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Dear Editor,

Astroviruses (AstVs) (family Astroviridae) are positive-sense, single-
stranded RNA viruses that infect a large diversity of mammalian and
avian species.! In humans, eight serotypes have been described
worldwide, accounting for 2%—-9% of all acute non-bacterial gastro-
enteritis cases in children.? AstVs have been detected from over 80
non-human host species, including a large diversity of bat species in
Asia, Europe and Africa,® and recent phylogenetic analyses suggest that
the long-term evolution of AstVs is determined by frequent cross-
species transmission events.*®> During the past decade, numerous
AstVs with potential zoonotic transmission have been described,
highlighting the need for improved knowledge on their biology to
prevent future health threats.?

Bats are recognized as a major reservoir of infectious agents.
Madagascar shelters over 46 bat species, of which nearly 80% are
endemic, occupying different types of day roosts, including natural
and synanthropic sites. Recent investigations have shown that the
compositions of Malagasy bat species assemblages are correlated with
factors associated with the diversity and transmission of infectious
agents, such as paramyxoviruses and Leptospira.>’ The detection of
new Betacoronaviruses in endemic Malagasy fruit bats also underlined
the urgent need to better understand bat-associated infectious agents,
and thus assess the potential for spillover to human populations in this
major biodiversity hotspot.3

Herein, Malagasy bats were sampled for the detection of AstVs in
the context of a multilevel research program examining the systematics
and biogeography of these animals and their associated infectious
agents. Bats were trapped at two locations (Ambohitantely and
Anjohibe) using mist nets, harp traps and butterfly nets. In Anjohibe,
several different species were trapped in a large cave network, whereas
in Ambohitantely, two species were sampled at different sites: Myotis
goudoti in a cave roost and Mormopterus jugularis in a public school.
Rectal and buccal swabs were obtained using sterile rayon-tipped
applicators (Puritan, Guilford, ME, USA). Pooled swabs from each
individual bat (one rectalt+one buccal swab) were placed in the same
tube containing 1.5mL of brain heart infusion medium (Conda,
Madrid, Spain) supplemented with penicillin G (1000 units/mL),
streptomycin (1 mg/mL), kanamycin (0.5 mg/mL), gentamicin

(0.25mg/mL) and amphotericin B (0.025 mg/mL), immediately
frozen in liquid nitrogen, and subsequently transferred and stored in
a —80°C freezer.

Samples were vortexed and centrifuged at 1500¢ for 15 min. RNA
extraction was performed using the QIAamp Viral RNA Mini Kit
(QIAGEN, Valencia, CA, USA). Reverse transcription was performed
on 10 pL of RNA using the ProtoScript II Reverse Transcriptase and
Random Primer 6 (New England BioLabs, Ipswich, MA, USA) under
the following thermal conditions: 70 °C for 5 min, 25°C for 10 min,
42°C for 50 min and 65°C for 20 min. cDNAs were tested for the
presence of the AstV RNA-dependent RNA-polymerase (RdRp) gene
using a pan-AstV semi-nested polymerase chain reaction (PCR) assay.’
PCRs were performed with the GoTaq G2 Hot Start Green Master Mix
(Promega, Madison, WI, USA) in an Applied Biosystems 2720 Thermal
Cycler (Thermo Fisher Scientific, Waltham, MA, USA). After electro-
phoresis on a 1.5% agarose gel stained with 2% GelRed (Biotium,
Hayward, CA, USA), PCR products of the expected size were submitted
for direct Sanger sequencing (Genoscreen, Lille, France).

Overall, 40 of 178 bats tested positive for the presence of AstV RdRp
(mean detection rate + 95% confidence interval: 22.5% + 6.13%). This
detection rate was consistent with rates reported in other studies using
the same PCR assay.>!? Six of the nine bat species tested positive
(Supplementary Table S1), with significant variation between species
(¥*=63.3, P<0.001). A difference in the mean detection rates
between the Ambohitantely (1.96% +3.81%) and the Anjohibe
(30.7% + 8.02%) sites was also observed (y*=23.2, P<0.001).
This result may be affected by a sampling bias between the two sites
(51 bats sampled in Ambohitantely versus 127 in Anjohibe) or may
reflect species- and site-related variation in AstV infection. Repeated
sampling of the same bat populations would be needed to examine
potential seasonal variations in virus transmission between hosts and
locations.

