, as was observed in this study [254]. The larger size of the 

swelling could be due to differences in the purity of the antigen used to vaccinate goats in this 

study compared to the Coxevac vaccine. The larger swellings could also be a result of 

administering an “adult” dose of the vaccine to young animals; the concentration and volume of 

this trial’s vaccine were purposefully matched to that of the Coxevac vaccine, registered for 

administration in goats older than 3 months of age. The current vaccine development process has 

since undergone further refinement and purification for use in future field experiments. 

The change in weight was generally comparable between vaccinated and control goats 

following administration of the first and booster doses of the vaccine except in the D+ group 
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where a lower weight gain was observed in vaccinated goats compared to control goats following 

the first vaccination. However, this effect was not observed after the booster vaccination. The 

goats appear to have had compensatory growth since this difference in weight between the 

vaccinated and control goats was not observed 3 weeks later. The rectal temperatures were 

comparable between vaccinated and control goats following vaccination unlike in other studies 

done in cows where the temperatures were observed to increase by approximately 1° C following 

vaccination [257]. Weight gain has not previously been reported to decrease in vaccinated goats, 

possibly because most field experiments have been undertaken with adult dairy goats in which a 

drop-in milk production is likely to be a more important production parameter than impacts on 

body weight gain.  

Histologically, more vaccinated goats had lymphoid hyperplasia of the pre-

scapular lymph nodes compared to goats in the placebo-treated group or the no treatment 

group, presumably due to increased recruitment of lymphocytes in response to 

vaccination. Similarly, lymph nodes draining the side of the neck region where the 

vaccine or placebo were injected, were larger than lymph nodes on the opposite side, 

unlike in the control group, where there were equal proportion of both larger and equal 

sized lymph nodes at day 14. These evaluations point to immunogenicity due to 

recruitment and proliferation of lymphocytes in the lymph nodes. However, they are 

general reactions and not specific to any antigen and may be influenced by other factors.  

There is a need to develop assays for detecting specific cell-mediated immunity 

against C. burnetii. Cell-mediated immunity has been reported to play an important role 

in protection against intra-cellular pathogens like C. burnetii and it is reportedly not 

affected by the presence of maternally derived antibodies, for example, as demonstrated 
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in a study that evaluated vaccination against Aujesky’s disease in pigs [61, 157, 182]. 

Thus, if there is evidence of activation of a C. burnetii-specific cellular immune response, 

then it would encourage the evaluation of use of the vaccine in young goats that still had 

significant levels of maternal antibody. 

A number of goats in this trial showed unexpected clinical signs, but it is very likely they 

were associated with incidental disease and were not associated with vaccination or placebo 

treatment.  Both the diarrhoea and respiratory disease that was observed in some animals in the 

weeks after vaccination were associated with infection with coccidia and Mannheimia 

hemolytica, respectively, diagnosed based on ante- and post-mortem examination of affected 

kids. Similar clinical signs were also observed in some goats before the start of the trial, which 

obviously could not be causally associated with vaccination. Diarrhoea and respiratory disease 

occurred evenly between vaccinated and control goats and there is no evidence that they were 

exacerbated by vaccination. Both conditions are common in young goats [258, 259], particularly 

following transport and a change of housing, as occurred prior to this experiment.  Some goats 

showing severe clinical signs were euthanized due to animal welfare considerations but others 

were treated. Coccidiosis and the respiratory disease responded well to toltrazuril (Baycox) and 

oxytetracycline administration respectively; the treatments were similar to what would routinely 

be used to treat such infections on the farm of origin. Although it is usual to attempt to have only 

healthy animals in vaccine trials, there is special value in this trial because the subject goats were 

obtained from the same farm where the vaccine is intended for use. Thus, the demonstration of 

strong immune response to the vaccine in goats managed under conditions commonly present on 

the farm is a good indicator that future use of the vaccine on the farm will likely stimulate a good 

level of immunity.    
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The results of this study showing the formaldehyde-inactivated C. burnetii vaccine to be 

safety and immunogenicity in 8-week-old goats, are crucial in guiding the implementation of the 

strategy of vaccinating young goats against C. burnetii at a time when all or a large majority of 

the goats have not yet been infected with C. burnetii. Previous studies involving the follow-up of 

two cohorts of goats from birth to kidding showed that goats were infected as early as 9 weeks of 

age. Thus, the assessment of the vaccine in 8-week-old goats was done to simulate response of 

goats at an age when majority of the goats would not have been infected with C. burnetii in 

endemic herds. Vaccination of goats early in life may produce coxiella-free replacement stock 

resulting in eventual control of infections in affected herds. 

Infection of susceptible goats due to exposure to C. burnetii after the waning of 

protective maternally-derived colostral antibodies can be reduced if goats are vaccinated soon 

after or shortly before maternally-derived antibodies are depleted. Additionally, previous 

efficacy studies have not demonstrated benefit from vaccination against C. burnetii in already 

infected animals [181]. This study comprised a part of an ongoing effort to develop an 

autogenous vaccine for use to control C. burnetii infection on a large intensive sheep and goat 

dairy enterprise in Victoria, Australia. With efforts to import the only available livestock vaccine 

against C. burnetii (Coxevac) being unsuccessful owing to regulatory concerns, and the only 

available human vaccine ([Q-VaxTM,  CSL, Australia]) being prohibitively expensive and 

unregistered for use in livestock [181, 260], the process of developing a formaldehyde 

inactivated vaccine for livestock against C. burnetii was initiated. The trial of the vaccine in 

goats focussed on the assessment of the safety and immunogenicity of a trial batch of the vaccine 

when used at or before 8 weeks of age in goats. However, further studies are required to 
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determine whether the vaccine provides protection against infection under conditions of natural 

challenge in goats. 

The European Medicine Agency (EMA) guidelines on the use of Coxevac indicate that 

vaccination can be administered from 3 months of age up to 3 weeks before mating. The 

majority of the previous studies have implemented vaccination only one month before mating 

(i.e. at around 6 months of age) [36, 100, 111, 112, 173, 174].  It is unclear from available 

published reports how some of the previous large Q fever outbreaks involving intensively reared 

goats were controlled because often, a number of potentially effective actions were taken at the 

same time. However, attention to on-farm hygiene including manure management, the ban on 

breeding, the slaughter of pregnant goats on infected farms and the mass vaccination of all 

animals in herds found to be infected by bulk tank milk testing, clearly played important roles in 

reducing environmental contamination, human risk and animal-to-animal transmission during the 

recent outbreak in The Netherlands [54, 111].  

