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Abstract

The straw-colored fruit bat (Eidolon helvum) is a pteropodid whose conservation is crucial
for maintaining functional connectivity of plant populations in tropical Africa. Land conver-
sion has pushed this species to adapt to roosting in urban centers across its range. These
colonies often host millions of individuals, creating intensive human-bat contact interfaces
that could facilitate the spillover of coronaviruses shed by these bats. A better understanding
of coronavirus dynamics in these roosts is needed to identify peak times of exposure risk in
order to propose evidence-based management that supports safe human-bat coexistence,
as well as the conservation of this chiropteran. We studied the temporal patterns of corona-
virus shedding in E. helvum, by testing thousands of longitudinally-collected fecal samples
from two spatially distant urban roosts in Ghana and Tanzania. Shedding of coronaviruses
peaked during the second part of pup weaning in both roosts. Assuming that coronavirus
shedding is directly related to spillover risk, our results indicate that exposure mitigation
should target reducing contact between people and E. helvum roosts during the pup “wean-
ing” period. This recommendation can be applied across the many highly-populated urban
sites occupied by E. helvum across Africa.

Introduction

The straw-colored fruit bat (Eidolon helvum) is a pteropodid widely distributed in tropical
Africa with a described range of at least ~12 million km?2 [1, 2]. Its reproductive cycle is sea-
sonal, with delayed implantation [3] and a highly synchronized annual birth pulse [4-6].
Estrus, pregnancy, and birthing seem to occur in several locations but their timing can vary
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across latitudes [4-8]. E. helvum bats roost in trees, forming dynamic colonies that can host
millions of individuals [5, 9-11], and massive migration can cause a 40-50 fold roost size dif-
ference between the annual minimum and peak roost size [11-14].

E. helvum is thought to be a unique seed disperser as a consequence of its large migratory
movements and variable gut passage time [15-17]. Given the ongoing habitat fragmentation
in Africa, seed dispersers that travel over large distances and retain seeds for long periods are
particularly important for maintaining functional connectivity and gene flow of plant popula-
tions in degraded landscapes [16]. Consequently, the conservation of this bat species and the
provision of its ecosystem services are crucial for tropical Africa.

The straw-colored fruit bat is also a distinct species because it has adapted to habitat
destruction by occupying trees in several busy urban centers across its range [7, 18, 19]. These
roosts can host millions of individuals [11, 12], creating intensive human-bat contact interfaces
that facilitate exposure of people to the feces and urine of these chiropterans [7, 20] and possi-
bly to pathogens that are shed through these excretions.

Indeed, available data suggest that E. helvum hosts several viruses. Surveys in urban and
non-urban colonies have reported the detection of viral RNA and DNA and isolation of viruses
from diverse viral taxonomic families including those with zoonotic species ([19, 21-23]; S1
File). Coronaviruses (Coronaviridae family; CoVs) are an important group of viruses previ-
ously detected in these bats [24-32]. This viral family includes SARS-CoV-1, MERS CoV, the
etiology of the current COVID-19 pandemic (SARS-CoV-2) and around half of the new
viruses with highest ranking of animal to human transmission risk following expert opinion
[33].

Concerns about public health risks associated with prevalent CoVs and intense human-bat
interfaces across the extended range of E. helvum, together with the strong need to support the
conservation of this chiropteran, underscore the management challenge. Better understanding
of CoV dynamics in urban roosts are needed to propose evidence-based risk management that
promotes the safe coexistence of E. helvum and people. If viral shedding has high and low peri-
ods, then viral exposure could be mitigated through seasonal management of human behavior.
However, CoV shedding patterns in E. helvum roosts remain almost unknown. Indeed, there
is a lack of general understanding of CoV ecology in African bats, despite these viruses having
been reported in these chiropterans [34, 35] and areas of Africa having been identified as
global hot spots of disease emergence [36].

Here, we aimed to identify CoV shedding patterns in E. helvum roosts and propose data-
based realistic strategies that could support a safer, ethical coexistence between bats and peo-
ple. To accomplish these objectives, we conducted a unique, robust, longitudinal collection
and testing of thousands of fecal samples for an entire year in two spatially distant roosts
(Ghana and Tanzania, located ~4,400 km apart). We hypothesized that CoV shedding in these
roosts is variable over time and associated with E. helvum annual reproductive events. The
identification of such events could offer opportunities for targeted management to reduce
human exposure risk at the studied roosts and others across Africa. We tested this hypothesis
by comparing the fit of different logistic models to the data and by estimating the association
between the reproductive periods and CoV shedding.

Methods
Study period and studied roosts

We studied two previously described E. helvum urban colonies: the roost at the 37 Military
Hospital (5.5882, -0.1824) in Accra, Ghana (West Africa; [7, 11, 19, 21, 37, 38]) and at the
Kikundi Market and Nunge Court (-6.8233, 37.6662) in Morogoro, Tanzania (East Africa; [7];
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Fig 1. Location of the studied Eidolon helvum roosts. Panel A shows the locations of the roosts in Africa. Panel B shows some of the trees occupied at
the 37 Military Hospital in Accra, Ghana and Panel C shows roosting bats at the Kikundi Market in Morogoro, Tanzania.

https://doi.org/10.1371/journal.pone.0274490.9001

Fig 1). Accra is the capital city of the Republic of Ghana with a population of 2.9 million people
and Morogoro is a regional capital in Eastern Tanzania with a population of 315,866 people
[39, 40]. The 37 Military Hospital is located in a busy and heavily urbanized area of Accra, at
the junction of two main avenues with major car, public transport, and pedestrian traffic.
Occupied trees are within and around the hospital property. The Kikundi Market and Nunge
Court are situated in a busy commercial area of Morogoro mainly occupied by pedestrians
and market vendors. Human structures at this site are not as developed nor dense compared
to the 37 Military Hospital area. Occupied trees are adjacent to public buildings and houses, as
well as empty plots. The 37 Military Hospital roost in Accra (hereafter “Accra”) was studied
during March 2017-February 2018. The Kikundi Market and Nunge Court roost in Morogoro
(hereafter “Morogoro”) was studied during August 2017-July 2018. These roosts are separated
by ~4,400 km (Fig 1).

Roost census

We counted the straw-colored fruit bats in both colonies on a monthly basis over an entire
year during the study period (see above). We followed a previously applied method to obtain
an index of abundance of the E. helvum population (e.g., [12]). Briefly, we censused bats in the
colonies by hierarchically adding the estimated number of bats per roosting group (cluster),
per tree branch, and per tree.

The censuses were conducted during the morning when the bats settled down after forag-
ing. Broad-canopy trees allowed the counting of bats in all occupied trees. No other bat species
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were observed, and barcoding of a subset of fecal samples corroborated the single species
composition.

