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A B S T R A C T

Plasmodium knowlesi is an important causative agent of malaria in humans of Southeast Asia. Macaques are
natural hosts for this parasite, but little is conclusively known about its patterns of transmission within and
between these hosts. Here, we apply a comprehensive phylogenetic approach to test for patterns of cryptic
population genetic structure between P. knowlesi isolated from humans and long-tailed macaques from the state
of Sarawak in Malaysian Borneo. Our approach differs from previous investigations through our exhaustive use
of archival 18S Small Subunit rRNA (18S) gene sequences from Plasmodium and Hepatocystis species, our inclusion
of insertion and deletion information during phylogenetic inference, and our application of Bayesian phyloge-
netic inference to this problem. We report distinct clades of P. knowlesi that predominantly contained sequences
from either human or macaque hosts for paralogous A-type and S-type 18S gene loci. We report significant
partitioning of sequence distances between host species across both types of loci, and confirmed that sequences
of the same locus type showed significantly biased assortment into different clades depending on their host
species. Our results support the zoonotic potential of Plasmodium knowlesi, but also suggest that humans may be
preferentially infected with certain strains of this parasite. Broadly, such patterns could arise through pre-
ferential zoonotic transmission of some parasite lineages or a disposition of parasites to transmit within, rather
than between, human and macaque hosts. Available data are insufficient to address these hypotheses. Our results
suggest that the epidemiology of P. knowlesi may be more complicated than previously assumed, and highlight
the need for renewed and more vigorous explorations of transmission patterns in the fifth human malarial
parasite.

1. Introduction

Plasmodium knowlesi has recently been acknowledged as an im-
portant causative agent of human malaria in Southeast Asia (Singh
et al., 2004; Cox-Singh et al., 2008; White, 2008). Although it is gen-
erally regarded as a zoonotic agent that humans incidentally acquire
through sympatry with macaques, it can persist in human populations
and accounts for a substantial portion of human malaria burden in some
regions (Cox-Singh and Singh, 2008; Cox-Singh et al., 2008; Barber
et al., 2012; William et al., 2013). The ubiquity of P. knowlesi in humans
of endemic regions provides the potential for transmission between
humans and obfuscates the relative roles of zoonotic, enzootic, and
(potentially) human-to-human transmission in driving human infec-
tions (Singh and Daneshvar, 2013; William et al., 2013). Resolving
these relative roles is of paramount concern to the control of knowlesi-

malaria and the management of human-macaque interactions.
The evidence to date unequivocally suggests that P. knowlesi has

zoonotic origins in humans and is regularly transmitted between long-
tailed macaques (Macaca fascicularis) and humans. Several phylogenies
have shown co-clustering of human and macaque P. knowlesi strains
across multiple loci (Singh et al., 2004; Jeslyn et al., 2011; Lee et al.,
2011; Jongwutiwes et al., 2011; Putaporntip et al., 2013), and experi-
mental studies provide additional evidence for cross-transmission by
showing that P. knowlesi from macaques will easily infect humans
through direct inoculation (White et al., 2008; Singh and Daneshvar,
2013). Plasmodium knowlesi is also transmitted through many of the
same vectors (most notably Anopheles species of the Leucosphyrus sub-
group) as dedicated human malarias (Vythilingam et al., 2016) and has
been reported to form gametocytes in humans (Singh et al., 2004;
Maeno et al., 2017; Davidson et al., 2019), suggesting that human-to-
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human transmission of P. knowlesi could be possible as well (Marchand
et al., 2011), particularly as mosquito-vectored serial passage of Plas-
modium knowlesi between humans has been achieved experimentally
(Chin et al., 1968).

