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Abstract

The 2018 outbreak of Nipah virus in Kerala, India, highlights the need for global surveillance

of henipaviruses in bats, which are the reservoir hosts for this and other viruses. Nipah

virus, an emerging paramyxovirus in the genus Henipavirus, causes severe disease and

stuttering chains of transmission in humans and is considered a potential pandemic threat.

In May 2018, an outbreak of Nipah virus began in Kerala, > 1800 km from the sites of previ-

ous outbreaks in eastern India in 2001 and 2007. Twenty-three people were infected and 21

people died (16 deaths and 18 cases were laboratory confirmed). Initial surveillance focused

on insectivorous bats (Megaderma spasma), whereas follow-up surveys within Kerala found

evidence of Nipah virus in fruit bats (Pteropus medius). P.medius is the confirmed host in

Bangladesh and is now a confirmed host in India. However, other bat species may also

serve as reservoir hosts of henipaviruses. To inform surveillance of Nipah virus in bats, we

reviewed and analyzed the published records of Nipah virus surveillance globally. We

applied a trait-based machine learning approach to a subset of species that occur in Asia,

Australia, and Oceana. In addition to seven species in Kerala that were previously identified

as Nipah virus seropositive, we identified at least four bat species that, on the basis of trait

similarity with known Nipah virus-seropositive species, have a relatively high likelihood of

exposure to Nipah or Nipah-like viruses in India. These machine-learning approaches pro-

vide the first step in the sequence of studies required to assess the risk of Nipah virus spill-

over in India. Nipah virus surveillance not only within Kerala but also elsewhere in India

would benefit from a research pipeline that included surveys of known and predicted reser-

voirs for serological evidence of past infection with Nipah virus (or cross reacting henipa-

viruses). Serosurveys should then be followed by longitudinal spatial and temporal studies

to detect shedding and isolate virus from species with evidence of infection. Ecological stud-

ies will then be required to understand the dynamics governing prevalence and shedding in

bats and the contacts that could pose a risk to public health.
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Author summary

Nipah virus is an emerging zoonotic virus that spills over from bats to humans causing

severe disease and chains of transmission in humans. In May 2018, in Kerala, India,

Nipah virus infected 23 people, killing 21. We reviewed and analyzed published records of

Nipah virus surveillance in bats and identified eleven species that occur in India and have

had evidence of henipavirus infection or exposure. However, almost all of these bat species

were sampled outside of India. Using a trait-based machine learning approach, we identi-

fied at least four additional Indian bat species that are likely to have been exposed to

Nipah virus or cross-reacting henipaviruses. We suggest surveillance of these species as

well as studies on the ecological dynamics of Nipah virus and epidemiology of spillover

transmission to humans. This work will help prioritize a research agenda for responding

to the recent outbreak of Nipah virus in Kerala, India and elsewhere.

Introduction

The henipaviruses, including Nipah virus and Hendra virus, are highly lethal, emerging, bat-

borne viruses within the family Paramyxoviridae that infect humans directly or via domestic

animals that function as bridging hosts [1, 2]. Previous Nipah virus outbreaks were reported in

Malaysia in 1998 [3], in eastern India in 2001 and 2007 [4–6], in Bangladesh almost annually

since 2001 [7], and in Kerala, India, in May 2018 [8, 9]. In Malaysia, transmission from bats to

humans occurred through pigs as intermediate hosts. Pigs were putatively infected after con-

suming fruit that was partially consumed by Pteropus vampyrus bats [10]. In Bangladesh,

transmission from bats to humans occurred through consumption of date palm sap contami-

nated by P. medius (formerly P. giganeteus) [11], and subsequent human-to-human transmis-

sion has been commonly observed [12]. Initial wildlife studies in response to the 2018 Kerala

outbreak focused on insectivorous bats (Megaderma spasma) [13], whereas a later survey
focused on P. medius and found that 19% (10/52) of the P. medius tested had at least one bio-
logical sample with evidence of Nipah virus RNA using real-time reverse transcription poly-

merase chain reaction (RT-PCR). Details such as whether the bats originated from one or

more populations and which tissues or specimens were sampled have not been published [9].

The routes of transmission from bats to the index case in Kerala are also unknown [14]. How-

ever, a salient feature of the outbreak in Kerala was the superspreader, who, while he was cared

for in hospital, infected most cases identified during the outbreak [15]. Henipaviruses such as

Nipah virus warrant attention from the global health community because of their ability to

spread from person-to-person, although our understanding of which strains are most trans-

missible among humans, and why, is poor.

Henipaviruses circulate in bats throughout Asia, Africa, Australia, and the Americas [16–

19]. Current understanding of the dynamics of henipaviruses in bats is based on studies of Hen-

dra virus in Australia [20–26]; Nipah virus in Thailand [27], Bangladesh [7], Malaysia [10, 28,

29], and Cambodia [30]; and uncharacterized African bat henipaviruses in Madagascar [31],

West Africa [32, 33], and pancontinental Africa [34, 35]. Although henipaviruses are widely dis-

tributed geographically, most surveillance has been patchy in space and time, and it seems likely

that henipaviruses occur in species that have not yet been identified as reservoirs [18].

An additional challenge to confirming henipavirus reservoirs and characterizing their

dynamics is the generally low and variable prevalence in bats [20, 21, 36]. Intensive spatial and

temporal sampling is necessary to overcome these challenges, and such studies have yet to be

conducted in India. Importantly, surveillance for human infections and further epidemiologic
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investigation provides crucial context for understanding which reservoir species are epidemio-

logically important, when and where spillovers occur, and which viruses pose the greatest pub-

lic health threat.

To provide guidance for sampling bats in India generally, and guidance for epidemiologic

studies looking for animal exposures associated with Nipah virus spillovers in Kerala, we sys-

tematically searched the literature for records of studies of Nipah virus and henipaviruses in

bat species known to occur in Asia, Australia, and Oceana. We collated all records of Nipah

virus shedding from bats (PCR) and Nipah virus exposure in bats (serology that likely includes

cross-reacting henipaviruses). We used generalized boosted regression of more-extensive data

on bats in Asia, Australia, and Oceana to make trait-based predictions of likely henipavirus

reservoirs near Kerala.

