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Abstract
Effects of anthropogenic influence on patterns of infection with enteric zoonotic pathogens
in brown mouse lemur, Microcebus rufus, at Ranomafana National Park, Madagascar
By Lydia Rautman

Research on zoonotic transmission of enteric pathogens becomes increasingly
relevant as anthropogenic influence brings humans and wildlife into close contact with one
another. Previous studies have demonstrated higher rates of infection in primates in
proximity to humans than those isolated from humans, but this study uniquely compares
interfaces of lemurs with villagers and furthermore examines infection with multiple
enteric pathogens. Outcome of infection in Microcebus rufus, the brown mouse lemur, was
investigated as a result of type of anthropogenic influence in three study sites near
Ranomafana National Park, Southeastern Madagascar. Brown mouse lemurs were trapped
and sampled in a forest site (no human contact), near villages (high contact with villagers),
and at a campsite (high contact with tourists and villagers). Over half (54.9%) of all lemurs
sampled tested positive for at least one pathogen. Prevalence of infection was 11.1% at the
forest site, 47.6% near the villages, and 81.0% at the campsite. Infection in Microcebus
individuals was correlated with proximity to humans. Within the village study site,
infection was geographically clustered. This study hypothesizes that introduction of novel
pathogens could be a result of zoonotic transmission from nearby human populations. The
results demonstrate the potential for zoonotic infection in a vulnerable species and
highlight the need for further investigation as contact between humans and wildlife
increases, increasing risk of infection for human and animal populations alike.
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INTRODUCTION
Madagascar

Madagascar, just off the southeast coast of Africa, is an island brimming with
biodiversity. Around 92% of its plant species and 85% of its animals and
macroinvertebrates are endemic, providing an extremely diverse array of flora and fauna
(Goodman & Benstead, 2005). Madagascar’s varied topography creates a great number of
different habitats, which allowed for early adaptive radiation of lemurs (Herrera, 2017).
However, deforestation is major issue affecting these endemic inhabitants; one estimate
places deforestation rates between 1.4-4.7% per year (Achard, Eva, Stibig, Mayaux, Gallego,
Richards, & Malingreau, 2002). It is estimated that as much as 90% of the original
vegetation has been lost (Ganzhorn, Lowry, Schatz, & Sommer, 2001; Tattersall, 2006).
Furthermore, extensive deforestation like this enables humans to venture into previously
undisturbed territory. This brings humans and wildlife into closer contact than ever before,
presenting opportunities for transmission of pathogens and emergence of disease in new
host species.

The country is also characterized by high rates of poverty; more than 91% of the
population lives on less than $2.00/day (UNICEF, 2017). UNICEF has reported that the
sanitation and hygiene conditions are the 4t lowest in the world and access to clean water
is the 6t lowest (Government of Madagascar, 2016). In the rural villages, where some of
the sampling for this study was done, open defecation rates are over 50% (Government of
Madagascar, 2016). All of these factors result in the exacerbation of disease in local human
populations, which can in turn lead to a greater exposure to enteric pathogens for the

surrounding wildlife.



Zoonotic disease transmission

Research on zoonoses, pathogens able to be transmitted between humans and
animals, is becoming an ever-more relevant field as humans engage in new interactions
with wildlife and pathogens around the world. As over 60% of human infectious diseases
have zoonotic potential, human encroachment on previously undisturbed habitat presents
a health risk for wildlife species (Jones, Patel, Levy, Storeygard, Balk, Gittleman & Daszak,
2008). Especially at risk are primates, as their close phylogenetic relationship to humans
results in higher potential for zoonotic transmission, as evidenced by the global HIV
pandemic, Ebola outbreak, and others (Calvignac-Spencer, Leendertz, Gillespie &
Leendertz, 2012). In many rural areas of the tropics, growing human populations and
changes in land use increase overlap between humans and wildlife. This includes large-
scale activities, such as extractive industries, or local small-scale interfaces, such as when
humans venture into these areas in search of water or fuel wood. Conversely, increasingly
fragmented habitats force animals to forage more widely for resources. These changes
place people in closer, and many times more intimate, contact with wildlife, increasing
zoonotic disease risk. Research has observed the impact of this alteration in patterns of
land use change in the presence of human zoonotic pathogens in wild primates (Nunn &
Gillespie 2015). Confirmed transmission of human pathogens to great apes has been
reported with respiratory disease in chimpanzees in Cote d’'Ivoire (Kéndgen et al., 2008)
and Uganda (Scully et al., 2018), as well as in mountain gorillas in Rwanda (Palacios et al,,
2011). These patterns suggest a possible exposure to and sharing of zoonotic disease
between humans and gorillas, and furthermore the likelihood of higher prevalence of

pathogens with greater interactions with humans. As seen in these studies, much of the



research concerning human-primate disease transmission has been focused on the African
apes, whose conservation has become an extremely political issue. However, research
involving other endangered primates is just as crucial; this will provide a greater
perspective on human-primate pathogen sharing and will enable researchers to assess

transmission as a potential conservation concern.

Lemurs and Microcebus rufus

One such group of endangered primates is the lemurs. There are 97 extant species,
of which 91% are classified as critically endangered, endangered, or vulnerable to
extinction by the [UCN Red List (IUCN, 2017; Schwitzer et al.,, 2013). In the face of
devastating deforestation and loss of biodiversity, lemurs are the prominent flagship
species for conservation efforts in Madagascar. Recent scientific research has been
investigating the impact of zoonotic disease on lemurs as a conservation concern.