A Bayesian Markov Chain Monte Carlo coalescent analysis was
performed with 31 sequences obtained in this study (GenBank
accession numbers KY575644-KY575674) and 83 reference AstV
RdRp partial nucleotide sequences. Sequences (395 bp) were aligned
using CLC Sequence Viewer version 7.7.1 (CLC Bio, Aarhus, Den-
mark). The coalescent analysis was performed with the program
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1 Avastrovirus 3 isolate MPJ1433 - Anas acuta Hong Kong (JX985714)

Avastrovirus 3 isolate MPJ0552 - Anas clypeata Hong Kong (JX985682)

Avastrovirus 1 isolate MPJ1470 - Anas penelope Hong Kong (JX985717)
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Chicken astrovirus 1 isolate 612 - Gallus gallus South Africa (EU669001)
Avastrovirus 2 isolate KG70 - Spilopelia chinensis Hong Kong (JX985671)

Bat AstvV

i
Human astrovirus MLB1 isolate 1062126 (JQ673581)
Astrovirus MLB2 isolate MLB2/human/Vel/CRI38351/2006 (GQ502188)
Astrovirus MLB3 isolate MLB3/human/Vellore/26564/2004 (JX857870)
Bottlenose dolphin astrovirus 1 - Tursiops truncatus USA (FI890355)
California sea lion astrovirus 4 isolate 1136 - Zalophus californianus USA (JN420351)
Feline astrovirus strain 443/07A - Felis catus Italy (GU980969)
Porcine astrovirus 2 Shanghai/2008 - Sus scrofa domesticus China (GQ914773)
Human astrovirus 3 isolate Rus NscO4 H355 (JF491430)
Human astrovirus type 7 (AF: 38)
Human astrovirus 6 isolate 192 BJO7 CHN (GQ495608)
Human astrovirus 5 isolate Goiania/GO/12/94/Brazil (D0028633)
Human astrovirus type 4 strain Dresden (AY720891)
Human astrovirus type 8 (AF260508)
Human astrovirus type 1 strain Oxford (L23513)
Human astrovirus serotype 2 (L23509)
Astrovirus VA3 isolate VA3/human/Vel/CRI33463/2005 (GQ502196)
Astrovirus VA1/HMO-C isolate HMO-CLondon1 (KJ920196)
Astrovirus VA4 isolate VA4/human/Nepal/s5363 (JX857869,
Astrovirus VA2 isolate VA2/human/Vel/CR132927/2005 (GQ502195)
HMO Astrovirus A isolate 10621246 (JQ673585)
Astrovirus BAstV/BS50/HUN/2013 - Pipistrellus pygmaeus Hungary (KJ652327)
Bat astrovirus strain 09GB1236Ca - Coleura afra Gabon (KU510476)
Bat astrovirus strain 09GB1230Ca - Coleura afra Gabon (KU510475)
ps furculus Anjohibe UADBA-SMG18890 2014 (KY575662)
Bat astrovirus Mm/NX25-1/Hainan - Miniopterus magnater China (KJ571390)
Bat astrovirus 1 isolate AFCD275 - Miniopterus pusillus China (EU847215)
Astrovirus BAstV/V9/HUN/2013 - Miniopterus schreibersii Hungary (KJ652326)
Bat astrovirus 1 isolate WCF12 - Miniopterus pusillus China (EU847158)
Bat astrovirus strain 09GB438Mi - Miniopterus inflatus Gabon (KU510456)
Bat astrovirus strain 09GB1199Mi - Miniopterus inflatus Gabon (KU510443)
Miniopterus fuliglnosus astrovirus isolate XMM448 - Miniopterus fuliginosus Myanmar (JX863705)

Avastrovirus 2 isolate MPJ0570 - Anas crecca Hong Kong (JX985684)
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Anjohibe FMNH 228870 2014 (KY57564:
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P: Iurculus An)oh\be UADBA-SMG18888 2014 (KY575661)

Bat AstV Miniopterus griveaudi Anjohibe FMNH 228881 2014 (KY575649)

Bat astrovirus 1 isolate AFCD175 - Miniopterus magnater China (EU847209)

Bat astrovirus Myr/(

Bat AstV P

Bat AstV P
BatAstV
Bat AstV P
Bat AstV/
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Anjohibe FMNH 228826 2014 (KY575666)

