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Abstract

Bats (order: Chiroptera) are known to host a diverse range of viruses, some of which present a human public
health risk. Thorough viral surveillance is therefore essential to predict and potentially mitigate zoonotic spillover.
Astroviruses (family: Astroviridae) are an understudied group of viruses with a growing amount of indirect evidence
for zoonotic transfer. Astroviruses have been detected in bats with significant prevalence and diversity, suggesting
that bats may act as important astrovirus hosts. Most astrovirus surveillance in wild bat hosts has, to date, been
restricted to single-gene PCR detection and concomitant Sanger sequencing; additionally, many bat species and
many geographic regions have not yet been surveyed for astroviruses at all. Here, we use metagenomic Next
Generation Sequencing (MNGS) to detect astroviruses in three species of Madagascar fruit bats, Eidolon dupreanum,
Pteropus rufus, and Rousettus madagascariensis. We detect numerous partial sequences from all three species

and one near-full length astrovirus sequence from Rousettus madagascariensis, which we use to characterize the
evolutionary history of astroviruses both within bats and the broader mammalian clade, Mamastrovirus. Taken
together, applications of mMNGS implicate bats as important astrovirus hosts and demonstrate novel patterns of bat
astrovirus evolutionary history, particularly in the Southwest Indian Ocean region.
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Introduction

Bats (order: Chiroptera) make up an extremely diverse
mammalian order that has been identified as a reservoir
of many of the world’s most virulent zoonotic viruses
[1-3]. Bats’ capacity to host virulent zoonotic viruses
without experiencing disease is posited to be a byprod-
uct of their evolution of flight, which necessitated meta-
bolic adaptations leading to both elongated lifespans and
immune system modifications promoting the evolution
of viruses that are virulent to non-bat hosts [1, 4-6].
Furthermore, the behaviors of many bat species, such
as social grooming and roosting in dense aggregations,
advance the transmission of infection within populations
[7]. Despite the established importance of bats as viral
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reservoirs, existing surveillance of the viruses hosted by
bats is uneven and shows marked geographic and taxo-
nomic biases [8, 9].

A prime example is the island of Madagascar. Mada-
gascar is home to 46 bat species with nearly 80% ende-
mism, the result of a unique biogeographical history
characterized by long isolation from surrounding land-
masses [10, 11]. This isolation has also led to the coevo-
lution of extraordinarily diverse viruses within Malagasy
bats [12-14]. Moreover, high human-bat contact rates
due to hunting, particularly of large fruit bats, across the
island increase the potential for zoonotic spillover [15].
Altogether, these factors make Madagascar an especially
important location for surveillance of viruses harbored
by bats.

A key understudied family of viruses are astroviruses
(family: Astroviridae). Astroviruses (AstVs) are non-
enveloped, positive-sense, single-stranded RNA viruses.
Their genome contains a 5’-untranslated region (UTR),
three open reading frames (ORFs)—ORF1a, ORF1b, and
ORF2—and a 3'UTR with a poly A tail [16]. AstVs infect
a remarkable diversity of hosts, grouping broadly into
two genera: Avastroviruses, which infect avian hosts, and
Mamastroviruses, which infect mammalian hosts, includ-
ing humans. Approximately 2—9% of all acute non-bacte-
rial gastrointestinal infections in children are thought to
be from astrovirus infection [16, 17]. This lack of host
specificity demonstrates AstVs’ efficiency in cross-spe-
cies transmission, thought to be facilitated by high viral
diversity and frequent recombination events [16, 18—21].
Although there is currently no direct evidence for zoo-
notic astrovirus transmission, a number of studies pres-
ent indirect evidence suggesting a historical spillover of
AstVs from animals to humans [20-25]. Despite their
clear importance in both wildlife and public health, we
have only recently begun to understand the true diver-
sity of astroviruses and their evolutionary history in non-
human hosts.

Astroviruses have been detected at high incidence and
with remarkable diversity in both suborders of Chirop-
tera, Yinpterochiroptera and Yangochiroptera, though
these values range widely depending on the study design,
species, and location [24-28]. Differing phylogenetic
analyses reveal both strong and weak host- and geo-
graphic- clustering, with some bat AstVs grouping more
closely with members of the avian Avastrovirus genus.
High astrovirus diversity detected within members of the
same populations of bat hosts suggests the simultaneous
circulation of multiple strains, perhaps driven by the co-
roosting of multiple bat species in dense aggregations [1,
7, 29]. Altogether this evidence suggests that bats may be
an important reservoir source for cross-species transmis-
sion or zoonotic spillover of astroviruses. These insights,
however, have been largely based on PCR detections and
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single gene sequences (typically the RNA-dependent
RNA polymerase gene, or RdRp) derived from a few
species of bats, limiting the potential for more robust
evolutionary analysis. Very recently, metagenomic next-
generation (mMNGS) sequencing has resulted in the detec-
tion of five full-genome bat astroviruses globally [30-32].
However, many outstanding questions remain regarding
astrovirus presence, infection dynamics, and zoonotic
risk.

Here, we present paired mNGS/PCR detection and
characterization of astroviruses sampled from three spe-
cies of endemic fruit bat from Madagascar: Pteropus
rufus, Rousettus madagascariensis, and Eidolon duprea-
num. We identified a novel near-full length astrovirus
genome detected in a Rousettus madagascariensis fecal
sample and we characterized its evolutionary history
among the broader clade of Mamastroviruses. Using
PCR-derived RdRp sequences from Rousettus mada-
gascariensis and Eidolon dupreanum, we additionally
explored the biogeographical history of bat astroviruses
from Madagascar and its surrounding landmasses in the
Southwest Indian Ocean Region. Our work sheds light on
the evolutionary history of astroviruses between bat sub-
orders, Yinpterochiroptera and Yangochiroptera.

Methods

Sample collection and processing

Astrovirus infections were identified from a dataset of
viruses detected in samples from a longitudinal study
of fruit bats across Madagascar. Methodological details
on bat field sampling and subsequent RNA extraction,
library preparation, and Illumina sequencing have been
reported in previous work [13, 14]; here, we give only a
brief overview.

Between 2018 and 2019, monthly bat captures were
carried out at three species-specific locations: Amba-
koana roost (-18.513 S, 48.167 E, Pteropus rufus); adja-
cent Angavobe/Angavokely caves (-18.944 S, 47.949
E, and —18.933 S, 47.758 E, Eidolon dupreanum); and
Maromizaha cave (-18.9623 S, 48.4525 E, Rousettus mad-
agascariensis). Bats were identified to species, sex, and
age (adult vs. juvenile), and throat, fecal, and urine sam-
ples were collected.

