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Rabies surveillance in Senegal over fourteen years uncovers first infection of a honey-badger
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Rabies is a neglected, acute as well as progressive neurological disease that is invariantly fatal, 44 once symptoms onset, without prompt post-exposure prophylaxis (PEP) (1). Rabies is one of the 45 most important zoonotic diseases and occurs in over 150 countries and territories around the was found in sequences of these three RABV isolates for the N, P and M proteins. However, a 195 total of 3 and 9 substitutions were identified for the dog-related isolate SA267115, in the L 196 protein and the G protein, respectively. The second dog-related RABV isolate SA252888 197 exhibited no mutation in the polymerase L while a total of 8 amino acid substitutions was found 198 in its G protein sequence. The RABV sequence from honey-badger showed 8 and 7 amino acid 199 mutations for the polymerase L and the G protein, respectively. Previously described specific 200 mongoose-related and ferret-badger-related RABV substitutions [START_REF] Troupin | Large-Scale Phylogenomic Analysis 429 Reveals the Complex Evolutionary History of Rabies Virus in Multiple Carnivore Hosts[END_REF] were assessed among the 201 mutations identified in the Glycoprotein and the polymerase of these three Senegalese isolates.
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The dog-related RABV isolate SA252888 have showed a mutation (Pro-386G-Leu) quietly 203 similar to the Pro-386G-Ser mutation previously described as specific to mongoose-related 204 RABV (Africa-3 clade) (Table 2).

205

Amino acid polymorphisms in the G protein 206

The presence of 13 highly conserved amino acid residues of virulence was assessed across the G 207 protein of the new Senegalese RABV sequences using multiple alignments. The identified 208 conservative mutations were highlighted in black while the non-conservative mutations were 209 colored in black and underlined (Table 3). A total of 10 amino acid residues of virulence among 1). G protein percent identity between SA252888 and vaccine strains 225 ranged from 84.5% to 87.6%. On average, percent identity of Senegalese G proteins was ~91.0% 226 when compared to the selected vaccine strains.

227

Recombination and episodic selection 228

There was no evidence for recombination detected in any RABV sequences used in this study.

229

Several sites under strong negative selection were found with the SLAC (P value ≤ 0.1) and 230 FUBAR (posterior probability [PP] ≥ 0.9) models and most of them were located in major 231 proteins such as the L, N and G protein, respectively. However, significant episodic positive 232 selection was obtained for all the proteins, except for the polymerase L (Table 4). All positively (13). In addition, the higher numbers of 284 amino acid mutations from the three most divergent isolates, were found in the Glycoprotein.

285

Interestingly, the identification of a mutation closed to a mongoose-specific RABV's substitution 286 from a dog-related RABV sequence in this study (Pro-386G-Leu), shows that the Pro-386G-Ser 287 could be not only present in mongoose-related Africa-3 RABV (35), but also shared between 288 mongoose and dog-related isolates. Future studies could be conducted to investigate the 289 possibility of RABV circulation in a wide variety of natural and incidental animal host species in 290 Senegal. Additionally, how species or isolate specific changes play a role in PEP efficiency 291 should also be considered. Furthermore, the substitutions observed in the polymerase protein 292 could have participated to the RABV shift to new host species in Senegal such as honey-badger.

293

Despite several isolations of RABV from honey-badger in Southern Africa (36), no associated 294 sequence was available. Our study is then noteworthy not only for generating the first whole 295 genome sequence of a honey-badger-related RABV, but also for identifying the specific amino 296 acid substitutions characterizing RABV isolated from the African honey-badger.

297

The G protein plays a crucial role in the biology and pathogenesis of neurotropic RABV Africa through spillover to honey-badger in Senegal, it showed a mean nucleotide substitution 352 rate (2.8 x 10 -4 (95% HPD: 2.5-3.2 x 10 -4 )) which is in agreement with findings reported in 353 previous studies of RABV evolution [START_REF] Troupin | Large-Scale Phylogenomic Analysis 429 Reveals the Complex Evolutionary History of Rabies Virus in Multiple Carnivore Hosts[END_REF]47). All the RABV sequences generated in this study 354 formed a homogenous cluster in the MCC tree (nucleotide dissimilarity ranging from 0.2% to 355 1.7%), suggesting a close-related population of RABV in Senegal as previously described in a 356 detailed analysis of the phylogeographical structure of the Africa-2 clade between Central to 357 Western African regions (13). Our data suggest two recent RABV introductions into Senegal A motif was considered as non-conserved when it presents more than three non-conservative mutations in more than three RABV isolates. 

