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Abstract 

Nipah virus (NiV), a highly lethal virus in humans, circulates silently in Pteropus bats throughout 
South and Southeast Asia. Difficulty in obtaining genomes from bats means we have a poor 
understanding of NiV diversity, including how many lineages circulate within a roost and the spread 
of NiV over increasing spatial scales. Here we develop phylogenetic approaches applied to the 
most comprehensive collection of genomes to date (N=257, 175 from bats, 73 from humans) from 
six countries over 22 years (1999-2020). In Bangladesh, where most human infections occur, we 
find evidence of increased spillover risk from one of the two co-circulating sublineages. We divide 
the four major NiV sublineages into 15 genetic clusters (emerged 20-44 years ago). Within any bat 
roost, there are an average of 2.4 co-circulating genetic clusters, rising to 5.5 clusters at areas of 
1,500-2,000 km2. Using Approximate Bayesian Computation fit to a spatial signature of viral 
diversity, we estimate that each genetic cluster occupies an average area of 1.3 million km2 (95%CI: 
0.6-2.3 million), with 14 clusters in an area of 100,000 km2 (95%CI: 6-24). In the few sites in 
Bangladesh and Cambodia where genomic surveillance has been concentrated, we estimate that 
most of the genetic clusters have been identified, but only ~15% of overall NiV diversity has been 
uncovered. Our findings are consistent with entrenched co-circulation of distinct lineages, even 
within individual roosts, coupled with slow migration over larger spatial scales. 
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Introduction 

 
Nipah virus (NiV) is a bat-borne zoonotic virus, classified by the World Health Organization as a 
priority pathogen (1). The majority of infected humans die following infection and while most 
infections occur following zoonotic spillover events, human-to-human transmission is responsible 
for around a third of known cases (2). There is currently no available treatment or vaccine. NiV was 
first identified in 1999 in Malaysia and has since been detected almost annually throughout South 
Asia (3–5). Pteropus fruit bats are the reservoir hosts for NiV (6). Detected spillovers in humans 
primarily occur when individuals drink raw date palm sap from trees upon which infected bats have 
fed (4). However, infection through intermediary species, such as pigs in the 1999 outbreak in 
Malaysia and horses in 2014 in the Philippines, has also been registered (4, 7). 
 
Despite the substantial risk to human health, very little is known about the underlying genetic 
diversity of NiV. We do know that Pteropus bats are found throughout South and Southeast Asia 
and that NiV infection in Pteropus bats is common, with serostudies from across the region 
identifying 3-83% of adult bats having antibodies to NiV (3, 8, 9). However, the patterns of infection 
within bat populations remain unclear, including the number of discrete lineages circulating within 
any roost, the extent to which different lineages spread through the region or the ability for NiV to 
freely transmit between different species within the Pteropus genus. We also do not know if specific 
lineages are linked to increased spillover risk, including the specific routes of transmission. These 
critical knowledge gaps are problematic for assessments of spillover risk, and vaccine 
development.  
 
Characterizing the genetic diversity of NiV is difficult as many isolates of NiV are from human cases, 
which remain rare events and are only detected in a few places. Even in Bangladesh, the country 
with most spillover events, there are only estimated to be ~15 spillovers into humans per year (10). 
The representativeness of viruses obtained from human infections is also unclear. This has 
motivated efforts to instead obtain NiV from bat populations, but this is very difficult as bats appear 
to be largely asymptomatic and virus shedding is detected infrequently (9). These efforts have also 
been concentrated to a few locations within Thailand, Bangladesh and Cambodia (11–13). While it 
is difficult to make inferences about NiV diversity using sequences obtained from any one location, 
by pooling information across these different locations combined with appropriate analytical 
methods, we can obtain a more complete picture of diversity. Here we provide a comprehensive 
assessment of the diversity of NiV using all publicly available sequences coming from six countries, 
along with several previously unpublished sequences. We develop methods that are robust to 
strong biases in where and when sequences are obtained to track the diversity of NiV across spatial 
scales (within roost, within district, country and international) and quantify the extent to which 
diversity has been fully identified in locations that have implemented extensive virus surveillance 
efforts. 
 
 
Results 
 
We analyzed 257 sequences from six countries covering a 22-year time period (1999-2020, Figure 
1A, Figure S1). 73 (28%) of the sequences came from human infections, 175 (68%) from bats and 
five (4%) from other sources (Figure 1B). Using Bayesian Evaluation of Temporal Signal (BETS) 
analysis (14), we found there was strong support for a model in which the sampling dates of the 
sequences were included over a model in which they were considered contemporaneous (Bayes 
Factor of 415). We therefore built a time-resolved phylogeny and found that sequences could be 
broadly characterized into two major genotypes: genotype I and genotype II, previously reported 
(15), and four minor genotypes I.A, I.B, II.A, II.B (Figure 1C). We estimated a mean nucleotide 
substitution rate of 4.5 x 10-4 subs/site/year (95%CI: 2.9 x 10-4, 6.0 x 10-4), consistent with previous 
estimates (12). We found that genotypes I and II diverged in 1937 (95%CI: 1838-1983), and the 
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minor genotypes diverged in the 1970s. There was broad spatial structure in these genotypes, with 
genotype I being dominant in the west of the region and genotype II in the east of the region (Figure 
1D). We found that countries on the Eastern (Indonesia/Malaysia) and Western edges (India) only 
had a single circulating sublineage. By contrast, Cambodia, with a central position in the region, 
had sequences from all four sublineages, consistent with the center of this region being the original 
location of NiV emergence. 
 
Sequences obtained from human cases were all from Bangladesh, which had two circulating 
sublineages (IA and IB). Lineage IA was found throughout the period 2004-2018, whereas IB was 
found in the period 2006-2009 only (Figure S2). We found that all human sequences in Bangladesh 
(N=55/55) came from genotype IA, with none from genotype IB (N=0/55). By contrast, 64.9% 
(N=24/37) of the bat sequences come from IA and 35.1% (N=13/37) come from IB. These 
observations suggest that some genotypes may have an increased probability of spilling over into 
human populations (p-value of 0.007 using Fisher exact test). 
 
To assess the extent of spatial structure among the sequences, we used the time-resolved 
phylogeny to compare the total evolutionary time that separated each pair of viruses with their 
spatial separation. To limit the effects of sampling bias from the sequences obtained from bat roosts 
we randomly sampled a single sequence from each roost and each year and sampled a single 
sequence from each human case cluster. We found that each 10-year increase in evolutionary time 
was associated with an average 186 km (95% CI 161 - 212) increase in the distance that separates 
them, equivalent to 19 km a year (Figure 2).  
 
In order to provide a finer scale characterization of genetic diversity, we adapted a genetic 
clustering method to sort the sequences into different genetic clusters based on the distribution of 
evolutionary distances between pairs in the phylogeny (16). This approach resulted in 15 unique 
clusters (Figure 3A-D). The dates of divergence of the genetic clusters ranged from 1978 to 2002, 
with the mean evolutionary time from a cluster to the next-closest cluster of 15 years. We found 
that genetic clusters tended to aggregate within the same country (Figure 3A). The clusters were 
also separated by bat species with eleven of the genetic clusters exclusively found within one 
species (Figure 3B). Bat species themselves were also spatially structured at a country level, as all 
of the sequences from four (67%) countries came from one single bat species (Figure 3C). We 
estimated that 96.8% (95%CI: 96.4-97.2) of bat roosts separated by <100 km are of the same 
species, dropping to 53.4% (95%CI 47.9-58.8) for roosts separated by 500-1,000 km (Figure S3). 
On average, each 100 km increase in distance between bat roosts is associated with 0.62 (95%CI 
0.61 - 0.63) times the odds of the roosts coming from the same species, providing a crude 
quantification in the spatial overlap of bat species in the region. 
 