Methods

Detection of Nipah virus in bats

As part of a broader study on filoviruses and henipaviruses in wild bats, we systematically

searched Web of Science, Centre for Agriculture and Biosciences International (CAB)

Abstracts, and PubMed with the following terms: (bat� OR Chiroptera�) AND (filovirus OR

henipavirus OR "Hendra virus" OR "Nipah virus" OR "Ebola virus" OR "Marburg virus" OR

ebolavirus OR marburgvirus) NOT (human); we also performed a secondary search that

included “human”. We followed a systematic exclusion protocol [37] and, because the search

was conducted during a study on viral detection or serological detection estimates, we only

retained records from observational studies that measured the proportion of wild bats positive

for each viral group as assessed by PCR (prevalence) or serology (seroprevalence). We supple-

mented these data with studies referenced in the systematically identified publications that

report viral isolation but not prevalence or seroprevalence. For the generalized boosted regres-

sion analysis, we culled the global data by including only studies that reported Nipah virus (by

serology or PCR). This search yielded 286 records from 25 papers. For each record, we classi-

fied the species, country of sampling, diagnostic method (PCR or serology), sample size, sam-

pling and reporting method (single or multiple cross-sectional events, samples pooled to one

estimate), and the proportion of PCR-positive or seropositive bats (Fig 1). We display these

data in a phylogenetic context using the bat phylogeny derived from the Open Tree of Life and

the rotl and ape packages (Fig 2) [38, 39].

Machine learning analyses

To make predictions of bat species that may carry Nipah virus in India and the surrounding

region, we trained a generalized boosted regression model on data that characterized 48 traits

of 523 extant bat species with geographic ranges in Asia, Australia, and Oceana. By learning

the intrinsic features of species that have previously been found to have evidence of Nipah

virus- infection (in this study, either through serology or PCR), the objective is to identify

additional bat species whose trait profiles suggest a high probability of being Nipah virus-posi-

tive. In addition, by examining those traits that are most predictive of Nipah virus-positive spe-

cies, we may also glean ecological insights about why some bats are found to be Nipah virus-

positive compared to others in this region. While examination of these suites of shared traits

can be insightful, it is important to note that these methods are designed for pattern recogni-

tion rather than to identify mechanisms; however, in some cases, mechanisms may be sug-

gested [42]).

We acquired range maps from the International Union for Conservation of Nature (IUCN)

[43]. We obtained data on foraging method and diet composition from EltonTraits [44]. We
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derived data on biological and ecological attributes from PanTHERIA [45]. We took data on

torpor and migration behaviors from Luis et al. [46], and data on production (a measure of fit-

ness output) from Hamilton et al. [47]. All variables, their definitions, coverage, and data

source citations are reported in S1 Table. Models were trained on 80% of this full data set and

comprised of 50,000 trees specifying a Bernoulli error distribution and built with 10-fold

cross-validation to prevent overfitting. In addition, we weighted each species by its sample size

(“sum.sample.size”) to account for the fact that some species are more frequently sampled for

henipaviruses compared to others. We also applied target shuffling methods to calculate the

corrected area under the curve (AUC) [48].

We conducted a second generalized boosted regression analysis to diagnose whether greater

data availability for better-studied species leads to trait profiles that describe well studied bat

species rather than species where evidence of Nipah virus infection has been reported. In this

model, we used the number of citations in Web of Science for each species’ scientific name as a

proxy for study effort at the time this study was conducted. As before, models were trained on

80% of the full data set and were comprised of 30,000 trees specifying a Poisson error distribu-

tion and built with 10-fold cross-validation to prevent overfitting. Hyperparameter values and

outputs for generalized boosted regression models can be found in S2 Table.

Results

Previous surveys

One hundred twelve species of bats have been detected in India, of which 39 have been

detected within the state of Kerala [43, 49, 50]. Thirty-one bat species that occur in India (and

Fig 1. Global map of Nipah virus sampling effort and detections. The country-level distribution of whether bats

have been sampled for Nipah virus and whether positive detections have occurred using PCR or serology (noting that

serological detection likely includes cross-reactions with Nipah-like viruses). Light blue shading shows regions of India

where bats have been found positive for Nipah virus (states of Haryana, Maharashtra, West Bengal); studies did not

report exact sampling coordinates [40, 41]. Shapefiles were obtained from themaps and mapdata packages in R. The

right panels show the number of sampling events and the percentage of positive detections by PCR or serology in each

country.

https://doi.org/10.1371/journal.pntd.0007393.g001
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Fig 2. Phylogeny of Indian bats and Nipah virus detections. Serological detections of Nipah virus are scattered across the bat

phylogeny, although sampling coverage across the phylogeny is low (see also Table 1). Note that serological assays for Nipah virus likely

cross-react with Nipah-like henipaviruses.

https://doi.org/10.1371/journal.pntd.0007393.g002
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18 that occur in Kerala) have been sampled for Nipah virus and 11 of these species have been

identified as having antibodies that react to Nipah virus serological tests. However, almost all

sampling of these species occurred outside of India. The 11 positive species include seven spe-

cies that reside in Kerala, including five Pteropodidae (Cynopterus brachyotis, C. sphinx, Eonyc-
teris spelaea, Rousettus leschenaultii, and P. medius [formerly P. giganteus]) and two non-
Pteropodidae (Scotophilus kuhlii and Hipposideros pomona; Table 1 [30, 40, 41, 51–56]).
Although all of these species had serological evidence of Nipah virus (or cross-reacting Nipah-

like viruses), P. medius was the only species with virological evidence of Nipah virus (1 out of
31 individuals tested with PCR [3%]) [40, 41]. Seroprevalence in sampled species ranged from

0–83% and prevalence from 0–3% (Table 1). P. medius [41] and R. leschenaultia [56, 57] were
the only species with seroprevalence>30%. However, most studies reported seroprevalence as

pooled detection over time (i.e. samples from multiple time points were included in a single

seroprevalence estimate). Only three species (P. medius, Cynopterus sphinx, and Megaderma
lyra) were sampled within India, and one of these species (P. medius) had evidence of viral
shedding within India [40, 41] (Table 1 and Fig 2). Recent media reports suggest that addi-

tional cross-sectional surveys of bats have been conducted in response to the outbreak in Ker-

ala and that P. medius tested positive by PCR [14].

