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Abstract: Bats are important hosts of zoonotic viruses with pandemic potential, including filoviruses, MERS-
Coronavirus (CoV), SARS-CoV -1, and likely SARS-CoV-2. Viral infection and transmission among wildlife
are dependent on a combination of factors that include host ecology and immunology, life history traits,
roosting habitats, biogeography, and external stressors. Between 2016 and 2018, four species of insectivorous
bats from a readily accessed roadside cave and buildings in Ethiopia were sampled and tested for viruses using
consensus PCR assays for five viral families/genera. Previously identified and novel coronaviruses and
paramyxoviruses were identified in 99 of the 589 sampled bats. Bats sampled from the cave site were more
likely to test positive for a CoV than bats sampled from buildings; viral shedding was more common in the wet
season; and rectal swabs were the most common sample type to test positive. A previously undescribed
alphacoronavirus was detected in two bat species from different taxonomic families, sampling interfaces,
geographic locations, and years. These findings expand knowledge of the range and diversity of coronaviruses
and paramyxoviruses in insectivorous bats in Ethiopia and reinforce that an improved understanding of viral
diversity and species-specific shedding dynamics is important for designing informed zoonotic disease

surveillance and spillover risk reduction efforts.
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INTRODUCTION

Bats are frequently identified as hosts of zoonotic viruses
worldwide, which has implications for the role of bats as
evolutionary hosts of viruses with pandemic potential (Li
et al. 2005; Zhou et al. 2020). The emergence of severe acute
respiratory syndrome coronavirus (SARS-CoV-1), Middle
East respiratory syndrome coronavirus (MERS-CoV), Ni-
pah virus, and most recently, SARS-CoV-2 as major human
pathogens likely spilling over from bats highlights the need
for surveillance of viruses in wildlife at key interfaces where
people could become infected (Yob et al. 2001; Lau et al.
2005; Li et al. 2005; Woo et al. 2006; Vijaykrishna et al.
2007; Anthony et al., 2012a, 2017a, b; Corman et al., 2014a,
2014b, 2020; Kreuder Johnson et al. 2015; Wacharaplue-
sadee et al. 2015, 2021; Letko et al. 2020; Zhou et al. 2020).

Over the last decade, studies across Africa have con-
firmed that insectivorous and frugivorous bats serve as
hosts for a wide variety of viruses from a range of viral
families with known and potential impacts on animal and
human health (Pourrut et al. 2009; Tong et al. 2009;
Markotter et al. 2019; Nziza et al. 2020). Furthermore,
other viruses of evolutionary importance and possible
concern also continue to be identified, highlighting the
potential for hotspots of viral diversity and emerging
infectious disease spillover (Han et al. 2016; Allen et al.
2017; Plowright et al. 2017; Kumakamba et al. 2021; Wells
et al. 2021). For example, Egyptian fruit bats (Rousettus
aegyptiacus) are known reservoirs of the Marburg virus
(Family Filoviridae; Genus Marburgvirus) and are found in
sites ranging across the African continent, including Sierra
Leone, Uganda, DRC, Kenya, South Africa, Gabon, and
Zambia (Towner et al. 2007, 2009; Pourrut et al. 2009;
Kuzmin et al. 2010; Amman et al. 2012, 2014, 2020;
Changula et al. 2018; Paweska et al. 2018; Kajihara et al.
2019). In Sierra Leone and Kenya, different teams of re-
searchers identified Bombali virus (Family Filoviridae;
Genus Ebolavirus) in two species of insectivorous bats,
Chaerephon pumilus and Mops condylurus (Goldstein et al.
2018; Forbes et al. 2019). Other research teams have re-
ported SARS- and MERS-related coronaviruses (CoVs) in
Kenyan and Ugandan bat species (Chaerephon sp., Pip-
istrellus cf. hesperidus, Hipposideros caffer) also found in
Ethiopia (Tong et al. 2009; Anthony et al. 2017a; Waruhiu

