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35 SUMMARY

36 Q fever is a zoonotic disease caused by the intracellular bacterium, Coxiella burnetii. Its primary 

37 mode of transmission is by inhalation of aerosols originating from infected animals and 

38 contaminated environments. The organism has a very low infective dose, can persist in the 

39 environment for long periods of time and large outbreaks fuelled by windborne spread have 

40 previously reported. Detection of C. burnetii in the environment is therefore important during 

41 human and animal outbreak investigations and for the control and prevention of Q fever. This study 

42 aimed to systematically review and critically appraise the published literature on sampling methods 

43 used to detect C. burnetii from different environmental samples. A search of four electronic data 

44 bases with subsequent hand searching identified 47 eligible articles published since 1935. These 

45 articles described sampling of dust, air, soil and liquids in attempts to detect C. burnetii during 19 Q 

46 fever outbreaks and in 28 endemic settings. Environmental positivity was most commonly associated 

47 with ruminant livestock populations. Evidence describing spatio-temporal characteristics and 

48 associated geographical dispersion gradients was limited. The most commonly tested sample type 

49 was dust which also yielded the highest bacterial loads of >108 bacteria/cloth. The MD8 (Sartorius) 

50 air sampler was used widely for air sampling. Soil was the only sample type for which a validated 

51 laboratory protocol was established specifically for C. burnetii. Each environmental sample type has 

52 its advantages and limitations which are discussed in detail and a simplified framework to guide 

53 decisions around environmental sampling for C. burnetii is provided. In any type of environmental 

54 sampling, it is recommended to use standardised and validated methods and to match the most 

55 ideal sampling strategy and timing with the research context. These conditions are essential to be 

56 considered when designing future Q fever management plans that involve environmental sampling 

57 for C. burnetii.

58
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60 Coxiella burnetii, environmental exposure, environmental microbiology, epidemiologic methods, Q 

61 fever, systematic review

62 Impacts

63  This study presents evidence on environmental sampling methods used to detect Coxiella 

64 burnetii which is important for environmental assessment of the risk of Q fever from and 

65 within livestock holding facilities such as abattoirs and saleyards.

66  A variety of sample types was commonly tested, mainly dust, air, soil and liquids in outbreak 

67 and endemic settings. Each type comes with its own advantages and limitations.

68  Due to the variable presence of C. burnetii in the environment in different settings, sampling 

69 strategy and timing are important to maximise chances of detection. A simplified framework 

70 to guide decisions around environmental sampling for C. burnetii is provided.    

71

72 INTRODUCTION

73 Q fever is a globally distributed zoonotic disease caused by the intracellular, Gram-negative 

74 bacterium, Coxiella burnetii. It was first described in 1937 by Edward Derrick as a febrile illness 

75 among abattoir workers in Queensland, Australia (Derrick, 1937). Q fever can clinically manifest as 

76 acute disease, persistent focalized infection or post-Q fever fatigue syndrome (Ayres et al., 1998; 

77 Fenollar et al., 2001; Million & Raoult, 2017). Acute Q fever is characterized by high fever, severe 

78 headache, fatigue and chills. The most frequent clinical presentation of the chronic form of the 

79 disease is endocarditis. The primary mode of transmission to humans is inhalation of contaminated 

80 aerosols. A wide range of hosts including wild and domestic ungulates, birds, companion animals 

81 such as dogs and cats, and many species of ticks are known to harbour C. burnetii (Woldehiwet, 

82 2004). Infection in domestic ruminants represents the most important infection risk for humans 

83 (Georgiev et al., 2013). Bacteria are excreted in large quantities in birth products of infected animals, 

84 contaminating the environment. These organisms can become airborne and spread up to 10 km 

85 (Clark & Magalhaes, 2018). Economic losses may be experienced by infected farms through 

86 increased abortion rates and loss of milk production (Canevari et al., 2018). 

87 C. burnetii has two morphological forms; the large and small-cell variants (LCV and SCV). The LCV is 

88 the replicative form (Coleman, Fischer, Howe, Mead, & Heinzen, 2004), whereas the spore-like SCV 

89 is metabolically dormant and non-replicative. The SCV is resistant to osmotic and mechanical insults 

90 and can remain viable for a long time in the environment (Coleman et al., 2004), enabling C. burnetii 

91 to infect hosts a considerable distance and time from its deposition at a given source.  
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92 Inhalation of contaminated tick faeces was suggested in early studies as the likely mode of Q fever 

93 transmission (Derrick, 1944). Soon thereafter, C. burnetii was recovered from air on infected 

94 livestock premises and since then, has been detected in other environmental samples such as dust, 

95 soil and water. Environmental sampling, in combination with advanced molecular techniques such as 

96 real-time PCR, can identify the source of Q fever outbreaks by detecting C. burnetii DNA in the 

97 environment. This has informed risk assessment and guidelines for Q fever prevention and control 

98 (O'Connor, Tribe, & Givney, 2015). Merits and limitations of environmental sampling methods 

99 should be considered carefully in order to choose the best sampling strategy for a given context 

100 (Lemmen, Häfner, Zolldann, Amedick, & Lutticken, 2001; Thorne, Kiekhaefer, Whitten, & Donham, 

101 1992). 

102 This study systematically reviewed and critically appraised sampling methods used to detect C. 

103 burnetii in different environmental samples. The aim was to describe and evaluate the 

104 environmental sampling strategies employed in terms of sample types, temporal and spatial 

105 characteristics of sampling and laboratory methods, with a view to developing recommendations for 

106 future environmental sampling and reporting.

107 METHODS

108 To ensure transparency, this systematic review was registered with PROSPERO (CRD42018110744) 

109 (University of York, 2018) and is reported following the ‘Preferred Reporting Items for Systematic 

110 Reviews and Meta-Analyses’ (PRISMA) guidelines (Moher, Liberati, Tetzlaff, & Altman, 2009). The 

111 PRISMA checklist on reporting is provided in Appendix 1. The research question was “What are the 

112 sampling methods used to detect Coxiella burnetii in the environment?”. The PICO (population-

113 intervention-comparison-outcome) convention was adopted to formulate the search strategy 

114 (Straus, Glasziou, Richardson, & Haynes, 2018): the populations of interest in this study were human 

115 and animal populations affected by or with the potential to be affected by C. burnetii. The 

116 intervention was environmental sampling. Since all environmental sampling methods were assessed, 

117 no specific comparison was included in the search strategy. The outcome of interest was the 

118 presence or absence of C. burnetii in the environmental samples. 

119 A search strategy was initially developed on MEDLINE. The intervention and outcome of interest 

120 were used to identify keywords and MeSH headings. Four electronic databases (Web of Science (all 

121 databases), CAB Abstracts, Scopus, and MEDLINE) were searched to retrieve peer-reviewed articles 

122 published in English. Further articles were identified through e-mail alerts of newly published 

123 literature from the databases. Included articles were published between 1935 (the year C. burnetii 

124 was discovered) and 2019. Table 1: Comprehensive search strategy for identifying articles shows 
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125 the comprehensive search strategy used. The resulting references from all databases were 

126 exported to a reference manager (EndNote X8; Clarivate Analytics) and duplicate records removed.