This study examines the role of human contact in prevalence of zoonotic infection in
the brown mouse lemur, Microcebus rufus. M. rufus was chosen as the study organism for a
number of reasons; for one, its small size (approximately 40g) facilitates noninvasive
sampling methods through trapping, compared to larger lemur species, which can weigh up
to 9 kg. Its home range is around 0.5-1 hectare and it frequently overlaps with other mouse
lemurs. M. rufus is primarily arboreal but also goes down to the ground, coming into
contact with potentially contaminated water and soil. While some Microcebus species
inhabit only one or two types of habitat, M. rufus is a generalist and has been found in a
variety of different habitats with varying altitudes and rainfall. M. rufus has been previously
noted for its abundance in and even preference for forest edges, which may be due to the

availability of insect prey in those areas (Ganzhorn, 1995). This adaptability also brings



them in close contact with human communities, exposing them to zoonotic human
pathogens through direct contact or the environment. Interactions with humans is likely to
be more limited in other more specialist lemur species and thus our results will be an
overestimate of pathogen prevalence in other lemurs. Still, our study of M. rufus may give
insights about patterns of infection prevalence and proximity to human communities that

are similarly observed in other lemurs.

Common zoonotic enteric pathogens in Madagascar

Four enteric pathogens were selected to be studied in Microcebus rufus due to their
demonstrated high prevalence in human populations in Madagascar (Table 1). All four
pathogens have been confirmed in both human and non-human primate species, indicating
zoonotic potential. Furthermore, they cause diarrheal disease in humans and are spread
fecal-orally through fecal matter-contaminated water, food, or soil. This transmission may
potentially be exacerbated by Madagascar’s poor sanitation infrastructure. Shigella flexneri,
Salmonella enterica, and Entamoeba histolytica have been studied in mixed groups of
lemurs, but have not focused on Microcebus rufus in particular (Bublitz, Wright,
Rasambainarivo, Arrigo-Nelson, Bodager & Gillespie, 2015; Ragazzo, Zohdy, Velonabison,
Herrera, Wright & Gillespie, 2018).

Shigella flexneri is a gram-negative bacterium causing shigellosis in humans and
non-human primates (Jennison & Verma, 2004; Kennedy, Astbury, Needham, & Cheasty,
1993). Shigella is a major cause of childhood diarrheal disease in Africa and Asia (Liu et al,,
2016) and prevalent in Madagascar (Giordano et al., 2018; Randremanana et al., 2012).In a
2015 study, Shigella was found with a prevalence ranging from 26.0-64.0% in three rural

villages (Bublitz, Wright, Bodager, Rasambainarivo, Bliska & Gillespie, 2015). Another



study observed a prevalence of 22.0% along with Shigella-associated antibiotic resistance
in the town of Ranomafana, Madagascar (Giordano et al., 2018). As antibiotics are often
used in Madagascar without proper identification of the bacteria, over- and misuse of
antibiotics has led to Ampicillin-resistant strains of both Shigella and Salmonella
(Randrianirina et al., 2014). Additionally, a study of Shigella in lemurs in Ranomafana
National Park near villages found a prevalence of 4.0% (Bublitz, et al, 2015).

Salmonella enterica is a bacterium causing enteric fever around the world (Zhang et
al,, 2003). It causes around 22 million cases a year, particularly where there is poor access
to clean water and proper sanitation (Andrews-Polymenis, Biumler, McCormick, & Fang,
2010). In the same study from 2015, Salmonella was found at a prevalence of 16.0-32.0% in
the three villages and at 5.4% in Ranomafana. It was also found in lemurs with a prevalence
of 8.0% (Bublitz, et al., 2015).

Giardia lamblia, also known as Giardia intestinalis and Giardia duodenalis, is a
microscopic protozoan parasite that causes the diarrheal disease giardiasis in humans and
other mammals (Adam, 2001). Giardia infections are found all over the world and are a
leading cause of childhood morbidity and mortality where clean water and proper
sanitation resources are lacking, as seen in Madagascar (Randremanana et al., 2012). In
addition to its presence in humans, infection by Giardia has been recorded in wild non-
human primates including lemurs (Ryan & Caccio, 2013). Only one study has looked at
Giardia in brown mouse lemurs; furthermore, this study had a much smaller sample size (4
M. rufus samples, 19 total lemur samples versus 51 M. rufus samples for this study). This
study used immunofluorescence in identification of the pathogen instead of molecular

methods, increasing the potential for false negatives; molecular methods are by



comparison much more precise in pathogen identification (Rasambainarivo et al., 2013;
Thompson, 2004). Other similar studies have found Giardia in primate populations (Salzer
et al,, 2007) and due to its prevalence in humans in the region, Giardia is expected to be
present in the brown mouse lemurs.

Entamoeba histolytica is a protozoan parasite causing the enteric disease amoebiasis
(WHO, 2018). Infection is most commonly caused by contaminated water or food (Ravdin,
1989). It is most common in developing countries in the tropics (WHO, 2018) and has been
found in humans and non-human primates (Legesse & Erko, 2004; Smith & Meerovitch,
1985). The infection has been found in humans in Madagascar (Randremanana et al., 2012)
and a recent study found it in Microcebus rufus at a 5.4% prevalence (Ragazzo et al., 2018).

The examination of both bacterial and protozoal pathogens is important as the two
groups can differ biologically in ways that could affect transmission rates. Protozoa are
extremely hardy and can persist in the environment for extended periods of time; Giardia
lamblia and Entamoeba histolytica can persist in cysts in soil for a week or in water for
several weeks (CDC, 2015; Petri & Singh, 1999). While bacterial diseases are easier to treat,
high rates of antibiotic resistance have been observed in Madagascar, making the diseases a

persistent issue (Randrianirina et al., 2014).