et al. 2017; Wells et al. 2021). In Rwanda, a new beta-
coronavirus and several different paramyxoviruses (PMV)
were reported in the insectivorous bat species Hipposideros
ruber, Rhinolophus clivosus, and Otomops martiensseni
(Markotter et al. 2019). Another Rwandan study identified
two novel SARS-CoV-related coronaviruses (SARSr-CoV)
from Hipposideros ruber and Rhinolophus clivosus co-
roosting in caves visited by tourists, as well as Hipposideros
caffer bats sampled in a national park, in addition to
multiple other known and new CoVs (Nziza et al. 2020;
Wells et al. 2021). Seasonality of viral shedding in bats has
not been extensively studied, but CoV infections with
seasonal peaks have been documented in Hipposideros gigas
and Hipposideros cf. ruber bats sampled from caves in Ga-
bon, in multiple species of frugivorous and insectivorous
bats at sites across Uganda, Rwanda, Tanzania, and the
Congo Basin, and in Mormopterus francoismoutoui on
Reunion Island in the Indian Ocean (Maganga et al. 2020;
Montecino-Latorre et al. 2020; Kumakamba et al. 2021;
Joffrin et al. 2022).

Bats are some of the most geographically distributed
mammals in the world, and they provide essential ecosys-
tem services for natural and agricultural systems including
seed dispersal, pollination, fertilizer production through
guano, and insect control (Kunz et al. 2011; Voigt and
Kingston 2016). Capable of long-distance flight, different
patterns of migration, and species co-habitation, the life
history and reproductive patterns of various bat species
may also facilitate the exchange of viruses among bat spe-
cies, as well as with other wildlife species (Calisher et al.
2006). Increasingly around the world, anthropogenic
activities involving land-use change, urbanization, mining,
and deforestation have led to more contact between hu-
mans and wildlife, including bats, leading to increased
opportunities and risk for potential viral spillover (Kunz
et al. 2011; Johnson et al. 2020).

Ethiopia is home to at least 70 species of bats, the
majority of which are insectivorous, including eight species
within the Rhinolophidae family (Horseshoe bats) (NABU
2017). Varied habitat availability exists due to Ethiopia’s
vast diversity of ecological niches and geographical location
between the Arabian Peninsula, sub-Saharan region, and
East Africa. While home to a diverse range of bat species,
the scientific literature contains very little information on
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bat ecology and viral diversity in Ethiopia. This study re-
ports on viral shedding risk factors and co-infection in four
species of insectivorous bats sampled from buildings and a
highly accessible roadside cave in Ethiopia from 2016 to
2018.

METHODS

Study Area

Bat sampling sites were selected in collaboration with the
Ethiopian Wildlife Conservation Authority, by identifying
high-risk interface study sites in two regions. A high-risk
interface was defined as a location where people had high
potential to come into contact with bats as well as their
excrement and nearby livestock markets and/or wildlife
reserves. Study locations included urban and peri-urban
dwellings in Metehara town in eastern Ethiopia, a blister
cave adjacent to a major highway in Metehara, and in Bati
town in north-central Ethiopia. (Fig. 1).

Interface: Buildings

Metehara (8.8995 N, 39.9169 E) is west of Awash
National Park and the border of the Afar Regional State on
the Addis Ababa-Dire Dawa-Djibouti highway, which is the
major transit corridor connecting Ethiopia with the seaport
in Djibouti. Volcanic blister caves along the roadside in
Metehara are primary habitats for insectivorous bats and
are also used as shelter by transient laborers (Personal
Communication, PREDICT-Ethiopia team). Water that
pools at the bottom of these caves is used as a water source
by a local car wash to wash large lorries overnighting along
the highway. In Metehara, bats were sampled from the
study cave, as well as from roofs of buildings including
residences and businesses. Bati town (11.193 N, 40.015 E)
is located at an elevation of 1502 m, 417 km northeast of
the capital city Addis Ababa in the Oromia zone of the
Ambhara Region, close to the border with the Afar region,
and west of the Mile Serdo Wildlife Reserve. Bati is home to
Ethiopia’s largest cattle and camel market and is a major
thoroughfare for livestock moving throughout Ethiopia
and the greater region. Insectivorous bats roosting in
buildings are very common in the area. Bats were sampled

= BATI

BENISHAN-
GUL-GUM

SOUTHERN
REGION

Interface: Buildings and Cave

> METEHARA

Figure 1. Geographical location of the sampling sites at Bati and Metehara, Ethiopia. Map generated using ArcGIS 10.1 software.



from roosts located in the roofs of small businesses, the
local primary school, and the local health clinic.

