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Cryptosporidium spp. and Giardia duodenalis are major contributors to the global bur-
den of diarrhoeal disease, primarily affecting young children in poor-resource settings.
Cryptosporidiosis ranks second to rotavirus infection as a cause of life-threatening diar-
rhoea in children younger than two years of age, in sub-Saharan Africa and south Asia [1].
In contrast, giardiasis is rarely a cause of childhood mortality, but the disease has been
consistently associated with growth faltering and cognitive impairment in malnourished
children [2]. Intriguingly, large epidemiological studies, based on case-control data, have
evidenced that G. duodenalis was more frequent among controls (individuals without diar-
rhoea) than in cases (individuals with diarrhoea) [1,3,4]. This finding has been interpreted
by some authors as evidence in favour of a potential “protective” effect of the parasite
against diarrhoea, and explains why G. duodenalis infections are systematically absent in
global burden estimations of diarrhoeal diseases [5].

At least 44 Cryptosporidium species and more than 120 genotypes, as well as nine
Giardia species are currently recognised [6]. Only three Cryptosporidium species (mainly
anthroponotic C. hominis and zoonotic C. parvum and C. meleagridis) are responsible for
most (circa 95%) human cases of cryptosporidiosis reported globally. Giardia duodenalis
is the only Giardia species infective to humans, comprising eight (A–H) distinct genetic
groups (the so-called assemblages) of which zoonotic assemblages A and B are commonly
reported to infect humans [6]. Because of the large number of morphologically identical (but
genetically different) species/genotypes, within both groups of protozoa, molecular-based
tools, including Sanger sequencing, are needed for detection, differentiation, and subtyping
purposes [7]. Molecular data are also essential to characterize the transmission dynamics
of Cryptosporidium spp. and G. duodenalis, including for the identification of sources of
infection and spread pathways, the tracking of virulent genetic variants or the assessment of
zoonotic potential. The most common genetic markers used in subtyping analyses include
the Cryptosporidium 60-kDa glycoprotein (gp60) gene, and the G. duodenalis β-giardin (bg),
glutamate dehydrogenase (gdh), and triosephosphate isomerase (tpi) genes [7].

This special issue includes 14 papers that made important contributions in expanding
our current knowledge, on aspects relevant to the diagnosis and epidemiology of Cryp-
tosporidium spp. and G. duodenalis. These include the usefulness of PCR-based methods,
for the first-line routine diagnosis of Cryptosporidium spp. in clinical settings [8], or for
enlarging the available arsenal of subtyping tools, to assess Cryptosporidium intra-species
genetic diversity in canine-adapted C. felis [9] and ovine-adapted C. xiaoi [10]. We were
lucky enough to receive relevant contributions dealing with the human molecular epi-
demiology of Cryptosporidium spp. and G. duodenalis in a low-income country, such as
Mozambique [11–13], in medium-income countries, such as Brazil and China [14,15], and
in a high-income country, such as Sweden [16]. Finally, this special issue also included
molecular epidemiological studies directed to assess the occurrence, genetic diversity and
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zoonotic potential of Cryptosporidium spp. and G. duodenalis in pet dogs and cats [17],
livestock [18], and farmed rabbits and rats [19–21], mostly in China.

In their study, Costa et al. [8] evaluated the diagnostic performance of four “in-house”
and four commercial PCR methods for the detection of Cryptosporidium spp. against a
panel of selected stool samples, belonging to the collection of a French reference laboratory.
The authors identified significant differences in the performance of the compared assays,
highlighting the need for proper validation and standardization before routine clinical use.
An asset of this study was the inclusion of less frequent or rare Cryptosporidium species and
genotypes (C. cuniculus, C. felis, C. meleagridis, C. ubiquitum, C. sp. chipmunk genotype), in
addition to C. hominis and C. parvum. All four commercial assays were able to identify all
Cryptosporidium species and genotypes evaluated, but this was not always the case for the
“in-house” protocols.

Li et al. [9] confirmed and expanded the usefulness of the 60-kDa glycoprotein (gp60)
gene subtyping tool for assessing the genetic diversity within C. felis, initially developed by
Rojas-Lopez et al. [22]. To do so, the authors identified the subtypes of 20 C. felis isolates,
obtained from stray, sheltered, and pet cats, in Guandong province and Shanghai city in
China. A high intra-species genetic diversity was observed, resulting in the identification
of 13 novel and two known subtypes of the parasite. The main contribution of this survey
was the demonstration that many of these genetic variants were shared between cats and
humans, strongly suggesting that there could be cross-species transmission of C. felis. Fur-
thermore, Fan et al. [10] developed a new gp60 subtyping tool for C. xiaoi, a Cryptosporidium
species adapted to infect sheep and goats, for which this tool was previously lacking. The
authors tested 355 C. xiaoi-positive samples from Chinese sheep and goats and found an
extremely large intra-species genetic diversity, resulting in the identification of 12 (XXIIIa
to XXIIIl) subtype families. This study complements and expands the available gp60 sub-
typing toolbox, including protocols adapted to Cryptosporidium species, such as C. hominis
and C. parvum [23], C. fayeri [24], C. meleagridis [25], C. ubiquitum [26], C. viatorum [27],
C. felis [22], C. ryanae [28], C. canis [29], and C. bovis [30].

This special issue brings together new epidemiological data that contribute to improv-
ing our understanding on the current situation of human cryptosporidiosis in Mozambique,
one of the least developed countries in sub-Saharan Africa. In a seminal molecular-based
study conducted in Zambézia province, Muadica et al. [11] investigated the presence and
genetic diversity of Cryptosporidium spp., and other intestinal micro-eukaryotes, in a large
population (n = 1093) of asymptomatic and symptomatic schoolchildren. The authors found
a low prevalence of Cryptosporidium infections (1.6%) and managed to genotype 13 isolates
of the parasite. Three species (C. hominis, C. parvum, and C. felis) were identified at equal
rates (31% each), with C. viatorum being detected in 7% of cases. These preliminary results
were further confirmed and expanded in a subsequent retrospective study, conducted by
Messa et al. [12], taking advantage of a large panel of Cryptosporidium-confirmed DNA
samples (n = 190), obtained during the Global Enteric Multicenter Study (GEMS) at the
Manhiça district in the Maputo province [1]. The GEMS project was specifically designed as
a case-control study to determine the etiology and population-based burden of paediatric
diarrheal disease in sub-Saharan Africa and South Asia [31]. In their study, Messa et al. [12]
identified three Cryptosporidium species including C. hominis (73%), C. parvum (23%), and
C. meleagridis (4%). Both C. hominis and C. parvum were more prevalent among children
with diarrhoea than in children without it (48% vs. 33%). A large intra-species genetic
variability was observed within C. hominis (gp60 subtype families Ia, Ib, Id, Ie, and If) and
C. parvum (gp60 subtype families IIb, IIc, IIe, and IIi) but not within C. meleagridis (gp60
subtype family IIIb). Molecular genotyping data, provided by Cossa-Moiane et al. [13],
in young children (n = 319) presenting with diarrhoea at hospital settings in the Maputo
province, pointed in the same direction. In this study, a microscopy-based Cryptosporid-
ium prevalence of 11% was obtained. In addition, typing results were available from a
subset (n = 29) of these Cryptosporidium-positive samples, confirming the predominance
of C. hominis (93%) over C. parvum (3%). A mixed infection of C. hominis and C. parvum
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was also detected (3%). Taken together, these three studies strongly suggest that human
cryptosporidiosis in Mozambique is mainly of anthropic nature, although domestic dogs,
cattle, and avian species can act as source of human infection in certain areas. This situ-
ation reflects the coexistence of different transmission pathways of cryptosporidiosis in
the country.

Understanding the public health significance of emerging diarrhoea-causing mi-
croeukaryotes, including Cryptosporidium spp. and G. duodenalis, is increasingly attracting
research interest in rapidly developing countries, such as Brazil and China [32,33]. In
the former country, Köster et al. [14] investigated the occurrence and genetic diversity of
G. duodenalis in a community survey of indigenous people (n = 574) from the Brazilian
Amazon. During the four consecutive sampling campaigns of the study, G. duodenalis
prevalence rates varied from 13–22% and primarily affected individuals younger than
15 years of age. Near 75% of the infections were attributed to the assemblage B of the
parasite. Remarkably, no association between the G. duodenalis genotype and the occur-
rence of diarrhoea could be demonstrated. This finding is in agreement with the results
obtained in a recent study conducted in Mozambican children younger than five years
of age [34]. Considered together, these findings indicate that the parasite genotype does
not suffice to explain, per se, the progression from infection to disease. Little information
on the molecular variability of Cryptosporidium spp. and G. duodenalis is still available
from Chinese human populations. Zhang et al. [15] attempted to overcome this gap in
knowledge by analysing stool samples (n = 507) from randomly selected individuals, with
and without gastrointestinal manifestations, seeking medical attention at hospital settings
in the Yunnan Province. Interestingly, no Cryptosporidium infections were identified in the
surveyed clinical population, whereas a low G. duodenalis occurrence rate (2%) was found.
Sequence analyses of the G. duodenalis-positive isolates confirmed that assemblage A was
far more prevalent than assemblage B (90% vs. 10%, respectively). The large, geographical-
dependent difference in assemblage frequencies, documented in the studies mentioned
above, may be indicative of different sources of infection and transmission routes.

Cryptosporidium spp. and G. duodenalis are a public health concern, not only in
low- and medium-income countries, but also in developed nations [35]. In their study,
Lebbad et al. [16] retrospectively genotyped Cryptosporidium-positive stool samples (n = 398)
collected in 12 of the 21 regional laboratories that carry out routine parasitological diag-
nosis in Sweden. The cohort of stool samples analysed included patients that acquired
the infection in the country and abroad. The authors identified 12 distinct Cryptosporidium
species/genotypes, with C. parvum (75%) and C. hominis (12%) accounting for the majority
of the cases identified. A very large intra-species genetic diversity was detected, allowing
the identification of 29 gp60 subtype families including four novel ones (C. parvum IIr, IIs,
IIt, and Cryptosporidium horse genotype VIc). The authors also reported a human infection
by rodent-adapted C. ditrichi, a Cryptosporidium species very rarely found in humans [36].
Another major contribution to this survey was the demonstration that almost 8% of hu-
man cryptosporidiosis cases in Sweden had a zoonotic origin. However, it is still unclear
whether some of these findings (e.g., C. erinacei, C. ditrichi, C. horse genotype) correspond
to true or spurious infections.

From the human molecular data presented above, it is clear now that zoonotic trans-
mission is a significant route of Cryptosporidium spp. and G. duodenalis, spreading in several
settings, either in developing or developed nations. Human infections can arise through di-
rect contact with infected animals, or through accidental ingestion of contaminated water or
food with the faecal material of these animals [37–39]. This special issue included five arti-
cles dealing with the potential role of companion, livestock, and farmed animals as potential
sources of human cryptosporidiosis and giardiasis. Most of these studies were conducted
in China. In the first one, Wang et al. [17] investigated the presence and genetic diversity of
Cryptosporidium spp. and G. duodenalis in faecal samples from pet dogs (n = 262) and cats
(n = 171), collected in veterinary clinics, markets and shelters, from the Yunnan province.
Reported infection rates for G. duodenalis and Cryptosporidium spp. were 14% and 5% in
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dogs, and 1% each in cats, respectively. Sequence analyses revealed that dogs were infected
only by canine-adapted Cryptosporidium (C. canis) and G. duodenalis (assemblages C and D)
species/genotypes. Similarly, cats were infected by feline-adapted C. felis and G. duodenalis
assemblage F. These data indicate that pet dogs and cats play a marginal role as sources
of human cryptosporidiosis and giardiasis. It should be noted that most molecular-based
surveys conducted so far, failed to demonstrate zoonotic transmission events between pet
dogs/cats and humans [40,41]. In another survey, Cao et al. [18] assessed the occurrence
and molecular diversity of Cryptosporidium spp. in faecal samples (n = 476) from Bactrian
camels in the Xinjiang Uygur Autonomous Region. In this Chinese area, the Bactrian camel
is one of the few large animal species suitable for livestock production, providing clothing,
milk, meat, and transport for many people. The authors found a PCR-based prevalence of
8% and identified six different Cryptosporidium species circulating in the surveyed camel
population. Of them, C. andersoni (67%) and C. parvum (17%) accounted for eight out of
ten infections. Other, less frequent species, included C. occultus, C. ubiquitum, C. hominis,
and C. bovis. The study represents the first report of C. hominis (gp60 subtype family Ik) in
Bactrian camels, expanding the known range of suitable hosts for this pathogen in China
that already included cattle [42], donkeys [43], horses [43], and non-human primates [44],
beside humans. Some authors have interpreted all this information as evidence in support
of considering C. hominis as a zoonotic species [45]. Regarding intensive animal farming,
Cui et al. [19] investigated the presence, molecular variability and zoonotic potential of
G. duodenalis in coypus (n =308), reared in fur farms in six Chinese provinces/autonomous
regions. The parasite was detected in all farms investigated at variable infection rates, rang-
ing from 1–29%. Subtyping data was available for 38 isolates, of which 95% were assigned
to assemblage B and the remaining 5% to assemblage A. These data indicate that giardiasis
could be an occupational risk for those individuals working in close contact with the farmed
coypus or their excreta. In a similar study conducted in farmed bamboo rats (n = 724),
in Guangdong province, Li et al. [20] identified Cryptosporidium infections in 12% of the
investigated animals. Sequence analyses of the isolates positive to the parasite allowed for
the identification of five distinct Cryptosporidium species/genotypes, with C. bamboo rat
genotype I (56%) and C. parvum (35%) being the most prevalent genetic variants found. The
remaining positive samples belonged to C. bamboo rat genotype III (6%), C. occultus (2),
and C. muris (1%). All C. parvum isolates were assigned to the rare gp60 subtype families IIo
and IIp (not previously identified in human cryptosporidiosis cases). Taken together, these
data indicate that farmed bamboo rats were infected by rodent-adapted Cryptosporidium
species with little, or no zoonotic potential. Finally, Naguib et al. [21] provided novel data
on the presence and genetic variability of Cryptosporidium spp. in farmed rabbits in Egypt, a
country where the molecular epidemiology of this protozoan parasite is poorly understood.
The authors collected and analysed faecal samples (n = 235) from nine rabbit farms, located
in three Egyptian provinces. Cryptosporidium infections were confirmed in eight out of the
nine farms sampled at variable rates, ranging from 4% to 24%. All Cryptosporidium-positive
isolates generated (n = 28) were identified as C. cuniculus and belonged to the gp60 subtype
family Vb. Although C. cuniculus is known to be particularly adapted to infect domestic
and wild leporids, it has also been identified in clinical human cases [46] and in waterborne
outbreaks of cryptosporidiosis [47] and is regarded as an emerging pathogen to humans.
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Abstract: Diagnostic approaches based on PCR methods are increasingly used in the field of parasitol-
ogy, particularly to detect Cryptosporidium. Consequently, many different PCR methods are available,
both “in-house” and commercial methods. The aim of this study was to compare the performance of
eight PCR methods, four “in-house” and four commercial methods, to detect Cryptosporidium species.
On the same DNA extracts, performance was evaluated regarding the limit of detection for both
C. parvum and C. hominis specificity and the ability to detect rare species implicated in human infec-
tion. Results showed variations in terms of performance. The best performance was observed with
the FTD® Stool parasites method, which detected C. parvum and C. hominis with a limit of detection
of 1 and 10 oocysts/gram of stool respectively; all rare species tested were detected (C. cuniculus,
C. meleagridis, C. felis, C. chipmunk, and C. ubiquitum), and no cross-reaction was observed. In addition,
no cross-reactivity was observed with other enteric pathogens. However, commercial methods were
unable to differentiate Cryptosporidium species, and generally, we recommend testing each DNA
extract in at least triplicate to optimize the limit of detection.