210 13 was

 13 conserved in the G protein of Senegalese RABV isolates with sometimes non-211 conservatives amino acid changes. However, non-conservative mutations Arg333Ala and 212 Asn194Tyr were identified in all Senegalese RABV sequences. Highly conserved in the 213 Lyssavirus genus, the N-glycosylation site N319 was identified at amino acid position 338 in G 214 protein of the Senegalese RABV isolates and the previously described motif of glycosylation 215 NKT (26) showed polymorphisms in some of the new characterized Senegalese sequences. 216 Indeed, the isolate SA194858 (Dakar, SN 2008) from dog exhibited a mutation Phe340Ala at the 217 glycosylation site (NKA) while the isolate SA252888 from dog presented two non-conservative 218 mutations (Lys339Glu and Phe340Ala) at the same site (NEA). In addition, the isolate 219 SA212203 from honey-badger did not present this N-glycosylation site and exhibited an amino-220 acid mutation Asn338Asp (DKT) (

  233selected sites estimated by the FUBAR model (PP ≥ 0.9) were also identified by the MEME Time to the most recent common ancestor (tMRCA) for our RABV dataset was estimated to be diversity exhibited in the Senegalese sequences could have serve as a factor for 283 virus spillover in a new host such as honey-badger
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  298infection (6, 7). The amino acid mutation Arg-333-Ala have been shown to abolish virulence 299 while the substitution Asn-194-Tyr is implicated in the ability of RABV to infect neurons (19, 300 37). These two substitutions in the Glycoprotein were highly associated to RABV 301 neuropathogenesis in furious and paralytic forms of Rabies (38). Previously described as one of 302 the two most conserved N-glycosylation sites among sequences of the street RABV strains and 303 the most stable site in the expression of the glycoprotein (21), the glycosylation site at position 304 319 (Asn319) was located at amino acid position 338 in the Senegalese sequences. Although the 305 amino acid substitution at position 338 of the G protein plays no major role in viral 306 pathogenicity, the identification of a glycosylation site at this position could be a new insight in 307 the G-protein specific evolution of RABV in Senegal (39, 40). More noteworthy, our findings 308 highlighted also the absence of this N-glycosylation motive (NKT) in sequence of the RABV 309 isolate from honey-badger. Thus, further studies using the recombinant technology, could be 310 needed to investigate the effect of this motive in the pathogenicity of the Senegalese isolates 311 the polymerase L suggests frequent purging of deleterious polymorphisms in 319 this region during RABV transmission, since neither of the motives identified in the polymerase 320 was found to be subject to positive selection using the methods employed in our study. Beside to 321 the other proteins, there is substantial evidence that episodic selection events in the G protein 322 sequences are a result of the evolution of RABV in West Africa. The amino acid substitution 323 318G (Phe) has been previously associated to furious and paralytic Rabies and involved in p75 324 neurotrophin receptor binding, viral maturation and transport into the cell (36). Although the 325 other sites subjected to positive selection in the G protein were not documented in RABV 326 pathogenicity, almost all functional sites directly related to host tropism and infectivity are 327 located from positions 181 to 431 in the of the G protein derived from the carnivore RABV (42). 328 The presence of specific mutations under positive diversifying selection in the sequence from the 329 honey-badger-related RABV exhibited also the nature of selection pressures associated with host 330 switching which could be considered as a pattern driving RABV evolution in West Africa, 331 particularly in Senegal (43). 332 Phylogenetic analysis shows that the Senegalese RABV sequences are grouped into a 333 monophyletic cluster (Africa-2 clade) and are not region (intra-Senegal) specific. The ML tree 334 topology in this paper is in agreement with previously published data including sequences from 335 Senegal (13). However, the spillover of RABV into a novel ecological niche (host shift to the 336 honey-badger) could lead to the rapid spreading and future diversification of the virus in 337 Senegal. Spillover infections are important public health events that establish new reservoirs for 338 human exposures and can affect conservation of threatened or endangered wildlife species when 339 they occur into those species (44). Although Combinations of positively selected changes have 340 been shown to be associated to genetic polymorphism during each RABV host shift (45). 341 Therefore, it is becoming increasingly clear that the adaptive changes necessary for RABV host 342 shift is determined in part by viral factors that differ between strains, by the interaction between Page 13 of 32 Transboundary and Emerging Diseases -submitted manuscript Transboundary and Emerging Diseases -submission proof viral factors and the identity of the donor and recipient host species involved (46). Data from 344 the Senegalese RABV have been previously included in genome-wide phylogenetic analyses 345 (12). Nevertheless, our results represented the most comprehensive molecular analysis of RABV 346 from Senegal, as it includes more whole genome sequences than previously documented. The 347 generated complete sequences could be useful not only for large-scale analysis of RABV 348 dynamics in Africa, but also in update of the existing pan-Lyssavirus or RABV-specific 349 diagnostics. 350 Despite the host switching experienced since 2011 by the Africa-2 clade circulating in West 351
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  during the 1980s (95% HPD: 1981-1986) from Cote d'Ivoire and Burkina Faso. Instead of a 359 transboundary animal transmission of Rabies from these countries(13, 48), the phylogenetic 360 evidence gathered in this study points more in the direction of long-distance transmission of 361 Rabies facilitated by human-mediated animal movements (48, 49). However, further 362 phylogenetic studies including more complete data sequences from these two latest countries 363 could be necessary to provide more consistency to these results as there is only 3 and 2 complete 364 genome RABV sequences available from Cote d'Ivoire and Burkina Faso, respectively[START_REF] Troupin | Large-Scale Phylogenomic Analysis 429 Reveals the Complex Evolutionary History of Rabies Virus in Multiple Carnivore Hosts[END_REF].365In conclusion, regarding the key genetic elements from honey-badger-related RABV, the host 366 shift has resulted in a slightly increased genetic diversity and slow evolution of the Africa-2 367 clade RABV circulating in Senegal. Through selection mechanisms, a dog-related RABV isolate 368 may have acquired the key genetic information to induce host switching, adaptation and viral 369 spillover into honey-badgers as the honey-badger-related RABV clustered with a dog-related 370 isolate collected from the same place during the same year. In addition, through the identification 371 of a quietly similar mongoose-related mutation in a dog-related RABV sequence (Pro-386G-to mongoose-related RABV (Africa-3 clade) could be also present in dog-related RABV 374 isolates. Nevertheless, our phylogenetic data has exhibited the impact of purifying selection in 375 the molecular evolutionary dynamic of the Africa-2 clade RABV circulating in Senegal. As rabid 376 dogs constitute the main source of transmission to humans, Rabies control in dog populations 377 through a strong one health cooperation is essential for successful elimination in Senegal by 378 2030. However, the Rabies spillover in honey-badger exhibits the importance of establishing a 379 surveillance program in wildlife, to improve control measures and avoid possible future re-380 introductions into domestic hosts. not-for-profit sectors and was only supported by the Institut Pasteur de Dakar. We acknowledge 384 colleagues of virology department at Institut Pasteur de Dakar, Senegal for sharing supportive
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	221	G protein antigenic sites (22) were relatively conserved with a few exceptions. Isolates
	222	SA194858, SA212203, and SA252888 presented with multiple changes in antigenic site III
	223	(residues 330-338). Comparison with 10 vaccine strain G protein sequences also presents with