Roost sampling

We collected 97 fecal samples per roost per month, based on an expected CoV shedding pro-
portion of 0.1, an expected precision of 0.1, and a confidence level of 95% (Z = 1.96). Each
month, we set eight new 16 m” plastic sheets (four by four m disposable tablecloths) below a
specific set of trees to collect feces as previously described ([21, 41]; S1 Fig). In Accra, the loca-
tions of the plastic sheets were consistent across monthly sampling events. In Morogoro, the
locations of the plastic sheet placement varied as the colony moved between the Kikundi Mar-
ket and the nearby Nunge Court during the study period (see Results section). However,
within each area, the locations of the plastic sheets were consistent.

Feces were collected between 3:30 and 6:30 am in order to catch samples from the bats as
they were returning to the roost, obtain fresh droppings deposited beneath the trees, and opti-
mize timing when fewer people were present at the sites. We assumed that each fecal sample
belonged to a single bat, as they typically defecate once during this sampling time period [16]
and because we collected samples ~1 m apart from each other. Samples were first collected
along the edges of the first plastic sheet (~12 samples) followed by sample collection from the
central area (~4 more samples). Then we moved to the next plastic sheet and repeated the
process.

Feces were collected using a sterile polyester-tipped swab as they were deposited to limit
contamination with urine and feces from other bats. Specimens (swab tip and feces) were
placed into separate tubes containing either Trizol™ reagent or Viral Transport Media, imme-
diately stored in liquid nitrogen, and kept at -80 C until testing.

Non-invasive sample collection and exportation of samples to the United States was accom-
plished with the permission of the Tanzania Research Institute, the Wildlife Division of the
Ghana Forestry Commission (2017-264-ER-2011-29), the Ghana Veterinary Services Direc-
torate of the Ministry of Food and Agriculture, the Noguchi Memorial Institute for Medical
Research, University of Ghana (2016-01-1X), and the Institutional Animal Care and Use Com-
mittees (IACUC) at the University of California, Davis (protocol number: 16048).

Coronavirus presence and viral identification

We extracted RNA from all fecal samples (2,328 total samples), and cDNA was prepared as
previously described [34]. Two broadly reactive consensus PCR assays (“Quan” and “Wata-
nabe”) targeting different peptides of the RNA-dependent RNA polymerase were used in
order to detect both known and novel coronaviruses [42, 43]. Amplified products of the
expected size (a ~332 bp length fragment for Quan and a ~434 bp length fragment for Wata-
nabe) were cloned and sequenced as reported by Anthony et al. [34]. We conducted a BLAST
analysis to compare the nucleotide sequences to existing CoV RNA-dependent RNA-polymer-
ase gene sequences in the GenBank database using Geneious Prime 2019.2 [44]. Sequences
were taxonomically classified following Anthony et al. [34]. A fecal sample was considered pos-
itive when at least one assay was PCR-positive and it was taxonomically classified as a CoV.
We assumed that a bat sourcing a positive fecal sample was shedding CoVs.

Reproductive cycle

We did not capture bats for this study; therefore, direct confirmation of pregnant females, neo-
nates, and juveniles was not feasible. Moreover, we did not identify nor count pups attached to
dams because they are very difficult to observe [1, 7, 11]. Consequently, the reproductive cycle
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was inferred based on: i) our previous data of this species in Morogoro and Accra; ii) the syn-
chronized yearly birth pulse of this species [3, 5, 18, 45]; iii) the potential heterogeneity in the
time of estrus, pregnancy, and birth pulse across latitudes [4, 5, 45]; iv) the previous observa-
tion of neonates in Ghana [38]; v) previous observations in the Morogoro and Accra roosts [7,
8,11, 19, 37, 46]; and vi) reported birth pulse of 2.5-3 months and 60 days of lactation period
[18].

Therefore, in the case of Accra, we assigned April 15th as the start date of the “lactation”
period, June 15th as the last day of the birth pulse, and June 16th as the first date of the pup
weaning period. In the case of Morogoro, we assigned December 15th as the start date of the
“lactation” period, February 15th as the last day of the birth pulse, and February 16th as the
first date of the “weaning” period. The end of the weaning period was set four months later
(October 15th and June 15th in Accra and Morogoro, respectively) because we expected the
potential effects of the “weaning” on CoV dynamics to last up to one month after the last pups
of the season were weaned. The days immediately following these dates were set as the begin-
ning of the “rest of year” period in the corresponding colonies. The defined reproductive sea-
sons were consistent with previously proposed reproductive cycles [4, 7, 18, 45].

Precipitation

Daily cumulative precipitation per month was quantified using data from the ERA-interim,

a global atmospheric reanalysis at 0.75° x 0.75° resolution (T255) gridded climatic database
from the European Centre for Medium-Range Weather Forecasts [47]. We tracked the precip-
itation during the study period and assessed the appropriateness of the inferred reproductive
cycle. Specifically, we expected the precipitation peak to occur after the birth pulse as reported
in other E. helvum East- and West-African roosts [18, 45].

Statistical analysis

To assess the seasonality of CoV shedding, we compared an “intercept-only” logistic model
that assumed constant CoV shedding over time versus a “sine-cosine” logistic model that
allowed for seasonal cycling of CoV shedding with a period of 12 months and a single annual
maximum and minimum [48]. Shedding of CoV in the i E. helvum fecal samples was mod-
eled as a Bernoulli process (S2 File). The fit of these logistic models to the data was compared
using the Leave-one-out information criterion (LOOIC [49]) as implemented in the package
“loo” for R [50]. We considered that seasonality was supported if the sine-cosine model had a
better fit (lower LOOIC) and if the 95% Highest Posterior Density Intervals (95% HPDIs) of at
least two monthly CoV shedding posterior predictive distributions (PpreDs) did not overlap.
The 95% HPDI shows the narrowest interval of values containing the 95% of a distribution’s
density. Because few positives were detected in Accra, statistical modeling was conducted with
Morogoro data only.

To assess the association between the reproductive cycle and CoV shedding, we constructed
two logistic models. The “fixed effects” model linked the detection of CoV, assumed as a Ber-
noulli process, to the reproductive periods. The second model, the “hierarchical model”, also
assumed a Bernoulli process but grouped E. helvum fecal samples per month of collection, and
months were grouped per reproductive period (S2 File). The “fixed effects” model supported
that bats have higher odds of CoV shedding during the “weaning” period compared to the
“rest of the year” if the 95% HPDI of the corresponding odds ratio Posterior Probability Distri-
butions (PProD) did not include 1. Similarly, we evaluated the odds of CoV shedding during
the “lactation” versus the “rest of the year” periods and during the “weaning” versus the “lacta-
tion” periods. The “hierarchical model” supported that the odds of a CoV shedding during

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 5/15


https://doi.org/10.1371/journal.pone.0274490

PLOS ONE

Coronavirus shedding by straw-colored fruit bats

month m belonging to the r reproductive period were higher than the odds in month m’ within
the reproductive period 7’ if the 95% HPDI of the corresponding odds ratio PProD did not
include 1. Moreover, a larger standard deviation of the reproductive period distribution (oR)
compared to a larger standard deviation of the month distribution (o)) suggested larger CoV
shedding variability among reproductive periods than among months.