Bat Capture and Sampling

Between July 2016 and October 2018, 589 bats were cap-
tured and released using mist net techniques during wet
and dry seasons by trained field personnel (FAO 2011;
PREDICT 2016). Season was determined using the geo-
referenced TerraClimate global climate and precipitation
dataset using site location, month sampled, and median
precipitation values (Abatzoglou et al. 2018). Sampling
events were classified as “wet” season events when pre-
cipitation values were greater than or equal to the median
of all TerraClimate data for that location from 1998 to
2018; otherwise events were classified as “dry” season.
Using this classification system, wet season sampling events
occurred in March, June, July, August, and September; dry
season sampling events occurred in May and October. This
aligned with historical rain fall patterns in parts of Ethiopia,
with two distinct wet seasons (March-mid May, end June—
September) and a long dry season between October and
February (Cheung et al. 2008). Once captured, bats were
manually removed from nets, and under gentle manual
restraint, species were identified in the field; morphometric
evaluation was conducted including age class, sex, body
weight, reproductive status; and biometric measurements
(e.g., length of forearm, head, and body) were recorded
(Menzel et al. 2002). Bat age class (adult, subadult, or
juvenile) was determined based on size, morphology, and
presence/absence of sexual characteristics
(PREDICT 2016). Using sterile polyester-tipped swabs, oral
and rectal swabs were obtained from all animals (unless size
precluded swabbing). When possible, 2 x 500 pL whole
blood samples were also obtained by venipuncture using a

secondary

non-heparinized syringe or heparinized glass hematocrit
tube (PREDICT 2016). All sample types (swabs and blood)
were then transferred into two specimen tubes containing
500 pL viral transport medium or 500 pL TRIzol reagent.
The samples were immediately transferred into liquid
nitrogen in the field for transportation and stored until
testing in — 80°C freezers in the laboratory. A veterinarian
was present for all sampling events, and all animals were
safely released within three hours at the site of capture.
During all animal sampling events, minimum required
personal protective equipment for personnel included eye
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protection, N-95 respirators, nitrile gloves, Tyvek suits, and

shoe covers.

Biological Sample Analysis

Total RNA was extracted using the Direct-Zol Kit (Zymo
Research Corp), and cDNA synthesis was performed using
Superscript III (Invitrogen). Samples were screened for five
viral families including corona-, filo-, paramyxo-, flavi-,
and influenza viruses using broadly reactive consensus
conventional polymerase chain reaction (PCR) assays with
positive and negative controls (Moureau et al. 2007; Zhai
et al. 2007; Tong et al. 2008; Quan et al. 2010; Watanabe
et al. 2010; Anthony et al. 2012b, 2015). Briefly, the assays
targeted: the exonuclease (nsp14) of the orflab gene (Quan
et al. 2010) and the RNA-dependent RNA polymerase
(RdRp) of the orflab gene (Watanabe et al. 2010) for
coronaviruses; the polymerase (L) gene for paramyx-
oviruses (Tong et al. 2008); the L gene for filoviruses (Zhai
et al. 2007); the NS5 gene for flaviviruses (Moureau et al.
2007); and the PB1 gene and M gene for influenza viruses
(Anthony et al. 2012b, 2015); all primers used are described
in the above cited references. A synthetic plasmid con-
structed with the binding sites for the specific assays, but
otherwise lacking viral sequence was used for the positive
control. PCR products of the expected size were cloned
(pCR4-TOPO vector; Invitrogen Corp.) and Sanger se-
quenced (ABI3730 Capillary Electrophoresis Genetic Ana-
lyzer; Applied Biosystems, Inc., Foster City, CA). Sequences
were edited in Geneious Prime (Version 2019.1.3), up-
loaded to the NCBI GenBank database (Accession numbers
available in Supplemental Table), and compared with
known sequences in the GenBank database (Kearse et al.
2012). Sequences were classified into viral taxa by aligning
sequences with known reference sequences collected from
GenBank followed by manual alignment.