We found that there were an average of 2.41 (95%CI: 1.92-2.94) different genetic clusters found 
within the same bat roost. The probability that a pair of sequences belonged to the same genetic 
cluster fell from 36.6% (95%CI: 30.6 - 45.1) when they were found within <100 km of each other to 
5.7% (95%CI: 2.5 - 9.7) when they were 500-1,000 km apart. Using logistic regression, we found 
that each additional 100 km in spatial distance separating roosts was associated with 0.75 (95%CI:  
0.73-0.77) times the odds of being part of the same genetic cluster (Figure 3E). As the probability 
of being from the same bat species is strongly linked to the distance between locations, we could 
not disentangle the role of spatial segregation between lineages from being solely a spatial effect 
or due to the different Pteropus species occupying different locations. However, on average, we 
found that pairs of sequences coming from the same bat species had 19.3 (95%CI 15.9 - 23.6) 
times the odds of belonging to the same genetic cluster (Figure 3F).  Importantly, this 
characterization of the changing probability of being from the same genetic cluster as a function of 
distance is robust to biased observation processes, and therefore can be considered a spatial 
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signature of NiV ecology. Our estimates of spatial dependence were robust to broad variation in 
the definition of a genetic cluster that results in greater or fewer clusters (Figure S5). 
 
To estimate the average number of genetic clusters circulating within an area, we used 
Approximate Bayesian Computation to fit our observed distribution of spatial clustering of genetic 
clusters (Figure 4A). We made a simplifying assumption that the spatial footprint covered by a 
genetic cluster is equivalent throughout the region, and that it can be captured by a multivariable 
normal distribution. We estimate that, on average, 95% of the infections from a genetic cluster were 
found within an area of 1.3 million km2 (95%CI: 0.6-2.3) and that there were an average of 14 
discrete genetic clusters per land area of 100,000 km2 (95%CI: 6 - 24). We explore different ways 
to approximate the circulation area of Pteropus bats. For each country in the region, we estimate 
NiV diversity using existing estimates of Pteropus bats’ geographic range (from the International 
Union for Conservation of Nature [IUCN]). We also consider the area covered by tree cover 
(available from Global Forest Watch) as an alternative, indirect marker of the area covered by 
Pteropus bats. For this second approach, we separately consider over 10%, 30%, or 50% of tree 
cover as a proxy of the area covered by Pteropus bats (Figure 4B, Table 1, Figure S4, Table S6) 
(17–19). For most countries, we found little variation among estimates of diversity using these 
different approaches. For example, in Thailand, we estimate 15 unique genetic clusters (95%CI: 6 
- 26) using the IUCN’s geographic range, and 17 unique genetic clusters (95%CI: 7 - 29) using the 
area with over 10% of tree cover. In Bangladesh, these same options suggest the presence of 15 
genetic clusters (95%CI: 7 - 29), or of 11 genetic clusters (95%CI: 4 - 20), respectively. Taking 
South and Southeast Asia as a whole, we estimate between 66 and 118 separate NiV genetic 
clusters using the different approaches (range of confidence intervals of 28-211), compared to 15 
currently detected, suggesting ~80-90% of circulating genetic clusters remain undetected.  
 
Finally, we consider the extent to which genetic diversity has been fully uncovered in the six long-
term established surveillance sites in the region (three in Bangladesh, two in Thailand, and one in 
Cambodia), and whether there exist predictors of the number of genetic clusters in any place. There 
have been between 14 and 76 sequences obtained in these surveillance sites, resulting in the 
detection to date of between 2 and 7 different genetic clusters (Figure 4C). We estimated the 
number of new lineages that would be detected with additional sampling. This approach assumes 
that all clusters are equally likely to be detected and that all clusters circulating in an area are 
present at approximately equal levels. It also assumes stability in the clusters circulating in a 
location over time. We estimated that all the circulating genetic clusters have been identified in five 
of the six locations (Figure 4C, Figure S6). This can be directly inferred from the saturation in the 
number of observed clusters in those locations. The estimated total number of clusters circulating 
within a subnational division was not significantly associated with the size of the study area within 
the province, or with human population density. There was some evidence of an increase in 
diversity with percentage of forest cover (p-value of 0.015) (Figure S7). 
 
 
Discussion  
 
We have used NiV sequences, alongside information on location and host from multiple countries 
to generate a comprehensive characterization of the underlying genetic diversity of a pathogen that 
poses a major risk to human health. We found that NiV is strongly spatially structured. Overall, viral 
movement across the region is slow, with limited genetic similarity in the viruses circulating in 
different countries. These findings are consistent with a previous analysis using data from 
Bangladesh only (20). The evolutionary time separating sampled viruses in the two extremes of the 
Nipah region (i.e., India to Malaysia) was over 140 years. These patterns suggest that the virus is 
largely endemically entrenched within individual communities, with greatest diversity observed in 
the middle of this region. Cambodia was the only country in our dataset with all four sublineages 
detected. It remains unclear the extent to which the spatially structured nature of bat species, 
mixing patterns of bats across roosts and pre-existing immunity contribute to these observations. 
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The transmission dynamics of NiV within bat populations remains poorly understood, including 
whether infection results in long term immunity. In our study, we have found substantial overlap in 
the spatial footprint of genetic clusters, to the extent that even individual bat roosts host more than 
one distinct genetic cluster at any time. Pteropus bat roost size is highly dependent on the species, 
typically hosting around hundreds to thousands of bats at a time (13, 21–23). In order for roosts to 
maintain a sufficiently large susceptible population to sustain multiple independent transmission 
chains in populations of this size will require long durations of viral shedding, frequent reinfection 
or coinfection as suggested through the modeling of bat immune profiles (24). As movement 
between bat roosts is common, the wider population across multiple roosts may also facilitate the 
maintenance of multiple independent lineages. In support of a key role of roost population size in 
maintaining diversity, it is notable that the P. lylei roosts in Cambodia, which had the greatest 
diversity with the co-circulation of three NiV sublineages within each roost, have typically thousands 
of bats in each roost, many more than other locations (13). 
 
The evolutionary separation between NiV lineages has previously been suggested as one possible 
explanation for the differences in the case fatality rate in Bangladesh (CFR of ~70%) and Malaysia 
(CFR of ~40%) (2, 25, 26). However, it remains difficult to disentangle differences in the virus from 
human behavior differences or differences in transmission routes. Spillover from bats into pig 
populations through the consumption of NiV infected fruit drove the outbreak in Malaysia whereas 
date palm sap consumption by humans appears key in Bangladesh (27). Viral loads, inoculation 
routes and sites in these two transmission modes are likely to be very different, which could affect 
subsequent probabilities of death. Animal models such as primate, Syrian Hamsters and ferrets 
have not been able to provide conclusive evidence of pathological or transmission differences 
between the two major clades, however, their relevance to human situation remains unclear (28–
30). Here we found evidence of differences in spillover or disease risk within a lineage from a single 
setting. Genotype IB was found in three different years in bat roosts in an area of Bangladesh 
where human spillovers are frequently identified and where date palm sap consumption is common, 
however, no human cases were linked to this sublineage. It remains possible that underlying year-
by-year variability in spillover risk, linked to temperature, may explain these findings, especially in 
the context when only a subset of human NiV cases are ever detected and have their viruses 
sequenced (8, 10, 31).   
 
Using the correlation of genetic clusters over distance as a spatial signature of NiV, we were able 
to estimate the spatial footprint of individual genetic clusters and the number of circulating clusters. 
While these are crude estimates, they do provide a ballpark estimate of the expected number of 
NiV genetic clusters, which is especially useful in countries where little or no sampling has been 
conducted. We estimated that across the entire region there are ~100 genetic clusters. This 
suggests the vast majority (~80-90%) of genetic diversity remains undetected. In particular, India 
is likely to harbor significant diversity. Pteropus bats are found throughout the country and have 
been found to be positive in serology and PCR detection to NiV throughout (3). Increased sampling 
across South and Southeast Asia will help uncover additional lineages that have not yet been 
observed. Extending the sampling to new locations will expand the observed diversity with limited 
new diversity likely to be found from additional sampling in the established long-term sampling 
locations in Cambodia, Thailand and Bangladesh. Long-term surveillance in the same locations 
remains a critical source of information to characterize long-term evolutionary dynamics of NiV 
within roosts. Whole-genome sequencing should be prioritized to maximize the signal that can be 
captured through established and additional surveillance.  
 