127 All articles were initially screened based on their title and abstract. To be included articles must have 

128 mentioned undertaking environmental sampling targeting C. burnetii. Articles were excluded if they 

129 described only mechanisms of windborne spread and did not undertake primary sample collection. 

130 Review articles, opinion/commentary or discussion papers, books or book chapters, reports, 

131 conference abstracts or proceedings, theses, dissertations, blogs, editorials and newsletters were 

132 also excluded. The remaining articles underwent full-text review. References of eligible articles and 

133 relevant reviews were hand-searched to identify and include further relevant articles. Data from 

134 eligible articles were double entered [by HA and NC] onto pre-defined extraction sheets including 

135 epidemiological context (outbreak versus endemic), sampling strategy, detection strategy, detection 

136 of viable C. burnetii, host species and relevant results. Subsequently, these data were merged, and 

137 consensus reached by discussion among the authors on any disparities. Due to the variety of study 

138 designs reviewed, no single critical appraisal tool was available that could be used; instead a critical 

139 comparison of the relevant study characteristics was produced narratively. 

140 RESULTS

141 The article selection process is detailed in Figure 1. The search of four databases identified 1839 

142 articles of which 119 duplicates were removed. Screening excluded a further 1651 articles based on 

143 the inclusion and exclusion criteria, leaving 69 articles. Hand search and email alerts identified a 

144 further 9 articles for full-text review during which 31 articles were deemed ineligible. Thus, data 

145 were extracted from 47 eligible articles, with most articles published since 2009 (n = 40). Detailed 

146 characteristics of the reviewed articles are provided in Appendix 2.

147 Settings, sample types, geographical locations and host species

148 The epidemiological context and C. burnetii detection success in reviewed articles, is summarised in 

149 Table 2. C. burnetii was detected in at least one environmental sample type in 42 articles. Among the 

150 remaining five articles, one reported inconclusive results (Bond et al., 2016) while four did not detect 

151 the organism (Medić et al., 2012; Naranjo, Fustel, Gamarra, Lobato, & Agirre, 2011; Wilson et al., 

152 2010; Woerden et al., 2004). Sample types were predominately categorised as dust, air, soil and 

153 liquids. Results are presented separately for these sample types in the following sections. Straw 

154 (Karagiannis et al., 2009; Woerden et al., 2004), bedding (Bond et al., 2016), urine, manure and birth 

155 products (Bielawska-Drozd et al., 2014)  were also tested, but each only in a small number of studies 

156 (therefore, not discussed in detail). Dust sampling was conducted most often followed by sampling 
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157 of air, soil and liquids. Two articles failed to provide information on the type of sample (Medić et al., 

158 2012; Wilson et al., 2010). In most articles (n = 23) a single sample type was collected, with the most 

159 types collected in a single study being four (Bielawska-Drozd et al., 2014). Of the 22 articles that 

160 collected multiple sample types, nearly half (n = 10) tested a combination of dust and air and all 

161 detected C. burnetii in at least one sample type.

162 Studies were most commonly undertaken in the USA (n = 10) followed by Spain (n = 9), the 

163 Netherlands (n = 8), France (n = 4), Australia, Pakistan and the UK (n = 2 each). Other studies were 

164 from Belgium, Iraq and Kuwait, Israel, Switzerland, Poland, Iran, Senegal, Japan, Serbia and Italy. 

165 Sampling was predominantly associated with humans (n = 27) or ruminant livestock (goat n = 21, 

166 sheep n = 16, cattle n = 13).  Animal species involved and sample types tested in each geographical 

167 location with their settings are shown in Figure 2.

168 Spatial and temporal sampling characteristics

169 Descriptions of spatio-temporal characteristics and associated geographical dispersion gradients of 

170 C. burnetii in the environment was limited. As ruminant livestock are likely to pose the greatest 

171 infection threat for humans, articles reporting environmental spatio-temporal sampling 

172 characteristics related to ruminant livestock (n = 28) are summarised in Table 3. Environmental 

173 samples were collected from within farm boundaries including milking parlours, animal feeding and 

174 holding pens, in 17 articles. Sampling outside farm boundaries were reported for distances from 20 

175 m to 2 km. In most studies where both on-farm and outside farm samples were assessed (n = 7), 

176 levels of C. burnetii DNA were higher on-farm than outside (Álvarez-Alonso et al., 2018; Astobiza et 

177 al., 2011a; de Bruin et al., 2013; de Bruin et al., 2012; Hackert et al., 2012). Seventeen articles 

178 reported repeated sampling, while eleven articles described one-time sampling.

179 Dust sampling

180 Dust in this review refers to dust accumulated over time on a horizontal surface. Twenty-eight 

181 articles involved testing dust samples obtained using a variety of methods. Accumulated dust was 

182 collected from surfaces by physical removal using either swabs (n = 17), sponges (n = 2), moistened 

183 cloths (n = 2), plastic scrapers (n = 1), gauze pads (n = 1) or vacuuming (n = 2). In three studies, swabs 

184 or Petri dishes were left in barns to collect newly deposited dust over a 2-week period. Four studies 

185 trialled more than one method (Amitai et al., 2010; Joulie et al., 2015; Kersh et al., 2013; Kersh et al., 

186 2010), whereas seven studies did not report the collection method. One article followed a standard 

187 protocol for a ready-to-use surface sampling kit using moistened cloths (Carrié et al., 2019). Other 

188 descriptions of dust sampling protocols included “swabbing in a single motion over a length of 2 
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189 meters” (Bellini et al., 2014; de Bruin et al., 2011; de Bruin et al., 2013; de Bruin et al., 2012), “wiping 

190 100 cm2 areas” (Carrié et al., 2019; Joulie et al., 2015), “dragged along the substrate” (Duncan et al., 

191 2013) and “swabs were collected from horizontal surfaces” (Khalili, 2015).

192 Dust sampling locations differed among articles; some purposefully chose locations to minimize the 

193 distance to ruminants and maximize the distance to the main door (Nusinovici, Hoch, Brahim, Joly, & 

194 Beaudeau, 2017; Nusinovici, Madouasse, Hoch, Guatteo, & Beaudeau, 2015). Others sampled 

195 specific locations such as windowsills, stable boundary walls, fences, feed troughs, ventilation fans 

196 and crossbeams within livestock holdings (Bellini et al., 2014; de Bruin et al., 2011; de Bruin et al., 

197 2012; Joulie et al., 2015; Yanase et al., 1998). In settings that did not involve livestock, sampling sites 

198 included household or office surfaces (Hurtado et al., 2017; Ratmanov et al., 2013), air conditioning 

199 systems (Amitai et al., 2010) and domestic vacuum cleaners (Tozer et al., 2014).