Bat Species Identification

Bat species field identification was confirmed by host spe-
cies DNA barcoding using PCR assays targeting fragments
of the cytochrome B gene (cytB) and cytochrome oxidase
subunit 1 (CO1) mitochondrial genes (Townzen et al.
2008). A threshold of 97% sequence identity was used to
confirm the bat species, while sequences with < 95% se-
quence identity were classified to the genus level only.
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Data Analysis

The data were entered into an encrypted cloud database
and extracted, cleaned, summarized, and visualized using
Microsoft Excel and R v3.6.0 (Chang 2014; Wickham 2016,
2019a, b; R Core Team 2019; Rudis 2019; Wilke 2019; Firke
2020; Harrison et al. 2020; Liidecke et al. 2020; Wickham
et al. 2020; Wickham and Henry 2020). Fisher’s exact test
was used to compare the proportion of samples positive for
viral detection by species, sex, age, season, sampling
interface, and specimen type. Multivariable logistic regres-
sion analyses were conducted to ascertain the association
between bats testing positive and their species, age, sex, and
the season during which they were sampled. Code for the
paper, including figure development is available at https://d
0i.0rg/10.5281/zen0do0.6032454. Phylogenetic trees includ-
ing our viral findings were created by aligning sequences
using the Geneious alignment algorithm. Best-fit evolu-
tionary models were determined and maximum likelihood
statistical support for phylogenetic trees was generated
using IQTREE (v.1.6.12) with 100 bootstraps (Minh et al.
2020). All three best-fit evolutionary models were found to
be GTR +1 + G.

(A) Sampling timeline

Number of bats

150

100

Test result: [Jil Virus positive

RESULTS

A total of 589 insectivorous bats representing three families
and four species of bats were captured and sampled during
12 surveillance events. Eight sampling events occurred at
the Metehara site between July 2016 and August 2018; four
events occurred at the Bati site between May and October
2018 (Fig. 2). Overall, 68.3% of bats were sampled at the
Metehara site and 31.7% of bats were sampled at the Bati
site. Bat species sampled at the Metehara site included
Chaerephon  pumilus (Little free-tailed bats,
Molossidae; n = 228) and Rhinopoma hardwickii (Lesser
mouse-tailed bats, Family: Rhinopomatidae; n = 174). Bat

Family:

species sampled at the Bati site included Mops midas
(Midas free-tailed bats, Family: Molossidae; n = 180) and
Neoromicia cf. somalica (Somali serotine bats, Family:
Vespertilionidae; n = 7) (Table 1).

Of the 589 bats tested, 16.8% of bats were positive for
one or more virus, with a ‘virus’ loosely defined as a dis-
crete cluster of phylogenetically related sequences. Overall,
six different viruses were identified in 99 bats, including
four coronaviruses and two paramyxoviruses (Table 1).
The previously undescribed viruses detected included a
paramyxovirus, referred to as PREDICT_PMV-175, n = 7,
and an alphacoronavirus, referred to as PREDICT_CoV-

[ Virus negative
Wet

Dry
Wet
Wet Wet
Wet Wet
5 Wet
I )
0 .

2016 2016 2017 2017

August August

(B) Bat species tested July

R. hardwickii
| |

N. cf. somalica I

200 150 100 50 0
No. of bats

September

2018 2018 2018 2018 2018
March May June August October
(C) Interface (Site)
. . Cave (Metehara)
\
. Buildings (Metehara)
o () # Buildings (Bat)
Buildings (Bati)

Figure 2. A Summary of bat species sampled by sampling event month and season; B Species of bats tested and proportion of positive bats at

each sampling event; C The sampling interface and location. The gray circles depict sampling months and locations when no bats were sampled.
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Viruses detected in bats across seasons

Wet

PREDICT_CoV-114 -I

Chaerephon bat coronavirus/Kenya/KY22/2006 I

PREDICT_PMV-175

Dry

Bats testing positive by season
% (Positive/Total sampled)

Bat species (sampling interface) Wet Dry

. Chaerephon pumilus (Building) 6.32% (12/190) 5.26% (2/38)