Natural human-to-human transmission of P. knowlesi has not been
shown and is difficult to directly assess. Population substructuring be-
tween human and macaque hosts may, however, provide indirect evi-
dence for human-to-human transmission. A study in Thailand has, for
example, reported clades of P. knowlesi that appear to occur more ty-
pically in either humans or macaques, consistent with expectations
human-to-human transmission (Putaporntip et al., 2013), despite the
low incidence of human knowlesi-malaria in this country (Jongwutiwes
et al., 2011). While studies from Malaysia have, overwhelmingly shown
phylogenetic cross-clustering of sequences from parasites of macaques
and humans (Singh et al., 2004; Jeslyn et al., 2011; Lee et al., 2011),
they may provide some indirect evidence for cryptic partitioning be-
tween hosts, by revealing: low haplotype overlap between parasites of
human and macaque hosts (Lee et al., 2011); tendencies for overlapping
haplotypes to occur at internal nodes of haplotype networks (Lee et al.,
2011; Yusof et al., 2016), which are reflective of more ancestral states
(Castelloe and Templeton, 1994; Templeton, 1998); and high levels of
intraspecific genomic diversity of P. knowlesi relative to other human
malarial agents with cryptic structuring of this diversity within humans
(Assefa et al., 2015; Divis et al., 2015; 2017). While these studies
provide a clear role for zoonosis, human-to-human transmission may
occur and the primacy of zoonotic transmission as the only source of
human knowlesi-malaria infections remains an assumption (Assefa et al.,
2015). Under these circumstances of potentially incomplete assortment
of P. knowlesi lineages infecting humans and macaques, more sensitive
phylogenetic approaches may detect cryptic divisions between P.
knowlesi in these hosts.

Here, we utilize a customized, high-throughput pipeline to build a
high-resolution indel-informed Bayesian tree of archived 18S gene se-
quences from Plasmodium spp. and Hepatocystis spp., which are reported
to be contained within the genus Plasmodium (Galen et al., 2018). We
seek to improve sensitivity over previous analyses through our appli-
cation of Bayesian phylogenetic inference (Holder and Lewis, 2003;
Yang and Rannala, 2012), inclusive taxon sampling (Pollock et al.,
2002; Zwickl and Hillis, 2002; Heath et al., 2008), and inclusion of
indels (Belinky et al., 2009; Nagy et al., 2012; Luan et al., 2013). We
chose the use of the 18S rRNA gene given: 1) it is a commonly se-
quenced gene with a large amount of available sequence data (Quast
et al., 2012; Yilmaz et al., 2013); 2) it has been a predominant focus of
previous phylogenetic studies on P. knowlesi (Singh et al., 2004;
Jongwutiwes et al., 2004; Bronner et al., 2009; van Hellemond et al.,
2009; Jiang et al., 2010; Yusof et al., 2016); 3) the inclusion of indels
may be particularly important to resolving its phylogenetic history (Mu
et al., 2011; Nagy et al., 2012). We utilized nearly full-length 18S gene
data, and include SNPs and binary indel data as separate blocks within
the same analyses. We analyze our tree using distance-based statistics to
directly test for population structure between P. knowlesi strains in-
fecting human and long-tailed macaque hosts. We included only se-
quences from the state of Sarawak in Malaysian Borneo, a hot spot of P.
knowlesi emergence (William et al., 2013), in this analysis to avoid
geographic sampling bias. We evaluate our results in the context of
three hypotheses (Fig. 1): 1) that P. knowlesi is a strict zoonosis; 2) that
P. knowlesi displays strict host specificity; 3) that P. knowlesi displays
patterns of specialization within hosts, but with limited zoonotic
transmission.

2. Methods

2.1. Sequence processing

We utilized all Plasmodium and Hepatocystis spp. sequences in the
Silva 128 18S gene database (Quast et al., 2012; Yilmaz et al., 2013);