200 Twelve of the articles that sampled dust were outbreak investigations. Five of these were not 

201 associated with ruminant farms; an urban school (Amitai et al., 2010), a waste sorting plant for 

202 mixed urban residues (Alonso et al., 2015), a hoist and chain manufacturing plant (Hurtado et al., 

203 2017), a cardboard manufacturing plant (Woerden et al., 2004), and a courier company (Alonso et 

204 al., 2019). When comparing the bacterial load in accumulated dust versus newly deposited dust in 

205 endemic settings, accumulated dust had higher bacterial counts (1.09 x 108 bacteria/cm2 of cloth) 

206 compared to newly deposited dust (3.3 bacteria/cm2 of petri dish) (Joulie et al., 2015). However, 

207 direct comparisons are difficult due to the differing units. 

208 Air sampling

209 Articles reporting collection of air, inhalable dust, atmospheric dust and particulate matter with a 

210 median aerodynamic diameter of ≤10 µm (PM10) (n = 20) are summarised in this section. Of these, 

211 17 described the air sampling device used (see Table 4 for details). These air samplers can be 

212 categorized into two groups based on their method of bacterial capture: either a collection liquid (n 

213 = 3 studies) or a solid collection medium such as a filter (n = 13) or cotton plug (n = 1). When 

214 specified, the collection liquid was either beef extract broth or milk with olive oil. Pore sizes of filters 

215 were ≤ 8 µm, with three articles sampling PM10 using filters with 2 µm pores (de Rooij et al., 2016; 

216 Hogerwerf et al., 2012; Leski, Malanoski, Gregory, Lin, & Stenger, 2011). The volume of air sampled 

217 ranged from 500 to 47,400 L (mode of 500 L), with the largest volume sampled continuously over 79 

218 hours (de Rooij et al., 2016). Height above ground level during sampling varied from 0.3 to 2.5 m. 

219 The most commonly used air samplers were the MD8 Airscan or Airport (Sartorius, Germany) (n = 7) 

220 (Alonso et al., 2019; Alonso et al., 2015; Álvarez-Alonso et al., 2018; Astobiza et al., 2011a; Astobiza 

221 et al., 2011b; de Bruin et al., 2013; de Bruin et al., 2012; Hackert et al., 2012). 
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222 Nine articles sampled air during outbreak investigations, with six reporting successful detection of C. 

223 burnetii and one reporting inconclusive results. The two studies in which C. burnetii was not 

224 detected were linked to facilities without direct livestock involvement (a waste-sorting plant (Alonso 

225 et al., 2015) and a machine-tool factory (Naranjo et al., 2011)), with both sampling within 3 months 

226 of the outbreak. All the articles sampling air in endemic settings (n = 11) reported detection of the 

227 organism. In all studies, the volume of air sampled and height above ground level did not appear 

228 associated with the success of detection. 

229 Higher bacterial counts were observed in samples taken during outbreaks compared with those 

230 taken one year after the outbreak (de Bruin et al., 2013; de Rooij et al., 2016; Hackert et al., 2012). 

231 Bacterial counts were inversely associated with distance from the animal pens/farms (de Rooij et al., 

232 2016; Kersh et al., 2013). C. burnetii was detectable, albeit at low levels, as far as 2 km away from 

233 farms 8–12 months after abortions or outbreaks (de Rooij et al., 2016; Hackert et al., 2012; Joulie et 

234 al., 2015; Kersh et al., 2013). High numbers of goats in the nearest farm and/or less distance 

235 between the measurement site and the goat farm was associated with higher odds of a positive air 

236 sample (de Rooij et al., 2016). Higher numbers of positive air samples were reported when sampling 

237 during periods of higher ruminant activity likely linked to generation of contaminated aerosols 

238 (Hogerwerf et al., 2012). Of interest, decreasing temperature, humidity and precipitation appeared 

239 to be associated with increased detection of C. burnetii in air (de Rooij et al., 2016). One study 

240 suggested that the organism attaches to larger dust particles, as C. burnetii DNA was detected at 

241 twice the rate in inhalable dust (defined as a particle size of up to 100 µm in aerodynamic diameter 

242 that enters the mouth and nose during normal breathing and may be deposited in the respiratory 

243 tract (Standards Australia Workplace Atmospheres, 2009)) versus PM10 samples (Hogerwerf et al., 

244 2012). 

245 Soil sampling

246 Twelve articles reported sampling soil, either from the surface or after removing topsoil. The amount 

247 of soil sampled ranged from 0.25 (Shabbir et al., 2016) to 200 g (Shabbir et al., 2015), with the 

248 majority of studies (n = 6) using 5 g for testing (Duncan et al., 2013; Fitzpatrick, Kersh, & Massung, 

249 2010; Kersh et al., 2013; Kersh et al., 2010; Leski et al., 2011; Tozer et al., 2014). Three studies that 

250 sampled soil were conducted to determine soil microbiota (Hong, Yannarell, Dai, Ekizoglu, & Mackie, 

251 2013; Leski et al., 2011; Shabbir et al., 2015). The number of soil samples collected was between 20 

252 and 2425 (median = 174).  
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253 From ruminant farms, soil was collected from either within the farm boundary (Bamberg et al., 2007; 

254 Kersh et al., 2013; Welsh, Lennette, Abinanti, Winn, & Kaplan, 1959) or outside (Astobiza et al., 

255 2011b). Other studies were associated with non-ruminant species (Duncan et al., 2013; Hong et al., 

256 2013) or sampling to screen large geographical areas (Fitzpatrick et al., 2010; Kersh et al., 2010; Leski 

257 et al., 2011; Shabbir et al., 2016; Shabbir et al., 2015; Tozer et al., 2014). Sampling areas in the latter 

258 were chosen to represent areas with predominantly human activity (Leski et al., 2011) or with both 

259 human and animal activities (Fitzpatrick et al., 2010; Kersh et al., 2010; Shabbir et al., 2016; Shabbir 

260 et al., 2015; Tozer et al., 2014). Sample sites within these areas were chosen by convenience or at 

261 random.

262 Sites were sampled either once (Bamberg et al., 2007; Fitzpatrick et al., 2010; Kersh et al., 2010; 

263 Leski et al., 2011; Shabbir et al., 2016; Shabbir et al., 2015; Tozer et al., 2014) or repeatedly (Astobiza 

264 et al., 2011b; Duncan et al., 2013; Hong et al., 2013; Kersh et al., 2013; Welsh et al., 1959). In 

265 endemic settings, sampling was repeated in consecutive lambing seasons (Astobiza et al., 2011b; 

266 Welsh et al., 1959).  C. burnetii DNA was detected in soil up to one year after an outbreak (Bamberg 

267 et al., 2007; Kersh et al., 2013)

268 One out of 2 outbreak investigations and 8 out of 10 articles on endemic settings reported detecting 

269 C. burnetii or its DNA. It was interesting to note that two different studies, from Australia and 

270 Pakistan, using large numbers of samples found similar overall C. burnetii prevalence in soil samples 

271 of 2% and 1.94%, respectively (Shabbir et al., 2016; Tozer et al., 2014). 