Keywords: Cryptosporidium; PCR; detection; diagnosis; sensitivity; specificity

1. Introduction

Human cases of cryptosporidiosis were first reported in the 1970s in children and
immunosuppressed adults [1]. In 2015, the Global Enteric Multicenter Study (GEMS)
described Cryptosporidium spp. as the second leading cause (5–15%) of moderate to se-
vere diarrhea among infants in countries of sub-Saharan Africa and South Asia, after
rotavirus [2]. At the same time, Cryptosporidium spp. were found to be responsible for more
than 8 million cases of foodborne illnesses in 2010, and they were ranked fifth out of 24 po-
tentially foodborne parasites in terms of importance [3,4]. In 2017 in France, the National
Reference Center-Expert Laboratory (CNR-LE) for cryptosporidiosis was set up, allowing
the collection and interpretation of epidemiological data thanks to the participation of
members of the network. Published data from the French CNR-LE for cryptosporidiosis
show that: i) even with around 250 notified cases each year, cryptosporidiosis is still largely
underestimated in France, ii) cryptosporidiosis is predominant in immunocompetent indi-
viduals and especially in young children and young adults, and iii) cryptosporidiosis is
over-represented in the summer [5,6]. The routine diagnosis of cryptosporidiosis still relies
on light microscopy examination for many laboratories [7–10]. However, light microscopy

Pathogens 2021, 10, 647. https://doi.org/10.3390/pathogens10060647 https://www.mdpi.com/journal/pathogens

7



Pathogens 2021, 10, 647

examination lacks sensitivity, is time-consuming, and requires skilled technicians, making
it an inefficient method for laboratories which are able to switch to PCR analysis [8,10–12].
Currently, several PCR methods are available to screen Cryptosporidium spp. DNA, both “in-
house” and commercial methods, sometimes incorporated into multiplex panels [13–17].
Consequently, more and more laboratories are opting for such methods based on the
practicalities of economic management. However, disparities exist in the performance of
these methods. DNA extraction is essential to obtain good performance in PCR analysis
and especially regarding parasitological investigations on stool samples. Some studies
reported different performances of DNA extraction methods, and regarding the extraction
of Cryptosporidium oocysts, a mechanical treatment of stool samples seems essential [18–23].
In addition to the extraction method, the removal of inhibitory substances and the gene
locus targeted by related primers plays a major role in the performance of the method. One
of the tasks of the CNR-LE for cryptosporidiosis is to assess the performance of available
diagnostic tools. A previous work already compared performances of various extraction
methods on C. parvum oocysts from stool samples [22]. In continuity of this work and based
on the most effective extraction method, we propose a comparison of the limit of detection
of eight real-time PCR methods (commercial or not) on the DNA of Cryptosporidium species.
The main aim was to provide data to select the best methods for DNA amplification in
terms of sensitivity and ability to detect human pathogenic Cryptosporidium species (even
rare ones) in routine diagnosis.

2. Results

The results obtained from the four “in-house” PCR methods are summarized in
Table 1. Except for the most concentrated C. parvum extract (105 oocysts/gram), significant
differences in threshold cycle (Cq) values were observed when applicable (on ANOVA test).
All four “in-house” methods detected C. parvum DNA and C. hominis DNA with a limit
of detection of 103 oocysts/gram and 104 oocysts/gram, respectively. The most sensitive
“in-house” PCR method for both C. parvum and C. hominis was the method developed by
the CNR-LE Cryptosporidiosis Collaborating Laboratory (University Hospital of Dijon)
and described by Valeix et al. 2020 [22]. Cq values obtained with the method described
by Mary et al. 2013 [15] were lower than other tested methods but analysis performed
in triplicate was insufficient to detect 10 oocysts/gram for C. parvum, contrary to the
method described by Valeix et al. PCR efficiencies were satisfactory only on C. parvum DNA
amplification for the methods described by Fontaine et al. 2002 and Valeix et al. 2020 [13,22].
R2 values were satisfactory (>0.99) only to detect C. parvum and for the methods described
by Fontaine et al. 2002, Hadfield et al. 2011 and Mary et al. 2013 [13–15].

The results obtained from the four multiplex commercial methods are presented in
Table 2. All four commercial methods detected C. hominis DNA and C. parvum DNA with
a limit of detection of 103 oocysts/gram. The best performance was obtained with the
FTD Stool parasites method, with a detection of DNA corresponding to 1 oocyst/gram
for C. parvum and 10 oocysts/gram for C. hominis. The Allplex GI Parasite Assay kit was
the second-best method, with a detection of DNA corresponding to 100 oocysts/gram for
C. hominis and 10 oocysts/gram for C. parvum but requiring a triplicate to reach the limit of
detection (only 1/3 triplicates was positive to detect C. parvum at 10 oocysts/gram). PCR
efficiencies and R2 values varied greatly depending on the studied method but overall
were unsatisfactory (PCR efficiency < 90% or > 110% and R2 value < 0.99).
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Table 1. Limit of detection of tested “in-house” methods on C. parvum and C. hominis. PCR efficiencies were calculated
based on obtained results from corresponding ranges of dilutions.

Mean Cq Value (+/− Standard Deviation)

Oocysts/Gram
Fontaine et al.

2002
Valeix et al. 2020

Hadfield et al.
2011

Mary et al. 2013 p-Value

C. parvum

105 28.47 (+/− 0.54) 27.60 (+/− 0.27) 28.14 (+/− 0.42) 24.80 (+/− 1.41) 0.15

104 31.78 (+/− 0.17) 29.86 (+/− 0.49) 31.02 (+/− 0.32) 26.97 (+/− 1.32) 0.002

103 34.71 (+/− 1.37) 35.96 (+/− 0.31) 35.72 (+/− 0.27) 30.19 (+/− 0.27) <0.001

102 / 36.24 (+/− 0.25) 39.15 32.38 (+/− 1.8) /

10 / 36.64 (+/− 0.28) / / /

1 / / / / /

Corresponding
C. parvum PCR
efficiency (%)

109 111 84.9 143 /

R2 value 0.998 0.878 0.994 0.994 /

C. hominis

105 28.14 (0.20) 28.04 (+/− 0.25) 28.76 (+/− 0.01) 27.15 (+/− 0.04) <0.001

104 30.9 (+/−0.25) 29.66 (+/− 0.47) 31.33 (+/− 0.09) 29.69 (+/− 0.06) 0.001

103 38.27 36.14 (+/− 0.48) / 36.66 (+/− 0.61) /

102 / / / / /

10 / / / / /

1 / / / / /

Corresponding
C. hominis PCR
efficiency (%)

57.5 76.5 / 62.3 /

R2 value 0.939 0.893 / 0.932 /

Table 2. Limit of detection of tested commercial methods on C. parvum and C. hominis. PCR efficiencies were calculated
based on obtained results from corresponding ranges of dilutions.

Mean Cq Value (+/− Standard Deviation)

Oocysts/Gram
RIDA® GENE
Parasitic Stool

Panel II

FTD® Stool
Parasites

Amplidiag®

Stool Parasites
Allplex® GI

Parasite Assay
p-Value

C. parvum

105 27.61 (+/− 0.15) 19.84 (+/− 0.25) 28.02 (+/− 0.11) 28.32 (+/− 0.12) <0.001

104 30.62 (+/− 0.25) 22.88 (+/− 0.22) 32.24 (+/− 0.15) 31.97 (+/− 0.21) <0.001

103 37.7 26.59 (+/− 0.24) 35.17 (+/− 0.95) 34.72 (+/− 0.42) /

102 / 30.50 (+/− 0.57) 44.2 37.71 (+/− 0.66) /

10 / 34.47 (+/− 1.77) / 37.68 /

1 / 34.61 (+/− 1.82) / / /

Corresponding
C. parvum PCR
efficiency (%)

57.8 104 56.4 156 /

R2 value 0.949 0.970 0.939 0.932 /
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Table 2. Cont.

Mean Cq Value (+/− Standard Deviation)

Oocysts/Gram
RIDA® GENE
Parasitic Stool

Panel II

FTD® Stool
Parasites

Amplidiag®

Stool Parasites
Allplex® GI

Parasite Assay
p-Value

C. hominis

105 27.73 (+/− 0.05) 21.41 (+/− 0.09) 29.01 (+/− 0.16) 27.39 (+/− 0.45) <0.001

104 29.63 (+/− 0.10) 22.95 (+/− 0.09) 32.06 (+/− 0.38) 29.60 (+/− 0.09) <0.001

103 38.53 (+/− 2.74) 26.84 +(/− 0.31) 36.49 (+/− 1.10) 33.35 +(/− 0.06) 0.003

102 / 29.22 (+/− 0.04) 44.28 36.78 (+/− 0.62) /

10 / 31.12 (+/− 0.28) / / /

1 / / / / /

Corresponding
C. hominis PCR
efficiency (%)

53.1 145 58.1 105 /

R2 value 0.877 0.982 0.956 0.985 /

The ability to detect rare species implicated in human pathologies for each tested
method is summarized in Table 3. All tested methods were able to detect the species
C. cuniculus, C. meleagridis, C. felis, C. chipmunk, and C. ubiquitum, except the methods
described by Mary et al. 2013 and Fontaine et al. 2002 [13,15]. Specificity tests performed in
triplicate per condition, as described in the Methods section, revealed cross-reactivity only
for the method described by Hadfield et al. 2011 [14] with Encephalitozoon intestinalis DNA.

Table 3. Detection of rare species of Cryptosporidium implicated in human cases by tested methods.

C. cuniculus C. meleagridis C. felis C. chipmunk C. ubiquitum

Fontaine et al. 2002 Yes Yes No No No
Valeix et al. 2020 Yes Yes Yes Yes Yes

Hadfield et al. 2011 Yes Yes Yes Yes Yes
Mary et al. 2013 No No No No No

RIDA® GENE Parasitic Stool Panel II Yes Yes Yes Yes Yes
FTD® Stool parasites Yes Yes Yes Yes Yes

Amplidiag® Stool Parasites Yes Yes Yes Yes Yes
Allplex® GI Parasite Assay Yes Yes Yes Yes Yes

3. Discussion

This study was designed to address questions regularly raised within the framework
of scientific exchanges of the CNR-LE for cryptosporidiosis. It compared the performance
of eight PCR methods to detect Cryptosporidium species (even rare) implicated in human
infection, and their limit of detection. At first, the subject appeared to be well-investigated
within the scientific community. However, in most cases, PCR performances to detect Cryp-
tosporidium DNA were evaluated in cohorts from microscopically positive stool samples
(probably relatively highly concentrated in oocysts), or not specifically through multiplex
panels and from various extraction methods, or sometimes from DNA extracts stored for a
long time [24–33]. In this study, thanks to a standardized extraction procedure (selected
among the best methods regarding specific Cryptosporidium DNA extraction from stool
samples [22]), observed PCR performances were exclusively due to the DNA amplification
step. The limit of each studied PCR method was determined by assessing titrations of
Cryptosporidium oocysts in stool samples as well as testing rare species implicated in human
infection. The main interest of the study was to provide data on efficient methods for
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the routine diagnosis of cryptosporidiosis as a complement to extraction methods already
assessed [22,23].

The results obtained generally showed similar performances between commercial
and “in-house” methods in terms of limit of detection, with variations between each
tested kit. Regarding C. parvum and C. hominis respectively, limits of detection generally
reached at least 100 and 1000 oocysts/gram regardless of the method. Nevertheless, the
limit of detection appeared optimal with the FTD® method considering both C. parvum
and C. hominis. Variations in limits of detection may first be explained by the genes
targeted by PCR methods. Three of the four “in-house” methods target the 18S rRNA
gene whose expression is estimated at 5 copies/genome (20 copies/oocyst) [15]. The
“in-house” method described by Fontaine et al. 2002 targets a gene whose expression is
estimated at 1 copy/genome, and indeed, its observed performance in terms of limit of
detection was generally poorer than that of the three methods targeting the 18S rRNA
gene. Regarding commercial methods, targeted genes were only available for FTD® (DNA
J-like protein, number of copies per genome not known) and Amplidiag® methods (COWP
gene; 1 copy/genome). Of note, the observed performance of the Amplidiag® method
was close to that of Fontaine et al.’s “in-house” method targeting a gene also expressed
in 1 copy/genome. Comparing Tables 1 and 2, the limit of detection of the Amplidiag®

method appeared slightly better than that of Fontaine et al.’s “in-house” method (for both
C. parvum and C. hominis) but this was only due to DNA detection in one replicate at the
very end of the PCR program. It could be explained by the heterogeneous distribution
of DNA in elution volume when parasite concentrations are low. To limit this bias, and
to obtain optimized performance, we recommend running each DNA extract in several
replicates (at least in triplicate) or until exhaustion if possible.

Regarding the results obtained to detect rare species of Cryptosporidium implicated
in human infections, most tested methods were able to detect rare species except the
“in-house” methods of Fontaine et al. 2002 and Mary et al. 2013 [13,15]. However, a
limitation of this study was the use of only triplicate of each tested Cryptosporidium subtype
due to the amount of available positive stools. The use of more numerous rare strains
could potentially improve the observed results. For the method described by Fontaine
et al. 2002, they highlighted the use of a specific primer-probe set supposed to be specific
for a C. parvum genomic DNA sequence. No cross-reactivity with other Cryptosporidium
species was expected; however, they initially reported cross-reaction with the C. meleagridis
genotype, which was confirmed in our study [13]. For the method of Mary et al. 2013,
no rare species was detected in this study. In the original article, tests on C. felis, C. bovis,
C. cuniculus, C. canis, and C. chipmunk were evoked in the discussion. However, in reality,
corresponding results were not shown [15]. Consequently, primers and probes described
in the article of Mary et al. 2013 are probably very specific to C. parvum and C. hominis.
Regarding specificity in this study, performances obtained were highly satisfactory for each
tested condition in concordance with the literature [13–15,27,34]. Cross-reactivity with
Candida albicans DNA was tested since Mary et al. 2013 reported potential cross-reactivity
with the C. albicans 18S rRNA gene (based on an in silico approach) and primers and probes
of the PCR method described by Hadfield et al. 2011 [14,15]. For the method described by
Hadfield et al. 2011, no cross-reactivity was observed with C. albicans but cross-reactivity
was observed with E. intestinalis.

Finally, out of a total of 784 PCRs performed, varying results were obtained from the
same DNA samples. Commercial methods (especially FTD® and Allplex®) appeared to
be valuable options for large screening to detect Cryptosporidium species. We recommend
testing each DNA extract at least in triplicate to optimize the detection of small amounts of
DNA. However, if commercial methods are able to detect rare species, results are expressed
exclusively as positive or negative for Cryptosporidium spp. DNA detection. Consequently,
to discriminate species, we recommend the use of “in-house” methods, and especially the
method described by Valeix et al. 2020 [22], due to the results obtained in terms of limit
of detection and the ability to detect rare species. In addition, the method described by
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Valeix et al. 2020 appeared to be strongly replicable, since performances in terms of limit of
detection were similar to those described here, even using different stool samples [22].