Obtaining NiV sequences from bats is difficult. The most common method requires the collection 
of bat urine under roosts using plastic or tarpaulin sheets. The urine can then be tested for evidence 
of virus using PCR tests. However, this approach makes it impossible to link urine to an individual 
bat. It is also impossible to be sure that multiple positive samples don’t all come from the same bat. 
Most viral isolates come from urine samples taken from individual bats, which makes them very 
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rare. For this reason most available NiV sequences from bats are short sequences from the PCR 
process. Despite their frequent short nature, we were still able to consistently place sequences in 
different clades. In particular, in Cambodia, where most sequences were very short (<400 
nucleotides in length), we were able to identify multiple clades circulating within the same roosts. 
As with other phylogenetic studies, this study is reliant on the available sequences, which have 
been collected in a spatially and temporally biased manner. However, the geographic clustering of 
genetic clusters is robust to these biases. There also remain uncertainties in phylogenetic 
estimation processes itself. We note that including a Hendra virus sequence to the phylogeny, 
results in major differences to the estimated clock rates and the dates of divergence (Figure S8). 
We preferred the model without this outgroup, as it is undesirable for a single sequence to affect 
the estimates to that extent and inference of time-resolved trees does not require an outgroup and 
the root location can be estimated under such a model from the in-group data. The classification of 
tips into genetic clusters necessarily relies on thresholds of evolutionary distance, however, in 
sensitivity analyses, changes in these thresholds resulted in minimal changes to the overall 
inferences on the genetic diversity of viruses circulating within any area. Finally, NiV sequences 
are ultimately reliant on the PCR primers used to detect the virus in the original sample. If the PCR 
primers are overly specific, they may systematically miss some viruses (32). Future efforts may 
want to consider using broader primer sets. 
 
This project has demonstrated that even sparsely sampled genetic data, including many short 
sequences, from large areas can provide meaningful characterization of underlying diversity in 
populations when considered together. We have shown that even individual roosts typically have 
multiple circulating transmission chains, but with each genetic lineage covering a large spatial 
footprint, probably driven by bat mobility patterns. While most NiV diversity remains undetected, 
the surveillance sites which have been established appear to have uncovered a substantial 
proportion of the diversity in those locations. 
 
 
Materials and Methods 
 
Data collection and alignment 
We collected all available NiV genomes in GenBank (n=301) (33) and compiled their date and place 
of collection, and the host species they were sampled from. We also included several previously 
unpublished sequences (n=26), collected between 2013 and 2016 in two bat roosts in Cambodia. 
The sampling and screening approach for NiV for these additional sequences is explained 
elsewhere (13). 
 
Sequence alignment was performed using MUSCLE and manually corrected using MEGA-X (34). 
70 sequences were excluded because of poor quality, because they were referenced on GenBank 
twice, or because they were different sequenced genes from one single sample (in which case they 
were combined into one genome). The resulting data set included 257 sequences from 6 countries 
(India, Bangladesh, Thailand, Cambodia, Indonesia, and Malaysia, see Figure 1A), spanning over 
a range of 22 years (1999-2020) (Table S1) (5, 12, 20, 29, 35–54). 175 sequences were sampled 
from six different bat host species: Pteropus lylei (n=120), Pteropus medius (formerly Pteropus 
giganteus, n=41), Pteropus vampyrus (n=6), Pteropus hypomelanus (n=6), Hipposideros larvatus 
(n=1), and one sequence came from a bat in the Taphozous genus, though its exact species is 
undetermined (Figure 1B) (54). The rest of the sequences were sampled from humans (n=73), pigs 
(n=7), and one sequence from a dog. 1 sequence had an uncertain host. Sequence length varies 
from 153 bp to 18.2k bp (full genome). In total, there are 64 full-length genomes, 185 genomes 
covering (at least partially) the nucleocapsid (N) gene, and the rest cover different parts of the NiV 
genome. Sequence lengths are detailed in Supplementary Table S2. 
 
 
Preliminary Analyses 
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We ran a preliminary analysis using IQ-TREE (v 1.6.12) (55) in order to select the best-fitting 
nucleotide substitution model. The model was selected through a bootstrap with 1000 resampling 
events. According to the Bayesian Information Criterion (BIC), the TIM2 model was selected.   
 
We performed Bayesian Evaluation of Temporal Signal (BETS) (56, 57) to determine if the temporal 
resolution of our NiV alignment was sufficient to calibrate a molecular clock. We compared two 
models: one in which the sequences were considered heterochronous, using their real sampling 
dates, and another one in which the sequences were considered isochronous, with a fixed 
evolutionary rate. The marginal log-likelihoods for both models were estimated using stepping-
stone sampling (56), and they were compared to obtain a Bayes factor. 
 
 
Phylogenetic reconstruction 
We reconstructed a time-resolved phylogeny using BEAST v.1.10.4 (58), which implements MCMC 
to analyze time-explicit genetic sequences. We used a subset of 172 sequences, comprising only 
unique sequences per year and country. For each sequence, we specified the sampling date in the 
decimal year format, using the most precise information available (in GenBank or the corresponding 
publication). For sequences that we only knew the year of sampling (n=29), we added a one-year 
uncertainty around the specified time. We implemented three parallel runs of six consecutive chains 
of 200M states each. We used the generalized time reversible substitution model (GTR), as it was 
the only evolutionary model proposed by BEAST that offered at least as many degrees of freedom 
as the TIM2 model. We used a lognormal uncorrelated relaxed molecular clock, and the Bayesian 
Skygrid (59) coalescent tree prior. The chains were sampled every 20,000 states. For each of the 
three parallel runs, the six consecutive chains were combined into one and resampled with a 
frequency of 320,000 states using the LogCombiner software (60) from the BEAST suite.  
 
We visualized the posterior distribution using Tracer (61) and obtained satisfactory ESS values 
(>200) for all estimated parameters. Based on the tree files combined in the same way as described 
in the previous paragraph, we summarized a maximum clade credibility (MCC) tree using 
TreeAnnotator (62).  We visualized the MCC tree using the FigTree software (63) and the ggtree 
package in R v.4.2.0 (64–68). 
 
 
Initial phylogenetic classification 
Based on the reconstructed phylogeny’s structure, and on previous phylogenetic analyses of NiV 
genomes (15), we classified the NiV genomes into two major lineages (lineages I and II, 
corresponding to the lineages that have been previously described as the Bangladeshi and the 
Malaysian lineages, respectively), and four sublineages (I.A, I.B, II.A, II.B, see Figure 1C). Using 
this broad genetic classification, we analyzed NiV’s spatial structure across South and Southeast 
Asia by looking at the sublineage distribution per country, organizing countries according to their 
longitude (Figure 1D).  
 
 
Distribution of human cases in Bangladesh 
The distribution of human sequences in the reconstructed phylogeny is of interest to estimate if 
there are sublineages that are more prone to spillover events. We investigated the distribution of 
human sequences coming from Bangladesh and compared it to the distribution of bat sequences 
(Figure S2), because this is the only country where human behavior results in regularly documented 
spillovers (2). For sequences coming from Bangladesh, we considered only one human sequence 
per case cluster, and only one bat sequence per district-year. Sequences sampled from humans 
collected in 2004 were considered as part of the same cluster if they were sampled in the same 
district and the same year, otherwise they were considered from different case clusters. For human 
sequences sampled in 2008 and 2010, outbreak information was extracted from (5). For human 
sequences sampled in 2011, information about case clusters was extracted from (69). For human 
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sequences sampled from 2012 onwards and included in (12) (n=19), the publication indicates if the 
human case was primary or not, if it was clustered with other cases and, in most cases, which other 
sequences belonged to the same case cluster. Two sequences from 2014 that were marked as 
clustered, with no specification about whether they belonged to the same cluster or not, and that 
were sampled in the same subdistrict on the same day, were considered as part of the same case 
cluster and only one of them was randomly selected and included at this stage of the analysis. The 
rest of human sequences sampled after 2012 either did not have any precise location information, 
in which case they were excluded from this part of the analysis (n=3), or they were published in 
(20) (n=14), and they were treated in the same way as 2004 sequences. 
 