Anthropogenic influence and disease in lemurs

Recent studies have demonstrated transmission of human pathogens to wild
primates, especially near tourism and research (Kéndgen et al., 2008; Palacios et al., 2011;
Scully et al., 2018). Similarly, research on enteric pathogens in humans and lemurs near
Ranomafana National Park has demonstrated that lemurs exhibit higher prevalence of

enteric pathogens in areas where they overlap with humans. In one study, the prevalence



of enterotoxogenic E. coli infection in lemurs was much higher in disturbed (overlapping
with humans) than undisturbed (isolated) habitat at 61.0% versus 0.0% (Bublitz et al.,
2015). Other studies found a Norovirus GII prevalence of 27.0% in lemurs near villages
(Zohdy et al., 2015), and a difference in prevalence of Entamoeba histolytica between
disturbed and undisturbed habitats at 4.7-14.3% versus 0.0% (Ragazzo et al., 2018). Now,
my study will examine how presence and prevalence of enteric pathogens in brown mouse
lemurs is correlated with type of anthropogenic influence.

Past studies have been instrumental in opening up the field to scientific inquiry
about enteric pathogen transmission, but many questions need further investigation. While
past research has only looked at the difference of infection in undisturbed versus disturbed
habitat, this study is unique in its comparison of infection prevalence in the lemurs at
village sites and those near the tourism site. Extremely high tourism rates will result in
more frequent contact between humans and mouse lemurs; we expect to see a higher
prevalence of infection at the campsite than at any other site. Although interactions
between humans and lemurs are much less frequent at the village sites as they coexist
peacefully, the high rates of human disease in the villages prompt us to expect higher
prevalence of infection at the village sites than at the forest site. Results consistent with the
hypotheses could suggest a link between type or amount of human activity and impact on
lemur populations. Furthermore, the data from this study will contribute to the current
body of information on lemur-human disease transmission and will call for more attention

to the issue as a conservation concern for other lemur species.



Study objectives and hypotheses

Microcebus rufus individuals were sampled in two study years in Southeastern
Madagascar. In 2011, lemurs were sampled at the Centre ValBio campsite and at the
Valohoaka forest site. In 2017, lemurs were sampled near villages within 5 kilometers of
Ranomafana National Park. Samples were compared across the three sites in terms of
anthropogenic influence: forest (low human contact), villages (high contact with villagers),
and campsite (high contact with tourism-associated humans, including tourists,
researchers, and field guides). The temporal difference between sample collections could
have a minor influence on results, but this study assumes little year-to-year variation.

All samples were tested for four enteric pathogens that had previously
demonstrated zoonotic transmission potential: Salmonella enterica, Shigella flexneri,
Entamoeba histolytica, and Giardia lamblia. The objective of the study was to compare the
presence and prevalence of these enteric diseases across three sites with different types of
anthropogenic influence.

My hypotheses are as follows:

1) Infection of mouse lemurs by enteric zoonotic pathogens will only be present in

areas of high human contact (village sites and campsite).

2) Prevalence of infection with any pathogen will be higher at the campsite than at

the village sites; prevalence of infection with any pathogen will be higher at the
village sites than at the forest site. Therefore, the order of prevalence from

lowest to highest will be: forest, villages, campsite.



METHODS
Ethics statement
The IACUC protocol #3000417 "Identifying Risk Factors Associated with Diarrheal
Disease in Rural Madagascar" for this research was reviewed and approved by the
Institutional Animal Care and Use Committee; all primates were treated ethically during

the course of this research.

Field Methods
Study Site

The Ifanadiana district (21°18’S 47°38’E) in southeastern Madagascar is the focus of
long-term interdisciplinary research involving the Gillespie lab group in partnership with
the Centre ValBio (CVB) research station, Harvard Medical School, Madagascar’s Ministry of
Health (MOH), and PIVOT, an organization dedicated to improving health care in the region.
The human population within this district suffers from extreme poverty, infectious disease
and mortality rates that exceed national averages, and experience unique interfaces with the
wildlife of Ranomafana National Park.

The Valohoaka forest site is densely forested and difficult to access because of its
location several kilometers away from the main road (21° 17.884 S, 47° 26.373 E). The
campsite is located close to Centre ValBio research station and near the resort town of
Ranomafana (Figure 1). The site is on the national highway, the only paved road in the region,
so it sees heavy traffic from both international and local tourists. The human activity at this
tourist site is concentrated in a couple of months of the year, increasing opportunity for
human-lemur contact. There are latrines at this site and tourists accustomed to modern

toilets are more likely to use them than defecate in the forest. Although not allowed, forest
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guides sometimes bait lemurs to come down to the ground to interact with tourists, and the
lemurs, as a result, are more habituated to human presence (P. Wright, Personal
Communication).. This change in behavior brings them into more frequent contact with
potentially contaminated soil and water, increasing exposure to zoonotic pathogens.

The village sites are distinctly different from the campsite; the rural villages are in
roadless areas that can be 2-8 hours hiking from the nearest road. The villages are
subsistence agricultural communities and participate only minimally in the cash economy.
The villagers grow their crops in the rice paddies located outside the villages and interact
primarily with others within the village or in nearby villages; only occasionally do they leave
to visit a larger town like Ranomafana, usually on market day. As a result of intervention
efforts, there are latrines in many of the villages but they are not often used; open defecation
rates in the villages remain at over 50% (Government of Madagascar, 2016). Diarrheal
disease is a leading cause of mortality in Madagascar (Marks et al., 2016). As observed in
other African countries, the lack of accessible healthcare and clean water in addition to
behavioral factors like open defecation results in higher diarrheal disease prevalence in rural
than urban areas (Jamison, 2006). The porous boundary of Ranomafana National Park allows
for a unique interface between the villagers and the surrounding wildlife: villagers may enter
the forest and lemurs or other animals may leave the forest, both of which increase risk of
exposure to zoonotic pathogens. However, the villagers are more accustomed to the
presence of these lemurs than are tourists, and villagers and brown mouse lemurs coexist
peacefully.