Following field collection, throat, fecal, and urine sam-
ples underwent RNA extraction in the Virology Unit at
the Institut Pasteur de Madagascar (IPM) using the Zymo
Quick DNA/RNA Microprep Plus Kit (Zymo Research,
Irvine, CA). In total, RNA from 285 fecal, 143 throat,
and 196 urine swab samples was extracted, then stored in
-80 °C freezers at IPM, prior to final transport on dry ice
to the Chan Zuckerberg Biohub San Francisco (CZB-SF)
for eventual library preparation and subsequent mNGS.

Aliquots of each sample were arrayed into a 384 well
plate for mNGS library preparation. Samples were
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evaporated using a GeneVac EV-2 (SP Industries, Warm-
inster, PA, USA) to enable miniaturized library prepa-
ration with the NEBNext Ultra II RNA Library Prep
Kit (New England Biolabs, Beverly, MA, USA). Library
preparation was performed per the manufacturer’s
instructions, with the following modifications: 25 pg
of External RNA Controls Consortium Spike-in mix
(ERCCS, Thermo-Fisher) were added to each sample
prior to RNA fragmentation; the input RNA mixture was
fragmented for 8 min at 94°C prior to reverse transcrip-
tion; and a total of 14 cycles of PCR with dual-indexed
TruSeq adaptors was applied to amplify the resulting
individual libraries. Samples were assessed for qual-
ity and quantity, then submitted to an Illumina NextSeq
2000 (Illumina, San Diego, CA, USA) for paired-end
sequencing (2% 146 bp). The pipeline used to separate the
sequencing output of the individual libraries into FASTQ
files of 146 bp paired-end reads is available on GitHub at
https://github.com/czbiohub/utilities.

Detection

Raw reads from Illumina were host-filtered, quality-fil-
tered, and assembled on the Chan Zuckerberg Infectious
Diseases (CZID) bioinformatics platform (v3.10 NR/
NT 2019-12-01) [33], using a host background model
of “bat” compiled from all publicly available full-length
bat genomes in GenBank at the time of sequencing (July
2019). Samples were marked positive for astrovirus infec-
tion if at least two contigs with an average read depth>2
reads/nucleotide were assembled that showed significant
nucleotide or protein BLAST alignment(s) (alignment
length>100nt/aa and E-value<0.00001 for nucleotide
BLAST/bit score>100 for protein BLAST) to astrovi-
ruses present in the NCBI NR/NT database (v12-01-
2019). Additionally, all non-host contigs assembled in
CZID were manually BLASTed against all full-length and
protein reference sequences for astroviruses available in
NCBI Virus.

To test for differences in astrovirus prevalence, we per-
formed four Pearson’s Chi squared tests between differ-
ing subsets of the data: between total prevalence across
the three species, and between adults and juveniles
within each species.

Molecular confirmation

Samples identified as positive via mNGS described
above were subjected to conventional PCR. Among the
4 fecal and 7 urine samples identified as AstV positive by
mNGS, only one urine sample did not have enough left-
over nucleic acid material and was not included in the
analysis. Original fecal and urine samples were syringe
filtered through a 0.45u m filter, and 804 L of superna-
tant was re-extracted using the Zymo Quick-RNA Mini-
prep Kit (Zymo Research, Orange, CA, USA), then eluted
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in 15p L of nuclease free water according to manufac-
turer’s instructions. Reverse transcription was carried
out on the eluted RNA using SuperScript IV Reverse
Transcriptase (Thermo Fisher Scientific, Waltham, MA,
USA) under the following thermal conditions: random
priming at 65 °C for 5 min, followed by first strand syn-
thesis at 25 °C for 10 min, 42 °C for 50 min, and 80 °C
for 10 min. The resulting cDNA was then tested for pres-
ence of astrovirus using a heminested assay targeting the
gene ORF1b, specifically the RdRp gene, using primers
and cycling conditions described in Chu et al. 2008 [34].
We included water as negative control, and a synthetic
gBlock (IDT, Newark, NJ, USA) based on a bat-derived
Mamastrovirus (NCBI taxID: NC_043102) as a positive
control. PCR products were visualized using gel electro-
phoresis, and any bands appearing at the target size of
422 bp were cut out and purified using a Zymoclean Gel
DNA recovery kit (Zymo Research, Orange, CA, USA).
Purified PCR amplicons were then subject to Sanger
sequencing through the University of Chicago DNA
Sequencing Core.

Genome annotation and % identity analysis

To annotate coding sequences, we downloaded all avail-
able bat astrovirus full genomes from NCBI Virus at
the time of analysis (August 2022). We aligned positive
astrovirus contigs from our dataset to these background
sequences using the MAFFT [35] algorithm (v7.450) with
default parameters in Geneious Prime (v08-18-2022). We
then annotated open reading frames and genes in our
novel sequence by identifying stop and start codons in
regions adjacent to those identified in the homologs.

To investigate similarity to other published sequences,
we performed BLASTn (nucleotide-nucleotide) and
BLASTx (translated nucleotide-protein) searches within
the NCBI database (Table S1). Additionally, we created
amino acid and nucleotide identity plots using the pro-
gram pySimplot [36] with input alignment generated
using MAFFT [35] (v7.450) with default parameters in
Geneious Prime (v08-18-2022).

From our initial mNGS screen, we identified one near-
full length astrovirus genome which we characterized
and used in a full-genome phylogeny; all other astrovi-
rus hits were short fragments which aligned with AstV
regions with limited phylogenetic relevance given the
lack of corresponding PCR targets in GenBank. From
our confirmatory PCR analysis, we successfully generated
three RdRp sequences which were used in a Southwest
Indian Ocean Region bat RdRp phylogeny.

Phylogenetic analysis

To perform phylogenetic analysis, we combined our
novel sequences with those publicly available on NCBI.
We carried out three major phylogenetic analyses,
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building (a) a full-genome Mamastrovirus maximum
likelihood (ML) phylogeny, (b) a time-resolved Bayesian
phylogeny corresponding to a selection of full genome
Mamastrovirus sequences available on NCBI Virus, and
(c) a Mamastrovirus ML phylogeny corresponding to a
conserved 410 bp fragment of the RARp gene encapsu-
lated in the AstV ORF1b with a focus in the South West
Indian Ocean region. Detailed methods for the construc-
tion of each phylogeny are available on GitHub (see Data
Availability).