272 Liquid (environmental) sampling

273 Liquid environmental samples in this review refers to water, sewage and slurry (manure mixed with 

274 soil in a liquid form) samples as reported in seven articles. Sources included water from drinking 

275 buckets (Karagiannis et al., 2009), standing water on the ground (Welsh et al., 1959), groundwater 

276 from the facility and groundwater wells (Hong et al., 2013), an urban river (D'Ugo et al., 2017), 

277 sewage tanks of treatment plants (Schets, de Heer, & de Roda Husman, 2013) and slurry tanks in 

278 cattle farms (Piñero, Barandika, Hurtado, & García-Pérez, 2014; Piñero, Ruiz-Fons, et al., 2014). The 

279 volume of samples tested ranged from 0.5 to 50 L. Most articles did not describe specific sampling 

280 methods, however, where reported, samples were collected using sterile evacuated bleeding tubes 

281 (Welsh et al., 1959).

282 On ruminant farms, samples were mainly collected from within the farm boundary (Hong et al., 

283 2013; Karagiannis et al., 2009; Piñero, Barandika, et al., 2014; Piñero, Ruiz-Fons, et al., 2014; Welsh 

284 et al., 1959). In other studies, river water was sampled upstream and downstream from a city (D'Ugo 
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285 et al., 2017) or samples were collected from sewage water treatment plants that received 

286 wastewater from goat farms (Schets et al., 2013). The frequency of sampling was either once (D'Ugo 

287 et al., 2017; Karagiannis et al., 2009), twice (Piñero, Barandika, et al., 2014; Piñero, Ruiz-Fons, et al., 

288 2014) or more (Hong et al., 2013; Schets et al., 2013; Welsh et al., 1959). Sampling was associated 

289 with humans (D'Ugo et al., 2017; Karagiannis et al., 2009; Schets et al., 2013), sheep (Welsh et al., 

290 1959), goats (Karagiannis et al., 2009; Schets et al., 2013), cattle (Piñero, Barandika, et al., 2014; 

291 Piñero, Ruiz-Fons, et al., 2014) and pigs (Hong et al., 2013).   

292 Two articles (Karagiannis et al., 2009; Schets et al., 2013) reported sampling liquids during outbreak 

293 investigations, with positive detection reported in one (Schets et al., 2013). All five articles reporting 

294 liquid sampling in endemic settings detected C. burnetii. The organism was detected more frequently 

295 in samples collected during lambing periods rather than outside of such periods (Schets et al., 2013). 

296 Positive slurry samples were reported from farms on which C. burnetii antibodies or DNA had been 

297 detected in bulk tank milk and at least one animal was seropositive, and in some cases those farms 

298 also had positive dust samples (Piñero, Ruiz-Fons, et al., 2014). However, a clear correlation between 

299 positivity of slurry and C. burnetii seroprevalence in corresponding herds could not be definitively 

300 established. 

301 Methods of detection

302 The most common method used to demonstrate the presence of C. burnetii was PCR performed on 

303 DNA extracted from environmental samples (n = 43). Reviewed articles used a variety of DNA 

304 extraction methods and PCR assays (summarized in Appendix 3). The most commonly used targets 

305 for PCR were the transposable element IS1111 and the com1 gene, either multiplexed (Alonso et al., 

306 2015; de Bruin et al., 2011; de Bruin et al., 2013; de Bruin et al., 2012; de Rooij et al., 2016; Hackert 

307 et al., 2012; Hogerwerf et al., 2012; Karagiannis et al., 2009; Schets et al., 2013) or as single assays 

308 (Duncan et al., 2013; Kersh et al., 2010; Tozer et al., 2014). Less commonly targeted was the icd gene 

309 (n = 2) (de Bruin et al., 2011; Karagiannis et al., 2009). Among the twelve articles that used more 

310 than one target, six categorized their results as “high” and “low” DNA content; detecting only IS1111 

311 was considered  “low”, while detecting both IS1111 and either com1 or icd implied a “high” DNA 

312 content (de Bruin et al., 2011; de Bruin et al., 2013; de Bruin et al., 2012; Hackert et al., 2012; 

313 Hogerwerf et al., 2012; Schets et al., 2013). 

314 Quantification was performed in 8 articles, as summarised in Table 5. Of these, 7 used only IS1111 to 

315 quantify bacterial load. Of them, two used standard curves based on known quantities of the C. 

316 burnetii Nine Mile strain to quantify the experimental strain (Joulie et al., 2015; Kersh et al., 2013). 

317 Other articles used commercial kit manufacturer guidelines (Astobiza et al., 2011a; Astobiza et al., 
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318 2011b; Nusinovici et al., 2017). Dust samples appear to return higher bacterial loads compared to air 

319 and soil, however, the results are not directly comparable. Overall, higher bacterial loads were 

320 detected from samples taken close to animal birthing areas during or soon after birth.

321 Preparation of dust, air and liquid samples for DNA extraction was generally achieved by a 

322 combination of steps including addition of buffer and release of organisms from the sample matrix 

323 aided by a mechanical impulse (vortex/ stomacher/macerating), incubation and centrifugation steps. 

324 Given that soil is a more complex substrate than other sample types, recovering C. burnetii largely 

325 depends on how samples are processed. Six articles reported details of sample processing prior to 

326 DNA extraction and PCR, mostly involving steps to remove larger particles either by centrifugation 

327 (Duncan et al., 2013; Fitzpatrick et al., 2010; Kersh et al., 2013; Kersh et al., 2010; Tozer et al., 2014) 

328 or sieving (Leski et al., 2011). Testing for PCR inhibition was performed in six articles (Astobiza et al., 

329 2011a; Astobiza et al., 2011b; Duncan et al., 2013; Fitzpatrick et al., 2010; Kersh et al., 2013; Kersh et 

330 al., 2010). If present, PCR inhibition was overcome by purifying the DNA sample multiple times 

331 (Duncan et al., 2013; Fitzpatrick et al., 2010; Kersh et al., 2010), or the sample was excluded from the 

332 study (Duncan et al., 2013; Fitzpatrick et al., 2010). Other studies did not specify the outcome if PCR 

333 inhibition was detected (Astobiza et al., 2011a; Astobiza et al., 2011b). One article validated a 

334 method to extract C. burnetii DNA from soil samples (Fitzpatrick et al., 2010), recommending a 

335 specific combination of DNA extraction kits. It is important to note that the efficiency of extraction 

336 even with these methods was low, with recovery rates in spiked samples ranging from 0.02% to 4.3% 

337 (Fitzpatrick et al., 2010).