All models were constructed using Stan v. 2.17.0 which was run from R v. 3.6.0 through the
package RStan v. 2.18.2 [51-53]. More details of the Markov Chain Monte Carlo (MCMC)
sampling and sampling diagnostics are provided in S3 File.

Results

Roost census

During the 12-month study period, the Morogoro colony roosted at the Kikundi Market from
August to October 2017 and from May to June 2018. The colony was settled in Nunge Court
from November 2017 to April 2018, and in July 2018. These locations are separated by 850 m.
Morogoro roost abundance peaked during December 2017-March 2018 (~45,000 in February)
and was smallest from August to November 2017 and April to July 2018 (~2,500 in June). The
Accra roost peaked during December 2017-February 2018 (~1.2 million in December) and
reached a nadir from March to November 2017 (~4,000 in June). Bat abundance in Morogoro
increased during the “lactation” period, peaked at the beginning of the “weaning” period, and
began to decline after the wet season began. Bat abundance in Accra remained relatively con-
stant during the “lactation” and “weaning” periods, increased steeply until midpoint of the
“rest of the year” period, and decreased thereafter (Fig 2). We did not count pups attached to
the dams; therefore, the counts reflected migration and seasonal addition of weaned pups.

Roost sampling and coronavirus identification

Overall, 125 and 14 fecal samples were positive for CoV's in Morogoro and Accra, respectively
(proportion of positive samples were 0.107 [125/1164] and 0.012 [14/1164], respectively). The
Genbank Accession Numbers are MT797294.1-MT797304.1; MT797562.1-MT797572.1;
MT797305.1-MT797384.1; MT797573.1-MT797628.1; and MW007350.1. The monthly pro-
portion of positive feces varied with a minimum of 0.03 and 0 and peaks of 0.24 and 0.04 in
Morogoro and Accra, respectively. The proportion of positive feces in the “lactation”, “wean-
ing”, and the “rest of the year” periods were 0.088, 0.153, and 0.084 in Morogoro and 0, 0.018,
and 0.012 in Accra (Fig 2).

BLAST analyses showed that all coronaviruses detected in this study had pairwise sequence
identity between 97.70% and 99.90% with the previously reported Eidolon bat coronavirus/
Kenya/KY24/2006 of the genus Betacoronavirus (pairwise sequence identity ranged between
97.70% to 99.70% in Accra and between 98.10% to 99.90% in Morogoro).

Precipitation

In Morogoro, the precipitation was low from September through February and in July, with
the rainy season starting in March and ending in June. In Accra, the rainy season started in
March and ended in August, and the dry season extended from October through February.
The peak of the wet season paralleled the “weaning” period in both roosts (Fig 2).

Statistical analysis

MCMC sampling diagnostics are provided in S4 File. Summaries of the Posterior Probability
Distributions (PProDs) of models’ parameters are provided in S5 File. The LOOIC of the
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Fig 2. Eidolon helvum monthly abundance (blue line), precipitation (green line), and coronavirus shedding (red line) at the roost in Morogoro,
Tanzania (left); and at the roost in Accra, Ghana (right). Color bands indicate the “lactation” (orange), “weaning” (purple), and “rest of the year”
(blue) reproductive periods.

https://doi.org/10.1371/journal.pone.0274490.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 7/15


https://doi.org/10.1371/journal.pone.0274490.g002
https://doi.org/10.1371/journal.pone.0274490

PLOS ONE

Coronavirus shedding by straw-colored fruit bats

Table 1. The lower and upper endpoints of the 95% Highest Posterior Density Interval (HPDI) of the predicted
monthly proportion of Eidolon helvum shedding coronaviruses in Morogoro, Tanzania produced by a sine-cosine
model with a period of 12 months and a single annual maximum and minimum.

Month 95% Highest Posterior Density Interval endpoints
Minimum Maximum
August 0.052 0.196
September 0.031 0.144
October’ 0.010 0.103
November"”? 0.010 0.093
December? 0.010 0.093
January' 0.010 0.103
February 0.031 0.144
March 0.052 0.196
April 0.072 0.227
May* 0.095 0.263
June? 0.113 0.278
July* 0.093 0.258

! and 2 months have 95% HPDIs that do not overlap.
3 and * months have 95% HPDIs that do not overlap.

https://doi.org/10.1371/journal.pone.0274490.t001

intercept-only model and the sine-cosine model were 795.462 and 764.9, respectively, suggest-
ing a better fit of the latter, which incorporated seasonality. Some of the modeled monthly pro-
portions of E. helvum shedding CoV (PpreDs) did not overlap: i) from October to January
versus June and ii) from November to December versus May and July. The lack of overlap fur-
ther supports CoV shedding seasonality based on the criteria established in the “Methods” sec-
tion (Table 1).

According to the “fixed model” 95% HPDI results, the odds of CoV shedding during the
“weaning” period were between 1.24 and 2.65 times higher than in the “rest of the year”, and
1.06 to 3.16 times higher during the “weaning” period compared to the “lactation” period.
Lastly, the model does not support differences between the “lactation” and “rest of the year”
period (odds ratio covered the neutral value of 1; Fig 3).

Weaning versus Rest of the year Weaning versus Lactation Lactation versus Rest of the Year
1.5
> 10
B
C
[
o
0.5
0.0- —
0 2 4 6 0 2 4 6 0 2 4 6
Odds ratio Odds ratio Odds ratio

Fig 3. The Posterior Probability Distributions (light blue) and the corresponding 95% Highest Posterior Density Interval (blue) of the odds ratio
for coronavirus shedding by Eidolon helvum in the roost at Morogoro Tanzania during the “weaning” period versus the “rest of the year”, during
the “weaning” period versus the “lactation” period, and during the “lactation” period versus the “rest of the year”. The vertical black line indicates
a neutral odds ratio with a value of one.

https://doi.org/10.1371/journal.pone.0274490.9003
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The “hierarchical model” results showed higher odds of CoV shedding during the later
months of the “weaning” period compared to the “rest of the year”, as well as heightened shed-
ding during the peak of the “weaning” period versus the “lactation” period. Moreover, the
reproductive period standard deviation PProD (oR) tended to contain larger values compared
to the month standard deviation PProD (o, S5 and S6 Files).