Between May and August 2017, members of the Gillespie lab traveled to Madagascar

and worked with a local health team to visit eight villages located within 5 kilometers of
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Ranomafana National Park. There, Microcebus rufus individuals were trapped near the
villages and sampled, but data was only collected in five of these villages (Figure 1). Data was
collected in vegetation adjacent to footpaths where it was believed there was the greatest
overlap between lemurs and villagers (Bodager et al. 2015; Bublitz et al. 2015). In 2011,
Gillespie lab researchers travelled to Madagascar and collected data from seven species of
lemurs. Microcebus rufus individuals were captured at two sites with differing types of

anthropogenic influence: forest and campsite.

Trapping and sample collection

In both study years, mouse lemurs were captured using banana-baited Sherman traps
along footpaths at the study site (XLR, Sherman Traps Inc., FL). In order to sample lemurs
living closest to the villages, the main footpath outside the village was used as the transect
and traps were set at ~10-meter intervals, 1-3 meters off the transect (alternating off the
right and left sides of the path), and 1-2 meters off of the ground (Figure 2). A total of 25-30
or more traps were set each night along a single transect, extending the line of traps for 250-
300+ meters. Over three months in 2017, a total of more than 700 traps were set at the
village sites. A slice of banana was rubbed on the sides and top of the trap to attract the
lemurs by scent and the remainder of the slice was placed in the back of the trap. Trap setting
methods used at the campsite and forest site were similar to the approach taken in the 2017
sample collection period but traps were set at ~50m intervals. As Microcebus rufus is a
nocturnal species (Radespiel, 2006), traps were set at around 16:00 and collected at 05:00.

At the forest site, Microcebus population densities were lowest and traps were
checked at 20:00 and 05:00 to increase capture success. At the campsite, traps were

checked at 20:00; at the village sites, traps were checked at 05:00. A total of 21 lemurs
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were caught at the village sites, 21 at the campsite, and 9 at the forest site. When a lemur
was caught in a trap, it was released into a plastic Ziplock bag and weighed using a spring
scale (Eisco labs 100g spring balance); the weight of the plastic bag was later subtracted
from the total weight. The lemur was removed by gloved hand and was carefully extended
to collect measurements (Figure 3). Sex was recorded, as were notes about general health
and appearance. Photographs were taken of each lemur and individuals were marked with
a permanent marker on the base of the tail to enable detection of recapture. The lemur was
released on the branch on which it was captured and GPS coordinates were taken from that
spot. Finally, the trap was opened up to facilitate the collection of a 1mL fecal sample with a
sterile tongue depressor, which was then transferred into a cryovial filled with
approximately 0.8mL RNAlater and barcoded for inventory. Traps were re-baited for two
or three nights and recapture was ruled out with markings and unique measurements of
individuals. Traps that had contained a rat or lemur were brought back to the village for
cleaning and replaced in the evening, when banana in the traps was also replaced. When a
new path was selected, it was farther than 100 meters from the previous path to reduce

risk of recapture.

Lab methods
DNA extraction

DNA from the 2017 village samples was extracted at the Centre ValBio research
station using ZymoBIOMICS™ DNA Miniprep Kits and following instruction manual
protocol. DNA extraction protocol was the same for the 2011 samples but used the
FastDNA SPIN Kit for Soil (MP Biomedicals, LLC, Solon, OH) and followed protocols from

Gomes et al. (1999). Both DNA extraction processes consisted of the following:
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Fecal samples preserved in RNAlater were vortexed to homogenize the solution. Of
this solution, 250mL was added to BashingBeads™ and 750pl Lysis Solution was added.
The fecal DNA and Lysis solution was vortexed using the Genie 2™ cell disruptor for 15
minutes, then was centrifuged at 10,000 x g. The supernatant was transferred to the Spin
Filter, centrifuged through, and 1,200pl Binding Buffer was added to the filtrate.
Approximately 800pl of this mixture was transferred to the IIC Column filter and
centrifuged through, the flow through discarded, and the rest of the mixture was filtered
through the same filter. The DNA Wash Buffer 1 was added to this Column Filter and
centrifuged through, then the DNA Wash Buffer 2 was filtered through twice. DNase/RNase
Free Water was filtered through to elute the DNA; the DNA was filtered through the Spin

Filter and into a clean microcentrifuge tube.

PCR and gel electrophoresis

All pathogen testing was conducted in the Emory University lab. Polymerase Chain
Reaction (PCR) was conducted on all samples to amplify the DNA along the sequences of
base pairs that matched the primers, which worked as an identifier for a pathogen (Table
3). Samples were run in the thermocycler for cycles at specific temperatures that separated
the DNA strands and selectively amplified the targeted DNA. E. histolytica was tested for
with the small subunit rRNA gene (GenBank accession no. X64142) (Foo etal., 2012); the
invasion protein invA was targeted for Salmonella; and the invasion plasmid antigen H
(ipaH) gene was targeted for Shigella. Because Giardia genotypes are so morphologically
similar, a multi-locus molecular approach was required to identify the genotypes and
reduce the risk of false negatives (Feng & Xiao, 2011). PCRs for Giardia loci were nested,

requiring two rounds of PCR. Samples were tested for Giardia at three different loci: triose-
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phosphate isomerase (tpi), glutamate dehydrogenase (gdh), and beta-giardin (bg). Tpi and
gdh are housekeeping enzymes, while bg is a protein specific to Giardia lamblia. Molecular
testing for all three genes is necessary to ensure accuracy of prevalence estimates and a
positive result for any of the three genes indicates the presence of Giardia lamblia.