338 In addition to PCR, rRNA pyrosequencing and microarray analysis were also carried out using 

339 extracted DNA with reported success (Hong et al., 2013; Leski et al., 2011). Several articles 

340 genotyped the detected C. burnetii strain (Alonso et al., 2019; Alonso et al., 2015; Álvarez-Alonso et 

341 al., 2018; Dal Pozzo et al., 2016; Hurtado et al., 2017; Joulie et al., 2015; Kersh et al., 2013), using 

342 Multiple Locus Variable number tandem-repeat Analysis (MLVA), Single-Nucleotide Polymorphism 

343 (SNP) or Multispacer Sequence Typing (MST). 

344 Eight studies attempted and succeeded in detection of viable C. burnetii by inoculation of the 

345 samples into laboratory animals (Álvarez-Alonso et al., 2018; Delay, Lennette, & Deome, 1950; Kersh 

346 et al., 2013; Kersh et al., 2010; Lennette & Welsh, 1951; Welsh, Lennette, Abinanti, & Winn, 1958; 

347 Welsh et al., 1959) or cell culture (Álvarez-Alonso et al., 2018; Bielawska-Drozd et al., 2014; Kersh et 

348 al., 2013). These articles are specifically denoted in Appendix 2, which provides further detail. Viable 

349 C. burnetii was isolated from dust in two outbreak investigations  (Álvarez-Alonso et al., 2018; Kersh 

350 et al., 2013), air in three endemic settings (Delay et al., 1950; Lennette & Welsh, 1951; Welsh et al., 
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351 1958) and soil and water during the lambing period in an endemic setting (Welsh et al., 1959). Two 

352 articles that demonstrated viable organisms did not clearly state from which sample type the 

353 isolates were obtained (Bielawska-Drozd et al., 2014; Kersh et al., 2010). Overall, all viable C. burnetii 

354 detections were linked to ruminant farms except for one article which sampled a wide geographic 

355 distribution (Kersh et al., 2010). 

356 DISCUSSION AND RECOMMENDATIONS

357 This systematic review examined sampling methods used to detect C. burnetii in the environment. C. 

358 burnetii was detected in dust, air, soil and liquids from a variety of outbreak and endemic settings. 

359 Dust was analysed most frequently while air, soil and liquids were sampled in descending frequency, 

360 in many countries around the world. Dust was the sample type that demonstrated the highest 

361 bacterial load. Detection of C. burnetii in a given environmental sample type seems to be related to 

362 the source of the organism and the timing of sampling. Limited systematic sampling across spatio-

363 temporal gradients and standardized or validated sampling methods were identified.

364 C. burnetii was detected in environmental samples mostly in endemic compared to outbreak 

365 settings. This could be a result of multiple factors including persistent release of the organism into 

366 the environment, sampling and detection methods and the timing of sampling. In endemic settings, 

367 all sample types have returned positive results, which indicates that C. burnetii is circulating in the 

368 air as well as being deposited. Dust, soil and liquids contain particles accumulated over time and 

369 thus represent a broader time window in one sample. Most positive air samples in endemic settings 

370 were linked to an animal reservoir (ruminants) which is likely due to continuous excretion of the 

371 organism into the environment in contaminated birth fluids (Bouvery, Souriau, Lechopier, & 

372 Rodolakis, 2003). An outbreak investigation at a waste-sorting plant, on the other hand, detected C. 

373 burnetii in dust, but not in air (Alonso et al., 2015), despite using the MD8 air sampler, which was 

374 successfully used in other studies. The article reported an increase in the volume of waste processed 

375 concurrently with the start of the outbreak. This might have led to quicker waste processing 

376 meaning that C. burnetii was only detectable for a short period in the air, but for longer in dust. In 

377 settings with a sustained bacterial source, such as a ruminant farms, the organism is more likely to 

378 be detectable in the environment for extended periods (Hackert et al., 2012). However, even in such 

379 situations, sampling strategy and timing could have an impact on detection. In an outbreak in an 

380 intensive small ruminant farm, air sampling yielded inconclusive results even though animal samples 

381 were positive (Bond et al., 2016). Sampling was conducted outside the kidding season and only on a 

382 single occasion which might have led to this result (personal communication from authors). Overall, 

383 dust, soil and liquids can be used to detect deposited C. burnetii over time, and air samples can be 
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384 used if a source is present at the time of sampling to detect circulating C. burnetii in air. Obtaining 

385 multiple environmental sample types appears advantageous, especially when the source and timing 

386 of the release is unknown as at least one type of sample might detect the organism as evidenced. 

387 It is challenging to assess the factors behind non-detection in the four articles. All four of these non-

388 detections sampled either dust, air or did not mention the sample type. Sampling was less intensive 

389 than in other studies, with many details on sampling and laboratory methods lacking. They were also 

390 outbreak investigations without direct livestock involvement. Meteorological factors such as 

391 temperature and humidity have been shown to play a role in detection (de Rooij et al., 2016). If 

392 environmental sampling is carried out indoors, weather conditions would not directly influence 

393 sampling. However, in the outdoor or indoor climate (cryptoclimate), weather conditions influence 

394 particle settling and will consequently impact sampling and detection. Moreover, successful 

395 detection is likely associated with proximity to high numbers of animals (de Rooij et al., 2016), which 

396 was lacking in these studies. Higher numbers of animals may imply more intensive holdings and 

397 more infected animals shedding C. burnetii. Therefore, non-detection could be related to a 

398 combination of setting, poor choice of sampling strategy and timing of sampling. 

399 Detection of C. burnetii DNA does not equate to viability and infectivity of the organism, and 

400 therefore bears no direct correlation to infection risk. Performing viability studies for C. burnetii is 

401 challenging due to the requirement of a Biosafety Level 3 laboratory. All sample types have been 

402 shown to harbour viable C. burnetii, however, only for a limited period such as after abortion 

403 waves/parturition. C. burnetii has shown to survive in soil under laboratory conditions for up to 20 

404 days (Evstigneeva, Ul'yanova, & Tarasevich, 2007). In the field, it can remain viable in soil during the 

405 lambing period and for one month thereafter. 