This resulted in a dataset of 38 sequences, with 30 human sequences, all of which came from 
sublineage I.A, and 8 bat sequences, out of which 5 (62.5%) came from sublineage I.A and 3 
(37.5%) came from sublineage I.B. The purpose of this data subsetting is to avoid multiple 
sequences that are identical or too closely related from one single outbreak or roost visit. Due to 
the small size of this subset, we implemented Fisher’s exact test to analyze the significance of the 
contingency between human cases and each of the aforementioned sublineages.  
 
 
Spatial spread 
In order to analyze the speed at which NiV has spread across South and Southeast Asia, we 
computed the mean spatial pairwise distance as a function of the pairwise evolutionary distance 
for NiV sequences. We used a subset in which, for sequences sampled from bats, we only included 
one sequence per roost, per year (n=44). For sequences sampled from human infections, we only 
included one sequence per outbreak (n=34). This resulted in a subset of 78 sequences. For each 
sequence, we used the coordinates of the most precise sampling location available. For bat 
sequences, this was either the bat roost location (n=32), or the centroid of the district where the 
sequences were collected (n=12). We computed the geodesic pairwise spatial distances using the 
geodist package in R (70). We computed the pairwise evolutionary distance for all pairs of 
sequences using the cophenetic.phylo function from the ape package on the reconstructed 
phylogeny (71). We then computed the mean pairwise spatial distance for pairs of sequences 
separated by different cumulative evolutionary distances (Figure 2), implementing a non-parametric 
bootstrap with 1000 resampling events. 
 
 
Phylogenetic clustering using a finer genetic resolution 
We used the PhyCLIP module in Python to cluster the sequences in the tree into different lineages 
(Figure 3D) (16). PhyCLIP aims to do phylogenetic clustering based on statistically informed rather 
than user-defined divergence thresholds, with a linear integer optimization approach. The module 
takes a phylogeny as input, along with three parameters: 

- 𝑆, the minimum number of sequences that can constitute a cluster, 

- 𝛾, the multiple of deviations from the grand median of the mean pairwise distance that 
defines the within-cluster divergence limit, and 

- 𝐹𝐷𝑅, a false discovery rate to ensure that every pair of clusters are significantly different 

from one another. 

We ran PhyCLIP using a combination of different values for each of these parameters (S ∈
{1,2,3}, 𝛾 ∈ {1, … , 6}, 𝐹𝐷𝑅 ∈ {0.1, 0.15, 0.2, 0.25, 0.3}), using the module’s optimisation criteria to find 
an optimal combination of parameter values. With the aim of doing a comprehensive clustering of 
all available NiV sequences, we chose PhyCLIP’s intermediate optimization resolution (as opposed 
to high resolution), which optimizes the values of the parameters based on the maximum 
percentage of sequences assigned to a cluster, the minimum grand mean of within-cluster 
divergence, and the maximum mean inter-cluster divergence. Then, for sets of parameters that 
resulted in more than 98% sequences belonging to a cluster (Supplementary Table S3), we 
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manually corrected PhyCLIP’s output to assign a cluster to all outliers, and to ensure that all clusters 
were monophyletic. We discarded options with fewer than 10 clusters, as these did not increase 
the resolution in comparison to the four sublineages described previously. Finally, we compared 
the resulting options for the classification of the NiV phylogeny, by computing the proportion of pairs 
of sequences belonging to the same cluster in function of their spatial distance (Supplementary 
Figure S5). Since there was little variation between these different options, we selected the 
classification into 15 clusters, as this corresponded to the highest genetic resolution (Figure 3D).  
 
 
NiV cluster distribution 
We analyzed the spatial and host species structure for sequences sampled from bats (n=175) using 
this finer phylogenetic classification (Figures 3A-C). Duplicate sequences that were not included in 
the BEAST or the PhyCLIP analyses were assigned the same cluster as the sequence that they 
were identical to from their country and year. For each sequence cluster, we analyzed its spatial 
distribution at a country scale (Figure 3A), and its distribution across all bat host species (Figure 
3B). We then analyzed the relationship between these by looking, for each country, at the bat 
species distribution in our dataset (Figure 3C). 
 
 
Models of cluster correlation 
We developed a set of models to investigate the contribution of different covariates to the probability 
that a pair of sequences belong to the same genetic cluster. For pairs of sequences, we analyzed 
the effects of coming from the same location, of distance, and of coming from the same host species 
or not. Due to high correlation between the spatial and the host species covariates, we chose to 
separate them into two distinct models. We show the relationship between these two covariates by 
fitting a logistic model of the probability that a pair of sequences comes from the same host species 
to their spatial distance (Figure S3).  
 
 
Spatial model 
For all pairs of bat sequences with roost (n=132) or district information (n=36), we considered: 

- Whether the sequences came from the same location or not (𝑙), 
- For sequences coming from different locations, we also considered their spatial distance 

(𝑑), 

As shown in Equation 1: 
𝜂1 = 𝛽0 + 𝛽1𝑙 + 𝛽2(1 − 𝑙)𝑑 

[1] 
 
We then used these parameters to fit a logistic regression to estimate the probability P that a pair 
of sequences comes from the same genetic cluster (Equation 2, see Figure 3E): 
 

𝑃 =
1

1 + 𝑒−𝜂1
 

[2] 
 
Host species model 
Separately, for all pairs of bat sequences, we fit a logistic model of the probability that a pair of 
sequences comes from the same genetic cluster depending on whether the sequences came from 
the same host species or not (Figure 3F).  
 
 
Assessment and prediction of diversity 
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We investigated the way in which the observation of different genetic clusters evolved with sampling 
in specific areas of South and Southeast Asia. We focused on divisions with at least 10 sequences, 
and in which at least 2 clusters have been observed: Dhaka, Rajshahi, and Rangpur divisions in 
Bangladesh, Kandal in Cambodia, and Eastern and Central Thailand. We used the iNEXT package 
(72, 73), with which we implemented a rarefaction analysis using Hill numbers of order 0 (equivalent 
to Species Diversity) to interpolate how many clusters had been observed in each division since 
sampling began until the current number of observations in each place, and to extrapolate how 
many more we could expect to observe if more NiV sequences were sampled in these regions. 
Average estimates can be seen on Figure 4C, and estimates with 95% Confidence Intervals can 
be seen on Supplementary Figure S6. 
 
We investigated the relationship between the estimated number of clusters in these six regions and 
several ecological variables, with the aim of exploring if any of these covariates could be used to 
provide an estimation of the number of NiV genetic clusters in regions where sampling was not 
sufficient to conduct a rarefaction analysis. We looked at the mean pairwise geographic distance 
between sequences, at the human population density for each region (74–76), and at the 
percentage of tree coverage for each region (Supplementary Table S4, Supplementary Figure S7). 
For the tree coverage estimation, we averaged the estimates of coverage over a threshold of 30% 
for 2000 and 2010 from the Global Forest Watch (18, 19). We explored these measures as potential 
proxies for bat mobility, for human pressure on bat roosts, and for bat population size in each of 
these provinces, respectively. We plotted the estimated number of clusters for each of the six 
regions as a function of these parameters and fit a generalized Poisson regression for each of 
them. 
 