4. Materials and Methods

4.1. Strains

Cryptosporidium spp. tested strains were obtained from the French cryptosporidiosis
CNR-LE stools collection. C. parvum IIaA15G2R1 (n = 3), C. hominis IbA10G2 (n = 3) gp60
subtypes, C. cuniculus (n = 3), C. meleagridis (n = 3), C. felis (n = 3), C. chipmunk (n = 3), and
C. ubiquitum (n = 3) were tested, all previously isolated from human clinical samples. In
total, per studied method, six ten-fold range points (105-1 oocysts/gram) were studied for
both C. parvum and C. hominis. Ranges of dilutions were done from highly concentrated
natural stool samples that we diluted subsequently. Ranges of dilutions were performed in
liquid stool matrix exempt of Cryptosporidium species. Each sample was vortexed for 20 s
before performing dilutions. Oocyst numeration was done microscopically using Kova
cells and confirmed by immunofluorescence as described in Section 4.2.

Regarding the studied Cryptosporidium rare species, stools were selected from the CNR
collection with oocyst concentrations that varied between 103 and 104 oocysts/gram to be
easily detectable.

Other positive stool specimens were obtained from the CNR-LE collection to evaluate
specificity: Giardia intestinalis (n = 3), Blastocystis hominis (n = 3), Enterobius vermicularis
(n = 3), Chilomastix mesnilii (n = 3), Entamoeba histolytica (n = 3), Entamoeba dispar (n = 3),
Encephalitozoon intestinalis (n = 3), and Enterocytozoon bieneusi (n = 3) positive stool samples
were tested. Exact stool concentrations of these other pathogens were not calculated. Posi-
tivity was objectified by microscopy exclusively assuming relatively high concentrations.
Additional tests were performed on Candida albicans (n = 3) and on negative stool samples
(n = 20). A total of 784 PCRs were performed (98 per tested method).

4.2. Detection Limit Assays

Serial ten-fold oocyst dilutions (105-1 oocysts/gram of stool) were performed using
a negative liquid stool human matrix. Each corresponding dilution was confirmed by
counting oocysts microscopically both on Kova slides (Labellians, Nemours, France) and
using Crypto-Cel FITC (Cellabs, Sydney, Australia) staining according to the manufac-
turer’s instructions. Limits of detection were estimated considering the positivity of at
least one of the three tested replicates per condition. Cryptosporidium negativity of the
matrix was based on both microscopy and PCR investigations from the method described
by Valeix et al. 2020.

4.3. DNA Extraction

Based on a previous published work [22], we chose an extraction protocol offering
highly satisfying performances in C. parvum DNA extraction from stool matrix. Accord-
ingly, the observed PCR performances were exclusively due to amplification methods since
extraction was standardized. Consequently, DNA extraction was performed using a QI-
Aamp PowerFecal DNA kit (Qiagen, Courtaboeuf, France) according to the manufacturer’s
instructions. Briefly, it is a manual extraction kit combining thermal, mechanical, and
chemical lysis. The starting volume for DNA extraction was 250 μL of sample. Obtained
DNA extracts (100 μL) were stored at −20 ◦C until use. In addition, to control DNA
extraction, we used Diacontrol DNA® for each sample according to the manufacturer’s
instructions. Ten microliters of viral DNA control was inoculated in each sample before
extraction. Control DNA was subsequently detected using ready-to-use ProbePrimer mix
(DICD-CY-L100) with the following PCR protocol: 50 ◦C for 2 min; 95 ◦C for 10 min; 95 ◦C
for 15 s and 60 ◦C for 60 s, repeated 45 times.
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4.4. PCR Testing

Eight real-time PCR methods were tested on the same DNA extracts: 4 “in-house”
PCRs already assessed [13–15,22] and 4 multiplex commercial PCRs: RIDA® GENE Para-
sitic Stool Panel II (R-Biopharm, Darmstadt, Germany), FTD® Stool parasites (Fast Track
Diagnostics, Esch-sur-Alzette, Luxembourg), Amplidiag® Stool Parasites (Mobidiag, Paris,
France), and Allplex® GI Parasite Assay (Seegene, Düsseldorf, Germany). The studied
methods were selected based on methods used in France according to data collected by the
CNR-LE for cryptosporidiosis. PCR was performed in triplicate for each tested condition
on a CFX96 PCR detection system (Bio-rad, Marnes-la-Coquette, France) according to
published data for “in-house” PCR and according to the manufacturer’s instructions for
commercial PCR (synthesized in Table 4). A total of 784 PCRs were performed (98 per
tested method). In detail, each studied condition was extracted 3 times (N = 3) and run in
simplicate per extract for PCR amplification. Consequently, regarding assays from range
of dilution + rare species + specificity investigations respectively: 36 + 15 + 47 = 98 DNA
extracts were tested for each studied method (N = 8). Assays were divided into two runs
per studied method (two distinct PCR plates). A total of 16 PCR runs were done.

Results were considered positive when curves were exponential in logarithmic scale
until the last cycle expected by each PCR program (Table 4).

PCR efficiencies (10_1/slope _1) were estimated according to Bustin et al. 2009: plotting
the logarithm of the initial template concentration on the x-axis and Cq on the y-axis [35].
R2 values were obtained using graphical representation on Excel software.
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5. Conclusions

Recent epidemiology confirms that cryptosporidiosis is common worldwide in both
immunocompetent and immunocompromised individuals. Diagnostic approaches are
still mainly based on microscopy; however, PCR-based methods are increasingly used
for routine diagnosis. The performance of PCR methods is variable and needs to be
evaluated. In this study, based on PCR analysis of the same DNA extracts, we compared
the performance of eight commonly used methods according to limit of detection (for both
C. hominis and C. parvum), specificity, and rare species identification. All eight methods
were able to detect C. parvum and C. hominis with a limit of detection of 1000 oocysts/gram
of stool, but only one method (FTD®) was able to detect one and ten oocysts/gram for
C. parvum and C. hominis, respectively. Specificity was satisfactory for each tested method.
Six of the eight methods were able to detect rare species implicated in human infection.
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Abstract: Cryptosporidium felis is an important cause of feline and human cryptosporidiosis. However,
the transmission of this pathogen between humans and cats remains controversial, partially due to a
lack of genetic characterization of isolates from cats. The present study was conducted to examine
the genetic diversity of C. felis in cats in China and to assess their potential zoonotic transmission.
A newly developed subtyping tool based on a sequence analysis of the 60-kDa glycoprotein (gp60)
gene was employed to identify the subtypes of 30 cat-derived C. felis isolates from Guangdong and
Shanghai. Altogether, 20 C. felis isolates were successfully subtyped. The results of the sequence
alignment showed a high genetic diversity, with 13 novel subtypes and 2 known subtypes of the XIXa
subtype family being identified. The known subtypes were previously detected in humans, while
some of the subtypes formed well-supported subclusters with human-derived subtypes from other
countries in a phylogenetic analysis of the gp60 sequences. The results of this study confirmed the
high genetic diversity of the XIXa subtype family of C. felis. The common occurrence of this subtype
family in both humans and cats suggests that there could be cross-species transmission of C. felis.

Keywords: Cryptosporidium felis; 60-kDa glycoprotein; subtypes; zoonotic transmission

1. Introduction

Cryptosporidium spp. are important apicomplexan parasites inhabiting the gastroin-
testinal tract of humans and other vertebrates, causing severe diarrhea [1]. Human cryp-
tosporidiosis has been associated with over 20 Cryptosporidium species, but C. hominis,
C. parvum, C. meleagridis, C. felis, and C. canis are the most common ones [2]. Among
them, C. felis mainly infects cats and is therefore considered a host-adapted species [3].
Human C. felis infections, however, are common in developing countries [4–7], and at
least one possible zoonotic transmission of C. felis between a household cat and the owner
has been reported [8]. Nevertheless, the limited number of reports of zoonotic infections
with this species has raised questions on the importance of zoonotic transmission in the
epidemiology of human C. felis infections [9].

Subtyping tools based on sequence analysis of the 60-kDa glycoprotein (gp60) gene
have been developed for human-pathogenic Cryptosporidium spp. to track infection
sources [10]. Currently, the gp60-based subtyping tools are available for C. hominis,
C. parvum, C. meleagridis, C. ubiquitum, C. viatorum, Cryptosporidium skunk genotype, and
Cryptosporidium chipmunk genotype I [11–16]. These subtyping methods have been used
in characterizing the transmission of these Cryptosporidium spp. in humans and animals [3].

A gp60 subtyping tool has been developed recently for genetic characterizations of
C. felis [17]. Thus far, nearly 200 C. felis isolates have been examined, which has led to the
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identification of approximately 100 subtypes in five subtype families (XIXa, XIXb, XIXc,
XIXd, and XIXe) worldwide [17,18]. Most of the isolates, however, were from humans,
and only two isolates from a human and a rhesus macaque have been characterized from
China [18]. As C. felis has been identified in children and immunocompromised patients in
China [19–22], we sought to examine the subtype identity of cat-derived C. felis isolates
from Guangdong and Shanghai for assessment of their zoonotic potential.

2. Results

2.1. Amplification of the gp60 Gene

Among the 30 DNA preparations that were positive for C. felis based on nested PCR
analysis of the small subunit (SSU) rRNA gene, 20 (66.7%) generated the expected products
in the gp60 PCR. Among them, 9 were from cats in pet shelters, 5 were from cats visiting
animal hospitals, 4 were from cats in pet shops, and 2 were from stray cats (Table 1). These
PCR products differed slightly in size (Figure 1) and were all sequenced successfully.

Table 1. Sources of Cryptosporidium felis samples used in the study and their gp60 subtype identity.

Sample ID Host Region Sample Source Subtype

SCAU320 Cat Guangzhou Animal hospital XIXa-90
SCAU1149 Cat Guangzhou Animal hospital XIXa-89
SCAU1850 Cat Guangzhou Animal hospital XIXa-87
SCAU1851 Cat Guangzhou Animal hospital XIXa-87
SCAU1857 Cat Guangzhou Animal hospital XIXa-88
SCAU2396 Cat Shenzhen Animal hospital N/A
SCAU252 Cat Guangzhou Pet shop XIXa-81
SCAU343 Cat Guangzhou Pet shelter XIXa-88
SCAU356 Cat Guangzhou Pet shelter N/A
SCAU392 Cat Guangzhou Pet shelter XIXa-39
SCAU405 Cat Guangzhou Pet shelter XIXa-89

SCAU1309 Cat Shantou Pet shelter XIXa-86
SCAU4854 Cat Guangzhou Pet shelter N/A
SCAU4905 Cat Guangzhou Pet shelter N/A
SCAU143 Cat Guangzhou Stray animal XIXa-84
SCAU731 Cat Guangzhou Stray animal N/A
SCAU732 Cat Guangzhou Stray animal N/A
SCAU754 Cat Guangzhou Stray animal XIXa-40

ECUST19937 Cat Shanghai Pet shop XIXa-81
ECUST26245 Cat Shanghai Pet shop N/A
ECUST26246 Cat Shanghai Pet shop XIXa-82
ECUST26248 Cat Shanghai Pet shop XIXa-81
ECUST19997 Cat Shanghai Pet shelter N/A
ECUST20283 Cat Shanghai Pet shelter N/A
ECUST20286 Cat Shanghai Pet shelter XIXa-91
ECUST20309 Cat Shanghai Pet shelter N/A
ECUST26244 Cat Shanghai Pet shelter XIXa-92
ECUST26249 Cat Shanghai Pet shelter XIXa-93
ECUST26250 Cat Shanghai Pet shelter XIXa-85
ECUST26251 Cat Shanghai Pet shelter XIXa-83

N/A: PCR negative.

2.2. Nucleotide Sequence Variations in the gp60 Gene of C. felis

A comparison of the nucleotide sequences generated led to the identification of 15 sequence
types. They differed from each other by both nucleotide substitutions and copy numbers
of repetitive sequences. The sequence alignments showed the presence of numerous single
nucleotide substitutions (SNPs) over the partial gp60 gene among the 20 C. felis isolates. Three
types of simple tandem repeats were detected in the gp60 genes (Table 2). Among them, 2–5 copies
of the 33-bp repeat sequence 5′-CCACCTAGTGGCGGTAGTGGCGTGTCCCCTGCT-3′ and 2–
4 copies of the 39-bp repeat sequence 5′-CCACCTAGTGGCGGTAGTGGCGTGTCCCCTGCT-3′
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were observed at nucleotides 460–577 and 778–911 of the sequence alignment, respectively. In
both repeat types, the last copy had only half of the usual length. In addition, 5 copies of the
trinucleotide repeat GTT were found in the gp60 sequences at nucleotides 1143-1154.

 

Figure 1. Analysis of the 60-kDa glycoprotein (gp60) gene in Cryptosporidium felis by nested PCR:
lanes 1 and 2, SCAU320; lanes 3 and 4, SCAU2396; lanes 5 and 6, SCAU1149; lanes 7 and 8, SCAU1850;
lanes 9 and 10, SCAU1851; lanes 11 and 12, SCAU1857; lane M, 100-bp molecular marker; P1 and P2,
positive control (C. felis DNA); and N1 and N2, negative control (reagent-grade water).

Table 2. Tandem repeats in nucleotide sequences of the gp60 gene of Cryptosporidium felis.

Sample ID a GenBank
Accession no.

Subtype
33-bp Repeat

(No.) at
460–577 bp

39-bp Repeat
(No.) at

778–911 bp

GGT Repeat
(No.)

at 1143–1154

SCAU392 MH240852 XIXa-39 R1 b (2) R2 c (3) 4
SCAU754 MH240853 XIXa-40 R1 (3) R2 (3) 4
SCAU252 MW351820 XIXa-81 R1 (2) R2 (4) 4

ECUST19937 MW351820 XIXa-81 R1 (2) R2 (4) 4
ECUST26248 MW351820 XIXa-81 R1 (2) R2 (4) 4
ECUST26246 MW351821 XIXa-82 - R2 (2) 4
ECUST26251 MW351822 XIXa-83 - R2 (3) 4

SCAU143 MW351823 XIXa-84 R1 (5) R2 (3) 4
ECUST26250 MW351824 XIXa-85 - R2 (3) 4
SCAU1309 MW351825 XIXa-86 - R2 (3) 4
SCAU1850 MW351826 XIXa-87 R1 (2) R2 (2) 4
SCAU1851 MW351826 XIXa-87 R1 (2) R2 (2) 4
SCAU343 MW351827 XIXa-88 R1 (2) R2 (2) 4

SCAU1857 MW351827 XIXa-88 R1 (2) R2 (2) 4
SCAU405 MW351828 XIXa-89 R1 (2) R2 (3) 4

SCAU1149 MW351828 XIXa-89 R1 (2) R2 (3) 4
SCAU320 MW351829 XIXa-90 R1 (2) R2 (4) 4

ECUST20286 MW351830 XIXa-91 R1 (2) R2 (3) 4
ECUST26244 MW351831 XIXa-92 R1 (2) R2 (3) 4
ECUST26249 MW351832 XIXa-93 R1 (2) R2 (3) 4

a Sample IDs labelled with ECUST were from cats in Shanghai, while those with SCAU were from cats in
Guangdong; b 33-bp tandem repeat (5′-CCACCTAGTGGCGGTAGTGGCGTGTCCCCTGCT-3′) with a partial
copy at the end; c 39-bp tandem repeat (5′-AGCACAACTGCGGCTACAGCGAGCACTGCGAGTTCGACA-3′)
with a partial copy at the end and 0–2 nucleotide differences.