Sequence compilation

Our full genome ML phylogeny consisted of one novel
full length Mamastrovirus sequence from our study,
combined with 41 unique Mamastrovirus sequences
from NCBI, and one full length Avastrovirus sequence
as an outgroup, for a total of 43 sequences. For compari-
son, we compiled Mamastrovirus sequences from NCBI
through three queries, selecting: [A] all complete RefSeq
Genomes under Virus: Mamastrovirus (taxid:249588)
and Virus: unclassified Mamastrovirus (taxid:526119)
greater than 6,000 bp (N=36), [B] Mamastrovirus nucle-
otide genomes under Virus: Astroviridae (taxid:39733)
and Virus: unclassified Astroviridae (taxid:352926) with
Host: Chiroptera (bats) (taxid:9397) over 6,000 bp (N=2),
and [C] manual searching of Mamastrovirus nucleotide
genomes>6,000 bp identified in the literature (N=3).

Our Bayesian timetree consisted of the same set of full
length Mamastrovirus sequences, removing the Avastro-
virus outgroup, for a total of 42 sequences.

Our Mamastrovirus RdARp ML phylogeny consisted
of our three PCR-detected RdRp sequences, one from
Rousettus madagascariensis and two from Eidolon dupre-
anum, combined with 122 unique bat Mamastrovirus
sequences from NCBI, and one Avastrovirus RdRp frag-
ment as an outgroup, for a total of 126 sequences. NCBI
sequences were restricted to those from bat hosts sam-
pled in the Southwest Indian Ocean (SWI1O) region. They
were compiled through one query in NCBI Virus: Virus:
Astroviridae (taxid:39733), Host: Chiroptera (taxid:9397),
and Geographic Region: Madagascar (64), Mozambique
(31), and Reunion (27). No sequences were available from
the other SWIO landmasses: the Comoros, Mayotte,
Mauritius, and the Seychelles. Sequences were confirmed
to be RdRp fragments via alignment, and metadata such
as host taxa and sampling location were verified in the
source literature.

Alignment and substitution model

Following dataset compilation for each phylogenetic
analysis, sequences were aligned via the MAFFT [35]
(v7.450) algorithm in Geneious Prime (v 2022-08-18)
using default parameters. Alignments were visually
examined and trimmed to match the shortest sequence
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in the dataset. We then used Modeltest-NG [37] (v0.1.7)
to determine the best fit nucleotide substitution for each
alignment. All sequences, subsets, and alignments are
available in our open-source GitHub repository (see Data
Availability).

Phylogenetic tree assembly

Both the full genome and RdRp ML trees were con-
structed in RAXML-NG ([38] (v1.1.0), using the best
nucleotide substitution model from Modeltest-NG
(TVM+I1+G4) [37]. Following best practice recommen-
dations in RAXML-NG [38], twenty ML inferences were
made, followed by bootstrap replicate trees inferred
using Felsenstein’s method [39]. The MRE-based boot-
strapping test was performed every 50 replicates, and
bootstrapping was terminated when the diagnostic result
was below the threshold value. Support values were com-
piled onto the best-scoring tree.

The Bayesian timetree was built in BEAST2 [40]
(v2.6.7), using the best nucleotide substitution model
from Modeltest-NG (TVM+I1+G4)[37]. We used a
Bayesian Skyline Coalescent Model with a strict log-
normal clock rate with prior mean 0.001 substitutions/
site/year [41], and a constant population size. Sampling
date for each sequence was inferred from NCBI ‘Col-
lection Date’ or through reading source literature; if day
was not available, the sampling date was set to the 15th
of the month listed; if day and month were not available,
the sampling date was set to July 15th of the collection
year. Markov Chain Monte Carlo (MCMC) chains were
run for >700,000,000 iterations and terminated when we
identified convergence at ESS values>200 using TRACER
(v1.7), with 10% burn-in. We used TreeAnnotator (v2.6.3)
to examine mean posterior densities at each node.

All phylogenies were visualized in RStudio
(v2022.07.01), using the package ‘ggtree’ [42].

Nucleotide sequence accession numbers

One annotated near full-length mNGS genome
sequence from a Rousettus madagascariensis was sub-
mitted to NCBI and is available under accession num-
ber OQ606244. In addition, three PCR-detected RdRp
sequences were submitted to NCBI, two from different
Eidolon dupreanum individuals and one from a Rouset-
tus madagascariensis (the same individual as OQ606244,)
and available under accession numbers PQ038332,
PQ038333 and PQ038344.

Results

Detection

In total, RNA samples from 285 fecal, 196 urine, and 143
throat swabs were sequenced. Based on our detection
criteria, evidence of astrovirus infection was found in all
3 species of Malagasy bat, across all sampled locations
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(Fig. 1). Astrovirus positives were detected among 4/285
(1.4%) fecal samples and 7/196 urine samples (3.6%), and
zero of the 143 throat swab samples. These 11 positive
samples were from 11 different individual bats.

Of the 11 positive samples, 10 had enough remaining
material for conventional PCR confirmation of the pres-
ence of astrovirus nucleic acid. Of those 10, confirmatory
PCR resulted in identification of three positive samples,
including our original full genome sequence from mNGS.
Subequent Sanger sequencing recovered three RdRp
sequences: one sample from Rousettus madagascarien-
sis (our full genome from mNGS) and two samples from
Eidolon dupreanum.

Prevalence varied slightly between species, with 1/44
(2.3%) Pteropus rufus, 8/145 (5.5%) Eidolon dupreanum,
and 2/96 (2.1%) Rousettus madagascariensis individu-
als identified for positive astrovirus infection in either
fecal or urine samples (Fig. 1). These between-species
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differences were not significant (x*=2.104, P=0.3492).
Juvenile vs. adult prevalence also did not vary signifi-
cantly: 1/15 (6.7%) vs. 0/29 (0%) for P. rufus (x*=1.941,
P=0.1635), 1/13 (7.7%) vs. 7/132 (5.3%) for E. dupreanum
(x*=0.122, P=0.7264), and 1/13 (7.7%) vs. 1/83 (1.2%) for
R. madagascariensis (x*=2.271, P=0.1318).

