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ABSTRACT:

To facilitate ecotourism and research, free-ranging mountain gorillas of Uganda have been habituated to humans.

Testing of fecal samples of gorillas (n = 100), people sharing gorilla habitats (n = 62), and local pre- and postweaned cattle (n
= 50) having access to these habitats with fluorescein isothiocyanate—conjugated monoclonal antibodies revealed Giardia duo-
denalis cysts at prevalences of 2, 5, and 10%, respectively. The identification of G. duodenalis was confirmed by fluorescent in
situ hybridization with 2 species-specific 18-bp oligonucleotide probes conjugated to hexachlorinated 6-carboxyfluorescein. The
mean pathogen concentration was 2.5, 2.8, and 0.2 X 10* cysts/g of the gorilla, people, and cattle feces, respectively. All cyst
isolates aligned with genotype (assemblage) A, as confirmed by polymerase chain reaction amplification and sequencing of a
130-bp region near the 5’ end of the small subunit-ribosomal RNA gene. A single genotype (assemblage) A recovered from 3
genetically distant but geographically united host groups indicates anthropozoonotic transmission of G. duodenalis. A large
percentage of the local community does not follow park regulations regarding the disposal of their fecal waste, as self-reported
in a questionnaire. This genotype may have been introduced into gorilla populations through habituation activities and may have
then been sustained in their habitats by anthropozoonotic transmission.

Giardia spp. are protozoan enteric parasites of vertebrates
with an infectious stage, the cyst, transmitted via the fecal-oral
route and feces-associated contamination, e.g., via food and wa-
ter (Thompson et al., 1993). There are 5 morphologically dis-
tinct species: G. duodenalis (syn. G. lamblia, G. intestinalis)
(mammals), G. muris (rodents), G. agilis (amphibians) (Filice,
1952), G. ardea (birds), and G. psittaci (birds) (Erlandsen et
al., 1990; McRoberts et al., 1996). Molecular techniques have
revealed genetic diversity in G. duodenalis, and mammalian
isolates with zoonotic potential appear to belong to 1 out of 2
genotypic groupings (assemblages) (Thompson, Hopkins, and
Homan, 2000). These genotypes are distributed worldwide and
are referred to in Europe as “‘Polish”” and ““Belgian” (Homan
et al., 1992), in North America as Groups 1-2 and 3 (Nash,
1995), and in Australia as assemblages A and B (Mayrhofer et
al., 1995; Monis et al., 1996; Ey et al., 1997; Thompson, Hop-
kins, and Homan, 2000). Genotype (assemblage) A, which most
commonly infects humans, can also be found in mammals in-
cluding livestock. People and other mammals (excluding cattle)
can be infected with genotype (assemblage) B (Ey et al., 1997,
Karanis and Ey, 1998; Thompson, Morgan et al., 2000). The
genotypes of G. duodenalis with a limited host range (indicative
of higher host specificity) include those from domestic cats,
rats, dogs, and hoofed livestock (Ey et al., 1997; Thompson,
Morgan et al., 2000). Genotypes identified in cats and hoofed
livestock are closely related to genotype A, whereas those from
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dogs, rats, and voles/muskrats, are genetically quite distinct
from both genotypes A and B (Thompson, Hopkins, and Ho-
man, 2000).

Although numerous studies have demonstrated genetic sim-
ilarities among mammalian isolates of Giardia (Hopkins et al.,
1997), cross-transmission experiments that tested their zoonotic
potential remain inconclusive (Thompson et al., 1990). Molec-
ular identification of the genotype directly from the cyst stage
(as opposed to in vitro—amplified trophozoites because not all
isolates of Giardia can be grown in vitro) is the most reliable
means to demonstrate zoonotic transmission (Hopkins et al.,
1997; Issac-Renton et al., 1997). For example, the genotype of
G. duodenalis cysts from a waterborne outbreak in Canada were
identical to the genotype from a beaver colony living in the
endemic area (Issac-Renton et al., 1997). To investigate zoo-
notic transmission and the molecular epidemiology of giardia-
sis, a nested polymerase chain reaction (PCR) for genotyping
Giardia cysts has been developed and successfully used to dif-
ferentiate between genotypes of Giardia infecting people and
dogs in endemic communities in Australia (Hopkins et al.,
1997). Also, recently, a fluorescent in situ hybridization (FISH)
technique has been developed for specific identification of G.
duodenalis cysts (Dorsch and Veal, 2001). FISH employs flu-
orescently labeled 18-bp oligonucleotide probes targeted to spe-
cies-specific sequences of 18S ribosomal RNA (rRNA) of G.
duodenalis (Dorsch and Veal, 2001).

