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Abstract: Habitat disturbance and anthropogenic change are globally associated with extinctions and invasive

species introductions. Less understood is the impact of environmental change on the parasites harbored by

endangered, extinct, and introduced species. To improve our understanding of the impacts of anthropogenic

disturbance on such host–parasite interactions, we investigated an invasive trypanosome (Trypanosoma lewisi).

We screened 348 individual small mammals, representing 26 species, from both forested and non-forested

habitats in rural Uganda. Using microscopy and PCR, we identified 18% of individuals (order Rodentia) as

positive for trypanosomes. Further phylogenetic analyses revealed two trypanosomes circulating—T. lewisi and

T. varani. T. lewisi was found in seven species both native and invasive, while T. varani was identified in only

three native forest species. The lack of T. varani in non-forested habitats suggests that it is a natural parasite of

forest-dwelling rodents. Our findings suggest that anthropogenic disturbance may lead to spillover of an

invasive parasite (T. lewisi) from non-native to native species, and lead to local co-extinction of a native

parasite (T. varani) and native forest-dwelling hosts.

Keywords: disease, small mammals, forest fragment, Kibale National Park, Praomys, Rattus, Trypanosoma

lewisi, Trypanosoma varani

INTRODUCTION

As habitats experience anthropogenic disturbance, small

mammal community structure is altered. Changes in

community structure may also affect the prevalence of
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parasites that infect small mammal hosts (Keesing et al.

2006; Randolph and Dobson 2012; Young et al. 2013;

McCauley et al. 2015). In some cases, such changes have

resulted in losses of host populations and subsequently the

parasites they harbor (Koh et al. 2004; Altizer et al. 2007;

Chasar et al. 2009; Dunn et al. 2009; Bush et al. 2013). As

ecological theory predicts, the rates of spread and occur-

rence of parasites of these reduced populations should

decline as the host population decreases in size and density

(Anderson and May 1979; May and Anderson 1991).

Additionally, parasites are considered to play a key role in

food web structure and the loss of parasites may be detri-

mental to the stability of the ecosystem (Dunne et al. 2013).

Alternatively, anthropogenic changes may also lead to

introductions of invasive, disturbance-tolerant species, and

their associated parasites (Verneau et al. 2011). Habitat

loss, specifically in the form of deforestation, has been

linked to a decline in large predators leading to a subse-

quent increase in both rodent populations and the diseases

they harbor (Young et al. 2014). Pathogen emergence and

extinction are considered to be dependent on the complex

interactions among a specific pathogen, host, vector, and

habitat (Salkeld et al. 2013). A native pathogen may be

driven to extinction in disturbed habitats where oppor-

tunistic, generalist species are less competent hosts (Ped-

ersen et al. 2007), while a more generalist pathogen will

thrive in this same environment.

Trypanosomes are protozoan blood-borne parasites

that are known to infect humans, wildlife, and domestic

animals. There are at least 43 recorded trypanosome species

infecting 125 rodent species throughout the world (Hoare

1972). Despite the large number of trypanosomes associ-

ated with wild rodents, their infection dynamics, molecular

characteristics, zoonotic potential, and pathogenicity in

their natural hosts have received little attention (Sato et al.

2003). Our knowledge of the diversity of species within the

genus Trypanosoma, as well as the host-specificity of these

parasites and their vectors, is a growing field of study (e.g.,

Hamilton et al. 2007; Averis et al. 2009). Trypanosoma le-

wisi, primarily transmitted by the rat flea (Xenopsylla

cheopis), is closely associated with peridomestic rodents of

the genus Rattus (e.g., Rattus rattus, and R. norvegicus),

which are considered primarily responsible for the global

distribution of T. lewisi (Hoare 1972). The global spread of

T. lewisi has mirrored that of its host and vector, which

explains this parasite’s broad global distribution (Pinto

et al. 2006; Wyatt et al. 2008; Adams et al. 2010). Although

other rodents are susceptible to T. lewisi, the occurrence of

this parasite is often associated with pathogen spillover

from Rattus spp. to native species (Wyatt et al. 2008; Do-

bigny et al. 2011; Milocco et al. 2013). Native trypanosomes

are known to infect small mammals, but do not occupy as

broad of a host range as the invasive parasite, T. lewisi

(Dobigny et al. 2011).