Bat AstV Miniopterus griveaudi Anjohibe FMNH 228882 2014 (KY575650)
Bat AstV Miniopterus griveaudi Anjohibe FMNH 228872 2014 (KY575645)
Bat AstV Miniopterus griveaudi Anjohibe UADBA-SMG18905 2014 (KY575653)
Bat AstV Miniopterus griveaudi Anjohibe FMNH 228875 2014 (KY575674)
Bat AstV Miniopterus griveaudi Anjohibe FMNH 228874 2014 (KY575646)
Bat AstV Miniopterus griveaudi Anjohibe UADBA-SMG18853
Bat AstV Miniopterus griveaudi Anjohibe FMNH 228876 2014 (KY5756.
Bat AstV Miniopterus griveaudi Anjohibe UADBA-SMG18874 2014 (KY575652)
Tylonycteris robustula astrovirus 1 - Tylonycteris robustula China (JQ814870)
Myotis ricketti astrovirus 1 - Myotis ricketti China (JQ814868)
Miniopterus fuliginosus astrovirus isolate WOM990 - Miniopterus fuliginosus Myanmar (JX863709)
Bat AstV Miniopterus griveaudi Anjohibe FMNH 228878 2014 (KY575648)
Bat astrovirus 1 isolate AFCD279 - Miniopterus magnater China (EU847216;
Miniopterus fuliginosus astrovirus isolate XMM387 - Miniopterus fuliginosus Myanmar (JX863711)
Bat astrovirus 1 isolate AFCD303 - Miniopterus pusillus China (EU847220)
Bat astrovirus strain 09GB955Hg - Hipposideros gigas Hungary (KU510442)
Astrovirus BAstV/B23/HUN/2012 - Myotis bechsteinii Hungary (KJ652325)
Bat astrovirus strain 09GB1163Hg - Hipposideros gigas Hungary (KU510451)
Bat astrovirus strain 09GB282Hc - Hipposideros caffer Hungary (KU510445)
Bat astrovirus Ms/HK61/CHN/2007 - Miniopterus schreibersii China (HQ613174)
Bat astrovirus Sk/LZ05/Hainan - Scotophilus kuhlii China (KJ571409]
Bat astrovirus Sk/CZ15/Hainan - Scotophilus kuhlii China (KJ571386)
Bat astrovirus isolate 16(1)/2010/CZE - Myotis mystacinus Czech Republic (KP843559)
Bat astrovirus isolate 8(1)/2012/CZE - Nyctalus noctula Czech Republic (KP843558)
Bat astrovirus isolate 2(2)/2012/CZE - Myotis emarginatus Czech Republic (KP843562;
Bat astrovirus isolate 23(1)/2012/CZE - Pipistrellus pipistrellus Czech Republic (KP843560)
Bat astrovirus isolate 27(1)/2012/CZE - Vespertilio murinus Czech Republic (KP843561)
Bat astrovirus isolate 9(2)/2013/CZE - Rhinolophus hipposideros Czech Republic (KP843563)
Bat AstV Myotis goudoti Anjohibe UADBA-SMG18920 2014 (KY575656)
Bat astrovirus 1 isolate WCF82 - Myotis ricketti China (EU847162)
Bat astrovirus Myh/SD16-1/Hainan - Myotis horsfieldii China (KJ571404)
Bat astrovirus Myh/SD13/Hainan - Myotis horsfieldii China (KJ571403)
Bat AstV Myotis goudoti Anjohibe FMNH 228866 2014 (KY575655)
Bat AstV Myotis goudoti Ambohitantely FMNH 229045 2014 (KY575654)
Bat astrovirus Myh/SD16-2/Hainan - Myotis horsfieldii China (KJ571405)
Bat astrovirus 1 isolate WCF126 - Myotis chinensis China (EU84716!
QX60-2/Guangxi - Myotis ricketti China (KJ571431)

Astrovirus BAstV/M44/HUN/2013 - Myotis nattereri Hungary (KJ652323)
Bat astrovirus N78-10/Germany/2008 - Myotis myotis Germany (HM368168)
Bat astrovirus N78-02/Germany/2008 - Myotis myotis Germany (HM368170)
Astrovirus BAstV/B14/HUN/2012 - Myotis daubentonii Hungary (KJ652324)
Bat astrovirus 1 isolate WCF140 - Myotis chinensis China (EU847146)
Astrovirus BAstV/Bb1/HUN/2013 - Myotis emarginatus Hungary (KJ652321)
Bat AstV Triaenops menamena Anjohibe FMNH 228860 2014 (KY575668
Bat AstV Rousettus madagascariensis Anjohibe UADBA-SMG18921 2014 (KY575667)
Bat AstV Triaenops menamena Anjohibe UADBA-SMG18884 2014 (KY575672)
Bat AstV Triaenops menamena Anjohibe UADBA-SMG18885 2014 (KY575673)
Bat AstV Triaenops menamena Anjohibe FMNH 228864 2014 (KY575670)
Bat AstV Triaenops menamena Anjohibe FMNH 228863 2014 (KY575669)
Bat astrovirus strain 09GB676Hc - Hipposideros caffer Gabon (KU510484)
i ps furculus Anjohibe FMNH 228848 2014 (KY575658)
Bat AstV Paratriaenops furculus Anjohibe UADBA-SMG18892 2014 (KY575663)
Bat AstV Paratriaenops furculus Anjohibe UADBA-SMG18886 2014 (KY575660)
ops furculus Anjohibe FMNH 228844 2014 (KY575657)