Gel electrophoresis was used to visualize which samples were positive for the
pathogen: 5ul of PCR product was stained with 1ul of blue loading dye and pipeted into
wells formed in a 1.6% agarose gel. An electric field was applied and the molecules were
run through the gel matrix at different speeds according to the weight of the DNA fragment,
determined by the number of base pairs. The bands produced from this phosphoresced
under UV light and were run against a DNA ladder for reference of band size. Bands at the

product length of the targeted pathogen (Table 4) indicated a positive result.

Statistical Methods

All statistical analysis was done with R Studio, version 1.1.383, RStudio Team
(2016). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL
. A general logistic regression model was used to determine the relative odds of infection at
the three sites: forest, village, and campsite. This model and a multiple comparison test
(multcomp package in R) were used to compare the three sites to each other in pairs.
Effects of sex and condition of the mouse lemurs on infection were also examined.
Condition was determined using the formula (weight/length from nose to tip of tail), as we
expected this to be a good indicator of health. 16 lemurs from the village sites were used in
this analysis, as this data was not available for the 2011 samples and for five of the 2017

samples.
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Use of data

Some samples used for analysis were collected in a separate study in 2011 by an
interdisciplinary team led by Dr. Gillespie including Deanna Bublitz, Fidy Rasambainarivo
and Emo Redwood. Sarah Zohdy joined the lab in 2012 and oversaw the PCR analyses of

the samples by lan Fried, Marissa Grossman and Kristen Cross, and Leo Ragazzo.
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RESULTS

A total of 51 Microcebus rufus were caught and sampled (Table 2). Nine individuals
were sampled from core forest habitat (no regular overlap with humans) and 21 were
sampled from a campsite (overlap with tourists and villagers) in 2011. Twenty-one were
sampled from forest edge adjacent to villages (overlap with villagers) in 2017. Of the 51
individuals, 28 (54.9%) tested positive for at least one enteric pathogen. Of the lemurs
infected with at least one pathogen, Giardia was the most common (100% of infected
lemurs, N=28), followed by Entamoeba histolytica (10.7%, N=3), and then Salmonella
enterica (3.6%, N=1) (Table 4). Entamoeba and Salmonella were geographically distinct; all
Entamoeba positives were found in “campsite” lemurs and the single case of Salmonella
was in a “village” lemur. In total, four of the 28 infected lemurs were positive for two
pathogens (14.3%): one of these was in the village habitat and three were from the
campsite. No lemurs tested positive for Shigella and no lemur was infected with more than
two pathogens. Infection was observed at all three sites; overall prevalence varied by site
with forest lemurs having the lowest prevalence (11.1%, N=1/9), followed by village
lemurs (47.6%, 10/21), and finally the campsite had the highest prevalence (81.0%, 17/21)
(Figure 4). Mean infection prevalence by any pathogen was 54.9%.

A general logistic regression model was used to determine relative odds of infection
across sites. Infection was 34.0x more likely at the campsite than at the forest site; 7.3x
more likely at the village site than the forest site; and 4.7x more likely at the campsite than
at the village sites. Infection prevalence was higher at the campsite than at the village sites
(P=0.029) and was also higher at the campsite than at the forest site (P=0.003), supporting

Hypothesis #2 (Table 5). A comparison of forest versus village sites was not significant
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using a two-tailed test (P=0.084); however, as we expected directionality between the sites,
we also conducted a one-tailed test, which was significant (P=0.042). One-tailed tests of the
other two site comparisons were also significant (village-campsite P=0.015, forest-
campsite P=0.002).

In our analysis of effect of sex or condition on infection, neither variable was found to

have a significant effect on infection (Table 6) (sex: P=0.800; condition: P=0.261).

2017 Subset

In the 2017 lemur subset, eight villages were sampled but the total 21 lemurs came
from only five village sites. Excluding villages in which no lemurs were captured, number of
lemurs captured per village ranged from one to nine (4.2 on average). In one village,
prevalence of disease in lemurs was 0.0% (Mangevo; N=5), and in two villages prevalence
was 100% (Bevoahazo, Beremby; N=3, 1). In the remaining two villages prevalence was

33.3% (Ambinandranfotoka; N=3) and 56.6% (Miaranony; N=9) (Figure 5).
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DISCUSSION

Zoonoses and Microcebus

Zoonoses, pathogens that can be transmitted between species, are one of the most
important and groundbreaking areas of research in fields of public health and conservation
today. Especially at risk are wild primates like lemurs because they are phylogenetically
closer to Homo sapiens than any other mammal (Brack, 1987; Wolfe et al., 1998). More
recently, conservation research has sought to determine the role of humans in the
endangerment of lemur species through the sharing of diseases. Several studies take a
special interest in Microcebus rufus, the brown mouse lemur, as a potential host of enteric
pathogens due to its nature as a habitat generalist, abundance in forest edges, and frequent
interaction with humans (Ganzhorn, 1995; Lehman, Rajaonson, & Day, 2006; Radespiel,
2006).

This study investigates disease transmission between lemurs and humans as influenced
by type of exposure to humans. Previous studies in the Gillespie Lab have demonstrated
that lemurs exhibit higher prevalence of enteric pathogens where they interface with
humans (Bublitz et al.,, 2015; Ragazzo et al., 2018). These studies also pointed to several
specific pathogens with the potential for zoonotic transmission (Table 1). The current
study builds on these previous efforts and contributes the novel examination of lemurs
overlapping with rural human populations in roadless areas without tourism. The
subsistence agriculturalists from the village sites are socioeconomically and behaviorally
different from those at the campsite, which includes local humans engaged in the cash

economy along the road and tourists. This may provide insights about whether there is a



19

difference in infection prevalence between the types of human exposure or if it is any
general human contact that most greatly influences disease in lemurs.