In Fig 2, we map detections of Nipah virus by serology or PCR onto the phylogeny of bat

species found in India. Our qualitative assessment of Nipah virus detections among these spe-

cies, within a phylogenetic context, suggested clustering of Nipah virus positivity within Ptero-

podidae, consistent with the ongoing focus of research efforts on this family. However, Nipah

virus reactivity was also detected in other bat families (Fig 2). Moreover, some clades that con-

tain henipavirus-seropositive bats also contain species that occur in Kerala but have not been

sampled (Fig 2). For example, a number of unsampled Hipposideros and Rhinolophus that
occur in Kerala are members of clades that include Nipah-virus seropositive bats (Fig 2).

Likely reservoirs

The generalized boosted regression model that we applied to species-level trait data identified

Nipah virus-positive bat species with ~83% accuracy (Fig 3; corrected AUC = 0.83; complete

model outputs and hyperparameters are reported in S2 and S3 Tables). In addition to Nipah

virus-positive bat species, we identified six species with geographic ranges overlapping Asia,

Australia, and Oceana that are not currently identified as Nipah reservoirs but, on the basis of

trait similarity with known Nipah virus-seropositive or virological-positive bat species, have

high likelihood of exposure to Nipah virus: Rousettus aegyptiacus, Taphozous longimanus,
Taphozous melanopogon, Rhinolophus luctus, Chaerophon plicatus, and Macroglossus minimus.
The geographic ranges of four of these species overlap with India: C. plicatus, R. luctus, T. long-
imanus, and T. melanopogon. The latter two species overlap with Kerala, with probabilities of
Nipah virus-positivity ~80%. (S3 Table and Fig 4; note that IUCN distribution maps errone-

ously include R. luctus, Murina cyclotis, Taphozous theobaldi, and Pipistrellus pipistrellus in
Kerala; however, these species are not found in Kerala [58, PO Nameer personal communica-

tion, 59]). Study effort was not predictable on the basis of traits, suggesting that the trait profile

of bat species that are Nipah virus-positive are not confounded by traits simply associated with

well-studied species. Model hyperparameters, performance metrics, and relative importance

scores for all traits are available in S2 Table. Citation counts for each species are available in

the data repository.

Nipah virus in India
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Table 1. Indian bat species that have been sampled for Nipah virus, presence within Kerala, country where sampling occurred, diagnostic methods, sample size,

prevalence/seroprevalence and source of data.

Distribution includes Kerala Species Country where sampled Study typea Diagnostic method Sample size Proportion of positive samples Citation

Yes Cynopterus brachyotis Cambodia pooled events serology 1 0 Reynes et al. 2005

Indonesia unclear serology 4 0 Sendow et al. 2006

Indonesia unclear serology 11 0 Sendow et al. 2006

Malaysia pooled events serology 11 0 Kashiwazaki et al. 2004

Malaysia pooled events serology 56 0.04 Johara et al. 2001

Cynopterus sphinx India pooled events serology 30 0 Yadav et al. 2012

India pooled events PCR 30 0 Yadav et al. 2012

Cambodia pooled events serology 68 0 Reynes et al. 2005

China pooled events serology 2 0 Li et al. 2008

Thailand pooled events serology 10 0 Wacharapluesadee et al. 2005

Vietnam single event serology 109 0 Hasebe et al. 2012

Vietnam single event serology 109 0.03 Hasebe et al. 2012

Eonycteris spelaea Malaysia pooled events serology 120 0 Kashiwazaki et al. 2004

Malaysia pooled events serology 38 0.05 Johara et al. 2001

Thailand pooled events serology 54 0 Wacharapluesadee et al. 2005

Hipposideros pomona Cambodia pooled events serology 2 0 Reynes et al. 2005

China pooled events serology 39 0.03 Li et al. 2008

China pooled events serology 20 0 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

Megaderma lyra India pooled events serology 70 0 Yadav et al. 2012

India pooled events PCR 79 0 Yadav et al. 2012

China pooled events serology 1 0 Li et al. 2008

Pteropus mediusb India single event serology 29 0.44 Epstein et al. 2008

India single event serology 12 0.67 Epstein et al. 2008

India single event serology 41 0.51 Epstein et al. 2008

India single event serology 29 0.55 Epstein et al. 2008

India single event serology 12 0.83 Epstein et al. 2008

India single event serology 41 0.63 Epstein et al. 2008

India pooled events serology 31 0.03 Yadav et al. 2012

India pooled events PCR 31 0.03 Yadav et al. 2012

Bangladesh single event serology 19 0.11 Hsu et al. 2004

Rhinolophus lepidus Malaysia pooled events serology 1 0 Johara et al. 2001

Rhinolophus pusillus China pooled events serology 1 0 Li et al. 2008

China pooled events serology 7 0 Li et al. 2008

China pooled events serology 7 0 Li et al. 2008

China pooled events serology 11 0 Li et al. 2008

China pooled events serology 9 0 Li et al. 2008

Rousettus leschenaultii Cambodia pooled events serology 15 0 Reynes et al. 2005

China pooled events serology 36 0 Li et al. 2008

China pooled events serology 16 0.31 Li et al. 2008

Vietnam single event serology 74 0.03 Hasebe et al. 2012

Vietnam single event serology 74 0.42 Hasebe et al. 2012

Thailand pooled events serology 4 0 Wacharapluesadee et al. 2005

Scotophilus heathi Thailand pooled events serology 3 0 Wacharapluesadee et al. 2005