Sequence analysis of Malagasy AstVs

In total, 21 astrovirus contigs were identified via mNGS,
ranging from 209-6,593 base pairs in length. The lon-
gest contig, AstV 0Q606244, recovered from a fecal
sample from a juvenile R. madagascariensis, had substan-
tial supporting read depth (Fig. 2) and encoded a near-
complete genome sequence. Analysis of the open reading
frames of this sequence, in addition to sequence align-
ment to Mamastroviruses genomes from NCBI, revealed
the entirety of ORF1b and ORF2. ORFla is nearly fully

N
AstV neg
14°s 4 AstV pos
Pteropus rufus

16°S

18°S 4
[}
T
Z
© Rousettus

. madagascariensis
. Eidolon
20°S 4
dupreanum
120 indiv
22°S 4
12 indiv
24°S 4
Bl 80km
26°S T T T T T T T
42°E 44°E 46°E 48°E 50°E 52°E 54°E 56°E 58°E

Longitude

Fig. 1 Map of sampling sites for P rufus, E. dupreanum, and R. madagascariensis in the districts of Moramanga and Manjakandriana, Madagascar (P, rufus:
Ambakoana roost; E. dupreanum: Angavobe/Angavokely caves; R. madagascariensis: Maromizaha cave). Pie charts correspond to astrovirus prevalence of
any sample type in bats across all three species: 1/44 (2.27%) for P. rufus, 8/145 (5.52%) for E. dupreanum, and 2/96 (2.08%) for R. madagascariensis. Pie circle

size corresponds to sample size on a log-10 scale
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Fig. 2 Identity plots comparing our novel near-full genome astrovirus (0Q606244) with all available full-genome chiropteran astrovirus sequences from
NCBI. Panel A depicts a coverage plot showing contig depth (reads per million from total reads recovered for this sample) for the assembled near-full
length genome 0Q606244. Panel B and C depict amino acid % identity and nucleotide % identity respectively, with a query sequence of R. madagas-
cariensis AstV (0Q606244) and comparison sequences MG693176 (Eidolon helvum), MZ218054 (Myotis daubentoniid 1), MZ218053 (Myotis daubentoniid 2),
MNB832787 (Myotis daubentoniid 3), and MT734809 (Myotis yumanensis). Panel D shows the genomic structure underlying this novel sequence

represented in the contig; however, a fragment of the 5’
region including the start codon was not captured.

All other astrovirus detections from mNGS produced
contigs representing fragments that aligned within the
ORF2 region. Because this region is not typically targeted
in PCR, there were not enough NCBI submissions avail-
able for a thorough evolutionary analysis including these
fragments. As a result, these positive detections were not
analyzed further.

However, secondary PCR detection of our positive
samples yielded three additional RdRp sequences which
were subsequently used in evolutionary analyses. One
was from the same Rousettus madagascariensis sample as
the near-full length AstV (0Q606244), aligning with 99%
coverage and 99% identity, while the other two were from
different Eidolon dupreanum individuals.

BLAST analysis of the near-full AstV genome contig
(NCBI Accession # 0Q606244) demonstrated that it is
highly divergent from previously described Mamastrovi-
rus sequences. BLASTn query of AstV OQ606244 recov-
ered identity with only one other sequence in NCBI: a
small portion (5%) of AstV 0Q606244 could be aligned
to a RdRp from an unknown Chiropteran species sam-
pled in Tanzania (KY054020) at 80.9% identity. BLASTx
analysis of the highest scoring matches in the database

for the amino acid sequence of AstV OQ606244 revealed
that the best amino acid alignment shared only 43.1%
amino acid identity across 40% of an AstV ORF1la protein
sequence recovered from Eidolon helvum in Cameroon
(MG693176). All other top results were to non-chirop-
teran species including pigs and raccoon dogs (Table S2).

To further investigate the sequence divergence of AstV
0Q606244, we performed scanning pairwise nucleotide
and amino acid sequence analysis using AstV 0Q606244
paired, in turn, with each of five full genome bat Astro-
virus sequences available in NCBI (Fig. 2). We observed
low nucleotide sequence identity: from 28.18 —40.28%
across the whole genome, and average amino acid iden-
tity from 23.87% to 44.29% in ORF 1la, 35.14 —55.61% in
ORF1b, and 24.84 —40.73% in ORF2 (Table 1).

We observed slight discordance in the best matches
with AstV OQ606244 at the nucleotide and amino acid
level in this pairwise sequence analysis with complete
AstV genomes identified in other chiropteran species.
One astrovirus (MT734809) from one of the four Myo-
tis daubentonii hosts had the highest pairwise aver-
age nucleotide identity to AstV OQ606244. In contrast,
a different AstV genome identified in Eidolon helvum
(MG693176)—which, like R. madagascariensis, is a
Pteropodid fruit bat—had the highest pairwise amino
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Table 1 Summary table of Fig. 2 scanning pairwise identity plots
showing % identity of each queried astrovirus to AstV 0Q606244
across whole-genome nucleotide sequence and amino acid
open-reading frames (ORF) 1a, 1b, and 2

NCBIID Host % nu- % ORFla % ORF1b % ORF2

Species cleotide aaidentity aaidentity aa
identity identity

MG693176  Eidolon  38.84 44.29 55.61 40.73
helvum

MNB832787 Myotis  39.84 23.87 5178 24.84
dauben-
tonii

MT734809 Myotis ~ 40.28 24.78 50.31 24.92
dauben-
tonii

MZ218053 Myotis 2818 2599 54.26 25.59
dauben-
tonii

MZ218054 Myotis ~ 28.24 2592 35.14 26.65
yuma-
nensis

acid identity to AstV OQ606244 across all open reading
frames.

NC_024297 | China | 2014
NC 037655 | China | 2013

NC_023630 | Hong Kong | 2009 B
NC_023631 | Hong Kong | 2009

NC_023629 | Hong Kong | 2009
NC_023632 | Hong Kong | 2009
NC_027711 | United Arab Emirates | 2013

NC_036583 | China | 2009 P
NC_018702 | USA | 2011
NC_023675 | USA | 2010 ® Bovine Astv
NC_016896 | Hungary | 2011 @ Garnat ity
NC_025379 | China: Guangxi | 2013
NC_022249 | Hong Kong | 2012 @ Canine Astv
NC_001943 | England | 1988 ob
NC_030922 | India | 2004 @ Fnsy
NC_026814 | United Kingdom | 2012 ® Human Astv
NC_033821 | China | 2014
N NC_025346 | USA | 2010 9" Leporine Asty
L NC_019028 | India | 2004 @® Marmot Astv
— _‘E:NC 016155 | USA | 2008
NC_011400 | Australia | 1999 e
L——————————NC 033792 | China | 2014 @ Murine Astv
NC_019027 | Nepal | 2008 ® ok Al

NC_013443 | Nigeria | 2007

NC_013060 | USA | 2008

NC 019026 | India | 2005

NC_024472 | Burkina Faso | 2010
NC_024701 | USA | 2013 1.00
NC_004579 | Sweden/Denmark | 2003

NC_019494 | USA | 2011 095
NC_024498 | Switzerland | 2012 0.90
NC_002469 | England | 1977

MG693176 | Cameroon | 2013 085
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Phylogenetic analysis

Mamastrovirus full-genome evolutionary history

To investigate the evolutionary history of our novel bat
astrovirus within the broader genus of mammalian astro-
viruses, Mamastrovirus, we built a maximum-likelihood
phylogenetic tree including RefSeq genomes from a
range of hosts with an avian astrovirus from the genus
Avastrovirus as an outgroup. The best fit nucleotide sub-
stitution model as generated by Modeltest-NG [37] was
TVM+I1+G4. The full-genome maximum likelihood tree
resolved two distinct Mamastrovirus clades, with a single
Porcine astrovirus [43] falling out more closely related to
the Avastrovirus outgroup, likely because it falls within
a clade not otherwise represented in this phylogeny
(Fig. 3A). No astroviruses derived from any single host
order demonstrated monophyly, though sequences none-
theless clustered based on host taxonomy, with high sup-
port in most cases. Overall, these findings lend additional
support to a growing body of evidence suggesting that
astroviruses are likely to engage in cross-species trans-
mission [16, 18—21].