This study examined zoonotic pathogen prevalence in Microcebus rufus in three
different habitats because of its frequent interface with humans. Infection prevalence of
any pathogen was at its highest prevalence at the campsite, and second-highest at the

village sites, and lowest at the forest site.

Infection presence and prevalence

Infection was observed in at least one individual at all three sites, refuting
Hypothesis #1. Giardia was much more prevalent than any other pathogen and was found
at all three sites. In contrast, the other pathogens were geographically concentrated at the
sites: Salmonella was only observed in the village sites and Entamoeba was only present at
the campsite. In the context of pathogen endemism research (Hudson, Rizzoli, Grenfell,
Heesterbeek & Dobson, 2002), the presence of Giardia even in isolated habitat and its high
prevalence in comparison with the other pathogens leads us to hypothesize that Giardia
may in fact be enzootic to these lemur populations. On the other hand, Salmonella and
Entamoeba histolytica were found at a much lower prevalence and are more likely to be
novel pathogens, the low prevalence the result of a single incidence of exposure. It is
possible that novel pathogens cause more serious sickness in mouse lemurs; if diseased,
mouse lemurs are less active and this could lower their chances of being sampled, making
our estimates for novel pathogen prevalence more conservative than the actual prevalence.

Other external factors that could have influenced the prevalence observed must be
considered. For instance, the tropical cyclone Enawo hit Madagascar in March 2017 and

lemurs sampled near the villages could have been impacted by it. Higher-than-usual rates
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of runoff could have the potential to either mitigate disease spread by “cleaning” the area;
however, they could also exacerbate it by facilitating transmission pathways, for example
by flooding latrines and washing the contents into the forests. Further research is needed
to eliminate temporal biases between study groups by sampling all individuals in the same

year and season.

Site comparisons

A comparison of prevalence between the forest and village sites resulted in a P-value of
0.084 with a two-tailed test (Table 5). However, the observed prevalence at the village sites
was clearly higher than at the forest site (47.6% versus 11.1%), and a small sample size is
likely the cause of the insignificant P-value. Because we know that human contact is higher
at the village sites than at the forest site, we predicted directionality and also conducted a
one-tailed test, for which the P-value was 0.042. Further research with a larger sample size
will allow for a more definitive statistical analysis. Acknowledging this, we found our
prevalence ranking from lowest to highest to be forest, village, and campsite, supporting
Hypothesis #2.

Prevalence of infection was significantly higher at the campsite, for which there are a
number of possible explanations. One possibility is the difference in types of human
activity. Human activity is much greater at the campsite due to the concentration of
tourism during a couple of months of the year. This tourism has likely altered the behavior
of the lemurs themselves, habituating them to the presence of tourists and making them
more likely to come down to the ground, increasing exposure to diarrheal pathogens. This
is different from at the village sites, where humans and lemurs coexist without much forced

interaction between the two groups; lemurs probably come down to the ground less
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frequently, decreasing exposure to fecal matter-contaminated soil. The high density of
humans and lemurs at the campsite also increases risk of reinfection, particularly with
Giardia, which has the potential to reinfect a host after treatment or recovery (Gilman,
Miranda, Marquis, Vestegui & Martinez, 2003). Stress from habitat alteration and presence
of humans could also make campsite lemurs more susceptible to infection. As studied in
humans and other primates, chronic stress can suppress immune function by decreasing
immune cell numbers and function (Dhabhar, 2009); stress from human-associated
disturbances could certainly have an impact on immunological health in lemurs. The high
densities of the mouse lemurs at the campsite could also cause stress and likely result in
more frequent and inter- and intra-species contact, increasing opportunities for pathogen
transmission (Lafferty & Gerber, 2002).

Infection prevalence was moderate at the village sites, where lemurs are exposed solely
to local populations of humans, as compared to in the forest habitat. The interactions of
these lemurs with humans are most likely in the form of indirect contact, for example
through environmental contamination. The high rates of infection at the village sites are
likely explained by the high rates of disease in humans at these sites, which would
theoretically increase the mouse lemurs’ exposure to these pathogens. Open defecation
behavior in the villages may result in environmental contamination; even where latrines
are used, flooding during the rainy season can cause latrine contents to be spread to the
nearby forest habitats of lemurs. The proximity of the national park to the villages allows
for frequent indirect contact between humans and the reserve that is not present in other
areas. Rural human populations often enter the forest to extract resources such as firewood

and food, but may also defecate in the forest; meanwhile, animals from the forest may enter
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the villages to raid village crops, leaving behind their own droppings. Both of these
scenarios provide more opportunities for interaction, both direct and indirect, between
lemurs and humans. Further analyses are underway to determine whether or not humans
are actually a source of the Giardia observed in these populations. If the sequence results
don’t suggest humans as vectors for this disease, high prevalence in village-associated
lemurs could be explained instead by high population densities of lemurs near forest edges
and associated frequent intraspecies contact. Other organisms like cows, dogs, and pigs
could also be vectors for the pathogen, as they spend considerable time in the vegetation

close to the villages, rooting for food and defecating.