Discussion

The straw-colored fruit-bat, E. helvum, is a key seed-disperser of Africa that has responded to
land-use change by occupying trees in urban centers. This adaptation has led to intense
human-bat interfaces across the continent. Coronaviruses in these bats are prevalent at these
interfaces, presenting a challenge to reduce pathogen exposure in people while also supporting
bat conservation.

To assess public health and conservation win-win solutions, we conducted a longitudinal
study to assess coronavirus shedding dynamics in E. helvum urban colonies. This unique effort
involved the testing of thousands of fecal samples that were collected on a monthly basis dur-
ing an entire year, the inclusion of two urban roosts separated by more than four thousand
km, the quantification of roost sizes across the study, and the inference of the reproductive sea-
sons at both colonies.

The coronaviruses detected in both colonies had high pairwise sequence identity with the
betacoronavirus Eidolon bat coronavirus/Kenya/KY24/2006 which has been found in E. helvum
elsewhere in Africa [24, 26, 27, 34, 54]. This strain represents approximately 94% of all corona-
virus detections in this species to date [55]. Eidolon bat coronavirus/Kenya/KY24/2006 has also
been reported in the Chiropterans Epomops franqueti, Megaloglossus woermanni, Mops condy-
lurus, Rousettus aegyptiacus, Scotophilus dinganii, Tadarida sp., and Triaenops persicus [55].
Until proven otherwise, there is no evidence to date that the specific coronaviruses detected in
the studied bat colonies in Morogoro or Accra present a threat to people’s health and the RNA
detected in this study through PCR does not necessarily equate to an infectious coronavirus.
Nevertheless, its broad distribution inclusive of urban areas, warrants further study.

The overall proportion of positive feces was markedly lower in Accra despite equivalent
sampling, storage, transport, and testing protocols. Low coronavirus detection has been previ-
ously reported in Ghanaian E. helvum roosts [56, 57]. We could not assess if roost-specific
demography could explain these results because we did not capture animals and demographic
data is limited and arguably biased [7].

In both roosts, our results support that coronavirus shedding is seasonal with a peak during
the corresponding colony pup weaning season, regardless of the dramatically different roost
sizes. In Morogoro, the peak roost size precedes the coronavirus detection peak, but the detec-
tion peak occurs before the peak population size in Accra. We observed that as the colony size
increased also did the number of occupied trees, whilst roosting group size seemed to remain
constant. The parallel change in bat populations and occupied trees with perceived constant
group sizes may have yielded relatively similar contact rates over time and is consistent with
the absence of an evident trend between roost size and CoV detection.

Coronavirus shedding seasonality with a peak in the weaning season has been reported in
non-African bat species ([58-63] but see [64]). However, only point estimates of coronavirus
positivity have been presented to date, except for three studies that provided confidence inter-
vals but assuming statistical independence of the tested specimens regarding coronavirus pres-
ence [59, 62, 63]. The confidence intervals during each sampling event reported in [59, 62]
overlapped, suggesting either a lack of statistical power or an actual difference in positivity
over time. Further, these non-African studies reported inconsistent and small sample sizes,
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had variable time lags between sampling events, included only a single colony (leaving uncer-
tainty about pattern consistency across roosts), or assumed independence of the specimens
collected during the same sampling event. Our design allowed us to overcome these constraints
and to statistically model coronavirus shedding to support the feasibility of seasonal manage-
ment of human exposure risk to coronavirus shedding in densely-populated human areas.

The assumed coronavirus shedding seasonality has hypothetically been attributed to the
waning of passively-acquired maternal antibodies in neonates [58]. Supporting this idea, coro-
navirus detection was more common during weaning periods and in non-adult bats [25, 34,
59, 61, 62, 65-67]. We did not directly observe pups as part of this non-invasive study, but our
group and previous authors have observed them attached to lactating females in both studied
colonies [19, 37], favoring the possibility of naive juvenile influx as a driver of coronavirus
infection during the weaning period. This influx could impact coronavirus transmission across
the entire colony, leading to higher detection in adult bats during the weaning period as well
[25, 65]. Higher detection during this season could also be multifactorial. For example, E. hel-
vum mates during the weaning period [3, 18], which could also impact contact rates, suscepti-
bility, and infectiousness of individuals, and consequently, virus transmission dynamics.

Eidolon helvum can migrate thousands of km and this species is proposed to be panmictic
at <6,500 km across its continental African range [22]; however, migration routes and inter-
connectivity among distant colonies remain unknown. We did not aim to study the epidemio-
logical relationships among the studied roosts and the impact of coronavirus dynamics in a
roost upon the trends of other roosts remains unknown.

The logistical challenges to mitigate human viral exposure at urban bat colonies highlight
the potential for evidence-based forecasting of high shedding seasons that could guide resource
allocation. Although more research is needed to characterize the zoonotic potential of the
coronaviruses hosted by E. helvum and to understand whether greater shedding is associated
with higher probabilities of spillover, our results support that the resources available to prevent
human coronavirus exposure at urban colonies could be more efficiently targeted for use dur-
ing the high-shedding “weaning” period. During this period, access to roosts and surrounding
areas could be limited, especially at the times of the day when bats are actively leaving and
returning to their roots. Hunting and selling of bats could be seasonally banned to protect
human health. Consumption could also be generally discouraged. In addition, human-use
areas below roost trees could be adapted to protect people from bat droppings.

E. helvum is a key seed disperser for the currently highly-fragmented habitats of tropical
Africa [16, 17], which makes their protection a conservation priority for the bats themselves,
as well as the tropical plant species that they support. Therefore, management strategies that
avoid culling are essential. Besides the ethical and welfare concerns, retaliatory killing has
failed to reduce viral infection levels in bats, and this practice could lead to younger popula-
tions, favoring infection and shedding in roosts [68]. Mitigation of coronavirus exposure by
seasonally altering human behavior also prevents roost perturbation during the ecologically-
sensitive period when pups are born, nursed, and weaned.

We expect that our model-based definition of a high-shedding season will be applicable for
roosts located in other urban centers of Africa [5, 7, 18, 19]. Previous data can support the pre-
diction of the birth pulses and weaning periods over time and space for targeting mitigation
interventions in other colonies [69].

Conclusions

Straw-colored fruit bats (E. helvum) at the urban roosts of the 37 Military Hospital (Accra,
Ghana, West Africa) and Kikundi Market-Nunge Court (Morogoro, Tanzania, East Africa)
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shed coronaviruses through feces not uniformly across the year but seasonally in association
with the annual reproductive cycle of this species. In these two urban roosts, coronaviruses
were found in a higher proportion of fecal samples during the corresponding annual weaning
period.

These two urban roosts represent a main wildlife-human interface for conservation conflict
but also for zoonotic pathogen transmission. Therefore, understanding the critical moments
of coronavirus shedding to prevent spillover is key to elaborate win-win One Health solutions
that promote the delivery of the ecosystems services provided by E, helvum, a prominent Afri-
can seed-disperser, while safeguarding public health.

