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a b s t r a c t

Hemoparasites of the apicomplexan family Plasmodiidae include the etiological agents of malaria, as well
as a suite of non-human primate parasites from which the human malaria agents evolved. Despite the
significance of these parasites for global health, little information is available about their ecology in
multi-host communities. Primates were investigated in Kibale National Park, Uganda, where ecological
relationships among host species are well characterized. Blood samples were examined for parasites of
the genera Plasmodium and Hepatocystis using microscopy and PCR targeting the parasite mitochondrial
cytochrome b gene, followed by Sanger sequencing. To assess co-infection, ‘‘deep sequencing’’ of a vari-
able region within cytochrome b was performed. Out of nine black-and-white colobus (Colobus guereza),
one blue guenon (Cercopithecus mitis), five grey-cheeked mangabeys (Lophocebus albigena), 23 olive
baboons (Papio anubis), 52 red colobus (Procolobus rufomitratus) and 12 red-tailed guenons (Cercopithecus
ascanius), 79 infections (77.5%) were found, all of which were Hepatocystis spp. Sanger sequencing
revealed 25 different parasite haplotypes that sorted phylogenetically into six species-specific but mor-
phologically similar lineages. ‘‘Deep sequencing’’ revealed mixed-lineage co-infections in baboons and
red colobus (41.7% and 64.7% of individuals, respectively) but not in other host species. One lineage
infecting red colobus also infected baboons, but always as the minor variant, suggesting directional
cross-species transmission. Hepatocystis parasites in this primate community are a diverse assemblage
of cryptic lineages, some of which co-infect hosts and at least one of which can cross primate species
barriers.

� 2013 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hemoparasites of the apicomplexan family Plasmodiidae in-
clude some of the most globally important human pathogens. Over
20 species of Plasmodium, which cause malaria, are known to infect
non-human primates and at least four species, Plasmodium inui,
Plasmodium simium, Plasmodium cynomolgi and Plasmodium knowl-

esi, are known to be transmissible to humans (Coatney et al., 2003;
Cox-Singh et al., 2008). Human malaria parasites, including the
particularly virulent Plasmodium falciparum, have zoonotic origins
in non-human primates (Escalante et al., 1998; Rich et al., 2009;
Duval et al., 2010; Krief et al., 2010; Liu et al., 2010; Prugnolle
et al., 2011). However, the specific primate species from which
each human malaria agent originated remains a matter of debate.
Although the closest relative of P. falciparum was previously con-
sidered to be P. reichenowi, found in chimpanzees (Pan troglodytes),
recent studies have discovered more closely related Plasmodium
variants in other African apes and monkeys (Rich et al., 2009; Du-
val et al., 2010; Krief et al., 2010; Liu et al., 2010; Prugnolle et al.,
2011).
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Studies of Plasmodium and its relatives in non-human primates
have been highly informative but influenced by the geography of
sampling. Samples from captive animals close to humans may bias
results towards zoonotic and reverse zoonotic transmission (Liu
et al., 2010; Prugnolle et al., 2011). Broad surveys of primate hosts
have yielded valuable data on geographic patterns of infection, but
inferences about local transmission are difficult to make from such
studies (Liu et al., 2010; Ayouba et al., 2012). Focused investiga-
tions of particular host species are useful for measuring local prev-
alence and parasite diversity but less so for examining
transmission among species (Krief et al., 2010; Liu et al., 2010).
Evaluating the propensity for Plasmodium and its relatives to cross
species barriers in nature would require studying well-defined
ecological communities where multiple host species are poten-
tially exposed to the same vector populations (Prugnolle et al.,
2011).

This study reports results from the well-characterized primate
community of Kibale National Park, Uganda (Kibale, hereafter)
and the infection of its constituent host species with parasites of
the genera Plasmodium and Hepatocystis. Like Plasmodium, Hepato-
cystis is a hemosporidian parasite within the family Plasmodiidae
that infects primates (Desser and Bennett, 1993). Unlike Plasmo-
dium, Hepatocystis is transmitted by biting midges of the genus
Culicoides, rather than anopheline mosquitoes (Garnham, 1966).
At least four species of Hepatocystis are known to infect African
monkeys: Hepatocystis kochi, Hepatocystis simiae, Hepatocystis
bouillezi and Hepatocystis cercopitheci (Seethamchai et al., 2008).
Hepatocystis can cause parasitemia for up to 15 months without
causing clinical signs (Vickerman, 2005), although early studies
documented anemia and visible merocyst production, followed
by scarring of the liver (Garnham, 1966). Primates can be infected
repeatedly and prevalence increases with age (Vickerman, 2005).
Hepatocystis is not known to infect humans.