C. burnetii has been known to occur in Australia since its discovery during the 1935 

outbreak in Queensland. However, commercial vaccine development has only been a relatively 

recent phenomenon, and human and livestock vaccines are not consistently registered for use in 

countries where Coxiella infections are reported in humans and/or animals [169, 261] .  For 

example,  a vaccine (Coxevac) against C. burnetii in livestock has long been used in France, but 

was only licensed for use in other countries in the European Union in 2010 [181], and no 

vaccines are registered for use in humans or animals in the United States, despite reports of one’s 

efficacy in cattle  in 1977 [210, 262]. Use of the human vaccine in Australia, has been successful 

in reducing the number of human infections by targeting abattoir workers and other at-risk 

occupational groups that may occasionally be exposed to C. burnetii [169].  However, the 
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increased zoonotic risk resulting from a rise in the number of intensive ruminant farms, the 

practical impossibility of vaccinating every visitor to such farms, and the fact that the human 

vaccine is currently not registered for use in children under the age of 16 means that effective 

control strategies, potentially including the early vaccination of susceptible young animals before 

they are infected with C. burnetii, must still be addressed.  Thus, the results this study, 

demonstrating an additional control strategy for C. burnetii, align well with other efforts of 

reducing the risk of C. burnetii in ruminants and humans.  

Administration of this vaccine at 8 weeks of age with a follow-up booster dose 3 weeks 

later appears highly practical considering animal husbandry and management at the farms where 

this vaccine is intended for use. Typical vaccination regimes on intensive dairy farms in 

Australia include administering the Gudair vaccine for Johnes’ disease at 4 weeks and the 

Tasvax 8 in 1 for clostridial infections at 6 weeks. A consideration for future trials will be to 

evaluate the efficacy of the C. burnetii vaccine when used in combination with either these 

vaccines. 

5.6 Conclusions 

This study has demonstrated that an autogenous vaccine used in 8-week-old goats 

induces immunologic reactions and does not result in unacceptable local and systemic reactions. 

Local and systemic reactions to the vaccine in goats were similar to those observed with the 

registered European Coxevac vaccine. Further research will involve field trials to evaluate the 

efficacy of the vaccine in both young and adult goats.  
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5.7 Ethics approval 

The culturing of C. burnetii in SPF eggs and the trial of the vaccine in guinea-pigs were 

approved by the Animal Care & Ethics Committee of the Australian Rickettsial Reference 

Laboratory, approval number ACEC/11. All procedures involving goats were undertaken in 

accordance with ethics application (ID 1413432) approved by The University of Melbourne 

Animal Ethics Committee. 

 

5.8 Supplementary material 

  

Figure S5.1: Sections of placental tissue used as the positive control in the 

immunohistochemistry assay 

(+) are the sections from slides tested with the positive control primary rabbit sera obtained from 

rabbits vaccinated with the Nine Mile strain of C. burnetii while (-) are sections from slides 

tested with negative control rabbit sera obtained from laboratory rabbits with no previous 
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exposure to C. burnetii (top and bottom right). The brown stained areas represent intracellular 

particles of C. burnetii in cells. 

 

Figure S5.2:  Number of goats in D+ “diseased” and D- “healthy” groups producing IgM 

and IgG antibodies after vaccination 

(V1 and V2: time of administration of first and second (booster) vaccine doses, respectively). 
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Figure S5.3: Individual goat “grey lines” and group “black line” geometric mean antibody 

titres of 8-week-old goats vaccinated with a formaldehyde-inactivated C. burnetii vaccine  

(V1 and V2: time of administration of first and second (booster) vaccine doses, respectively)
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Figure S5.4: Comparison of rectal temperature by treatment groups in a trial of a 

formaldehyde-inactivated C. burnetii vaccine in 8-week-old goats 

Overall, body temperatures were comparable in the vaccinated (black solid line, black error bars 

and black points), the placebo control group (dashed line, dashed error bars and white points) 

and the no treatment control group (grey line, grey error bars and grey points). The lines 

represent median weight change, the error bars represent the inter-quartile range and the points 

show the minimum and maximum body temperature. 
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Figures S5.5: Gross pathological “suffix a”, histopathological “suffix b” and 

immunohistochemistry “suffix c” staining of tissues from goats that exhibited lung lesions 

during the trial of a formaldehyde-inactivated C. burnetii vaccine in 8-week-old goats. 

Goat 437 (excluded before vaccination) and 439 (vaccinated) had a suppurative exudate in the 

alveoli while goat 431(vaccinated) had resolving pneumonia. Histological H&E staining 

revealed fibrinous deposit in the lungs of goats 437 and 439. Goats 431, 437 and 439 were 

negative for C. burnetii antigen on immuno-histochemistry staining. 



 

219 
 

 

 

Figures S5.6: Coccidia in the intestinal epithelium of both vaccinated and control goats 

during the trial of a formaldehyde-inactivated C. burnetii vaccine in 8-week old goats. 

Goats 414 and 431 were in the vaccinated group while goat 462 was from the no treatment 

control group. Goats 414, 431 and 462 were observed to have had coccidia oocysts as shown in 

Figure S5.6. Coccidiosis was the most likely cause of diarrhoea during the trial faecal 

examination millions of coccidia oocysts per gram of faeces. The goats responded to treatment 

with toltrazuril (Baycox).
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Table S5.1: Comparison of the rectal temperature 1 day after the first and booster 

vaccination of 8-week-old goats, by treatment group and disease status before vaccination 

Time Status* Median (Range) ºC P values**  

Vaccine Placebo No treatment 

After 

initial 

dose 

D- 39.0 (38.0, 39.8) 38.6 (37.6, 39.6) 38.8 (37.9, 39.4)  0.399 

D+ 38.8 (38.0, 39.8) 38.4 (38.0, 39.6) 38.5 (38.1, 39.2)  0.609 

Overall 39.1 (38.4, 39.4) 39.0 (37.6, 39.4) 38.9 (37.9, 39.4)  0.629 

After 

booster 

dose 

D- 39.4 (38.6, 39.9) 39.4 (38.8, 39.6) 39.3 (38.7, 39.7)  0.905 

D+ 39.6 (39.2, 39.9) 39.5 (38.8, 39.6) 39.5 (38.7, 39.7)  0.489 

Overall 39.2 (38.6, 39.4) 39.3 (39.0, 39.6) 39.2 (39.0, 39.7)  0.636 

* Disease status of the goats before vaccination; D+ includes goats observed to have any 

disease occurrences during the acclimatization period; these disease signs had cleared at the 

time of vaccination. D- includes goats that had no observable disease signs during the 

acclimatization period. ** estimated using the Kruskal-Wallis test. Overall includes all 

goats that were part of the trial. Rectal temperatures were comparable between the 

vaccinated and control groups on day 1 and day 22 after the administration of the initial and 

booster doses.  