Table 1 :

 1 List of rabies virus full genome sequences from Senegalese's isolates from 2001 to
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Table 2 :

 2 Amino acid substitutions in genome of the three most divergent Senegalese rabies

			Transboundary and Emerging Diseases -submission proof	Page 20 of 32
	566	virus sequences.		
		Protein and	Honey-bagder-	Dog-related RABV	Dog-related RABV
		codon position	related RABV SA212203_Dahra_SN	SA252888_Dakar_SN _2013	SA267115_Dakar_SN_ 2014
			_2011	
		Glycoprotein		
		25			Thr => Lys
		118			Asn => Asp
		146			Thr => Ile
		150		Ser => Cys
		197			Thr => Cys
		233			Gly => Ser
		248		Gly => Ala
		317			Phe => Ser
		321	Ser => Asp	
			Transboundary and Emerging Diseases -submitted manuscript

¶ Substitution of the amino acid mutation Pro-386G-Ser previously identified as specific to mongoose-related RABV (Africa-3 clade) by

Troupin C, et al. 2016 (12)

.

Table 3 :

 3 Conservation of amino acid residues of virulence across the glycoprotein of Senegalese

570

rabies virus isolates.

Amino acid residues Position Motif's conservation Replaced by this consensus sequence on these RABV isolates

  