2.3. Cryptosporidium felis Subtypes Identified

Altogether, 15 subtypes were identified, with two subtypes in samples SCAU392 and
SCAU754 having nucleotide sequences identical to the XIXa-39 and XIXa-40 subtypes
(GenBank reference sequences MH240852 and MH240853) from humans in the United
Kingdom, respectively (Table 1). According to the nomenclature system of the XIXa
subtypes [18], the 13 new subtypes were named XIXa-81 (3), XIXa-82 (1), XIXa-83 (1),
XIXa-84 (1), XIXa-85 (1), XIXa-86 (1), XIXa-87 (2), XIXa-88 (2), XIXa-89 (2), XIXa-90 (1),
XIXa-91 (1), XIXa-92 (1), and XIXa-93 (1).
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2.4. Phylogenetic Analysis of C. felis Subtypes

The gp60 sequences from the 20 C. felis isolates were all placed in the XIXa subtype
family in the phylogenetic tree (Figure 2). They formed several subclusters with strong
bootstrap support with C. felis subtypes from humans. Among the novel subtypes identified
in the study, 4 subtypes (XIXa-90, XIXa-91, XIXa-92, and XIXa-93) formed a subcluster
with several subtypes identified from humans and cats in several European countries and
another subtype (XIXa-82) formed a subcluster with several subtypes from humans and
cats in the United Kingdom and Sweden. In addition, two cat-derived subtypes (XIXa-87
and XIXa-88) in 4 isolates from this study formed their own subcluster. As expected, the
known subtypes (XIXa-39 and XIXa-40) identified in the present study and previously in
humans from the United Kingdom and Indonesia formed a subcluster (Figure 2).

Figure 2. Phylogenetic relationship among XIXa subtypes of Cryptosporidium felis identified in this
study and references from GenBank based on maximum likelihood analysis of the sequences of
partial gp60 gene: bootstrap values over 50 percent are shown on the branches of the phylogenetic
tree. The human-, monkey-, and cat-derived isolates are indicated by rhombus, star, and round labels,
respectively. Sequences from different countries are shown in different colors. The names of known
subtype families of C. felis are shown on the right side of the phylogenetic tree. The subtype name of
each isolate is labeled at the end of the sequence.
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3. Discussion

The gp60 subtyping tools have been widely used in assessing the intra-species diver-
sity and zoonotic transmission of human-pathogenic Cryptosporidium spp. Several genes
including gp60, other genetic loci with simple tandem repeats, and double-stranded viral
RNA have been used to further differentiate the Cryptosporidium species into different sub-
types [10]. Among them, the gp60 gene is highly polymorphic in all Cryptosporidium spp.
examined thus far and therefore can be categorized into multiple subtype families by
nucleotide sequence differences [4]. Moreover, the gp60 is an invasion-related protein and
the subtype families identified have been linked to differences in host ranges and with
virulence in C. parvum and C. hominis [3,23,24]. In this study, the newly developed gp60
subtyping tool was employed to characterize the C. felis and to understand its zoonotic
potential in China.

This represents the first subtyping study of C. felis in China. The previous two
studies on C. felis subtypes mostly examined C. felis isolates from other countries, with
five subtype families (XIXa, XIXb, XIXc, XIXd, and XIXe) being identified [17,18]. In the
present study, 20 cat-derived isolates from China were subtyped and the results of the
phylogenetic analysis showed that all of them belonged to the subtype family XIXa. The
PCR amplification efficiency (66.7%) of this study was similar to that of a previous study
(67.0%) [18]. The light infections of C. felis in healthy cats could be one of the reasons for
the relatively low PCR amplification efficiency.

An analysis of the gp60 gene confirmed the high genetic diversity of C. felis isolates.
Like observations in previous studies [17,18], 15 subtypes were seen in 20 C. felis isolates
successfully analyzed from cats. However, all C. felis isolates in this study belonged to the
subtype family XIXa. As 13 of the 15 XIXa subtypes identified were novel, there could be
geographic isolation among some of the XIXa subtypes, as previously suggested by us [18].

The results of the present study suggest that cross-species transmission of C. felis could
be possible. In this study, among the 15 XIXa subtypes, two were identical to subtypes
previously found in humans, while others clustered with human-derived subtypes from
other countries. Importantly, one of the subclusters formed included two sequences from
an owner and the household cat (GenBank reference sequences MH240883 and MH240884)
with possible zoonotic transmission [17]. Moreover, we previously subtyped two C. felis
isolates from one child in Shanghai (XIXa-14) and one rhesus macaque (XIXa-12) in Guizhou,
China [18], while the gp60 sequences were different with the 15 XIXa subtypes identified
in the present study. They clustered together in a large clade within the XIXa subtype
family in the phylogenetic tree (Figure 2). The subtype characteristics of C. felis identified
in this suggest that the zoonotic XIXa subtype family could be the dominant subtypes
in pet cats in China. As the sequences from C. felis in Guangzhou and Shanghai are
dispersed throughout the large clade within the XIXa subtype family, they could be good
representatives of C. felis in cats in China. Since C. felis infections have been reported in
cats and humans in several locations in China [19,25–28], an analysis of the gp60 sequences
of human- and cat-derived C. felis isolates from the same location is needed to understand
the epidemiological importance of zoonotic transmission of C. felis.

Currently, the significance of the divergent C. felis subtypes in cats is not clear. As
mentioned above, different C. parvum and C. hominis subtypes have been linked to differ-
ences in virulence. Therefore, the hyper-transmissible and virulent C. hominis IbA10G2 and
C. parvum IIaA15G2R1 subtypes have caused numerous outbreaks of human cryptosporid-
iosis worldwide [10] and infections with the former have induced more clinical symptoms
than other C. hominis subtypes [23]. In C. felis, although previous studies and results of
the present study suggest that the XIXa is the dominant subtype family in humans and
cats [18], the relationship between the pathogenicity and its high transmission is not yet
clear. More subtyping studies at additional genetic loci are needed to understand the
differences in pathogenicity among C. felis subtypes.
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4. Materials and Methods

4.1. Ethics Statement

This research was reviewed and approved by the Ethics Committee of the South China
Agricultural University. The fecal specimens were collected with the permission of the
owners of the pets. Each sample was collected and placed into a 50-mL plastic centrifuge
tube containing 2.5% potassium dichromate and was transferred to the laboratory for
storage at 4 ◦C. The DNA extraction was completed within one week. The DNA was
stored at −20 ◦C for less than three years before being used in the PCR analysis in the
present study.

4.2. C. felis Isolates

The nested PCR targeting the small subunit (SSU) rRNA gene was used to detect
Cryptosporidium spp. [29]. DNA preparations of 30 C. felis-positive fecal samples from
China were used in the present study. Among them, 18 samples were obtained from cats in
Guangdong province, including 7 from pet shelters, 6 from animal hospitals, 4 from stray
cats, and 1 from a pet shop. The remaining 12 samples were obtained from cats in Shanghai,
including 8 from pet shelters and 4 from pet shops. They were from two previous studies
of molecular epidemiology of cryptosporidiosis in cats [27,28].

4.3. PCR Amplification

The newly developed nested PCR targeting the conserved region of the gp60 gene
was employed to identify the subtypes of C. felis in this study [17]. Briefly, primers GP60-
Felis-F1 (5′-TTT CCG TTA TTG TTG CAG TTG CA-3′) and GP60-Felis-R1 (5′-ATC GGA
ATC CCA CCA TCG AAC-3′) were used in primary PCR, while GP60-Felis-F2 (5′-GGG
CGT TCT GAA GGA TGT AA-3′) and GP60-Felis-R2 (5′-CGG TGG TCT CCT CAG TCT
TC-3′) were used in secondary PCR. The sizes of primary and secondary PCR products
were approximately 1200 and 900 bp, respectively. The PCR reaction and cycling program
were described recently [18]. Each DNA preparation was analyzed in duplicate, with the
inclusion of both positive (C. felis DNA) and negative (reagent-grade water) controls in
each PCR run. The positive products from the secondary PCR were identified by 1.5%
agarose electrophoresis.

4.4. DNA Sequence Analyses

All positive products of the expected size were sequenced bidirectionally on an ABI3730
autosequencer by the Sangon Biotech (Shanghai, China) using secondary PCR primers. The
DNA sequences generated were assembled using ChromasPro 2.1.6 (http://technelysium.
com.au/wp/) and edited using BioEdit 7.1.3.0 (http://www.mbio.ncsu.edu/BioEdit/bioedit.
html). These and the reference sequences from GenBank were aligned with each other
using the MUSCLE program implemented in MEGA 6 (https://www.megasoftware.net/).
Tandem Repeats Finder 4.09 (http://tandem.bu.edu/trf/trf.html) was used to identify
repetitive sequences within them. A maximum-likelihood tree was constructed using MEGA
6 based on substitution rates calculated using the general time reversible model and gamma
distribution. The bootstrap method with 1000 replicates was used to assess the reliability of
the phylogenetic clusters formed. Representative nucleotide sequences of the C. felis subtypes
identified in the present study were deposited in the GenBank database under accession
numbers MW351820-MW351832.

5. Conclusions

The present study reported the subtype characteristics of C. felis isolates from cats in
China for the first time. The results of the phylogenetic analysis suggested the potential
zoonotic transmission of this pathogen. More isolates from diverse areas and hosts should
be analyzed to confirm this conclusion.
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Abstract: Cryptosporidiosis is a significant cause of diarrhea in sheep and goats. Among the
over 40 established species of Cryptosporidium, Cryptosporidium xiaoi is one of the dominant species
infecting ovine and caprine animals. The lack of subtyping tools makes it impossible to examine
the transmission of this pathogen. In the present study, we identified and characterized the 60-kDa
glycoprotein (gp60) gene by sequencing the genome of C. xiaoi. The GP60 protein of C. xiaoi had
a signal peptide, a furin cleavage site of RSRR, a glycosylphosphatidylinositol anchor, and over
100 O-glycosylation sites. Based on the gp60 sequence, a subtyping tool was developed and used
in characterizing C. xiaoi in 355 positive samples from sheep and goats in China. A high sequence
heterogeneity was observed in the gp60 gene, with 94 sequence types in 12 subtype families, namely
XXIIIa to XXIIIl. Co-infections with multiple subtypes were common in these animals, suggesting
that genetic recombination might be responsible for the high diversity within C. xiaoi. This was
supported by the mosaic sequence patterns among the subtype families. In addition, a potential host
adaptation was identified within this species, reflected by the exclusive occurrence of XXIIIa, XXIIIc,
XXIIIg, and XXIIIj in goats. This subtyping tool should be useful in studies of the genetic diversity
and transmission dynamics of C. xiaoi.

Keywords: Cryptosporidium xiaoi; 60-kDa glycoprotein; gp60; subtyping; genetic diversity; host adaptation

1. Introduction

Cryptosporidium spp. are important diarrheal pathogens in humans and various
animals [1]. Currently, 45 Cryptosporidium species and over 100 genotypes have been
recognized [2]. Among them, C. parvum, C. ubiquitum, and C. xiaoi are common species in
sheep and goats. C. parvum and C. ubiquitum are zoonotic species that infect a wide range
of hosts, while C. xiaoi appears to be adapted to ovine and caprine animals [3]. C. xiaoi,
previously known as the C. bovis-like genotype, is the most common species in sheep and
goats in most areas except Europe [4–8].

Sequence analysis of the 60-kDa glycoprotein (gp60) gene has been used extensively
in subtyping C. parvum, C. ubiquitum, and other zoonotic species due to its high sequence
heterogeneity and relevance to parasite biology. The unique distribution of subtype families
and subtypes have significantly improved our understanding of host adaptation and
transmission dynamics within these Cryptosporidium spp. [2,9–15]. Recently, gp60 gene-
based subtyping tools have been developed for molecular epidemiological studies of some
non-human pathogenic Cryptosporidium spp., such as the bovine-adapted C. ryanae and the
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marsupial-adapted C. fayeri [16,17]. However, such a tool is not available for C. xiaoi, which
is occasionally found in humans [18].

In this study, we sequenced the genome of C. xiaoi, identified its gp60 gene, and
developed a subtyping tool for genetic characterizations of isolates from sheep and goats.

2. Materials and Methods

2.1. Samples

DNA extracts from 434 C. xiaoi-positive samples were used in this study, includ-
ing those from Small Tail Han sheep (Ovis aries), Hu sheep (Ovis aries), Tibetan sheep
(Ovis aries), Huanghuai goats (Capra hircus), and Black goats (Capra hircus) on 11 farms in
Qinghai, Henan, Anhui, and Guangdong, China (Table 1). The C. xiaoi-positive samples
were obtained from previous and ongoing studies of molecular epidemiology of cryp-
tosporidiosis in sheep and goats in China [19]. All the samples were identified as positive
for C. xiaoi by PCR and sequence analysis of an ~830-bp fragment of the small subunit
(SSU) rRNA gene [20].

2.2. Identification of the gp60 Gene of C. xiaoi

To obtain the nucleotide sequence of the gp60 gene of C. xiaoi, we conducted whole-
genome sequencing of one isolate (SCAU2942) from a Hu sheep in Anhui, China using the
established procedures [21]. The genome was sequenced using Illumina HiSeq 2500 analy-
sis of an Illumina TruSeq (v3) library with 250-bp paired-end reads. The sequence reads
were assembled de novo using the SPAdes version 3.13 (http://cab.spbu.ru/software/
spades/, accessed on 21 November 2019) with a K-mer size of 63. The gp60 gene of C. xiaoi
was identified by the blastn analysis of the genome assembly with the gp60 (cgd6_1080)
sequence of C. parvum. The coding region and amino acid sequence of the gp60 gene were
predicted using the combination of FGENESH (http://www.softberry.com/berry.phtml,
accessed on 15 December 2019) and blastp search of the NCBI database.