Chaerephon bat coronavirus/Kenya/KY41/2006 . Mops midas (Building) 7.63% (9/118) 4.84% (3/62)
Neoromicia cf. somalica (Building) 14.29% (1/7)
Chaerephon bat coronavirus/Kenya/KY22/2006 . -
and PREDICT PMV-24 . Rhinopoma hardwickii (Cave) 43.90% (72/164) 0% (0/10)
Eidolon bat coronavirus ‘
Eidolon bat coronavirus
and PREDICT_CoV-114
0 20 40 60 80 0 20
Number of bats testing positive
Figure 3. Viral findings by bat species and sampling interface.
Table 2. Viral prevalence in bats by sex, age class, season, species, and specimen type.
% (Positive/Total) p
Sex Female 16.1% (66/409) 0.550
Male 18.3% (33/180)
Age class Subadult 30.4% (17/56) 0.008
Adult 15.4% (82/533)
Season Wet 19.7% (93/472) < 0.001
Dry 5.1% (6/117)
Species Chaerephon pumilus 6.1% (14/228) < 0.001
Mops midas 6.7% (12/180)
Neoromicia cf. somalica 14.3% (1/7)
Rhinopoma hardwickii 41.4% (72/174)
Interface* Cave 41.4% (72/174) < 0.001
Building 6.5% (27/415)
Specimen type** Rectal swab 15.6% (92/589) < 0.001

Oral swab

5.8% (34/589)

*Cave interface represented only Rhinopoma hardwickii bats, while building interfaces included the other three bat species; ** Analysis for specimen type

conducted at specimen level; all other analyses conducted at individual animal level.

114, n = 77. Sequences detected that were consistent with
previously published sequences in GenBank included:
Chaerephon bat coronavirus/Kenya/KY22/2006 (GenBank
accession number HQ728486), n = 11; Chaerephon bat
coronavirus/Kenya/KY41/2006 (GenBank accession num-
ber HQ728481), n = 2; Eidolon bat coronavirus (GenBank
accession number HQ728482), n=3; and PRE-
DICT_PMV-24 (GenBank accession number KP963829),

n = 2. Whole genome sequencing to confirm these isolates
were exact matches to those previously identified was not
performed. Three bats had co-infections: one adult female
Rhinopoma hardwickii tested positive for alphacoronavirus
PREDICT_CoV-114 and betacoronavirus Eidolon bat
coronavirus, while two adult Chaerephon pumilus (one
male, one female) tested positive for Chaerephon bat
coronavirus/Kenya/KY22/2006 and PREDICT_PMV-24.
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Table 3.

they were sampled.

Association between bats testing positive for coronaviruses or paramyxoviruses and their species, sex, age, and season in which

Odds ratio 95% CI p

Sex

Male (v. Female) 1.35 (0.80, 2.28) 0.259
Age

Subadult (v. Adult) 1.26 (0.62, 2.50) 0.522
Season

Wet (v. Dry) 2.67 (1.09, 8.06) 0.050
Species

Mops midas (v. Chaerephon pumilus) 1.35 (0.59, 3.05) 0.475
Rhinopoma hardwickii (v. Chaerephon pumilus) 10.39 (5.69, 20.23) < 0.001

Odds ratio and 95% confidence interval (95% CI) for each predictor in the multivariable logistic regression analysis are presented. Neoromicia cf. somalica bats

were excluded from this analysis due to low sample size.

The presence of the same virus in different insectivorous
bat families was detected for two different CoVs (PRE-
DICT_CoV-114 and Eidolon bat coronavirus, Table 1). The
alphacoronavirus PREDICT_CoV-114 was detected at both
interface sites in two bat species from different taxonomic
families, all of which were detected in the wet season, with
the majority (97.4%) of positives detected in August of
2016 and 2018 (Fig. 2). In Metehara, this virus was detected
in 72 (41.4%) Rhinopoma hardwickii bats sampled in a
blister cave in 2016 and 2018. In Bati, PREDICT_CoV-114
was found in five Mops midas bats sampled from buildings
in August 2018. No bat samples tested positive for
influenza, flavi-, or filoviruses.

Wet season samples represented 80% of the bats
sampled, with 472 bats sampled during the wet season; 117
bats were sampled during the dry season (Figs. 2 and 3).
More virus-positive bats were detected during the wet
season than the dry season (19.7% vs 5.1%; p < 0.001)
(Table 2). Bats sampled at the Metehara cave interface were
more likely to test positive than bats sampled from building
interface sites (41.4%; n = 72/174 vs 6.5%; n = 27/388);
p < 0.001). Rectal swabs were the most common specimen
type testing positive (15.6%; n = 92/589) as opposed to
oral swabs (5.8%, n = 34/589) (Table 2). Twenty-seven bats
tested positive via both rectal and oral swabs with seven
bats testing positive on oral swabs only.