Our study investigated trypanosomes of small mam-

mals of western Uganda in forest habitats within Kibale

National Park (KNP), and less-forested habitats outside the

protected boundaries of KNP. Our study aimed to specif-

ically investigate coexistence of invasive and native parasites

and further understand the distribution of these parasites

among host communities and habitat types. We hypothe-

sized that the small mammals of western Uganda, like other

areas of Africa, would be infected with the invasive parasite

T. lewisi as a consequence of pathogen spillover and species

invasion in disturbed habitats. Additionally, if other native

species of trypanosomes are identified, these parasites were

hypothesized to be more closely associated with native

small mammals and less disturbed habitats. We screened

for trypanosomes using both microscopy and molecular

techniques to determine parasite prevalence. The results of

this work contribute to our understanding of host speci-

ficity of trypanosomes circulating among small mammals

in habitats experiencing varied anthropogenic disturbance.

MATERIALS AND METHODS

Study Area

KNP is a 795 km2 mid-elevation tropical moist forest lo-

cated in the foothills of the Rwenzori Mountains in western

Uganda [0 130–0 410 N, 300190–300220 E] (Hartter 2009).

KNP was designated as a national park in 1993, and is

protected by the Uganda Wildlife Authority (Struhsaker

1997). Portions of KNP were logged at varied intensities in

the 1960s resulting in a series of contiguous forest com-

partments recovering from various logging intensities

(Chapman et al. 2000). Our sampling sites were divided

into two broad categories: forested and non-forested

habitats. Forested habitats consisted of four less disturbed

collection sites within the boundaries of KNP (relatively

pristine, lightly logged, heavily logged, and forest edge).

The non-forested habitats were outside KNP and included

two forest fragments and various human settlements (i.e.,

homes, trading-centers, research field station, and village

gardens) experiencing more extreme anthropogenic dis-
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turbance than areas within KNP. The degree and nature of

disturbance have been determined for these locations using

methods previously described (Gillespie and Chapman

2006).

Animal Collection and Identification

Animal collection was approved by the Uganda Wildlife

Authority, the Uganda National Council for Science and

Technology, local authorities (Local Chairman), and

homeowners, as well as IACUC from Emory University

(#062-2009) and the Centers for Disease Control and

Prevention (#1768).

From May through July 2009, animals from forested

areas and forest fragments were collected using a trapping

web containing 153 traps total. Each web was 200 m in

diameter containing a total of 148 Sherman traps

(3 9 3.5 9 900, H.B. Sherman Traps, Inc., Tallahassee, FL)

(Mills et al. 1999). Additionally, five Tomahawk traps

(19 9 6 9 600, Tomahawk Live Trap Co., Tomahawk, WI)

were set at the center and 50 m in the cardinal directions

and the center. We used pitfall traps in forested sites but

only one individual was collected via this method. We

collected in human dwellings (10 traps per home) where

the homeowner was interested in pest removal. Traps used

in webs and a majority of the human dwellings were con-

sistently baited in the evenings with a millet and peanut

butter mixture and collected at sunrise to prevent inad-

vertent death due to exposure. A few dwellings kept traps

and baited them with a variety of kitchen food waste; these

samples were included in the overall human dwellings

samples. Trapping webs were operated for three consecu-

tive nights on each trapping occasion as described in Salzer

et al. (2015). All sites were sampled twice except the forest

edge and heavily logged forest sites, which were sampled

once.

Animals were removed from traps, anesthetized with

5% isoflurane inhalation, and blood was collected via car-

diocentesis. Animals were humanely euthanized and pho-

tographs and morphometric data were collected (Delany

1975; Carleton and Musser 2005). Necropsies were per-

formed and spleen samples were collected. Skulls and blood

smears were retained from a subset of animals that were

considered morphologically representative of the larger

sampling. Molecular identification was necessary for indi-

viduals indistinguishable by external morphology and was

conducted by sequencing of the first half of the cytochrome

B gene (480 bp) (Peppers et al. 2002).