Microscopy and molecular methods were used to assess infec-
tion in six species of monkeys in Kibale: black-and-white colobus
(Colobus guereza), blue guenons (Cercopithecus mitis), grey-cheeked
mangabeys (Lophocebus albigena), olive baboons (Papio anubis), red
colobus (Procolobus rufomitratus), and red-tailed guenons (Cercopi-
thecus ascanius). ‘‘Deep sequencing’’ was then used to assess co-
infection of individual hosts with multiple parasite variants. To
our knowledge, this is the first study of cross-species transmission
of malaria-like parasites in a well-defined community of wild pri-
mates where host species overlap spatially and temporally and
would thus encounter the same vector population.

2. Materials and methods

2.1. Study site and sampling

Kibale is a 795 km2 semi-deciduous, mid-altitude forest in wes-
tern Uganda (0�130–0�410 N, 30�190–30�320E; Chapman and Lam-
bert, 2000) within the Albertine Rift, an area of exceptional
biological diversity and conservation value (Plumptre et al.,
2007; Fig. 1). Kibale’s primate community has been studied for
over 40 years, such that a wealth of information exists on the ecol-
ogy of its 13 constituent species (Chapman et al., 2005). Plasmo-
dium infection has previously been documented in Kibale’s
chimpanzees (Krief et al., 2010).

As part of a larger study of primate ecology, conservation and
health (Goldberg et al., 2012), 34 animals in 2006 and 68 animals
in 2010 were chemically immobilized as previously described
(Goldberg et al., 2009; Lauck et al., 2011). Blood was drawn from
the femoral vein, placed into an evacuated plasma collection tube
(Becton, Dickinson and Company, Inc, Franklin Lakes, NJ, USA) and
kept cool until processing. At the time of sampling, two thin blood

smears were prepared, which were fixed and stained with Wright–
Giesma stains within 5 h of collection. Blood was separated by cen-
trifugation in a field laboratory and frozen immediately in liquid
nitrogen for storage and transport. All animal procedures were ap-
proved by the Uganda National Council for Science and Technol-
ogy, the Uganda Wildlife Authority, and the animal use
committees of University of Wisconsin-Madison, USA and McGill
University, Canada. Samples were shipped following International
Air Transport Association (IATA) regulations under Ugandan Con-
vention on International Trade in Endangered Species of Wild Fau-
na and Flora (CITES) permit #002290.

2.2. Microscopy

Thin blood smears were viewed under 1000� oil immersion
using a Nikon Eclipse e600 light microscope. For each slide, a field
containing a representative monolayer of red blood cells (RBCs)
was identified and all RBCs in that field were counted. This process
was repeated five times, to produce an average number of RBCs per
field. One hundred fields, or the maximum number of viewable
fields on the slide, were then scanned for intra-erythrocytic para-
sites morphologically consistent with Plasmodium or Hepatocystis.
Intensity of infection was calculated as: [total number of infected
RBCs/(average number of RBCs per field � number of fields
scanned)] � 100 (Warhurst and Williams, 1996).

2.3. PCR and sequencing

DNA was extracted from blood using a Zymo Quick-gDNA Mini-
Prep kit (Zymo Research, Irvine, CA, USA) according to the manu-
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Fig. 1. Map of Kibale National Park, Uganda, within the Albertine Rift, a region of
exceptional biodiversity and conservation value shared by Uganda, Rwanda,
Burundi, Tanzania, Zambia and the Democratic Republic of the Congo.