ps furculus Anjohibe FMNH 228851 2014 (KY575659)

ps furculus Anjohibe UADBA-SMG18902 2014 (KY575665)

ps furculus Anjohibe UADBA-SMG18894 2014 (KY575664)
Bat astrovirus Ha/Guangxi/LY07/2007 - Hipposideros armiger China (FJ571134)
Bat astrovirus Rp/FK35/Guangxi - Rhinolophus pusillus China (KJ571428)
Bat astrovirus HI/Guangxi/PX05/2007- Hipposideros larvatus China (FJ571136)
Bat astrovirus Ha/QX48/Guangxi - Hipposideros armiger China (KJ571429)
Bat astrovirus Ha/Guangxi/LY03/2007 - Hipposideros armiger China (FJ571133)
Bat astrovirus Ha/Guangxi/HZ04/2007 - Hipposideros armiger China (FJ571094)
Bat AstV Triaenops menamena Anjohibe UADBA-SMG18883 2014 (KY575671)
Bat astrovirus Rf/Hubei/273/2004 - Rhinolophus ferrumequinum China (FJ571075)
Bat astrovirus Rp/FK27/Guangxi - Rhinolophus pusillus China (KJ571424)
Bat astrovirus Ra/DL040/Hainan - Rhinolophus affinis China (KJ571380)
Bat astrovirus Rp/Jiangxi/A860/2005 - Rhinolophus pearsonii China (FJ571079)
Rhinolophus sinicus astrovirus 1 - Rhinolophus sinicus China (JQ814869)
Bat astrovirus RI/HKGS/CHN/2008 - Rousettus leschenaultii China (HQ613178)
Bat astrovirus Rf/Shandong/A977/2006 - Rhinolophus ferrumequinum China (FJ571083)
Bat astrovirus 1 isolate WCF192 - Rhinolophus rouxii China (EU847174)

2014 (Kv575651)
47)

Figure 1 Maximum clade credibility tree from 114 Astrovirus (AstV) RNA-dependent RNA-polymerase partial nucleotide sequences (395 bp). Blue branches
indicate bat AstVs detected on Madagascar. Sequence accession numbers are indicated in parentheses, and virus origin (host bat species and sampling
location) is detailed for animal-origin AstVs. Posterior probabilities are reported when >0.8 (red squares). Sequences derived from this study are indicated

in blue.

BEAST 1.8.4,!! with the general time-reversible evolutionary model,
an estimation of the proportion of invariable sites (I) and of the
nucleotide heterogeneity of substitution rates (a), as selected by Model
Generator 0.85.!2 A strict molecular clock and a constant population
size were selected. The analysis was performed with a chain length of
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60 million generations sampled every 1000 iterations; the first 10% of
trees were discarded as burn-in.

Analysis of the 31 RdRp partial sequences of AstVs obtained from
Malagasy bats revealed high genetic diversity (pairwise distance up to
38%). High sequence diversity is commonly described in bat AstVs,?



with studies reporting potentially novel AstV species in these
hosts.”!>!* The coalescent analysis provided further evidence of this
considerable diversity and the low degree of host restriction (Figure 1).
For instance, the two viruses detected in Rousettus madagascariensis
were more genetically related to AstVs found in Miniopterus griveaudi
and in Triaenops menamena than to each other. The close proximity of
bat roosting sites in the Anjohibe cave network may favor virus
transmission between species and, more broadly, the infection of a
large diversity of hosts sharing these habitats. The sequence detected in
Mpyotis goudoti at Ambohitantely was closely related to one of the
two sequences detected in the same species at Anjohibe, further
suggesting that AstVs may easily spread within bat populations. Low
levels of host restriction and limited phylogenetic clustering between
viruses detected at distant locations have also been reported in other
studies in Asia, Europe and Africa,® although the ecological drivers of
AstV epidemiology and evolution remain to be determined.

This report suggests that Malagasy bats may act as reservoirs of a
large diversity of AstVs. Further epidemiological work is necessary to
identify hosts and ecological factors involved in AstV infection among
bats. Additional sequencing may also provide important information
on the origin and evolutionary history of these viruses. AstVs are
important agents of acute gastroenteritis among children <24 months
of age on Madagascar, where simultaneous circulation of multiple
genotypes has been reported.!> Comprehensive source-attributed
case—control studies will be necessary to assess the risk of zoonotic
transmission of bat-origin AstVs.

