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2 5  Abstract 

2 6  Novel emerging zoonotic viruses are one of the greatest threats facing public health. Viral 

27 spillover events originating from wildlife account for the majority of newly recognised 

28 diseases of people and have important impacts on agricµlture and human health globally. 

2 9 Bats are implicated as the natural reservoirs for several highly pathogenic virnses that can 

30 infect other animal species, including man. Here, we investigate the potential for two 

31 recently discovered bat rubulaviruses, Achimota virus 1 (AchPVl) and Achimota virus 2 

32 (AchPV2), which were isolated from urine collected under urban bat (Eidolon helvum) 

33 roosts in Ghana, West Africa, to infect small laborato1y animals. AchPVl and AchPV2 

34 are classified in the family Paramyxoviridae (which includes the deadly zoonotic 

35 henipaviruses) and cluster with other bat derived zoonotic rnbulaviruses (i.e. Sosuga, 

36 Menangle and Tioman viruses). To assess the susceptibility of AchPVl and AchPV2 in 

3 7 animals, infection studies were conducted in ferrets, guinea pigs and mice. 

3 8 Seroconversion, immunohistological evidence of infection, and viral shedding were 

39 identified in fe1Tets and guinea pigs, but not in mice. Infection was associated with 

40 respiratory disease in fe1Tets. These results indicate that Achimota viruses have the ability 

41 to cross the species baITier and may infect domesticated animals and humans in areas of 

42 Africa where infected reservoir hosts are widely distributed. This study supports the 

43 strategy for surveillance-based viral discove1y, contributes to the understanding of 

44 spillover dynamics and highlights the need for outbreak preparedness. 

45 

46 



( 

4 7 INTRODUCTION 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

New and emerging viral infections impose a s�gnificant burden on human health and on 

the world economy. The majority of emerging infectious diseases affecting humans today 

are of animal origin, with approximately three quarters arising from wildlife [ 1]. Bats 

have been shown to harbour more zoonotic vims es than other mammalian species [2 & 3] 

and are implicated in outbreaks of a number of highly pathogenic zoonotic vimses, 

including filovimses, coronaviruses, paramyxovimses and reovimses. Ebola vims 

(Ebo V) RNA and antibodies have been discovered in African fmit bats [ 4]. The largest 

human outbreak ofEboV occurred in West Africa in 2013-2014, resulting in nearly 

30,000 infections and 11,000 deaths and took over a year to contain [5]. SARS 

coronavirus emerged in China in 2002 and infected over 8000 people causing 77 4 deaths 

[ 6] and the MERS corona virus continues to infect people and cause death in the M iddle

East [7]. Bats have since been found to harbour a multitude of coronavimses closely 

related to SARS and MERS [8 & 9]. Pteropid bats are the reservoir hosts for the deadly 

henipaviruses, Nipah virus (NiV) and Hendra vims (HeV) [10 & 11]. NiV continues to 

cause fatal encephalitis in humans almost annually in Bangladesh, while HeV has spilled­

over into horses in Australia nearly every year since 2004 and has killed four people [12 

& 13]. Orthoreovimses have been isolated from bats and humans in Southeast Asia where 

they have caused flu-like illness in people (14]. Known zoonotic vimses of bat origin 

continue to be of concern for human and animal health, and active surveillance provides 

our best option for monitoring these agents as well as identifying novel pathogens of 

68 zoonotic potential. 

69 



70 The recently discovered rubulaviruses, Achimota virus 1 and Achimota virus 2 (AchPVl 

71 and AchPV2), were isolated from bat (Eidolon helvum) urine samples collected beneath 

72 urban bat roosts in Ghana, West Africa [15]. AchPVl and AchPV2 are newly recognised 

73 viral species in the family Paramyxoviridae, where they cluster with other bat 

74 rubulaviruses. Despite being discovered in the same study, the AchPVs are not nearest-

75 phylogenetic relatives and share only 31 to 64% protein amino acid identities [15]. Their 

76 relationship to each other is similar to their relationships with other bat rubulaviruses 

77 such as Sosuga (SosPV), Menangle (MenPV) and Tioman (TioPV) viruses (sharing 58-

78 70% N protein amino acid sequence identities), which have been shown to cause human 

79 infection. SosPV was isolated from a wildlife biologist studying bats and rodents in 

80 Africa in 2012 and is believed to be the causative agent for a severe flu-like illness and 

81 skin rash [ 16]. Follow up investigations revealed the presence of this virus in the spleen 

82 of Rousettus aegyptiacus bats [17]. MenPV first emerged in a pigge1y in NSW, Australia, 

83 in 1997 causing reproductive disease in pigs [18]. Two piggery workers had flu-like 

84 illness during the outbreak and were later found to have MenPV neutralising antibodies. 

85 Serological evidence of MenPV infection was also found in flying foxes roosting near the 

86 piggery and the virus was later isolated from Pteropus alecto urine [ 18 & 19]. TioPV was 

87 isolated from pteropid bat urine on Tioman Island in 2001 during the search for the 

88 reservoir host ofNipah virus [20]. It was later found that humans on the island had 

89 neutralising antibodies to TioPV, although no associated disease has been reported [21]. 

90 

91 Based on what is known of these closely related bat rubulaviruses, the potential of 

92 AchPVl and AchPV2 to infect and cause disease in other species is worthy of further 
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93 investigation. Serological surveys of Eidolon helvum populations in Africa have been 

94 conducted for Achirnota viruses and have shown a widespread presence of neutralising 

95 antibodies [15]. In addition, a survey of human sera collected from Ghana and Tanzania 

96 detected AchPV2 neutralising antibodies in three of 442 samples tested, however no 

97 neutralising antibodies to AchPVl were detected in these sera. Two of the antibody 

98 positive samples were from healthy adults and one was from a febrile paediatric patient 

99 [15]. These data suggest that AchPV2 is zoonotic, but whether AchPVl is zoonotic 

100 remains unknown. 

101 

102 To further investigate the infection potential of AchPVl and AchPV2, we conducted 

103 studies in three species of small laboratory animal; ferret (Mustela putorius furo ), guinea 

104 pig ( Cavia porcellus) and mouse (Mus musculus domesticus). First, we conducted 

105 observational studies to determine the susceptibility of these animals to infection by 

106 AchPVl or AchPV2. Second, time course studies were performed using AchPV2 to 

107 obtain data on viral replication sites and potential routes of transmission. 

108 

109 RESULTS 

110 Observational study with AchPVl and AchPV2 in ferrets 

111 Two adult male ferrets aged 11 - 13 months were given 105 TCIDso AchPVl oronasally 

112 in 1 ml of inoculum and another two adult male ferrets aged 11 - 13 months were given 

113 105 TCIDso AchPV2 oronasally in 1 ml of inoculum. The animals were observed daily 

114 for clinical signs and then electively euthanased at 21 days post challenge (pc). 

115 



116 One of the two ferrets exposed to AchPVl remained clinically well and was electively 

117 euthanased at the end of experiment on day 21 pc. The other ferret showed signs of upper 

118 respirat01y tract infection (sneezing, coughing) and weight loss from day 1 pc, and was 

119 euthanased at day 14 pc when it had reached a predetermined humane endpoint of 10 % 

120 bodyweight loss. Post mo11em examination revealed a pleural effusion and 

121 bronchopneumonia of the right inte1mediate lung lobe. Each ferret developed neutralising 

122 antibody against AchPVl, with titres of 1:320 (healthy) and 1:80 (ill) (Table 1). 

123 

124 One of two ferrets exposed to AchPV2 remained clinically well and was electively 

125 euthanased at the end of the experiment on day 21 pc. The other ferret maintained n01mal 

126 play activity but showed signs of upper respiratory tract infection (sneezing, purulent 

127 nasal discharge) from day 3 pc and which resolved by day 11 pc. The animal was 

128 electively euthanased at the end of the experiment on day 21 pc. Each ferret developed 

129 neutralising antibody against AchPV2, with titres> 1: 1280 (healthy) and 1: 1280 

130 (ill/recovered) (Table 1). 

131 

132 In summary, it is unclear whether the signs of respirato1y tract disease in one of two 

133 ferrets given either AchPVl or AchPV2 were attributable to infection by the challenge 

134 virus or by co-infection of an unknown pathogen. As higher neutralising antibody titres 

135 were observed in ferrets infected with AchPV2, and as there was prior serological 

136 evidence of this virus in people, AchPV2 was selected for a time-course study with 

13 7 ferrets. 

138 



139 Observational study with AchPVl and AchPV2 in guinea pigs 

140 Four adult female guinea pigs were given 105 TCIDso AchPVl oronasally in 1 ml of 

141 inoculum and another four adult female guinea pigs were given 105 TC ID so AchPV2 

142 oronasally in 1 ml of inoculum. The animals were observed daily for clinical signs and 

143 then electively euthanased at 21 days pc. 

144 

145 All four guinea pigs exposed to AchPVl remained clinically well and were electively 

146 euthanased on day 21 pc. Each guinea pig developed neutralising antibody against 

( 
147 AchPVl, with titres of 1:320, 1:80, 1:80 and 1:40 (Table 1). Similarly, all four guinea 

148 pigs exposed to AchPV2 remained clinically well and were electively euthanased on day 

149 21 pc. Each guinea pig developed neutralising antibody against AchPV2, with titres of 

150 1:320, 1:160, 1:80 and 1:40 (Table 1). 

151 

152 Based on the same rationale as for ferrets, AchPV2 was selected for a time-course study 

153 with guinea pigs. 

154· 

155 Observational study with AchPVl and AchPV2 in mice 

156 Ten mice (five female Balb-C mice aged 12 weeks and five female BalbC mice aged over 

157 12 months) were given 103 TCIDso AchPVl intranasally in 50 µl of inoculum and 

158 another ten mice (five female Balb-C mice aged 12 weeks and five female BalbC mice 

159 aged over 12 months) were given 103 TCIDso AchPV2 intranasally in 50 µl of inoculum. 

160 The animals were observed daily for clinical signs and then electively euthanased at 21 

161 days pc. 
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163 All ten mice exposed to AchPVl remained clinically well and were electively euthanased 

164 on day 21 pc. Neutralising antibody against AchPVl was not detected in any mouse. 

165 Likewise, all ten mice exposed to AchPV2 remained clinically well and were electively 

166 euthanased on day 21 pc. Neutralising antibody against AchPV2 was not detected in any 

167 mouse. As mice had no detectable signs of disease and did not seroconvert to either 

168 AchPVl or AchPV2, no fmther studies were conducted with mice. 

169 

170 Time course study with AchPV2 in ferrets 

171 J. Clinical and Pathological findings

172 For this study; eight adult female fen-ets were given 105 TCIDso AchPV2 oronasally in 1

173 ml of inoculum and then two animals were pre-allocated for euthanasia on each of days 6, 

174 8, 10 and 21 pc. All eight fen-ets in this study showed a mild but significant increase in 

175 rectal temperature over baseline on day 4 pc (p = 0.02), and a mild but significant loss of 

176 bodyweight compared to baseline on days 4 (p = 0.03) and 5 (p = 0.0004) pc. Otherwise, 

177 the animals remained clinically well until elective euthanasia, apait from one of two 

178 fen-ets scheduled for euthanasia on day 8 pc. This fen-et (#9) showed signs of upper 

179 respiratory tract infection (sneezing, serous and then purulent nasal discharge) between 

180 days 2 and 6 pc and was euthanased on humane grounds on day 6 pc following markedly 

181 decreased play activity. Other than ferret #9, no significant gross abnormalities were 

182 observed at post mmtem examination in any of the fenets. 

183 
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The three ferrets euthanased on day 6 pc had minor histopathological changes associated 

with viral replication. Fen-et #12 (day 6 pc) showed very mild acute bronchiolitis. 

Immunohistochemist1y revealed viral antigen in germinal centres of the retropharyngeal 

lymph node but not in other tissues. In fenet #14 ( day 6 pc), significant histopathological 

changes were confined to mild acute tonsillitis, and viral antigen was detected in the 

tonsillar and pharyngeal epithelium, retropharyngeal lymph node (particularly the 

parafollicular areas), bronchial epithelial cells, bronchus-associated lymphoid tissues 

(BALT), perivascular spindle cells in lung, and genninal centres and periarteriolar 

lymphoid sheaths of the spleen. In fenet #9, euthanased on day 6 pc with respiratory 

disease, there was moderately severe acute bronchiolitis, hyperplasia of the BAL T, 

excess mucus production by bronchial glands, and focal lipoid pneumonia consistent with 

chronic bronchial disease. Post mortem examination of fenet #9 also revealed marked 

nodular hyperplasia of the liver with hepatic steatosis, but this lesion was considered to 

be umelated to virus exposure as no AchPV2 viral antigen was detected in the liver. 

In ferret #9, AchPV2 viral antigen was identified in tonsillar and pharyngeal epithelium, 

germinal centres, parafollicular area and medulla of the retropharyngeal lymph node, 

tracheal epithelium, bronchial and bronchiolar epithelium (Fig. 1 ), BAL T and 

perivascular connective tissues of the lung, bronchial and mediastinal lymph node, 

periaiteriolar lymphoid sheaths and red pulp of the spleen, mononuclear cells in the 

intestinal lamina propria and cells either within or lining the hepatic sinusoids. 



206 In the single ferret euthanased on day 8 pc (ferret #16), there was mild focal acute 

207 tracheitis and bronchiolitis. The distribution of viral antigen was similar to ferret #9, with 

208 the addition of occasional bile duct epithelial cells and mononuclear cells of the portal 

209 triads, gut associated lymphoid tissue (GALT), and transitional epithelial cells in the 

210 bladder. 

211 

212 The two ferrets killed on day 10 pc showed only small amounts of viral detection by 

213 immunohistochemist1y. Ferret #11 (day 10 pc) had mild focal acute bronchiolitis, and 

214 detection of viral antigen was limited to small amounts in tonsillar lymphoid tissue, 

215 bronchiolar epithelial cells, perimteriolar lymphoid sheaths of the spleen, and a diffuse 

216 scattering throughout the retropharyngeal lymph node. Ferret # 13 ( day 10 pc) also 

217 showed very mild acute bronchiolitis, with AchPV2 viral antigen confined to scattered 

218 gastric epithelial cells, GALT, and sparse deposits throughout tonsillar lymphoid tissue, 

219 bronchial and retropharyngeal lymph nodes. 

220 

221 Of the two ferrets killed on day 21 pc, one (ferret #15) had very mild acute bronchiolitis 

222 and tracheitis and one had no detectable lesions. AchPV2 viral antigen was not detected 

223 in any tissue from either of these two fenets. 

224 

225 2. Detection of viral genomes

226 AchPV2 RNA was detected by RT-qPCR in the oral swabs of 4 ferrets on day 2 pc and in 

227 all fenets by day 4 pc until euthanasia: the highest levels were typically recorded on day 

228 6 or 8 pc (Table 2). Similar results were seen for the nasal washes: viral RNA was 
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detected in 3 ferrets on day 2 pc, and in all ferrets by day 4 pc until euthanasia, the 

highest levels typically were recorded on day 6 or 8 pc. Rectal swabs first detected 

AchPV2 on day 4 pc, when all ferrets were positive, the highest levels occurred on day 6 

or 8 pc. Viral RNA was commonly detected in blood samples from days 2 to 21 pc. 