The bat astroviruses formed a paraphyletic group, with
two sequences basal to a broad clade containing a col-
lection of murine, bovine, porcine, feline, and human
astroviruses. AstV 0Q606244, sampled from R. mada-
gascariensis, grouped most closely with a previously

NC_037655 | China | 2013

NC_024297 | China | 2014

NC 023630 | Hong Kong | 2009

NC 023631 | Hong Kong | 2009
NC_023632 | Hong Kong | 2009

NC 023629 | Hong Kong | 2009
NC_034974 | Kenya | 2012

NC 023674 | USA | 2010

NC 027711 | United Arab Emirates | 2013

NC_036583 | China | 2009
NC 018702 | USA | 2011
NC_023675 | USA | 2010
NC 016896 | Hungary | 2011

NC_025379 | China: Guangxi | 2013
NC 022249 | Hong Kong | 2012
NC_030922 | India | 2004
NC_001943 | England | 1988

NC_026814 | United Kingdom | 2012

————=NC 019028 | India | 2004
NC_016155 | USA | 2008

L ———eNC 011400 | Australia | 1999

NC_033821 | China | 2014
NC 025346 | USA | 2010

H===

NC_033792 | China | 2014
NC_019027 | Nepal | 2008
NC_013443 | Nigeria | 2007
NC_019026 | India | 2005
NC 013060 | USA | 2008
NC 024472 | Burkina Faso | 2010
NC_024701 | USA | 2013
NC_004579 | Sweden/Denmark | 2003
NC 019494 | USA | 2011
—:€NC 024498 | Switzerland | 2012
NC_002469 | England | 1977
8 MG693176 | Cameroon | 2013
E 6244 | I

2018
MT734809 | USA | 2020
MN832787 | Denmark | 2014
NC_015935 | USA | 2008
§F9MZ218054 | Denmark | 2015

"8 MZ218053 | Denmark | 2015

NC_023636 | USA | 2011

-~ NC_002470 | United States | 1985

years 1o MRCA

Fig. 3 (A) Maximum likelihood phylogeny of full genome Mamastrovirus sequences (RAXML-NG, TVM+1+G4). Bootstrap values computed using
Felsenstein's method [39] are visualized on tree branches. Tree is rooted by a turkey Avastrovirus (NC_002470) and a divergent Porcine Mamastrovirus
(NC_023636). Branch lengths are scaled by nucleotide substitutions per site, corresponding to the scalebar. (B) Bayesian time-resolved phylogeny of full
genome Mamastrovirus sequences generated from > 700,000,000 steps under a Bayesian Skyline Coalescent Model (TVM + 1+ G4). Node color represents
mean posterior estimates averaging over all steps with 10% burn-in (see scale bar on left). (A, B) Tip labels include NCBI taxon ID, strain, host species,
location of collection, and year of collection. Tip points are colored by astrovirus strain, according to host taxa, with AstV 0Q606244 colored green and