2.3. Subtyping of C. xiaoi

Based on the sequence of the C. xiaoi gp60 gene, nested PCR primers were designed for
the subtyping analysis. The primers used in primary and secondary PCR were Xiaoi-gp60-
F1 (5′-CCTCTCGGCACTTATTGCCCT-3′) and Xiaoi-gp60-R1 (5′-ATACCTGAGATCAAAT
GCTGATGAA-3′), and Xiaoi-gp60-F2 (5′-CCTCTTAGGGGTTCATTGTCTA-3′) and Xiaoi-
gp60-R2 (5′-TACCTTCAAAGATGACATCAC-3′), respectively. Each PCR was performed
in a 50 μL-reaction containing 1×PCR master mix (Thermo Scientific, Waltham, MA, USA),
0.25 μM primary PCR primers or 0.5 μM secondary PCR primers, and 1 μL of DNA
(primary PCR) or 2 μL of the primary PCR product (secondary PCR). To reduce PCR
inhibitors, 400 ng/μL of nonacetylated bovine serum albumin (Sigma-Aldrich, St. Louis,
MO, USA) was used in the primary PCR. The PCR amplification consisted of an initial
denaturation at 94 ◦C for 5 min; 35 cycles of 94 ◦C (denaturation) for 45 s, 55 ◦C (annealing)
for 45 s, and 72 ◦C (extension) for 90 s; and a final extension of 72 ◦C for 10 min. The
secondary PCR products were visualized by 1.5% agarose gel electrophoresis.
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2.4. DNA Sequence Analysis

All secondary gp60 PCR products were sequenced in both directions using Sanger se-
quencing by Sangon Biotech (Shanghai, China). For the samples yielding double PCR bands
with different sizes, PCR products of each band were excised from the agarose electrophore-
sis gel and purified using the E.Z.N.A.® Gel Extraction Kit (Omega bio-tek, Norcross, GA,
USA) before sequencing. The sequences obtained were assembled using ChromasPro
1.5 (http://technelysium.com.au/wp/chromaspro/, accessed on 20 March 2020), edited
using BioEdit 7.1 (http://www. mbio.ncsu.edu/bioedit/bioedit, accessed on 20 March
2020), and aligned with reference sequences from GenBank using MUSCLE in MEGA 7.0
(https://www.megasoftware.net/, accessed on 20 March 2020). Short tandem repeats in
the gene were identified using the Tandem Repeat Finder (http://www.tandem.bu.edu/
trf/trf, accessed on 21 March 2020). The signal peptide and glycosylphosphatidylinositol
(GPI) anchor were predicted using PSORT II (http://psort.hgc.jp/form2.html, accessed on
22 March 2020). N-glycosylated sites, O-glycosylated sites, and furin proteolytic cleavage
sites were predicted using NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/,
accessed on 22 March 2020), YinOYang 1.2 (http://www.cbs.dtu.dk/services/YinOYang/,
accessed on 22 March 2020), and ProP 1.0 (http://www.cbs.dtu.dk/services/ProP/, ac-
cessed on 22 March 2020), respectively. To assess the genetic relationship of C. xiaoi subtype
families, a phylogenetic tree was conducted using the maximum likelihood (ML) analysis
in MEGA 7.0 based on substitution rates calculated with the general time-reversible model.
DnaSP 5.10 (www.ub.es/dnasp/, accessed on 25 March 2020) was used to calculate the
recombination rates among subtype families of C. xiaoi.

2.5. Nucleotide Sequence Accession Numbers

Representative nucleotide sequences of the C. xiaoi gp60 gene generated in this study
were deposited in GenBank under accession numbers MW589389, MW815183-MW815276.

3. Results

3.1. Features of the gp60 Gene of C. xiaoi

A total of 25.85 million paired-end reads were obtained from the C. xiaoi isolate
SCAU2942, and assembled into 334,080 contigs. The full gp60 gene (MW589389) was
identified in contig 1122 (8944 bp). The gene was 1437 bp in length and encoded 478 amino
acids. Although it shared sequence similarities with the gp60 gene of C. parvum (AF022929),
C. hominis (FJ839883), C. ubiquitum [12], and C. ryanae [17] in the 5′ and 3′ regions at the
amino acid level, the full sequence similarity was only 19.9 to 41.6% between C. xiaoi
and the other four species (Figure 1). The GP60 protein of C. xiaoi had classic features
of Cryptosporidium GP60 proteins, including an N-terminal signal peptide, a furin cleav-
age site (RSRR), two potential N-glycosylation sites, nearly 100 O-glycosylation sites in
the GP40 region, and a GPI anchor at the C terminus. Nevertheless, the serine repeats
(TCA/TCG/TCT) commonly seen in C. parvum, C. hominis, and related species, were absent
in the 5′ region of the gp60 gene of C. xiaoi.

3.2. Sequence Polymorphisms in the gp60 Gene of C. xiaoi

Among the 434 samples positive for C. xiaoi in this study, the gp60 gene in 355 samples
(81.8%) was successfully amplified by PCR. PCR products of 323 samples generated one
expected band in gel electrophoresis. However, 32 samples yielded two PCR bands with
different sizes, including 16 sheep samples and 16 goat samples (Table 1 and Figure 2). All
PCR products with either one or two bands were sequenced, generating 298 gp60 nucleotide
sequences with length ranging from 800 to 1170 bp. Nucleotide sequences from 18 samples
were identical to the reference sequence (SCAU2942) from the whole-genome sequencing,
while the remaining sequences were highly divergent and displayed nucleotide differences
of 24.0–68.3% (Table 2). Altogether, 94 sequence types were identified among the 298 gp60
sequences obtained. In addition to the numerous nucleotide substitutions observed over
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the partial gp60 gene, there was a significant length polymorphism among the 94 sequence
types mostly due to the presence of repetitive sequences.

Figure 1. Deduced amino acid sequence of the gp60 gene of Cryptosporidium xiaoi compared with
sequences of C. parvum (AF022929), C. hominis (FJ839883), C. ubiquitum [12], and C. ryanae [17]. Poten-
tial N-glycosylation sites are indicated in bold and italic letters, and predicted O-glycosylation sites
are indicated in bold and underlined letters. Amino acid sequences of the N-terminal signal peptide,
furin cleavage site (RSRR), and C-terminal glycosylphosphatidylinositol anchor are highlighted in
green, red, and blue, respectively. Dashes represent amino acid deletions.

Table 2. Pairwise nucleotide sequence similarity among subtype families of Cryptosporidium xiaoi in the gp60 gene.

XXIIIa XXIIIb XXIIIc XXIIId XXIIIe XXIIIf XXIIIg XXIIIh XXIIIi XXIIIj XXIIIk XXIIIl

XXIIIa
XXIIIb 76.0%
XXIIIc 71.2% 74.0%
XXIIId 70.1% 72.7% 68.8%
XXIIIe 71.8% 72.7% 68.3% 71.6%
XXIIIf 74.3% 69.0% 66.3% 70.1% 75.8%
XXIIIg 68.3% 66.2% 66.0% 66.4% 69.8% 71.4%
XXIIIh 54.1% 56.0% 50.4% 55.0% 56.4% 57.1% 57.6%
XXIIIi 41.4% 38.2% 37.9% 42.6% 40.9% 41.4% 39.4% 38.5%
XXIIIj 47.6% 45.3% 43.6% 46.1% 44.8% 45.2% 44.3% 42.4% 47.1%
XXIIIk 37.9% 35.7% 35.5% 37.3% 37.9% 39.4% 37.6% 34.7% 49.8% 50.5%
XXIIIl 33.9% 31.7% 32.2% 35.4% 33.6% 35.3% 33.9% 31.8% 42.3% 42.5% 58.3%
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Figure 2. Nested PCR amplification of the partial gp60 gene of Cryptosporidium xiaoi in sheep and goat
samples. M: 100-bp DNA ladder. Lanes 1–20: Replicate PCR of 10 samples with divergent binding
patterns. N-1 and N-2: No-template controls in the primary and secondary PCR, respectively.

3.3. Subtype Families and Subtypes of C.xiaoi

A total of 94 gp60 sequences, including one sequence of each sequence type, were used
in a phylogenetic analysis of the gp60 gene. The ML tree generated comprised 12 clusters of
sequences (Figure 3). They were named as subtype families XXIIIa–XXIIIl in concordance
with the established nomenclature of gp60 subtype families of Cryptosporidium spp. [22].
Subtype families XXIIIa–XXIIIh formed a group highly divergent from the other group
of XXIIIi–XXIIIl (Figure 3). The nucleotide sequence differences among 12 subtype fam-
ilies ranged from 24.0 to 68.3% (Table 2). Among these subtype families, XXIIIl had the
shortest nucleotide sequences and contained some unique AGC/AGT trinucleotide re-
peats encoding serine, leading to the occurrence of a long stretch of highly O-glycosylated
amino acids. Subtypes within XXIIIl differed from each other mostly in the number of
AGC/AGT trinucleotide repeats. The DnaSP analysis of the gp60 nucleotide sequences
revealed the presence of 71 potential recombination events among all 12 subtype families
(Table 2). In addition, mosaic sequence patterns were observed among these subtype
families (Figure 4).

At the amino acid level, extensive sequence polymorphism was found among 12 sub-
type families, mostly in the GP40 region (Figure 4). Despite the extensive sequence dif-
ference, all subtype families had the furin cleavage site of RSRR. There were one to four
N-glycosylation sites in these subtype families, except for XXIIIk, which had none. In
addition, the number of O-glycosylation sites was divergent among subtype families, with
XXIIIb and XXIIIl having more O-glycosylation sites than other subtype families.
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Figure 3. Phylogenetic relationship among 12 Cryptosporidium xiaoi subtype families (XXIIIa–XXIIIl)
based on the maximum likelihood analysis of the partial gp60 gene. General time-reversible model
and Gamma distribution were used in the calculation of substitution rates. Bootstrap values lower
than 50% are not displayed.
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Figure 4. Deduced amino acid sequences of the partial gp60 gene of 12 subtype families (XXIIIa–XXIIIl) in
Cryptosporidium xiaoi. N-glycosylation sites are indicated in bold and italic letters, and O-glycosylation sites are indi-
cated in bold and underlined letters. The furin cleavage site “RSRR” is highlighted in red. Dashes represent amino acid
deletions (except those at both ends of the sequences).
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3.4. Distribution of C. xiaoi Subtype Families by Host

Among the 12 subtype families of C. xiaoi, XXIIIa (61), XXIIIc (2), XXIIIg (19), and
XXIIIj (5) were detected only in goats, while the remaining eight subtype families were
found in both sheep and goats. In addition, a common occurrence of co-infections with
multiple subtype families was observed in these animals. Among the three breeds of sheep,
64 samples from Han sheep were successfully subtyped, yielding XXIIIb (14), XXIIId (3),
XXIIIf (2), XXIIIh (13), XXIIIk (5), XXIIIl (25), XXIIId + XXIIIk (1), and XXIIId + XXIIIl (1);
52 samples from Hu sheep were successfully subtyped, yielding XXIIIb (8), XXIIIe (2),
XXIIIf (1), XXIIIh (17), XXIIIk (3), XXIIIl (17), XXIIIh + XXIIIk (2), XXIIIb + XXIIIk, (1) and
XXIIId + XXIIIl (1); only a few samples from Tibetan sheep were successfully subtyped,
yielding XXIIId (1), XXIIIe (1), XXIIIh (1), and XXIIIi (3). Between the two breeds of goats,
only XXIIIa was identified in Black goats, while more divergent subtype families were
detected in Huanghuai goats, yielding XXIIIa (26), XXIIIb (7), XXIIIc (2), XXIIId (6), XXIIIe
(10), XXIIIf (7), XXIIIg (19), XXIIIh (11), XXIIIi (7), XXIIIj (5), XXIIIk (12), and XXIIIl (22).
Noticeably, co-infections of various subtype families were detected in Huanghuai goats,
including XXIIIa + XXIIIg (1), XXIIIb + XXIIIl (1), XXIIIh + XXIIIi (1), XXIIIh + XXIIIj (1),
XXIIIh + XXIIIk (2), and XXIIIi + XXIIIl (1) (Table 1).

3.5. Distribution of C. xiaoi Subtype Families by Farm

One to 10 subtype families were found on each farm. As shown in Table 1, three farms
had only one subtype family, two farms had two, two farms had four, one farm had six,
one farm had seven, and two farms had 10. On Farms 9, 10, and 11 in Guangdong, all
gp60 sequences obtained belonged to the subtype family XXIIIa. In contrast, although only
eight samples were subtyped on Farm 4 in Qinghai, they belonged to four subtype families
(XXIIId, XXIIIe, XXIIIh, and XXIIIi). In addition, co-infections of different subtype families
were observed in animals on Farms 1, 3, 5, 6, and 7, mostly with prevalent subtype families
on the farm (Table 1).

4. Discussion

In the present study, we conducted whole genome sequencing of C. xiaoi and identified
its gp60 gene. Based on the sequence data, we established a gp60-based subtyping tool to
assess the genetic diversity of C. xiaoi. The application of this subtyping tool in the analysis
of C. xiaoi-positive samples from various breeds of sheep and goats has identified high
genetic diversity within the species and possible differences in the distribution of subtypes
between the two types of hosts.

The gp60 gene sequence of C. xiaoi is highly divergent from that of other
Cryptosporidium spp. Similar to the gp60 gene of C. ryanae (~1548 bp), the C. xiaoi gp60
gene (~1437 bp) is much longer than those in C. parvum, C. hominis, and C. ubiquitum
(~873–1035 bp). Both the nucleotide and amino acid sequences of the C. xiaoi gp60 gene
showed low identity to those of other Cryptosporidium spp. This may explain the inability
of the commonly used gp60 primers to amplify DNA of C. xiaoi [23]. Similar to C. ubiquitum,
C. canis, C. felis, and C. ryanae, the trinucleotide repeats of TCA/TCG/TCT encoding a
polyserine tract at the 5′ end of the gp60 gene and widely used to differentiate subtypes
within subtype families, were absent in the gp60 sequence of C. xiaoi [12,13,17,24]. How-
ever, a polyserine tract encoded by AGC/AGT repeats was observed in the gp60 gene of
the subtype family XXIIIl, and subtypes within XXIIIl differed mostly in the number of
AGC/AGT repeats. Similar to most Cryptosporidium spp., the GP60 protein of C. xiaoi has a
classic furin cleavage site “RSRR” between GP40 and GP15, which is absent in C. ubiquitum,
C. viatorum, Cryptosporidium chipmunk genotype I and skunk genotype [9,11,12,14].

Based on the sequence analysis, the gp60 gene of C. xiaoi displays an extremely
high genetic diversity. The analysis of 298 sequences obtained led to the identification
of 94 sequence types in 12 subtype families, including significant length polymorphism
and sequence variability. The high sequence heterogeneity in this gene, nevertheless,
has made PCR amplification difficult, which together with the large amplicon could
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be responsible for the poor amplification efficiency. In addition, some samples (13/355)
produced double bands in gp60 PCR, indicating the presence of concurrent infection
with different subtypes in sheep and goats. This may facilitate the occurrence of genetic
recombination among C. xiaoi subtypes, illustrated by the identification of mosaic sequence
patterns and 71 potential recombination events in the overall sequence data. Thus, genetic
recombination might be responsible for high sequence heterogeneity in the gp60 gene of
C. xiaoi. Genetic recombination at the gp60 locus was observed in C. parvum, C. hominis,
C. ubiquitum, and C. ryanae [2,12,17].

The gp60 subtyping results suggest the presence of host adaptation within C. xiaoi.
Among the 12 subtype families, XXIIIa, XXIIIc, XXIIIg, and XXIIIj were observed only
in goats thus far. For the two breeds of goats, Huanghuai goats in Anhui harboured
all subtype families of XXIIIa–XXIIIl. In contrast, all 35 samples from Black goats in
Guangdong belonged to XXIIIa. The latter could be due to the reduced genetic diversity of
C. xiaoi in the province. Previously, host-adapted gp60 subtype families had been identified
in other Cryptosporidium spp., such as C. parvum, C. hominis, C. felis, C. ubiquitum, C. tyzzeri,
and C. ryanae [2,12,17,25–27].