Comparison of human and lemur pathogens

Curiously, we found no evidence of Shigella in the lemurs sampled; this may suggest
either a lack of Shigella in the nearby human populations or could indicate that
transmission is more “difficult” for this pathogen, despite the similar fecal-oral
transmission route. Preliminary results of humans sampled simultaneously for Shigella in
the same villages demonstrated a prevalence of 38.2% (Gillespie et al., unpublished data),
which provides support for the latter hypothesis and encourages us to consider why a
pathogen with zoonotic potential and ample opportunity may not be transmitted. One may
find that some enteric pathogens are more easily shared (“more zoonotic”) while others
less so, as they are expected to all be shared by approximately the same mechanisms.
Different types of pathogens also differ in biology; protozoal pathogens like Giardia can
also exist in an inactive form called a cyst, which can persist in the environment for up to a
few weeks (CDC, 2015). This makes protozoa much more environmentally persistent than

bacteria, perhaps explaining why a much higher prevalence of Giardia was observed than
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the bacterial pathogens. Furthermore, both Giardia and Entamoeba are most commonly
asymptomatic, in which state they produce the environmentally-resistant cysts, making
asymptomatic infection the most effective form for transmission (Gardner & Hill, 2001;
WHO, 1997). However, this does not account for why prevalence of Giardia was so much
greater than that of Entamoeba. Future studies should directly compare the infection
profile of a human community to its adjacent lemur population to see how similar they are
in pathogen makeup and prevalence. The nature of a study conducted in the wild makes it
difficult to parse out which elements are having the observed effect. Especially where there
is high human-lemur contact, there are many different modes of transmission occurring
and it is challenging to determine exactly what interactions increase risk of disease. Modes
of transmission should be further investigated to determine through which route there is
the most pathogen sharing; such information would facilitate efforts to mitigate disease

sharing between humans and lemurs.

Other analyses

We did not find sex or condition of lemur to be correlated with infection; this indicates
that females do not differ from males in likelihood of infection, although a larger sample
size would help to confirm this hypothesis. Condition may not predict infection because the
pathogen does not negatively impact the host; this is further supporting by our
observations of infected lemurs being asymptomatic.

Interestingly, we found a trend in the geographical analysis of prevalence at the
different village sites. The two villages with the highest prevalence of infection, Bevoahazo
and Beremby (100% infection prevalence at both) are only about 5 kilometers away from

each other (Figure 5). The two villages with the lowest prevalence of infection,
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Ambinandranfotoka and Mangevo (33.3% and 0.0% respectively) are only a couple of
kilometers away from each other, but the two groups of villages are separated by about 10
kilometers, including a section of Ranomafana National Park. It is possible that the high flux
of humans between villages located near each other would cause similar rates of disease
among those villages, whereas the villagers would be much less likely to visit another
village more than 10 kilometers away. This could result in locally similar rates of endemism
within village clusters that vary between groups of villages; further research with a larger

number of samples is needed to determine this possible connection.

Summary of discussion

Prevalence at the campsite was significantly higher than at the village sites, and
prevalence at the villages was higher than at the forest sites, suggesting that high human
activity increased risk of infection. A significantly different prevalence at the campsite
compared to the village sites suggest that the different human-lemur interfaces pose
different levels of risk of infection, which could be a result of differences in exposure or
susceptibility of the lemurs themselves. In conjunction with other literature, this study
provides more support for the hypothesis that lemurs living in proximity to humans,
particularly in areas associated with tourism, may be at greater risk for infection with
zoonotic disease. This may suggest that some sharing of pathogens is occurring, whether by
direct contact or through environmental contamination. Interestingly, we found that
among village-associated lemurs, prevalence may be clustered in specific regions, possibly

explained by the flux of humans between villages near each other.
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Future research

Further study of pathogen transmission in this ecosystem is necessary to
understand the possible sharing pathways between lemurs and humans. Ideally, another
study would be able to address the torpor issue that likely limited the catch success of this
study; due to academic scheduling, samples were only able to be collected during the
Austral winter, when mouse lemurs were experiencing torpor. Sampling in the months of
September and October would yield many more samples, bolstering the viability of the
statistical analyses. Similar studies should be conducted with other lemur species to see if
the pattern of higher infection prevalence near tourism sites holds true; furthermore, if
moderate infection rates near local communities is also reflected in other species. If these
patterns are present in other lemur species, this may help with the development of human-
lemur disease transmission theories that could be utilized in biodiversity conservation

efforts on the island.

Conclusion

This study is significant in its comparison of different types of lemur-human interfaces
and the resulting pathogen prevalence. For the first time, infection in lemur populations in
a tourism-associated habitat was contrasted against those living near villages. Information
from this study and similar research could suggest potential transmission pathways that
put endangered lemur communities at risk. The ability to identify such pathways enables
conservation efforts to better target efforts and implement interventions, such as
community education in the villages or at tourist sites. This work seeks to highlight the
necessity of investigating zoonotic disease as a conservation concern for primates around

the world.
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Future research is critical to providing support to the hypothesis that pathogens are
being shared between human and wildlife communities. Zoonotic disease transmission will
continue to be a field critical to both wildlife conservation and global health research. As
humans continue to harvest natural resources and facilitate tourism, human-wildlife
interactions will increase in frequency. Such changes could allow for the spillback of or
emergence of new infectious diseases, with serious implications for animal and human

populations alike.
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TABLES AND FIGURES

Table 1: Previous research of enteric pathogens in humans and lemurs in and around
Ranomafana National Park, Madagascar, completed in the Gillespie lab. These pathogens
showed potential for zoonotic transmission as they were found in both humans and lemurs.
This is not a comprehensive background of the research; Giardia and Entamoeba histolytica
have been recorded in other studies outside of the Gillespie lab. Although Giardia was not
found in lemurs, a number of limitations in the 2013 study could not rule out the potential
for it in this study.