Table S5.2: Post-mortem findings of goats euthanized before the end of the study due to 

unexpected disease occurrences in the trial of a formaldehyde-inactivated C. burnetii vaccine in 8-
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weeks old goats  

Symptom 

D
ay

 

G
o
at

 i
d

 

Gross and histo-pathology Specialized Tests Definitive 

Diagnosis 
 

G
ra

m
 

B
lo

o
d
 

ag
ar

 

O
x
id

as
e 

M
ac

. 

Respiratory 

disease and 

diarrhoea 

-7 437e Bacterial rods and cocci 

bacteria, smearing of 

neutrophils, fibrin deposits 

and edematous inter-lobular 

septae 

- a. Grey 

hemolytic 

colonies 

+ No Mannheimia 

hemolytica* 

-7 405e Fibrino-hemorrhagic 

pneumonia, rods seen. 

-  a. Grey 

hemolytic 

+ 

 

No Mannheimia 

hemolytica* 

-7 434e Fibrino-hemorrhagic 

bronchiopneumonia. 

Rod-shaped bacteria, fibrin, 

necrosis.  

- a. Grey 

hemolytic 

b. White 

non-

hemolytic 

+ 

 

- 

 

 

L+ 

Mannheimia 

hemolytica* 

Mycoplasma 

ovipneumonia 

Diarrhoea 

 

7 414v 70% of small intestines 

congested 

    Coccidiosis 

14 462n Mesenteric lymph nodes 

grossly enlarged, congestion 

and enlarged lymphoid 

nodules in the intestines 

    Coccidiosis  

Diarrhoea 

and nervous 

symptoms  

21 431v Congested lungs and 

congested intestines. 

Coccidia and another large 

parasite egg seen in the 

small intestine 

    Coccidiosis 

Respiratory 

disease 

42 439v Fibrinous and edematous 

bronchial and sub-pleural 

pneumonia. Suppurative 

exudate and rod-shaped 

bacteria were observed. 

    Mannheimia 

haemolytica*  

*Identified from sequencing of portions of the 16s rRNA and rpoB genes. †identified by PCR of 

mycoplasma broth culture of hemolytic colonies on sheep blood agar. L+ is lactose fermenter 

possibly it’s the white non-hemolytic colony, which was most likely M. ovipneumoniae.  e is 

excluded before vaccination, v is vaccinated, n is no treatment control. 
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Table S5.3: Number of goats with signs of disease in vaccine, placebo and no treatment 

groups in the trial of an autogenous vaccine in 8-week-old goats. 

Day Diarrhoea* Nasal discharge† 

 

Coughing⁂ 

 

Vac. Plac. No Total Vac. Plac. No Total Vac. Plac. No Total 

Accl. 2 0 5 7 2 2 5 9 3 2 1 6 

0 - 7 6 3 5 14 0 0 0 0 0 0 0 0 

8 - 14 3 6 3 12 0 0 0 0 2 0 2 4 

15 - 21 3 1 0 4 0 0 0 0 1 2 3 6 

16 - 28 0 0 0 0 0 0 0 0 2 1 3 6 

29 - 35 1 1 2 4 0 0 0 0 0 1 1 2 

36 - 42 0 0 1 1 0 0 0 0 0 0 0 0 

42 - 49 0 0 0 0 0 0 0 0 0 0 0 0 

Vac. is the vaccine group, Plac. is placebo group and No being the no treatment group. 

Accl. Is the 11-day acclimatisation period. * faecal egg counts revealed an extremely high 

number of coccidia and the diarrhoea subsidized after treatment with toltrazuril (Baycox); 

the samples tested negative for Salmonella spp. † goats with respiratory symptoms (nasal 

discharge) were diagnosed to have had pneumonia (Supplementary figure S5.5) and DNA 

of Mannhemia hemolytica and Mycoplasma ovipneumonia were isolated from colonies 

grown from goats lung tissues on sheep blood agar and mycoplasma broth culture, 

respectively ; The goats responded well to Oxytetracycline. ⁂ observed mainly in the 

morning after high pressure cleaning of the pens and may be a reaction to cold and moist air 

after cleaning.  
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Table S5.4: Comparison of post-mortem findings in vaccine, placebo and no treatment goats 

at the end of the trial of a formaldehyde-inactivated C. burnetii vaccine in 8-weeks old goats 

Organ Gross and histological pathological   Chi 

square 

P 

value† 

 

Lesion Number per group 

  

Vaccine Placebo No treatment 

Lungs Pneumonia 4 5 7 1.7 0.476 

 No lesion detected 4 6 3   

       

Spleen  

Lymphoid 

hyperplasia 8 7 6 

4.2 0.102 

 No lesion detected 0 4 4   

       

Pre-scapular 

lymph nodes 

Lymphoid 

hyperplasia 7 4 2 

8.7 0.017 

No lesion detected 1 7 8   

       

 Caseous necrosis* 3 3 2 3.9 0.901 

 Abscess* 0 2 1   

 Fibrosis* 0 0 1   

 

No lesion 

detected* 5 6 6 

  

       

*represents gross pathological lesions. † Fisher’s exact test 
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CHAPTER SIX: GENERAL DISCUSSION  

6.1 Laboratory detection of C. burnetii infections in goats 

6.1.1 Performance of serological tests 

In this thesis, a new IFA was developed to detect antibodies against C. burnetii in 

goat sera. The diagnostic performance of the developed IFA for detection of antibodies 

against C. burnetii in goats was evaluated relative to the commercial ELISA (The Q fever Ab 

Test, IDEXX, United States of America) and the CFT (Virion /Serion, Wurzburg, Germany). 

These are the first estimates of diagnostic sensitivity (DSe) and diagnostic specificity (DSp) 

of the IFA, ELISA and the CFT for detection of C. burnetii in goats that considered none of 

the compared tests as a “gold standard” test. Given that there is no perfect test, the 

consideration of a given test as a gold standard may be misleading [263]. Furthermore, 

although the CFT is the OIE recommended test for C. burnetii diagnosis in livestock, it is 

well known to have low sensitivity for antibodies against C. burnetii [142].  