Where viral RNA was found in successive blood samples from individual animals, 

highest levels were recorded on day 6 or 8 pc (Table 2). 

All tissue samples analysed from ferrets #9, #12 and #14 euthanased on day 6 pc were 

positive for viral RNA (data summarised in Fig. 2), with the highest levels in bronchial 

and retropharyngeal lymph nodes and the lowest levels in heart, kidney and brain. Each 

tissue sample tested from fe1Tet #16 (euthanased 8 days pc) was also positive for viral 

RNA, with the highest reading in retropharyngeal lymph node. On day 10 pc, ferrets #11 

and #13 exhibited generally similar distribution and quantities of viral RNA to the 

animals above. However, on day 21 pc the levels of viral RNA in ferrets #10 and #15 

were substantially lower, and largely limited to the retropharyngeal and bronchial lymph 

244 nodes and the spleen. 

245 

246 3. Virus isolation

24 7 Virns was reisolated from the nasal wash and from the oral and rectal swabs of ferret #9 

248 on day 6 pc, the nasal wash of ferret # 10 on day 6 pc, the oral swab of ferret # 11 _on day 6 

249 pc, and from the oral swabs of ferret # 16 on days 6 and 8 pc, plus the nasal wash of this 

250 ferret on day 8 pc (Table 2). 

251 



252 Virus was reisolated from fe1Tets killed on day 6 pc from tonsil, bronchial and 

253 retropharyngeal lymph nodes, lung and brain (ferret #9); trachea, tonsil, bronchial and 

254 retrophaiyngeal lymph nodes, and bladder (fe1Tet #12); and tonsil and bronchial and 

255 retrophaiyngeal lymph nodes (fenet #14) (Fig. 2). Virus was reisolated from tonsil and 

256 trachea of fe1Tet #16 (which was killed on day 8 pc) and from the retrophaiyngeal lymph 

257 node and kidney of fe1Tet #13 (day 10 pc), but not from fe1Tet #11 (day 10 pc). Virus re-

258 isolation from fenets killed on day 21 pc was limited to the retropharyngeal lymph node 

259 of ferret #15. 

260 

261 4. Serology

262 No neutralising antibodies were observed at day 2 or 4 pc but by day 6 low levels of 

263 neutralising antibodies were detected in the fe1Tets (Table 4). They showed an increase in 

264 neutralising antibody titre across the time points, with the animals bled at day 21 pc 

265 having neutralising antibody titres> 1: 1280. 

266 

267 Time course study with AchPV2 in guinea pigs 

268 1. Clinical and Pathological findings

269 For this study, eight adult female guinea pigs were given 105 TCIDso AchPV2 oronasally

270 in 1 ml of inoculum and then two animals were pre-allocated for euthanasia on each of 

271 days 6, 8, 10 and 21 pc. In guinea pigs, there were no significant differences in 

272 temperature or bodyweight over baseline up to day 6 pc, and the animals remained 

273 clinically healthy until elective euthanasia. No significant gross abnormalities were 

274 observed at post mo11em examination, apart from enlarged bronchial lymph nodes in one 



( 

275 

276 

277 

278 

279 

280 

281 

282 

283 

284 

285 

286 

287 

guinea pig euthanased on day 6 pc. The only histopathological changes observed were: 

mild acute tracheitis in all animals, two animals with mild acute bronchitis and/or 

bronchiolitis, and four with mild chronic interstitial pneumonia attributable to inhalation 

of plant material. In contrast to the observations in ferrets, the pattern of respirat01y tract 

lesions did not correlate with the time post-exposure to AchPV2; very few 

histopathological changes were observed and all sections of tissues from all guinea pigs 

were negative for AchPV2 antigen by immunohistochemistry. 

2. Detection of viral genomes

Low levels of AchPV2 were detected in the oral swab of one guinea pig on day 6 pc and 

of another on day 8 pc (Table 3). Rectal swabs were positive in four of six guinea pigs on 

day 8 pc, and from one guinea pig on day 10 pc. Viral RNA was found in the blood of 

one guinea pig on day 6 pc and of another on day 8 pc (both of which had viral RNA-

288 positive oral swabs at these times). 

289 

290 Most tissue samples analysed from guinea pigs euthanased on day 6 and 8 pc were 

291 positive for viral RNA (data summarised in Fig. 3), with highest levels present in nasal 

292 turbinates, bronchial and retropharyngeal lymph nodes, and spleen, and lower levels in 

293 trachea, lung, and liver. Detection was lowest and inconsistent from heart, kidney and 

294 brain. By day 10 pc, viral genome detection was limited to bronchial and/or 

295 retropharyngeal lymph nodes, lung, spleen, and nasal turbinates (one of two animals). On 

296 day 21 pc, one guinea pig was negative by RT-qPCR for all tissues; in the other, viral 

297 genome was detected only in bronchial lymph node and spleen. 



298 

299 3. Virus isolation

300 Virus was not reisolated from any of the clinical samples, including those that were 

301 positive by AchPV2-specific RT-qPCR (Table 3 ). In addition, virus was not reisolated 

302 from any tissue sample, including those that were positive by AchPV2-specific RT-qPCR 

303 (Fig. 3). 

304 

305 4. Serology

306 No neutralising antibodies were observed at day 2 or 4 pc but by day 6 low levels of 

307 neutralising antibodies were detected in the guinea pigs (Table 4). There was a slight 

308 increase in neutralising antibody titre. across the time points with a titre of 1: 160 by day 

309 21 pc. 

310 

311 DISCUSSION 

312 We investigated the potential of the two recently discovered bat rubulaviruses, AchPVl 

313 and AchPV2, to infect laboratory animals representing three species: fenet, guinea pig 

314 and mouse. Seroconversion to both Achimota viruses in fenets and guinea pigs indicated 

315 these animals were susceptible to infection, however mice did not seroconve1t to either 

316 virus. Due to their body size, mice were given a lower dose of inoculum, and were 

317 challenged intranasally, rather than via the oronasal route used for the fenets and guinea 

318 pigs. The difference in volume and inoculation route may account for the lack of 

319 seroconversion seen in the mice, however it is probably more likely that this species is 

320 resistant to infection. Higher levels of neutralising antibodies were observed in the fenets 
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and guinea pigs infected with AchPV2 compared to those infected with AchPV 1. This 

result reflected in vitro data where it was observed previously that AchPV2 consistently 

grows to a higher titre than AchPVl in vero and PaKi cell lines [15]. Additionally, 

respiratmy tract disease in one of two fe1Tets given either AchPVl or AchPV2 was seen 

in the observational studies, although it remains unclear if this was related to Achimota 

virus infection or was entirely due to co-infection by an unknown pathogen. AchPV2 was 

chosen for a time-course study based on two criteria: higher neutralising antibodies 

observed in fe1Tets and guinea pigs compared to AchPV 1, and previous evidence of 

human infection (AchPV2 neutralising antibodies). Given more time and resources, it 

would be wo11hwhile to do an additional time course study with AchPVl, to further 

investigate the differences between these two viruses. 

The AchPV2 time-course studies provided additional evidence that this virus can infect 

fe1Tets and guinea pigs and revealed viral replication sites and potential r�utes of 

transmission. Evidence of infection was supported by virus re-isolation from clinical 

specimens and post-mortem tissue samples, and viral antigen detection in tissues by 

quantitative real-time PCR and immunohistochemistry. Although there was evidence of 

mild malaise in infected fe1Tets (raised body temperature and weight loss), a distinct 

clinical syndrome with specific clinical signs was not identified in either fe1Tets or guinea 

pigs. Moreover, no histological lesions were attributed with confidence to infection by 

AchPV2. Mild tonsillitis, tracheitis and bronchiolitis were recorded in ferrets, but in some 

animals the lesions were identified without evidence of specific association with AchPV2 

antigen. The ferrets were sourced from a colony free of influenza and canine distemper 



344 virus, were clinically healthy at the time of exposure to AchPV2, and were not 

345 maintained on a particulate substrate. The pathogenesis of these legions remains 

346 unce1iain, although an oppo1iUnistic bacterial or other viral aetiology could not be 

347 excluded. In other tissues, such as bile duct epithelium and transitional epithelial cells of 

348 the bladder, viral antigen was seen without substantial inflammatory reaction or tissue 

349 lllJUly. 

350 

3 51 For fen-ets, following an incubation period of 5 to 6 days, AchPV2 was shed in oral and 

3 52 nasal secretions and the development of virus neutralising antibody was generally 

353 associated with virus clearance. The results of quantitative real-time PCR, virus re-

354 isolation and immunohistochemistly taken together identified the major sites of AchPV2 

355 replication in fe1Tets to be respiratory tract epithelium and associated lymphoid tissues. 

356 Although virus was not re-isolated from blood, the development of viremia may be 

357 inferred by confirmation of infection within spleen and urinaiy tract epithelium. In the 

358 absence of other clinico-pathological support for CNS infection, virus in blood may also 

359 account for the re-isolation of AchPV2 from one sample of fen-et brain tissue. 

360 

361 Although exposure to AchPV2 resulted in production of neutralising antibodies in guinea 

362 pigs, antibody titres were much lower than for the fe1Tets. Patterns of detection of viral 

363 RNA from guinea pigs were generally similar to those in fe1Tets, but virus was not 

364 recovered from guinea pigs and viral antigen was not demonstrated in their tissues. The 

365 sites of AchPV2 replication in guinea pigs, therefore, could not be dete1mined with 
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366 confidence. Our observations suggest that guinea pigs are less permissive to AchPV2 

367 infection than ferrets. 
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When assessing the spill-over potential and working up an animal model for a novel 

virus, it is imp01tant to use animals from more than one species. There is no reliable 

method to determine the best species simply by characterising the virus, which is a big 

limitation of using virus discovery as a stand-alone surveillance strategy for zoonotic 

pathogen discovery. Therefore, it is only possible to do what is practical and feasible in 

terms of assessing potential spill-over hosts. Small laborato1y animals such as ferrets, 

guinea pigs and mice, representing different mammalian orders or families, offer the most 

practical advantages for testing spill-over potential and, in this study, were a panel that 

demonstrated discriminatory power for the infection potential of the novel viruses tested. 

The continued search for novel viruses in wildlife species, paiticularly in regions of the 

world where encroachment of humans and livestock into wildlife habitats is increasing, 

such as sub-Saharan Africa, is imperative if we are going to be able to identify disease in 

these regions caused by novel pathogens. New discoveries of wildlife viruses alone, 

however, will not inf01m risks to livestock or public health. Viral phylogeny and other 

signals of spill-over potential, such as the serosurveillance results that guided this study, 

are required to identify potential new health threats [22]. The Achimota viruses described 

in this paper demonstrate ability to cross the species barrier and may be causing 

undiagnosed disease in domesticated animals and humans within the wide geographical 

388 range of the bat reservoir species, Eidolon helvum.
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390 MATERIALS AND METHODS 

391 Animals, accommodation, handling and biosafety 

3 92 F enets were acquired from a colony free of infection by influenza H 1 and H3 subtypes. 

393 Two male ferrets aged 11 13 months, four female guinea pigs, five female Balb-C mice 

394 aged 12 wks, and five female BalbC mice aged over 12 months were used in each of the 

395 AchPVl and AchPV2 observational studies. Eight female fenets and eight female guinea 

396 pigs were used for the AchPV2 time course study. The animal husbandry methods and 

397 experimental design were endorsed by the CSIRO Australian Animal Health 

398 Laborato1y's Animal Ethics Committee (approvals AEC 1608 and AEC 1621). Animals 

399 were housed at BSL-3 in conventional caging systems to facilitate the expression and 

400 monitoring of natural behaviours, given complete premium dty food appropriate to the 

401 species, dietary treats, and provided with water ad libitum. Room temperature was 

402 maintained at 22°C with 15 air changes per hour; and humidity varied between 40 and 

403 60%. Before manipulation such as exposure to virus, collection of clinical samples, or 

404 euthanasia, animals were immobilised with a mixture of ketamine HCl (Ketamil®: 5 

405 mg/kg in fenets, 16mg/kg in guinea pigs, 75mg/kg in mice) and medetomidine 

406 (Domitor®: 50 µg/kg in ferrets, 20 µg/kg in guinea pigs, lmg/kg in mice) by 

407 intramuscular or intraperitoneal (mice) injection. Where indicated, reversal was achieved 

408 with atipamazole (Antisedan®) administered by intramuscular (ferrets) or intraperitoneal 

409 (guinea pigs and mice) injection at 50 % of the medetomidine volume. All animals were 

410 implanted subcutaneously with temperature-sensing microchips (Lifechip®). Staff wore 
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411 powered air purifying respirators; coveralls, impervious gloves and boots while in animal 

412 rooms. 

413 

414 Animal infections and sampling 

415 
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For the observational studies, animals were exposed to either AchPVl or AchPV2, 

isolated, grown and titrated in vero cells. After initial virus isolation, a parent stock of 

each virus was grown in vero cells. These parent stocks were then purified by three 

rounds of limiting dilution in vero cells. Finally, an animal inoculation stock was 

prepared from the third limiting dilution, resulting in a passage number of 6 times in vero 

cells from original isolation. The sequence of the animal inoculation stock was not 

compared to the original sequence of the isolated virus. Ferrets and guinea pigs were 

given 105 TCIDso oronasally in 1 ml of inoculum (500 µl oral and 500 µl nasal), and mice 

were given 103 TCIDso intranasally in 50 µl of inoculum. General clinical observations 

were documented daily prior to as well as post challenge (pc). Animals were weighed and 

their temperatures recorded daily. Animals were euthanased at either a predete1mined 

humane endpoint or 21 days pc. Blood was collected for serology prior to virus exposure 

and at euthanasia. Tissues were not collected for the observational studies. 

For the subsequent time course studies, fenets and guinea pigs were exposed oronasally 

to 105 TCIDso AchPV2, prepared as described above, in 1 ml of inoculum (500 µl oral 

and 500 µl nasal). Two animals were pre-allocated for euthanasia on each of days 6, 8, 10 

and 21 pc. Nasal washes (feITets only), oral and rectal swabs and blood samples, both in 

EDTA and for serum preparation, were collected from all available animals at days 2, 4, 



434 6, 8, 10 and 21 pc. Clinical samples were collected into tubes containing PBS with 

435 antibiotic-antimycotic (Invitrogen) for vims isolation and into tubes containing 

436 MagMAX viral lysis buffer (Ambion) for RNA extraction. While under anaesthesia, 

43 7 rectal temperatures of fenets were recorded by digital thermometer. 

438 

439 At post mortem examination of animals used for the AchPV2 time course study, the 

440 following tissues were collected for histology, immunohistochemistry, viral genome 

441 detection and vims isolation: nasal turbinates, tonsil, retropharyngeal lymph node, 

442 trachea, lung, hilar lymph node, bronchial lymph node, spleen, heart, kidney, liver, 

443 bladder and brain. Stomach, small and large intestine, pancreas, adrenal gland, ovary and 

444 utems were also collected for histology and immunohistochemistry. Tissues were 

445 collected into tubes containing either neutral buffered 10% fo1malin (for histology and 

446 immunohistochemistry) or PBS plus antibiotic-antimycotic (Invitrogen) and 

44 7 homogenisation beads, homogenised using a bead beater, and clarified by centrifugation 

448 (for vims isolation or viral RNA detection). 