this consists of 413 sequences in total. Of these, we could attribute 47
sequences to P. knowlesi (see Supplementary Table 1). Sequences were
compiled from the Silva 128 database using an automated tcsh-shell
script; the Babesia divergens sequence AJ439713 was also included with
these as an outgroup. This outgroup sequence was chosen as Babesia
spp. are among the closest relatives of Plasmodium spp. with available
18S sequence information. Sequences were aligned using the Mafft Q-
ins-i iterative alignment for structural RNAs (Katoh and Standley,
2013). Redundant sequences were removed using the CD-hit program
(Li and Godzik, 2006; Fu et al., 2012), and remaining sequences
(N=320, including the outgroup, of which 28 were attributable to P.
knowlesi) were realigned using the Q-INS-i iterative alignment. Pro-
cessed sequences were compiled into Nexus format in two partitions to
produce an all-sequence indel-informed tree: one partition contained
full sequence data; the other contained only presence-absence data for
each base in the alignment. Host and geographic information were re-
corded for each remaining unique sequence using National Center for
Bioinformation Technology (NCBI) Genbank; relevant publications
were consulted when necessary. Plasmodium spp. possess multiple co-
pies of the 18S gene that are traditionally classified as A-type that are
primarily transcribed during the asexual life stage of the parasite in its
vertebrate host, and S-type that are primarily transcribed during the
sexual life stage of the parasite during its mosquito host (Waters, 1994;
Gardner et al., 2002; Leclerc et al., 2004). As these two types of loci are
the result of multiple duplication events, the true homologs of these loci
in other Plasmodium spp. are unknown, and as A-type and S-type loci
are not definitively known to be homologs of one another across Plas-
modium spp., all 18S paralog sequences were included in our analysis
(Nishimoto et al., 2008; Jiang et al., 2010); ribosome type (i.e. A-type
or S-type) was controlled for during down-stream data analysis (see
“2.3 Statistics”). In order to establish the role of indels in driving our
results, we also produced a tree using the full 18S dataset but excluding
the indel partition from the final Nexus file: an all-sequence no-indel
tree.

In addition to producing phylogenetic trees based on all Plasmodium
and Hepatocystis spp. sequences available, we also produced trees that
contained only P. knowlesi sequences to establish the impact of our
taxon sampling in driving our conclusions. Two of these trees were type
specific and contained only either the (self-reported) A-type (N=14)
or S-type (N=12) sequences from Malaysia (i.e. A-type-only and S-
type-only P. knowlesi-specific trees). A third tree contained all P.
knowlesi sequences remaining after dereplication in the all-sequence
analysis, regardless of reported type or host location (N=28): a gen-
eral P. knowlesi-specific tree. A sequence from Plasmodium falciparum
(ACBR01000732) was used as an outgroup in all P. knowlesi-specific
analyses due to its distant position from simian malarial agents (Loy
et al., 2017).

2.2. Phylogenetic analysis

Bayesian trees were constructed for all sequence sets (i.e. the all-
sequence, and P. knowlesi-specific analyses) using MrBayes (version
3.2.6) on Xsede (Ronquist et al., 2012), accessed through the CIPRES
Portal. Indel and sequence data were included in analyses for all of
these data sets as separate but equally weighted partitions. All terminal
positions that contained a gap in any sequence were coded as missing
data to ensure that poor coverage would not bias our indel analysis. In
addition, an all-sequence tree was constructed without the use of indels
to assess the role of indels in driving our results. This tree treated all
gaps as missing data. During the construction of all trees, sequence data
were analyzed using a Generalized Time Reversible (GTR) model with
gamma-distributed rate variation and a proportion of invariable sites;
this model was chosen to minimize the assumptions and constraints
imposed upon our analysis as this has been shown to be a more con-
servative approach (Huelsenbeck and Rannala, 2004). The indel parti-
tions, when included, were analyzed using a binary model with rate
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variation between sites and a proportion of invariable sites. All analyses
contained two runs, with four chains per run. The all-sequence analyses
had 10,000,000 iterations per run; the P. knowlesi-specific analyses
utilized 100,000,000 iterations per run. Trees were sampled from each
run every 1000 generations. In all cases, consensus trees were built
based on majority rule after discarding the first 25% of samples from
each run as burn-in.