No obvious correlation was found between the distribution of C. xiaoi subtype families
and geographic locations in this study. Even though all C. xiaoi isolates from three farms
in Guangdong belonged to XXIIIa, this subtype family was found in goats on two farms
in Anhui. Subtyping data of C. xiaoi from more geographic locations and diverse animals
are needed for better understanding of the distribution of C. xiaoi subtypes. Previously,
geographical differences had been reported in the subtype distribution of C. hominis,
C. parvum, C. felis, C. ubiquitum, C. ryanae, and Cryptosporidium chipmunk genotype I,
indicating possible differences in the transmission of these pathogens [9,12,17,25,27,28].

5. Conclusions

In the present study, we conducted whole-genome sequencing of C. xiaoi and devel-
oped a subtyping tool based on the gp60 gene. The application of this new tool in the
analysis of fecal samples from sheep and goats has revealed a high genetic diversity within
the species, and likely identified the occurrence of host adaptation at the subtype family
level. Further studies with extensive sampling of various hosts in diverse areas are needed
to improve our understanding of the transmission characteristics of C. xiaoi.
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Abstract: Infections by the protist enteroparasites Giardia duodenalis, Cryptosporidium spp., and, to
a much lesser extent, Blastocystis sp. are common causes of childhood diarrhoea in low-income
countries. This molecular epidemiological study assesses the frequency and molecular diversity of
these pathogens in faecal samples from asymptomatic schoolchildren (n = 807) and symptomatic
children seeking medical attention (n = 286) in Zambézia province, Mozambique. Detection and
molecular characterisation of pathogens was conducted by polymerase chain reaction (PCR)-based
methods coupled with Sanger sequencing. Giardia duodenalis was the most prevalent enteric parasite
found [41.7%, 95% confidence interval (CI): 38.8–44.7%], followed by Blastocystis sp. (14.1%, 95%
CI: 12.1–16.3%), and Cryptosporidium spp. (1.6%, 95% CI: 0.9–2.5%). Sequence analyses revealed the
presence of assemblages A (7.0%, 3/43) and B (88.4%, 38/43) within G. duodenalis-positive children.
Four Cryptosporidium species were detected, including C. hominis (30.8%; 4/13), C. parvum (30.8%,
4/13), C. felis (30.8%, 4/13), and C. viatorum (7.6%, 1/13). Four Blastocystis subtypes were also
identified including ST1 (22.7%; 35/154), ST2 (22.7%; 35/154), ST3 (45.5%; 70/154), and ST4 (9.1%;
14/154). Most of the genotyped samples were from asymptomatic children. This is the first report of
C. viatorum and Blastocystis ST4 in Mozambique. Molecular data indicate that anthropic and zoonotic
transmission (the latter at an unknown rate) are important spread pathways of diarrhoea-causing
pathogens in Mozambique.

Keywords: Giardia; Cryptosporidium; Blastocystis; enteric parasites; children; diarrhoea; PCR; molecu-
lar epidemiology; genotyping; Mozambique

1. Introduction

Diarrhoea has long been recognized as a major cause of child morbidity and mortality
globally [1]. The main diarrhoea-causing agents include viral (adenovirus, rotavirus),
bacterial (Campylobacter, enterotoxigenic Escherichia coli, Shigella) and parasitic (Giardia
duodenalis, Cryptosporidium spp.) pathogens. Recent data by the Global Burden of Diseases,
Injuries, and Risk Factors Study (GBD) revealed that diarrhoea was the fifth leading cause
of death among children younger than 5 years (446,000 deaths) only in 2016 [2]. In this
group of age, diarrhoea causes more deaths than acquired immunodeficiency syndrome
(AIDS), malaria, and measles combined [3]. Additionally, near 90% of diarrhoea-associated
deaths are attributable to unsafe water, inadequate sanitation, and insufficient hygiene [4].
There is, therefore, a clear link between diarrhoea and poverty, particularly in deprived
areas of low-income countries [5].
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The protozoa G. duodenalis and Cryptosporidium spp. and, to a lesser extent, the Stra-
menopile Blastocystis sp. are among the most important diarrheal pathogens of parasitic
nature affecting humans [6]. Indeed, there are more than 200 million cases of symptomatic
giardiosis worldwide each year only in developing countries [7]. The Global Enteric Multi-
center Study (GEMS) has demonstrated that Cryptosporidium is second only to rotavirus
in causing morbidity and mortality in young children living in South East Asian and
sub-Saharan African countries [8]. Blastocystis sp. is the most prevalent intestinal microbial
eukaryote colonising/infecting the human gut. Although its clinical significance remains
controversial, Blastocystis carriage has been linked with intestinal (diarrhoea, irritable
bowel syndrome) and extra-intestinal (urticarial) disorders [9]. In addition, childhood cryp-
tosporidiosis and giardiosis frequently lead to stunted growth and cognitive impairment,
particularly in poor-resource areas [10,11].

As with other enteric protists, G. duodenalis, Cryptosporidium spp., and Blastocystis sp.
are transmitted via the faecal-oral route through diverse pathways including person-to-
person or animal-to-person direct contact and consumption of contaminated water or food.
Indeed, waterborne and foodborne illnesses constitute a major area of concern [12,13].
Molecular epidemiological studies involving human, animal, and environmental samples
are essential to determine the genetic diversity of these pathogens in a given host or geo-
graphical area, and to ascertain the exact contribution of the above-mentioned transmission
routes to human infections.

Giardia duodenalis (the only Giardia species able to infect humans) is currently regarded
as a multi-species complex comprising eight (A to H) distinct assemblages, of which
zoonotic assemblages A and B (particularly the latter) are the most prevalent in humans [14].
The genus Cryptosporidium comprises at least 40 valid species and a similar number of
genotypes of unclear taxonomic status, of which more than 20 have been reported to cause
human infections. Only two species, Cryptosporidium hominis and C. parvum, account for
up to 90% of the human cases of cryptosporidiosis documented globally [15]. Similarly,
22 distinct subtypes (ST) have been identified within Blastocystis sp. to date (ST1-17, ST21,
ST23-26), of which ST1–9 and ST12 have been reported in humans [16].

The epidemiology of giardiosis, cryptosporidiosis, and blastocystosis in African coun-
tries is poorly understood [17–20]. Prevalence estimations have been frequently based
on low-sensitive (e.g., microscopy) methods, were restricted to certain populations and
geographical areas or are in need of update. When compared, polymerase chain reaction
(PCR) methods outperformed microscopy in terms of sensitivity and range of parasite
species detected [21]. Although recent large-scale epidemiological surveys such as GEMS
or the Etiology, Risk Factors, and Interactions of Enteric Infections and Malnutrition and
the Consequences for Child Health (MAL-ED) Study have considerably improved our
knowledge of certain species (particularly Cryptosporidium spp.), they did not consider oth-
ers (e.g., Blastocystis) and did not conduct genotyping analyses on positive samples [8,22].
In Mozambique, GEMS-derived samples from young children positive for G. duodenalis and
Cryptosporidium spp. in the Manhiça District (Maputo province) have been recently geno-
typed and sub-genotyped [23,24]. Earlier studies have molecularly characterised much
smaller numbers of Giardia- and Cryptosporidium-positive isolates in diarrhoeal individuals
and patients with human immunodeficiency virus (HIV) and/or tuberculosis in Maputo
and Gaza provinces, respectively [25,26]. However, the current epidemiological situation of
human blastocystosis in the country is completely unknown. This study aims to investigate
the frequency and molecular diversity of G. duodenalis, Cryptosporidium spp., and Blastocys-
tis sp. in asymptomatic and symptomatic children in the Zambézia province in the central
coastal region of Mozambique, an area where no studies on the presence of intestinal protist
parasites have been previously conducted in human or animal populations.
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2. Results

2.1. Occurrence of Enteric Parasites

A total of 1093 children aged 3–14 years participated in the present study, of which
807 children were enrolled from 18 schools and resided in 66 neighbourhoods in 10 districts
of the Zambézia province. The other 286 children were enrolled from six primary healthcare
centres and a hospital clinic and resided in 37 different neighbourhoods in six districts.
Overall, G. duodenalis was the most prevalent enteric parasite found [41.7%, 95% confidence
interval (CI): 38.8–44.7%], followed by Blastocystis sp. (14.1%, 95% CI: 12.1–16.3%), and
Cryptosporidium spp. (1.6%, 95% CI: 0.9–2.5%). The prevalence rates of these pathogens
in each participating school and healthcare centre are summarized in Table 1. Estimates
did not consider the clustered nature of the data, as this task was thoroughly conducted
elsewhere [27].

Table 1. Molecular-based prevalence rates of Giardia duodenalis, Cryptosporidium spp., and Blastocystis
sp. in the surveyed paediatric population by school or medical centre of origin in the Zambézia
province, Mozambique.

Centre Children (n)

Giardia duodenalis Cryptosporidium spp. Blastocystis sp.

Positive
(n)

Positive
(%)

Positive
(n)

Positive
(%)

Positive
(n)

Positive
(%)

School
1 44 23 52.3 1 2.3 1 2.3
2 50 13 26.0 0 0.0 23 46.0
3 22 9 40.9 0 0.0 0 0.0
4 22 12 54.5 0 0.0 0 0.0
5 24 11 45.8 0 0.0 0 0.0
6 31 13 41.9 0 0.0 1 3.2
7 88 36 40.9 4 4.5 9 10.2
8 60 8 13.3 2 3.3 0 0.0
9 47 23 48.9 0 0.0 0 0.0

10 49 20 40.8 0 0.0 1 2.0
11 47 13 27.7 0 0.0 4 8.5
12 50 12 24.0 0 0.0 4 8.0
13 50 25 50.0 1 2.0 19 38.0
14 30 9 30.0 0 0.0 0 0.0
15 30 5 16.7 0 0.0 0 0.0
16 40 16 40.0 0 0.0 0 0.0
17 75 46 61.3 1 1.3 47 62.7
18 48 42 87.5 2 4.2 34 70.8

Sub-total 807 336 41.6 11 1.4 143 17.7
Clinic

1 50 32 64.0 3 6.0 2 4.0
2 25 11 44.0 0 0.0 0 0.0
3 15 4 26.7 0 0.0 2 13.3
4 52 28 53.8 0 0.0 4 7.7
5 42 10 23.8 2 4.8 2 4.8
6 29 4 13.8 1 3.4 1 3.4
7 73 31 42.5 0 0.0 0 0.0

Sub-total 286 120 42.0 6 2.1 11 3.8
Total 1093 456 41.7 17 1.6 154 14.1

2.2. Prevalence and Molecular Characterization of G. duodenalis

A total of 456 DNA isolates tested positive for G. duodenalis by real-time polymerase
chain reaction (qPCR, 336 and 120 in asymptomatic and symptomatic children, respec-
tively). Generated cycle threshold (Ct) values had median values of 31.6 (range: 18.0–42.1)
in asymptomatic children, and of 31.2 (range: 19.7–41.4) in symptomatic children. Over-
all, 45.8% (209/456) had qPCR values ≥32, and 39.7% (181/456) had qPCR Ct values
<30. Based on previous molecular studies conducted by our research team using this
very same method in human populations from other African countries including Mozam-
bique [23,28,29], only DNA isolates with qPCR Ct values <32 (n = 247) were assessed for
genotyping and sub-genotyping purposes in order to optimise available resources.
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Assemblage/sub-assemblage assignment was conducted by direct comparison of the
sequencing results obtained at the three loci (gdh, bg, and tpi) investigated. Sequences
presenting double peak positions that could not be assigned unequivocally to a given
assemblage/sub-assemblage were reported as ambiguous sequences. Out of the 247 DNA
isolates investigated, 15.0% (37/247), 10.1% (25/247), and 6.1% (15/247) yielded amplicons
at the gdh, bg, and tpi loci, respectively (Table 2). Overall, 17.4% (43/247) were amplified at
least at a single locus, whereas multi-locus genotyping data at the three loci were available
for 4% (10/247) of them. Most (88.4%, 38/43) of the isolates successfully amplified at any
of the three markers assessed had qPCR Ct values <30. Sequence analyses revealed the
presence of assemblages A (7.0%, 3/43) and B (88.4%, 38/43). Two additional sequences
(4.6%, 2/43) corresponded to mixed A+B infections. No infections caused by host-restricted
canine (C, D), feline (F), or ruminant (E) assemblages were detected. All genotyped isolates
except one were obtained in asymptomatic children.

Table 2. Multilocus genotyping results of the G. duodenalis-positive children (n = 43) successfully
genotyped at any of the three loci investigated in the Zambézia province, Mozambique.

Sample ID Ct Value in qPCR gdh bg tpi Assigned Genotype

4 24.49 BIV Negative Negative BIV
17 25.8 BIV Negative Negative BIV

24 1 31.6 BIV Negative Negative BIV
57 25.4 BIV Negative Negative BIV
62 20.9 AII Negative AII AII
67 23.9 BIII/BIV Negative Negative BIII/BIV
69 21.9 BIV B BIII BIII/BIV
70 24.3 BIII/BIV B Negative BIII/BIV
74 22.7 BIII B Negative BIII
79 26.1 AII Negative Negative AII
88 20.9 BIII/BIV Negative BIII BIII/BIV
97 26.1 BIV Negative Negative BIV

100 25.9 BIII/BIV B Negative BIII/BIV
103 27.5 BIII/BIV Negative Negative BIII/BIV
104 21.7 BIII/BIV B BIII BIII/BIV
105 24.0 BIII/BIV B Negative BIII/BIV
118 26.8 BIV B Negative BIV
122 20.0 BIII/BIV B BIII/BIV BIII/BIV
124 30.8 Negative B Negative B
128 31.8 Negative B Negative B
140 30.5 Negative B Negative B
141 19.9 BIII B BIII/BIV BIII/BIV
143 25.3 BIII Negative Negative BIII
164 20.9 AII AII AII AII
165 24.1 BIII B Negative BIII
170 28.7 BIII/BIV Negative Negative BIII/BIV
172 25.6 AII B Negative AII+B
173 29.5 BIV Negative Negative BIV
175 23.7 BIII/BIV B Negative BIII/BIV
176 28.5 BIII/BIV B Negative BIII/BIV
178 27.1 BIV Negative Negative BIV
179 25.9 BIII/BIV Negative Negative BIII/BIV
180 22.7 BIII/BIV B AII AII+BIII/BIV
183 26.5 Negative B Negative B
186 26.6 BIII/BIV Negative BIII BIII/BIV
187 25.2 BIII Negative BIII BIII
190 19.8 BIII/BIV B BIII BIII/BIV
191 30.7 Negative B Negative B
194 20.0 BIII/BIV B BIII BIII/BIV
195 23.8 BIII/BIV B BIII BIII/BIV
196 26.4 Negative Negative BIII BIII
203 27.1 BIII/BIV B Negative BIII/BIV
206 22.9 BIII/BIV B BIII BIII/BIV

1 Symptomatic child, bg: ß-giardin, gdh: glutamate dehydrogenase, qPCR: real-time PCR, tpi: triose phosphate iso-
merase.

All three A sequences were assigned to the sub-assemblage AII of the parasite. Out of
the 40 B sequences, 12.5% (5/40) were identified as sub-assemblage BIII, 20.0% (8/40) as
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sub-assemblage BIV, 52.5% (21/40) as ambiguous BIII/BIV sequences, and the remaining
15.0% (6/40) were only genotyped at the assemblage level.