The consistency of the observed coronavirus shedding dynamics support that human expo-
sure to urban E. helvum roosts should be limited when individuals smaller than the adult size
are sighted (to establish the birth pulse-weaning period). This criterion can be applied in loca-
tions where sample collection and testing are hard to accomplish or where they are simply
infeasible. Model-based establishment of reproductive seasons is a potential promising tool to
apply this mitigation strategy across E. helvum range.

Supporting information

S1 Fig. Collection of fecal samples from plastic sheets set below specific trees occupied by
Eidolon helvum in Morogoro.
(PDF)

S1 File. Other references reporting the detection of viral RNA and DNA and isolation of
viruses from diverse viral taxonomic families including those with zoonotic species in

Eidolon helvum.
(PDF)

S2 File. Models equations.
(PDF)

$3 File. MCMC sampling and sampling diagnostics details.
(PDF)

S$4 File. Sampling diagnostic results.
(PDF)

S5 File. Summary of the posterior probability distributions of models parameters.
(PDF)

S6 File. Posterior probability distributions of the odds ratios of coronavirus shedding in
Eidolon helvum in different months within different reproductive periods, and of the stan-
dard deviations of the reproductive period and month distributions.

(PDF)

Acknowledgments

We would like to thank Emmanuel Tetteh, David Tuvksen, Dr. Abel Ekiri, and Aziza John
Samson for conducting the censuses and supporting sample collection in Ghana and in Tanza-
nia. We thank the One Health Institute Lab staff, including Victoria Ontiveros, Brett Smith,
Dr. Alexander Tremeau-Bravard, Andrew Chong, Alexandra A. Shaffer, and especially Jasjeet
Dhanota.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274490.s007
https://doi.org/10.1371/journal.pone.0274490

PLOS ONE

Coronavirus shedding by straw-colored fruit bats

Author Contributions

Conceptualization: Diego Montecino-Latorre, Terra R. Kelly, Adam Kindunda, Godphrey
Kongo, Christine Kreuder Johnson, Jonna A. K. Mazet.

Data curation: Diego Montecino-Latorre, Tracey Goldstein, Adam Kindunda, Godphrey
Kongo.

Formal analysis: Diego Montecino-Latorre, Tracey Goldstein, Christopher M. Barker, Jonna
A. K. Mazet.

Funding acquisition: Jonna A. K. Mazet.

Investigation: Diego Montecino-Latorre, Adam Kindunda, Godphrey Kongo, Jonna A. K.
Mazet.

Methodology: Diego Montecino-Latorre, Tracey Goldstein, Adam Kindunda, Godphrey
Kongo, Christopher M. Barker, Christine Kreuder Johnson, Jonna A. K. Mazet.

Project administration: Diego Montecino-Latorre, Terra R. Kelly, David J. Wolking, Samuel
O. Bel-Nono, Rudovick R. Kazwala, Richard D. Suu-Ire, Jonna A. K. Mazet.

Software: Diego Montecino-Latorre.

Supervision: Tracey Goldstein, Terra R. Kelly, David J. Wolking, Samuel O. Bel-Nono, Rudo-
vick R. Kazwala, Richard D. Suu-Ire, Christopher M. Barker, Jonna A. K. Mazet.

Visualization: Diego Montecino-Latorre.

Writing - original draft: Tracey Goldstein, Terra R. Kelly, David J. Wolking, Christopher M.
Barker.

Writing - review & editing: Diego Montecino-Latorre, Tracey Goldstein, Terra R. Kelly,
Adam Kindunda, Godphrey Kongo, Samuel O. Bel-Nono, Rudovick R. Kazwala, Richard
D. Suu-Ire, Christine Kreuder Johnson, Jonna A. K. Mazet.

References
1. DeFrees SL, Wilson DE. Eidolon helvum. Mammalian Species. 1988; 1-5.

2. Cooper-Bohannon R, Mickleburgh S, Hutson AM, Bergmans W, Fahr J, Racey PA. Eidolon helvum.
The IUCN Red List of Threatened Species. 2020. https://www.iucnredlist.org/species/7084/
22028026.

3. Mutere FA. Delayed implantation in an Equatorial fruit bat. Nature. 1965; 207: 780.

Bernard RT, Cumming GS. African bats: evolution of reproductive patterns and delays. Q Rev Biol.
1997; 72: 253-274. https://doi.org/10.1086/419859 PMID: 9293029

5. Funmilayo O. Ecology of the straw-coloured fruit bat in Nigeria. Rec Zool Afric. 1979; 93: 589—-600.

6. Anciaux de Faveaux M. Les cycles annuels de reproduction chez les Chiropteres cavernicoles du
Shaba (S-E Zaire) et du Rwanda. Mammalia. 1978; 42: 453-490.

7. Peel AJ, Wood JLN, Baker KS, Breed AC, de Carvalho A, Fern’andez-Loras A, et al. How does Africa’s
most hunted bat vary across the continent? Population traits of the straw-coloured fruit bat (Eidolon hel-
vum) and its interactions with humans. Acta Chiropt. 2017; 19: 77-92.

8. Peel AJ, Baker KS, Hayman DTS, Suu-Ire R, Breed AC, Gembu G-C, et al. Bat trait, genetic and patho-
gen data from large-scale investigations of African fruit bats, Eidolon helvum. Scientific data. ncbi.nlm.
nih.gov; 2016. p. 160049.

9. Sgrensen UG, Halberg K. Mammoth roost of nonbreeding straw-coloured fruit bat Eidolon helvum
(Kerr, 1792) in Zambia. Afr J Ecol. 2001; 39: 213-215.

10. Kingdon J. East African mammals; an atlas of evolution in Africa. Volume Il Part A (Insectivores and
Bats). 1974.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 12/15


https://www.iucnredlist.org/species/7084/22028026
https://www.iucnredlist.org/species/7084/22028026
https://doi.org/10.1086/419859
http://www.ncbi.nlm.nih.gov/pubmed/9293029
https://doi.org/10.1371/journal.pone.0274490

PLOS ONE

Coronavirus shedding by straw-colored fruit bats

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Hayman DTS, McCrea R, Restif O, Suu-Ire R, Fooks AR, Wood JLN, et al. Demography of straw-col-
ored fruit bats in Ghana. J Mammal. 2012; 93: 1393—-1404. https://doi.org/10.1644/11-MAMM-A-270.1
PMID: 23525358

Fahr J, Abedi-Lartey M, Esch T, Machwitz M, Suu-Ire R, Wikelski M, et al. Pronounced seasonal
changes in the movement ecology of a highly gregarious central-place forager, the African straw-col-
oured fruit bat (Eidolon helvum). PLoS One. 2015; 10: e0138985.