Scotophilus kuhlii Cambodia pooled events serology 98 0 Reynes et al. 2005

China pooled events serology 20 0 Li et al. 2008

Malaysia pooled events serology 33 0.03 Johara et al. 2001

Taphozous melanopogon Malaysia pooled events serology 4 0 Johara et al. 2001

Cambodia pooled events serology 69 0 Reynes et al. 2005

Taphozous saccolaimus Malaysia pooled events serology 1 0 Johara et al. 2001

Noc Murina cyclotis Cambodia pooled events serology 1 0 Reynes et al. 2005

Pipistrellus pipistrellus China pooled events serology 1 0 Li et al. 2008

Rhinolophus luctus China pooled events serology 1 0 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

China pooled events serology 9 0 Li et al. 2008

Cambodia pooled events serology 1 0 Reynes et al. 2005

Taphozous theobaldi Cambodia pooled events serology 121 0 Reynes et al. 2005

(Continued)
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Discussion

Our trait-based analyses identified four additional Indian bat species to target for surveillance

for Nipah virus; two of these species occur within Kerala. Our predictions inform a research

pipeline that should include serosurveys of these potential bat reservoirs and the 11 Indian bat

species previously identified to have evidence of Nipah virus infection. Species that are sero-

positive on these initial surveys should then undergo longitudinal spatiotemporal surveillance

to detect shedding. Our predictions must be combined with local knowledge on bat ecology—

including distribution, abundance, and proximity to humans—to design sampling plans that

can effectively identify hosts that pose a risk to humans [60]. Moreover, sampling of bats

should be combined with epidemiological, anthropological, ecological, immunological, and

Table 1. (Continued)

Distribution includes Kerala Species Country where sampled Study typea Diagnostic method Sample size Proportion of positive samples Citation

No

Chaerephon plicatus Cambodia pooled events serology 153 0 Reynes et al. 2005

Thailand pooled events serology 13 0 Wacharapluesadee et al. 2005

Hipposideros larvatus Cambodia pooled events serology 81 0 Reynes et al. 2005

Thailand pooled events serology 74 0.01 Wacharapluesadee et al. 2005

Hipposideros armiger Cambodia pooled events serology 1 0 Reynes et al. 2005

China pooled events serology 10 0.2 Li et al. 2008

China pooled events serology 11 0 Li et al. 2008

China pooled events serology 5 0 Li et al. 2008

China pooled events serology 12 0 Li et al. 2008

China pooled events serology 4 0 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

China pooled events serology 20 0 Li et al. 2008

China pooled events serology 20 0 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

Thailand pooled events serology 6 0 Wacharapluesadee et al. 2005

Ia io China pooled events serology 7 0 Li et al. 2008

Macroglossus sobrinus Cambodia pooled events serology 1 0 Reynes et al. 2005

Malaysia pooled events serology 4 0 Johara et al. 2001

Megaerops ecaudatus Malaysia pooled events serology 1 0 Johara et al. 2001

Rhinolophus affinis China pooled events serology 26 0.04 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

China pooled events serology 48 0 Li et al. 2008

China pooled events serology 17 0 Li et al. 2008

China pooled events serology 2 0 Li et al. 2008

Malaysia pooled events serology 6 0 Johara et al. 2001

Rhinolophus ferrumequinum China pooled events serology 3 0 Li et al. 2008

Rhinolophus macrotis China pooled events serology 3 0 Li et al. 2008

Rhinolophus pearsonii China pooled events serology 32 0 Li et al. 2008

China pooled events serology 3 0 Li et al. 2008

Rhinolophus sinicus China pooled events serology 15 0.07 Li et al. 2008

China pooled events serology 17 0 Li et al. 2008

China pooled events serology 5 0 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

China pooled events serology 9 0 Li et al. 2008

China pooled events serology 3 0 Li et al. 2008

China pooled events serology 1 0 Li et al. 2008

apooled events report results from multiple time points as a single estimate
bformerly known as Pteropus giganteus
cThe IUCN distribution maps erroneously include R. luctus, M. cyclotis,T. theobaldi, and P. pipistrellus in Kerala; however, these species are not found in Kerala [58, PO

Nameer personal communication]

https://doi.org/10.1371/journal.pntd.0007393.t001
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virological work to uncover the relations that drive transmission of virus from animals to

humans.

Nipah virus has a wide host breadth in both reservoir bat species and recipient animal spe-

cies. Therefore, identifying the reservoir in a new location can be challenging. We used a sys-

tematic literature search to collate data from previous studies of Nipah virus in bats. We then

Fig 3. Predicted probability of top 20 Indian bat species being Nipah virus positive.Nipah virus has been detected in Pteropus
medius, but other bat species have either known exposure (serological reactivity to Nipah virus) or predicted exposure based on our

analysis of Nipah virus surveys. Red indicates having evidence of Nipah virus exposure or infection (by serology or PCR) and blue

indicates no previous evidence of Nipah virus exposure.

https://doi.org/10.1371/journal.pntd.0007393.g003
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prioritized surveillance of bats in Kerala, and more generally in India, on the basis of these

data. We applied a trait-based generalized boosted regression that identified species with traits

Fig 4. Range of predicted bat species.Geographic ranges of bat species that are in the 90th percentile of similarity (based on generalized boosted regression)

with other bat species that are positive for Nipah virus from Asia, Australia, and Oceana (based on PCR or serology). The terrestrial mammal range shapefile

was downloaded from the IUCN website (http://www.iucnredlist.org/technical-documents/spatial-data) and the figure was created with ArcGIS.

https://doi.org/10.1371/journal.pntd.0007393.g004
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similar to those associated with serological or virological evidence of Nipah virus. Nipah virus

was detected by PCR in only one species occurring in India, P. medius, which also is the
known reservoir in Bangladesh. However, Nipah virus was detected by serology in many spe-

cies. Eleven out of 112 bat species that occur in India, and seven of the 39 species that occur in

Kerala, had serological evidence of Nipah virus exposure (most were sampled outside of

India).