406 Collection of dust, soil and liquid samples is restricted by the availability of these substrates. For 

407 example, dust samples are present only if there is a surface to accumulate dust. If the sample is 

408 standing water on the ground, it might not be reliably available in outbreak situations which are 

409 often linked to dry, dusty and windy weather conditions (Hawker et al., 1998; Tissot-Dupont, 

410 Amadei, Nezri, & Raoult, 2004). However, collection of dust, soil and liquid samples is more 

411 convenient than air sampling due to the minimal need for specialist equipment and therefore 

412 suitable for large scale sampling with minimal resources. In contrast, collecting air samples requires 

413 a suitable device, which is typically expensive and can be fragile. Further, an air sampler needs to 

414 operate for set periods of time to test specific volumes of air, so collecting a large number of 

415 samples either requires multiple air samplers used simultaneously or takes long periods of time. The 

416 efficiency of the most commonly used apparatus (MD8 Airport/Airscan, Sartorius) has not been 
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417 compared against other air samplers nor against differing concentrations of airborne C. burnetii like 

418 for other bacterial species and fungi (Bonadonna & Marconi, 1994; Engelhart, Glasmacher, Simon, & 

419 Exner, 2007).  

420 It was recently demonstrated that PM10 is a strong risk factor for Q fever in humans (Reedijk, 

421 Leuken, & Hoek, 2013). Three articles reported on sampling of PM10 with a 28% and 16% success in 

422 demonstrating C. burnetii in these samples (de Rooij et al., 2016; Hogerwerf et al., 2012; Leski et al., 

423 2011). However, it should be noted that even with the 2 µm pore size filters used in these studies, 

424 capturing the SCV form of C. burnetii would be challenging due to its small size (0.2 – 0.5 µm) unless 

425 they are attached to larger dust particles. 

426 Soil and slurry samples present difficulties that influence the efficiency of detection due to their 

427 complex nature compared to other sample types. The choice of DNA extraction method is therefore 

428 important when processing these samples. Among the articles reviewed, the only article that 

429 validated DNA extraction kits for processing soil samples for subsequent detection of C. burnetii is 

430 important to highlight (Fitzpatrick et al., 2010). Most articles published after this followed the same 

431 protocol and reported successful results (Hong et al., 2013; Kersh et al., 2013; Kersh et al., 2010; 

432 Tozer et al., 2014). Based on the reviewed evidence, this validated method can be recommended for 

433 DNA extraction from soil to recover C. burnetii DNA. Only one recent article (Carrié et al., 2019) 

434 followed a validated method for quantification of C. burnetii (Rousset et al., 2012). Other reviewed 

435 articles did not perform validations or standardizations of laboratory or sampling methods. Given 

436 that C. burnetii possesses unique characteristics, only validated environmental sampling methods 

437 will accurately indicate the bacterial burden present in the environment.

438 Decision-making around location and depth of obtaining a soil sample is important and was not 

439 extensively discussed in the articles reviewed. Soil from locations where animal carcasses, 

440 parturition materials, or contaminated manure or bedding material have been buried or distributed 

441 would be more likely to be positive compared to locations in which these activities had not occurred. 

442 While choosing sample sites based on convenience in screening studies might be more feasible, 

443 those samples are inadequate to assess the overall risk for the general community. Instead random 

444 selection of sampling sites within the target area would be desirable and provide more powerful 

445 results. Moreover, the type of soil has not been taken into consideration by any of the reviewed 

446 articles even though the type of soil may affect the presence of C. burnetii (Evstigneeva et al., 2007). 

447 Therefore, it is important to report the type of soil together with the results to allow comparison 

448 with other studies.   

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

449 There was limited opportunity to assess repeatability and reproducibility of methods presented. The 

450 level of detail reported on environmental sampling methods, equipment used, and laboratory 

451 protocols was sufficient only in some of the articles. Therefore, the validity of the evidence 

452 presented in many studies is hard to assess (Bustin et al., 2009; Haddaway & Verhoeven, 2015). 

453 Several other articles failed to report the methods followed for sampling processing and DNA 

454 extractions. It is recommended that authors explicitly report methods to enable complete evaluation 

455 of the evidence and reproducibility of the science. 

456 The multi-copy transposable element IS1111 was the most common target used for PCR detection 

457 and was sometimes used to quantify C. burnetii DNA. If this target is used for quantification, the 

458 number of organisms present may be overestimated and results will not be accurate unless the 

459 exact number of copies present in the sample strain is known (Jones et al., 2011). Recent research 

460 demonstrated that IS1111 was abundantly present in Coxiella-like endosymbionts of ticks (Duron, 

461 2015; Jourdain, Duron, Barry, González-Acuña, & Sidi-Boumedine, 2015), therefore the target is not 

462 specific to C. burnetii. However, the risk of ticks being present in environmental samples is low 

463 except for soil. Use of C. burnetii specific PCR assays and SNP genotyping methods could ultimately 

464 provide confirmation of C. burnetii in samples (Pearson, Cocking, Hornstra, & Keim, 2016). 

465 Although this review aimed to capture all relevant published literature, it had several limitations. 

466 Only publications available in English were included, which might have left out, for example, some 

467 relevant articles from the well-described Q fever outbreak in the Netherlands. Moreover, hand 

468 search of reference lists of eligible articles and relevant reviews identified 6 more eligible articles 

469 (Figure 1) indicating that the search strategy was not perfect. Coxiella burnetii is distributed 

470 worldwide (Guatteo, Seegers, Taurel, Joly, & Beaudeau, 2011), however, the geographical 

471 distribution of reviewed articles showed that the majority of publications were from Europe and 

472 North America with a very limited number of articles from Africa and Asia. This publication bias is 

473 well established for other research disciplines (Guerin, Flynn, Brady, & O’Brien, 2009; Sood et al., 

474 2007) and could be due to a number of reasons including language, funding opportunities and 

475 divergent animal and health priorities across the globe. Nevertheless, environmental sampling has 

476 been predominantly reported related to ruminant livestock. It is therefore not surprising to see 

477 more articles published from regions that have large ruminant livestock populations such as North 

478 America and Europe (Robinson et al., 2014). In addition, it is well-known that publication is biased 

479 towards reporting of positive results (Dickersin, 1997; Rosenthal, 1979). This form of publication bias 

480 seems also to be present here, with majority of articles reviewed reporting detecting C. burnetii in at 
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481 least one sample (environmental or animal samples). Quantification of these biases is hard to assess, 

482 given there is no reliable denominator including, typically unpublished, unsuccessful attempts. 