Trypanosome Detection and Differentiation

Initially, we screened a subset of animals (n = 103) for the

presence of trypanosomes using microscopy. Two thin smear

slides were made from blood from each animal and fixed

using 100% methanol and stained in a 10% giemsa solution

for 20 min. Smears were examined using standard light mi-

croscopy with phase contrast using high magnification

(91000 oil immersion). Approximately, 100 fields of view

were observed per slide. Presence or absence was determined

by inspecting for trypomastigotes in the blood smear.

We further screened all animals (n = 348) for the

presence of Trypanosoma spp. in splenic DNA extracted

using EZ1DNA tissue kit (Qiagen, Valencia, CA). The 18S

rRNA gene fragment was amplified following previously

described nested PCR methods using external primers—

TRY927F and TRY927R, and for the internal primers—

SSU561F and SSU561R (Noyes et al. 2002).

The positive PCR products were purified with Exo-

SAP-IT (Affymetrix, Inc., Santa Clara, CA), and then se-

quenced using the internal primers SSU561F and SSU561R

with the ABI Big Dye chemistry on an ABI 3730xl DNA

Analyzer automatic sequencer (Applied Biosystems, Inc.,

Foster City, CA). We followed the phylogenetic approach

implemented by Pinto et al. (2012) and Cottontail et al.

(2014) to align the short sequences of the 18S rRNA with a

more comprehensive set of longer sequences and concate-

nated it with another phylogenetically informative gene

(Cottontail et al. 2014). We constructed an alignment of

the new sequences using the Geneious Alignment tool using

default parameters in the software Geneious (Drummond

et al. 2010), and reduced the matrix to contain only unique

sequences. We then combined the newly generated data

with the datasets for the 18S rRNA and gGAPDH genes

(Hamilton et al. 2007) using the Consensus Align tool in

Geneious. The alignment was checked and corrected

manually. A maximum likelihood tree was constructed

using RAxML (Stamatakis et al. 2005), and node support

was estimated by 1000 bootstrap pseudoreplicates. To

corroborate the identifications of the trypanosomes de-

tected, we ran the delimitation analysis Poisson tree pro-

cesses (PTPs; Zhang et al. 2013), with the maximum

likelihood tree using 500,000 MCMC generations and a

thinning of 100.

Impact of Anthropogenic Disturbance



Data Analysis

We first determined if there were dominant small mammal

species that were more closely associated with either forest

or non-forest habitats, using Fisher’s exact test. We then

determined if certain species of trypanosomes were signif-

icantly associated with either forest or non-forested habitats

using v2 test and Fisher’s exact for small samples. We

further identified which specific rodent hosts were sus-

ceptible to trypanosome infections compared to the small

mammal community as a whole using v2 test and Fisher’s

exact for small samples. Statistical analyses were performed

using the stats package on the R version 3.0.1 (R Core

Team 2013).

RESULTS

Animal Collection and Identification

In total, 348 individual small terrestrial mammals were

collected in and around KNP, representing 26 species

(Table 1). Representative skull samples were identified and

catalogued at the Field Museum in Chicago, IL (#210384–

210540).

Praomys misonnei and Hylomyscus stella were more

closely associated with forested habitats within KNP com-

pared to other small mammal species. Adult members of

two species of the genus Praomys (e.g., P. jacksoni and P.

misonnei) were identified using cranio-dental features and

Table 1. Prevalence of Trypanosomes Among Host Species.