Some families of mountain gorillas (Gorilla gorilla beringei)
that free range within the Bwindi Impenetrable National Park,
Uganda, have been habituated to humans (Butynski and Kalina,
1993). Information gathered to date indicates that intensified
reciprocal human—gorilla interactions may have enhanced the
transmission of anthropozoonotic pathogens (Ashford et al.,
1990; Graczyk et al., 1999; Graczyk, DaSilva et al., 2001; Grac-
zyk, Mudakikwa et al., 2001; Nizeyi et al., 1999, 2001; Nizeyi,
Cranfield et al., 2002; Nizeyi, Sebunya et al., 2002). Although
no information is available on Giardia sp. in people sharing
gorilla habitats, Giardia sp. cysts have been recovered from
gorilla feces (Nizeyi et al., 1999; Sleeman et al., 2000) and from
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local cattle grazing in the park vicinity and illegally within the
park (Mwebe, 1998; Nizeyi, Cranfield et al., 2002). As bovine
giardiasis is common and has a worldwide distribution (Olson
et al.,, 1997; O’Handley et al., 2000), the access of cattle to
gorilla habitats (Mwebe, 1998) raised additional concerns for
pathogen transmission.

The purpose of the present study was to determine the spe-
cies and genotype of Giardia cysts recovered from gorillas,
cattle, and people sharing gorilla habitats. The greatest zoonotic
risk derives from G. duodenalis genotypes in assemblage A (Ey
et al., 1997; Karanis and Ey, 1998; Thompson, Morgan et al.,
2000); thus, finding this genotype would indicate potential an-
thropozootic transmission.

MATERIALS AND METHODS
Study site

The Bwindi Impenetrable National Park, approximately 330 km?, is
situated in southwestern Uganda and supports the existence of approx-
imately 300 free-ranging mountain gorillas (Mwebe, 1998). Human ac-
tivity within the park includes gorilla tracking for tourism and research,
antipoaching and military patrols, and a limited scale license-based for-
est harvesting, pit sawing, and sawmilling (Mwebe, 1998). The main
illegal activities within the park include grazing of local cattle and un-
licensed harvesting of the forest (Mwebe, 1998).

Sample collection and processing

The human population (n = 62) sharing gorilla habitats has been
divided into 4 groups on the basis of activity: Group 1, n = 19, park
staff, i.e., guides, trackers, workers, guards, patrols, and clerks; Group
2, n = 33, non—park staff, i.e., local communities of the Bakiga, Baf-
umbira, and Banyarwanda; Group 3, n = 7, soldiers; and Group 4, n
= 3, tourists. All categories (except clerks) entered the park on a daily
basis and tourists only once. Fecal samples were collected in plastic
cups and refrigerated at 4 C until processed. Each specimen was ac-
companied by a questionnaire for the individual from whom the sample
originated.

Gorillas were visualized from a trail and their age and sex determined
(Mwebe, 1998). The fecal samples were collected as soon as possible
after defecation in a plastic vial and transported to the laboratory in a
cooler. If defecation was not observed, the gorilla age was determined
on the basis of the fecal lobe diameter or the presence of silver hairs
(Mwebe, 1998). A total of 100 samples were collected from 3 human-
habituated families (43 gorillas) and 2 wild nonhabituated groups of
unknown number of gorillas. In the laboratory, samples were sorted
into 6 age classes, as described previously (Nizeyi et al., 1999).

Cattle rectal fecal samples (n = 50), approximately 0.2-kg weight,
were collected using disposable plastic gloves at the 5 farms that were
in closest proximity to the park and stored at 4 C until processed. At 2
farms, samples originated from postweaned cattle, n = 13 and 7, re-
spectively, and from preweaned animals at the 3 remaining farms n =
16, 10, and 4, respectively. Two farms, 1 with postweaned and 1 with
preweaned animals, were not fenced and were located at the park’s edge.
Cattle at these farms had access to the park. The 3 remaining farms,
located 5 km from the park, were fenced.

In the laboratory, samples were individually processed as described
previously (Graczyk et al., 2000); the final pellets were restored in 300
pl of 95% ethanol (Vesey et al., 1998).