also highlighted in yellow
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KV575657 | Rhinonycteridae | Paratriaenops furculus
Y575659 | Rhinonycteridae | Paratriaenops furculus
KY575663 | Rhinonycteridae | Paratriaenops furculus
KY575660 | Rhinonycteridae | Paratriaenops furculus
KY575658 | Rhinonycteridae | Paratriaenops furculus
MH013971 | Hipposideridae | ngposideros caffer
Y575665 | Rhinonycteridae | Paratriaenops furculus
KY575664 | Rhinonycteridae | Paratriaenops furculus
MHO013991 | Rhinonycteridae | Triaenops afer
MH013992 | Rhinonycteridae | Triaenops afer
MH013985 I Rhmonyclendae | Triaenops afer
5 l Ve>_penmomuae | Myotis goudoti
654 | Vespertilionidae | Myotis goudoti
_|:0‘MHO|3995 | Rhmonyclendae | Triaenops afer
MZ614424 | Rhmorzclermarx | Triaenops menamena
MHO013966 | Hipposideridae | Hipposideros caffer
MHO013972 | Hipposideridae | Hipposideros caffer
MH013967 | Hipposideridae | Hipposideros caffer
MH013968 | Hipposideridae | Hipposideros caffer
MHO013965 | Hipposideridae | Hipposideros caffer
MHO013973 | Hipposideridae | Hipposideros caffer
MHO013970 | Hipposideridae | Hipposideros caffer
MH013969 | Hipposideridae | Hipposideros calfer
MHO"}QBG |_Rhinonycteridae | Triaenops afer
3994 | Rhinonycteridae | Triaenops afer
MHOISQQO | Rhinonycteridae | Tnaenops afer
MH013982 | Rhinonycteridae | Triaenops afer
KY575667 | Pleropodidae | Rousettus madagascariensis
MH013980 | Rhinonycteridae | Triaenops afer
MZ614421 | Rt | Triaenops
MH01398| |_Rhinonycteridae | Triaenops afer
75668 | Rhinonycteridae | Triaenops menamena
MHO|3 88 | Rhinonycteridae | Triaenops afer
MH013993 | Rhinonycteridae | Triaenops afer
KY575670 | Rhinonycteridae | Triaenops menamena
KY575669 | Rhinonycteridae | Triaenops menamena
MH013983 | Rhinonycteridae | Triaenops afer
KY575673 | Rhinonycteridae | Triaenops menamena
KY575672 | Rhinonycteridae | Triaenops menamena
MHO013987 | Rhinonycteridae | Triaenops afer
MH013984 | Rhinonycteridae | Triaenops afer
KY575671 | Rhinonycteridae | Triaenops menamena
MH013989 | Rh:nnnvrwndao | Triaenops afer
A MZ614422 | Rhinonyc ae | T psS menamena
MZ614423 | Rhinonycteridae | Triaenops menamena
KY575656 | Vespertiionidae | Myotis goudoti
MH013976 | Nycteridae | Nycteris thebaica
MZ614433 | Miniopteridae | Miniopterus gleni
MZ614436 | Miniopteridae | Miniopterus gleni
MZ614435 | Miniopteridae | Miniopterus gleni
KY575661 | Rhinonycteridae | Paratriaenops furculus
KY575644 | Miniopteridae | Miniopterus griveaudi
MZ614420 | Miniopteridae | Miniopterus sororculus
7614414 | Miniopteridae | Miniopterus manavi
MZ614432 | Miniopteridae | Miniopterus gleni
MZ614412 | Miniopteridae | Miniopterus manavi
MZ614413 | Miniopteridae | Miniopterus manavi
KY575649 | Miniopteridae | Miniopterus griveaudi
94 MZ614431 | H»pposudendae I Macronycleus commersoni
MZ614430 |
MZ614418 | Mrmnmmndv\ | Mmmnlmn\ sororculus
MZ614434 | Miniopteridae | Miniopterus gleni
KY575652 | Minioptendae | Miniopterus griveaudi
MZG! MIO | Miniopteridae | Miniopterus manavi
KY575646 | Miniopteridae | Miniopterus griveaudi
Kvmﬁnu | Miniopteridae | Miniopterus griveaudi
KY575653 | Miniopteridae | Miniopterus griveaudi
KY575645 | Miniopteridae | Miniopterus griveaudi
KY575650 | M-mnnlf ridae | Miniopterus griveaudi
KY575666 | | Rousettus is
KY575647 | Miniopteridae | Mmromovus griveaudi
KY575651 | Mnmoplendao | Miniopterus griveaudi
e, MZ614409 | Miniopteridae | Miniopterus manavi
Kl MZ614411 | Miniopteridae | Miniopterus manavi
MZ614419 | Miniopteridae | Miniopterus sororculus
MZ614429 | Hipposideridae | Macronycteris commersoni
MZ614407 | Miniopteridae | Miniopterus manavi
MH013974 | Miniopteridae | Miniopterus mossambicus
MZ614415 | Miniopteridae | Miniopterus manavi
MZG!NOS | Mmop!endae | Miniopterus gleni
MZ614417 | Miniopteridae | Miniopterus mahafaliensis
M[bN 408 | Miniopteridae | Mll\lDElcvuS manavi
MZ614406 | Miniopteridae | Miniopterus
MZ614404 | Miniopteridae | Miniopterus gleni
MZ614416 | Miniopteridae | Miniopterus manavi
KY575662 | Rhmon cteridae | Paratriaenops furculus
MK966916 | Molossidae | Mormopterus sp.
MK966915 | Molossidae | Mormopterus sp.
MK966917 | Molossidae | Mormopterus sp.
MK966907 | Molossidae | Mormopterus sp.
MZ274083 | Molossidae | Mormopterus sp.
MZ274082 | Molossidae | Mormopterus sp
MZ274084 | Molossidae | Mormopterus sp.
MZ274081 | Molossidae | Mormopterus sp.
MK966913 | Molossidae | Mormopterus sp.
MZ274077 | Molossidae | Mormopterus sp.
MZ274078 | Molossidae | Mormopterus sp.
Mzzﬁrwa | Molossidae | Mormopterus sp.
S | | Triaenops menamena

5 MZ274075 \ Molossrdac OImODlO!Ub sp.
o7 MK966909 | Molossidae | Mormopterus sp.
MK966914 | Molossidae | Mormopterus sp.
MK966912 | Molossidae | Mormopterus sp
MK966910 | Molossidae | Mormopterus sp.

MK966904 | Molossidae | Mormopterus sp.
MZ274086 | Molossidae | Movng)lerus sp
MK966918 | | Mormopterus sp.

s 100 PQO38333 | P! | Eidolon dup:
PQ038332 | P | Eidolon dup
MZ274079 | Molossidae | Mormopterus sp.
l—‘P0038334 | P(mopodmanl Rousettus madagascariensis
” H013979 | Nycteridae | Nycteris thebaica

MHO|39/8 | Nycteridae | Nycteris thebaica

61 @ MH013977 | Nycteridae | Nycteris thebaica
100h MZ614428 | Molossidae | Mops leucosngmd

MZG14427 ! Mo\oss»dae | Mops leucostigm:
6908 | Molossidae | Mormoplevus sp.

5 MH013975 \ Mo'ossidwe | Mops condylurus
MZ274080 | Molossidae | Mormopterus sp.
azl MK966906 | Molossidae | Mormopterus sp.
1

A Madagascar

® Mozambique

97

®  Reunion Island

® Yangochiroptera

® Yinpterochiroptera “

72 86,

MK966905 | Molossidae | Mormopterus sp
MZ274085 | Molossidae | Mormopterus sp.

— # MK966911 | Molossidae | Mormopterus s
A MZ614426 | Mo:ossldael Chaerephon leucogaster
(¢] | Laridae | Thrc Js ridibundus 02

Fig.4 (A) Map showing locations in the Southwest Indian Ocean (SWIO) region with bat astrovirus samples. Map generated using the’maps’package in R
Studio. (B) Maximum Likelihood phylogeny of a 401 bp fragment of Mamastrovirus Orf1b (RARp) from Southwest Indian Ocean (SWIO) bat hosts (RAXML-
NG, TVM + 14 G4). Bootstrap values computed using Felsenstein’s method [39]; values > 30 are visualized on tree branches. Tip labels include NCBI taxon
ID, host family, and host species. Tip points are colored by sub-order of bat host and shaped by country of origin. Our novel sequences are highlighted in
yellow (NCBI taxIDs: PQ038332, PQ038333 and PQ038344). Tree is rooted by a gull-derived Avastrovirus (NCBI taxID: OR852658). Branch lengths are scaled

by nucleotide substitutions per site, as indicated by the scale bar
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described sequence recovered from a Cameroonian Eido-
lon helvum fruit bat, a fellow Yinpterochiropteran host
[30]. In our phylogeny, both R. madagascariensis and E.
helvum astroviruses resolved as more recently derived
than four previously described full genome astroviruses
recovered from Yangochiropteran (Mpyotis spp.) hosts
(Fig. 3A).

We recovered largely the same topology in our time-
resolved Bayesian phylogeny as in the ML tree: all
sequences grouped into same two main Mamastrovirus
clades, with a few slight deviations in the sequences that
resolved as basal within each subclade (Fig. 3B). All bat
astroviruses resolved the exact same position in both
the Bayesian and ML tree, reinforcing resolution of their
evolutionary positions. Our Bayesian timetree recovered
a relatively shallow evolutionary history for the Mamas-
trovirus clade, dating the most recent common ancestor
(MRCA) of all Mamastroviruses to just over 300 years
ago, and the MRCA of our R. madagascariensis astro-
virus and its closest E. helvum AstV relative ~ 150 years
ago.