 
Prediction of NiV diversity using Approximate Bayesian Computation 
Approximate Bayesian Computation (ABC) is a method used when no explicit likelihood function 
can be written for a model, or when such a function would be too costly in terms of time or 
computational resources (77).  Considering the number of underlying unknowns in terms of bat 
mobility and of interactions between different bat roosts and bat species, we adopted this approach 
to further investigate ways in which the spatial footprint of NiV genetic clusters can be captured 
with the aim of providing a rough estimate of how many different genetic clusters can be found in 
a specific area.  
 
We computed a set of summary statistics on the NiV data set. For a specific spatial window 𝑤𝑖, we 

compute the median proportion 𝑖 of sequence pairs, within that window, that belong to the same 
cluster: 
 

𝜏𝑖 =
# 𝑝𝑎𝑖𝑟𝑠 ∈ 𝑤𝑖  & 𝑠𝑎𝑚𝑒 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

# 𝑝𝑎𝑖𝑟𝑠 ∈ 𝑤𝑖
 

[3] 
 
We developed a simulation framework for the spatial footprint of NiV genetic clusters in a specific 
area. The input for a simulation was the cluster density 𝑐𝑙𝑢𝑠𝑡𝑑𝑒𝑛𝑠(in clusters·km-2), and the standard 
deviation 𝑠𝑑𝑐𝑙𝑢𝑠𝑡, a measure of the spread of each genetic cluster. In each simulation: 

- We generated a polygon (square) as our area of study, of width 𝑤𝑖𝑑𝑡ℎ𝑜𝑢𝑡𝑒𝑟 .  
- Using the size of the polygon and the cluster density 𝑐𝑙𝑢𝑠𝑡𝑑𝑒𝑛𝑠, we computed the number 

of clusters to simulate.  
- We randomly sampled the x and y coordinates of each cluster “center” within the initial 

polygon using a uniform distribution (Figure S9A).  
- For each cluster, we randomly sampled 𝑛𝑜𝑏𝑠 points. The distance from each point to its 

corresponding cluster center was sampled using a truncated normal distribution of mean 0 
and of standard deviation 𝑠𝑑𝑐𝑙𝑢𝑠𝑡, with a truncation at two times the standard deviation, 
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allowing for 95% of the normal distribution to be sampled. The angle was sampled using a 
uniform distribution between 0 and 2𝜋 (Figure S9B).  

- Then, we subset these simulated points to keep only those points within a sampling square 
of width 𝑤𝑖𝑑𝑡ℎ𝑖𝑛𝑛𝑒𝑟 and centered inside the initial square (Figure S9C). 

- Finally, we computed the summary statistics 𝜏𝑠𝑖𝑚,𝑖 for each spatial window in the same way 

as with the NiV dataset.  

 
We implemented this framework using Python 3.8 (78). We optimized the computation of the 
summary statistics for each simulation by partitioning the sampling square into a grid. Thus, with a 
grid width greater than the maximum distance for which 𝜏𝑠𝑖𝑚,𝑖 is computed, points within a specific 

cell only needed to be compared to points within their own or neighboring cells (see Figure S9D). 
Distance computation was performed using a Nearest Neighbors algorithm from the scikit-learn 
library v.1.2.1 (79). Parameter prior distributions and hyperparameter values are detailed in Table 
S5. 
 
We computed the residual sum of squares for each of the 𝑛𝑠𝑖𝑚 simulations, weighting each spatial 

window by the number of pairs within it in our actual NiV dataset. We then kept the 2% closest 
simulations. Model fit can be seen in Figure 4A. 
 
We used this final set of simulations to compute the average number of unique observed clusters 
per area. For each simulation, and for each specific area, we randomly placed 1000 circles of the 
corresponding area in the simulated space, we counted the number of clusters that were contained 
within or that intersected each circle, and we computed the average of observed clusters per area 
across all simulations (Figure 4B).  
 
Finally, we used this way of estimating diversity in function of area to compute rough estimates of 
the number of clusters that can be observed in the countries represented in our dataset. We 
explored different options for the area of circulation of Pteropus bats. We downloaded the 
geographic range estimates from the International Union for Conservation of Nature’s Red List of 
Threatened Species (IUCN) (17), and we computed the coverage in km2 of Pteropus bats per 
country, for all countries with Pteropus bat circulation. We also used an estimation of tree cover 
area for each country, since this represents the ecosystem where Pteropus bats live (8). For each 
country, we computed the mean tree cover in km2 over a threshold of 10%, 30%, and 50% for 2000 
and 2010 from the Global Forest Watch (Table S6, Figure S9) (18, 19). 
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Figures and Tables 
 

 
 
Figure 1: (A) Country of origin sequences. (B) Distribution of host species for sequences coming 
from bats (N=175). (C) Reconstructed time resolved Maximum Clade Credibility phylogeny with 
tips coloured with country of origin and non-bat sequences are marked with an asterisk. (D) 
Sublineage distribution per country. 
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Figure 2: Mean pairwise spatial distance (in km) in function of pairwise evolutionary distance (in 
years). 
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Figure 3: (A) Spatial distribution of identified lineages for bats. Each line represents the proportion 
of sequences coming from a specific country for the corresponding genetic cluster. (B) Bat host 
species distribution of lineages. (C) Distribution of bat host species per country. (D) Time-resolved 
phylogeny divided into fifteen distinct clades using an adapted form of PhyCLIP. (E) Proportion of 
sequence pairs belonging to the same cluster as a function of their spatial distance. The green 
shaded region represents 95% confidence intervals. (F) Odds ratio of belonging to the same 
genetic cluster if sequence pairs were sampled from the same bat host species or not. The error 
bar represents 95% confidence intervals. 
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Figure 4: (A) Model fit using Approximate Bayesian Computation (ABC) on the proportion of 
sequence pairs that belong to the same genetic cluster in function of their spatial distance. The 
orange dots represent the median and the lines represent the 95% confidence intervals. Median 
proportions calculated on NiV data and used to calibrate the model are represented in blue. (B) 
Predicted number of genetic clusters in function of area (in square kilometers). The points and bars 
represent estimates of diversity for specific areas with 95% confidence intervals. (C) Estimated 
number of clusters in function of number of sampled NiV sequences for six regions in South and 
Southeast Asia. The dots represent the current number of observed samples and clusters in each 
region, the solid lines represent interpolated values based on observed data, and the dashed lines 
represent extrapolated values using Hill numbers of order 0. 
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Table 1: Estimations of the number of genetic clusters (with 95% Confidence Intervals in parentheses) for the six countries represented in our 
dataset, according to different estimates of Pteropus range (in km2): the IUCN’s estimations of Pteropus geographic range, and the Global Forest 
Watch’s estimations of tree cover per country above thresholds of 10%, 30%, and 50%, respectively. 
 

 
IUCN Pteropus range Tree cover (10% threshold) Tree cover (30% threshold) Tree cover (50% threshold) 

Country Area N. clusters Area N. clusters Area N. clusters Area N. clusters 

India 2,987,747 55 (24, 89) 490,910 23 (10, 37) 388,304 21 (9, 34) 304,653 19 (8, 31) 

Bangladesh 127,346 15 (6, 25) 26,607 11 (4, 20) 19,390 11 (4, 20) 15,229 10 (4, 19) 

Thailand 138,538 15 (6, 26) 219,195 17 (7, 29) 199,624 17 (7, 28) 179,669 16 (7, 27) 

Cambodia 62,957 13 (5, 22) 101,985 14 (6, 24) 88,099 14 (6, 24) 74,823 13 (5, 23) 

Malaysia 323,929 20 (8, 32) 297,861 19 (8, 31) 294,306 19 (8, 31) 289,772 19 (8, 31) 

Indonesia 1,656,164 40 (17, 63) 1,650,987 39 (17, 63) 1,606,412 39 (17, 62) 1,550,634 38 (17, 61) 
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Supplementary Information 