449 

450 RNA extraction and Reverse Transcriptase-quantitative Polymerase Chain 

451 Reaction 

452 For viral genome detection, RNA was extracted from tissue, blood and swab samples 

453 using the MagMAX viral RNA isolation kit (Ambion) following the manufacturers 

454 guidelines. A novel Reverse Transcriptase-quantitative Polymerase Chain Reaction (RT-

455 qPCR), was designed that specifically targets the nucleoprotein gene (N-gene) of 

456 AchPV2. For the design process, the N-gene sequence of AchPV2 (Jx:051320), as well as 
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457 

458 

459 

460 

461 

462 

463 

464 

465 

466 

467 

468 

469 

470 

471 

other closely related paramyxoviruses including SosPV, MenPV and TioPV, was 

retrieved from GenBank. Subsequently, sequence alignments were performed using 

Geneious software (Version 8.1, Biomatters). Potential primer and probe regions 

distinctive of AchPV2 were identified from these alignments and candidate primers and 

probes assessed using the Primer Express 3.0.1 program (Thermofisher-Applied 

Biosystems). An assay targeting the 625-700 bp region of AchPV2 (JX051320), consists 

of forward primer: D-715 (5'-GCAGGTCTGGATCACAGTATGC -3'), reverse primer 

D-716 (5'-TGCCAGTCGCCTCTCATCT -3'), and probe

D-717 (5' [FAM]-TGCATGACAGCATATGATCAGCCCACT-[BHQ-1)-3'. The

optimized primer and probe concentrations and assay conditions were as follows: forward 

primer (D-715) and reverse primer (D-716): 300 nM, probe (D-716): 200 nM. Reactions 

were perfonned using AgPath-ID One-Step RT-PCR Kit (Thermofisher-Ambion) on an 

AB7500 Fast instrument using the thermal cycle: 1 cycle of 45 °C 10 min, 95 °C 10 min 

followed by 45 cycles of 95 °C 15 sec, 60 °C 45 sec. For interpretation ofresults 

duplicate samples producing an average cycle threshold (Ct) less tha� 38 were considered 

472 positive. 

473 

474 Virus isolation 

475 Vero cell monolayers were grown in 96 well tissue culture plates to 80 % conflue.ncy in 

476 cell media (Minimal Essential Medium containing Earle's salts and supplemented with 2 

477 mM glutamine; antibiotic-antimycotic and 10 % fetal calf serum). 

4 78 Swab media and blood were serially diluted 10 fold and 50 µl added to each well. 

479 Supernatant from centrifuged tissue homogenate was serially diluted 10 fold and 50 µl 



480 added to each well. Vero cell monolayers were observed for viral CPE seven days post 

481 infection. 

482 

483 Serology 

484 Serum was collected prior to viral challenge and again at euthanasia, and tested using a 

485 standard virus neutralisation test. Serial two-fold dilutions of test sera were prepared in 

486 duplicate in a 96-well tissue culture plate in 50 µL cell media (Minimal Essential 

487 Medium containing Earle's salts and supplemented with 2 mM glutamine, antibiotic-

488 antimycotic and 10 % fetal calf serum). An equal volume of either AchPVl or AchPV2 

489 working stock containing 200 TCIDso was added and the virus-sera mix incubated for 30 

490 min at 3 7 °C in a humidified 5 % CO2 incubator. 100 µL of Vero cell suspension 

491 containing 2 x 105 cells/mL was added and the plate incubated at 37 °C in a  humidified 5 

492 % CO2 incubator. The plate was observed for viral CPE after seven days and the serum 

493 neutralisation titre determined. 

494 

495 Histology and immunohistochemistry 

496 Fo1malin-fixed tissues were processed into paraffin wax and prepared into 4 µm thick 

497 sections using routine histological methods. For immunohistochemistty, antigen retrieval 

498 was perfo1med using the DAKO PT LINK machine (Dako, Glostrup, Denmark) by 

499 heating the tissue sections to 97 °C for 30 minutes and then cooling to 70 °C in the 

500 Envision Flex Target high pH retrieval solution (DAKO) and washing for 5 minutes in 

501 Tris Buffer. After this, endogenous peroxidases were quenched by the addition of 3 % 

502 H202 solution. Tissue sections were then incubated with the primary antibody, polyclonal 



( 

503 rabbit antisera raised against AchPV2, at a dilution of 1 :2000. The visualization system 

504 used was Envision FLEX /horseradish peroxidase (HRP) conjugated with 3-Amino-9-

505 Ethylcarbazole (AEC) chromogen (DAKO AEC + substrate chromagen K3469). Slides 

506 were then counterstained with Lillie-Mayer haematoxylin (Australian Biostain, 

507 Traralgon, Australia) and Scotts tap water before mounting. A duplicate set of tissue 

508 sections were stained with hematoxylin and eosin stain for histological examination using 

509 routine methods. 

510 

511 Statistical analysis 

512 In the time-course study, bodyweights and rectal temperatures of fenets, and 

513 bodyweights and microchip temperatures of guinea pigs, up to and including day 6 pc 

514 were compared using a repeated measures ANOVA followed by Dunnett's multiple 

515 comparisons test (GraphPad Prism 7.02). 

516 
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536 AchPV2: Achimota paramyxovirus 2 

53 7 BALT: Bronchus-associated lymphoid tissue 

538 BSL: Biosafety Level 

539 CNS: Central nervous system 

540 CSIRO: Commonwealth Scientific and Industrial Research Organisation 

541 Ct: Cycle threshold 

542 CPE: Cytopathic effect 

543 EboV: Ebola virus 

544 GALT: Gut associated lymphoid tissue 

545 HeV: Hendra virus 

546 MERS: Middle East Respiratory Syndrome 

547 MenPV: Menangle paramyxovirus 

548 NA: Not available 
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549 NiV: Nipah virus 

550 NSW: New South Wales 

551 Pc: Post challenge 

552 PaKi: Pteropus alecto kidney 

553 SARS: Severe Acute Respiratory Syndrome 

554 SosPV: Sosuga paramyxovirus 

555 SNT: Serum neutralisation test 

556 TioPV: Tioman paramyxovirus 
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636 Figure legends 

637 
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638 Figure 1. Viral antigen in bronchiolar epithelial cells and BALT in fenet #9 (polyclonal 

639 rabbit anti-AchPV2): note also intralurninal acute inflammatory infiltrate, of uncertain 

640 pathogenic significance. 

641 

642 Figure 2. Analysis of virus infection in fenets by RNA detection and vims isolation. 

643 Average cycle threshold (Ct) values were obtained from testing tissues from AchPV2 

644 fenets using RT-qPCR. Stars indicate samples that AchPV2 was re-isolated from. 

645 

646 Figure 3. Analysis of virus infection in guinea pigs by RNA detection and vims isolation. 

647 Average cycle threshold (Ct) values were obtained from testing tissues from AchPV2 

648 guinea pigs using RT-qPCR. AchPV2 was unable to be re-isolated from any sample. 

649 

650 Table 1. The serum neutralisation titres against AchPVl and AchPV2 for fenet and 

651 guinea pig serum collected 21 days pc. The semm collected from the animals pre-

652 challenge ( day 0) were all negative. Mouse sera were also tested but the data is not shown 

653 as they didn't seroconvert. 

AchPVl 

Animal SNT Titre 

Fenet 1 1:320 

Fenet 2* 1:80 

Guinea Pig 1 1:40 

Guinea Pig 2 1 :80 

Guinea Pig 3 1:320 

Guinea Pig 4 1 :80 

AchPV2 

Animal SNT Titre 

Fenet 1 >1:1280

Ferret 2 1: 1280 

Guinea Pig 1 1:160 

Guinea Pig 2 1:40 

Guinea Pig 3 1:80 

Guinea Pig 4 1:320 

654 *This animal became ill and was euthanized at day 14 pc instead of day 21 pc.

655 

656 



657 

658 Table 2. Analysis of viral shedding and viraemia in fe1Tets by RNA detection and vims 

659 isolation. Average cycle threshold (Ct) values were obtained from testing oral and rectal 

660 swabs, nasal washes and blood from AchPV2 feITets using RT-qPCR. 

661 KEY: - indicates sample was negative (Av Ct >38); NA indicates sample was unavailable 

662 for testing; * indicates vims re-isolated at neat dilution; ** indicates virus re-isolated at 

663 1:5 dilution and*** indicates virus re-isolated at 1:50 dilution 

664 

Days Post Challenge 

Sample 0 2 4 6 8 

Oral Swab - - 32.9 24.4 *** 

Ferret Rectal swab - - 34.1 24.9 ** 

9 Nasal wash - 36.8 33 26 *** 

Blood - - NA 31.5 

Oral Swab - - 32.10 21.8 

Ferret Rectal swab - - 29.50 22.6 

12 Nasal wash - - 31.40 25.1 

Blood - 35.9 26.50 NA 

Oral Swab - 36.9 31.90 33 

Ferret Rectal swab - - 32.20 24.8 

14 Nasal wash - - 31.40 27.1 

Blood - 37.8 29.10 28.7 

Oral Swab - 34.5 32.50 22.2 * 24 * 

Ferret Rectal swab - - 32.00 22.6 23 

16 Nasal wash - - 34.10 28.3 27 ** 

Blood - - 31.30 30.1 20.9 

Oral Swab - 36 31.50 23.5 24 

Ferret Rectal swab - - 29.50 22.8 23.4 

13 Nasal wash - - 33.60 25.9 22.3 

Blood - - 29.40 29.2 30.8 

Oral Swab - - . 31.9 22.9 *** 22 

Ferret Rectal swab - - 30.9 22 19.6 

11 Nasal wash - - 32.00 24.8 22.8 

Blood - - 28.90 NA 27.3 

10 

23.60 

23.70 

24.50 

34.00 

25.30 

25.50 

25.00 

36.10 

21 
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665 

666 

Ferret 

15 

Ferret 

10 

Oral Swab 

Rectal swab 

Nasal wash 

Blood 

Oral Swab 

Rectal swab 

Nasal wash 

Blood 

- 35 

- -

- 34.3 

- -

- -

- -

- 37 

- -

32.90 25.8 20.9 26.50 

31.30 23.2 22.5 23.70 

34.20 26.3 25 25.30 

24.70 NA 24 36.00 

30.5 30.3 23.3 27.00 

29 23.6 22.4 27.00 

31.9 25.3 ** 24.6 26.30 

- NA NA 33.80 

667 Table 3. Analysis of viral shedding and viraemia in guinea pigs by RNA detection and 

668 virus isolation. Average cycle threshold (Ct) values were obtained from testing oral and 

669 rectal swabs and blood from AchPV2 guinea pigs using RT-qPCR. AchPV2 was unable 

670 to be re-isolated from any sample. 

671 KEY: - indicates sample was negative (Av Ct >38) 

Days Post Challenge 

Sample 0 2 4 6 8 

Oral Swab - - - -

Guinea 
Rectal swab 

Pig 1 
- - - -

Blood - - - -

Oral Swab - - - 37.74 
Guinea 

Rectal swab - - - -

Pig 2 
Blood 35.25 - - -

Oral Swab - - - - 36.44 
Guinea 

Rectal swab 35.09 
Pig 3 

- - - -

Blood - - - - 34.71 

Oral Swab - - - - -

Guinea 
Rectal swab 37.31 

Pig 4 
- - - -

Blood - - - - -

Oral Swab - - - - -

Guinea 
Rectal swab 

Pig 5 
- - - - -

Blood - - - - -

Guinea Oral Swab - - - - -

Pig 6 Rectal swab - - - - -

10 

-

-

-

-

-

30 

29 

30.5 

30 

31.2 

32.5 

28.5 

-

21 



672 

673 

674 

Guinea 

Pig 7 

Guinea 

Pig 8 

Blood - -

Oral Swab - -

Rectal swab - -

Blood - -

Oral Swab - -

Rectal swab - -

Blood -
-

- - -

- - - -

- - 35.39 34.97 

- - - -

- - - -

- - 33.98 -

- - - -

675 Table 4. The serum neutralisation titres against AchPV2 for feITet and guinea pig serum 

-

-

-

-

-

-

676 collected on days 6, 8, 10 and 21 pc. Sera collected on day 2 and 4 pc were also tested but 

677 were negative for neutralising antibodies ( data not shown). 

Animal 
SNT 

Animal 
Titre 

Ferret 9* (Day6) 1:20 G .Pig 1 (Day6) 

Ferret 12 (Day6) 1:40 G.pig 2 (Day6)

FeITet 14 (Day6) 1:640 G.Pig 3 (Day8)

FeITet 16 (Day8) 1:640 G.pig 4 (Day8)

Ferret 11 (Dayl 0) 1:640 G.Pig 5 (DaylO)

Ferret 13 (DaylO) >1:1280 G.pig 6 (DaylO)

Ferret 10 (Day21) > 1 :1280 G.Pig 7 (Day21)

Ferret 15 (Day21) > 1: 1280 G.pig 8 (Day21)

SNT 

Titre 

1:20 

1:20 

1:20 

1:20 

1:40 

1:40 

1:160 

1: 160 

678 *This animal became ill and was euthanized at day 6 pc instead of day 8 pc

679 

680 
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2 4  Abstract 

2 5  Novel emerging zoonotic viruses pose a great threat to public health and viral spillover 

2 6  events originating from wildlife account for many newly recognised diseases of people. 

27 Bats are implicated as the natural reservoirs for several highly pathogenic viruses that can 

28 infect other animal species, including man. Here, we investigate the potential for two 

2 9  recently discovered bat rubulaviruses, Achimota virus 1 (AchPVl) and Achimota virus 2 

30 (AchPV2), isolated from urine collected under urban bat (Eidolon helvum) roosts in 

31 Ghana, West Africa, to infect small laborat01y animals. AchPVl and AchPV2 are 

32 classified in the family Paramyxoviridae and cluster with other bat derived zoonotic 

33 rubulaviruses (i.e. Sosuga, Menangle and Tioman viruses). To assess the susceptibility of 

34 AchPVl and AchPV2 in animals, infection studies were conducted in fenets, guinea pigs 

35 and mice. Seroconversion, immunohistological evidence of infection, and viral shedding 

36 were identified in ferrets and guinea pigs, but not in mice. Infection was associated with 

3 7 respirat01y disease in fenets. These results indicate Achimota viruses are able to cross the 

3 8 species barrier and may infect domesticated animals and humans in areas of Africa where 

39 infected reservoir hosts are widely distributed. 

40 
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67 

New and emerging viral infections impose a significant burden on human health and on 

the world economy. The majority of emerging infectious diseases affecting humans today 

are of animal origin, with approximately three quarters arising from wildlife [ l ]. Bats 

have been shown to harbour more zoonotic vims es than other mammalian species [2 & 3] 

and are implicated in outbreaks of a number of highly pathogenic zoonotic vimses, 

including filovimses, coronavimses, paramyxovimses and reovimses. Ebola vims (Ebo V) 

RNA and antibodies have been discovered in African fruit bats [ 4]. The largest human 

outbreak of EboV occurred in West Africa in 2013-2014, resulting in nearly 30,000 

infections and 11,000 deaths and took over a year to contain [5]. SARS coronavirus 

emerged in China in 2002 and infected over 8000 people causing 774 deaths [6] and the 

MERS coronavims continues to infect people and cause death in the Middle East [7]. 