Multivariable logistic regression analysis was per-
formed for positive viral test results from Rhinopoma
and Mops midas;

hardwickii, Chaerephon  pumilus,

Neoromicia cf. somalica bats were excluded from this
analysis due to low sample size. A higher proportion
(30.4%; n = 17/56) of subadult bats tested positive com-
pared to adults (15.4%; n = 82/533); however, this differ-
ence was not statistically significant in the multivariable
logistic regression analysis (Table 3); all Mops midas bats
sampled were adults. The odds of a Rhinopoma hardwickii
bat testing positive were approximately 10 times higher
than that for a Chaerephon pumilus bat (p < 0.001; Ta-
ble 3). Similarly, bats sampled during wet season had
higher odds of testing positive than those sampled during
dry seasons (p = 0.05).

Phylogenetic analysis of the CoV and PMV viral se-
quences identified was conducted, generating three phylo-
genetic trees. Within bats positive for a CoV, positive
sequences fell into three groups (Figs. 4 and 5). Three
different species of insectivorous bats were positive for
Eidolon bat coronavirus, a betacoronavirus within the
subgenus Nobecovirus. The remaining CoV sequences fell
into two distinct groups within the genus Alphacoronavirus
that do not clearly fall into any established subgenus. The
PREDICT CoV-114 virus appears phylogenetically closely
related to Chaerephon bat coronavirus Kenya/KY22/2006
(GenBank accession number HQ728486); further analysis
would be necessary to confirm if they could be considered
the same viral species. Within the bats positive for a PMV,
positive viral sequences clustered within two genera: Re-
spirovirus and the proposed genus Shaanvirus (Fig. 6) (Noh
et al. 2018; Jang et al. 2020).
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72 NC_048217 Murine hepatitis virus
100 100 . NC_003045 Bovine coronavirus
NC_006213 Human coronavirus OC43
NC_006577 Human coronavirus HKU1

Embecovirus

NC_045512 SARS coronavirus 2
HQ728482 Eidolon bat coronavirus Kenya/KY24/2006

NC_009021 Rousettus bat coronavirus HKU9
NC_030886 Rousettus bat coronavirus GCCDC1
100 NC_002306 Feline infectious peritonitis virus
NC_038861 Transmissible gastroenteritis virus
NC_023760 Mink coronavirus |  Minacovirus
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Figure 4. Coronavirus phylogenetic tree constructed based on the exonuclease (nspl4) of the orflab gene (Quan et al. 2010). A best-fit

evolutionary model was determined, and maximum likelihood statistical support for the phylogenetic tree was generated using IQTREE
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bootstrap support for this topology is low, likely because of the short fragment size of the Quan PCR product. Established coronavirus

subgenera are annotated immediately to the right of the phylogeny and established genera are annotated at the rightmost side of the figure.

DiscussioN

This study presents new information on the presence and
diversity of coronaviruses and paramyxoviruses in four
species of insectivorous bats in Ethiopia. These risk inter-
face sites were selected due to recognized potential for
people to come into contact with bats as well as with their
excrement, including in buildings and dwellings in urban
and peri-urban locations and in a blister cave adjacent to a
major transit corridor. All Rhinopoma hardwickii bats were
from a cave easily accessed by humans that is used for
shelter as well as a source for water from the floor of the
cave. The cave water is used for activities such as washing
container trucks that travel long distances across the Horn

of Africa, and thus there is the potential for human expo-
sure to coronaviruses during activities, such as through
spraying contaminated water. The remainder of bat sam-
pling sites included roofs of buildings (including resi-
dences, primary schools, health clinics, and businesses) in
urban city centers, which are also high-risk interfaces for
people to contact bats and bat excrement.

There is currently no evidence to suggest that the
particular viruses identified in this study pose a significant
threat to human health. In this study, bat species were
sampled that are known to carry viruses of public health
interest, such as Bombali ebolavirus in Chaerephon pumilus.
Chaerephon pumilus bats have also been previously re-
ported to test positive for SARSr-CoVs in neighboring
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Figure 5. Coronavirus phylogenetic tree constructed based on RNA-dependent RNA polymerase (RdRp) of the orflab gene (Watanabe et al.
2010). A best-fit evolutionary model was determined and maximum likelihood statistical support for the phylogenetic tree was generated using
IQTREE (v.1.6.12) with 100 bootstraps and a GTR + I + G model. Established coronavirus subgenera are annotated immediately to the right of
the phylogeny and established genera are annotated at the rightmost side of the figure.