Perpetra A, Kityo M. Populations of Eidolon helvum in Kampala over 40 years. Tanzania J Nat Conserv.
2009; 79: 1-7.

Hurme E, Fahr J, Monitoring Network E. Fruit bat migration matches green wave in seasonal land-
scapes. Functional. 2022. https://besjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1365-2435.14097

Richter HV, Cumming GS. First application of satellite telemetry to track African straw-coloured fruit bat
migration. J Zool. 2008; 275: 172-176.

Abedi-Lartey M, Dechmann DKN, Wikelski M, Scharf AK, Fahr J. Long-distance seed dispersal by
straw-coloured fruit bats varies by season and landscape. Global Ecol. Con. 2016/7; 7: 12—24.

van Toor ML, O’Mara MT, Abedi-Lartey M, Wikelski M, Fahr J, Dechmann DKN. Linking colony size
with quantitative estimates of ecosystem services of African fruit bats. Curr Biol. 2019; 29: R237-238.
https://doi.org/10.1016/j.cub.2019.02.033 PMID: 30939302

Mutere FA. The breeding biology of equatorial vertebrates: reproduction in the fruit bat, Eidolon helvum,
at latitude 0 20’ N. J Zool. 1967; 153: 153-61.

Peel AJ. The epidemiology of Lagos bat virus and henipaviruses in straw-coloured fruit bats (Eidolon
helvum), using population genetics to infer population connectivity. Doctoral Thesis, Wolfson College;
2012.

Gbogbo F, Kyei MO. Knowledge, perceptions and attitude of a community living around a colony of
straw-coloured fruit bats (Eidolon helvum) in Ghana after Ebola virus disease outbreak in West Africa.
Zoonoses Public Health. 2017; 64: 628—635.

Drexler JF, Corman VM, Gloza-Rausch F, Seebens A. Henipavirus RNA in African bats. PLoS One.
2009; 4: e6367.do https://doi.org/10.1371/journal.pone.0006367 PMID: 19636378

Peel AJ, Sargan DR, Baker KS, Hayman DTS, Barr JA, Crameri G, et al. Continent-wide panmixia of an
African fruit bat facilitates transmission of potentially zoonotic viruses. Nat Commun. 2013; 4: 2770.
https://doi.org/10.1038/ncomms3770 PMID: 24253424

Tao 'Y, Shi M, Conrardy C, Kuzmin IV, Recuenco S, Agwanda B, et al. Discovery of diverse polyomavi-
ruses in bats and the evolutionary history of the Polyomaviridae. J Gen Virol. 2013; 94: 738—48. https://
doi.org/10.1099/vir.0.047928-0 PMID: 23239573

Nziza J, Goldstein T, Cranfield M, Webala P, Nsengimana O, Nyatanyi T, et al. Coronaviruses detected
in bats in close contact with humans in Rwanda. Ecohealth. 2020; 17: 152—159. https://doi.org/10.1007/
s10393-019-01458-8 PMID: 31811597

Montecino-Latorre D, Goldstein T, Gilardi K, Wolking D, Van Wormer E, Kazwala R, et al. Reproduction
of East-African bats may guide risk mitigation for coronavirus spillover. One Health Outlook. 2020; 2: 2.
https://doi.org/10.1186/s42522-019-0008-8 PMID: 33824945

Kumakamba C, Niama FR, Muyembe F, Mombouli J-V, Kingebeni PM, Nina RA, et al. Coronavirus sur-
veillance in wildlife from two Congo basin countries detects RNA of multiple species circulating in bats
and rodents. PLoS One. 2021; 16: e0236971. https://doi.org/10.1371/journal.pone.0236971 PMID:
34106949

Tong S, Conrardy C, Ruone S, Kuzmin IV, Guo X, Tao Y, et al. Detection of novel SARS-like and other
coronaviruses in bats from Kenya. Emerg Infect Dis. 2009; 15: 482—485. https://doi.org/10.3201/
€id1503.081013 PMID: 19239771

Memish ZA, Mishra N, Olival KJ, Fagbo SF, Kapoor V, Epstein JH, et al. Middle East respiratory syn-
drome coronavirus in bats, Saudi Arabia. Emerg Infect Dis. 2013; 19: 1819-1823. https://doi.org/10.
3201/eid1911.131172 PMID: 24206838

Leopardi S, Oluwayelu D, Meseko C, Marciano S, Tassoni L, Bakarey S, et al. The close genetic rela-
tionship of lineage D Betacoronavirus from Nigerian and Kenyan straw-colored fruit bats (Eidolon hel-
vum) is consistent with the existence of a single epidemiological unit across sub-Saharan Africa. Virus
Genes. 2016; 52: 573-577.

Mishra N, Fagbo SF, Alagaili AN, Nitido A, Williams SH, Ng J, et al. A viral metagenomic survey identi-
fies known and novel mammalian viruses in bats from Saudi Arabia. PLoS One. 2019; 14: e0214227.
https://doi.org/10.1371/journal.pone.0214227 PMID: 30969980

Lacroix A, Vidal N, Keita AK, Thaurignac G, Esteban A, De Nys H, et al. Wide diversity of coronaviruses
in frugivorous and insectivorous bat species: a pilot study in Guinea, West Africa. Viruses. 2020; 12.
https://doi.org/10.3390/v12080855 PMID: 32764506

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 13/15


https://doi.org/10.1644/11-MAMM-A-270.1
http://www.ncbi.nlm.nih.gov/pubmed/23525358
https://besjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1365-2435.14097
https://doi.org/10.1016/j.cub.2019.02.033
http://www.ncbi.nlm.nih.gov/pubmed/30939302
https://doi.org/10.1371/journal.pone.0006367
http://www.ncbi.nlm.nih.gov/pubmed/19636378
https://doi.org/10.1038/ncomms3770
http://www.ncbi.nlm.nih.gov/pubmed/24253424
https://doi.org/10.1099/vir.0.047928-0
https://doi.org/10.1099/vir.0.047928-0
http://www.ncbi.nlm.nih.gov/pubmed/23239573
https://doi.org/10.1007/s10393-019-01458-8
https://doi.org/10.1007/s10393-019-01458-8
http://www.ncbi.nlm.nih.gov/pubmed/31811597
https://doi.org/10.1186/s42522-019-0008-8
http://www.ncbi.nlm.nih.gov/pubmed/33824945
https://doi.org/10.1371/journal.pone.0236971
http://www.ncbi.nlm.nih.gov/pubmed/34106949
https://doi.org/10.3201/eid1503.081013
https://doi.org/10.3201/eid1503.081013
http://www.ncbi.nlm.nih.gov/pubmed/19239771
https://doi.org/10.3201/eid1911.131172
https://doi.org/10.3201/eid1911.131172
http://www.ncbi.nlm.nih.gov/pubmed/24206838
https://doi.org/10.1371/journal.pone.0214227
http://www.ncbi.nlm.nih.gov/pubmed/30969980
https://doi.org/10.3390/v12080855
http://www.ncbi.nlm.nih.gov/pubmed/32764506
https://doi.org/10.1371/journal.pone.0274490

PLOS ONE

Coronavirus shedding by straw-colored fruit bats

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

Tao Y, Shi M, Chommanard C, Queen K, Zhang J, Markotter W, et al. Surveillance of bat coronaviruses
in Kenya identifies relatives of human coronaviruses NL63 and 229E and their recombination history. J
Virol. 2017. hitps://doi.org/10.1128/JV1.01953-16 PMID: 28077633

Grange ZL, Goldstein T, Johnson CK, Anthony S, Gilardi K, Daszak P, et al. Ranking the risk of animal-
to-human spillover for newly discovered viruses. Proc Natl Acad Sci U S A. 2021; 118.