Bats have since been found to harbour a multitude of coronavimses closely related to 

SARS and MERS [8 & 9]. Pteropid bats are the reservoir hosts for the deadly 

henipavimses, Nipah vims (NiV) and Hendra vims (HeV) [10 & 11]. NiV continues to 

cause fatal encephalitis in humans almost annually in Bangladesh, while HeV has spilled­

over into horses in Australia nearly every year since 2004 and has killed four people [12 

& 13]. Orthoreovimses have been isolated from bats and humans in Southeast Asia where 

they have caused flu-like illness in people [ 14]. Known zoonotic vims es of bat origin 

continue to be of concern for human and animal health, and active surveillance provides 

our best option for monitoring these agents as well as identifying novel pathogens of 

68 zoonotic potential. 

69 

III 



70 The recently discovered rubulaviruses, Achimota virus 1 and Achimota virus 2 (AchPVl 

71 and AchPV2), were isolated from bat (Eidolon helvum) urine samples collected beneath 

72 urban bat roosts in Ghana, West Africa [15]. AchPVl and AchPV2 are newly recognised 

73 viral species in the family Paramyxoviridae, where they cluster with other bat 

74 rubulaviruses. Despite being discovered in the same study, the AchPVs are not nearest-

75 phylogenetic relatives and share only 31 to 64% protein amino acid identities [ 15]. Their 

76 relationship to each other is similar to their relationships with other bat rubulaviruses 

77 such as Sosuga (SosPV), Menangle (MenPV) and Tioman (TioPV) viruses (sharing 58-

78 70% N protein amino acid sequence identities ), which have been shown to cause human 

79 infection. SosPV was isolated from a wildlife biologist studying bats and rodents in 

8 0  Africa in 2012 and is believed to be the causative agent for a severe flu-like illness and 

8 1  skin rash [ 16]. Follow up investigations revealed the presence of this virus in the spleen 

82 of Rousettus aegyptiacus bats [ 17]. MenPV first emerged in a pigge1y in NSW, Australia, 

83  in 1997 causing reproductive disease in pigs [18 ]. Two piggery workers had flu-like 

8 4  illness during the outbreak and were later found to have MenPV neutralising antibodies. 

8 5  Serological evidence of MenPV infection was also found in flying foxes roosting near the 

86 piggery and the virus was later isolated from Pteropus alecto urine [ 18 & 19]. TioPV was 

87 isolated from pteropid bat urine on Tioman Island in 2001 during the search for the 

88  reservoir host ofNipah virus [20]. It was later found that humans on the island had 

89 neutralising antibodies to  TioPV, although no associated disease has been reported [21]. 

90 

91 Based on what is known of these closely related bat rubulaviruses, the potential of 

92 AchPV 1 and AchPV2 to infect and cause disease in other species is wo1thy of further 
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116 One of the two fenets exposed to AchPVl remained clinically well and was electively 

117 euthanased at the end of experiment on day 21 pc. The other fenet showed signs of upper 

118 respiratory tract infection (sneezing, coughing) and weight loss from day 1 pc, and was 

119 euthanased at day 14 pc when it had reached a predetermined humane endpoint of 10 % 

120 bodyweight loss. Post mortem examination revealed a pleural effusion and 

121 bronchopneumonia of the right intennediate lung lobe. Each fenet developed neutralising 

122 antibody against AchPVl, with titres of 1:320 (healthy) and 1:80 (ill) (Table 1). 

123 

124 One of two fenets exposed to AchPV2 remained clinically well and was electively 

125 euthanased at the end of the experiment on day 21 pc. The other ferret maintained normal 

126 play activity but showed signs of upper respiratory tract infection (sneezing, purulent 

127 nasal discharge) from day 3 pc and which resolved by day 11 pc. The animal was 

128 electively euthanased at the end of the experiment on day 21 pc. Each fenet developed 

129 neutralising antibody against AchPV2, with titres> 1: 1280 (healthy) and 1: 1280 

130 (ill/recovered) (Table 1). 

131 

132 In summary, it is unclear whether the signs of respirato1y tract disease in one of two 

133 fenets given either AchPVl or AchPV2 were attributable to infection by the challenge 

134 vims or by co-infection of an unknown pathogen. As higher neutralising antibody titres 

135 were observed in fenets infected with AchPV2, and as there was prior serological 

136 evidence of this vims in people, AchPV2 was selected for a time-course study with 

13 7 fenets. 

138 
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139 Observational study with AchPVl and AchPV2 in guinea pigs 

140 Four adult female guinea pigs were given 105 TCIDso AchPVl oronasally in 1 ml of 

141 inoculum and another four adult female guinea pigs were given 105 TC ID so AchPV2 

142 oronasally in 1 ml of inoculum. The animals were observed daily for clinical signs and 

143 then electively euthanased at 21 days pc. 

144 

145 All four guinea pigs exposed to AchPVl remained clinically well and were electively 

146 euthanased on day 21 pc. Each guinea pig developed neutralising antibody against 

( 
147 AchPVl, with titres of 1:320, 1:80, 1:80 and 1:40 (Table 1). Similarly, all four guinea 

148 pigs exposed to AchPV2 remained clinically well and were electively euthanased on day 

149 21 pc. Each guinea pig developed neutralising antibody against AchPV2, with titres of 

150 1:320, 1:160, 1:80 and 1:40 (Table 1). 

151 

152 Based on the same rationale as for ferrets, AchPV2 was selected for a time-course study 

153 with guinea pigs. 

154 

155 Observational study with AchPVl and AchPV2 in mice 

156 Ten mice (five female Balb-C mice aged 12 weeks and five female BalbC mice aged over 

157 12 months) were given 103 TCIDso AchPVl intranasally in 50 µl of inoculum and 

158 another ten mice (five female Balb-C mice aged 12 weeks and five female BalbC mice 

159 aged over 12 months) were given 103 TCIDso AchPV2 intranasally in 50 µl of inoculum. 

160 The animals were observed daily for clinical signs and then electively euthanased at 21 

161 days pc. 
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163 All ten mice exposed to AchPVl remained clinically well and were electively euthanased 

164 on day 21 pc. Neutralising antibody against AchPVl was not detected in any mouse. 

165 Likewise, all ten mice exposed to AchPV2 remained clinically well and were electively 

166 euthanased on day 21 pc. Neutralising antibody against AchPV2 was not detected in any 

167 mouse. As mice had no detectable signs of disease and did not seroconve11 to either 

168 AchPVl or AchPV2, no further studies were conducted with mice. 

169 

170 Time course study with AchPV2 in ferrets 

171 1. Clinical and Pathological findings

172 For this study, eight adult female fen-ets were given 105 TCIDso AchPV2 oronasally in 1

173 ml of inoculum and then two animals were pre-allocated for euthanasia on each of days 6, 

17 4 8, 10 and 21 pc. All eight fe1Tets in this study showed a mild but significant increase in 

175 rectal temperature over baseline on day 4 pc (p  0.02), and a mild but significant loss of 

176 bodyweight compared to baseline on days 4 (p  0.03) and 5 (p = 0.0004) pc. Otherwise, 

177 the animals remained clinically well until elective euthanasia, apai1 from one of two 

178 fen-ets scheduled for euthanasia on day 8 pc. This fe1Tet (#9) showed signs of upper 

179 respirato1y tract infection (sneezing, serous and then purulent nasal discharge) between 

180 days 2 and 6 pc and was euthanased on humane grounds on day 6 pc following markedly 

181 decreased play activity. Other than fe1Tet #9, no significant gross abnormalities were 

182 observed at post mortem examination in any of the fen-ets. 

183 
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1:he three fen-ets euthanased on day 6 pc had minor histopathological changes associated 

with viral replication. Fen-et #12 (day 6 pc) showed very mild acute bronchiolitis. 

Immunohistochemistry revealed viral antigen in genninal centres of the retropharyngeal 

lymph node but not in other tissues. In fen-et #14 (day 6 pc), significant histopathological 

changes were confined to mild acute tonsillitis, and viral antigen was detected in the 

tonsillar and pharyngeal epithelium, retrophaiyngeal lymph node (particularly the 

parafollicular areas), bronchial epithelial cells, bronchus-associated lymphoid tissues 

(BALT), perivascular spindle cells in lung, and germinal centres and periarteriolar 

lymphoid sheaths of the spleen. In fen-et #9, euthanased on day 6 pc with respiratory 

disease, there was moderately severe acute bronchiolitis, hyperplasia of the BALT, 

excess mucus production by bronchial glands, and focal lipoid pneumonia consistent with 

chronic bronchial disease. Post mortem examination of ferret #9 also revealed marked 

nodular hyperplasia of the liver with hepatic steatosis, but this lesion was considered to 

be unrelated to vims exposure as no AchPV2 viral antigen was detected in the liver. 

In fen-et #9, AchPV2 viral antigen was identified in tonsillar and pharyngeal epithelium, 

germinal centres, parafollicular area and medulla of the retropharyngeal lymph node, 

tracheal epithelium, bronchial and bronchiolar epithelium (Fig. I), BAL T and 

perivascular connective tissues of the lung, bronchial and mediastinal lymph node, 

periarteriolar lymphoid sheaths and red pulp of the spleen, mononuclear cells in the 

intestinal lamina propria and cells either within or lining the hepatic sinusoids. 
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206 In the single fe1Tet euthanased on day 8 pc (fe1Tet #16), there was mild focal acute 

207 tracheitis and bronchiolitis. The distribution of viral antigen was similar to fe1Tet #9, with 

208 the addition of occasional bile duct epithelial cells and mononuclear cens of the portal 

209 triads, gut associated lymphoid tissue (GALT), and transitional epithelial cells in the 

210 bladder. 

211 

212 The two ferrets killed on day 10 pc showed only small amounts of viral detection by 

213 immunohistochemistiy. Ferret #11 (day 10 pc) had mild focal acute bronchiolitis, and 

214 detection of viral antigen was limited to small amounts in tonsillar lymphoid tissue, 

215 bronchiolar epithelial cells, periarteriolar lymphoid sheaths of the spleen, and a diffuse 

216 scattering throughout the retropharyngeal lymph node. Fe1Tet #13 (day 10 pc) also 

217 showed very mild acute bronchiolitis, with AchPV2 viral antigen confined to scattered 

218 gastric epithelial cells, GALT, and sparse deposits throughout tonsillar lymphoid tissue, 

219 bronchial and retropharyngeal lymph nodes. 

220 

221 Of the two fe1Tets killed on day 21 pc, one (ferret #15) had very mild acute bronchiolitis 

222 and tracheitis and one had no detectable lesions. AchPV2 viral antigen was not detected 

223 in any tissue from either of these two ferrets. 

224 

225 2. Detection of viral genomes

226 AchPV2 RNA was detected by RT-qPCR in the oral swabs of 4 ferrets on day 2 pc and in 

227 all ferrets by day 4 pc until euthanasia: the highest levels were typically recorded on day 

228 6 or 8 pc (Table 2). Similar results were seen for the nasal washes: viral RNA was 
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233 

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

detected in 3 ferrets on day 2 pc, and in all ferrets by day 4 pc until euthanasia, the 

highest levels typically were recorded on day 6 or 8 pc. Rectal swabs first detected 

AchPV2 on day 4 pc, when all ferrets were positive, the highest levels occurred on day 6 

or 8 pc. Viral RNA was commonly detected in blood samples from days 2 to 21 pc. 

Where viral RNA was found in successive blood samples from individual animals, 

highest levels were recorded on day 6 or 8 pc (Table 2). 

All tissue samples analysed from ferrets #9, #12 and #14 euthanased on day 6 pc were 

positive for viral RNA (data summarised in Fig. II), with the highest levels in bronchial 

and retropharyngeal lymph nodes and the lowest levels in heai1, kidney and brain. Each 

tissue sample tested from ferret #16 (euthanased 8 days pc) was also positive for viral 

RNA, with the highest reading in retrophaiyngeal lymph node. On day 10 pc, ferrets #11 

and #13 exhibited generally similar distribution and quantities of viral RNA to the 

animals above. However, on day 21 pc the levels of viral RNA in fe1Tets #10 and #15 

were substantially lower, and largely limited to the retropharyngeal and bronchial lymph 

244 nodes and the spleen. 

245 

246 3. Virus isolation

24 7 Vims was reisolated from the nasal wash and from the oral and rectal swabs of ferret #9 

248 on day 6 pc, the nasal wash of ferret # 10 on day 6 pc, the oral swab of ferret # 11 on day 6 

249 pc, and from the oral swabs of ferret # 16 on days 6 and 8 pc, plus the nasal wash of this 

250 ferret on day 8 pc (Table 2). 

251 
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252 Virus was reisolated from ferrets killed on day 6 pc from tonsil, bronchial and 

253 retropharyngeal lymph nodes, lung and brain (ferret #9); trachea, tonsil, bronchial and 

254 retropharyngeal lymph nodes, and bladder (fe1Tet #12); and tonsil and bronchial and 

255 retropharyngeal lymph nodes (ferret #14) (Fig. II). Vims was reisolated from tonsil and 

256 trachea of feffet #16 (which was killed on day 8 pc) and from the retrophaiyngeal lymph 

257 node and kidney of ferret #13 (day 10 pc), but not from ferret #11 (day 10 pc). Vims re-

258 isolation from feffets killed on day 21 pc was limited to the retropha1yngeal lymph node 

259 of ferret #15. 

260 

261 4. Serology

262 No neutralising antibodies were observed at day 2 or 4 pc but by day 6 low levels of 

263 neutralising antibodies were detected in the ferrets (Table 4). They showed an increase in 

264 neutralising antibody titre across the time points, with the animals bled at day 21 pc 

265 having neutralising antibody titres> 1: 1280. 

266 

267 Time course study with AchPV2 in guinea pigs 

268 J. Clinical and Pathological findings

269 For this study, eight adult female guinea pigs were given 105 TCIDso AchPV2 oronasally 

270 in 1 ml of inoculum and then two animals were pre-allocated for euthanasia on each of 

271 days 6, 8, 10 and 21 pc. In guinea pigs, there were no significant differences in 

272 temperature or bodyweight over baseline up to day 6 pc, and the animals remained 

273 clinically healthy until elective euthanasia. No significant gross abnormalities were 

274 observed at post mortem examination, apart from enlarged bronchial lymph nodes in one 
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276 

277 

278 

279 

280 

281 

guinea pig euthanased on day 6 pc. The only histopathological changes observed were: 

mild acute tracheitis in all animals, two animals with mild acute bronchitis and/or 

bronchiolitis, and four with mild chronic interstitial pneumonia attributable to inhalation 

of plant material. In contrast to the observations in fe1Tets, the pattern of respiratory tract 

lesions did not co1Telate with the time post-exposure to AchPV2; very few 

histopathological changes were observed and all sections of tissues from all guinea pigs 

were negative for AchPV2 antigen by immunohistochemistry. 