2.3. Statistics

Statistical tests were performed in R Studio version 1.1.456
(RStudio, 2016), using R version 3.5.3 (R Core Team, 2018). Tests for
genetic structuring between sub-populations are often conducted using
Fst-based tests of allele frequency distributions (Goudet et al., 1996).
However, this approach is inappropriate for our dataset because of an
almost complete lack of allele frequency reports for P. knowlesi. Instead,
we analyzed the partitioning of genetic variation in our consensus trees
using PerMANOVAs accessed through the “vegan” package (Oksanen
et al., 2018). This approach is highly similar to an Analysis of Molecular
Variance (AMOVA; see Excoffier et al., 1992), except that it allows for
inference of distances between sequences based on a full Bayesian
character-based evolutionary model, rather than simple pairwise ge-
netic distances. This use of Bayesian inference has the advantage of
allowing us to account for several factors—such as insertion-deletion
events, mutation rate variation between sites, and differential mutation
rates across lineages (Holder and Lewis, 2003)— that cannot be in-
corporated into a traditional AMOVA (Excoffier et al., 1992). Branch
length information was extracted from our trees using the “APE”
package (Paradis et al., 2004). Overall, the structure of the all-sequence
tree was assessed in the context of parasite identifications (the species,
or genus in the case of Hepatocystis, to which a sequence had been as-
cribed in the database), the broader taxonomic grouping of the host
from which a sequence was isolated, and the geographic location from
which a sequence was collected, using a multi-way PerMANOVA design
with marginal (“type III”) sums of squares to control for confounding
effects among these multiple variables. PerMANOVAs were also used to
assess structuring of P. knowlesi sequences between hosts on all trees.
Two 18S rRNA types are reported from P. knowlesi: the A-type expressed
in asexual life-stages and the S-type expressed in sexual life-stages
(Leclerc et al., 2004). To account for this in the all-sequence analysis
and the P. knowlesi-only sequence analysis, we assessed the genetic
structuring of P. knowlesi between human and macaque hosts using a
PerMANOVA that included rRNA-gene type as a blocking effect within
the model and restricted permutations within these types when asses-
sing p-value. Sequences were excluded from these analyses when A-type
or S-type had not been identified on NCBI Genbank or in the published

literature. Several unique sequences were from the same hosts. To
control for this in our analysis, isolate identifications were included as a
nested effect within host type within all PerMANOVAs. We also as-
sessed differences in the assortment of isolates from human and ma-
caque hosts into different clades using a multinomial z-pooled un-
conditional exact test (Lydersen et al., 2012), which is similar to the
Barnard's Exact Test (Barnard, 1945). We chose this test as it is more
powerful than Fisher's Exact test at low sample sizes (Mehta and
Senchaudhuri, 2003), while maintaining appropriately low Type I error
(Mehrotra et al., 2003). Exact tests were performed with the “Exact”
package in R (Calhoun, 2016). These tests were performed separately
for A-type and S-type loci, and all isolates were counted only once for
each locus type regardless of the number of sequences derived from it.
This analysis was only performed for A-type clades on the all-sequence
no-indel tree, due to lack of separate S-type clades on this tree. Lower
resolution and lack of clearly defined clades precluded exact test ana-
lyses of host-type distributions on any of the P. knowlesi-only trees. To
eliminate potential sampling biases based on geography, we restrict all
of our statistical tests on structuring and partitioning of P. knowlesi
between hosts to sequences and isolates from the state of Sarawak in
Malaysian Borneo. All reported p-values are two-tailed.

3. Results

3.1. Tree topology

The all-sequence indel-informed dataset produced a highly-struc-
tured tree. All branches exhibited posterior probabilities of at least
50%, with a tendency for substantially higher support on more terminal
nodes relative to mid-tier divisions. The overall tree was significantly
structured by the taxonomic identification of parasites (Psuedo-
F=3.13; p < .0001; Supplementary Fig. 1), the broader taxonomic
classification of their hosts (Psuedo-F=3.06; p < .0034;
Supplementary Fig. 2), and the geography of collection sites (Psuedo-
F=4.79; p < .0001; Supplementary Fig. 3). Although sequences were
heavily grouped with parasites of the same species (or genus in the case
of Hepatocystis spp.), polyphyly was observed based on most self-re-
ported Plasmodium and Hepatocystis species identifications. Plasmodium
gonderi and P. juxtanucleare were the only monophyletic exceptions,
although each species only had two sequences represented on the tree.
Plasmodium brasilianum, P. cathemerium, P. gallinaceum, P. lophurae, and
P. simium were all only represented by a single sequence and could not
be evaluated for monophyly.