Kenya (Tong et al. 2009; Waruhiu et al. 2017), which is
interesting given the association of these viruses with rhi-
nolophid bats (Anthony et al. 2017b; Wells et al. 2021).
While Rhinopoma harwickii, or any species from the
Rhinopomatidae family, are not known to be hosts of
zoonotic coronaviruses, they are in the broader Rhi-
nolophoidea superfamily, which contains a number of
species known to be associated with SARSr-CoVs (Lau et al.
2005; Li et al. 2005; Anthony et al. 2017b; Fan et al. 2019;
Latinne et al. 2020; Crook et al. 2021; Wacharapluesadee
et al. 2021; Wells et al. 2021).

This study identified two paramyxoviruses in nine bats
(PREDICT PMV-175, Mops midas, n = 7; PREDICT PMV-
24, Chaerephon pumilus, n = 2) sampled from buildings in
Awash and Bati. PREDICT PMV-175 falls within the pro-

posed genus Shaanvirus, which expands the known geo-
graphical distribution of this genus; to date there are few
reports of Shaanviruses identified in African bats (Noh et al.
2018; Jang et al. 2020). PREDICT PMV-24 falls within
Respirovirus, a genus which includes established human and
animal pathogens including human and livestock parain-
fluenza viruses. Both PREDICT PMV-24 positive Chaere-
phon pumilus bats in Awash exhibited co-infections with
Chaerephon bat coronavirus/Kenya/KY22/2006. While
whole genome sequencing of both paramyxoviruses is
necessary for full viral characterization and comparison to
other known paramyxoviruses, these findings offer new
information on the diversity of paramyxoviruses in insec-
tivorous bat species in Ethiopia.
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best-fit evolutionary model was determined, and maximum likelihood statistical support for the phylogenetic tree was generated using IQTREE

(v.1.6.12) with 100 bootstraps and a GTR + I + G model. Established paramyxovirus genera are annotated.

We found a previously undescribed alphacoronavirus,
PREDICT_CoV-114 in nearly half (41.4%) of all Rhino-
poma hardwickii bats sampled in our study, and one adult
female sampled in August 2018 demonstrated co-infection
with the betacoronavirus Eidolon bat coronavirus, a phe-
nomenon considered a risk factor for the recombination
and natural emergence of novel viral strains (Lau et al.
2010; Ge et al. 2016; Kumar et al. 2018). Researchers in
Saudi Arabia previously identified several CoVs in nonin-
vasively collected roost fecal samples from Rhinopoma
hardwickii, but not from individually sampled animals
(Memish et al. 2013). While little data are available on the
spatial distribution and life cycle history of Rhinopoma
hardwickii in Ethiopia, other published reports of the
reproductive patterns of the species in the northern
hemisphere indicate these bats exhibit a single estrus period
per vear that results in a birth pulse between June and July
(Qumsiyeh and Jones 1986; Karim et al. 1989). Paired with

a 20-day lactation cycle, this timing could be consistent
with an August peak of increased shedding of PRE-
DICT_CoV-114 by Rhinopoma hardwickii (adults and
subadults) sampled in the blister cave colony at a time of
potentially increased reproductive stress. Recent evidence
suggests some CoV shedding may be more likely at the time
of weaning from the dam (Montecino-Latorre et al. 2020).
The five Mops midas bats that also tested positive for
PREDICT_CoV-114 were all sampled in August 2018. This
host species represents a different family group, sampled
from a geographically distinct site and with a different
roosting preference. Sparse scientific literature suggests
multiple breeding seasons for Mops midas bats in other
regions of Africa (January—-March, Uganda; December—
February, Botswana) with a second breeding season may be
possible as the same resource reports a lactating female
found in October (Kingdon 1974; Smithers 1983). It is
challenging to extrapolate breeding seasons across different



hemispheres and geographies; the timing of shedding of
this virus in relation to the life history and reproductive
cycle of Mops midas bats in Ethiopia needs further study.