282 

283 2. Detection of viral genomes

284 

285 

286 

287 

Low levels of AchPV2 were detected in the oral swab of one guinea pig on day 6 pc and 

of another on day 8 pc (Table 3). Rectal swabs were positive in four of six guinea pigs on 

day 8 pc, and from one guinea pig on day 10 pc. Viral RNA was found in the blood of 

one guinea pig on day 6 pc and of another on day 8 pc (both of which had viral RNA-

288 positive oral swabs at these times). 

289 

290 Most tissue samples analysed from guinea pigs euthanased on day 6 and 8 pc were 

291 positive for viral RNA (data summarised in Fig. III), with highest levels present in nasal 

292 turbinates, bronchial and retropharyngeal lymph nodes, and spleen, and lower levels in 

293 trachea, lung, and liver. Detection was lowest and inconsistent from heart, kidney and 

294 brain. By day 10 pc, viral genome detection was limited to bronchial and/or 

295 retropharyngeal lymph nodes, lung, spleen, and nasal turbinates (one of two animals). On 

296 day 21 pc, one guinea pig was negative by R T-qPCR for all tissues; in the other, viral 

297 genome was detected only in bronchial lymph node and spleen. 
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299 3. Virus isolation

300 Virus was not reisolated from any of the clinical samples, including those that were 

301 positive by AchPV2-specific RT-qPCR (Table 3). In addition, virus was not reisolated 

302 from any tissue sample, including those that were positive by AchPV2-specific RT-qPCR 

303 (Fig. III). 

304 

305 4. Serology

306 No neutralising antibodies were observed at day 2 or 4 pc but by day 6 low levels of 

307 neutralising antibodies were detected in the guinea pigs (Table 4). There was a slight 

308 increase in neutralising antibody titre across the time points with a titre of 1: 160 by day 

309 21 pc. 

310 

311 DISCUSSION 

312 We investigated the potential of the two recently discovered bat rubulaviruses, AchPVl 

313 and AchPV2, to infect laboratory animals representing three species: fen-et, guinea pig 

314 and mouse. Seroconversion to both Achimota viruses in fen-ets and guinea pigs indicated 

315 these animals were susceptible to infection, however mice did not seroconvert to either 

316 virus. Due to their body size, mice were given a lower dose of inoculum, and were 

317 challenged intranasally, rather than via the oronasal route used for the fen-ets and guinea 

318 pigs. The difference in volume and inoculation route may account for the lack of 

319 seroconversion seen in the mice, however it is probably more likely that this species is 

320 resistant to infection. Higher levels of neutralising antibodies were observed in the fen-ets 
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344 virus, were clinically healthy at the time of exposure to AchPV2, and were not 

345 maintained on a particulate substrate. The pathogenesis of these legions remains 

346 uncertain, although an opportunistic bacterial or other viral aetiology could not be 

347 excluded. In other tissues, such as bile duct epithelium and transitional epithelial cells of 

348 the bladder, viral antigen was seen without substantial inflammato1y reaction or tissue 

349 mJury. 

350 

351 For ferrets, following an incubation period of 5 to 6 days, AchPV2 was shed in oral and 

352 nasal secretions and the development of virus neutralising antibody was generally 

353 associated with virus clearance. The results of quantitative real-time PCR, virus re-

354 isolation and imtnunohistochemistiy taken together identified the major sites of AchPV2 

355 replication in ferrets to be respiratory tract epithelium and associated lymphoid tissues. 

356 Although virus was not re-isolated from blood, the development of viremia may be 

357 inferred by confumation of infection within spleen and urinary tract epithelium. In the 

358 absence of other clinico-pathological support for CNS infection, virus in blood may also 

359 account for the re-isolation of AchPV2 from one sample of ferret brain tissue. 

360 

361 Although exposure to AchPV2 resulted in production of neutralising antibodies in guinea 

362 pigs, antibody titres were much lower than for the fenets. Patterns of detection of viral 

363 RNA from guinea pigs were generally similar to those in fe1Tets, but virus was not 

364 recovered from guinea pigs and viral antigen was not demonstrated in their tissues. The 

365 sites of AchPV2 replication in guinea pigs, therefore, could not be dete1mined with 
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366 confidence. Our observations suggest that guinea pigs are less pennissive to AchPV2 

367 infection than fe1Tets. 

368 

369 
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When assessing the spill-over potential and working up an animal model for a novel 

virus, it is important to use animals from more than one species. There is no reliable 

method to dete1mine the best species simply by characte1ising the virus, which is a big 

limitation of using virus discovery as a stand-alone surveillance strategy for zoonotic 

pathogen discovery. Therefore, it is only possible to do what is practical and feasible in 

terms of assessing potential spill-over hosts. Small laboratory animals such as fenets, 

guinea pigs and mice, representing different mammalian orders or families, offer the most 

practical advantages for testing spill-over potential and, in this study, were a panel that 

demonstrated discriminat01y power for the infection potential of the novel viruses tested. 

The continued search for novel viruses in wildlife species, particularly in regions of the 

world where encroachment of humans and livestock into wildlife habitats is increasing, 

such as sub-Saharan Africa, is imperative if we are going to be able to identify disease in 

these regions caused by novel pathogens. New discoveries of wildlife viruses alone, 

however, will not inform risks to livestock or public health. Viral phylogeny and other 

signals of spill-over potential, such as the serosurveillance results that guided this study, 

are required to identify potential new health threats [22]. The Achimota viruses described 

in this paper demonstrate ability to cross the species ba1Tier and may be causing 

undiagnosed disease in domesticated animals and humans within the wide geographical 

3 88 range of the bat reservoir species, Eidolon helvum.
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39Q MATERIALS AND METHODS 

391 Animals, accommodation, handling and biosafety 

392 Ferrets were acquired from a colony free of infection by influenza Hl and H3 subtypes. 

393 Two male fe1Tets aged 11 - 13 months, four female guinea pigs, five female Balb-C mice 

394 aged 12 wks, and five female BalbC mice aged over 12 months were used in each of the 

395 AchPVl and AchPV2 observational studies. Eight female feITets and eight female guinea 

396 pigs were used for the AchPV2 time course study. The animal husbandry methods and 

397 experimental design were endorsed by the CSIRO Australian Animal Health 

398 Laborato1y's Animal Ethics Committee (approvals AEC 1608 and AEC 1621). Animals 

399 were housed at Biosafety Level 3 (BSL-3) in conventional caging systems to facilitate the 

400 expression and monitoring of natural behaviours, given complete premium dry food 

401 appropriate to the species, dietary treats, and provided with water ad libitum. Room 

402 temperature was maintained at 22°C with 15 air changes per hour; and humidity varied 

403 between 40 and 60%. Before manipulation such as exposure to vims, collection of 

404 clinical samples, or euthanasia, animals were immobilised with a mixture of ketamine 

405 HCl (Ketamil®: 5 mg/kg in fe1Tets, 16mg/kg in guinea pigs, 75mg/kg in mice) and 

406 medetomidine (Domitor®: 50 µg/kg in ferrets, 20 µg/kg in guinea pigs, lmg/kg in mice) 

407 by intramuscular or intraperitoneal (mice) injection. Where indicated, reversal was 

408 achieved with atipamazole (Antisedan®) administered by intramuscular (feITets) or 

409 intraperitoneal (guinea pigs and mice) injection at 50 % of the medetomidine volume. All 

410 animals were implanted subcutaneously with temperature-sensing microchips 
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434 6, 8, 10 and 21 pc. Clinical samples were collected into tubes containing PBS with 

435 antibiotic-antimycotic (Invitrogen) for virus isolation and into tubes containing MagMAX 

436 viral lysis buffer (Ambion) for RNA extraction. While under anaesthesia, rectal 

437 temperatures of fen-ets were recorded by digital thermometer. 

438 

439 At post m01tem examination of animals used for the AchPV2 time course study, the 

440 following tissues were collected for histology, immunohistochemistly, viral genome 

441 detection and virns isolation: nasal turbinates, tonsil, retrophaiyngeal lymph node, 

442 trachea, lung, hilar lymph node, bronchial lymph node, spleen, heart, kidney, liver, 

443 bladder and brain. Stomach, small and large intestine, pancreas, adrenal gland, ovary and 

444 uterus were also collected for histology and immunohistochemistiy. Tissues were 

445 collected into tubes containing either neutral buffered 10% fo1malin (for histology and 

446 immunohistochemistry) or PBS plus antibiotic-antimycotic (Invitrogen) and 

44 7 homogenisation beads, homogenised using a bead beater, and clarified by centrifugation 

448 (for virns isolation or viral RNA detection). 

449 

450 RNA extraction and Reverse Transcriptase-quantitative Polymerase Chain Reaction 

451 For viral genome detection, RNA was extracted from tissue, blood and swab samples 

452 using the MagMAX viral RNA isolation kit (Ambion) following the manufacturers 

453 guidelines. A novel Reverse Transcriptase-quantitative Polymerase Chain Reaction (RT-

454 qPCR), was designed that specifically targets the nucleoprotein gene (N-gene) of 

455 AchPV2. For the design process, the N-gene sequence of AchPV2 (JX051320), as well as 

456 other closely related paramyxoviruses including SosPV, MenPV and TioPV, was 
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653 Tables 

654 

655 Table 1. The semm neutralisation titres against AchPVl and AchPV2 for ferret and 

656 guinea pig semm collected 21 days pc. The sernm collected from the animals pre-

657 challenge ( day 0) were all negative. Mouse sera were also tested but the data is not shown 

658 as they didn't seroconvert. 

659 

660 

661 

662 

663 

664 

665 

666 

667 

668 

669 

670 

671 

AchPVl AchPV2 

Animal SNT Titre Animal SNT Titre 

Ferret 1 1:320 Ferret 1 >1:1280

Ferret 2* 1:80 Ferret 2 1:1280 

Guinea Pig 1 1:40 Guinea Pig 1 1: 160 

Guinea Pig 2 1:80 Guinea Pig 2 1:40 

Guinea Pig 3 1:320 Guinea Pig 3 1:80 

Guinea Pig 4 1:80 Guinea Pig 4 1:320 

*This animal became ill and was euthanized at day 14 pc instead of day 21 pc.

Table 2. Analysis of viral shedding and viraemia in ferrets by RNA detection and vims 

isolation. Average cycle threshold (Ct) values were obtained from testing oral and rectal 

swabs, nasal washes and blood from AchPV2 ferrets using RT-qPCR. 

KEY: - indicates sample was negative ( Av Ct >38); NA indicates sample was unavailable 

for testing; * indicates vims re-isolated at neat dilution; ** indicates vims re-isolated at 

1 :5 dilution and *** indicates vims re-isolated at 1 :50 dilution 
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674 Table 3. Analysis of viral shedding and viraemia in guinea pigs by RNA detection and 

675 virus isolation. Average cycle threshold (Ct) values were obtained from testing oral and 

676 rectal swabs and blood from AchPV2 guinea pigs using RT-qPCR. AchPV2 was unable 

677 to be re-isolated from any sample. 

678 KEY: - indicates sample was negative (Av Ct >38) 

Days Post Challenge 

679 

680 

Guinea 

Pig 1 

Guinea 

Pig 2 

Guinea 

Pig 3 

Guinea 

Pig 4 

Guinea 

Pig 5 

Guinea 

Pig 6 

Guinea 

Pig 7 

Guinea 

Pig 8 

Sample 0 

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

Oral Swab -

Rectal swab -

Blood -

2 4 6 8 

- - -

- - -

- - -

- - 37.74 
- - -

- - 35.25 

- - - 36.44 

- - - 35.09 
- - - 34.71 
- - - -

- - - 37.31 

- - - -

- - - -

- - - -

- - - -

- - - -

- - - -

- - - -

- - - -

- - - 35.39
- - - -

- - - -

- - - 33.98

- - - -

10 

-

-

-

-

-

-

34.97 
-

-

-

-

21 

-

-

-

-

-

-
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681 Table 4. The sernm neutralisation titres against AchPV2 for fenet and guinea pig sernm 

682 collected on days 6, 8, 10 and 21 pc. Sera collected on day 2 and 4 pc were also tested but 

683 were negative for neutralising antibodies (data not shown). 

Animal 
SNT 

Animal 
Titre 

Ferret 9* (Day6) 1:20 G.Pig 1 (Day6)

Ferret 12 (Day6) 1:40 G.pig 2 (Day6) 

Ferret 14 (Day6) 1:640 G.Pig 3 (Day8)

Ferret 16 (Day8) 1:640 G.pig 4 (Day8)

Fe1Tet 11 (DaylO) 1:640 G.Pig 5 (DaylO)

Ferret 13 (Dayl 0) >1:1280 G.pig 6 (DaylO)

Ferret 10 (Day21) > 1: 1280 G.Pig 7 (Day21)

Ferret 15 (Day21) >1:1280 G .pig 8 (Day21) 

SNT 

Titre 

1:20 

1:20 

1:20 

1:20 

1:40 

1:40 

1: 160 

1: 160 

684 *This animal became ill and was euthanized at day 6 pc instead of day 8 pc

685 

686 
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4. Introduction:

4-1 The reference [ 1] cited in line 50 is about bacterial zoonosis. Maybe it would be better to cite a
reference about viral zoonosis.
4-2 It is recommended to provide N protein amino acid sequence identities between AchPVl and AchPV2

so the readers can compare the data from the same protein amino acid identities from reference [15] and
[16].
5. Experimental Design:

5-1 Please explain why there were no animals without viral infection for negative control.

5-2 Please explain the reason that the length of RT-qPCR amplicon is about 625-700bp, which is much
longer than the suggested amplicon length of 100-200bp. Can the authors provide any verified data or

controls or previous reference for their RT-qPCR, including standard curve with the proper concentration

range and the controls of non-template, efficiency, sensitivity and reproducibility.

5-3 Please explain the definition of negative VN results. It is no neutralization found in the tests of undiluted

serum samples?
5-4 It would be better if the authors can put the data of body weights and temperature with statistical

analysis in the supplementary information.

5-5 Please explain the reason for the termination dates at 6, 8, and 10 dpc because the dates are so close.

Reviewer #2 (Remarks to the Author): 

Barr and colleagues present data on the potential zoonotic viruses Achimotavirus virus 1 (AchPVl)  and 

Achimotavirus 2 (AchPV2) of laboratory infections in mice, guinea pigs, and ferrets. Clinical signs, viral 

load, serum neutralizing titers, and immunohistochemistry results are presented with the overall description 
being more focused on AchPV2 in guinea pigs and ferrets. The authors present important data on AchPV2 

as it replicated in two separate species though much better in the ferrets. These data suggest that AchPV2 

has zoonotic potential and should be monitored closely considering the close proximity of the bat (Eidolon 
helvum) roosts in urban areas as this virus was isolated from bat urine. 

General comments: 

In looking closely at the data from the second ferret experiment, it appears that virus was isolated from all 
of the ferrets in one sample at least (Swab or tissue). These are strong data and it was not apparent from the 

text but would make the manuscript stronger if these data are connected in the text. 

For the serum neutralization dilutions reported: Are these 100% neutralization titers, 80%, 50%, etc? This 
was not clear from the Methods, Results, or Table Legends. 