The Bayesian latent class method used to estimate the DSe and DSp of the three 

common tests for serological diagnosis of C. burnetii combines estimates from the population 

tested, as well as prior values reported in other studies, to produce robust estimates of DSe 

and DSp. The three populations included in the analysis were varied and included sera from 

New Zealand, an OIE-declared C. burnetii-free country, pooled sera used for Q fever CFT 

proficiency testing across laboratories in Australia, and sera of unknown Q fever antibody 

status from a C. burnetii positive farm. Thus, the estimates are indeed based on samples and 

priors from a wide geographical coverage that may be considered representative of samples 

from the population where the tests were applied in this thesis.   

The IFA developed for serological diagnosis of C. burnetii in goats was adapted from 

the human IFA used for routine diagnostics at the Australian Rickettsial Reference 
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Laboratory, Geelong. Although a relatively labour-intensive assay, the IFA has several 

advantages, including an ability to differentiate between IgG and IgM antibodies against 

phase 1 and phase 2 antigens, whereas the commercially-available ELISA does not 

distinguish between these two antigen classes. It is also an affordable and sensitive test, 

making it well suited to use for this PhD research. Furthermore, the CFT, which was 

available through the Agriculture Victoria, DEDJTR (Department of Economic 

Development, Jobs, Transport and Resources laboratory) has recognised poor sensitivity 

[114, 142].  

This newly-developed IFA may be used in variety of ways in the future, depending on 

requirements by adjusting the cut-off.  The DSe and DSp estimates of the IFA at different 

cut-offs, from 80 to as high as 320, have also been provided in this thesis to guide the use of 

the assay for different requirements. Although, the cut-off dilution of sera chosen for use 

throughout this thesis was 1:160, situations such as surveillance and research of endemic 

herds, where the prevalence is high, would require a highly sensitive test which could be 

achieved by lowering the IFA cut-off (such as 1:80). This could increase the probability of 

identifying diseased individuals and because of the anticipated higher positive predictive 

value with high prevalence diseases, the specificity of the test would not be highly affected as 

very few false positives are expected if majority of individuals in the population are diseased.  

Other situations, such as confirming the presence of infection (i.e. ruling-in), may require 

greater specificity at the cost of poorer sensitivity.  This would require increasing the cut-off 

titre for which the IFA is considered to indicate a ‘positive’ result, or using the assay in series 

with other tests, such as the ELISA. Also, ruling-out infection (in the latter stages of a control 

program), where the majority of the animals are not truly infected (i.e. low prevalence is 

expected), would require two diagnostic tests, i.e. a screening with a high sensitivity and a 

second test with high specificity.  
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The IFA is also able to differentiate recent infection from previous exposure through 

the detection of either IgM antibodies or through the detection of a fourfold rise in IgG titres 

[142]. This further makes the IFA, the most preferred test to study within herd dynamics of 

transmission. The higher DSe of the IFA also gives it an advantage over the ELISA and CFT 

in diagnosing disease at the individual animal level. The IFA was thus used to   investigate 

dynamics of C. burnetii transmission within herds, described in Chapters 3 and 4 of this 

thesis.  

Although the IFA has previously been considered by some to lack reproducibility 

[142], these may be overcome or avoided, and this issue does not mean the test does not have 

its applications, as described above.  Poor reproducibility is most likely due to different 

antigens and secondary antibodies being used in different laboratories. A limitation of IFA is 

the difficulty of ensuring consistent interpretation of the micro-fluorescence present on the 

tested slides. It should be noted that IFA is often used as the preferred diagnostic test for C. 

burnetii infection in humans; this would not be the case if it’s reproducibility was largely 

questionable [48, 49]. These issues, and thus the potential limitation of the assay, can be 

overcome by measures such as creating of reference test samples, standardizing antigens and 

secondary antibodies across laboratories, and using reference slides to train technicians in 

micro-fluorescence slide reading.  This would be expected to greatly improve reproducibility.   

Reproducibility may be further enhanced by using in the assay, the antigens used 

during this thesis (Nine Mile and Henzerling strains of C. burnetii), which are readily 

available. The secondary antibodies and other reagents used in this test have also been fully 

described. In addition, criteria to consider when gauging the experience of the technicians 

involved has been provided in this thesis. These characteristics of the test could be used or 

slightly improved to conduct an inter-laboratory proficiency testing of the IFA across the 

different laboratories in Australia, given the increasing importance of livestock and 
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companion animals in C. burnetii transmission to humans. The IFA is currently being used 

and has been found to be consistent in detecting antibodies to C. burnetii in goat sera by two 

other individuals doing research at ARRL, which highlights the robustness and 

reproducibility of the assay within the laboratory.  

This IFA is thus validated and was fit for use during this PhD research to detect the 

antibody response to C. burnetii infection in goats on the enterprise with the Q fever 

outbreak. The initial steps (documentation of the repeatability, deciding cut-off, and 

estimation of the diagnostic performance) of the OIE serological test guidelines, shown in 

Figure 6.1, were performed as described in Chapter 2 of this PhD thesis. What remains to be 

done is the deployment of the assay in different laboratories, as well as the thorough selection 

of reference standards. The IFA may be required to be extended to detect antibodies against 

C. burnetii in cattle and sheep sera in order to be applied to all the major ruminant livestock 

species. Previous research has shown that rabbit anti-sheep IgM antibodies can cross-react 

with goat and cattle sera [200]. Rabbit anti-goat IgG antibodies have also been shown to 

cross-react with sheep and cattle sera [264]. It would therefore be important to compare the 

performance of the test with anti-sheep IgM and anti-goat IgG in detection of antibodies in 

sheep, goat and cattle sera, compared to the use of species-specific secondary antibodies; as 

this would demonstrate the possibility of extending the use of the assay to other livestock 

species without having to use other secondary antibodies. It would also be worthwhile to 

attempt to optimise the IFA for detection of antibodies against C. burnetii in sheep, goats and 

cattle without having to change secondary antibodies across species. 
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Figure 6.1: The OIE assay development and validation pathways with assay validation 

criteria highlighted in bold typescript within shadowed boxes, Source: OIE [198] 

The IFA test was also trialled on milk and was shown to be similarly sensitive to C. 

burnetii antibodies in milk as the commercial IDEXX ELISA test. However, this project did 

not have the required number of samples to generate estimates of DSe and DSp of the test on 

bulk tank milk, as described in Chapter 3 of this thesis. 