Pathogen Prevalence (Humans) Prevalence (Lemurs)
Shigella spp. 26.0-64.0% (Bublitz etal,  4.0% (Bublitz et al., 2015)
2015); 22.0% (Giordano et
al,, 2018)

Salmonella enterica 16.0-32.0% (Bublitzetal,  8.0% (Bublitz et al., 2015)
2015); 5.4% (Giordano et
al,, 2018)

Giardia sp. N/A 0.0% (Rasambainarivo et
al, 2013)

Entamoeba histolytica N/A 4.0% (Ragazzo et al.,, 2018)
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Table 2: Description of habitats and lemurs sampled in and around Ranomafana National
Park, Madagascar. N represents number of Microcebus rufus trapped and sampled at each
site. Forest and campsite lemurs were trapped in 2011 by an interdisciplinary team led by
Dr. Gillespie including Deanna Bublitz, Fidy Rasambainarivo and Emo Redwood. Sarah
Zohdy joined the lab in 2012 and oversaw the analysis of the samples.

Site Type Sample size

Valohoaka-Menarano (2011) No regular overlap with humans N=9

Villages (2017) Frequent overlap with local villagers N=21

Campsite/road (2011) Frequent overlap with tourists and N=21
villagers

Total N =51
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Table 3: Samples from Microcebus rufus, brown mouse lemur, in Ranomafana National

Park, Madagascar were tested for Entamoeba histolytica, Salmonella enterica, Shigella
flexneri, and Giardia lamblia using pathogen PCR and gel electrophoresis protocols.

Optimized lab protocols were used to determine annealing times and temperatures.

LL9 19D LLD 9VD IV9 LD (feuy) asianay
9221 99V HI.L VIV DIV V9D Vv (feuy) premaioy g
q
JVH IV VHI LLI LVD HLI D29 D29 HVH (fenur) asiaaay
dqr11s 29 1OV D92 JIV I.LI DV IV9 DID HVV (renur) premiog
9V H.LLIVV DIV 229 9.1 DD ([euy) asianay
LD DVD D9V HVD I.LD HVD DIV HLY (feuy) premaioyg
V99 VD LD HVH H.LI ¥ID 19D (fentur) as1aaay yp3 DI|quD] DIPIDID
dq 665 VD D9LILLDIID HLV I1D OV (rentur) prem.ioy
22 9.1 22D 12V J0V 229 HLH (feuy) asianay
VV J.LLOVV 199 199 DLV J.LL DD (feuy) piemioyg
dqogs 1dy
21D 91D 9L DLD ILI DVI HLY (feniur) asiaaay
9219 9L) 51 IHLVIL VVV LVV (renur) premaog
V LYV HV9 LI.L DII VID HVD 951943y
Hed! Lauxalf vjjabiys
dqot19 OV LV9 2D.L LLD 29I V9 LLD piem.ioy
D DVV HHV VVD LHD VD HOL as.1aAdy
yaul DI1I3JU3 DJjaUOW DS
dqssz V ¥29 990 LLO JVD 29D LV.L piem.ioy
(z¥199X
D) VV.L.LVV 990 JV.L 19D LLD D1LD CRREYEN | -0u uoIssace
yueguan) pandjoisiy nqaowvyug
dq 1o¢g V 91D LV9 V1D LLL HLL V29 VV) piem.aoyg VNY ss
9ZIS 1onpoad (.g-.5) @ouanbag JowiLlg jo8ae] auan uadoyeq
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Madagascar. N refers to total sample size at each site. Pathogen prevalence is expressed as
a percentage, followed by (N positive/ total N at that habitat). Prevalence for Giardia is the
same as for total disease because every sample with any pathogen tested positive for

Table 4: Pathogen-specific and general prevalence across forest, village, and campsite
Giardia.

habitats in Microcebus rufus, brown mouse lemur, in Ranomafana National Park,
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Table 5: Comparison of infection prevalence in Microcebus rufus between sites near
Ranomafana National Park, Madagascar. Forest-village and forest-campsites statistics were
produced using the general logistic regression model with forest as the reference group;
the village-campsite statistics were produced with the multiple comparison test with forest
as the reference group. Because we expect directionality within the site variable (infection
in campsite > village > forest), we included the one-tailed test directional P-value.

Forest - village

Forest - campsite Village - campsite

Estimate 1.984 3.526 1.542
Standard error 1.147 1.197 0.707
Z-value 1.730 2.945 2.182
Two-tailed test P- 0.084. 0.003** 0.029*
value (o = 0.05)

One-tailed 0.042* 0.002** 0.015*

directional P-value
(aa=0.05)
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Table 6: Assessment of effect of variables on infection in Microcebus rufus near Ranomafana
National Park, Madagascar. This model was produced using a general logistic regression
model. As the P-values are not significant, these variables appear to not have a large effect
on outcome of infection. Sex was a dichotomous variable (Female = 1, Male = 0); condition
was (weight/length from nose to base of tail), as we expected this to be a good estimate of
health.

Sex (Female) Condition
(Weight/length)
Estimate 0.278 -1.268
Standard error 1.099 1.128
Z-value 0.253 -1.124
Two-tailed test P-value 0.800 0.261

(a=0.05)
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Figure 1: Locations where brown mouse lemurs (Microcebus rufus) were trapped and
sampled in 2011 (green and red) and 2017 (yellow) in and around Ranomafana National
Park in Southeastern Madagascar.
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Figure 2: A typical trapping setup for Microcebus rufus, brown mouse lemur, on a branch at
a village site outside of Ranomafana National Park, Madagascar.

R AN TR T

Figure 3: A close-up of the study specimen,
Microcebus rufus after being trapped and
sampled at a village site outside of
Ranomafana National Park, Madagascar.
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Figure 4: Bar chart of infection prevalence in Microcebus rufus by site in Ranomafana
National Park, Madagascar.

Prevalence of infection with any pathogen by site

0.9 0.809
0.8
0.7

Mean = 0.549

y
=]
o

0.476

0.5
04
0.3
0.2 0.111
0.1
o —
Forest Village Campsite
Site

Probabilit




Figure 5: Map of overall infection prevalence by village near Ranomafana National Park,
Madagascar.
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