614 M.I. Thurber et al. / International Journal for Parasitology 43 (2013) 613–619



Author's personal copy

facturer’s instructions. PCR targeting the mitochondrial cyto-
chrome b gene of Plasmodium and Hepatocystis was conducted
using newly designed ‘‘universal’’ primers CytB3384F (50-
GTAATGCCTAGACGTATTCCTG-30) and CytB3706R (50-
GTTTGCTTGGGAGCTGTAATC-30), which generate amplicons of pre-
dicted sizes 1,391 bp for Hepatocystis spp. and 1,254 bp for Plasmo-
dium spp. PCRs were performed in 25 ll volumes using the FailSafe
system (EpiCenter Biotechnologies, Madison, WI, USA), with reac-
tions containing 1x FailSafe PCR PreMix with Buffer E, 1 Unit of
FailSafe Enzyme Mix, 2.5 pmol of each primer and 1 ll of template.
Reactions were cycled in a Bio-Rad CFX96 platform (Bio-Rad Labo-
ratories, Hercules, CA, USA) with the following temperature profile:
94 �C for 1 min; 45 cycles of 94 �C for 15 s, 50 �C for 30 s, 72 �C for
90 s; and a final extension at 72 �C for 10 min. Amplicons were
electrophoresed on agarose gels stained with ethidium bromide
and purified from gels using the Zymoclean Gel DNA Recovery
Kit (Zymo Research, Irvine, CA, USA) according to the manufac-
turer’s instructions.

Products were Sanger sequenced in both directions using prim-
ers CytB3384F and CytB3706R, as well as internal sequencing
primers CytB4081F (50-TTACATTTACATGGTAGCAC-30) and
Cytb4062R (50-GTGCTACCATGTAAATGTAA-30) on ABI 3730xl DNA
Analyzers (Applied Biosystems, Carlsbad CA, USA) at the University
of Wisconsin Biotechnology Center DNA Sequence Facility. Se-
quences were hand-edited using Sequencher v4.9 (Gene Codes
Corporation, Ann Arbor MI, USA) and all ambiguous bases were re-
solved by repeat PCR and re-sequencing, as described above. All
new sequences were deposited in GenBank, under Accession Nos.
KC262794-KC262867.

2.4. Pyrosequencing

To assess co-infection, 40 samples were chosen for multiplexed
pyrosequencing based on phylogenetic analyses of Sanger se-
quences, such that all combinations of lineages and host species
were represented. The primers 454cytbF (50-GAGAATTATGGAGT
GGATGGTGTT-30) and 454cytbR (50-ATGCTGTATCATACCCTAAAGG-
ATT-30) were designed to amplify 420 bp of a variable and phyloge-
netically informative region of cytochrome b within Hepatocystis
sequences from Kibale, based on analysis of Sanger sequences. To
allow multiplexing, unique identification tag sequences (10 bp)
and adaptor sequences (25 bp) were designed for each of the 40
individuals. PCRs were conducted with the Phusion High-Fidelity
PCR Kit (Finnzymes, Espoo, Finland) in 20 ll volumes containing
1X Phusion HF buffer, 10 mmol of dNTPs, 1 unit of Phusion DNA
Polymerase, 5.0 pmol of each primer and 1 ll of original DNA ex-
tract as template. Reactions were cycled in a Bio-Rad CFX96 plat-
form (Bio-Rad Laboratories, Hercules, CA, USA) with the
following temperature profile: 98 �C for 30 s; 30 cycles of 98 �C
for 10 s, 57 �C for 15 s, 72 �C for 150 s; and a final extension at
72 �C for 5 min. Amplicons were purified as described above (Sec-
tion 2.3) and further cleaned using the AMPure XP PCR purification
system (Beckman Coulter, Brea CA, USA). DNA was quantitated
using the Quant-iT dsDNA HS Assay kit (Life Technologies, Madi-
son, WI, USA), concentrations were normalized to the least concen-
trated sample, and samples were pooled at 2x106 molecules/ll.
Pooled samples were then subjected to 454 emulsion PCR, and
products were pyrosequenced on a GS Junior instrument (Roche
454 Life Sciences, Branford, CT, USA).

2.5. Statistical analyses

Frequencies of infection and co-infection were calculated as
simple ratios, with 95% confidence limits estimated using the mod-
ified Wald method (Agresti and Coull, 1998). Mean and median
intensities of infection were calculated and 95% confidence limits

were generated using the computer program Quantitative Parasi-
tology 3.0 (Rózsa et al., 2000), which was also used to perform
Mood’s median tests (Mood, 1954) to compare intensities of infec-
tion among groups. Frequencies of infection among groups were
compared using Fisher’s exact tests (Fisher, 1925) and other statis-
tical comparisons were performed using the computer program
SPSS Statistics 17.0 (SPSS, Inc., Chicago, IL, USA).