6.1.2 Other tests 

Other diagnostic tests were validated for detection of C. burnetii during this PhD 

research, including the immunohistochemistry assay for detection of C. burnetii antigen in 

tissues, as described in Chapter 5 of this thesis. This assay is now being used as a diagnostic 

test at University of Melbourne Veterinary Hospital’s clinical pathology laboratory in 
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Werribee. This test is also likely to be appropriate for use in Australian Departments of 

Primary Industries, as they already have all required resources to undertake such 

immunohistochemistry for C. burnetii.  

This thesis also demonstrated the higher efficiency of the column DNA extraction of 

C. burnetii from milk samples compared to the Chelex extraction protocol. Methods of 

extraction of DNA from swabs were already standardized and functional prior to the 

commencement of this project. The qPCR targeting the com 1 gene of C. burnetii was also 

already validated [251] and provided consistent CT values of the PCR positive controls 

throughout this project. 

6.2 Transmission dynamics of C. burnetii in intensively managed goats 

6.2.1 Within herd transmission dynamics 

Chapters 3 and 4 of this PhD thesis, highlight aspects of the occurrence of C. 

burnetii exposure in goats and risk factors for C. burnetii transmission within herds. 

These findings can be used to directly inform decisions on the implementation of 

control strategies on the affected farm. These findings also highlight the effects of 

within herd infections on production. The following are some of the important 

findings for control of C. burnetii on the affected farm: 

• Serological evidence of C. burnetii exposure at 9 weeks of age. This 

underscores the need to vaccinate goats born on C. burnetii positive farms not 

later than 8 weeks of age.  

• The rate of occurrence of immune responses to C. burnetii was significantly 

higher within than outside the kidding seasons, which highlights the 

contribution of seasonal exposure to C. burnetii in transmission of infections 

within herds 
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• Evidence of higher numbers of susceptible animals among goats kidding for 

the first time compared to older goats.  

• A similar risk of seroconversion over the kidding period in all goats that were 

seronegative pre-partum irrespective of parity, which underscores the need to 

implement control strategies involving all goats on affected farms. 

Some important findings from this PhD research that might require further 

experimental research included:  

• Goats from IgM seropositive does were 2.0 times more likely to seroconvert 

before the target breeding age, which points to either the occurrence of in-

utero transmission of C. burnetii or infection of goats during or shortly after 

birth. Both possible explanations require experimental clinical trials to be 

confidently established. 

• Seroconversion of male goats included in the longitudinal study in Chapter 4, 

which could point to a possible risk of transmission of infection at breeding. 

Demonstration of this would require a study designed to check exposure of 

female goats before and after breeding, evidence of C. burnetii in semen of 

breeding males and evidence of increased responses in goats that have been 

mated compared to those that might not have been mated.  

• Also, although reproductive losses (i.e. abortions) are clearly attributable to C. 

burnetii infection, other production losses due to C. burnetii infection were not 

detected during this PhD research. These findings add to the existing list of 

research studies that did not find such production losses directly linked to C. 

burnetii infection.  

Some of the findings on the effect of C. burnetii infection on production 

parameters include: 
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• Inability to detect a statistically significant reduction in weight gain at the 

individual animal level among goats that seroconverted to C. burnetii 

before breeding, compared to those goats that did not seroconvert. 

• Inability to detect milk production loss associated with acute C. burnetii 

infections based on seroconversion to IgG phase 2 antigens within the first 

9 weeks of lactation.  

Overall, the trend in serological evidence of infection in goats appears to have 

changed over time, from the epidemic situation at the start of the research 

investigations in 2013 to a more endemic and established state in 2015. For instance, 

results of serological testing revealed an increase in prevalence by > 15% from 

August 2013 to June 2014 (Table 6.1). Also, in the longitudinal study (2014 – 2015) 

described in chapter 4, a higher proportion kid goats seroconverted before their first 

kidding compared to the 4.7% observed in nulliparous goats during the cross-sectional 

study carried out in October 2013 (Chapter 3). Additionally, human cases associated 

with the farm were reported to have had dates of onset between 2012 and 2014, 

despite the implementation of biosecurity measures instituted on the farm at the start 

of 2013 [97]. These results suggest the epidemic commenced prior to 2013 and C. 

burnetii became established in a highly endemic state between 2013 and 2014, which 

might have resulted in an increased number of adult goats shedding C. burnetii and 

large amounts of environmental contamination. This could have resulted in the high 

levels of exposure to C. burnetii causing the observed high seroconversion rate during 

the goat cohort longitudinal studies described in Chapter 4 [97].  
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Table 6.1: True prevalence estimates of serological results from different studies carried out 

as part of this PhD research at different time points from 2013 to 2015 

Time line Age Apparent prevalence True prevalence 

  % (n) % (n) 

Aug 2013 > 1 year *14 (65) *40.0 (65) 

Oct 2013 ~1 year 4.7 (86) 0 (86) 

 > 1 year 47.4 (78) 45.8 (78) 

Jan 2014 ~1 year 31.4 (86) 27.4 (86) 

 > 1 year 55.1 (78) 54.6 (78) 

Mar 2014 > 1 year 74.1 (31) 76.4 (31) 

Jun 2014 > 1 year 56.1 (41) 55.8 (41) 

*Results from initial testing of goats from the enterprise using the CFT [97]; The estimate 

provided is true prevalence obtained after adjusting the apparent prevalence (14%) for the 

CFT diagnostic sensitivity (29.8%) and the CFT diagnostic specificity (96.8%) reported in 

Table 2.4. The true prevalence of the IFA was obtained by adjusting the results of the IFA 

seropositivity to either IgM or IgG using the IFA diagnostic sensitivity (94.8%) and 

specificity (92.5%) reported in Table 2.4. 

 

The findings summarised in Table 6.1, covered in much greater detail in Chapter 3, 

demonstrated a higher number of susceptible animals among goats kidding for the first time 

(aged ~1 year) compared to goats that had previously been exposed to kidding (aged > 1 

year). This suggests that animals kidding for the first time may play a role in maintaining 

infection in the herd as newly seroconverted goats are expected to shed C. burnetii at their 

next kidding. This hypothesis is supported by previous studies in goat herds that reported 

higher loads of C. burnetii and higher proportions of shedders among primiparous goats 

compared to multiparous goats [106, 111, 112]. These findings suggest control measures 

should be targeted at preventing transmission to the largely immunologically naïve group of 

nulliparous animals. Such control strategies could include complete separation of nulliparous 
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goats from the rest of the flock. For example, new born kids can be reared and subsequently 

kidding of kidded on a separate farm with no adult goats.  