The diversity, frequency, and main features of the G. duodenalis sequences generated
at the gdh locus are shown in Table S1. Briefly, all four AII sequences were identical to
reference sequence L40510. In contrast, a much higher level of genetic diversity was
observed within the 34 sequences assigned to assemblage B at this locus. Indeed, the
five sequences identified as BIII differed by 1–9 single nucleotide polymorphisms (SNPs)
from reference sequence AF069059, most of them associated to heterozygous C/T peaks
at positions 99, 147, 150, 309, and 336. The nine sequences unambiguously assigned
to BIV differed by 2–8 SNPs from reference sequence L40508. Six of them presented
nucleotide substitutions (mainly C↔T transitions) at positions 183, 387, 396, and 423, but
not ambiguous positions in the form of double peaks. SNPs present in the three remaining
BIV sequences combined mutations and heterozygous positions at different proportions.
Remarkably, virtually all ambiguous BIII/BIV sequences different among them and by
5–15 SNPs from reference sequence L40508. Most of these SNPs involved heterozygous
C/T (and, to a lesser extent, A/G) peaks. In contrast, SNPs associated to transition C↔T or
A↔G mutations were rare or non-existent. Some of these ambiguous BIII/BIV sequences
presented clear double peaks at defined positions specific for BIII (e.g., 99, 147, 150, 309,
and 336) and BIV (e.g., 183, 387, 396, and 423) sequences, suggesting the occurrence (at an
unknown rate) of true BIII+BIV intra-assemblage mixed infections. Several heterozygous
positions within BIII and BIII/BIV (particularly the latter) sequences were potentially
associated to amino acid change in the polypeptidic chain.

The diversity, frequency, and main features of the 25 G. duodenalis sequences generated
at the bg locus are summarized in Table S2. The only sequence assigned to AII was identical
to reference sequence AY072723. The other 24 sequences, all belonging to the assemblage
B of G. duodenalis, presented a comparatively lower degree of genetic diversity than their
counterparts at the gdh locus. Of them, four sequences were identical to reference sequence
AY072727, whereas the remaining 20 sequences differed from it by 1–5 SNPs. Variations
involving transitional C↔T or A↔G mutations and double peaks tended to accumulate at
positions 183, 309, 519, and 565 of AY072727; some of them (including a transversion C/A
mutation) were involved in amino acid substitutions at the protein level.

The diversity, frequency, and main features of the 15 G. duodenalis sequences generated
at the tpi locus were summarized in Table S3. Out of the three sequences identified as
AII, two of them varied by 1–2 SNPs (including a transversion C/G mutation at position
287) from reference sequence U57897. The third AII sequence lacked sufficient quality
to accurately determine the presence of potential SNPs. The 10 sequences characterised
as BIII differed by 1–8 SNPs from reference sequence AF069561. Six of them included
only transitional C↔T or A↔G mutations, whereas the remaining four had several het-
erozygous positions. Detected SNPs tended to accumulate at positions 34, 108, and 141 of
AF069561, some of them involved in amino acid substitutions in the polypeptidic chain.
Two isolates corresponded to ambiguous BIII/BIV sequences differing by seven SNPs from
reference sequence AF069560. Most of these SNPs were the result of transitional C/T or
A/G mutations, one of them (T57C) involving an amino acid chain at the protein level. No
transversion mutations were detected within sequences generated at the tpi locus.

The evolutionary relationships among the G. duodenalis sequences generated at the gdh
locus in the present study were shown in Figure 1. Sequences of human origin generated
by our research team in previous studies conducted in geographical areas of high (Ethiopia,
Angola, Brazil, and Iran) and low (Spain) endemicity were also included in the analysis for
comparative purposes. Assemblage A sequences grouped together in well-defined clusters
with appropriate reference sequences. Although assemblage B sequences also formed a
well-supported clade (88% of bootstrap), sub-assemblage BIII and BIV sequences could not
be segregated in independent clusters. Phylogenetic trees generated at the bg (Figure S1)
and tpi (Figure S2) loci seem to corroborate this finding.
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Figure 1. Phylogenetic relationships among Giardia duodenalis assemblages and sub-assemblages iden-
tified in infected symptomatic and asymptomatic children in the Zambézia province, Mozambique.
The analysis was conducted by a neighbor-joining method of a 412-bp fragment (corresponding to
position 79–490 of reference sequence L40508) of the gdh gene sequence. Genetic distances were cal-
culated using the Kimura two-parameter model. Green filled squares represent sequences generated
in the present study. Purple filled dots represent reference sequences. Bootstrap values lower than
50% are not displayed. Giardia ardeae was used as outgroup taxon to root the tree.
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2.3. Prevalence and Molecular Characterization of Cryptosporidium spp.

Analyses of the 13 ssu rDNA sequences generated in the present study revealed the
presence of four Cryptosporidium species circulating in the paediatric population under
study, including C. hominis (30.8%; 4/13), C. parvum (30.8%, 4/13), C. felis (30.8%, 4/13),
and C. viatorum (7.6%, 1/13) (Table 3). Besides a case of cryptosporidiosis by C. parvum
detected in a child with diarrhoea, the remaining cases were identified in asymptomatic
children. Out of the four sequences characterised as C. hominis, two of them were identical
to reference sequence AF108865, with the remaining two differing from it by one to two
SNPs including a nucleotide deletion and ambiguous positions in the form of double peaks.
Three of the sequences assigned to C. parvum corresponded to the “bovine genotype”
of the parasite, characterised by a four-nucleotide (TAAT) deletion involving positions
686_689 of reference sequence AF112571. These three sequences differed among them by
1–2 SNPs affecting positions 795, 837, and/or 892 of reference sequence AF112571. A fourth
C. parvum sequence was not investigated further due to insufficient quality to accurately
determine the presence of potential SNPs. All C. hominis and C. parvum isolates failed to
be amplified at the gp60 locus despite repeated attempts to do so. Therefore, their family
subtypes remain unknown.

Table 3. Diversity, frequency, and main molecular features of Cryptosporidium spp. sequences at the ssu rRNA locus in
infected symptomatic and asymptomatic children in Zambézia province, Mozambique. GenBank accession numbers
are provided.

Species No. of Isolates Reference Sequence Stretch Single Nucleotide Polymorphisms GenBank ID

C. hominis 2 AF108865 608–979 None MW563962
1 AF108865 540–952 C607T, 697Del_T 1 MW563963
1 AF108865 622–956 A808R, G905R MW563964

C. parvum 1 AF112571 573–997 A646G, T649G, 686_689DelTAAT 1,
A691T, C795Y, A892R

MW563965

1 AF112571 630–997 A646G, T649G, 686_689DelTAAT 1,
A691T, C795Y, T837W, A892R MW563966 2

1 AF112571 539–1025 A646G, T649G, 686_690DelTAATT 1,
A691T, A892G

MW563967

1 AF112571 655–985 Unknown 3 –
C. felis 3 AF108862 631–980 661InsT 4, T670A, 700DelT 1 MW563968

1 648–987 661InsT, T670A,700DelT 1, 824InsT 4 MW563969
C. viatorum 1 KX174309 290–762 None MW563970

1 Nucleotide(s) deletion. 2 Symptomatic child. 3 Sequence of insufficient quality to accurately determine the presence of potential single
nucleotide polymorphisms. 4 Nucleotide insertion.

Three of the C. felis sequences were identical among them but differed from reference
sequence AF108862 by three SNPs including a deletion, an insertion, and a substitution
(Table 3). The fourth C. felis sequence had an additional T insertion in position 826 of
reference sequence AF108862. The only sequence assigned to C. viatorum was identical to
positions 290–762 of reference sequence KX174309. Sequence analysis at the gp60 locus
revealed that this isolate belonged to the subtype XVaA3a of the parasite, showing 100%
identity to positions 1–870 of reference sequence KP115936.

The genetic relationships among ssu rRNA gene sequences generated in the present
study, as inferred by a neighbor-joining analysis, were shown in Figure 2. All Cryptosporid-
ium sequences clustered together (monophyletic groups) with different well-supported
clades (58–99% of bootstrap) corresponding to appropriate reference sequences for Cryp-
tosporidium species.
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Figure 2. Phylogenetic relationships among Cryptosporidium species identified in infected SympTable 490. bp fragment
(corresponding to position 538–1027 of reference sequence AF108865) of the ssu rRNA gene sequence. Genetic distances
were calculated using the Kimura two-parameter model. Green filled squares represent sequences generated in the present
study. Purple filled dots represent reference sequences. Bootstrap values lower than 50% are not displayed. Cryptosporidium
muris was used as outgroup taxon to root the tree.

2.4. Prevalence and Molecular Characterization of Blastocystis sp.

Out of the 227 isolates that yielded amplicons of the expected size for Blastocystis sp.
by PCR, 67.8% (154/227) were successfully subtyped at the ssu rRNA (barcode region) gene
of this protist. The remaining 73 isolates produced unreadable or poor-quality sequences
usually associated to faint bands on agarose gels. All samples that could not be confirmed
by Sanger sequencing were presumptively considered as Blastocystis-negative. Overall,
92.9% (143/154) of the subtyped isolates were obtained in asymptomatic children, and
7.1% (11/154) in children with gastrointestinal symptoms. Sequence analyses allowed
the identification of four Blastocystis subtypes (ST) circulating in the surveyed paediatric
population, including ST1 (22.7%; 35/154), ST2 (22.7%; 35/154), ST3 (45.5%; 70/154), and
ST4 (9.1%; 14/154) (Figure 1). Neither mixed infection involving different STs of the parasite
nor infections caused by animal-specific ST10–ST17, ST21 or ST23–26 were identified. A
considerable genetic diversity was observed within ST2 (four different alleles, alone or
in combination) and ST3 (six different alleles, alone or in combination). Allele 4 was the
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most prevalent within ST1 (77.1%, 27/35), allele 12 within ST2 (34.3%, 12/35), and allele
36 within ST3 (54.3%, 38/70). In contrast, allele 42 was the only genetic variant identified
within ST4. Several isolates were only genotyped at the subtype level due to insufficient
quality sequence data for allele calling (Figure 3).

Figure 3. Diversity and frequency of Blastocystis subtypes and 18S alleles identified in the symptomatic and asymptomatic
children in Zambézia province, Mozambique.

No obvious clusters of the parasite’s species/genotypes were found according to the
period of sampling or the sex, age group, school of origin or clinical status of the infected
children investigated in the present study.

3. Discussion

The molecular diversity of G. duodenalis and Cryptosporidium spp. in Mozambique
has been thoroughly investigated in children younger than five years of age with and
without diarrhoea recruited under the GEMS umbrella in the Manhiça district (Maputo
province) in two recent studies [23,24]. The present survey expands our current knowledge
on the epidemiology of these two protozoan pathogens in the country, exploring their
occurrence and genetic diversity in asymptomatic schoolchildren and children with clinical
manifestations in Zambézia province. This is also the first report describing the molecular
variability of Blastocystis sp. in Mozambique. Of note, our research group has previously
investigated in this very same paediatric populations the occurrence of the microsporidia
Enterocytozoon bieneusi and conducted risk association analyses for intestinal parasites [27,30].

In Mozambique, G. duodenalis has been described at infection rates of 1–6% by con-
ventional microscopy in paediatric and clinical populations in Maputo province [31–33],
and of 8–37% by PCR in patients with HIV and/or tuberculosis in Gaza province and
people living in a high endemic area of Sofala province [21,25]. Using enzyme-linked
immunosorbent assay (ELISA), G. duodenalis was identified in 10–50% of children with
clinical manifestations in different provinces of the country [34–36]. The G. duodenalis
crude prevalence rate found here (42%) is in the upper range limit of those reported in the
aforementioned surveys.
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Giardia duodenalis genotyping data in Mozambique are far scarcer. In a preliminary
study involving a limited number of isolates, G. duodenalis sub-assemblages AII and
BIV were found at equal proportions in patients with HIV and/or tuberculosis in Gaza
province [25]. A much larger molecular survey involving 222 well-characterized G. duode-
nalis isolates obtained during the GEMS project revealed that assemblage B caused 9 out
of 10 infections in young children in Maputo province [23]. That study demonstrated
that the occurrence of diarrhoea was not linked to a given assemblage of the parasite.
Additionally, the elevated level of genetic variability found within assemblage B sequences
did not allow the correct differentiation between sub-assemblage BIII and BIV sequences
that were, therefore, tentatively identified as ambiguous BIII/BIV results and represented
59% (132/222) of the total sequences analysed. Molecular data showed in the present study
were remarkably similar, with assemblages A and B being identified in 7% and 88% of the
infections, respectively, and ambiguous BIII/BIV sequences accounting for 49% (21/43)
of them. The absence of animal-specific C–F assemblages in both surveys suggest that
livestock and companion animals may play a secondary role as sources of human giardiosis,
and that most human infections should be of anthropic origin. Taken together, these results
indicate that the epidemiology of human giardiosis is very similar in Mozambican regions
as separated from each other as Maputo and Zambézia.

Cryptosporidium infections in Mozambique have been previously documented at rates
ranging from 6–38% by ELISA in diarrhoeic children in Maputo province [34,35], at 6% in
HIV-positive individuals in the same province [33], and of 12% in general population at
national scale [36]. Rates lower than 10% have been reported by PCR in patients with HIV
and/or tuberculosis in Gaza province and diarrhoeic patients in Maputo province [25,26].
A much lower crude prevalence of 1.6% has been reported in the present study in mostly
asymptomatic children. The marked discrepancies observed in Cryptosporidium prevalence
rates among these studies may be associated with differences not only in the nature of the
surveyed populations, but also in the performance of the diagnostic methods used.

Knowledge on the molecular diversity of Cryptosporidium sp. in Mozambique is very
limited. Early studies revealed the presence of three Cryptosporidium species circulating in
Mozambican human populations, namely C. hominis, C. parvum, and C. felis. Furthermore,
gp60 subtypes IbA10G2 and IdA22 have been described in patients with HIV and/or
tuberculosis [25], and IA23R3, IIcA5G3, and IIeA12G1 in children and adults with diar-
rhoea [26,37]. More recently, a large panel (n = 191) of Cryptosporidium-positive faecal
samples from young children collected during the GEMS project in the Maputo province
revealed the predominance of C. hominis (73%) over C. parvum (23%) and C. meleagridis
(4%). Both C. hominis and C. parvum were more prevalently found in diarrhoeal children
than in non-diarrhoeal children. In that survey, a high intra-species genetic variability
was observed within C. hominis (subtype families Ia, Ib, Id, Ie, and If) and C. parvum
(subtype families IIb, IIc, IIe, and IIi), but not within C. meleagridis (subtype family IIIb).
In contrast, in the present study C. hominis, C. parvum, and C. felis were found at equal
(31%) proportions mostly in asymptomatic children, whereas the presence of C. viatorum
subtype XVaA3a represents the first report of this Cryptosporidium species in Mozambique.
Unfortunately, sequences identified as C. hominis or C. parvum at the ssu rRNA gene did
not yield amplicons at the gp60 locus, so their subtypes remain unknown.