483 Based on the reviewed evidence, dust, air, soil and liquids are suitable samples for detecting C. 

484 burnetii in the environment. However, each of these sample type comes with inherent advantages 

485 and limitations. Considering the evidence uncovered in this review, a simplified framework to guide 

486 decisions around environmental sampling to detect C. burnetii is presented in Figure 3. This 

487 framework can be helpful in guiding which sample type/s to collect in a given context depending on 

488 the suspected source, timing of release and prevailing climatic conditions. This framework is only to 

489 be used as a guide as many more context-dependant factors may be important. A single preferred 

490 sampling method or sample type for detecting C. burnetii in the environment is not identified, 

491 instead collecting multiple sample types and reporting detailed sampling and laboratory protocols in 

492 future publications is strongly recommended. Reviewed data suggests that there is a need to 

493 consider strategic environmental sampling for C. burnetii as part of Q fever management plans. This 

494 would be particularly important in animal facilities with known history of Q fever and for land 

495 surrounding animal facilities which may be developed for human dwellings. 
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773 TABLES 

774 Table 1: Comprehensive search strategy for identifying articles

Database Search strategy Number of 

results

MEDLINE (Coxiella burnetii/ OR Coxiella/ OR Q fever/) AND (exp 

Environmental Microbiology/ OR “environmental sampling” 

OR Dust/ OR Soil/ OR Soil Microbiology/ OR water/ OR Water 

Microbiology/ OR “vacuum sample*” OR Wind/ OR Air 

Microbiology/)

70

CAB 

Direct

("environment" OR "environmental exposure" OR "sampling" 

OR "dust" OR "soil" OR "soil air" OR "water" OR "water 

microbiology" OR "vacuum" OR "wind" OR "air" OR "air 

microbiology" OR "air spora") AND ("Q fever" OR "Coxiella 
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burnetii")

Web of 

Science

TOPIC: ((Coxiella burnetii/ OR Coxiella/ OR Q fever/)) AND 

TOPIC: ((Environmental Microbiology/ OR “environmental 

sampling” OR Dust/ OR Soil/ OR Soil Microbiology/ OR water/ 

OR Water Microbiology/ OR “vacuum sample*” OR Wind/ OR 

Air Microbiology/)) 

Refined by: [excluding] DOCUMENT TYPES:(Letter OR 

Correction OR Book OR Editorial OR Early access OR Reference 

Material OR Meeting OR Unspecified OR Biography OR 

Report) AND Languages:(ENGLISH) 

617

Scopus (TITLE-ABS-KEY ((coxiella AND burnetii/ OR coxiella/ OR q AND 

fever/)) AND TITLE-ABS-KEY ((environmental AND 

microbiology/ OR "environmental sampling" OR dust/ OR soil/ 

OR soil AND microbiology/ OR water/ OR water AND 

microbiology/ OR "vacuum sample*" OR wind/ OR air AND 

microbiology/))) AND DOCTYPE (ar OR re) AND (LIMIT-TO 

(LANGUAGE, "English")

61

775

776 Table 2 Summary of number of articles that used environmental sample types to detect Coxiella 

777 burnetii

Type of sample Number of 

articles

Detected Inconclusive/ 

Insufficient 

details provided†

Not detected

Outbreak investigations‡ (n = 19)

Dust 12 10 1 1

Air 9 6 1 2

Soil 2 1 1 0 

Liquids 2 1 0 1 

Endemic settings§ (n = 28)

Dust 16 14 2 0 

Air 11 11 0 0 

Soil 10 8 2 0 

Liquids 5 5 0 0 
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778 †Articles presented results of all environmental samples collectively, did not provide results of some 

779 sample types or reported results that are inconclusive.

780 ‡ Q fever outbreak investigations or follow-up sampling after the conclusion of an outbreak.

781 § Vaccine evaluations, environmental investigations on farms, experimental infection studies and 

782 studies to detect C. burnetii in the environment. ¶

783 Some articles tested multiple sample types; therefore the sum of individual sample types in each 

784 category are larger than the total displayed. 
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785 Table 3 Spatial and temporal characteristics of environmental sample types for Coxiella burnetii related to ruminant livestock

Spatial characteristics Temporal characteristicsSpecies

On-farm/ 

Within farm 

boundary 

only

Outside farm 

boundary only

Both on-farm and 

outside of farm

Follow-up 

sampling

Frequency

Article 

Yes No No No N/A (Carrié et al., 2019; de Bruin et al., 2011; 

Delay et al., 1950; Khalili, 2015)

Yes No No Yes Daily from 1 week prior 

to parturition until 2 

weeks postpartum/ 

Weekly over 15 months/ 

Three samplings, one-

month apart/ Every 3 and 

6 weeks for 9 months 

after abortions started

(Bellini et al., 2014; Joulie et al., 2015; 

Welsh et al., 1958; Welsh et al., 1959)

No No Yes

No details on the 

distance of sample 

collection

Yes Monthly from start of 

lambing to end of 

lactation/ Monthly during 

lambing period

(Astobiza et al., 2011a; Astobiza et al., 

2011b)

Sheep

No No Yes No N/A (de Bruin et al., 2012)
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Outside samples: 4 

wind directions at 

500m radial 

distances 

No No Yes

Outside samples: 4 

cardinal directions 

from farms at 1000 

and 2000 m 

distances/ At radial 

distances of 500 - 

2000 m from 

farms.

Yes Monthly from approx. 2 

months after the start of 

outbreak up to approx. 

1.5 years/ Outbreak and 

one-year post outbreak

(de Bruin et al., 2013; Hackert et al., 

2012)

No details provided Yes Subsequent kidding 

seasons after conclusion 

of outbreak

(Bond et al., 2016)

Yes No No No N/A (Carrié et al., 2019; de Bruin et al., 2011; 

Karagiannis et al., 2009; Khalili, 2015; 

Lennette & Welsh, 1951)

Yes No No Yes Only in one farm after 11 

months

(Kersh et al., 2013)

Goat

No No Yes No N/A (de Bruin et al., 2012; Hogerwerf et al., 
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Outside samples: 4 

wind directions at 

500m radial 

distances or 

upwind and 

downwind at 20 – 

70m distance from 

farm

2012)

No No Yes

Outside samples: 4 

cardinal directions 

from farms at 1000 

and 2000 m 

distances/ At radial 

distances of 500 - 

2000 m from 

farms.

Yes Approx. monthly after 

goat abortions for 

approx. 1.5 years/ 

Outbreak and one-year 

post outbreak/ Monthly 

up to 7 months

(Álvarez-Alonso et al., 2018; de Bruin et 

al., 2013; Hackert et al., 2012)
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No Yes

sewage 

treatment 

plants 

receiving 

wastewater 

from farms/ 

500 – 1000m 

buffer zones

No Yes Nine samplings during a 

5-month period/ Weekly 

for 28 consecutive weeks

(de Rooij et al., 2016; Schets et al., 2013)

No details provided Yes Subsequent kidding 

seasons after conclusion 

of outbreak

(Bond et al., 2016)

No details provided Sampling done in two years but in different 

farms

(Dal Pozzo et al., 2016)

Yes No No No N/A (Bielawska-Drozd et al., 2014; Carrié et 

al., 2019; de Bruin et al., 2011; Delay et 

al., 1950; Yanase et al., 1998)

Cattle

Yes No No Yes Three or two times during 

a 2-year period; Or Four 

times over a year or twice 

during a 2-year period

(Nusinovici et al., 2017; Nusinovici et al., 

2015; Piñero, Barandika, et al., 2014; 

Piñero, Ruiz-Fons, et al., 2014)A
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No details provided Sampling done in two years but on 

different farms

(Dal Pozzo et al., 2016)