The research team identified PREDICT_CoV-114 virus
in Rhinopoma hardwickii bats sampled from the roadside
blister cave in both 2016 and 2018; in 2016, 27.3% (n = 9/
33) of bats sampled were positive, and in 2018, 52.5%
(n = 63/120) of bats sampled were positive for this virus. In
2017, no PREDICT_CoV-114-positive samples were de-
tected in the 21 Rhinopoma hardwickii bats sampled in early
September. This lack of detection could be due to small
sample size (n = 21), lack of virus presence, missing a very
narrow ‘“‘seasonal” window of viral shedding for this par-
ticular virus/species combination, or other yet to be
determined factors. These findings highlight what others
hve also recognized: that there may be significant variability
in viral shedding differences across bat species, season,
roosting location, life history, reproductive cycles, envi-
ronment, climate, external stressors, virus characteristics,
and other factors (Letko et al. 2020; Montecino-Latorre
et al. 2020; Kumakamba et al. 2021; Joffrin et al. 2022).

The detection of the PREDICT_CoV-114 virus in
samples collected almost exclusively during the primary wet
season follows the trend reported by some papers (Lau
et al. 2010; Maganga et al. 2020), but diverges from other
published results (Anthony et al. 2017b; Valitutto et al.
2020; Kumakamba et al 2021.) This study used the
TerraClimate dataset to assign “wet” or “dry” season to
sampling events. When triangulated with historical
knowledge and on the ground reports of “seasons” by local
residents, this method may be stronger for classifying sea-
son than relying exclusively on local reporting of the
months typically associated with a “wet” or “dry” season,
simple geographic location/distance from the equator, or
other subjective methods of reporting season. As the disease
ecology field continues to document and understand viral
shedding in different species in environments experiencing
climatic shifts and stressors, more rigorous documentation
and determination of season are important for improved
understanding of the roles that climate, season, food
availability, and other environmental factors may have on
viral shedding, as well as how these factors are associated
with animal lifecycles related to parturition, lactation, and
weaning.

This study found the highest proportion of CoV pos-
itives in rectal swabs compared to oral swabs from the same
animals, a finding consistent with previous studies (An-
thony et al. 2017b; Valitutto et al. 2020). This fecal shed-
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ding has implications for how to design and perform viral
surveillance and interventions to reduce risk for exposure
to CoVs in people. Noninvasive surveillance, such as testing
guano may be a cost-effective, less invasive way to imple-
ment longitudinal screening to better understand the tim-
ing of viral shedding and thus better inform individual level
sampling efforts as well as the timing of potential risk, as
multiple variables likely affect viral shedding. Based on
other studies, viruses can be shed during times of stress,
such as during pregnancy and weaning (Amman et al. 2012;
2020).
surveillance efforts in wildlife could be paired with in-

Montecino-Latorre et al. Noninvasive disease
creased use of effective biodiversity monitoring tools, such
as sound recording of bat echolocation signals which has
the potential to differentiate between species, a method
effectively used by a bat census team in the Kafa Biosphere
Reserve in Ethiopia, and laser technology (Light Detection
and Ranging; LIDAR) to estimate and identify roosting bats
(Azmy et al. 2012; NABU 2017). Paired and interpreted
together, noninvasive viral surveillance with biodiversity
characterization and more accurate species counts could
inform more targeted individual surveillance efforts (e.g.,
by species, by season, by site, etc.).

Our study relied on partial viral fragments for com-
parison and for identification of clusters of sequences in
‘operational taxonomic units,’ a cost-effective approach
previously described and used by other researchers (An-
thony et al. 2017a, b; Valitutto et al. 2020). As the next step
to begin to characterize these viruses, whole genome
sequencing of the positive specimens could be pursued in
the future to better classify these virus sequences, which
could yield more biological information on the viruses
detected in this study. Future surveillance efforts may also
consider deep sequencing in combination with the afore-
mentioned noninvasive population ecology methodologies,
providing more detailed insights into the diversity of the
bat virome in concert with more nuanced species ecology
data.

CONCLUSION

When considering similar cave and building risk interface
settings around the world, improved awareness of viral
diversity in bats at the community level is recommended to
inform on when, where, and how to reduce contact with
wildlife as part of mitigating risks for viral exposure and
spillover across hosts. Improved knowledge of the ecology
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and distribution of bat species, the types of viruses present,
timing of viral shedding, and contact with people in
Ethiopia, as well as the larger region, will also help guide
future surveillance and viral spillover prevention efforts.
Given that bats provide essential ecosystem services for
pollination and insect control, we must find ways to
manage public health risks for community members while
protecting bats that fill key ecologic niches.
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