Our work provides a list of species to guide early surveillance and should not be taken as a

definitive list of reservoirs. A series of further studies are required to triangulate on the reser-

voir hosts that pose a risk to humans. A major reason these studies do not identify definitive

reservoirs is because almost all previous Nipah virus studies relied on serology, but serological

assays often lack specificity; detection of Nipah virus may represent cross-reactions to closely

related viruses [61]. For example, multiple studies have shown cross reactivity among Hendra,

Cedar, and Nipah viruses using glycoprotein assays [62–64]. It is likely that many of the posi-

tive tests reported here represent exposure to uncharacterized henipaviruses with antigenic

similarity to Nipah virus. These viruses may or may not be zoonotic. PCR is specific and sensi-

tive, and positive results demonstrate presence of Nipah virus RNA; however, the prevalence

of Nipah virus is usually so low that large sample sizes are needed to yield positive detections

[27, 65] outside of pulses of shedding [29, 36]). Therefore, PCR may not be informative in the

early stages of identifying reservoirs. Serology remains an important tool for these initial sur-

veys as long as the assays are interpreted correctly, and positive detections are followed by viro-

logical studies to detect shedding. These field surveys need to be followed by virological studies

to characterize viruses and their zoonotic risk and then epidemiological studies to understand

risk to public health [61].

In addition to suggesting potential reservoir species, the associative traits that predict reser-

voir capacity inform the ecology of potential bat reservoirs, which may guide epidemiological

studies of Nipah virus infection. However, the utility of these traits as predictors of reservoir

capacity should be interpreted as associative rather than causal. Some of the traits in the gener-

alized boosted regression (see Supporting Information S2 Table) capture potential phyloge-

netic structure of Nipah virus hosts. For example, the relative importance of adult body length

and forearm length could reflect the strong association of Nipah virus with medium to large

Pteropodidae bats, although ’Pteropodidae’ was not itself an important predictor (S2 Table).

Beyond including bat families as taxonomic predictor variables, our analysis largely subsumes

additional phylogenetic structure underlying patterns of Nipah virus seropositivity in bat spe-

cies. It is likely that patterns of evolutionary relatedness among host species may underlie simi-

larities in factors that determine host receptivity. Such factors may include functional

receptors that enable viral entry into host cells and host factors required for viral replication

[66, 67]. Patterns of co-divergence of hosts and viruses [68] are also reflected in host and viral

phylogeny. The association of these traits with reservoir capacity should be elucidated by

future phylogenetic comparative analyses of host traits, which will rely on expanded availabil-

ity of relevant data (e.g., characterization of species level differences in functional receptors).

Other traits with high relative influence included aridity (mean precipitation [mm]/mean

potential evapotranspiration [mm]), the maximum latitudinal extent of each species geo-

graphic range, the richness of mammal species found within a species’ geographic range, and

the trophic level of each species (see S2 Table, and partial dependence plots, S1 Fig). In general,

our analysis suggests Nipah virus-positive bats in this region tend to be herbivorous or omniv-

orous species whose geographic ranges overlap with tropical desert (arid) habitats, maximally

extending to the northern limit of the tropical belt and overlapping with a high diversity of

other mammal species (S1 Fig). Given that bats from arid habitats may forage more widely

when water or food resources become limited in dry years, it is also possible that Nipah virus

Nipah virus in India

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007393 June 27, 2019 11 / 17

https://doi.org/10.1371/journal.pntd.0007393


transmission may occur with increasing contact between multiple bat species mixing at higher

densities around limited resources [24].

A current constraint on progress towards understanding the epidemiology of Nipah virus

in India is the dearth of virologic and taxonomic studies on bats in India. The majority of stud-

ies used for these analyses were conducted outside of India and no studies, to our knowledge,

investigated Nipah virus in Kerala prior to this outbreak. India encompasses many different

bioregions. The outbreak in Kerala shows that the ecological niche for Nipah virus is very wide

and could include the entire distribution of P. medius, as well as the distributions of other
potential reservoirs proposed here. Studies in wildlife and humans must cover this broad geog-

raphy to assess future risk in India. Moreover, the last comprehensive and systematic taxo-

nomic study on the bats in India was conducted more than a century ago. There are several

cryptic species or species with unresolved taxonomic status in India, and it is possible that spe-

cies with Nipah virus detections outside of India may have been misidentified. Therefore, our

conclusions may change after detailed and systematic taxonomic studies are done on Indian

bats.

Once serological evidence of Nipah virus is detected in potential reservoir hosts, longitudi-

nal spatial and temporal surveillance of these hosts will be necessary. Detection of virus at a

single point in time and space conveys limited information and could represent a spillover

event from another species. To confirm reservoirs status of a species, virus must be consis-

tently found within that species [69]. Moreover, maintenance of henipaviruses can be

extremely dynamic. Seasonal, annual, interannual, or stochastic pulses of shedding can be

driven by extinction and recolonization of virus among bat populations or episodic shedding

in response to stress (see discussions in [26]). Therefore, discriminating viral maintenance ver-

sus spillover, and characterizing shedding dynamics, requires intensive sampling over time

and space.

Identifying reservoir hosts and then characterizing the diversity of their viruses and their

virus shedding patterns are critical steps in understanding spillover. However, the transmis-

sion of Nipah virus from bats to humans requires alignment of a number of other ecological

and epidemiological factors [67], including bat and human behaviors that expose humans to

an infectious dose of Nipah virus. In Bangladesh and Australia, bat and human behaviors facil-

itate exposure to Nipah and Hendra virus, respectively, when bats exploit human food. In Ban-

gladesh, bats contaminate human-harvested date palm sap [7]. In Australia, bats exploit food

from trees in peri-urban areas when native winter food sources are cleared [26, 70]. When

pulses of virus shedding in bats coincide with bat and human or horse contact through food,

spillover is more likely to occur [71]. Understanding these important interfaces requires a vari-

ety of epidemiological studies including niche and spatial risk modeling [72], as well as animal

and human behavioral studies [7, 11].