Detection of Giardia sp. cysts

Aliquots (10 pl) of feces-recovered material were incubated (1:1 v/
v; 30 min, room temperature) with fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies (mAb) against the cell wall antigens
of Giardia from the MERIFLUOR® test kit (Meridian Diagnostic, Inc.,
Cincinnati, Ohio). Five-microliter portions of the solution were each
deposited on glass slide wells (11-mm diameter). The slide was covered
with a 24- X 50-mm coverslip, and the entire well area was examined
with an Olympus BH2-RFL epifluorescent microscope, dry 60X objec-
tive, and BP-490 exciter filter. Giardia cysts were counted, and their

concentration was calculated using previously described formulas (Ni-
zeyi et al., 1999; O’Handley et al., 2000). The size of Giardia cysts
recovered from cattle, gorillas, and people (n = 30 from each group)
was measured using a calibrated ocular.

DNA isolation

Approximately 100-200 p.l of the Giardia cyst suspension was added
to a 1.5-ml eppendorf tube with 80 pl of tissue lysis buffer (QIAgen,
Hilden, Germany) and boiled for 10 min; 180 pl of AL buffer (QIAgen)
followed by 10 wl of glassmilk (Bio-Rad Laboratories, Hercules, Cali-
fornia) were added to the cyst suspension that was vortexed well and
incubated at 72 C for 10 min. Samples were spun at 14,000 rpm for 1
min in an Eppendorf Centrifuge 5417C and the supernatant discarded.
The pellet was washed with 700 pl of AW wash buffer (QIAgen). The
suspension was spun again at 14,000 rpm for 1 min and the supernatant
discarded. The wash step was repeated and the pellet dried in a vacuum
desiccator for 5-10 min. The pellet was resuspended in 20 pl of TE
buffer and incubated at 72 C for 5 min. Samples were spun at 14,000
rpm for 2 min, and the supernatant containing the DNA was transferred
to a clean tube.

PCR amplification, sequencing, and genotyping of Giardia sp.
cysts

The molecular characterization of Giardia cyst isolates was carried
out using nested PCR amplification and sequencing of a 130-bp region
near the 5’ end of the small subunit-rRNA gene, as described previously
(Hopkins et al., 1997; Read et al., 2002).

FISH and FITC-conjugated mAb

Two probes specific to G. duodenalis (as tested against G. microti
[rodents], G. ardea, and G. muris) were used, Giar-4 (5'-CGG CGG
GGG GCC AAC TAC-3’) and Giar-6 (5'-CGG GGC TGC CGC GGC
GCG-3") (Dorsch and Veal, 2001). The probes were synthesized by the
DNA Analysis Facility of the Johns Hopkins University, Baltimore,
Maryland, in a 1.0-mM scale, purified by high-performance liquid chro-
matography, and labeled with a single molecule of a fluorochrome, hex-
achlorinated 6-carboxyfluorescein. FISH and FITC-conjugated mAb
testing were carried out in eppendorf tubes in a total volume of 100 pl
of the hybridization buffer (Deere et al., 1998) at 48 C for 1 hr (Dorsch
and Veal, 2001). The concentration of each oligonucleotide probe was
1 mmol L~ (Dorsch and Veal, 2001), and the mAb was 1:1 v/v diluted.
After incubation, the tubes were centrifuged twice at 4 C (8,000 g, 2
min), and the pellets were resuspended in 100 pl of phosphate-buffered
saline. Five 20-ul samples were transferred onto 5 lysine-coated wells
(5-mm diameter) on a glass slide (Carlson Scientific, Inc., Peotone,
Illinois) and air-dried. The cysts were counted.

RESULTS
Detection of Giardia sp. cysts

The prevalence of positive fecal samples and the concentra-
tion of Giardia cysts are presented in Table 1. Giardia-positive
cattle were located at farms that were not fenced, located at the
park’s edge, and the animals had access to the park.

On the basis of a self-administered questionnaire, 3 people
who were tested positive had experienced at least a single di-
arrheal condition (lasting for at least 5 days) within 1 mo before
the sample collection. Also, 15 of the 19 park staff members
(79%) reported having frequent contact, i.e., handling gorilla
dung within a month before the testing. Of these 15 people, 10
washed their hands and cleaned their shoes of the dung, 3 wiped
the dung off their shoes, and 2 did nothing. Fourteen of the 33
local community members (42%) reported of never burying
their solid waste after defecating in the bushes in the park.
Three of the 19 park staff members (16%) reported not com-
plying with the park regulations regarding fecal disposal, i.e.,
burying their fecal waste within the park. Of 62 participants in
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TaBLE I. The results of testing for Giardia sp. in fecal samples from free-ranging human-habituated mountain gorillas (Gorilla gorilla beringei)
of the Bwindi Impenetrable National Park, Uganda, the local community members that share gorilla habitats, and cattle grazing within the park

and its vicinity.