Sanger sequences were aligned using the computer program
ClustalX (Larkin et al., 2007) with minor manual adjustment. To
construct phylogenetic trees, the neighbor joining method was ap-
plied (Saitou and Nei, 1987) using the computer program MEGA5
(Tamura et al., 2011), with a maximum composite likelihood dis-
tance correction and 1,000 bootstrap replicates of the data to as-
sess robustness of phylogenetic groupings. Phylogenetic trees
were constructed both from full-length alignments of newly gener-
ated Hepatocystis sequences (1,178 positions) and from alignments
trimmed to 726 bp to allow inclusion of shorter published refer-
ence sequences (Ayouba et al., 2012).

To assess co-infection of individual primates with multiple
Hepatocystis lineages using pyrosequencing data, individual se-
quences from each animal were mapped to newly generated and
published Hepatocystis cytochrome b sequences using CLC Genom-
ics Workbench 5.1 (CLC bio, Aarhus, Denmark) with stringent set-
tings, including minimum 95% similarity, 50% length fraction, and
insertion and deletion costs of three. Sequences were mapped to
each animal’s Sanger consensus sequence, to all other Hepatocystis
variants identified in Kibale primates as described above, and to
Hepatocystis reference sequences available in GenBank. An individ-
ual was considered to be co-infected when at least 5% of sequences
within that individual mapped to a Hepatocystis lineage other than
the lineage defined by that animal’s Sanger consensus sequence. To
guard against false positive results, a filtering step was applied to
exclude low quality and truncated sequences (less than 300 bases).

3. Results

3.1. Microscopy and PCR

Microscopy identified intraerythrocytic parasites in 75% of
blood smears across six primate species in Kibale (Table 1). Para-
sites displayed trophozoite and gametocyte forms that were mor-
phologically similar in all host species (Fig. 2). Prevalence ranged
from 22.2% in black-and-white colobus to 91.3% in baboons (Ta-
ble 1). Mean intensity (percentage of infected red blood cells)
across all species was 0.058%, ranging from 0.052% in baboons to
0.090% in black-and-white colobus. PCR yielded amplicons of the
predicted size in 77.5% of blood DNA extracts across all host spe-
cies, with species-specific prevalence agreeing closely with micros-
copy (Table 1). Based on both microscopy and PCR, prevalence
varied significantly across the four host species in which infection
was detected (Table 1; Fisher’s exact P < 0.001 in both cases). How-
ever, intensity was only marginally different across the same four
host species (Table 1; Mood’s exact P = 0.059).

3.2. Sanger sequences

Analysis of Sanger sequences revealed 25 Hepatocystis haplo-
types within the 79 PCR-positive Kibale primate samples. No pri-
mates were infected with Plasmodium. Phylogenetic analysis
sorted these haplotypes into six host-specific lineages, arbitrarily
numbered 1–6 (Fig. 3A). Lineage 1 infected baboons, lineages 2
and 3 infected red colobus, lineages 4 and 6 infected red-tailed
guenons, and lineage 5 infected black-and-white colobus. Boot-
strap values indicated strong to moderate support for this pattern
of clustering. Intensity of infection (measured using microscopy;
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see above) was not statistically different across the six lineages
(Table 1; Mood’s exact P = 0.100).

A second phylogenetic tree was generated using sequences
trimmed to 726 bp to incorporate 16 unique published Hepatocys-
tis reference sequences (Ayouba et al., 2012; Escalante et al., 1998;
Prugnolle et al., 2011). All six species-specific lineages identified in
Fig. 3A were retained in this second phylogeny (Fig. 3B). However,
the position of lineage 6 shifted, due to the exclusion of a region at
the 30 end of the full-length alignment within which lineage 6 con-
tained several point substitutions and a deletion. A reference se-
quence from an Ethiopian baboon (Papio sp.) clustered within
lineage 1, which infects Kibale baboons, and a reference sequence
from a greater spot-nosed guenon (Cercopithecus nictitans) was
identical to a haplotype within lineage 3, which infects Kibale
red colobus. Other reference sequences from greater spot-nosed
guenons, mustached guenons (Cercopithecus cephus), a mandrill
(Mandrillus sphinx), and a talapoin (Miopithecus talapoin) clustered
separately from the six Kibale lineages but fell within the overall
diversity circumscribed by the Kibale lineages.