Discussion, Lines 355-358: There's vin;mia by viral RNA detection at least. The last lines are in reference to 

Ferret 9 which did not have virus isolated from blood; how does this explanation of virus in the blood of the 

brain being responsible for isolation but there not being virus isolated straight from blood make sense? Is it 

not possible that the virus is cell associated in the blood or tissues; like Nipah virus as an example? 
Infectious Nipah is difficult to isolate from blood and tissue compared to the high R T-qPCR loads detected. 
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and BALB/c mice and provided valuable information on the cross-species transmission and the 

development of animal models for AchPVl and AchPV2. The information is critical for the risk assessment 

of novel bat viruses. There are several questions, concerns, and comments for the manuscript though. 

1. English editing is recommended for some sentences with fragmentations and unclear punctuations. Ex.

Line 3 8, line 50,line 211, line 292, line 312, line 361-362, line 398, line 403, line 412, and line 416.

2. Some words used by the authors are wrong or unclear.
EX. 2.1 BALB/c (Balb/s) mice is not Balb-c.

2.2 It is not clear why the authors used "elective or electively" before euthanasia. Are there any criteria to

"choose" which animal to sacrifice at each time point?
2.3 If the authors already used "euthanased", it would be better not to use "killed" in line 211 and 220.

3. Abstract: No quantitative data was listed in the abstract and the authors should summarize and present the
data in the abstract. The background part can be sho1iened to meet the limitation of word counts in abstract.

4. Introduction:

4-1 The reference [1] cited in line 50 is about bacterial zoonosis. Maybe it would be better to cite a

reference about viral zoonosis.

4-2 It is recommended to provide N protein amino acid sequence identities between AchPVl and AchPV2

so the readers can compare the data from the same protein amino acid identities from reference [15] and

[16].

5. Experimental Design:
5-1 Please explain why there were qo animals without viral infection for negative control.
5-2 Please explain the reason that the length of RT-qPCR amplicon is about 625-700bp, which is much

longer than the suggested amplicon length of 100-200bp. Can the authors provide any verified data or
controls or previous reference for their RT-qPCR, including standard curve with the proper concentration

range and the controls of non-template, efficiency, sensitivity and reproducibility.
5-3 Please explain the definition of negative VN results. It is no neutralization found in the tests of undiluted

serum samples?

5-4 It would be better if the authors can put the data of body weights and temperature with statistical

analysis in the supplementary infonnation.
5-5 Please explain the reason for the termination dates at 6, 8, and 10 dpc because the dates are so close.

Reviewer #2 (Remarks to the Author): 

Barr and colleagues present data on the potential zoonotic viruses Achimotavirus virus 1 (AchPV l )  and 

Achimotavirus 2 (AchPV2) of laboratory infections in mice, guinea pigs, and ferrets. Clinical signs, viral 

load, serum neutralizing titers, and imrnunohistochemistry results are presented with the overall description 

being more focused on AchPV2 in guinea pigs and ferrets. The authors present important data on AchPV2 

as it replicated in two separate species though much better in the ferrets. These data suggest that AchPV2 

has zoonotic potential and should be monitored closely considering the close proximity of the bat (Eidolon 

helvum) roosts in urban areas as this virus was isolated from bat urine. 

General comments: 

In looking closely at the data from the second ferret experiment, it appears that virus was isolated from all 

of the fe1Tets in one sample at least (Swab or tissue). These are strong data and it was not apparent .from the 

text but would make the manuscript stronger if these data are connected in the text. 

For the serum neutralization dilutions reported: Are these 100% neutralization titers, 80%, 50%, etc? This 

was not clear from the Methods, Results, or Table Legends. 

Discussion, Lines 355-358: There's viremia by viral RNA detection at least. The last lines are in reference to 

Ferret 9 which did not have virus isolated from blood; how does this explanation of virus in the blood of the 

brain being responsible for isolation but there not being virus isolated straight from blood make sense? Is it 
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not possible that the virus is cell associated in the blood or tissues; like Nipah virus as an example? 

Infectious Nipah is difficult to isolate from blood and tissue compared to the high RT-qPCR loads detected. 
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I've attached a current draft which I'd appreciate your comments/feedback on. Particularly the classifications as 
there appears to have been a new genus defined since I stepped sideways from the world of virology - sad they 
didn't go for Chiropterulavirus in the end, so Pararubulavirus it is! I have tried to integrate this in the manuscript 
text and have added Teviot virus to the phylogenetic analyses (which I found as the only new genus member since I 
did the original one, but ICTV seems to list three further ones which I can't find data from on NCBI - Scoliodon, 
Hopichthys and Cynoglossus paramyxoviruses?? 

I've lost track of who did what a bit and who might be the most relevant co-corresponding author, so please feel 
free to suggest changes to author order, particularly from the antipodes. 

Now that it's managed to grow on Veros there's not a huge amount to the paper, so I'm wondering what we should 
aim for in terms of journal or how to strengthen it. Are JGV, etc still interested in this kind of thing or if there's an 
isolated virus, or do we just count our losses and go for an ASM genome announcement (not peer reviewed, but 
indexed)? Let me know your thoughts. 

If you could please get your comments to me by the end of July, I'd really appreciate it. If you have no 
comments/time to comment please at least make sure you check your affiliation and let me know that you're 
happy to be an author. 

Best, 

Kate 

P.S. Could someone please reply-all to cc in Gary at a new email address and 

P.P.S. It's really nice to have an excuse to be in touch with everyone again! I have missed you all in the bacterial 
world and I hope everyone is well. Things are good here - set up as a principal investigator at the University of 
Liverpool and have a small microbial genomics group (with a touch of lab work) looking mostly into Shigella

bacteria. Personally, I'm living the happily ever after with my English beau and have two lovely kids who keep us 
busy© 

Dr. Kate S Baker BVSc PhD MRCVS 

Wellcome Trust Clinical Research Career Development Fellow 

Tenure Track Fellow 

Institute for Integrative Biology 

University of Liverpool 
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Teviot]. Although no clinical illness in humans has been reported, low titre virus 

neutralising antibodies have been detected in humans living proximate to isolation sites 

for both TioPV and AchPV2 [13,14]. In addition to these five viruses, molecular 

evidence exists for many further paramyxoviruses in bats that belong to this genus 

(including the Tuhoko pararubulaviruses (ThkPVs) for which full genomic infonnation 

exists) [7 ,9, 10, 15, 16]. Collectively, these findings show pararubulaviruses exist across 

all four continents of the old world (namely Europe, Africa, Australia, Asia), and are 

frequently associated with bas, often from bat species that live in close proximity with 

humans. 

In fact, the only pararubulavirus that not isolated from bats is Sosuga virus (SosV) that 

caused febrile systemic illness in a wildlife biologist shortly after handling a wide 

variety of wildlife species. Given this patient history and the phylogenetic clustering of 

this pathogen with viruses only previously described in bats, the authors who 

discovered SosV suggest that the infection was likely contracted from bats [17]. In 

conjunction with the known zoonotic nature ofMenPV and human serological findings 

suggestiveindicative of AchPV2 and TioPV infection, these data suggest an increasing 

link between this group of viruses and human disease. 

!Here we report the isolation and whole genome sequence of a novel Pararubulavirus

from the African straw-coloured fruit bat Eidolon helvum. The virus is phylogenetically

unique so may be an imp_ortant tool in the continued study of this important genus. L __ -

Materials and Methods 

Cell culture conditions. Experiments described used either Vero cells (ATCC CCL 81), 

Vero E6 cells (ATCC CRL 1586) or Pteropus alecto primary kidney (PaKi) cells [18]. 

Cells were grown in Dulbecco's modified Eagle's medium supplemented with Fl2

Commented [BK2]: If anyone can come up with something 
more inspired than this please do! 



Ham (Sigma), I 0% fetal calf serum, double strength antibiotic/ antimycotic (200 U/ml 

penicillin, 200 µg/ml streptomycin, and 0.5 µg/ml fungizone amphotericin B; Gibco), 

and ciprofloxacin (10 µg/ml; MP Bio medicals), at 37°C in 5% CO2.

Urine samples. Urine samples were collected from underneath a colony of E. helvum 

in Accra Ghana [ 19], as previously described [20]. 

Isolation methods. Three passages of virus isolation were attempted on urine samples 

U34 U72 on Pteropus alecto primary kidney cells (PaKi) monolayers, in the same 

manner as, and in parallel with, attempts previously described on Vero cells [20]. The 

only exception to the previously described protocol, is that for some samples (U38, 42, 

48 49, 58 62, 70, 72) flasks were frozen at 80°C and thawed at room temperature 

prior to passage (to synchronise experiments). Supematants of cultures showing signs 

of cytopathic effect (CPE) were tested for the presence of paramyxoviral RNA using 

previously described RT-PCR [21]. PCR products were cloned (pGEM T Easy, 

Promega) and capillary sequenced for phylogenetic analysis. 

Isolate propagation. Following the confirmation of a paramyxoviral isolate, the 

isel-attoocell monolayer was scraped into the media and the material was frozen at 

80°C. After thawing at room temperature, 350µL of the supernatant/cell mixture was 

added to 75cm2 near confluent monolayers of Vero and PaKi cells in minimal media 

for 1 hr lcttffiefwith gentle rocking at 37°C. Following the incubation, media was topped

up and the cells were observed for cytopathic effect (CPE). 

Genomic sequencing and bioinformatic analysis. Stocks for genomic sequencing were 

grown by inoculating PaKi cell monolayers and Vero E6 monolayers with 50ul of 

working stock virus and monitoring for viral CPE daily. Viral supernatant was 





was positive by paramyxovirinae PCR, but not respiro morbilli henipavirus PCR. 

Sequencing revealed the virus to be a novel rubulavirus (see below), and the virus was 

called Achimota pararubulavirus 3 (AchPV3) after the local area in which the samples 

were collected and to align it with other paramyxoviruses isolated from these samples 

[14]. 

AchPV3 behavior in cell culture. AchPV3 was isolated from sample U72 on PaKi cells 

but was not isolated on the parallel Vero cell monolayer. followiHg tThe initial PaKi 

cell monolayer isolate beiflgwas frozen and thawed before attempting to propagate 

further on both PaKi and Vero cell passage. AehPV3 was Hot isolated OH a Vero cell 

monolayer� [14]. On PaKi cells, subtle CPE typified by syncitia and multinucleate cell 

formation was observed from day three post infection until harvesting on day [sixl 

Again, no CPE was observed in the parallel Vero cell monolayers and a working stock 

was generated from the PaKi cells only. WWhen propagatiHg the isolate generating a 

stock for full genome sequencing from the working stock, atte11'1pts were made to 

-iflfe€tPaKi cells were used and in addition, infection of VeroE6 cells was attempted, 

bHt Ho CPE was observed. OH PaKi cells howe,·er, sHbtle CPE typified by syHcitia and 

- Commented [BKS]: Jenn, can you please add something 
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nrnltiHHcleate cell fomrntion was observed from day three post iHfectiofl Hntil 

harvestiHg OH day �iJ!t Sumrisingly, syncy_tial CPE was eventually observed on the __ -

VeroE6 cell monolayers after 12 days post infection on flasks that had been checked 

Commented [BK6]: Jenn, can you ple.ase add something 
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cells or whatever passage? Maybe it was just a higher MO! 
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Electron microscopy. Electron micrograph pictures show ... [[More info here pleastj] __ - -{ Commented [BK7]: Sandy? Clare? 

(Figure 1 C). 

Genomic organisation. 

AchPV3 had similar genomic organization to exiting pararubulaviruses. The genome 

was 15,600 bp in length, obeying the rule of six, and had the coding capacity to encode 
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eight proteins; the nucleocapsid (513 aa in length), matrix (376 aa), fusion (527 aa), 

attachment (587 aa), polymerase (2273 aa) proteins as well as the overlapping V protein 

(238 aa), W protein (168 aa) and phosphorprotein (395 aa). These overlapping reading 

frames were facilitated by the existence of an RNA editing site at position 2410 of the 

genome. 

Relationship with other paramyxoviruses. AchPV3 is related to, but distinct from 

previously described pararubulaviruses. Phylogenetic analysis of the full-length N 

protein of AchPV3 demonstrated that the virus clustered phylogenetically with 

AchPV2, and further expanded the pararubulavirus genus comprised of AchPVs, 

ThkPVs, TioPV, TevPV and the human pathogens MenPV and SosPV (Figure 2). 

Phylogenetic comparison of available partial polymerase gene sequences also showed 

AchPV3 to be distinct from viral sequence fragments previously detected using 

consensus PCRs in the same bat population [24] and from other bat populations 

elsewhere [8,9, 15] (Figure 2, inset). Amino acid sequence identities of AchPV3 

proteins were highest with other pararubulaviruses and SosPV, followed by other 

rubulaviruses when compared with members from other genera within the 

Paramyxovirinae (Table 1). 

Discussion 

Here, we have found another novel pararubulavirus from fruit bats. Genomic analysis 

of the virus, AchPV3, reveals it to be a typical representative of this species 

phylogenetically clustering with other members of the pararubulavirus genus, and using 

a conserved mRNA editing site. This further increases the evidence of the role for bats 

as reservoirs for this group of viruses. 



The meta-analysis of paramyxovirus polymerase gene fragments from this and other 

studies [5,8,9, 15] demonstrates the occurrence of these viruses throughout the Old 

World. These bat-associated pararubulaviruses are linked with human disease, 

including the known human pathogens MenPV and SosPV, as well as those that are 

suggested to be capable of infecting humans on the basis of serological evidence, 

AchPV2 and TioPV [ 11, 13, 14, 17]. Owing to their distribution across a wide 

geographical area and their association with human disease, pararubulaviruses warrant 

further study. Specifically, in order to separate potential zoonoses from han11less 

viruses, more work must be done to understand the host restriction of paramyxoviral 

tropism and the mechanisms of viral infection in the �eservoi( __ - Commented [BKB]: The paper will kind of have to end here if 
we don't come up with something to say- maybe we should aim 
for a different format Could go for a genome announcement. 
which is a shame, but would get it out? !with respect to deten11ining mechanisms of host restriction, AchPV3 did not appear to

grow in Vero cells. This is distinct from AchPVl and AchPV2, which were isolated in

parallel from the same sample set [14], from the other bat-derived rubulaviruses

specific to this sub-clade (i.e. MenPV, TioPV both grow readily on Vero cells [13,25]),

as well as other rubulaviruses (e.g. MprPV, PorPV [26,27]). Notably however, attempts

to isolate the human pathogen SosPV and its nearest relative ThkPVs on Vero cells

failed [16,17], with SosPV having to be sub-cultured in neonatal mice prior to being

capable ofnon-syncitial CPE on Vero-E6 cells [17]. Further study of this restriction of

in vitro host range will aid understanding of the barriers to zoonotic transmission for

bat-associated rubulaviruses. MAYBE CITE THE ANIMAL STUDIES OF ACHPVs

IN HERE AND RELATIONSHIP WITH ACHPV2.\  _ __ �- - - Commented [BK9]: Jenn can you please have a read of this 
and see if any of it is still relevant or should it just be deleted? 
I'm not sure how hard you had to work to get it growing in Vero 
cells? Furthermore, AchPV3 has significant potential to provide insight into the behavior of 

paramyxoviruses in their bat hosts. AchPV3 was isolated, and subsequently had to be 

passaged, by freeze-thawing entire cell-culture flasks, possibly indicating a cell

associated infection and/or control and sequestration of the virus. This possibility was 
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supported by the low amounts of AchPV3 that was released into the media (not shown), 

complicating genome sequencing. There was also only subtle CPE observed in the cell 

culture flasks, but this may have resulted from the primary nature of the cell culture 

line being used rather than any inherent pathogen difference. 
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Figure legends 

Figure 1. Growth of AchPV3 in culture. Pteropus alecto primary kidney cells 

uninfected (A), and infected (B) with AchPV3 showing multinucleate syncitial cells 

(B, arrows). Under electron microscopy (C) the characteristic Paramyxovirus 

ribonucleoprotein (RNP) was seen (indicated in C, inset) 

Figure 2. Midpoint-rooted maximum likelihood phylogenetic trees based on a 585 

amino acid aligmnent of the nucleoprotein of Paramyxovirinae members (main) and a 

176 amino acid aligllillent of the polymerase protein for the same taxa, and rubulavirus 

and pararubulavirus fragments detected in bats (inset). Samples starting with U are from 

Eidolon helvum in Ghana [5]. AchPV3 is starred, scale bars represent expected number 

of substitutions per site, and bootstrap values ( of I 00) of relevant sites are shown. 