Anthony SJ, Johnson CK, Greig DJ, Kramer S, Che X, Wells H, et al. Global patterns in coronavirus
diversity. Virus Evolution. 2017; 3. https://doi.org/10.1093/ve/vex012 PMID: 28630747

Geldenhuys M, Mortlock M, Epstein JH, Paweska JT, Weyer J, Markotter W. Overview of bat and wild-
life coronavirus surveillance in Africa: a framework for global investigations. Viruses. 2021; 13. https://
doi.org/10.3390/v13050936 PMID: 34070175

Allen T, Murray KA, Zambrana-Torrelio C, Morse SS, Rondinini C, Di Marco M, et al. Global hotspots
and correlates of emerging zoonotic diseases. Nat Commun. 2017; 8: 1124. https://doi.org/10.1038/
s41467-017-00923-8 PMID: 29066781

Suu-Ire RD, Fooks AR, Banyard AC, Selden D, Amponsah-Mensah K, Riesle S, et al. Lagos Bat virus
infection dynamics in free-ranging straw-colored fruit bats (Eidolon helvum). Trop Med Infect Dis. 2017;
2:25.

Hayman DTS, Fooks AR, Rowcliffe JM, McCrea R, Restif O, Baker KS, et al. Endemic Lagos Bat virus
infection in Eidolon helvum. Epidemiol Infect. 2012; 140: 2163-2171.

National Bureau of Statistics. Tanzania Population and Housing Census 2012. 2012. http://www.tzdpg.
or.tz/fileadmin/documents/dpg_internal/dpg_working_groups_clusters/cluster_2/water/WSDP/Back
ground_information/2012_Census_General_Report.pdf

Ghana Statistical Service. Ghana Statistical Service Population and Housing Census Final Results,
2010. 2010. http://www.statsghana.gov.gh/gssmain/storage/img/marqueeupdater/Census2010_
Summary_report_of_final_results.pdf

Chua KB, Koh CL, Hooi PS, Wee KF, Khong JH, Chua BH, et al. Isolation of Nipah virus from Malaysian
Island flying-foxes. Microbes Infect. 2002; 4: 145—151. https://doi.org/10.1016/s1286-4579(01)01522-2
PMID: 11880045

Quan P-L, Firth C, Street C, Henriquez JA, Petrosov A, Tashmukhamedova A, et al. Identification of a
Severe Acute Respiratory Syndrome Coronavirus-Like virus in a leaf-nosed bat in Nigeria. MBio. 2010;
1.

Watanabe S. Asymptotic Equivalence of Bayes Cross Validation and Widely Applicable information cri-
terion in singular learning theory. J Mach Learn Res. 2010; 11: 3571-3594.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28: 1647—1649. https://doi.org/10.1093/bicinformatics/bts199 PMID: 22543367

Fayenuwo JO, Halstead LB. Breeding cycle of straw-colored fruit bat, Eidolon helvum, at lle-Ife, Nigeria.
J Mammal. 1974; 55: 453—454.

Hayman DTS, Emmerich P, Yu M, Wang L-F, Suu-Ire R, Fooks AR, et al. Long-term survival of an
urban fruit bat seropositive for Ebola and Lagos bat viruses. PLoS One. 2010; 5: €11978. https://doi.
org/10.1371/journal.pone.0011978 PMID: 20694141

Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S, et al. The ERA-Interim reanalysis:
Configuration and performance of the data assimilation system. Quart J Roy Meteor Soc. 2011; 137:
553-597.

Stolwijk AM, Straatman H, Zielhuis GA. Studying seasonality by using sine and cosine functions in
regression analysis. J Epidemiol Community Health. 1999; 53: 235-238. https://doi.org/10.1136/jech.
53.4.235 PMID: 10396550

Vehtari A, Gelman A, Gabry J. Practical Bayesian model evaluation using leave-one-out cross-valida-
tion and WAIC. Stat Comput. 2017; 27: 1413-1432.

Vehtari A, Gelman A, Gabry J. loo: Efficient leave-one-out cross-validation and WAIC for Bayesian
models. R package version 2.10. 2019;6.

Stan Development Team. RStan: the R interface to Stan. 2018.

Carpenter B, Gelman A, Hoffman MD, Lee D, Goodrich B, Betancourt M, et al. Stan: A probabilistic pro-
gramming language. J Stat Softw. 2017; 76.

R Core Team. R: A language and environment for statistical computing. Vienna, Austria; 2014.

Tao'Y, Tang K, Shi M, Conrardy C, Li KSM, Lau SKP, et al. Genomic characterization of seven distinct
bat coronaviruses in Kenya. Virus Res. 2012; 167: 67—73. https://doi.org/10.1016/j.virusres.2012.04.
007 PMID: 22561208

National Library of Medicine (US), National Center for Biotechnology Information. Nucleotide. 2004.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 14/15