786

787

788 Table 4 Types and characteristics of air samplers used to detect Coxiella burnetii

Air sampler Flow rate/ duration/ 

volume of air sampled

Filter type/ 

Collection fluid

Pore size Sampling level from 

the ground

Article 

Sampling 

atomizer

45-90 min sampling; 

500-900 L

35 mL of beef extract 

broth at pH 7.2 as 

collection fluid

NA Air sampler moved 

at frequent intervals 

during sampling

(Delay et al., 1950)

Capillary 

impinge

0.46±0.01 feet3/ min at 

sonic velocity for 60 

min; 781 L

30 mL of sterile milk 

with 2 mL of sterile 

olive oil as collection 

fluid

NA 29cm (Lennette & Welsh, 1951)

Cotton plug 

sampler

10L/min for ½ - 1 hour; 

300 - 600 L

NA NA 122 cm (Welsh et al., 1958)

MD8 AirScan 

(Sartorius)

100L/min for 10 min; 

1000 L

Gelatine filter NS NS (Alonso et al., 2015; Álvarez-Alonso et al., 

2018; Astobiza et al., 2011a; Astobiza et 

al., 2011b)A
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MD8 AirPort 

(Sartorius)

50L/min for 10 min; 500 

L

Cellulose nitrate 

filter

8µm NS (Alonso et al., 2019; de Bruin et al., 2013; 

de Bruin et al., 2012; Hackert et al., 2012)

Deployable 

particulate 

sampler system

10L/min 47mm, 

polytetrafluoroethyl

ene (PTFE) filter

2µm NS (Leski et al., 2011)

Personal 

environmental 

monitor 

collection heads

4L/min Teflon filters 2.0µm 150 cm

GSP collection 

heads

4L/min 37mm diameter 

glass fiber filters

NS 150 cm

(Hogerwerf et al., 2012)

SAS super 180 500L of air sampled in 3 

min

cellulose acetate and 

cellulose nitrate 

filter

0.45µm NS (Kersh et al., 2013)

High volume air 

samplers

NS glass fibre filter 

paper 

1.6µm NS (Tozer et al., 2014)

Coriolis micro 300L/min for 5-10 min; 

1500 – 3000 L

NS NA 30cm above the 

litter

(Joulie et al., 2015)

Harvard 

impactors

10L/min for ½ hour for 

one week; (a 79-hour 

sample) 47400 L

37-mm Teflon filter 2µm 250 cm (de Rooij et al., 2016)

789 NA=Not Applicable given the type of air sampler. NS= Not specified in the paper.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

790

791 Table 5 Summaries of results from articles that quantified Coxiella burnetii in environmental samples

Type of 

sample

Quantity Location Species Time Article 

1.1 × 108 bacteria /cm2 of cloth Sheep One month following a primiparous female 

abortion

(Joulie et al., 2015)

1 to 3 × 104 bacteria /mL

Barn

Cattle NS (Nusinovici et al., 2017)

>108 bacteria/cloth NS Sheep & 

goat

NS (Carrié et al., 2019)

Dust

0.3 to 5.8 × 104 bacteria/g 

(vacuum)

Farmhouse Goat During the outbreak (Kersh et al., 2013)

32.14 bacteria /filter On the same month when lambing started

5.58 bacteria /filter Two weeks after lambing started

12.30 bacteria /filter One month after lambing started

12.94 bacteria /filter Two months after lambing started

(Astobiza et al., 2011a)

5.00 bacteria /filter

Inside flock 

premises

During lambing season of the 3rd year after 

vaccination

(Astobiza et al., 2011b)

5.42 bacteria /filter On the same month when lambing started (Astobiza et al., 2011a)

Air

1.55 bacteria /filter

Outside flock 

premises

Sheep

During lambing season of the 2nd year 

(coinciding with yearlings’ lambing) after 

vaccination

(Astobiza et al., 2011b)A
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10.59 bacteria /filter During lambing season of the 3rd year after 

vaccination

<100 bacteria/500 L air NS Goat One-year post outbreak (Kersh et al., 2013)

4 to 4.5 × 103 bacteria/g of soil 

or per swab

Seal resting 

areas

Northern 

fur seals

Prior to and during the pupping season (Duncan et al., 2013)Soil/ 

dust

6 × 103 to 1.4 × 106 bacteria/g Birthing pen Goat During the outbreak (Kersh et al., 2013)

Liquids 30 to > 1 × 104 hamster infective 

doses /mL

Lambing 

area

Sheep From the end of lambing to the start of the 

next lambing season (10 months)

(Welsh et al., 1959)

792 NS= Not specified in the article.
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793 FIGURE LEGENDS

794 Figure 1. Flow diagram of the article selection process

795 Figure 2. Geographical locations and settings of articles that used environmental samples to detect 

796 Coxiella burnetii in relation to different sample types(A) and targeted host species (B)

797 A. Symbols represent dust ( ), air ( ), soil ( ) and liquid ( ) sampling in outbreak (red) and endemic 

798 (black) settings. B. Symbols represent humans ( ), goats ( ), sheep ( ), cattle ( ), seals ( ) and 

799 pigs ( ) sampling in outbreak (red) and endemic (black) settings. They are scaled to represent the 

800 number of articles found per country; the smallest size represents 1-2, the middle size 3-4 and the 

801 largest size 5-6 articles. Some articles describe multiple sample types and thus are included multiple 

802 times.

803

804 Figure 3. A simplified framework to guide decisions around environmental sampling to detect 

805 Coxiella burnetii

806 † Requires special equipment to collect samples

807 ‡ Requires complex sample processing techniques with low efficiency 

808 § Requires a liquid standing on the ground

809 ¶ Requires a surface to accumulate

810 # The climate of a small area, as of a confined space such as a house

811

812

813 APPENDICES

814 Appendix 1: PRISMA Checklist

815 Provided as a separate file ‘Appendix_1_PRISMA Checklist.pdf’

816 Appendix 2: Characteristics and results of reviewed articles

817 Provided as separate file ‘Appendix_2_Characteristics and results of reviewed articles.xlsx’

818 Appendix 3: Details on DNA extraction and PCR assays 

819 Provided as separate file ‘Appendix_3_DNA extraction and PCR assays.pdf’
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1839 articles identified 

and retrieved from 4 

databases 

119 duplicates removed 

1720 articles screened 

using titles & abstracts 

only 

1651 articles excluded 

Full text assessment of 69 

articles for eligibility 

31 articles excluded with rationale 

9 – duplicates not captured previously 

8 – full-text version in English not available 

6 – no environmental sampling 

3 – modelling/simulations only 

2 – commentary/reviews 

2 – experimental inoculation into soil/mice 

1 – environmental sampling not on Coxiella 

 

47 articles included in the 

review 

Hand search 

identified and 

included (n = 6) 
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Email alerts 

identified and 

included (n = 3) 
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