Species Number tested Number infected

(% prevalence)

T. lewisi T. cf. varani

Arvicanthus niloticus 1 0 0

Crocidura dolichura 1 0 0

Crocidura fuscomurina 1 0 0

Crocidura cf. littoralis 1 0 0

Crocidura maurisca 1 0 0

Crocidura nigrofusca 3 0 0

Crocidura olivieri 6 0 0

Dasymys incomtus 1 0 0

Dendromus cf. mystacalis 1 0 0

Gerbilliscus kempi ruwenzorii 7 0 0

Grammomys sp. 1 0 0

Graphiurus murinus 1 1 (100) 0

Hybomys lunaris 5 2 (40.0) 0

Hylomyscus stella 52 0 6 (12.0)

Lemniscomys striatus 3 3 (100) 0

Lophuromys aquilus 48 1 (2.0) 0

Malacomys longipes 4 0 0

Mastomys natalensis 1 0 0

Mus bufo 2 0 0

Mus grata 27 0 0

Mus triton 6 5 (83.0) 0

Oenomys hypoxanthus 3 0 0

Praomys jacksoni 104 25 (24.0) 5 (4.8)

Praomys misonnei 23 0 2 (9.0)

Rattus rattus 44 13 (30.0) 0

Scutisorex somereni 1 0 0

Total 348 50 (14.4) 13 (4.0)

In total, 348 individual small mammals, representing 26 species, were collected from in and around Kibale National Park in western Uganda. Each individual

was tested for both Trypanosoma lewisi and T. varani. Prevalence of trypanosome infection varied among host species.
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confirmed molecularly. These two species co-occurred

within the forested habitats of KNP but only P. jacksoni was

found in areas outside KNP (Fig. 1). The association be-

tween P. misonnei and areas within KNP was significant

when compared to P. jacksoni (Fisher’s exact test,

P < 0.001). P. misonnei appear to be more susceptible to

habitat disturbance compared to P. jacksoni, which occur in

forested and non-forested areas such as human dwellings.

H. stella was one of the most abundant species collected

during this study and was commonly found within forested

habitats but not exclusively (Fig. 1), it was strongly asso-

ciated with forested habitats (Fisher’s exact test, P = 0.002).

Human dwellings, areas within homes, surrounding

gardens, trading centers, and the research station were

dominated by R. rattus. This species was more closely

associated with this highly disturbed environment than all

other habitats. Of all the R. rattus collected in this study

(n = 44), all but one individual was found within human

dwellings.

Trypanosome Detection and Differentiation

Using light microscopy, 18 of the blood smears (n = 103)

were positive for trypanosomes. All 348 animals were

screened for trypanosome DNA using the 18S rRNA gene

PCR assay. Sixty-three individuals, all rodents, representing

17.5% of the total collected specimens, were positive by

PCR. All individuals positive by microscopy were also PCR

positive. In contrast, three individuals were negative by

microscopy, but determined PCR positive. The phyloge-

netic analysis of the newly generated 18S rRNA sequences

integrated with comprehensive dataset of 18S rRNA and

gGAPDH genes, coupled with the PTP species delimitation

analysis revealed that 50 individuals were positive for T.

lewisi and 13 individuals were positive for T. varani, a

parasite belonging to the lizard-hosted clade of try-

panosomes (Table 1; Fig. 2). Standard PCR does not allow

for the quantification of infection intensity within indi-

viduals.

Trypanosoma varani infection among small mammals

occurred at low prevalence (3.7%) overall and was signif-

icantly restricted to forested areas within KNP (Fisher’s

exact test, P < 0.001; Fig. 3). This parasite was restricted

to three native, forest-dwelling rodent species: P. jacksoni,

P. misonnei, and H. stella (Table 1) (Delany 1975). Subse-

quently, using v2 test with Yates continuity correction, we

found that T. varani prevalence among H. stella (P = 0.006,

v2 = 8.0) was significantly higher compared to other spe-

cies, but no association was found with P. jacksoni and P.

misonnei.