3.3. Pyrosequencing and co-infection

Multiplexed pyrosequencing of 40 Hepatocystis 420 bp ampli-
cons yielded an average of 646 high-quality sequences per individ-
ual (S.D. = 232; range 278–1,198) of average length 398 bp

(S.D. = 25; range 302–420 bp). Mapping individual sequences to
Sanger sequences from each Kibale primate and published refer-
ence sequences identified mixed-lineage co-infections in 21 of 40
individuals (52.5%). All co-infections occurred in either baboons
(5/12; 41.7%) or red colobus (11/17; 64.7%). There was no evidence
of co-infections in red-tailed guenons (n = 9) or black-and-white
colobus (n = 2). Frequencies of mixed-lineage co-infection were
statistically different across host species (Fisher’s exact
P = 0.004). The number of sequences within singly infected individ-
uals (mean = 701 ± 265) and co-infected individuals
(mean = 564 ± 141) did not differ statistically (Mann–Whitney
U = 153.5; z = 1.05; P = 0.294), demonstrating that assessment of
co-infection was not biased by variation in sequencing ‘‘depth’’
among individuals.

Fig. 4 shows the pattern of single lineage and mixed lineage
infection and co-infection, respectively, for the 40 individuals sub-
jected to pyrosequencing. Black-and-white colobus were singly in-
fected only with lineage 5. Red-tailed guenons were singly infected
with either lineage 4 (1/9; 11.1%) or lineage 6 (8/9; 88.9%). Red col-
obus were either singly infected with lineage 2 (4/17; 23.5%) or
lineage 3 (2/17; 11.8%), or co-infected with a mixture of lineages
2 and 3 (11/17; 64.7%). The ratio of lineage 2: lineage 3 sequences
within the 11 co-infected red colobus ranged from 1:8.5 to 7.7:1.
Baboons were either singly infected with lineage 1 (7/12; 58.3%)
or co-infected with a mixture of lineages 1 and 2 (5/12; 41.7%).

Table 1
Prevalence and intensity of Hepatocystis infection in six primate hosts from Kibale National Park, Uganda.

Host nc Prevalence (%)a Intensity (%)b

Microscopy PCR Mean Median

Black-and-white colobus (Colobus guereza) 9 22.2 (5.3–55.7) 22.2 (5.3–55.7) 0.090 (0.083–0.090) 0.090 (undefined)
Blue guenon (Cercopithecus mitis) 1 0 (0.0–83.3) 0 (0.0–83.3) – –
Grey-cheeked mangabey (Lophocebus albigena) 5 0 (0.0–48.9) 0 (0.0–48.9) – –
Olive baboon (Papio anubis) 23 91.3 (72.0–98.8) 95.7 (77.3–99.9) 0.052 (0.030–0.088) 0.025 (95.7%: 0.010–0.032)
Red colobus (Procolobus rufomitratus) 46 89.1 (76.5–95.7) 88.5 (76.7–95.0) 0.058 (0.043–0.100) 0.038 (95.6%: 0.028–0.064)
Red-tailed guenon (Cercopithecus ascanius) 12 66.7 (38.8–86.5) 75.0 (46.2–91.7) 0.069 (0.035–0.121) 0.045 (96.1%: 0.013–0.158)
All 102 75.0 (65.4–82.6) 77.5 (68.4–84.5) 0.058 (0.045–0.078) 0.032 (95.6%: 0.024–0.041)

a Numbers in parentheses are 95% confidence limits calculated using the modified Wald method (Agresti and Coull, 1998).
b Intensity was measured as the percentage of infected red blood cells in positive animals, based on microscopic examination. Numbers in parentheses are bootstrap 95%

confidence limits (mean) and ‘‘exact’’ confidence intervals (median), with the precise level of confidence around each median indicated (the confidence interval for black-and-
white colobus was undefined because only two individuals were infected).

c Numbers indicate sample sizes of thin smears examined microscopically and blood DNA extracts used for PCR. Thin smears from six red colobus were not readable and
were thus excluded.

A B C D

E F G H

Fig. 2. Trophozoite and gametocyte stages of Hepatocystis in four primate host species. Trophozoites (A–D) and gametocytes (E–H) were photographed at 1,000�
magnification in representative thin blood smears stained with Wright-Giesma stain for each of the four Kibale primate species positive for Hepatocystis: olive baboon (A, E),
black-and-white colobus (B, F), red colobus (C, G) and red-tailed guenon (D, H).
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In co-infected baboons, lineage 2 was always the minor variant;
the ratio of lineage 1: lineage 2 sequences within the five co-in-
fected baboons ranged from 14.4:1 to 4.6:1. There was no evidence
of co-infection of any Kibale primate with any Hepatocystis lineage
that was not detected in the primates of Kibale using Sanger
sequencing.