Results of the serological monitoring of goats for development of antibodies against 

C. burnetii, described in Chapter 4, showed that rates of seroconversion, and presumably 

transmission and infection, do vary between groups of animals and/or seasons.  In the two 

kidding cohorts we intensively monitored, a higher proportion of goats seroconverted in 

cohort 2 (kids born in June 2014) compared to cohort 1 (kids born in March 2014 Figure 4.4). 

These differences are further reinforced by the longer duration of primary antibody responses 

in cohort 2 compared to cohort 1 as well as the observation of goats from cohort 2 being 2.73 

times more likely to seroconvert before 7 months of age (Table 4.3).   The use of a 

longitudinal design for this study allowed the recording of information about the context 

under which observation of both exposures and outcomes was done. The goats in cohort 2 

were kept in pens adjacent to those of adult goats for the first 12 months of their lives. This 

differed from the raising of the kids in cohort 1 in which a proportion of the goats were kept 

on small properties away from the main farm for the first 4 months of life and on another 

property without adult goats until breeding. Thus, the lower seroprevalence observed in 

cohort 1 goats may partially be explained by possible exposure at birth. Also in situations 

where there is no obvious separation of young animals from adult animals, as is the case with 

cohort 2, infection will most likely occur immediately after maternal antibodies wane. The 

risk of infection in cohort 2 could also have been exacerbated by seasonal exposure to 

kidding goats during the kidding periods as there was no obvious barrier from infected 

kidding goats. 

These results suggest that management can have important effects on disease 

transmission, even in endemic situations, and highlight the need to integrate management, 

husbandry and disease control. In herds with constant mixing of nulliparous and parous 
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animals, early protection, through a primary vaccination course commencing before 9 weeks 

of age, is indicated and might possibly complement the vaccination of adult animals 1 month 

before breeding. These suggested control measures should be implemented alongside 

hygienic measures, such as disposal of birth wastes, frequent change of manure as well as the 

appropriate biosecurity practices of staff in contact with multiple herds.  

Although the infection of goats as early as 9 weeks of age and their subsequent 

shedding of C. burnettii at first kidding has been thoroughly documented in this thesis, the 

possibility of these goats shedding of C. burnetii in urine and faeces before their first kidding 

needs to be investigated. Also, it is not known whether goats infected and shedding C. 

burnetii at their first kidding would continue shedding C. burnetii at successive kidding 

seasons. A study showed that infected goats shed C. burnetii for at least two successive 

kidding seasons [189] but no details on the parity of goats used was described. Investigations 

in to the persistence of C. burnetii shedding at successive kidding seasons in goats infected 

early in life could provide essential information for C. burnetii control on farms that have no 

vaccination programme against C. burnetii in livestock.     

6.2.2 Transmission of C. burnetii between farms 

The risk of transmission of C. burnetii between farms on this enterprise through 

fomites is likely to have been low as the daily movement of the milk truck between all the 

farms in the enterprise did not result in infection of two farms located more than 30 km from 

the main property. One of these farms (RC) was demonstrated to have been C. burnetii 

negative using the IFA, ELISA and PCR on BTM samples (Chapter 3). A total of 400 adult 

goat serum samples from goats on Farm RC, sampled after kidding were also negative with 

the IFA (which demonstrates freedom on this farm, given that the sample size was calculated 

to achieve 99% confidence of detection if the prevalence were ≥ 1%). Collectively, this 

evidence highlights the low risk of C. burnetii transmission through fomites.  
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Another possibility could be that the load of C. burnetii contamination that can be 

moved on the milk truck and factory staff is negligible, given that the truck and factory staff 

are unlikely to come into direct contact with aborted kids or kidding goats. This should 

however be interpreted cautiously as cases of human Q fever on farm GL included 

individuals that worked in the factory or office as well as contractors who had no contact with 

the goats [97]. The difference in infection rates between goats and humans could also occur if 

the minimum infectious dose in animals were much higher than the one C. burnetii organism, 

that has been demonstrated for humans [39, 41]. 

The enterprise also has management characteristics that could enable disease 

transmission between different herds. The movement of goats between farms that had been 

practised prior to the occurrence of the outbreak could also be a contributing factor to 

transmission between farms. A Johne’s disease control programme is implemented on all 

farms on the enterprise. Snatch-reared goats on Johne’s disease positive farms that become 

negative for Johne’s disease were routinely moved to a Johne’s disease negative farm.  This 

movement of animals is likely to enhance C. burnetii transmission between farms. Strict 

protocols need to be generated and implemented to limit the spread of C. burnetii and other 

infectious diseases between multiple premises of a given enterprise. A list of diseases can be 

generated through routine surveillance and subsequently used in developing animal 

movement protocols. 

Also, the intensive management of over 5,000 goats, and the synchronization of 

parturition that results in more than 300 goats kidding on each of the five farms in each of the 

four kidding seasons ensures constant shedding of C. burnetii throughout the year may 

increase chances of airborne transmission between farms [97].  
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6.2.3 Possible environmental factors  contributing to C. burnetii transmission  

The physical and environmental conditions at the enterprise like the open-sided sheds 

(Figure 6.2), the flat landscape (Figure 6.3) and the windy weather conditions during the 

winter months, with wind speeds reaching up to 18 km/h (Figure 6.4), could also enhance 

airborne transmission of C. burnetii [265].  The wind-borne spread of C. burnetii could as 

well play a role in transmission between shades on the same farm. These environmental 

conditions have previously been associated with outbreaks of Q fever [66]. Studies have 

shown that a steady wind flow and a high load of C. burnetii in secretions of infected animals 

is required for successful transmission of infection in the herd [266]. Another study in which 

the transmission of C. burnetii in cattle herds was modelled using results of C. burnetii 

serological tests on bulk tank milk attributed 92% of the new herd infections to airborne 

transmission of C. burnetii [267].   

  

Figure 6.2: Open-sided sheds and intensively-managed goats at one of the farms on the 

enterprise. 
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Figure 6.3: The flat landscape of the paddocks on one of the farms on the dairy 

enterprise. 

 

 

Figure 6.4: Wind speed estimates recorded at a weather station near the study farm 

from 2013 to 2015 when the observational studies were carried out. Source: [265].  
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The blue shaded area at the bottom represents the time setting (2013 – 2015) used to produce 

the graph. In each of the study years, 2013-2015, peak wind speeds were observed between 

June and August (winter months). mph is miles per hour. 