References 

1. Calisher CH, Childs JE, Field HE, Holmes KV, Schountz T (2006) Bats: important
reservoir hosts of emerging viruses. Clin Microbiol Rev 19: 531 545. 

2. Halpin K, Young PL, Field HE, MacKenzie JS (2000) Isolation of Hendra virus from
pteropid bats: a natural reservoir of Hendra virus. J Gen Virol 81: 1927-1932. 

3. Chua KB, Bellini WJ, Rota PA, Harcourt BH, Tam in A, et al. (2000) Nipah virus : a
recently emergent deadly paramyxovirus. Science 288: 1432-1435. 

4. Chua KB, K.C. L, Hooi PS, Wee KF, Khong JH, et al. (2002) Isolation of Nipah
virus from Malaysian Island fying foxes. Microbes and Infection 4: 145 I 51. 

5. Baker KS, Todd S, Marsh G, Fernandez Loras A, Suu Ire R, et al. (2012) Co
circulation of diverse paramyxoviruses in an urban African fruit bat population. 
J Gen Virol 93: 850 856. 

6. Wilkinson DA, Temmam S, Lebarbenchon C, Lagadec E, Chotte J, et al. (2012)
Identifcation of novel paramyxoviruses in insectivorous bats of the Southwest 
Indian Ocean. Virus research 170: 159 163. 

7. Yuan L, Li M, Li L, Monagin C, Chmura AA, et al. (2014) Evidence for retrovirus
and paramyxovirus infection of multiple bat species in china. Viruses 6: 2138
2154. 

8. Anthony SJ, Epstein JH, Murray KA, Navarrete Macias I, Zambrana Torrelio CM,
et al. (2013) A strategy to estimate unknown viral diversity in mammals. MBio 
4: e00598 005 l 3. 

9. Kurth A, Kohl C, Brinkmann A, Ebinger A, Harper JA, et al. (2012) Novel
paramyxoviruses in free-ranging European bats. PLoS ONE 7: e38688. 

10. Drexler JF, Connan VM, Muller MA, Maganga GD, Vallo P, et al. (2012) Bats host
major mammalian paramyxoviruses. Nat Commun 3: 796. 

I I. Philbey AW, Kirkland PD, Ross AD, Davis RJ, Gleeson AB, et al. (1998) An 
apparently new virus (family paramyxoviridae) infectious for pigs, humans and 
fruit bats. Emerging infectious diseases 4: 269 271. 

12. Barr JA, Smith C, Marsh GA, Field H, Wang LF (2012) Evidence of bat origin for
Menangle virus, a zoonotic paramyxovirus first isolated from diseased pigs. The 
Journal of general virology 93: 2590 2594. 

13. Chua KB, Wang LF, Lam Sai Kit K, Crameri GS, Yu M, et al. (2001) Tioman virus,
a novel paramyxovirus isolated from fruit bats in Malaysia. Virology 283: 215
229. 

14. Baker KS, Todd S, Marsh GA, Crameri G, Barr J, et al. (2013) Novel, potentially
zoonotic paramyxoviruses from the African straw colored fruit bat Eidolon 
helvum. Journal of virology 87: 1348 1358. 

15. Peel AJ, Sargan DR, Baker KS, Hayman DT, Barr JA, et al.(2013) Continent-wide
parunixia of an African fuit bat facilitates transmission of potentially zoonotic 
viruses. Nature Communications 4: 2770. 

16. Lau SK, Woo PC, Wong BH, Wong A Y, Tsoi HW, et al. (20 l 0) Identifcation and
complete genome analysis of three novel paramyxoviruses, Tuhoko virus 1, 2 
and 3, in fruit bats from China. Virology 404: 106 116. 

17. Albarino CG, Foltzer M, Towner JS, Rowe LA, Campbell S, et al. (2014) Novel
paramyxovirus associated with severe acute febrile disease, South Sudan and 
Uganda, 2012. Emerging infectious diseases 20: 211 216. 

18. Crameri G, Todd S, Grimley S, McEachern JA, Marsh GA, et al. (2009)
Establishment, immortalisation and characterisation of pteropid bat cell lines. 
PLoS ONE 4: e8266. 







( 

Title 

jAchimota virus 3l a new member of the _p}lrarubulavirus g_enus __ -

Authors 

Kate S Baker* ab<, Mary Tachedjian, Jenn Barr, Glenn A Marsh d, Shawn Todd d Gary 

Crameri d, Sandra Crameri d, Ina Smith, Michelle Baker, Claire EG Holmes d, Richard

Suu-lre er, Andres Fernandez-Loras b, Andrew A Cunningham b, Pablo R Murcia g, 

James LN Wood a, Lin-Fa Wang* d,h 

Affiliations 

a University of Cambridge, Department of Veterinary Medicine, Madingley Rd, 

Cambridge, Cambridgeshire, CB3 OES, United Kingdom 

b Institute of Zoology, Zoological Society of London, Regent's Park, NW! 4RY, 

United Kingdom 

c University of Liverpool, Institute for Integrative Biology, Liverpool, L69 7ZB, 

United Kingdom 

d CSIRO Australian Animal Health Laboratories, Portarlington Road, East 

Geelong, Victoria, 3219, Australia 

e Wildlife Division of the Forestry Commission, Accra, Ghana 

f University of Ghana, Noguchi Memorial Institute for Medical Research, Legon, 

Accra, Ghana 

g MRC-University of Glasgow Centre for Virus Research, Institute of Infection, 

Immunity and Inflammation, College of Medical, Veterinary and Life Sciences, 

University of Glasgow, Glasgow, G6 ! I QH, United Kingdom 

Commented [BKl]: Add in Teviotvirus 
Redo L gene phylogenies, but maybe wait to hear back 

Add in whole genome sequence 

Attachment - Document 14



h Program in Emerging Infectious Diseases, Duke-NUS Graduate Medical 

School, Singapore 

* corresponding authors

Introduction 

Paramyxoviruses are important pathogens of man and domestic animals, and bats have 

beenare recognized as having an increasingly complex role with these viruses (REFS). 

Bats are recognised as reservoir hosts for a wide variety of viral zoonoses [ 1 L;-f!fH'I 

tlnterest in the relationship between bats and paramyxoviruses was triggered instigated 

by the finding that megabats in Australia and Asia were the reservoir species for the 

deadly zoonoses Hendra (HeY) and Nipah (NiY) viruses, which infect a wide variety 

of mammalian hosts causing significant morbidity and mortality [2,3,4]. Since these 

timesthen, paramyxoviral prospecting in bats has revealed a breadth and diversity of 

paramyxoviruses [5,6,7,8,9] that is greater than that observed in other mammalian 

orders [ 1 OJ. 

Within the phylogenetic diversity of paramyxoviruses, there exists a unique sub clade 

of viruses in the genus Pararubulavirus (subfamily Rubulavirinae), that are almost 

exclusively derived from bats. The first member of this rubulavirus sub-clade was 

Menangle pararubulavirus (MenPY); frst fetrndwhich was discovered as a disease 

causing agent of pigs and humans [ 11] and subsequently linked with bats [ 12] in 

Australia. THis was followed by tHeThe discovery ofTioman pararubulavirus (TioPY) 

in Malaysiafollowed, Wf!efe-when the virus was incidentally isolated during NiV 

investigations [ 13]. And finally, the Achimota pararubulaviruses I and 2 (AchPY I and 

AchPY2) and Teviot virus that were isolated from pooled bat urine underneath roosts 



( 

in Ghana and Australia respectively [14] [Add Teviot]. Although no clinical illness in 

humans has been reported, low-titre virus neutralising antibodies have been detected in 

humans living proximate to isolation sites for both TioPV and AchPV2 [13,14]. In 

addition to these five viruses, molecular evidence exists for many further 

paramyxoviruses in bats that belong to this genus (including the Tuhoko 

pararubulaviruses (ThkPVs) for which full genomic information exists) [7,9, 10, 15, 16]. 

Collectively, these findings show pararubulaviruses exist across all four continents of 

the old world (namely Europe, Africa, Australia, Asia), and are frequently associated 

with bas, often from bat species that live in close proximity with humans. 

In fact, the only pararubulavirus that was not isolated from bats +s-was Sosuga virus 

(SosV) that causedJ! febrile systemic illness in a wildlife biologist shortly after handling 

a wide variety of wildlife species. Given this patient history and the phylogenetic 

clustering of this pathogen with virusesonlypreviouslydescnbed in bats, theautAOFS'<\ttO discoveredit was 

suggested that SosV sug_gestthattheinfectioAwaslikelycontracted from bats [17]. In conjunction with the 

known zoonotic nature of MenPV and human serological findings suggestive of 

AchPV2 and TioPV infection, these data suggest an increasing link between this group 

of viruses and human disease. 

!Here we report the isolation and whole genome sequence of a novel Pararubulavirus

from the African straw-coloured fruit bat Eidolon helvum. The virus is phylogenetically

unique so may be an [important�indicator virus in !h_e _CQf!.tiny(d_ s!U_dy .9f t]:ii� _j_1�2o_!t�t ___ - -{ Commented [SI(BM2]: Indicator virus 

genus. [ __________ __ - ��:';;,��!�� !!��;sl��n;.�n;
0

�an come up with something 

Materials and Methods 

Cell culture conditions. Experiments described used either Vero cells (ATCC CCL-81) 

or Pteropus alecto primary kidney (PaKi) cells [18]. Cells were grown in Dulbecco's 



modified Eagle's medium suppl�mented with Fl2-Ham (Sigma), 10% fetal calf serum, 

double strength antibiotic/ antimycotic (200 U/ml penicillin, 200 µg/ml streptomycin, 

and 0.5 µg/ml fungi zone amphotericin B; Gibco ), and ciprofloxacin (IO µg/ml; MP

Bio medicals), at 37°C in 5% CO2. 

Urine samples. Urine samples were collected from underneath a colony of E. helvum

in Accra Ghana [ 19], as previously described [20]. 

Isolation methods. Three passages of virus isolation were attempted on urine samples 

U34 U72 on Pteropus alecto primary kidney cells (PaKi) monolayers, in the same 

manner as, and in parallel with, attempts previously described on Vero cells [20]. The 

only exception to the previously described protocol, is that for some samples (U38, 42, 

48 49, 58 62, 70, 72) flasks were frozen at -80°C and thawed at room temperature 

prior to passage (to synchronise experiments). Supernatants of cultures showing signs 

of cytopathic effect (CP E) were tested for the presence of paramyxoviral RNA using 

previously described RT-PCR [21]. PCR products were cloned (pGEM-T Easy, 

Promega) and eapillary sequeneedSanger sequenced for phylogenetic analysis. 

Isolate propagation. Following the confirmation of a paramyxoviral isolate, the 

isolation monolayer was scraped into the media and the material was frozen at 80°C. 

After thawing at room temperature, 350µL of the supernatant/cell mixture was added 

to 75cm2 near confluent monolayers of Vero and PaKi cells in minimal media for I hr 

under gentle rocking at 37°C. Following the incubation, media was topped-up and the 

cells were observed for cytopathic effect (CPE). 

Genomic sequencing and bioinformatic analysis. [Semi-purification of the propagated 

isolate by sucrose-cushion and high throughput metagenomic sequencing was 
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performed as previously described [20]. Contiguous sequences were built from 454 

pyrosequencing reads using CLC genomics workbench (v. 4.8). The genome sequence 

has been deposited under accession number: xxxxxx. Other bioinfonnatic analyses of 

genome sequences, including gene annotations, phylogenetic analysis and protein 

sequence analysis were performed as previously described [ 14]. �6hn-fM1';:� -< : - Commented [BK4J: Please update is this is dated! 

ertracteEI frem cell c1:1ltHre s�at:.Ht�At-aifl-i-ng preelemiRaRtly "iR 1-s geR&me,-p-rese-REe-e.f-10• • le,els ef "inis mRNA 

eeAtamiRatieA a Ile eel fer the efeterm-Hlatia11 efthe P geAe R�J II eelitiAg site •ia-reael mapping a»el ariant EleteetieA 1:1siRg 

bbt--Ge-ft&mtc "''erkbeneR 10.1.1 "be Freq1:1eRE) ariant eiete€t-te�l 
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Electron microscopy. !Cells prepared as in isolate propagation  ere harvested for __ - -{ Commented [S1(BM6J: reword 

negative contrast electron microscopy (EM) as well as stained thin section EM. [More 

info here please, and please check pictures] 

Results 

Primary bat kidney cells yielded a novel paramyxovirus isolate. Two samples produced 

CPE on PaKi cell monolayers. An adenovirus was isolated from sample U69 (which 

gave rise to a paramyxovirus, Achimota virus 2, on Vero cells [20]). The adenovirus 

was called Eidolon helvum adenovirus 1, and is described elsewhere [23]. 

Additionally, a novel paraubulavirus isolate was obtained from sample U72. This 

sample had previously been shown to contain paramyxovirus RNA related to respiro­

morbilli-henipaviruses [24 ], but did not give rise to a paramyxovirus isolate in a parallel 

attempt on Vero cells [14]. Here, on the fifth day post-infection of the second passage, 

subtle CPE of �syncytia formation and multinucleate_ cells were noted for 

S�ample U72 (Figure 1). Subsequent RT-PCR on RNA extracted from the supernatant 

of this flask was positive by paramyxovirinae PCR, but not� respiro-morbilli

henipavirus PCRJ1.ll. Sequencing revealed the virus to be a novel rubulavirus (see 

below), and the virus was called Achimota pararubulavirus 3 (AchPV3) after the local 



area in which the samples were collected and to align it with other paramyxoviruses 

isolated from these samples [14]. 