 
Figure S1: Histogram of the years of collection of sequences. 
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Figure S2: (A) Temporal distribution of Bangladeshi sequences, colored according to their 
sublineage. (B) Spatial distribution of Bangladeshi sequences. “H”s represent sequences sampled 
from humans, and “B”s represent sequences sampled from bats. 
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Figure S3: Proportion of pairs belonging to the same cluster depending on host species, on coming 
from the same location, and on distance for sequences that come from different locations. The 
curves in the background reflect the fit from a logistic regression using these variables. 
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Figure S4: Estimates of numbers of NiV genetic clusters per area. Dashed lines represent the 
estimates for countries represented in our dataset - Bangladesh, Cambodia, Thailand, Malaysia, 
India, and Indonesia - based on each country’s tree-covered areas. 
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Figure S5: Sensitivity analysis on the pairwise probability that two sequences belong two the same 
genetic cluster in function of the spatial distance separating them, computed for different clustering 
options of the NiV phylogeny. 
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Figure S6: Estimated number of clusters in function of number of sampled NiV sequences for six 
regions in South and Southeast Asia. The points represent the current number of observed samples 
and clusters in each region, the solid lines represent interpolated values based on observed data, 
and the dashed lines represent extrapolated values using Hill numbers of order 0 using the iNEXT 
package on R. Ribbons represent 95% Confidence Intervals. 
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Figure S7: Estimated asymptotic number of genetic clusters for six regions in South and Southeast 
Asia  in function of: (A) the mean pairwise geographic distance separating sequences sampled 
from these regions, (B) the regional human population density (in inhabitants per km2), and  (C) the 
regional tree cover percentage, with a Poisson Generalized Linear Model fit. 
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Figure S8: Comparison of estimated pairwise patristic distances on the reconstructed NiV 
phylogeny, using only NiV vs including HeV. 
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Figure S9: (A) Simulated centres of genetic clusters, (B) simulated samples from each cluster 
using a truncated normal distribution, (C) simulation of sampling by subsetting samples within a 
secondary polygon, (D) spatial partitioning of sampling square into a grid to optimize the 
computation time of summary statistics for each simulation. 
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Table S1: GenBank Accession number, country of provenance, and host species for all 
sequences used in this study (n=257). 

 

Accession Country Host Species 

NC_002728 Malaysia Unspecified 

KY887671 Bangladesh Homo sapiens 

KY887670 Bangladesh Homo sapiens 

KY425655 Malaysia Homo sapiens 

KY425646 Malaysia Homo sapiens 

FJ648082 Thailand Pteropus lylei 

FJ648081 Thailand Pteropus lylei 

FJ648080 Thailand Pteropus lylei 

FJ648079 Thailand Pteropus lylei 

FJ648078 Thailand Pteropus lylei 

FJ648077 Thailand Pteropus lylei 

FJ648076 Thailand Pteropus lylei 

FJ648075 Thailand Pteropus lylei 

FJ513081 India Homo sapiens 

FJ513080 India Homo sapiens 

FJ513079 India Homo sapiens 

DQ061858 Thailand Pteropus lylei 
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DQ061857 Thailand Pteropus lylei 

DQ061856 Thailand Pteropus lylei 

DQ061855 Thailand Pteropus lylei 

DQ061854 Thailand Pteropus lylei 

DQ061853 Thailand Pteropus lylei 

DQ061852 Thailand Pteropus lylei 

DQ061851 Thailand Hipposideros larvatus 

EF070190 Thailand Pteropus lylei 

KT163257 Thailand Pteropus hypomelanus 

KT163256 Thailand Pteropus lylei 

KT163255 Thailand Pteropus lylei 

KT163254 Thailand Pteropus lylei 

KT163253 Thailand Pteropus lylei 

KT163252 Thailand Pteropus lylei 

KT163251 Thailand Pteropus lylei 

KT163250 Thailand Pteropus hypomelanus 

KT163249 Thailand Pteropus hypomelanus 

KT163248 Thailand Pteropus hypomelanus 

KT163247 Thailand Pteropus hypomelanus 
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KC903172 Indonesia Pteropus vampyrus 

KC903171 Indonesia Pteropus vampyrus 

KC903170 Indonesia Pteropus vampyrus 

KC903169 Indonesia Pteropus vampyrus 

KC903168 Indonesia Pteropus vampyrus 

JF899339 India Pteropus medius 

EU624737 Thailand Pteropus lylei 

EU624736 Thailand Pteropus lylei 

EU624735 Thailand Pteropus lylei 

EU620498 Thailand Pteropus lylei 

EU603758 Thailand Pteropus lylei 

EU603757 Thailand Pteropus lylei 

EU603756 Thailand Pteropus lylei 

EU603755 Thailand Pteropus lylei 

EU603754 Thailand Pteropus lylei 

EU603753 Thailand Pteropus lylei 

EU603752 Thailand Taphozous 

EU603751 Thailand Pteropus lylei 

EU603750 Thailand Pteropus lylei 
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EU603749 Thailand Pteropus lylei 

EU603748 Thailand Pteropus lylei 

EU603747 Thailand Pteropus lylei 

EU603746 Thailand Pteropus lylei 

EU603745 Thailand Pteropus lylei 

EU603744 Thailand Pteropus lylei 

EU603743 Thailand Pteropus lylei 

EU603742 Thailand Pteropus lylei 

EU603741 Thailand Pteropus lylei 

EU603740 Thailand Pteropus lylei 

EU603739 Thailand Pteropus lylei 

EU603738 Thailand Pteropus lylei 

EU603737 Thailand Pteropus lylei 

EU603736 Thailand Pteropus lylei 

EU603735 Thailand Pteropus lylei 

EU603734 Thailand Pteropus lylei 

EU603733 Thailand Pteropus lylei 

EU603732 Thailand Pteropus lylei 

EU603731 Thailand Pteropus lylei 
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EU603730 Thailand Pteropus lylei 

EU603729 Thailand Pteropus lylei 

EU603728 Thailand Pteropus lylei 

EU603727 Thailand Pteropus lylei 

EU603726 Thailand Pteropus lylei 

EU603725 Thailand Pteropus lylei 

EU603724 Thailand Pteropus lylei 

EF070189 Thailand Pteropus lylei 

EF070188 Thailand Pteropus lylei 

EF070187 Thailand Pteropus lylei 

EF070186 Thailand Pteropus lylei 

EF070185 Thailand Pteropus lylei 

EF070184 Thailand Pteropus lylei 

EF070183 Thailand Pteropus lylei 

EF070182 Thailand Pteropus lylei 

JN808864 Bangladesh Homo sapiens 

JN808863 Bangladesh Homo sapiens 

JN808857 Bangladesh Homo sapiens 

JN808860 Bangladesh Homo sapiens 
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JN808859 Bangladesh Homo sapiens 

FJ513078 India Homo sapiens 

FN869553 Malaysia Pteropus vampyrus 

AY029767 Malaysia Homo sapiens 

AY988601 Bangladesh Homo sapiens 

AF376747 Malaysia Pteropus hypomelanus 

AF212302 Malaysia Homo sapiens 

AF238466 Malaysia Homo sapiens 

AJ627196 Malaysia Sus scrofa 

AJ564623 Malaysia Homo sapiens 

AJ564622 Malaysia Sus scrofa 

AJ564621 Malaysia Sus scrofa 

MK575060 Bangladesh Pteropus medius 

MK575061 Bangladesh Pteropus medius 

MK575062 Bangladesh Pteropus medius 

MK575063 Bangladesh Pteropus medius 

MK575064 Bangladesh Pteropus medius 

MK575065 Bangladesh Pteropus medius 

MK575066 Bangladesh Pteropus medius 
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MK575067 Bangladesh Pteropus medius 