In addition to sampling bat reservoir hosts, sampling plans should consider that henipa-

viruses could be maintained in domestic recipient hosts. These hosts, with closer and more fre-

quent contact with humans, can become bridge hosts for human infections [36]. For example,

Nipah virus was repeatedly introduced into intensive commercial pig populations in Malaysia.

These repeated introductions of Nipah virus into pig farms allowed accumulation of herd

immunity and the conditions for long term persistence and regional spread that facilitated

transmission to humans [10]. To narrow potential spillover pathways to humans in India,

studies should consider susceptible domestic animal species with husbandry that facilitates

virus persistence (e.g., intensive commercial farming systems with high turnover of animals).

Projecting the risk of Nipah virus outbreaks in humans requires identification of the reser-

voir hosts and the dynamics of Nipah virus within those hosts. Our predictions inform initial

sampling that can be followed by a sequence of studies that investigate the bat species

Nipah virus in India
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highlighted here. The machine learning approaches presented here can be the first step in a

research pipeline to eventually understand the mechanisms underpinning epidemiologically

important cross-species contacts.
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31. Iehlé C, Razafitrimo G, Razainirina J. Henipavirus and Tioman virus antibodies in pteropodid bats, Mad-

agascar. Emerging infectious diseases. 2007; 13(1):159. https://doi.org/10.3201/eid1301.060791

PMID: 17370536

32. Peel AJ, Baker KS, Crameri G, Barr JA, Hayman DTS, Wright E, et al. Henipavirus neutralising antibod-

ies in an isolated island population of African fruit bats. PLoS One. 2012; 7(1):e30346. https://doi.org/

10.1371/journal.pone.0030346 PMID: 22253928

33. Hayman DT, Suu-Ire R, Breed AC, McEachern JA, Wang L, Wood JL, et al. Evidence of henipavirus

infection in West African fruit bats. PLoS One. 2008; 3(7):e2739. https://doi.org/10.1371/journal.pone.

0002739 PMID: 18648649

34. Drexler JF, Corman VM, Gloza-Rausch F, Seebens A, Annan A, Ipsen A, et al. Henipavirus RNA in Afri-

can bats. PLoS One. 2009; 4(7):e6367. https://doi.org/10.1371/journal.pone.0006367 PMID: 19636378

Nipah virus in India

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007393 June 27, 2019 15 / 17

https://doi.org/10.1038/ncomms1796
http://www.ncbi.nlm.nih.gov/pubmed/22531181
https://doi.org/10.1089/vbz.2016.2051
https://doi.org/10.1089/vbz.2016.2051
http://www.ncbi.nlm.nih.gov/pubmed/28103156
https://doi.org/10.1038/nature22975
https://doi.org/10.1038/nature22975
http://www.ncbi.nlm.nih.gov/pubmed/28636590
https://doi.org/10.1371/journal.pone.0028678
https://doi.org/10.1371/journal.pone.0028678
http://www.ncbi.nlm.nih.gov/pubmed/22174865
https://doi.org/10.1371/journal.pone.0028816
http://www.ncbi.nlm.nih.gov/pubmed/22194920
https://doi.org/10.1017/S0950268817002138
http://www.ncbi.nlm.nih.gov/pubmed/28942750
https://doi.org/10.1098/rspb.2007.1260
https://doi.org/10.1098/rspb.2007.1260
http://www.ncbi.nlm.nih.gov/pubmed/18198149
https://doi.org/10.1098/rspb.2011.0522
http://www.ncbi.nlm.nih.gov/pubmed/21561971
https://doi.org/10.1371/journal.pntd.0004796
http://www.ncbi.nlm.nih.gov/pubmed/27489944
https://doi.org/10.1089/vbz.2008.0105
http://www.ncbi.nlm.nih.gov/pubmed/19402762
https://doi.org/10.3201/eid1107.041350
http://www.ncbi.nlm.nih.gov/pubmed/16022778
https://doi.org/10.3201/eid1301.060791
http://www.ncbi.nlm.nih.gov/pubmed/17370536
https://doi.org/10.1371/journal.pone.0030346
https://doi.org/10.1371/journal.pone.0030346
http://www.ncbi.nlm.nih.gov/pubmed/22253928
https://doi.org/10.1371/journal.pone.0002739
https://doi.org/10.1371/journal.pone.0002739
http://www.ncbi.nlm.nih.gov/pubmed/18648649
https://doi.org/10.1371/journal.pone.0006367
http://www.ncbi.nlm.nih.gov/pubmed/19636378
https://doi.org/10.1371/journal.pntd.0007393


35. Peel AJ, Sargan DR, Baker KS, Hayman DT, Barr JA, Crameri G, et al. Continent-wide panmixia of an

African fruit bat facilitates transmission of potentially zoonotic viruses. Nature communications. 2013;4.

36. Martin G, Plowright R, Chen C, Kault D, Selleck P, Skerratt L. Hendra virus survival does not explain

spillover patterns and implicates relatively direct transmission routes from flying foxes to horses. J Gen

Virol. 2015:vir. 0.000073.

37. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and meta-

analyses: the PRISMA statement. Annals of internal medicine. 2009; 151(4):264–9. PMID: 19622511

38. Michonneau F, Brown JW,Winter DJ. rotl: an R package to interact with the Open Tree of Life data.

Methods in Ecology and Evolution. 2016; 7(12):1476–81.

39. Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and evolution in R language. Bioinfor-

matics. 2004; 20(2):289–90. https://doi.org/10.1093/bioinformatics/btg412 PMID: 14734327

40. Yadav PD, Raut CG, Shete AM, Mishra AC, Towner JS, Nichol ST, et al. Detection of Nipah virus RNA

in fruit bat (Pteropus giganteus) from India. The American journal of tropical medicine and hygiene.