					EMQSSLLQQL on the isolate
					SA252888_Dakar_SN_2013
					NHDYTICMPE on the isolate
	NHDYTIWMPE	191-200 YES		SA267115SEN_Dakar_SN_20
					14
					HNSYPDYHWL on the isolate
	HNPYPDYHWL	132-141 YES		SA252913_Diamniadio_SN_20
					13
	AETYTNFVGY F TTFKRKHFRP o r DIHHLSCPNN P 87-96 99-108 37-46 e	YES YES YES		Similar on all the Senegalese isolates TTFRRKHFRP on all the Senegalese isolates Similar on all the Senegalese isolates KWCPPDQLVN on the isolates
		e r		SH155996_Dakar_SN_2001 and SH177846_Dakar_SN_2005;
	KWCSPDQLVN	269-278 YES R e v	RWCPPDQLVN on the isolate SA252888_Dakar_SN_2013;
			i e	KWCPSDQLVN on all the other Senegalese isolates
	WKMAGDPRYE	119-128 YES	w	WKMAGGPRYE on the isolate
	Arginine (R) Asparagine (N) CGFVDERGLY TLMEADAHYK	333 194 226-235 YES NO NO 341-350 YES	Alanine (A) on all the Senegalese isolates Tyrosine (Y) on all the Senegalese isolates SA212203_Dahra_SN_2011 O CGFVDERSLY on the isolate SA267115_Dakar_SN_2014 n ALMEAHAHYK on the l isolates y SA252888_Dakar_SN_2013 located at position 338 NKA on the isolate and SA194858_Dakar_SN_2008; SA194858_Dakar_SN_2008; TLMEADAWYK on the
	Glycosylation site NKF The residues Arg333 and Asn194 were previously described by Dietzschold 319 NO isolate NEA on the isolate SA212203_Dahra_SN_2011 SA252888_Dakar_SN_2013;
					DKT on the isolate
					SA212203_Dahra_SN_2011
	EMQSSLLQQH	394-403 YES		ETQSSLLQQL on the isolate SA267115_Dakar_SN_2014;

B et al, 1983 (20).

  The N-glycosylation motif NKT was previously described by Marston

DA et al, 2007 (21).

  The ten remaining RABV amino acid motifs were analyzed as described by and Tomar

NR et al, 2017 (22).

  Positions with amino acid different on the glycoprotein of Senegalese RABV are highlighted in bold and black for conservative mutations and in bold and red for non-conservative mutations.

Table 4 :

 4 Episodes of positive diversifying selection among the proteins of Senegalese rabies

	573	virus isolates.			
		Protein	Number of sites detected by method	Positive selection
			SLAC	FUBAR	MEME	aBSREL
			(P value ≤ 0.1)	(PP ≥ 0.9)	(P value ≤ 0.1)	(P value < 0.05)
			58/540	269/540	0/540	0/102
						YES
		N	0/540	1/540	1/540	0/102
			23/297	43/297	0/297	0/55
						YES
		P	0/297	1/297	1/297	0/55
			12/202	39/202	0/202	0/55
						YES
		M	0/202	1/202	1/202	0/55
			55/524	269/524	0/524	0/75
						YES
		G	0/524	0 /524	6/524	1/75
			110/2127	813/2127	0/2127	0/67
						NO
		L	0/2127	0/2127	8/2127	0/67
		For each protein, the top row represents sites under negative selection (dN/dS < 1), and the
		bottom row represents site that are under positive selection (dN/dS > 1).
		Pervasive diversifying selection at posterior probability (PP) ≥ 0.9 with FUBAR model
		Episodic diversifying selection at 0.1 significance level with SLAC and MEME models (P
		value p ≤ 0.1)		
		Episodic diversifying selection at P value p ≤ 0.05 with aBSREL model.

Table 2 :

 2 List of Rabies viruses full genomes from West and Central African countries and available in GenBank. Senegal. CI, Côte d'Ivoire. BF, Burkina Faso. MAU, Mauritania. NE, Niger. NG, Nigeria. BJ, Benin. TD, Chad. CF, Central African Republic. CM, Cameroon. GN, Guinea
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1 Appendix

Table 3 :

 3 Bayes factors >3 and posterior probabilities generated from Spread3. Senegal. CI, Côte d'Ivoire. BF, Burkina Faso. MAU, Mauritania. NE, Niger. NG, Nigeria. BJ, Benin. TD, Chad. CF, Central African Republic. CM, Cameroon. GN, Guinea

				Page 32 of 32
	FROM	TO	BAYES_FACTOR	POSTERIOR PROBABILITY
	TD	CF	158.0	0.94
	CM	NG	123.5	0.93
	CM	TD	26.9	0.74
	NE	BF	22.1	0.70
	CI	MR	11.3	0.55
	CI	BF	10.3	0.53
	BF	NE	4.7	0.34
	CI	SN	4.6	0.33
	BF	CI	4.5	0.33
	BF	MR	4.4	0.32
	BN	CM	3.9	0.29
	MR	CI	3.6	0.28
	BN	NE	3.5	0.27
	BF	SN	3.1	0.25
	Abbreviations: SN, 2			
	3			
	4			

available complete sequences from Senegal[START_REF] Troupin | Large-Scale Phylogenomic Analysis 429 Reveals the Complex Evolutionary History of Rabies Virus in Multiple Carnivore Hosts[END_REF], the new characterized RABV isolates showed a
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