Plasmodium knowlesi identification was polyphyletic for the A-type,
and these divergent clades were divided into a strictly human-hosted
clade (Posterior Probability= 1) and a macaque-host dominated clade

Fig. 1. Hypothesized Modes of Transmission for Plasmodium knowlesi. Under strict zoonosis human infections are acquired from macaques and this is reflected by the
clustering of human-isolated strains within predominantly macaque-hosted clades. Under host-specific transmission regimes, infections transmit only within hosts,
and strains isolated from humans and macaques cluster separately. Under host specialized transmission human and macaque isolated strains tend to cluster apart
from one another reflecting transmission within hosts, but some human isolated strains cluster with macaque strains reflecting limited zoonotic transmission.
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(PP=1) with unequivocal support. In contrast to the A-type sequences,
all S-type sequences were distributed into a single large but weakly-
supported clade (PP=0.5268) with a clear and well-supported division
between isolates taken from macaque (PP= 1) and human hosts
(PP=0.91).

3.2. Structuring of genetic variation between humans and macaques in P.
knowlesi

We tested for the partitioning of genetic variation between human
and macaque hosts in P. knowlesi using a PerMANOVA while controlling
for isolates by nesting them within hosts and 18S type (A-type and S-
type) included as a blocking effect in the model. We found significant
clustering of sequences by human and macaque hosts (pseudo-
F= 29.81; p-value= .00025) on the all-sequence indel-informed tree
(Fig. 2), and the all-sequence no-indel tree (pseudo-F= 8.70;
p= .00542; Supplementary Fig. 4). However, we did not find sig-
nificant clustering of sequences between human and macaque hosts on
the general P. knowlesi-specific tree (pseudo-F=1.37; p= .274) (Sup-
plementary Fig. 5), the A-type-only P. knowlesi-specific tree (pseudo-
F= 0.68; p= .4625; Supplementary Fig. 6) or the S-type-only (pseudo-
F= 1.08; p= .5694; Supplementary Fig. 7) P. knowlesi-specific tree. We
found significant, non-random (i.e. biased) distributions of isolates
from different host types (human or long-tailed macaque) across the
two A-type (Barnard's Exact Test: p= .01313) and two S-type (Bar-
nard's Exact Test: p= .01806) clades of the all-sequence indel-informed
tree. These results were identical for the A-type sequences in the all-
sequence no-indel tree.

4. Discussion

We report phylogenetic patterns of cryptic genetic partitioning be-
tween strains of P. knowlesi infecting humans and long-tailed macaques
across both paralogous A-type and S-type loci of the 18S rRNA gene.
The reasons for this partitioning remain unresolved, but our results

provide statistical support for a predisposition of certain P. knowlesi
strains to occur differentially in human and long-tailed macaque hosts.
This could occur as a result of variability in the capacity of different P.
knowlesi lineages to zoonotically transmit from macaques to humans
(i.e. a bias toward zoonotic transmission of particular lineages), or as a
result of historic host switching events with independent lineage-spe-
cific macaque-to-macaque and human-to-human transmission of P.
knowlesi in Sarawak (i.e. a bias toward within-host transmission of se-
parate lineages in macaques and humans). These two hypothesized
explanations should result in different phylogenetic patterns. We would
expect biased-zoonotic transmission of certain strains to result in the
nesting of sequences derived from human hosts with macaques within a
broader clade of sequences from macaques, reflecting the zoonotic
transmission of a subset of related macaque-hosted lineages into hu-
mans and the ongoing transmission of these lineages within macaque
hosts. In contrast, we would expect historic host-switching events and a
bias for within-host transmission of lineages in humans and macaques
to result in a deeper division between parasite lineages isolated from
different hosts. The very limited sequence data currently available on
sympatric P. knowlesi infecting macaques and humans in Sarawak pre-
vents us from assessing either of these hypotheses. We do, however,
observe A-type and S-type clades composed entirely of sequences iso-
lated from human hosts, and the deep divergence of these from clades
that contain macaque sequences. We also note the lack of an A-type
clade containing only macaque sequences. Anecdotally, these results
are consistent with two alternative transmission pathways leading to P.
knowlesi infections in humans: a human-to-human transmission
pathway and an ongoing zoonotic transmission pathway from long-
tailed macaque hosts. This transmission pattern does seem plausible, as
the inhabitants of Malaysian Borneo have been reported generally to
avoid regions lacking both large areas of jungle and macaques (Md-Zain
et al., 2011; Karuppannan et al., 2014; Loft et al., 2016). In addition,
the two A-type sequences that were isolated from human hosts and that
grouped with macaques were specifically reported from individuals that
had spent time in wilderness areas, and in the case of FJ804768, time