ACKNOWLEDGEMENTS

Malalanirina Rakotomanga and Andrianiaina Randrenjarison are thanked for
their assistance in the field. Research permits for animal sampling were issued
by the Direction du Systtme des Aires Protégées, Direction Générale de
I'Environnement et des Foréts, and Madagascar National Parks, following
regulations of Malagasy national authorities (permit NO 238/14/MEEF/SG/
DGF/DCB.SAP/SCB and 268/14/MEEF/SG/DGF/DCB.SAP/SCB). Field
research was funded by the ‘Fond Européen de Développement Régional:
ParamyxOI' (Programme Opérationnel de Coopération Territoriale NO
33857), and molecular analyses were funded by the Université de La Réunion.
BR’s post-doctoral fellowship was supported by the ‘Run Emerge’ European
Union’s Seventh Framework Program (FP7/2007-2013; Grant agreement NO
263958), the ‘Fonds de Coopération Régionale, Prefecture de La Réunion’ and
The Field Museum of Natural History, Chicago, through the Ralph and Marian
Falk Medical Research Trust. The funding agencies did not have any
involvement in the study design, implementation or publishing of this study,

Astroviruses in bats
C Lebarbenchon et al

and the research presented herein represents the opinions of the authors but
not necessarily the opinions of the funding agencies.

1 De Benedictis P, Schultz-Cherry S, Burnham A et al. Astrovirus infections in humans
and animals — molecular biology, genetic diversity, and interspecies transmissions.
Infect Genet Evol 2011; 11: 1529-1544.

2 Bosch A, Pinto RM, Guix S. Human astroviruses. Clin Microbiol Rev 2014; 27:
1048-1074.

3 Fischer K, dos Reis VP, Balkema-Buschmann A et al. Towards understanding the
transmission dynamics of a neglected virus family. Viruses 2017; 9: 34.

4 Mendenhall IH, Smith GJD, Vijaykrishna D. Ecological drivers of virus evolution:
astrovirus as a case study. J Viro/ 2015; 89: 6978-6981.

5 Karlsson EA, Small CT, Freiden P et al. Non-human primates harbor diverse mammalian
and avian astroviruses including those associated with human infections. PLoS Pathog
2015; 11: 1-17.

6 Mélade J, Wieseke N, Ramasindrazana B et al. An eco-epidemiological study of
Morbilli-related paramyxovirus infection in Madagascar bats reveals host-switching as
the dominant macro-evolutionary mechanism. Sci Rep 2016; 6: 23752.

7 Gomard Y, Dietrich M, Wieseke N et al. Malagasy bats shelter a considerable genetic
diversity of pathogenic Leptospira suggesting notable host-specificity patterns. FEMS
Microbiol Ecol 2016; 92: 1-12.

8 Razanajatovo NH, Nomenjanahary LA, Wilkinson DA et al. Detection of new genetic
variants of Betacoronaviruses in endemic frugivorous bats of Madagascar. Viro/ J 2015;
12: 42.

9 Chu DKW, Poon LLM, Guan Y et al. Novel astroviruses in insectivorous bats. J Viro/
2008; 82: 9107-9114.

10 Fischer K, Zeus V, Kwasnitschka L et al. Insectivorous bats carry host specific
astroviruses and coronaviruses across different regions in Germany. Infect Genet Evol
2016; 37: 108-116.

11 Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees.
BMC Evol Biol 2007; 7: 214.

12 Keane TM, Creevey CJ, Pentony MM et al. Assessment of methods for amino acid matrix
selection and their use on empirical data shows that ad hoc assumptions for choice of
matrix are not justified. BMC Evol Biol 2006; 6: 29.

13 Kemenesi G, Dallos B, Gordol T et al. Molecular survey of RNA viruses in Hungarian
bats: discovering novel astroviruses, coronaviruses, and caliciviruses. Vector Borne
Zoonotic Dis 2014; 14: 846-855.

14 Rougeron V, Suquet E, Maganda GD et al. Characterization and phylogenetic
analysis of new bat astroviruses detected in Gabon, Central Africa, 2016. Acta Virol 60:
386-392.

15 Papaventsis DC, Dove W, Cunliffe NA et al. Human astrovirus gastroenteritis in children,
Madagascar, 2004-2005. Emerg Infect Dis 2008; 14: 844-846.

This work is licensed under a Creative Commons Attribution 4.0

B International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license, users
will need to obtain permission from the license holder to reproduce the material. To viewa
copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

Supplementary Information for this article can be found on the Emerging Microbes & Infections website (http://www.nature.com/emi)

Emerging Microbes & Infections