Bat astrovirus RdRp evolutionary history

To investigate if bat astrovirus evolutionary history is
driven by biogeographical patterns or host relationships,
we built a maximum likelihood phylogeny of all known
bat astrovirus RdRp sequences from the SWIO region.
Focusing on the RdRp region greatly expanded the range
of background sequences available for inclusion in phy-
logenetic analysis, as this region of the AstV genome is
targeted by single-gene PCR detection methods. In this
phylogeny, the best fit nucleotide substitution model
as generated by Modeltest-NG [37] was TVM+I1+G4.
Astrovirus sequences in the RdRp phylogeny grouped
largely according to host taxonomy rather than geogra-
phy of sampling site, a pattern which held across both
suborder and family across all sampling locations. Almost
all  Yinpterochiropteran Mamastrovirus sequences
resolved into a monophyletic group, while Yangochirop-
teran AstVs grouped into multiple clades, all basal or sis-
ter to the single Yinpterochiropteran clade.

Within Yangochiropteran hosts, AstV sequences
derived from Molossids and Miniopterids clustered
together regardless of location. Molossid-derived AstVs
resolved into numerous scattered clades basal to all
other known sequences. Paraphyly has been detected
in Molossid species genomes [44], and thus may pro-
mote paraphyly in their viruses through coevolution.
This host restriction, however, may be confounded with
sampling location, since AstVs from Reunion Island
Molossids were the only Molossidae sequences avail-
able for analysis. Likewise, available AstV sequences
from Miniopterids were all restricted to the geographic
locality of Madagascar. Notably, previous sampling from
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Madagascar Molossids has, to date, detected no astro-
viruses [12] (Fig. 4); however this previous sampling did
not include all Molossid populations or species across the
island.

There were a few notable exceptions to these broad
patterns. AstVs recovered from Nycterid (family: Nycte-
ridae) bats resolved into two disparate locations across
the phylogeny: one clustered within the Molossids and
another as basal to the Yinpterochiropteran clade. Ves-
pertilionid AstVs (family: Vespertilionidae), with a
sample size of only two, were placed within the Yinptero-
chiropteran clade, most closely related to Rhinonycterid
AstVs (family: Rhinocyteridae).

Within the Yinpterochiropteran AstVs, Rhinonycterid
astroviruses mixed with those recovered from Hipposid-
erids, both with representatives from Madagascar and
Mozambique. Numerous prior publications have estab-
lished these bat families as sister to one another [44, 45];
the genetic similarity of these host clades makes cross-
transmission of viruses between them more likely.

AstVs from the family Pteropodidae did not all group
together. Three representatives from the same species,
Rousettus madagascariensis, resolved to very different
places on the phylogeny—one within the Yinpterochi-
ropteran clade and most closely related to a Rhinonycte-
rid AstV, one within the Yangochiropteran Miniopterid
clade, and our novel RdRp within the Yangochiropteran
Molossid clade. Our two novel AstVs from Pteropo-
did Eidolon dupreanum similarly grouped within the
Yangochiropteran Molossid clade instead of with other
members of Yinpterochiroptera. Alignment of all five
Pteropodid RdRp sequences yielded a pairwise identity
of 64.1%, alignment of the three representatives from
Rousettus madagascariensis yielded 61.5%, and align-
ment of the two Eidolon dupreanum yielded 99.5%.
Alignment of our three novel sequences, one from R.
madagascariensis and two from Eidolon dupreanum
yielded a pairwise identity of 75.9%.

Altogether, these patterns suggest that the Yinptero-
chiropteran AstV sequences that resolve within the Yan-
gochiropteran AstV clade could represent cross-species
spillovers. The fact that there are more of these puta-
tive spillover AstV sequences from Yangochiropteran
to Yinpterochiropteran hosts than the reverse in our
phylogeny—as well as the basal position of the Yango-
chiropteran relative to Yinpterochiropteran AstV clade—
suggests that SWIO bat AstVs may have originated
Yangochiropteran hosts, then spilled over and radiated
within Yinpterochiropteran hosts. Nonetheless, the weak
node support and lack of representation of many bat spe-
cies in this tree preclude certainty in this conclusion.
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Discussion

Detection, divergence, and zoonotic potential

Here we describe how mNGS and conventional PCR
were applied to detect and characterize astroviruses
from three endemic species of Malagasy fruit bat, Ptero-
pus rufus, Rousettus madagascariensis, and Eidolon
dupreanum. We characterize the first near-full genome
astrovirus detected from Rousettus madagascariensis
and undertake phylogenetic analysis of the surrounding
clade. In addition, this work presents the first detection
of astroviruses from Eidolon dupreanum and Pteropus
rufus. Astrovirus RNA has now been identified in 14/18
species of Malagasy bats that have been queried for this
virus family (Table S3). While we did detect astrovi-
rus infection in representatives from each of our three
sampled species, our detected prevalence was <8%. It is
possible that this low rate of astrovirus detection could
reflect a reduced sensitivity of mNGS for virus detection;
however, similarly low AstV prevalence levels have also
been described in other bats, particularly Pteropodids
[46—-48] when more sensitive directed detection methods
were used. Previous PCR-based sampling of astroviruses
in Rousettus madagascariensis found positive infection in
2/41 (4.8%) [12] and 2/40 (5.0%) [49], comparable to our
2.1%. Detection of astroviruses in other species of Mala-
gasy bats, however, has reached as high as 88.9% [49]
prevalence, but these high values appear to be more rep-
resented in Yangochiropteran bats.

There are multiple lines of evidence supporting the
high diversity of the Malagasy Pteropodid astroviruses
presented in this work. First, both open-ended BLAST
and our directed, pairwise sequence comparison of one
near full-length R. madagascariensis AstV genome with
all other bat astrovirus genomes available indicate that
this newly detected AstV is significantly diverged from
all previously described viruses in the family (Table S1,
Fig. 2). Second, our lack of PCR detection in 8 of 11
AstV positive samples identified by mNGS raises the
possibility that many R. madagascariensis AstVs may
be too divergent for detection by primers from the lit-
erature [34]; however, we cannot rule out the possibility
that our limited success with confirmatory PCR could
be a result of repeated thaw-refreeze cycles and sample
degradation. Further careful sampling and molecular
detection of astroviruses from these populations will
help resolve these distinct possibilities. Lastly, previous
genomic analyses using this same mNGS dataset have
also demonstrated the extraordinary divergence of mul-
tiple other Madagascar bat viruses [13, 14]. Kettenburg
et al. [13] (2022) identified a novel Nobecovirus (family:
Coronaviridae) in a Pteropus rufus fecal specimen which
is highly divergent from all others known and appears
to be basal to the entire Nobecovirus subgenus of the
Betacoronavirus subclade [13]. Madera et al. [14] (2022)
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described a novel Henipavirus (family: Paramyxoviridae)
from Eidolon dupreanum urine samples, which is highly
diverged from all other viruses in its genus and also basal
to henipaviruses known to be hosted by bats. It is likely
that future sampling of the Malagasy bat virome will con-
tinue to reveal more highly divergent viruses, reflecting
Madagascar’s long geographic isolation from other land
masses.