2012; 87(3):576–8. https://doi.org/10.4269/ajtmh.2012.11-0416 PMID: 22802440

41. Epstein JH, Prakash V, Smith CS, Daszak P, McLaughlin AB, Meehan G, et al. Henipavirus infection in

fruit bats (Pteropus giganteus), India. Emerging infectious diseases. 2008; 14(8):1309. https://doi.org/

10.3201/eid1408.071492 PMID: 18680665

42. Babayan SA, Orton RJ, Streicker DGJS. Predicting reservoir hosts and arthropod vectors from evolu-

tionary signatures in RNA virus genomes. 2018; 362(6414):577–80.

43. IUCN. The IUCNRed List of Threatened Species. Version 2017–3. <http://www.iucnredlist.org>. Down-
loaded on 05 December 2017. 2017.

44. Wilman H, Belmaker J, Simpson J, de la Rosa C, Rivadeneira MM, Jetz W. EltonTraits 1.0: Species-

level foraging attributes of the world’s birds and mammals. Ecology. 2014; 95(7):2027–.

45. Jones KE, Bielby J, Cardillo M, Fritz SA, O’Dell J, Orme CDL, et al. PanTHERIA: a species-level data-

base of life history, ecology, and geography of extant and recently extinct mammals. Ecology. 2009; 90

(9):2648–.

46. Luis AD, Hayman DT, O’Shea TJ, Cryan PM, Gilbert AT, Pulliam JR, et al. A comparison of bats and

rodents as reservoirs of zoonotic viruses: are bats special? Proceedings Biological sciences / The

Royal Society. 2013; 280(1756):20122753. Epub 2013/02/05. https://doi.org/10.1098/rspb.2012.2753

PMID: 23378666; PubMed Central PMCID: PMC3574368.

47. Hamilton MJ, Davidson AD, Sibly RM, Brown JH. Universal scaling of production rates across mamma-

lian lineages. Proceedings of the Royal Society of London B: Biological Sciences. 2011; 278

(1705):560–6.

48. Han BA, Schmidt JP, Alexander LW, Bowden SE, Hayman DT, Drake JM. Undiscovered bat hosts of

filoviruses. PLoS neglected tropical diseases. 2016; 10(7):e0004815. https://doi.org/10.1371/journal.

pntd.0004815 PMID: 27414412

49. Nameer PO. A checklist of mammals of Kerala, India. Journal of Threatened Taxa. 2015; 7(13):7971–

82.

50. Srinivasulu Bhargavi, Srinivasulu C. The first record of three hitherto unreported species of bats from

Kerala, India with a note on Myotis Peytoni (Mammalia: Chiroptera: Vespertilionidae). Journal of Threat-

ened Taxa. 2017; 9(5):10216–22.

51. Hsu VP, Hossain MJ, Parashar UD, Ali MM, Ksiazek TG, Kuzmin I, et al. Nipah virus encephalitis

reemergence, Bangladesh. Emerging infectious diseases. 2004; 10(12):2082. https://doi.org/10.3201/

eid1012.040701 PMID: 15663842

52. Sendow I, Field HE, Curran J. Henipavirus in Pteropus vampyrus bats, Indonesia. Emerging infectious

diseases. 2006; 12(4):711. https://doi.org/10.3201/eid1204.051181 PMID: 16715584

53. Kashiwazaki Y, Na YN, Tanimura N, Imada T. A solid-phase blocking ELISA for detection of antibodies

to Nipah virus. Journal of virological methods. 2004; 121(2):259–61. https://doi.org/10.1016/j.jviromet.

2004.06.015 PMID: 15381364

54. Johara M, Field H, Rashdi A, Morrissy C, Van der Heide B, Rota P, et al. Serological evidence of infec-

tion with Nipah virus in bats (order Chiroptera) in Peninsular Malaysia. Emerging Inf Dis. 2001; 7

(3):439–41.

55. Wacharapluesadee S, Lumlertdacha B, Boongird K, Wanghongsa S, Chanhome L, Rollin P, et al. Bat

Nipah virus, Thailand. Emerging infectious diseases. 2005; 11(12):1949. https://doi.org/10.3201/

eid1112.050613 PMID: 16485487

56. Hasebe F, Thuy NTT, Inoue S, Yu F, Kaku Y,Watanabe S, et al. Serologic evidence of nipah virus infec-

tion in bats, Vietnam. Emerging infectious diseases. 2012; 18(3):536. https://doi.org/10.3201/eid1803.

111121 PMID: 22377109

Nipah virus in India

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007393 June 27, 2019 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/19622511
https://doi.org/10.1093/bioinformatics/btg412
http://www.ncbi.nlm.nih.gov/pubmed/14734327
https://doi.org/10.4269/ajtmh.2012.11-0416
http://www.ncbi.nlm.nih.gov/pubmed/22802440
https://doi.org/10.3201/eid1408.071492
https://doi.org/10.3201/eid1408.071492
http://www.ncbi.nlm.nih.gov/pubmed/18680665
http://www.iucnredlist.org
https://doi.org/10.1098/rspb.2012.2753
http://www.ncbi.nlm.nih.gov/pubmed/23378666
https://doi.org/10.1371/journal.pntd.0004815
https://doi.org/10.1371/journal.pntd.0004815
http://www.ncbi.nlm.nih.gov/pubmed/27414412
https://doi.org/10.3201/eid1012.040701
https://doi.org/10.3201/eid1012.040701
http://www.ncbi.nlm.nih.gov/pubmed/15663842
https://doi.org/10.3201/eid1204.051181
http://www.ncbi.nlm.nih.gov/pubmed/16715584
https://doi.org/10.1016/j.jviromet.2004.06.015
https://doi.org/10.1016/j.jviromet.2004.06.015
http://www.ncbi.nlm.nih.gov/pubmed/15381364
https://doi.org/10.3201/eid1112.050613
https://doi.org/10.3201/eid1112.050613
http://www.ncbi.nlm.nih.gov/pubmed/16485487
https://doi.org/10.3201/eid1803.111121
https://doi.org/10.3201/eid1803.111121
http://www.ncbi.nlm.nih.gov/pubmed/22377109
https://doi.org/10.1371/journal.pntd.0007393


57. Li Y, Wang J, Hickey AC, Zhang Y, Li Y, Wu Y, et al. Antibodies to Nipah or Nipah-like viruses in bats,

China. Emerging infectious diseases. 2008; 14(12):1974. https://doi.org/10.3201/eid1412.080359

PMID: 19046545

58. Bates PJ. Bats of the Indian Subcontinent: Harrison Zoological Museum publication. Sevenoaks, Kent,

United Kingdom. 1997.