4. Discussion

This study examined a community of wild primates in Uganda
where ecological relationships among host species are well defined
and where spatio-temporal overlap would make cross-species
transmission of vector-borne parasites possible. Microscopy and
PCR indicated rates of infection with Hepatocystis ranging from
approximately 20% to 90% across host species. This finding is con-
sistent with published data from wild greater spot-nosed guenons
in Cameroon, which documented a prevalence of Hepatocystis
infection of 49% (Ayouba et al., 2012). Even though Hepatocystis
infection was common, there was no evidence of Plasmodium infec-
tion, despite the fact that Plasmodium infects chimpanzees from
the same location (Krief et al., 2010). These results suggest that pri-
mate hosts vary in their susceptibility to parasites of the family
Plasmodiidae, even when those hosts live in the same
environment.

Despite morphological similarity among parasites, phylogenetic
analyses of cytochrome b sequences yielded strong evidence that

multiple host-specific Hepatocystis lineages infect Kibale primates
(Fig. 3A). These results are in contrast to the aforementioned study
of Cameroonian greater spot-nosed guenons, which showed a lack
of phylogenetic clustering of Hepatocystis haplotypes infecting this
species (Ayouba et al., 2012). However, the results of this study are
consistent with findings of host specificity in parasites in the sub-
genus Laverania infecting wild chimpanzees and lowland gorillas
(Gorilla gorilla), also from eastern and central Africa (Liu et al.,
2010). The current findings may have resulted from the longer
cytochrome b sequences generated in this study, relative to previ-
ously published methods (Liu et al., 2010). However, when se-
quences were trimmed to allow comparison with shorter
published reference sequences (Fig. 2B), the general pattern from
the analysis of full-length sequences persisted.

These results suggest that the evolution of the Hepatocystis
genus is shaped principally by host factors, rather than by geogra-
phy. Kibale, a forest park of only 795 km2, contains as much Hepa-
tocystis cytochrome b phylogenetic diversity as has previously been
documented in primates across sub-Saharan Africa (Prugnolle
et al., 2011; Ayouba et al., 2012). The Albertine Rift wherein Kibale
lies is a reservoir of biological diversity (Plumptre et al., 2007); per-
haps the diversity of Hepatocystis lineages within Kibale reflects
the unique biogeography of this region. It is also noteworthy that
one published reference sequence from an Ethiopian baboon clus-
ters within Kibale lineage 1, which infects olive baboons, a related
species (Fig. 2B), again suggesting a strong role of host factors in
shaping Hepatocystis evolution.

Fig. 3. Phylogenetic trees of Hepatocystis spp. (A) The tree was constructed from a 1,178 bp alignment of the mitochondrial cytochrome b gene for all PCR-positive primates
from Kibale National Park, Uganda. Numbers indicate bootstrap values (%) estimated from 1,000 resamplings of the sequence data; bootstrap values �50% are not shown.
Taxon names indicate the host species from which each sequence was recovered (OB = olive baboon; RC = red colobus; RT = red-tailed guenon; BW = black-and-white
colobus), followed by an arbitrary haplotype designation and the number of individuals infected with that haplotype in parentheses. Brackets indicate species-specific
lineages, arbitrarily labeled 1–6. (B) The tree was constructed using identical methods, but with sequences trimmed to 726 bp to allow incorporation of shorter published
reference sequences from an Ethiopian baboon (EB), 10 greater spot-nosed guenons (GSa-h), two mustached guenons (MGa,b), a mandrill (MD) and an Angolan talapoin (AT)
(GenBank accession numbers AF069626, JF923757, JF923758, JF923759, JF923760, JQ070819, JQ070820, JQ070869, JQ070892, JQ070901, JQ070903, JQ070910, JQ070938,
JQ070951 and JQ070953). Haplotypes sequenced in this study are shown in bold type. The trees are rooted with an outgroup Hepatocystis sequence from a small flying fox,
Pteropus hypomelanus (GenBank accession number FJ168565). The scale bar indicates the percentage of nucleotide substitutions per site.
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To our knowledge, this is the first study to use ‘‘deep sequenc-
ing’’ to investigate co-infection and cross-species transmission in a
malaria-like parasite. Pyrosequencing of a portion of cytochrome b
showed that mixed-lineage co-infection is common in Kibale red
colobus and baboons. No mixed-lineage co-infections were de-
tected in red-tailed guenons, despite roughly equal sampling
intensity. The ability to detect mixed-lineage co-infections in
black-and-white colobus was limited by the small number of in-
fected individuals. These results complement a previous study of
Asian crab-eating macaques (Macaca fasicularis), showing that
one animal out of 99 was infected with two distinct Hepatocystis
clones (Seethamchai et al., 2008).