MK575068 Bangladesh Pteropus medius 

MK575069 Bangladesh Pteropus medius 

MK575070 Bangladesh Pteropus medius 

MT890728 Bangladesh Homo sapiens 

MT890729 Bangladesh Homo sapiens 

MT890711 Bangladesh Homo sapiens 

MT890712 Bangladesh Homo sapiens 

MT890714 Bangladesh Homo sapiens 

MT890715 Bangladesh Homo sapiens 

MT890719 Bangladesh Homo sapiens 

MT890721 Bangladesh Homo sapiens 

MT890723 Bangladesh Homo sapiens 

MT890725 Bangladesh Homo sapiens 

MT890726 Bangladesh Homo sapiens 

MT890722 Bangladesh Homo sapiens 

MT890724 Bangladesh Homo sapiens 

MT890727 Bangladesh Homo sapiens 

MT890730 Bangladesh Homo sapiens 
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MT890731 Bangladesh Homo sapiens 

MT890720 Bangladesh Homo sapiens 

MT890717 Bangladesh Homo sapiens 

MT890716 Bangladesh Homo sapiens 

MT890702 Bangladesh Pteropus medius 

MT890703 Bangladesh Pteropus medius 

MT890704 Bangladesh Pteropus medius 

MT890705 Bangladesh Pteropus medius 

MT890706 Bangladesh Pteropus medius 

MT890707 Bangladesh Pteropus medius 

MT890708 Bangladesh Pteropus medius 

MT890709 Bangladesh Pteropus medius 

MT890710 Bangladesh Pteropus medius 

C011 Cambodia Pteropus lylei 

C077 Cambodia Pteropus lylei 

H001 Cambodia Pteropus lylei 

B076 Cambodia Pteropus lylei 

B079 Cambodia Pteropus lylei 

FF099 Cambodia Pteropus lylei 
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FF107 Cambodia Pteropus lylei 

FF031 Cambodia Pteropus lylei 

FF044 Cambodia Pteropus lylei 

FF047 Cambodia Pteropus lylei 

FF048 Cambodia Pteropus lylei 

KM034754 Cambodia Pteropus lylei 

C282 Cambodia Pteropus lylei 

Ba091 Cambodia Pteropus lylei 

Ba097 Cambodia Pteropus lylei 

Ba977 Cambodia Pteropus lylei 

Ba996 Cambodia Pteropus lylei 

Ba106 Cambodia Pteropus lylei 

Ba108 Cambodia Pteropus lylei 

Ba112 Cambodia Pteropus lylei 

Ba132 Cambodia Pteropus lylei 

Ba171 Cambodia Pteropus lylei 

Ba173 Cambodia Pteropus lylei 

Ba547 Cambodia Pteropus lylei 

Ba555 Cambodia Pteropus lylei 
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Ba611 Cambodia Pteropus lylei 

C271 Cambodia Pteropus lylei 

KM034753 Cambodia Pteropus lylei 

KM034755 Cambodia Pteropus lylei 

MK995302 Bangladesh Pteropus medius 

MK995301 Bangladesh Pteropus medius 

MK995300 Bangladesh Pteropus medius 

MK995299 Bangladesh Pteropus medius 

MK995298 Bangladesh Pteropus medius 

MK995295 Bangladesh Pteropus medius 

MK995294 Bangladesh Pteropus medius 

MK995293 Bangladesh Pteropus medius 

MK995292 Bangladesh Pteropus medius 

MK995291 Bangladesh Pteropus medius 

MK995290 Bangladesh Pteropus medius 

MK995289 Bangladesh Pteropus medius 

MK995288 Bangladesh Pteropus medius 

MK995287 Bangladesh Pteropus medius 

MK995286 Bangladesh Pteropus medius 
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MK995285 Bangladesh Pteropus medius 

MK995284 Bangladesh Pteropus medius 

MK801755 Cambodia Pteropus lylei 

MH423324 India Homo sapiens 

MH423323 India Homo sapiens 

MH523645 India Pteropus medius 

MH523644 India Pteropus medius 

MH523643 India Pteropus medius 

MH523642 India Homo sapiens 

MH523641 India Homo sapiens 

MH523640 India Homo sapiens 

MH891773 India Homo sapiens 

MH396625 India Homo sapiens 

MF133375 Bangladesh Homo sapiens 

MW535746 Thailand Pteropus lylei 

MW573860 Thailand Pteropus lylei 

MW573861 Thailand Pteropus lylei 

MW573862 Thailand Pteropus lylei 

MW573863 Thailand Pteropus lylei 
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MW573864 Thailand Pteropus lylei 

MW573865 Thailand Pteropus lylei 

MW573866 Thailand Pteropus lylei 

MW573867 Thailand Pteropus lylei 

MW573868 Thailand Pteropus lylei 

MW573869 Thailand Pteropus lylei 

MW573870 Thailand Pteropus lylei 

MW573871 Thailand Pteropus lylei 

MW573872 Thailand Pteropus lylei 

MW573873 Thailand Pteropus lylei 

MW573874 Thailand Pteropus lylei 

MW573875 Thailand Pteropus lylei 

MW573876 Thailand Pteropus lylei 

MW573877 Thailand Pteropus lylei 

MW573878 Thailand Pteropus lylei 

MW573879 Thailand Pteropus lylei 

MW573880 Thailand Pteropus lylei 

MK673558 Malaysia Sus scrofa 

MK673559 Malaysia Sus scrofa 
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MK673560 Malaysia Sus scrofa 

MK673561 Malaysia Sus scrofa 

MK673562 Malaysia Homo sapiens 

MK673563 Malaysia Dog 

MK673565 Bangladesh Homo sapiens 

MK673566 Bangladesh Homo sapiens 

MK673567 Bangladesh Homo sapiens 

MK673568 Bangladesh Homo sapiens 

MK673570 Bangladesh Homo sapiens 

MK673571 Bangladesh Homo sapiens 

MK673572 Bangladesh Homo sapiens 

MK673573 Bangladesh Homo sapiens 

MK673574 Bangladesh Homo sapiens 

MK673575 Bangladesh Homo sapiens 

MK673576 Bangladesh Homo sapiens 

MK673577 Bangladesh Homo sapiens 

MK673578 Bangladesh Homo sapiens 

MK673579 Bangladesh Homo sapiens 

MK673580 Bangladesh Homo sapiens 
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MK673581 Bangladesh Homo sapiens 

MK673582 Bangladesh Homo sapiens 

MK673583 Bangladesh Homo sapiens 

MK673584 Bangladesh Homo sapiens 

MK673585 Bangladesh Homo sapiens 

MK673586 Bangladesh Homo sapiens 

MK673587 Bangladesh Homo sapiens 

MK673588 Bangladesh Homo sapiens 

MK673589 Bangladesh Homo sapiens 

MK673590 Bangladesh Homo sapiens 

MK673591 Bangladesh Homo sapiens 

MK673592 Bangladesh Homo sapiens 

 
 

Table S2: Number of sequences for different genome lengths. 
 

Sequence length Number of sequences 

153-299 35 

300-999 90 

1000-2999 64 

3k-10k 2 
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10k-15k 2 

Full genome (18.2k) 64 
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Table S3: Input parameter values that resulted in at least 98% of tips on the reconstructed NiV 
phylogeny being assigned to a genetic cluster on PhyCLIP. 
 

S Gamma FDR Proportion clustered sequences 

2 0.3 5 1 

2 0.2 5 1 

3 0.25 5 1 

3 0.2 5 1 

2 0.25 5 1 

3 0.1 5 1 

3 0.15 5 1 

1 0.2 5 1 

1 0.25 5 1 

1 0.3 5 1 

2 0.25 4 0.988372 

3 0.15 4 0.988372 

1 0.3 4 0.988372 

1 0.2 4 0.988372 

1 0.25 4 0.988372 

3 0.25 4 0.988372 

2 0.3 4 0.988372 
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2 0.2 4 0.988372 

3 0.1 4 0.988372 

3 0.2 4 0.988372 

3 0.3 4 0.988372 

2 0.1 5 0.982558 

1 0.1 5 0.982558 
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Table S4: Estimated asymptotic diversity for six subnational regions with more than 10 available 
sequences, as estimated by extrapolating Hill Numbers of order 0 with the iNEXT package on R, 
with several environmental characteristics (mean pairwise spatial distance, human population 
density, and percentage of tree cover) that were explored as potential ecological drivers of NiV 
diversity in South and Southeast Asia. 
 