Trypanosoma lewisi infections were equally prevalent in

areas within and outside KNP with no association with either

forested or non-forested areas (Fig. 3). T. lewisi was identi-

fied in seven rodent species. P. jacksoni was the only host

species of both T. varani (n = 5) and T. lewisi (n = 25; Ta-

ble 1). Several rodent species infected with T. lewisi (Table 1)

were found to have significantly higher prevalence of infec-

tion when compared to all other species—R. rattus

(P = 0.005), Lemniscomys striatus (P = 0.003), Mus triton

(P = 0.001), and P. jacksoni (P = 0.001). In contrast, Lo-

phuromys aquilus was found to have a significant lower

prevalence compared to all other species (P = 0.007). No

Figure 1. Relative abundance of

Praomys jacksoni, P. misonnei, Hy-

lomyscus stella, Rattus rattus, and all

other individuals from either with-

in the protected, forested areas of

Kibale National Park in western

Uganda or in the more disturbed,

non-forested areas outside the

park.
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differences were noted between T. lewisi infection and Hy-

bomys lunaris and Graphiurus murinus, which may be due to

the limits of the small sample size of these species. Further

investigations of the habitat variables and the prevalence of

these parasites was not conducted because of the limited

sample size, low prevalence, and lack of sample replicates.

DISCUSSION

In western Uganda, three native forest-dwelling small

mammal species associated with forested habitats are found

to be positive for a newly identified trypanosome (T. var-

ani). Although this trypanosome was found to infect a

disturbance-tolerant species, it is absent from areas outside

KNP. This suggests possible alterations in the presence or

abundance of a necessary vector and/or competent host or

possibly competitive exclusion of T. varani by T. lewisi.

Additionally, the occurrence of P. misonnei and H. stella

appears to play a key role in the maintenance of T. varani

within KNP. This association suggests that these two dis-

turbance-intolerant rodent species as competent hosts of

this newly identified native trypanosome. The impacts of

habitat disturbance on this host–parasite interaction may

Figure 2. Maximum likelihood tree of a matrix of concatenated 18S rRNA and gGAPDH gene sequences of trypanosomes (Hamilton et al.

2007) with sequences generated in this study. Numbers on branches are bootstrap support values greater than 75. Tip labels correspond to

scientific name of trypanosomes, in parentheses are the code of the sequences in the matrix by Hamilton et al. (2007) or the codes assigned for

new sequences, respectively, followed by the vertebrate: invertebrate hosts. Codes in bold represent the sequences generated in this study; ‘uh’

represent unknown host.

Johanna S. Salzer et al.



synergistically drive local extinction of the hosts (P.

misonnei and H. stella) and subsequently a local extinction

of the parasite.

We were limited in our analysis by the low prevalence

of trypanosomes and small overall sample size among

certain rodent species. A larger sampling effort is needed to

examine the impact of host diversity on trypanosome

prevalence in the absence of habitat disturbance in KNP.

We believe that future studies of trypanosomes in and

around KNP may provide information to further under-

stand the relationship between diversity and disease.

Our identification of T. varani is similar to recently

identified rodent trypanosomes from other areas of Africa.

Work conducted in Niger identified a single Mastomys

natalensis infected with a trypanosome considered a sister

taxa of T. varani (Dobigny et al. 2011). Although not

molecularly confirmed, previous studies in Kenya have

identified two phenotypically different trypanosomes

infecting P. jacksoni (Wanyonyi et al. 2011). Additional

phylogenetic analysis is needed to understand how related

the T. varani identified in our study is to other historical

and newly identified trypanosomes. The natural history of

T. varani is minimally understood and even less is known

about the involvement of rodents in its lifecycle. This

parasite was first described in 1908 from a Nile monitor

lizard (Varanus niloticus) collected in Sudan (Wenyon

1908). Since this time it has been identified in other rep-

tilian species, such as the ball python (Python reginus) (Sato

et al. 2009). It is also possible this parasite naturally occurs

in a native reptilian species within KNP, possibly pythons,

which do exist in KNP (Struhsaker 1997). Due to the

known prey–predator interactions among pythons and

rodents, the identification of T. varani in rodents may

identify rodents as a critical host in the life cycle of this

parasite. Pathogen spill-over from rodents to snakes could

provide another explanation for the identification of this

parasite in both rodents and reptiles, although the reverse

may be less likely given the prey–predator outcomes be-

tween these animals.