https://doi.org/10.1128/JVI.01953-16
http://www.ncbi.nlm.nih.gov/pubmed/28077633
https://doi.org/10.1093/ve/vex012
http://www.ncbi.nlm.nih.gov/pubmed/28630747
https://doi.org/10.3390/v13050936
https://doi.org/10.3390/v13050936
http://www.ncbi.nlm.nih.gov/pubmed/34070175
https://doi.org/10.1038/s41467-017-00923-8
https://doi.org/10.1038/s41467-017-00923-8
http://www.ncbi.nlm.nih.gov/pubmed/29066781
http://www.tzdpg.or.tz/fileadmin/documents/dpg_internal/dpg_working_groups_clusters/cluster_2/water/WSDP/Background_information/2012_Census_General_Report.pdf
http://www.tzdpg.or.tz/fileadmin/documents/dpg_internal/dpg_working_groups_clusters/cluster_2/water/WSDP/Background_information/2012_Census_General_Report.pdf
http://www.tzdpg.or.tz/fileadmin/documents/dpg_internal/dpg_working_groups_clusters/cluster_2/water/WSDP/Background_information/2012_Census_General_Report.pdf
http://www.statsghana.gov.gh/gssmain/storage/img/marqueeupdater/Census2010_Summary_report_of_final_results.pdf
http://www.statsghana.gov.gh/gssmain/storage/img/marqueeupdater/Census2010_Summary_report_of_final_results.pdf
https://doi.org/10.1016/s1286-4579%2801%2901522-2
http://www.ncbi.nlm.nih.gov/pubmed/11880045
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
https://doi.org/10.1371/journal.pone.0011978
https://doi.org/10.1371/journal.pone.0011978
http://www.ncbi.nlm.nih.gov/pubmed/20694141
https://doi.org/10.1136/jech.53.4.235
https://doi.org/10.1136/jech.53.4.235
http://www.ncbi.nlm.nih.gov/pubmed/10396550
https://doi.org/10.1016/j.virusres.2012.04.007
https://doi.org/10.1016/j.virusres.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22561208
https://doi.org/10.1371/journal.pone.0274490

PLOS ONE

Coronavirus shedding by straw-colored fruit bats

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Suu-Ire R, Obodai E, Bel-Nono SO, Ampofo WK, Mazet JAK, Goldstein T, et al. Surveillance for poten-
tially zoonotic viruses in rodent and bat populations and behavioral risk in an agricultural settlement in
Ghana. One Health Outlook. 2022; 4: 6. https://doi.org/10.1186/s42522-022-00061-2 PMID: 35256013

Pfefferle S, Oppong S, Drexler JF, Gloza-Rausch F, Ipsen A, Seebens A, et al. Distant relatives of
severe acute respiratory syndrome coronavirus and close relatives of human coronavirus 229E in bats,
Ghana. Emerg Infect Dis. 2009; 15: 1377-1384. https://doi.org/10.3201/eid1509.090224 PMID:
19788804

Drexler JF, Corman VM, Wegner T, Tateno AF, Zerbinati RM, Gloza-Rausch F, et al. Amplification of
emerging viruses in a bat colony. Emerg Infect Dis. 2011; 17: 449-456. https://doi.org/10.3201/
€id1703.100526 PMID: 21392436

Smith CS. Australian bat coronaviruses. Doctoral Dissertation, University of Queensland. 2014.

Smith C. Persistent or long-term coronavirus infection in Australian bats. Microbiol Aust. 2017; 38: 8—
11.

Wacharapluesadee S, Duengkae P, Chaiyes A, Kaewpom T, Rodpan A, Yingsakmongkon S, et al. Lon-
gitudinal study of age-specific pattern of coronavirus infection in Lyle’s flying fox (Pteropus lylei) in Thai-
land. Virol J. 2018; 15: 38.

Cappelle J, Furey N, Hoem T, Ou TP, Lim T, Hul V, et al. Longitudinal monitoring in Cambodia suggests
higher circulation of Alpha and Betacoronaviruses in juvenile and immature bats of three species. Sci
Rep. 2021; 11: 24145. https://doi.org/10.1038/s41598-021-03169-z PMID: 34921180

Joffrin L, Hoarau AOG, Lagadec E, Torrontegi O, Késter M, Le Minter G, et al. Seasonality of coronavi-
rus shedding in tropical bats. R Soc Open Sci. 2022; 9: 211600. https://doi.org/10.1098/rsos.211600
PMID: 35154796

Lau SKP, Li KSM, Huang Y, Shek C-T, Tse H, Wang M, et al. Ecoepidemiology and complete genome
comparison of different strains of severe acute respiratory syndrome-related Rhinolophus bat coronavi-
rus in China reveal bats as a reservoir for acute, self-limiting infection that allows recombination events.
J Virol. 2010; 84: 2808—2819. https://doi.org/10.1128/JVI1.02219-09 PMID: 20071579

Baldwin HJ. Epidemiology and ecology of virus and host: bats and coronaviruses in Ghana, West Africa.
2015.

Osborne C, Cryan PM, O’Shea TJ, Oko LM, Ndaluka C, Calisher CH, et al. Alphacoronaviruses in New
World bats: prevalence, persistence, phylogeny, and potential for interaction with humans. PLoS One.
2011; 6: e19156. https://doi.org/10.1371/journal.pone.0019156 PMID: 21589915

Chidoti V, De Nys H, Pinarello V, Mashura G, Missé D, Guerrini L, et al. Longitudinal survey of coronavi-
rus circulation and diversity in insectivorous bat colonies in Zimbabwe. Viruses. 2022; 14. https://doi.
org/10.3390/v14040781 PMID: 35458511

Amman BR, Nyakarahuka L, McElroy AK, Dodd KA, Sealy TK, Schuh AJ, et al. Marburgvirus resur-
gence in Kitaka Mine bat population after extermination attempts, Uganda. Emerg Infect Dis. 2014; 20:
1761-1764. https://doi.org/10.3201/eid2010.140696 PMID: 25272104

Reed Hranac C, Marshall JC, Monadjem A, Hayman DTS. Predicting Ebola virus disease risk and the
role of African bat birthing. Epidemics. 2019; 29: 100366. https://doi.org/10.1016/j.epidem.2019.100366
PMID: 31744768

PLOS ONE | https://doi.org/10.1371/journal.pone.0274490 September 15, 2022 15/15


https://doi.org/10.1186/s42522-022-00061-2
http://www.ncbi.nlm.nih.gov/pubmed/35256013
https://doi.org/10.3201/eid1509.090224
http://www.ncbi.nlm.nih.gov/pubmed/19788804
https://doi.org/10.3201/eid1703.100526
https://doi.org/10.3201/eid1703.100526
http://www.ncbi.nlm.nih.gov/pubmed/21392436
https://doi.org/10.1038/s41598-021-03169-z
http://www.ncbi.nlm.nih.gov/pubmed/34921180
https://doi.org/10.1098/rsos.211600
http://www.ncbi.nlm.nih.gov/pubmed/35154796
https://doi.org/10.1128/JVI.02219-09
http://www.ncbi.nlm.nih.gov/pubmed/20071579
https://doi.org/10.1371/journal.pone.0019156
http://www.ncbi.nlm.nih.gov/pubmed/21589915
https://doi.org/10.3390/v14040781
https://doi.org/10.3390/v14040781
http://www.ncbi.nlm.nih.gov/pubmed/35458511
https://doi.org/10.3201/eid2010.140696
http://www.ncbi.nlm.nih.gov/pubmed/25272104
https://doi.org/10.1016/j.epidem.2019.100366
http://www.ncbi.nlm.nih.gov/pubmed/31744768
https://doi.org/10.1371/journal.pone.0274490