AchPV3 behavior in cell culture. AchPV3 was isolated from sample U72 on PaKi cells 

following the initial monolayer being frozen and thawed before passage. AchPV3 was 

not isolated on a Vero cell monolayer [ 14]. When propagating the isolate, attempts were 

made to infect Vero cells, but no CPE was observed. On PaK.i cells however, subtle 

CPE typified by �syncytia and multinucleate cell fonnation was observed from 

day three post infection until harvesting on day �i __ - Commented [BK7]: Jenn, can you please add something 
about how you were able to eventually get this growing on Vero 
cells or whatever passage? Maybe it was just a higher MOI or 
something? And obviously update the methods too - thanks! Electron microscopy. Electron micrograph pictures show ... [[More info here pleastj] _ 

(Figure l C). 

Genomic organisation.. 

AchPV3 had similar genomic organization to exiting pararubulaviruses. The genome 

was 15,600 bp in length, obeying the rule of six, and had the coding capacity to encode 

eight proteins; the nucleocapsid (513 aa in length), matrix (376 aa), fusion (527 aa), 

attachment (587 aa), polymerase (2273 aa) proteins as well as the overlapping V protein 

(238 aa), W protein ( 168 aa) and phosphorprotein (395 aa). These overlapping reading 

frames were facilitated by the existence of an RNA editing site at position 2410 of the 

genome. 

Even though virus RNA was extracted from cell culture supernatant containing predominantly virus genome presence of 

low levels of virus mRNA contamjnatjon a lowed for the determination of the P gene RNA editing site vja read mapping and 

variant detection using CLC Genomic Workbench v10.11 "Low Frequency variant detection" tool 

Relationship with other paramyxoviruses. AchPV3 is related to, but distinct from 

previously described pararubulaviruses. Phylogenetic analysis of the full length N 

protein of AchPV3 demonstrated that the virus clustered phylogenetically with 

AchPV2, and further expanded the pararubulavirus genus comprised of AchPVs, 

ThkPVs, TioPV, TevPV and the human pathogens MenPV and SosPV (Figure 2). 

'' Commented [8KB]: Sandy? Clare? 
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Phylogenetic comparison of available partial polymerase gene sequences also showed 

AchPV3 to be distinct from viral sequence fragments previously detected using 

consensus PCRs in the same bat population [24) and from other bat populations 

elsewhere [8,9,15) (Figure 2, inset). Amino acid sequence identities of AchPV3 

proteins were highest with other pararubulaviruses and SosPV, followed by other 

rubulaviruses when compared with members from other genera within the 

Paramyxovirinae (Table I). 

Discussion 

Here, we have found another novel pararubulavirus from fruit bats from Ghana. 

Genomic analysis of the virus, AchPV3, reveals it to be a typical representative of this 

species phylogenetically clustering wit� other members of the pararubulavirus genus, 

and using a conserved mRNA editing site. This further increases the evidence of the 

role for bats as reservoirs for this group of viruses. 

The meta-analysis of paramyxovirus polymerase gene fragments from this and other 

studies [5,8,9, 15) demonstrates the occurrence of these viruses throughout the Old 

World. These bat-associated pararubulaviruses are-have been linked with human 

disease, including the known human pathogens MenPV and SosPV, as well as those 

that are suggested to be capable of infecting humans on the basis of serological 

evidence, AchPV2 and TioPV [11,13,14,17). Owing to their distribution across a wide 

geographical area and their association with human disease, pararubulaviruses warrant 

further study. Specifically, in order to separate potential zoonoses from hannless 

viruses, more work must be done to understand the host restriction of paramyxoviral 

tropism and the mechanisms of viral infection in the lreservoi� __ - Commented [BK9]: The paper will kind of have to end here if 
we don't come up with something to say - maybe we should aim 
for a different format. Could go for a genome announcement. 
which is a shame, but would get it out? 



!with respect to detennining mechanisms of host restriction, AchPV3 did not appear to

grow in Vero cells. This is distinct from AchPVI and AchPV2, which were isolated in 

parallel from the same sample set [14], from the other bat-derived rubulaviruses 

specific to this sub-clade (i.e. MenPV, TioPV both grow readily on Vero cells [13,25]), 

as well as other rubulaviruses ( e.g. MprPV, PorPV [26,27]). Notably however, attempts 

to isolate the human pathogen SosPV and its nearest relative ThkPVs on Vero cells 

failed [16, 17], with SosPV i'laYiHg te aebeing sub-cultured in neonatal mice prior to 

being capable of non-syooi#alsyncytial CPE on Vero-E6 cells [17]. Further study of 

this restriction of in vitro host range will aid understanding of the barriers to zoonotic 

transmission for bat-associated rubulaviruses. MAYBE CITE THE ANIMAL 

STUDIES OF ACHPVs IN HERE AND RELATIONSHIP WITH ACHPV2.l _ - -

Furthennore, AchPV3 has significant potential to provide insight into the behavior of 

paramyxoviruses in their bat hosts. AchPV3 was isolated, and subsequently had to be 

passaged, by freeze-thawing entire cell-culture flasks, possibly indicating a cell

associated infection and/o; control and sequestration of the virus. �his possibility was 

supported by the low amounts �f AchPV3 that was released into the media .{not shown}, __ -

complicating genome sequencing. There was also only subtle CPE observed in the cell 

culture flasks, but this may have resulted from the primary nature of the cell culture 

line being used rather than any inherent pathogen difference. 
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Tables 

Table l. Pair-wise amino acid identities for AchPV3 nucleocapsid (N) and 

phosphoproteins (P) with other Paramyxovirinae. 

Achimota virus 3 

Genus N p 

Paran1b11/avims AchPVI 66 43 

AchPV2 75 47 

ThkPVI 60 38 

ThkPV2 66 39 

ThkPV3 60 41 

MenPV 64 41 

TioPV 65 39 

SosV 58 42 

TevPV 77 29 

Rubulavims MuV 51 24 

MapPV 47 26 

SimPV41 45 25 

hPIV2 44 25 

SimPV5 47 25 

PorPV 49 25 

hPIV4 42 24 

Morbillivims RPV 22 9 

MeV 23 8 

CDV 23 IO 

Henipavirus HeV 27 7 

NiV(M) 27 7 

NiV(B) 27 8 

Avu/avirus NDV 31 20 

Respirovims SeV 19 5 

Unclassified BeiV 25 IO 

JPV 22 9 

MosV 25 8 

TPMV 23 8 
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Introduction 

Paramyxoviruses are important pathogens of man and domestic animals, and bats are 

recognized as having an increasingly complex role with these viruses. Bats are 

recognised as reservoir hosts for a wide variety of viral zoonoses [I], and interest in the 

relationship between bats and paramyxoviruses was triggered by the finding that 

megabats in Australia and Asia were the reservoir species for the deadly zoonoses 

Hendra (HeV) and Nipah (NiV) viruses, which infect a wide variety of mammalian 

hosts causing significant morbidity and mortality [2,3,4]. Since those times, 

paramyxoviral prospecting in bats has revealed a breadth and diversity of 

paramyxoviruses [5,6,7,8,9] that is greater than that observed in other mammalian 

orders [IO]. 

Within the phylogenetic diversity of paramyxoviruses, there exists a unique sub clade 

of viruses in the genus Pararubulavirus (subfamily Rubulavirinae), that are almost 





[Here we report the isolation and whole genome sequence of a novel Pararubulavirus

from the African straw-coloured fruit batEidolon helvum. The virus is phylogenetically 

unique so may be an imp�rtant tool in the continued study of this important genus. L ___ -

Materials and Methods 

Cell culture conditions. Experiments described used either Vero cells (ATCC CCL 81 ), 

Yero-E6 cells (ATCC CRL 1586) or Pteropus alecto primary kidney (PaKi) cells [ 18]. 

Cells were grown in Dulbecco's modified Eagle's medium supplemented with Fl2

Ham (Sigma), I 0% fetal calf serum, double strength antibiotic/ antimycotic (200 U/ml 

penicillin, 200 µg/ml streptomycin, and 0.5 µg/ml fungizone amphotericin B; Gibco), 

and ciprofloxacin (10 µg/ml; MP Bio medicals), at 37°C in 5% CO2. 

Urine samples. Urine samples were collected from underneath a colony of E. helvum

in Accra Ghana [ 19], as previously described [20]. 

Isolation methods. Three passages of virus isolation were attempted on urine samples 

U34 - U72 on Pteropus alecto primary kidney cells (PaKi) monolayers, in the same 

manner as, and in parallel with, attempts previously described on Vero cells [20]. The 

only exception to the previously described protocol, is that for some samples (U38, 42, 

48 49, 58 62, 70, 72) flasks were frozen at 80°C and thawed at room temperature 

prior to passage (to synchronise experiments). Supematants of cultures showing signs 

of cytopathic effect (CPE) were tested for the presence of paramyxoviral RNA using 

previously described RT PCR [21]. PCR products were cloned (pGEM T Easy, 

Promega) and capillary sequenced for phylogenetic analysis. 

Isolate propagation. Following the confirmation of a paramyxoviral isolate, the 

�cell monolayer was scraped into the media and the material was frozen at 
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were collected and to align it with other paramyxoviruses isolated from these samples 

[14]. 

AchPV3 behavior in cell culture. AchPV3 was isolated from sample U72 on PaKi cells 

but was not isolated on the parallel Vero cell monolayer. followiRg tThe initial PaKi 

cell monolayer isolate bemgwas frozen and thawed before attempting to propagate 

further on both PaKi and Vero cell passage. AchPV3 ·.vas Rot isolated on a Vero eell 

monolayer� [14]. On PaKi cells, subtle CPE typified by sync+ytia and multinucleate cell 

fomiation was observed from day three post-infection until harvesting on day �ixl. 

Again, no CPE was observed in the parallel Vero cell monolayers and a working stock 

was generated from the PaKi cells only. WWhen propagating the isolate generating a 

stock for full genome sequencing from the working stock, attempts were made to 

i-nfeetPaKi cells were used and in addition, infection ofVeroE6 cells was attempted, 

but RO CPE was obser>o'ed. OR PaKi eells however, subtle CPE t)·pified by syneitia aRd 

multiRueleate eell formatioR was observed from day three post iRfeetioR uRtil 

harvesting on day lsi*1, Sm,;prisingly, syncytial CPE was eventually observed· on the __ -

VeroE6 cell monolayers after 12 days post infection on fasks that had been checked 

Commented [BK11]: Jenn, can you please add something 
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Electron microscopy. Electron micrograph pictures show ... [[More info here pleasel] __ - -{ Commented [BK13]: Sandy? Clare? 

(Figure IC). 

Genomic organisation. 

AchPV3 had similar genomic organization to exi�ting pararubulaviruses. The genome 

was 15,600 bp in length, obeying the rule-of-six, and had the coding capacity to encode 

eight proteins; the nucleocapsid (513 aa in length), matrix (376 aa), fusion (527 aa), 

attachment (587 aa), polymerase (2273 aa) proteins as well as the overlapping V protein 

(238 aa), W protein ( 168 aa) and phosphorprotein (395 aa). These overlapping reading 



frames were facilitated by the existence of an RNA editing site at position 24 l O of the 

genome. Although,. viral RNA was extracted from cell culture supernatant __ - -{_F o rm a t te_d_: _Fo_nt :_12�pt  � 

containing predominantly intact virons. presence of low levels of virus mRNA 

contamination allowed for the determination of the P gene RNA editing site. 

Relationship with other paramyxoviruses. AchPV3 is related to, but distinct from 

previously described pararubulaviruses. Phylogenetic analysis of the full length N 

protein of AchPV3 demonstrated that the virus clustered phylogenetically with 

AchPV2, and further expanded the pararubulavirus genus comprised of AchPVs, 

ThkPVs, TioPV, TevPV and the human pathogens MenPV and SosPV (Figure 2). 

Phylogenetic comparison of available partial polymerase gene sequences also showed 

AchPV3 to be distinct from viral sequence fragments previously detected using 

consensus PCRs in the same bat population [24] and from other bat populations 

elsewhere [8,9, 15] (Figure 2, inset). Amino acid sequence identities of AchPV3 

proteins were highest with other pararubulaviruses and SosPV, followed by other 

rubulaviruses when compared with members from other genera within the 

Paramyxovirinae (Table l). 

Discussion 

Here, we have found another novel pararubulavirus from fruit bats. Genomic analysis 

of the virus, AchPV3, reveals it to be a typical representative of this species 

phylogenetically clustering with other members of the pararubulavirus genus, and using 

a conserved mRNA editing site. This further increases the evidence of the role for bats 

as reservoirs for this group of viruses. 









Tables 

Table l. Pair wise amino acid identities for AchPV3 nucleocapsid (N) and 

phosphoproteins (P) with other Paramyxovirinae. 

Achimota virus 3 

Genus N p 

Pararub11/avin1s AchPVI 66 43 

AchPY2 75 47 

ThkPYI 60 38 

Thk.PV2 66 39 

ThkPY3 60 41 

MenPY 64 41 

TioPY 65 39 

SosY 58 42 

TevPV 77 29 

R11b11/avirus MuY 51 24 

MapPV 47 26 

SimPV41 45 25 

hPIV2 44 25 

SimPY5 47 25 

PorPV 49 25 

hPIY4 42 24 

Morbillivirus RPY 22 9 

MeY 23 8 

CDV 23 10 

Henipavirus HeY 27 7 

NiV(M) 27 7 

NiV (B) 27 8 

Avu/avirus NOV 31 20 

Respirovirus SeV 19 5 

Unclassified BeiV 25 IO 

JPV 22 9 

MosY 25 8 

TPMY 23 8 





19. Hayman DTS, McCrea R, Restifo, Suu Ire R, Fooks AR, et al. (2012) Demography
of straw colored fruit bats in Ghana. Journal of Mammalogy. 

20. Baker KS, Todd S, Marsh GA, Crameri G, Barr J, et al. (2012) Novel potentially­
zoonotic paramyxoviruses from the African straw colored fruit bat, Eidolon 
helvum. Journal of virology. 

21. Tong S, Chern SW, Li Y, Pallansch MA, Anderson LJ (2008) Sensitive and broadly

reactive reverse transcription PCR assays to detect novel paramyxoviruses. J 
Clin Microbiol 46: 2652 2658. 

22. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local

alignment search tool. J Mol Biol 215: 403-410. 
23. Baker KS, Leggett RM, Bexfield NH, Alston M, Daly G, et al.(2013) Metagenomic

study of the viruses of African straw coloured fruit bats: detection of a 
chiropteran pox virus and isolation of a novel adenovirus. Virology 441: 95 106. 

24. Baker KS, Todd S, Marsh G, Fernandez Loras A, Suu Ire R, et al. (2012) Co­

circulation of diverse paramyxoviruses in an urban African fruit bat population. 
The Journal of general virology 93: 850 856. 

25. Bowden TR, Westenberg M, Wang LF, Eaton BT, Boyle DB (2001) Molecular
characterization of Menangle virus, a novel paramyxovirus which infects pigs, 
fruit bats, and humans. Virology 283: 358 373. 

26. Henderson GW, Laird C, Dennott E, Rima BK (1995) Characterization ofMapuera

virus: structure, proteins and nucleotide sequence of the gene encoding the 
nucleocapsid protein. J Gen Viral 76 ( Pt I 0): 2509-2518. 

27. Wang LF, Hansson E, Yu M, Chua KB, Mathe N, et al. (2007) Full length genome
sequence and genetic relationship of two paramyxoviruses isolated from bat and 
pigs in the Americas. Archives of Virology 152: 1259 1271. 






