Previous studies found T. lewisi almost exclusively

associated with R. rattus and rarely associated with other

native African forest species (Dobigny et al. 2011). In

contrast, in addition to identifying T. lewisi among R.

rattus, we found six native rodent species infected with T.

lewisi. These findings broaden our knowledge of the host-

specificity of T. lewisi (Pumhom et al. 2014). Our work

parallels recent studies demonstrating that rodent try-

panosomes have broad host ranges, but experience variable

distributions across landscapes (Averis et al. 2009; Dobigny

et al. 2011; Milocco et al. 2013). It may be possible for

coinfection to occur with these parasites, although with our

methods we were not able to detect coinfection. Additional

studies will need to properly identify host competency and

coinfection of trypanosomes among small mammals in

KNP.

Praomys jacksoni appears to play a primary role in

maintaining T. lewisi in western Uganda and specifically in

forest habitats where R. rattus are absent. R. rattus in

western Uganda is the dominant species in areas of extreme

disturbance (human dwellings) and considered the primary

rodent host of T. lewisi (Dobigny et al. 2011). Our study

identified T. lewisi occurring in habitats free of Rattus

populations. Although T. lewisi was likely introduced by R.

rattus, it is now maintained in other native rodent popu-

lations free of R. rattus. A spillover event of invasive T.

lewisi appears to have occurred prior to 2009 that has re-

sulted in its persistence in native rodents in forested and

non-forested areas. The impact and pathogenicity of this

parasite on native African rodents are unknown. Future

laboratory animal studies would be needed to understand

the impact of trypanosomes on rodent health.

Multiple genera of fleas serve as vectors for T. lewisi.

This broad vector range likely aids spillover of T. lewisi into

native host species (Molyneux 1969). As vector–try-

panosome associations were beyond the scope of our study,

we can only speculate as to how the behavior of the un-

known vector may impact parasitism among rodent pop-

Figure 3. Prevalence of rodent-borne trypanosomes in forested areas

within Kibale National Park and more disturbed areas outside the

park. Prevalence of Trypanosoma lewisi and T. varani among all

animals are shown.
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ulations. Thus, we cannot rule out that the pattern of ro-

dent species infected with either trypanosome in this study

is not influenced by the vector’s host-preference more than

parasite–host compatibility.

Although T. lewisi is primarily associated with rodent

infections, human cases of disease have been reported

(Verma et al. 2011). Rare human infections have been re-

ported and most occurred in infants or immunosuppressed

adults (Truc et al. 2013). The high prevalence of T. lewisi in

rodents in human dwellings in our study may pose a pre-

viously unidentified public health risk, particularly in

western Uganda. The impact of T. varani on both rodent

and human health is unknown.

Previous work examining small mammals in KNP

found that host taxonomy and natural history as more

influential on general parasite occurrence than any eco-

logical factor examined (Salzer et al. 2015). This previous

work was conducted on a subset of the samples examined

in our current study and examined a large variety of par-

asites to a crude level. Our current study used a finer scale

of parasite identification and further supports this previ-

ously identified relationship between host taxonomy and

parasite dynamics.

Parasites play a primary role in food web structure and

maintenance of diversity within ecosystems (Dunne et al.

2013). Parasite extinctions may have a negative impact on

the health of larger free-living species (Dobson et al. 2008).

The results of our study suggest that habitat disturbance in

western Uganda has led to local extinctions of P. misonnei

and subsequently a loss of its native trypanosome, T. var-

ani. Although this trypanosome is found to infect other,

more disturbance-tolerant host species (i.e., P. jacksoni),

the presence of this parasite is associated with the presence

of P. misonnei. This suggests forest-dwelling rodent species

possibly play a significant role in maintenance of this

parasite. Our work provides preliminary evidence of local

co-extinction of host and parasite linked with a disruption

in ecosystem structure, although the mechanisms of cau-

sation were impossible to identify in our study.
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