Estimation of the risk of airborne transmission of infection on the three main 

properties of the enterprise was not considered feasible given the constant movement of 

animals and staff between the three farms. When considering human infection, the 

importance of airborne transmission is partly diminished by the 10-km distance between the 

farms and the nearest human settlement and the restriction of unvaccinated visitors as a 

control procedure on the enterprise after the detection of the Q fever outbreak [97]. However, 

the congregation of more than 10,000 people at festivals held twice per year within 2 km 

from one of the farms on the main property brings pertinent questions about the impact of 

airborne transmission to people outside the enterprise premises. Fortunately, these festivals 

are commonly held in non-kidding months where the risk of infection is expected to be lower. 

This may be considered in the context of the longitudinal study findings presented in Chapter 

5 which demonstrated a lower rate of occurrence of immune responses to C. burnetii 

exposure outside the kidding months than during kidding.  

6.2.4 Effect of C. burnetii infection on production parameters in goats 

Although, evidence of C. burnetii-associated production losses could have been an 

additional motivation to implement C. burnetii control programs on intensive dairy goat 

farms, investigations presented in this thesis did not detect any losses in milk production in 

adult goats (Chapter 3) or decreased weight gain in C. burnetii-infected animals (Chapter 4). 

The milk yields in the first 9 weeks of lactation were comparable amongst infected goats, 

who had a four-fold rise in IgG phase 2 titres, and those that did not seroconvert. In this 

study, only milk yields for the first 9 weeks of lactation over which the C. burnetii serological 

status of the goats was actively tested were considered. Perhaps, in future research, data for 
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the full 330-day lactation period could be considered in a longitudinal study design in which 

the C. burnetii serological status of goats would be monitored for at least one lactation 

period.  

Similarly, no statistically significant reductions in weight gain were detected at the 

individual animal level. Thus, the control of C. burnetii on intensive dairy farms would 

primarily be aimed at reducing the risk of human transmission and any reproductive losses 

associated with this disease. It also remains a possibility that C. burnetii is a factor in the 

peri-weaning mortality syndrome observed on this, and many other, intensive dairy goat 

enterprise, although this was not directly investigated in this thesis. Future studies, with 

particularly larger sample sizes are required to investigate the effect of C. burnetii infections 

on pre-weaning mortalities, weight gain, milk production and reproduction. It would be 

important that such studies use C. burnetii negative farms with the same management 

protocols and breeds as the C. burnetii positive farms being investigated. Generalisation of 

such findings to the Australian goat industry might however require the inclusion of several 

farms from all over Australia.  

 

6.3 Vaccine development 

6.3.1 Regulatory implications of results from the trial of vaccination of kids  

In order to approve the use of autogenous vaccines on the source farm, the Australian 

Pesticides and Veterinary Medicines Authority (APVMA) requires information on immune 

responses to the vaccines. This information is provided by the controlled vaccine trial in 

goats. The vaccine batch used in this trial induced production of IgM and IgG antibodies 

within 1 week, which thus provides evidence on the immunogenicity of the vaccine as per the 

APVMA guidelines [268].  
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The APVMA also requires additional information relating to the target species, 

indications for use, the frequency and severity of undesirable effects, dosage, method of 

administration, overdose studies, precautions and warnings for the user, as well as first aid 

and safety directions [268]. Proof of efficacy is not a requirement for approving autogenous 

vaccines use on the source farm [268]. 

This PhD project demonstrated the immunogenicity and safety of a C. burnetii 

vaccine in young goats < 3 months of age that supports the implementation of early 

vaccination of kid goats. This is the first documented C. burnetii vaccine trial in livestock < 3 

months of age and the findings demonstrating the vaccine to be safe and immunogenic have 

the potential to contribute greatly to C. burnetii control through the implementation of early 

vaccination of goats before protective maternally-derived antibodies wane.  

It could be argued that vaccinating young goats introduces an extra cost to the farmer 

as two vaccinations would have to be done before breeding compared to the routine regime of 

vaccinating a month before breeding. Conversely, this experiment was undertaken using the 

adult goat dose (comparable to the dose recommended by CEVA the manufacturers of the 

European Coxevac vaccine). This dose could be reduced with further research (i.e. in a dose 

response trial). However, the social cost like cost of treatment, work days lost and the 

limitation of access to C. burnetii positive farms arising from human Q fever infections 

outweighs the cost of a high dose per animal.  

Results from the vaccine trial conducted as part of this PhD research also 

demonstrated the safety of the vaccine in terms of regression of lesions at the vaccination site 

within 3 weeks, absence of adverse vaccine reactions, no effect on weight gain and the stable 

body temperature in vaccinated goats. Safety was also demonstrated through the use of 8-

week-old goats receiving two adult vaccine doses of the vaccine within 3 weeks. The safety 
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of the vaccine in 8-week-old goats might indicate safety of the vaccine in a sensitive group, a 

component of the safety guidelines on the use of autogenous vaccines according to the 

APVMA [268]. If further studies conducted to determine the minimum effective dose of the 

vaccine find that the dose used could be halved, results from this study may also be used as 

evidence of safety after administration of two times the intended dose [268].  

6.3.2 Next steps for disease control through vaccination on the farm 

Proof of efficacy is not a requirement for use of an autogenous vaccine on the farm of 

origin. This allows for observational efficacy studies to be done on the farm. However, 

because the vaccine manufacturing and subsequent vaccination involve a large monetary 

investment, there is need to demonstrate that the vaccine and the vaccination strategy reduces 

the risk and/or the load of C. burnetii shed, and/or protects goats against C. burnetii, and that 

the administration regimen is the most effective and feasible before large scale vaccinations 

are rolled out on the farm.  

For instance, the current goat trial followed up goats for only 7 weeks after 

vaccination, a period not long enough to observe phase 1 C. burnetii antibodies. Additionally, 

the vaccinated goats were not challenged to demonstrate protection against C. burnetii.  

Furthermore, the guinea pig trial which could act as a demonstration of vaccine efficacy was 

assessed based on only body temperatures since the Biosafety Level 3 was not accessible to 

the research team and much of the work was left to collaborators whose routine monitoring of 

guinea pig trials involves mostly the measurement of body temperatures. These shortcomings 

would necessitate further research in to the ability of the vaccine to protect against C. burnetii 

challenge especially in goats. Such research would require an easily accessible biosafety level 

3 laboratory with large enough space to accommodate as many as 33 goats.  Another option 

would be to allow goats to be challenged with C. burnetii shed during the kidding season on 
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the farm however limitations of determining the quantity of C. burnetii individual goats 

would be exposed to renders such a study design less effective.  