59. Srinivasulu C, Srinivasulu B, Sinha YP. Bats (Mammalia: Chiroptera) of South Asia: Biogeography,

diversity, taxonomy and distribution. New York Heidelberg Dordrecht London: Springer; 2012.

60. Walsh MG. Mapping the risk of Nipah virus spillover into human populations in South and Southeast

Asia. Transactions of The Royal Society of Tropical Medicine and Hygiene. 2015; 109(9):563–71.

https://doi.org/10.1093/trstmh/trv055 PMID: 26179654

61. Gilbert AT, Fooks A, Hayman D, Horton D, Müller T, Plowright R, et al. Deciphering serology to under-

stand the ecology of infectious diseases in wildlife. EcoHealth. 2013:1–16. https://doi.org/10.1007/

s10393-013-0820-z

62. Bossart KN, McEachern JA, Hickey AC, Choudhry V, Dimitrov DS, Eaton BT, et al. Neutralization

assays for differential henipavirus serology using Bio-Plex protein array systems. Journal of virological

methods. 2007; 142(1–2):29–40. https://doi.org/10.1016/j.jviromet.2007.01.003 PMID: 17292974.

63. Chowdhury S, Khan SU, Crameri G, Epstein JH, Broder CC, Islam A, et al. Serological evidence of heni-

pavirus exposure in cattle, goats and pigs in Bangladesh. 2014; 8(11):e3302.

64. Marsh GA, De Jong C, Barr JA, Tachedjian M, Smith C, Middleton D, et al. Cedar virus: a novel henipa-

virus isolated from Australian bats. PLoS pathogens. 2012; 8(8):e1002836. https://doi.org/10.1371/

journal.ppat.1002836 PMID: 22879820

65. Yob JM, Field H, Rashdi AM, Morrissy C, van der Heide B, Rota P, et al. Nipah virus infection in bats

(order Chiroptera) in peninsular Malaysia. Emerging infectious diseases. 2001; 7(3):439. https://doi.org/

10.3201/eid0703.010312 PMID: 11384522

66. Kuiken T, Holmes EC, McCauley J, Rimmelzwaan GF, Williams CS, Grenfell BT. Host species barriers

to influenza virus infections. Science. 2006; 312(5772):394–7. https://doi.org/10.1126/science.1122818

PMID: 16627737

67. Plowright RK, Parrish CR, McCallumH, Hudson PJ, Ko AI, GrahamAL, et al. Pathways to zoonotic spill-

over. Nature ReviewsMicrobiology. 2017; 15(8):502. https://doi.org/10.1038/nrmicro.2017.45 PMID:

28555073

68. Geoghegan JL, Duchêne S, Holmes EC. Comparative analysis estimates the relative frequencies of co-

divergence and cross-species transmission within viral families. PLoS pathogens. 2017; 13(2):

e1006215. https://doi.org/10.1371/journal.ppat.1006215 PMID: 28178344

69. Viana M, Mancy R, Biek R, Cleaveland S, Cross PC, Lloyd-Smith JO, et al. Assembling evidence for

identifying reservoirs of infection. Trends in ecology & evolution. 2014; 29(5):270–9.

70. Peel A, Eby P, Kessler M, Lunn T, Breed A, Plowright R. Hendra virus spillover risk in horses: height-

ened vigilance and precautions being urged this winter. Australian Veterinary Journal. 2017.

71. Altizer S, Becker DJ, Epstein JH, Forbes KM, Gillespie TR, Hall RJ, et al. Food for contagion: synthesis

and future directions for studying host–parasite responses to resource shifts in anthropogenic environ-

ments. Phil Trans R Soc B. 2018; 373(1745):20170102. https://doi.org/10.1098/rstb.2017.0102 PMID:

29531154

72. DekaM, Morshed N. Mapping disease transmission risk of Nipah virus in South and Southeast Asia.

Tropical Medicine and Infectious Disease. 2018; 3(2):57.

Nipah virus in India

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007393 June 27, 2019 17 / 17

https://doi.org/10.3201/eid1412.080359
http://www.ncbi.nlm.nih.gov/pubmed/19046545
https://doi.org/10.1093/trstmh/trv055
http://www.ncbi.nlm.nih.gov/pubmed/26179654
https://doi.org/10.1007/s10393-013-0820-z
https://doi.org/10.1007/s10393-013-0820-z
https://doi.org/10.1016/j.jviromet.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17292974
https://doi.org/10.1371/journal.ppat.1002836
https://doi.org/10.1371/journal.ppat.1002836
http://www.ncbi.nlm.nih.gov/pubmed/22879820
https://doi.org/10.3201/eid0703.010312
https://doi.org/10.3201/eid0703.010312
http://www.ncbi.nlm.nih.gov/pubmed/11384522
https://doi.org/10.1126/science.1122818
http://www.ncbi.nlm.nih.gov/pubmed/16627737
https://doi.org/10.1038/nrmicro.2017.45
http://www.ncbi.nlm.nih.gov/pubmed/28555073
https://doi.org/10.1371/journal.ppat.1006215
http://www.ncbi.nlm.nih.gov/pubmed/28178344
https://doi.org/10.1098/rstb.2017.0102
http://www.ncbi.nlm.nih.gov/pubmed/29531154
https://doi.org/10.1371/journal.pntd.0007393