Fig. 2. Plasmodium knowlesi Clades on All-Sequence Indel-Informed Bayesian Tree of Archival 18S Gene Sequences. Only self-designated P. knowlesi sequences are
shown. Clades that do not contain P. knowlesi are collapsed, and lone sequences of non-knowlesi species are designated with an asterisk. Individual sequences are
labeled with the P. knowlesi 18S gene type (A-type or S-type). Sequences without specified 18S gene types, without specified hosts, that were from outside of Sarawak,
lab strains, and outliers were excluded from the analysis and are designated in gray. Remaining Plasmodium knowlesi clades are designated and labeled by host types
and 18S gene type. Isolate identifications for each P. knowlesi sequence are shown in parenthesis at the end of each sequence label. Node shapes (diamonds) represent
posterior probabilities: larger and darker diamonds represent higher posterior probabilities and range in color from lightest gray (posterior probability= .5) to black
(posterior probability= 1).
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with macaques (Bronner et al., 2009; van Hellemond et al., 2009). At
present, however, we can conclude only that existing 18S sequences of
P. knowlesi infecting humans and long-tailed macaques in Sarawak,
Malaysia, are drawn non-randomly from phylogenetically distinct
pools.

Our overall tree structure was heavily influenced by taxonomic
identification of sequences, but did display polyphyly for some taxa.
This result is not unexpected given our use of transcribed paralogous
gene loci (Funk and Omland, 2003). It may, however, also be indicative
of incorrect taxonomic identifications in the SILVA database
(Breitwieser et al., 2017). An examination of the literature from which
sequences were derived revealed identifications using: phylogenetic
approaches, particularly distance-based approaches, such as neighbor-
joining trees (Seethamchai et al., 2008; Li et al., 2013); morphological
identifications (Contacos et al., 1972; Schumacher, 1973); hybridiza-
tions (Li et al., 1997; Kawamoto et al., 2002); species-specific primers
(Win et al., 2004); and archival data on long-term laboratory strains
(Kissinger et al., 2002; Wiersch et al., 2005; Carlton et al., 2008). These
diverse methods may have given rise to ambiguities in the taxonomic
assignment of these sequences. Our results support calls for standardi-
zation of sequence-based techniques for Plasmodium identification
(Kobayashi et al., 2015) and further exploration of Plasmodium diversity
(Perkins and Schaer, 2016). Standardized methods and broader in-
formation on Plasmodium diversity may also be important to under-
standing the relative zoonotic potential of P. knowlesi in particular given
the high levels of divergence within P. knowlesi (Assefa et al., 2015),
recent reports of cryptic Plasmodium species within macaques (Raja
et al., 2018), and the reported problems that this has caused for other
phylogenetic studies on P. knowlesi (Leclerc et al., 2004).