Number of samples  Concentration
Col- Posi- Per- M Species,
Sampled group lected tive centage Range Mean assemblage Comments for positive samples

Humans, n = 62 62 3 5 2.3-3.1 2.8 G. duodenalis, A Park staff members 19, 27, and 39 yr old, all experienced diar-
rhea

Gorillas, n = 100 100 2 2 2.0-25 25 G. duodenalis, A Nonhabituated, unknown age and sex, stools with blood and
mucous

Cattle, n = 50 50 5 10 0.1-0.3 0.2 G. duodenalis, A 4 preweaned, 1 postweaned, diarrhetic stools

the study, 49 (79%) reported drinking water directly from
streams while in the park. Giardia cysts from human samples
were within the length range of 12.1-14.9 pm (x = 13.3 += 0.8
pm) by width of 7.1-11.8 pm (x = 9.1 = 1.0 pm). Giardia
cysts from gorillas were 11.7-14.7 pm (x = 129 * 0.7 pm)
by 6.7-9.9 pm (x = 8.1 * 0.7 pm) and from cattle 11.9-14.1
pm (x = 12.7 £ 0.8 pm) by 6.9-9.6 pm (x = 7.9 * 0.7 pm).

Molecular characterization and genotyping of Giardia sp.
cysts

Molecular analysis of 5 cattle, 3 human, and 2 gorilla isolates
revealed that all isolates were genetically identical over the 130-
bp sequence to G. duodenalis genotype (assemblage) A.

FISH and FITC-conjugated mAb

All isolates of G. duodenalis cysts produced positive FISH
and mAD reactions, and the fluorescence intensity of all isolates
from humans, gorillas, and cattle was similar. The vast majority
of cysts, over 95%, were intact (Fig. 1). Nonviable cysts were
represented by: (1) shells with apparently structurally damaged
walls, and (2) intact cysts with a very small amount of internal
structures with a diffused appearance (Fig. 1). Intact cysts were
filled out completely with cytoplasm, or sometimes the cyto-
plasm was condensed and there was a gap between the internal
structures and the wall (Fig. 1). Neither FISH-negative and
mAb-negative nor FISH-positive and mAb-negative cysts were
observed. No fluorescence of other organisms was observed
except for autofluorescence of the nonstructural debris.

DISCUSSION

The current taxonomy of Giardia sp. recognizes the existence
of only a limited number of species in the genus (Thompson et
al., 1990, 1993). Of these, G. duodenalis exhibits considerable
intraspecific variability with some genotypes not rigidly host-
specific and thus of potential zoonotic significance (Thompson
et al., 1990, 1993; Ey et al., 1997). Genotypic variation among
G. duodenalis isolates determines the epidemiology of giardi-
asis, and the greatest zoonotic risk derives from genotypes in
assemblage A (Ey et al., 1997; Karanis and Ey, 1998; Thomp-
son, 2000; Thompson, Hopkins, and Homan, 2000). Of concern
in the present study was the finding that all isolates of G. duo-
denalis from people, gorillas, and cattle were identical to ge-
notype A, the most common genotypic group infecting people
(Thompson, Hopkins, and Homan, 2000). The fact that 3 ge-

netically distant but geographically localized host groups were
found to harbor Giardia sp. belonging to the same genotypic
grouping suggests a common source of infection in the 3 spe-
cies of host. In this respect, it seems likely that humans intro-
duced Giardia sp. infection into this localized endemic focus
of transmission (Fig. 2). Cattle are unlikely to have been the
source of infection because molecular epidemiological studies
in Canada and Australia have shown that although cattle are
susceptible to infection with genotype A, the majority of ani-
mals in a herd are infected with the ‘“hoofed livestock” geno-
type of G. duodenalis (O’Handley et al., 2000; Thompson,
2000).