In red colobus, individuals were singly and dually infected with
two Hepatocystis lineages. Within co-infected red colobus, some
individuals were co-infected with approximately equal propor-
tions of both lineages. In contrast, there were a lower proportion
of co-infected baboons, and all such baboons were co-infected with
one of the red-colobus-associated lineages as the minor variant.
Furthermore, no baboon was singly infected with this same red
colobus-associated lineage. Thus, despite co-infection of baboons
with red colobus-associated Hepatocystis, no red colobus were
co-infected with the corresponding baboon-associated lineage.
These results imply that red colobus-associated Hepatocystis can
cross primate species barriers to infect baboons, but that baboon-
associated Hepatocystis does not show a similar pattern of trans-
mission in the other direction.

Unfortunately, little information exists on the vectors that
transmit these parasites in Kibale. Hepatocystis is thought to be
transmitted by biting midges of the genus Culicoides (Garnham
et al., 1961). The patterns of infection observed for Hepatocystis
in Kibale primates could reflect the distribution and/or differential
host feeding preferences of vectors. Clearly, investigations of mid-
ges and other potential insect vectors in Kibale are in order, per-
haps coupled with blood meal analyses to identify patterns of
host preference (Molaei and Andreadis, 2006; Lassen et al.,
2011). Primates in Kibale often form mixed species groups, also
known as polyspecific associations, perhaps to guard against pre-
dation (Chapman and Chapman, 1996). In such groups, red colobus
associate preferentially with red-tailed guenons, and less so with
black-and-white colobus (Chapman and Chapman, 2000). Baboons
are largely terrestrial and do not form polyspecific associations
with these three arboreal species. The patterns of cross-species
transmission between red colobus and baboons described herein
cannot therefore be explained by patterns of association among
host species in Kibale.

It should be noted that a conservative analysis of pyrosequenc-
ing data may have underestimated rates of mixed-lineage co-infec-
tion. For example, small numbers of truncated, low quality
sequences were found in additional baboons and red colobus con-
sistent with the patterns shown in Fig. 4; these would have in-
creased estimates of the frequency of co-infection had they been
included. Haplotype-specific PCR followed by Sanger sequencing
may have higher sensitivity than pyrosequencing for detecting
mixed-lineage co-infection, although perhaps with higher error
rates. With improvements in ‘‘next generation’’ sequencing tech-
nologies, it should be possible to identify very low levels of mixed
lineage co-infection using methods similar to those described
herein (Shokralla et al., 2012), and without the need for labor-
intensive cloning (Seethamchai et al., 2008). It should also be noted
that sequence-level mitochondrial heteroplasmy has been docu-
mented in certain parasite taxa (e.g. Bowles et al., 1995; van Her-
werden et al., 2000; Curtis et al., 2001; Le et al., 2002; Messenger
et al., 2012). However, the host-specific and asymmetrical patterns
of infection documented for Hepatocystis in Kibale primates are
inconsistent with this type of variation, as well as with the low lev-
els of random genetic variation that would be expected from pro-
cesses such as mutation or sequencing error.

Overall, the results of this study show that Hepatocystis exists in
the Kibale primate community as a diverse assemblage of cryptic
lineages, some of which are capable of co-infecting hosts and at
least one of which can cross primate species barriers. These obser-
vations, together with the lack of Plasmodium infection in Kibale
monkeys despite its presence in Kibale chimpanzees (Krief et al.,
2010), demonstrate that the cross-species transmission potential
of the Plasmodiidae varies among parasite lineages, even when
hosts live in the same environment. Understanding why certain
parasites within the Plasmodiidae cross species barriers in nature
could help predict which new or poorly studied members of this
critically important parasite family are most likely to emerge.
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Fig. 4. Heatmap showing infection and co-infection of individual primates with
multiple Hepatocystis lineages. Rows represent 40 individual primates subjected to
pyrosequencing of a 420 bp amplicon of the parasite cytochrome b gene. The
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numbers (1–6) follow Fig. 3. Arrows indicate primates with mixed-lineage co-
infections, as evidenced by sequences mapping to more than one lineage.
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