Our results reveal phylogenetic patterns of host usage that are in-
consistent with other studies on P. knowlesi (Lee et al., 2011; Jeslyn
et al., 2011), including other studies that utilize one or both sets of 18S
loci that we use in our study (Singh et al., 2004; Jongwutiwes et al.,
2004; Yusof et al., 2016). Inclusive taxon sampling appears to be the
primary factor contributing to our findings, a result that is consistent
with reports in other systems (Pollock et al., 2002; Zwickl and Hillis,
2002; Heath et al., 2008). The inclusion of indel information was not
decisive to our findings, but did improve resolution and allow for the
detection of host-correlated divisions within S-type loci. Our use of
Bayesian inference may also be important. Previous phylogenetic stu-
dies on population structure of P. knowlesi across humans and macaques
have relied on Maximum Parsimony (Singh et al., 2004; Lee et al.,
2011), Maximum Likelihood (Singh et al., 2004), and Neighbor-Joining
(Singh et al., 2004; Jongwutiwes et al., 2004; Bronner et al., 2009; van
Hellemond et al., 2009; Jiang et al., 2010; Jeslyn et al., 2011; Lee et al.,
2011) approaches. Bayesian approaches can better account for: mul-
tiple mutations at the same site, differential mutation rates across
lineages, differential substitution rates between bases, and variation in
mutation rates across sites relative to the Neighbor-Joining and Max-
imum Parsimony Methods that have dominated previous analyses
(Holder and Lewis, 2003; Yang and Rannala, 2012, and have been
shown to be more accurate than maximum-likelihood methods under
some circumstances (Beerli, 2005; Hall, 2005).

Our results support the hypothesis of structuring between human
and macaque P. knowlesi populations. These findings should, however,
be interpreted in the context of several important caveats. First, struc-
turing does not imply isolation of populations and our results do not
dispute the occurrence of zoonosis as a cause of human knowlesi-ma-
laria. Second, we only examined paralogous 18S rRNA genes. While
these have been commonly utilized in previous phylogenetic studies on
P. knowlesi (e.g.: Singh et al., 2004; Jongwutiwes et al., 2004; Bronner
et al., 2009; van Hellemond et al., 2009; Jiang et al., 2010; Yusof et al.,
2016), they may not be representative of its general evolutionary his-
tory. Third, the P. knowlesi sequences in our study were overwhelmingly
taken from humans and long-tailed macaques; P. knowlesi strains from
pig-tailed macaques (Macaca nemestrina) are reported to differ from

those seen in long-tailed macaques (Divis et al., 2015; 2017). Though
long-tailed macaques are believed to be the primary reservoir for
human P. knowlesi, more information on the 18S loci of P. knowlesi
strains found in pig-tailed macaques may provide additional insights
into the transmission of this parasite. Our study is also lacking in-
formation on P. knowlesi occurrence within vectors. The different vec-
tors of P. knowlesi do have differential preferences for humans and
macaques (Vythilingam et al., 2016), and adaptation to specific mos-
quito species could therefore drive apparent patterns of host preference
in P. knowlesi. Finally, the P. knowlesi sequences used in our statistical
analyses were strictly from the state of Sarawak in Malaysian Borneo.
While this relative sympatry minimizes geographic location as a con-
founding influence on our analysis, it also hinders extrapolation of our
findings to other regions. The Anopheles vectors of P. knowlesi
(Vythilingam et al., 2016) and patterns of human-macaque interactions
vary widely across geographic and cultural boundaries in Southeast
Asia (Fuentes, 2006), and these may give rise to local variation in the
zoonotic transmission of P. knowlesi. Multiple genetic analyses have
shown strong geographic structuring between P. knowlesi strains in
Peninsular Malaysia and Malaysian Borneo that clearly outweigh any
structuring between hosts (Yusof et al., 2016; Divis et al., 2017), sug-
gesting that human-to-human transmission or other lineage-specific
biases in the transmission of P. knowlesi to humans, if they are occur-
ring, are a predominantly local phenomenon that has arisen more than
once in the context of more recent cross host transmission. Ultimately,
considerably more information is needed to draw definitive conclusions
about within and across host transmission patterns of P. knowlesi in any
location. Our results do however, raise important questions about the
sources of P. knowlesi infections in humans in Malaysian Borneo, and
demonstrate the need for a data-driven reevaluation of the largely un-
tested assumption that zoonotic transmission acts as the primary, or
even exclusive, source of human knowlesi-malaria in this hotspot of
human P. knowlesi-malaria emergence.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.103994.
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