Furthermore, although there were deaths due to unrelated disease, these were 

expected to occur because of change in both environment and husbandry of the trialled goats. 

The morbidities were all diagnosed, and such information can be used in further studies to 

prepare and prevent such occurrences. However, the number of deaths per group did not 

exceed the anticipated number of 3 out of the 11 goats recruited.   

The finding that kid goats become infected as early as 9 weeks of age and the 

demonstration that kid goats produced antibodies against the vaccine within 1 week of 

vaccination without adverse health effects is a starting point for vaccine efficacy 

studies on the farm. Previous studies with the Coxevac vaccine in 3-month-old goats 

have demonstrated higher efficacy of the vaccine compared to goats vaccinated at 6 

months of age [120]. For example, a study observed that the Coxevac vaccine was 

more effective in reducing the proportion of shedders and the load of C. burnetii shed 

when used in seronegative goats comprising of mainly 3-4 months aged goats [120], 

compared to when used in adult animals. It is thus reasonable to hypothesize that the 

vaccine efficacy could even be greater if the vaccine is used in 8-week old goats. 

Other studies have demonstrated that vaccination of goats on infected herds at 

approximately 1 month before breeding reduces shedding but does not prevent infection  

[111-113, 171, 177, 178]. For example, among five vaccinated herds in the Netherlands, 41% 

of pregnant young nulliparous goats (~10 months of age) were PCR positive for C. burnetii in 

the vaginal swabs during a mandatory culling of pregnant animals [111]. These studies 

further indicate the need to trial other biologically plausible vaccination strategies, such as 

vaccination at an earlier age.  
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Other important considerations in designing a vaccination strategy include increasing 

the antibody levels in colostrum through the vaccination of pregnant goats.  The research in 

kid goats carried out as part of this PhD study demonstrated that goats with evidence of 

uptake of maternally-derived colostrum antibodies against C. burnetii were less likely to 

subsequently seroconvert against C. burnetii [112].  

Once the efficacy of the vaccine and its minimum effective dose have been 

determined, other aspects of the vaccination, such as the frequency of vaccination, the 

duration of implementing the vaccination strategies, as well as the possibility of combining 

the vaccine with other routine vaccines used in livestock herds within Australia, should be 

considered.  For instance, 80% of vaccinated cattle in well-vaccinated herds had measurable 

titres against Coxiella burnetti one year after vaccination, suggesting annual vaccination may 

not be necessary [155, 171].  

Annual vaccinations have been shown to stop shedding within 3 years in two separate 

flocks, but other factors like persistence of the organism in the environment may present 

additional risk for infection to susceptible animals [113]. Furthermore, modelling of C. 

burnetii transmission and control in Dutch dairy farms predicted that vaccination of goats 

was the only control measure that could eliminate C. burnetii infection from infected herds 

[116]. The model estimated that it would take 7 years to eliminate the disease from infected 

farms if goats were to be vaccinated annually, 1 month before breeding [184]. There is a 

possibility that elimination of C. burnetii on this affected goat farm might be achieved in 

shorter timeframes if vaccination of goats against C. burnetii were implemented at 8 weeks of 

age before goats get infected. 

Like any other long-term disease control program involving large-scale investments, 

the control of C. burnetii through mass vaccination of goats on this farm would need to be 
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subjected to a cost-benefit analysis rather than simplified partial budgets. However, it is 

worth noting that the zoonotic risk from C. burnetii on the farm leads to intangible costs that 

might not be easily translated into monetary terms. A cost-benefit analysis of the most 

efficacious vaccination strategies will have to consider the frequency of vaccination, vaccine 

coverage, dose of the vaccine used, vaccine production costs, duration of vaccination as well 

as tangible and intangible benefits derived from implementing the control program. 

Nonetheless, standardisation of the vaccine development protocol as well as funding to roll-

out further in-house and field vaccine trials has been secured to finish off preparations of 

implementing vaccination against C. burnetii on the affected farm.  

CHAPTER SEVEN: GENERAL CONCLUSIONS AND RECOMMENDATIONS 

An indirect immuno-fluorescence assay and the two other serological tests 

(ELISA and CFT) were validated for detection of antibodies against C. burnetii in 

goat sera. The validated tests were used to describe patterns of 

infection/seroconversions and to test the immunogenicity of a preliminary vaccine in 

goats.  The important aspects of the transmission of C. burnetii within an intensive 

dairy goat enterprise observed during these investigations, that could be applicable to 

other farms with the same level of intensification include: 

• Serological evidence of exposure to C. burnetii in goats in infected intensive 

dairy herds at 9 weeks of age. This underscores the need to perform disease 

prevention, such as vaccination, in goats born on C. burnetii positive farms not 

later than 8 weeks of age.  

• Observation of a higher rate of occurrence of immune responses to C. burnetii 

within the kidding season compared to outside the kidding seasons, which 
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highlights the contribution of episodic exposure to C. burnetii in transmission 

of infections within herds. 

• Evidence of higher numbers of animals susceptible to C. burnetii infection 

among goats kidding for the first time (a greater increase in seroprevalence 

over the kidding period in goats kidding for the first time) compared to older 

goats, which implies that goats kidding for the first time contribute 

significantly to the maintenance of C. burnetii in the herd.  

• A similar risk of seroconversion over the kidding period in all goats that were 

seronegative pre-partum irrespective of parity, which underscores the need to 

implement control strategies involving all goats on affected farms. 

• The autogenous C. burnetii vaccine produced from an isolate of C. burnetii from the 

infected farm was immunogenic and safe in 8-week old goats. This study thus 

provides evidence to support the vaccination of goats early in life, which might 

increase the effectiveness of vaccination against C. burnetii in infected herds.  

The following recommendations are important in the control and prevention of C. 

burnetii on affected farms. 

• The IFA which had a higher DSe than the ELISA and CFT be adopted by diagnostic 

laboratories across Australia for routine serological detection of C. burnetii in goats. 

This would require the use of reference sera and antigens to limit discrepancies in 

results obtained from different diagnostic facilities.    

• Control procedures on C. burnetii affected farms be implemented to target both 

nulliparous and parous goats. These control strategies might include vaccination 

which was shown to be safe and immunogenic in studies carried in research 

contributing to this thesis. Management practices like the separation of kid goats from 

adult goats may also aid the control of C. burnetii on affected farms. 
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• Further research be undertaken to assess the efficacy of C. burnetii vaccine when 

administered in animals younger than 9 weeks of age. Documentation of such 

findings may expediate the development of a commercial livestock vaccine that could 

be used across different properties in Australia.  
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