To our knowledge, the present study constitutes the first pub-
lished report on G. guodenalis genotype (assemblage) A in go-
rillas. The interesting result of the present study is the identi-
fication of only genotype (assemblage) A in cattle that were
expected to harbor the hoofed livestock (syn. ‘‘artiodactyl-spe-
cific”’) genotype (Ey et al., 1997; O’Handley et al., 2000;
Thompson, Hopkins, and Homan, 2000). As demonstrated by
axenic culture or growth in mice and subsequent molecular
analysis, 15 out of 31 isolates of G. duodenalis from hoofed
farm animals in Australia represented artiodactyl-specific ge-
notype, 10 (including isolates from cattle) were identical with
genotype (assemblage) A, and 5 had close affinity with both
genotypes (assemblages) A and B (Ey et al., 1997). It has been
concluded by this study that isolates indistinguishable from hu-
man genotype (assemblage) A had the greatest zoonotic poten-
tial (Ey et al., 1997). Extensive surveys with the genotypic
characterization of G. duodenalis from dairy calves in Canada
and Australia demonstrated that the hoofed livestock genotype
dominated over genotype (assemblage) A (O’Handley et al.,
2000; Thompson, 2000). Four out of 5 and 8 out of 10 isolates
aligned with the hoofed livestock genotype in Australia and
Canada, respectively, and the remaining isolates aligned with
genotype (assemblage) A (O’Handley et al., 2000).

The question remains as to how such an anthropozoonotic
cycle of transmission of G. duodenalis has been achieved in
the area of the Bwindi Impenetrable National Park. Genotype
A of G. duodenalis is the most common genotype found in
people (Thompson, Morgan et al., 2000). It may have been
introduced into gorilla populations through habituation activi-
ties or ecotourism, or both, and may have then been sustained
in their habitats by anthropozoonotic transmission and enhanced
by promiscuous defecation (Fig. 2). Only park staff members
were found to be infected with G. duodenalis. The question-
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FiGURE 1. FISH and FITC-conjugated mAb images of Giardia duo-
denalis genotype (assemblage) A cysts recovered from fecal specimens
of free-ranging human-habituated mountain gorillas (Gorilla gorilla
beringei) of the Bwindi Impenetrable National Park, Uganda, the local
community members that share gorilla habitats, and cattle grazing with-
in the park and its vicinity. Viable G. duodenalis cyst with a gap be-
tween the internal structures and the wall (panel A), nonviable cyst
(panel B), and cyst shell (= nonviable cysts) with structural wall dam-
age (panel C). Bar = 4 um.

naire survey revealed that not all staff members buried their
own fecal waste while in the park and that over one-third of
the staff members who came in contact with gorilla dung did
not use appropriate precautions. Furthermore, almost half of the

Gorilla

Cattle

FIGURE 2. Anthropozoonotic transmission cycles of Giardia duo-
denalis genotype (assemblage) A in habitats of free-ranging human-
habituated mountain gorillas (Gorilla gorilla beringei) of the Bwindi
Impenetrable National Park, Uganda.

local community did not bury their fecal waste while promis-
cuously defecating in the park. Over three-quarters of the study
participants drink water directly from streams, and Giardia sp.
can be efficiently transmitted via water (DeRegnier et al., 1989;
Erlandsen and Bemrick, 1998). This means that on a daily basis,
a large percentage of people who frequently enter the park do
not follow the park regulations regarding the disposal of fecal
waste. Also, allo- and autocoprophagy practiced by gorillas can
greatly facilitate the establishment of this pathogen in gorilla
populations (Graczyk and Cranfield, 2001).

Genotypic characterization of Giardia was complemented in
the present study by the application of the FISH and immuno-
fluorescent mAb (IFA) techniques. As discussed by Dorsch and
Veal (2001), the FISH technique has multiple diagnostic ad-
vantages over PCR or IFA techniques used alone. Incorporation
of IFA into the FISH allows (irrespective of the FISH outcome)
the observation of the external morphology of cysts and the
assessment of any structural damage to their walls, as demon-
strated in Figure 1, panel C.

This study has reinforced the epidemiological and public
health value of the genotypic identification of Giardia sp. on
the basis of the cystic stages in environmental samples, partic-
ularly in determining the source of environmental contamina-
tion (Thompson, Morgan et al., 2000). It was shown that poor
husbandry and sanitary practices can lead to the maintenance
of an artificially introduced pathogen in a cycle of transmission
involving domestic animals and wildlife (Fig. 2). The potential
clinical impact of Giardia infection in gorillas remains to be
determined and will require further investigation. These results
emphasize the need for stronger enforcement of park regula-
tions and mandatory implementation of farmer education into
the management of gorillas and the risks of Giardia sp. trans-
mission in this confined area.
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