Intriguingly, this newly recovered near-full length
genome, AstV OQ606244, demonstrates divergence from
previously characterized bat astroviruses in its ORF2
region (Fig. 2). Because ORF2 encodes the AstV spike
protein, which mediates virus entry into host cells, this
region is vital to understanding potential cross-species
transmission [16]. While the precise mechanisms of
astrovirus cell entry are unknown, the divergence of AstV
from other astroviruses in this region highlights the need
for in vitro studies to quantify zoonotic potential in this
virus family. Altogether, the highly divergent sequence
of AstV 0Q606244, paired with high observed human-
bat contact rates in Madagascar, underline the need for
heightened astrovirus surveillance in this region.

The substantial genetic divergence between AstV
0Q606244 and other existing bat astroviruses indicate
that this may represent a new species of astrovirus. Cur-
rently, species classification of Mamastroviruses is largely
based on the host species in which they were detected,
although the entire taxonomic group is now undergoing
a reclassification due to continued detection of astrovi-
ruses across a broad range of hosts [50]. As astroviruses
continue to receive more attention, we anticipated that
the taxonomic classification of AstV OQ606244 will be
clarified.

Evolutionary history

Our full-genome ML and Bayesian phylogenies shed
light on the placement of bat astroviruses with respect
to other mammalian astroviruses. In our phylogenetic
analyses, two previously described bat astrovirus genome
sequences resolved as basal sequences within one of
the two distinct Mamastrovirus clades. This basal posi-
tion indicates that bats may have been important ances-
tral hosts from which other mammalian astroviruses
descended. We estimate a relatively shallow evolutionary
history for the entire Mamastrovirus clade, with MRCA
dating to only~300 years ago. Given the substantial
host diversity of astroviruses, this indicates that astrovi-
ruses circulate widely within mammalian populations.
Our phylogenetic trees also give us insight into astrovi-
rus evolutionary history within bats. Our tree topologies
suggest that astroviruses may have originated in insectiv-
orous Yangochiropteran bats and later been transmitted
to and further radiated in Yinpterochiropterans.
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We date the MRCA of AstV OQ606244 and its most
closely related known relative, an Eidolon helvum AstV,
to ~150 years ago. Considering Madagascar’s isola-
tion from the African continent for ~160 million years
and the divergence of the Rousettus spp. genus ~20 mil-
lion years ago [51], this would indicate very recent viral
genetic exchange between bats from Madagascar and the
African continent. Thirty-eight of Madagascar’s 46 bat
species are endemic, while two species exhibit ranges that
include the Comoros and Reunion Islands (Scotophilus
borbonicus and Miniopterus aellini, respectively). Nine
species of Madagascar bat can be found more broadly
distributed across Africa, and, in some cases, parts of
Asia and Europe (e.g. Pipistrellus kuhlii and Mops midas)
[10]. Investigating which astroviruses are detectable in
these cosmopolitan species presents a key opportunity
to elucidate the role of these more broadly distributed
potential host species in the diversification and distribu-
tion of astroviruses.

In contrast to many other astrovirus studies, which
demonstrate minimal to no host restriction on AstV
evolution [12, 34, 47, 52-54], our RdRp phylogeny,
which contained representative AstV sequences from
SWIO region bats, indicated that astroviruses group
by host phylogeny rather than by sampling location
[44]. Perhaps the unique biogeographic features of the
SWIO region, whereby island status limits bat dispersal,
makes this pattern more likely. The most notable excep-
tion to this pattern is the appearance of eight Yinptero-
chiropteran sequences interspersed within disparate
Yangochiropteran clades, in contrast with only three
Yangochiropteran sequences clustered within the single
Yinpterochiropteran clade. For bats, cross-species virus
transmission can be mediated by interspecies co-roosting
[1, 4, 7, 55]. Both Rousettus madagascariensis and Eido-
lon dupreanum, cave-roosting species, have been noted
to co-roost with several species of insectivorous bats,
which may facilitate cross-species transmission [10].
Indeed, Molossid species bats (Mormopterus jugularis)
have been described co-roosting with R. madagascarien-
sis in the exact same roost from which our AstV sequence
was recovered [55], and our R. madagascariensis astro-
virus clusters within a clade otherwise characterized by
Molossid-derived AstVs. Additionally, the placement of
our novel Eidolon dupreanum AstVs within this same
clade suggests cross-species transmission within Ptero-
podids, likely facilitated by the proximity of our sampling
locations, therefore acting as evidence of geographically
driven astrovirus circulation.

It should be noted, however, that the relatively short
fragment length of the RdRp region in our phylogenetic
analysis (approximately 401 bases) yields weak support
across many nodes, particularly those that are basal,
limiting our confidence in these patterns. Furthermore,
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sampling has been historically biased to favor insec-
tivorous bats in the SWIO region; as a result, the lack of
representation of many bat host species in AstV surveil-
lance to date limits our understanding. Given the high
divergence of our recovered AstV sequence, however, as
well as the propensity for human-bat interactions in the
SWIO region, further surveillance of previously unsam-
pled species to fill these astrovirus research gaps repre-
sents a major public health priority.

Conclusion

We characterize astroviruses recovered from urine and
fecal samples derived from three species of Malagasy fruit
bats, Pteropus rufus, Eidolon dupreanum, and Rousettus
madagascariensis, identifying one near-full length astro-
virus genome from Rousettus madagascariensis. This
virus is highly divergent from all previously described
bat AstV sequences, reflecting Madagascar’s unique bio-
geographical history as an island nation. This work sup-
ports the growing body of literature demonstrating that
bats are likely to host considerable astrovirus diversity.
Given the high rates of bat-human contact in this region
this work demonstrates the urgency in the surveillance
of astroviruses and other viruses of zoonotic potential in
Malagasy bats, particularly. We advocate particularly for
the role of longitudinal studies in addressing these aims,
given the potential to develop a nuanced understand-
ing of temporal and spatial dynamics in viral presence
and shedding. We additionally advocate for heightened
characterization of more whole genome bat astrovi-
rus sequences to strengthen downstream phylogenetic
analyses.
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