Region Estimated n. 
clusters 

Mean Pairwise 
Spatial Distance 

(km) 

Human Population 
Density (pop per km2) 

Percentage Tree 
Cover 

BGD - 
Dhaka 

5 [5 - 6.2] 31.0 2156 4.94 

BGD - 
Rajshahi 

3 [3 - 3] 63.6 1121 0.26 

BGD - 
Rangpur  

2 [2 - 2.2] 49.3 1088 0.46 

KHM - 
Kandal 

3 [3 - 3.4] 0 378 15.8 

Central 
Thailand 

4 [4 - 5.3] 64.3 221 17.0 

Eastern 
Thailand 

10 [7 - 13] 14.6 142 32.9 
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Table S5: Hyperparameters and parameters used in our Approximate Bayesian Computation 
approach to estimate the spatial characteristics of NiV genetic clusters, with the values or prior 
distributions that we used to run our simulations. 

 

Type Name Description Value used 

Hyperparameter 𝑤𝑖𝑑𝑡ℎ𝑜𝑢𝑡𝑒𝑟  Width of outer polygon (km) 11000 

Hyperparameter 𝑤𝑖𝑑𝑡ℎ𝑖𝑛𝑛𝑒𝑟  Width of inner polygon (km) 5000 

Hyperparameter 𝑛𝑜𝑏𝑠 Number of simulated samples per 
genetic cluster 

500 

Hyperparameter 𝑛𝑠𝑖𝑚 Number of simulations 10,000 

Parameter 𝑐𝑙𝑢𝑠𝑡𝑑𝑒𝑛𝑠 Cluster density per individual 
simulation 

𝒰([8.3 x 10−9 , 2.9 x 10−5])]) 

Parameter 𝑠𝑑𝑐𝑙𝑢𝑠𝑡 Standard deviation of truncated 
normal distribution conditioning 
spatial spread of simulated 
clusters 

𝒰([1, 500])]) 
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Table S6: Estimations of the number of genetic clusters (with 95% Confidence Intervals in parentheses) for each country with Pteropus bats 
circulation, according to different estimates of Pteropus range (in km2): the IUCN’s estimations of Pteropus geographic range, and the Global Forest 
Watch’s estimations of tree cover per country above thresholds of 10%, 30%, and 50%, respectively. Countries where these data were not available 
are marked with a dash. 
 
 

IUCN Pteropus range Tree cover (10% 
threshold) 

Tree cover (30% 
threshold) 

Tree cover (50% 
threshold) 

Country Area N. clusters Area N. clusters Area N. clusters Area N. clusters 

American Samoa 102 9 (3, 17) - - - - - - 

Australia 3,163,602 56 (24, 92) 659,111 26 (11, 41) 422,806 21 (9, 35) 257,197 18 (8, 30) 

Bangladesh 127,346 15 (6, 25) 26,607 11 (4, 20) 19,390 11 (4, 20) 15,229 10 (4, 19) 

Bhutan 25,222 11 (4, 20) 26,792 11 (4, 20) 25,772 11 (4, 20) 23,665 11 (4, 20) 

Brunei 5,573 10 (3, 18) 5,340 10 (3, 18) 5,293 10 (3, 18) 5,237 10 (3, 18) 

Cambodia 62,957 13 (5, 22) 101,985 14 (6, 24) 88,099 14 (6, 24) 74,823 13 (5, 23) 
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China (Taiwan) 10,957 10 (4, 19) - - - - - - 

Comoros 1,472 9 (3, 17) 1,584 9 (3, 17) 1,348 9 (3, 17) 1,060 9 (3, 17) 

Cook Is. 49 9 (3, 17) - - - - - - 

Fiji 16,617 11 (4, 19) 16,505 11 (4, 19) 15,566 10 (4, 19) 13,953 10 (4, 19) 

France (Mayotte, Reunion) 2,807 9 (3, 18) 2,387 9 (3,18) 2,041 9 (3,18) 1620 9 (3,17) 

Guam 451 9 (3, 17) - - - - - - 

India 2,987,747 55 (24, 89) 490,910 23 (10, 37) 388,304 21 (9, 34) 304,653 19 (8, 31) 

Indonesia 1,656,164 40 (17, 63) 1,650,987 39 (17, 63) 1,606,412 39 (17, 62) 1,550,634 38 (17, 61) 

Japan (Ogasawara, Ryukyu, 
Iwo islands) 

2,082 9 (3, 17) 7,957 10 (3, 19) 7,654 10 (3, 19) 7,341 10 (3, 18) 
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Madagascar 185,931 16 (7, 27) 331,909 20 (9, 32) 171,411 16 (7, 27) 122,414 15 (6, 25) 

Malaysia 323,929 20 (8, 32) 297,861 19 (8, 31) 294,306 19 (8, 31) 289,772 19 (8, 31) 

Maldives 1 8 (3, 17) 58 9 (3, 17) 56 9 (3, 17) 45 9 (3, 17) 

Mauritius 1,805 9 (3, 17) 1,487 9 (3, 17) 713 9 (3, 17) 509 9 (3, 17) 

Micronesia 351 9 (3, 17) 65 9 (3, 17) 62 9 (3, 17) 60 9 (3, 17) 

Myanmar 324,734 20 (8, 32) 450,853 22 (10, 35) 428,634 22 (9, 35) 397,937 21 (9, 34) 

N. Mariana Is. 314 9 (3, 17) - - - - - - 

Nepal 99,446 14 (6, 24) 56,000 13 (5, 22) 51,610 12 (5, 22) 43,082 12 (5, 21) 

New Caledonia 17,834 11 (4, 19) 15,978 10 (4, 19) 14,403 10 (4, 19) 10,513 10 (4, 19) 
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Niue 192 9 (3, 17) - - - - - - 

Pakistan 400,735 21 (9, 34) 16,299 11 (4, 19) 9,787 10 (4, 19) 6,669 10 (3, 18) 

Papua New Guinea 370,664 20 (9, 33) 436,905 22 (10, 35) 429,218 22 (9, 35) 419,768 21 (9, 35) 

Philippines 275,600 19 (8, 30) 197,985 17 (7, 28) 185,994 16 (7, 28) 174,152 16 (7, 27) 

Samoa 2,567 9 (3, 18) - - - - - - 

Seychelles 104 9 (3, 17) 126 9 (3, 17) 62 9 (3, 17) 29 8 (3, 17) 

Singapore 457 9 (3, 17) 218 9 (3, 17) 188 9 (3, 17) 168 9 (3, 17) 

Solomon Islands 23,733 11 (4, 20) 27,502 11 (4, 20) 27,416 11 (4, 20) 27,318 11 (4, 20) 

Sri Lanka 65,258 13 (5, 23) 42,412 12 (5, 21) 39,399 12 (4, 21) 35,460 12 (4, 21) 
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Tanzania (Pemba, Mafia 
islands) 

1,179 9 (3, 17) 1,344 9 (3, 17) 909 9 (3, 17) 683 9 (3, 17) 

Thailand 138,538 15 (6, 26) 219,195 17 (7, 29) 199,624 17 (7, 28) 179,669 16 (7, 27) 

Timor-Leste 14,405 10 (4, 19) 8,441 10 (3, 19) 7,262 10 (3, 18) 6,169 10 (3, 18) 

Tonga 343 9 (3, 17) - - - - - - 

Vanuatu 10,791 10 (4, 19) 11,861 10 (4, 19) 11,812 10 (4, 19) 11,615 10 (4, 19) 

Vietnam 36,012 12 (4, 21) 181,462 16 (7, 27) 165,513 16 (7, 27) 147,599 15 (6, 26) 

Wallis and Futuna Is. 86 9 (3, 17) - - - - - - 

Total 10,358,157 118 (49, 
211) 

5,288,126 76 (32, 129) 4,621,064 70 (30, 118) 4,129,042 66 (28, 109) 
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