Of interest, three out of four sequences identified as C. parvum were associated to
the “bovine genotype” of the parasite, which is characterised by a four-base deletion
TAAT at positions 686 to 689 of reference sequence AF112571. Indeed, some authors have
proposed that this genetic variant should be considered as an independent species named
C. pestis [38]. The high proportion of infections due to the “bovine genotype” of C. parvum
and C. felis (a Cryptosporidium species adapted to infect cats and other felids) reveals that a
significant number of cryptosporidiosis cases were the result of zoonotic events through
direct contact with infected animals or indirectly through consumption of contaminated
water or food with their faecal material. Of interest, C. felis has been previously reported
in different human populations in other African countries including Ethiopia, Nigeria,
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and Kenya [39–41]. The presence of C. viatorum is also relevant. This Cryptosporidium
species was initially thought to be a human-specific species [42], but recent epidemiological
surveys have demonstrated its presence in rodents from Australia and China and may have,
therefore, zoonotic potential [43,44]. In Africa, C. viatorum has been reported in primarily
asymptomatic children, diarrhoeic patients and HIV+ individuals in Ethiopia [28,39,45],
and in the adult population in Kenya [45].

A major contribution of this study is the first thorough description of the molecular
diversity of Blastocystis sp. conducted in Mozambique to date. The frequency and diversity
of the three main STs detected (ST1: 23%, ST2: 23%, ST3: 45%) were in line with those
previously published in other African countries such as Angola [29], Ivory Coast [46], and
Madagascar [47], among others. In contrast, ST4 was identified at a much lower rate of
9%. Remarkably, most human cases of blastocystosis by ST4 have been documented in
Europe [48]. This geographically restricted pattern of ST4, together with its primarily clonal
structure, has been interpreted by some authors as the result of a recent entry into the
human population, very likely from rodents [49]. In line with these findings, Blastocystis
ST4 has only been detected in a few African countries at carriage rates of 12–14% in Liberia
and Nigeria [48], and of 2% in Senegal and Tunisia [50,51]. Furthermore, ST4 has been
proposed as a more virulent Blastocystis strain, being linked with diarrhoeic patients in
Denmark and Spain [52,53], and with irritable bowel syndrome and chronic diarrhoea in
patients in Italy [54]. This does not seem to be the case of the present study, where all the
Blastocystis isolates characterised as ST4 were identified in apparently healthy children.
Absence of STs rarely found in humans (ST5–ST9) or thought to be present only in non-
human animal species (ST10–ST17, ST21, ST23–ST26) seem to indicate that transmission of
blastocystosis in Zambézia province is mainly of anthropic origin.

This study benefits from the high number of participating children and number
of samples analysed, which allowed for a robust estimate of prevalences. Genetic data
were strengthened by the adoption of a multi-locus genotyping scheme for the molecular
characterization of samples positive to G. duodenalis and Cryptosporidium spp. However,
the survey also presents some limitations that must be taken into consideration when
interpreting the obtained results. Perhaps the most relevant is the long period (up to
three months) that elapsed between sample collection and sample processing and analysis.
During this time, collected stool samples were kept at room temperature in commercial
devices intended to preserve the specimens and allow their use in downstream molecular
assays. Despite this effort, suboptimal conservation of stool samples may have negatively
affected the quality of the purified genomic DNA. This may explain the low proportion
of G. duodenalis- and Cryptosporidium-positive isolates that were successfully amplified at
their respective genotyping loci (gdh, bg, and tpi for G. duodenalis, gp60 for Cryptosporidium).
It is very likely that extraction and purification of DNA from fresh specimens would have
significantly improved the genotyping data presented here. Finally, this study focused on
human populations only. No attempts were conducted to analyse samples from animal
and environmental (e.g., drinking water) sources, so the picture of the epidemiology of gia-
rdiosis, cryptosporidiosis and blastocystosis in this geographical area remains incomplete.
This task must be accomplished in future molecular surveys.

4. Materials and Methods

4.1. Study Area and Stool Sample Collection

A prospective cross-sectional molecular epidemiological study of diarrhoea-causing
enteric parasites including the protozoan G. duodenalis and Cryptosporidium spp. and
the stramenopile Blastocystis sp., was conducted with children aged 3–14 from 10 of the
22 districts of Zambézia province, central Mozambique, between October 2017 and February
2019. Stool samples were collected from participating schoolchildren attending 18 primary
schools or children seeking medical attention at seven primary healthcare centres (Figure 4).
In school settings (range: 35–2111; mean: 651 schoolchildren) informative meetings were
held for interested families. Schoolchildren volunteering to participate were given sampling
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kits to obtain stool samples during school attendance. In primary health clinics, children
with gastrointestinal complaints (chronic or acute diarrhoea, bloating, abdominal pain)
were invited to participate in the survey. Samples were collected by members of the research
team at scheduled times and an aliquot (2–3 g) transferred to REAL Minisystem devices
(Durviz, Valencia, Spain) for stool sample conservation and concentration. Preserved
samples were maintained at room temperature up to three months before being transported
to the Spanish National Centre for Microbiology (Majadahonda, Spain) for processing and
analysis. Inclusion and exclusion criteria to participate in the study, school features, and
sampling procedures as well as the detailed analysis of potential associations linked with
enteric parasite infections in the paediatric populations surveyed here were thoroughly
described elsewhere (Muadica et al., 2020) [27].

Figure 4. Map showing the geographical location of the Zambézia province in Mozambique (upper left corner) and the
primary school and healthcare centres sampled in the present study.

4.2. DNA Extraction and Purification

Genomic DNA was isolated from about 200 mg of each faecal specimen by using
the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions, except that samples mixed with InhibitEX buffer were incubated
for 10 min at 95 ◦C. Extracted and purified DNA samples (200 μL) were kept at −20 ◦C
until further molecular analysis. A water extraction control was included in each sample
batch processed.

4.3. Molecular Detection and Characterization of Giardia duodenalis

Giardia duodenalis DNA was detected by qPCR amplification of a 62 bp-fragment of
the small subunit ribosomal RNA (ssu rRNA) gene of the parasite [55]. Amplification
reactions (25 μL) consisted of 3 μL of template DNA, 0.5 μM of primers Gd-80F and Gd-
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127R, 0.4 μM of probe (Additional file 1: Table S1), and 12.5 μL TaqMan® Gene Expression
Master Mix (Applied Biosystems, CA, USA). Detection of parasitic DNA was performed
on a Corbett Rotor Gene™ 6000 real-time PCR system (Qiagen) using an amplification
protocol consisting on an initial hold step of 2 min at 55 ◦C and 15 min at 95 ◦C followed
by 45 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C. Water (no-template) and genomic DNA
(positive) controls were included in each PCR run.

Giardia duodenalis isolates with a qPCR-positive result were re-assessed by sequence-
based multi-locus genotyping of the genes encoding for the glutamate dehydrogenase (gdh),
ß-giardin (bg) and triose phosphate isomerase (tpi) proteins of the parasite. A semi-nested
PCR was used to amplify a 432-bp fragment of the gdh gene [56]. PCR reaction mixtures
(25 μL) included 5 μL of template DNA and 0.5 μM of the primer pairs GDHeF/GDHiR
in the primary reaction and GDHiF/GDHiR in the secondary reaction (Table S4). Both
amplification protocols consisted of an initial denaturation step at 95 ◦C for 3 min, followed
by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 1 min, with a final extension of
72 ◦C for 7 min. A nested PCR was used to amplify a 511 bp fragment of the bg gene [57].
PCR reaction mixtures (25 μL) consisted of 3 μL of template DNA and 0.4 μM of the primers
sets G7_F/G759_R in the primary reaction and G99_F/G609_R in the secondary reaction
(Table S4). The primary PCR reaction was carried out with the following amplification
conditions: one step of 95 ◦C for 7 min, followed by 35 cycles of 95 ◦C for 30 s, 65 ◦C for
30 s, and 72 ◦C for 1 min with a final extension of 72 ◦C for 7 min. The conditions for the
secondary PCR were identical to the primary PCR except that the annealing temperature
was 55 ◦C. Finally, a nested PCR was used to amplify a 530 bp-fragment of the tpi gene [58].
PCR reaction mixtures (50 μL) included 2-2.5 μL of template DNA and 0.2 μM of the
primer pairs AL3543/AL3546 in the primary reaction and AL3544/AL3545 in the secondary
reaction (Table S4). Both amplification protocols consisted of an initial denaturation step at
94 ◦C for 5 min, followed by 35 cycles of 94 ◦C for 45 s, 50 ◦C for 45 s and 72 ◦C for 1 min,
with a final extension of 72 ◦C for 10 min.

4.4. Molecular Detection and Characterization of Cryptosporidium spp.

The presence of Cryptosporidium spp. was assessed using a nested PCR to amplify a
587-bp fragment of the ssu rRNA gene of the parasite [59]. Amplification reactions (50 μL)
included 3 μL of DNA sample and 0.3 μM of the primer pairs CR-P1/CR-P2 in the primary
reaction and CR-P3/CPB-DIAGR in the secondary reaction (Table S4). Both PCR reactions
were carried out as follows: one step of 94 ◦C for 3 min, followed by 35 cycles of 94 ◦C for
40 s, 50 ◦C for 40 s and 72 ◦C for 1 min, concluding with a final extension of 72 ◦C for 10 min.

Isolates identified as C. hominis or C. parvum by ssu-PCR (and Sanger sequencing, see
below) were reanalysed at the 60 kDa glycoprotein (gp60) gene for subtyping purposes.
Briefly, a nested PCR was conducted to amplify a 870 bp fragment of the gp60 locus [60].
PCR reaction mixtures (50 μL) included 2-3 μL of template DNA and 0.3 μM of the primer
pairs AL-3531/AL-3535 in the primary reaction and AL-3532/AL-3534 in the secondary
reaction (Table S4). The primary PCR reaction consisted of an initial denaturation step of
94 ◦C for 5 min, followed by 35 cycles of 94 ◦C for 45 s, 59 ◦C for 45 s, and 72 ◦C for 1 min
with a final extension of 72 ◦C for 10 min. The conditions for the secondary PCR were
identical to the primary PCR except that the annealing temperature was 50 ◦C. Similarly,
samples identified as C. viatorum by ssu-PCR were reanalysed at the gp60 locus using a
nested PCR protocol specifically developed for this Cryptosporidium species [45]. This
protocol amplifies a 950 bp fragment of the gp60 gene. Amplification reactions (50 μL)
included 1–2 μL of DNA sample and 0.25 μM of the primer pair CviatF2/CviatR5 in the
primary reaction and 0.5 μM of the primer pair CviatF3/CviatR8 in the secondary reaction
(Table S4). Both PCR reactions were carried out as follows: one step of 95 ◦C for 4 min,
followed by 35 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s and 72 ◦C for 1 min, concluding with
a final extension of 72 ◦C for 7 min.
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4.5. Molecular Detection and Characterization of Blastocystis sp.

Identification of Blastocystis sp. was achieved by a direct PCR targeting the ssu rRNA
gene of the parasite [61]. This protocol uses the pan-Blastocystis, barcode primers RD5 and
BhRDr (Table S4) to amplify a PCR product of 600 bp. Amplification reactions (25 μL)
included 5 μL of template DNA and 0.5 μM of the primer set RD5/BhRDr. Amplification
conditions consisted of one step of 95 ◦C for 3 min, followed by 30 cycles of 1 min each at
94, 59 and 72 ◦C, with an additional 2 min final extension at 72 ◦C.

All the direct, semi-nested, and nested PCR protocols described above were conducted
on a 2720 thermal cycler (Applied Biosystems). Reaction mixes always included 2.5 units of
MyTAQ™ DNA polymerase (Bioline GmbH, Luckenwalde, Germany), and 5× MyTAQ™
Reaction Buffer containing 5 mM dNTPs and 15 mM MgCl2. Laboratory-confirmed positive
and negative DNA isolates for each parasitic species investigated were routinely used
as controls and included in each round of PCR. PCR amplicons were visualized on 2%
D5 agarose gels (Conda, Madrid, Spain) stained with Pronasafe nucleic acid staining
solution (Conda). Positive-PCR products were directly sequenced in both directions using
the internal primer set described above. DNA sequencing was conducted by capillary
electrophoresis using the BigDye® Terminator chemistry (Applied Biosystems) on an ABI
PRISM 3130 automated DNA sequencer.

4.6. Sequence and Phylogenetic Analyses

Raw sequencing data in both forward and reverse directions were viewed using the
Chromas Lite version 2.1 sequence analysis program (https://technelysium.com.au/wp/
chromas/, accessed on 23 February 2021). The BLAST tool (http://blast.ncbi.nlm.nih.gov/
Blast.cgi, accessed on 23 February 2021) was used to compare nucleotide sequences with se-
quences retrieved from the NCBI GenBank database. Generated DNA consensus sequences
were aligned to appropriate reference sequences using the MEGA 6 software [62] to identify
G. duodenalis assemblages/sub-assemblages and Cryptosporidium species. Blastocystis se-
quences were submitted at the Blastocystis 18S database (http://pubmlst.org/blastocystis/,
accessed on 23 February 2021) for sub-type confirmation and allele identification.

The evolutionary relationships among the identified G. duodenalis assemblages/sub-
assemblages at the three loci investigated and the Cryptosporidium species found were
inferred by a phylogenetic analysis using the neighbor-joining method in MEGA 6. Only
sequences with unambiguous (no double peak) positions were used in the analyses. The
evolutionary distances were computed using the Kimura 2-parameter method and mod-
elled with a gamma distribution. The reliability of the phylogenetic analyses at each branch
node was estimated by the bootstrap method using 1000 replications. Representative
sequences of different G. duodenalis assemblages and sub-assemblages and Cryptosporidium
species were retrieved from the NCBI database and included in the phylogenetic analyses
for reference and comparative purposes.

Representative G. duodenalis sequences obtained in this study have been deposited
in GenBank under accession numbers MW508361–MW508394 (gdh locus), MW508394–
MW508410 (bg locus) and MW556751–MW556764 (tpi locus). Representative Cryptosporid-
ium spp. sequences were deposited under accession numbers MW563962–MW563970 (ssu
rRNA locus) and MW574004 (gp60 locus). Representative Blastocystis sp. sequences were
deposited under accession numbers MW564221–MW564233.

5. Conclusions

This PCR-based epidemiological study provides novel data on the molecular diversity
of G. duodenalis, Cryptosporidium spp., and Blastocystis sp. in children with and without
diarrhoea in Zambézia province, a Mozambican region where this information was com-
pletely lacking. Generated results complement and expand those obtained previously
by the GEMS project in paediatric populations in Maputo province. A high intra-species
molecular diversity was observed among the three parasites investigated, a finding compat-
ible with an epidemiological scenario of high endemicity where infections and reinfections
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were common. No obvious differences in the distribution and frequency of parasite’
species/genotypes were observed between apparently healthy children and children with
clinical manifestations, suggesting that virulence/pathogenicity was not associated to
a given genetic variant. Transmission of giardiosis and blastocystosis was primarily of
anthropic nature, but strong molecular evidence indicated that a significant number of
cryptosporidiosis cases were the result of zoonotic events. Data presented here highlight
the need to conduct new molecular surveys in animal and environmental (drinking water)
samples to complete our understanding of the transmission dynamics of these protist
species in Mozambique. Measures directed to improve access to safe drinking water, san-
itation facilities, and personal hygiene (e.g., hand washing) practices would definitively
help in minimizing the transmission of diarrhoea-causing pathogens in highly endemic
areas in Mozambique.
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817/10/3/255/s1, Table S1: Diversity, frequency, and main molecular features of Giardia duode-
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province, Mozambique. GenBank accession numbers are provided. Superscript numbers identify
single nucleotide polymorphisms involving amino acid change, Table S2: Diversity, frequency, and
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and asymptomatic children in Zambézia province, Mozambique. GenBank accession numbers are
provided. Superscript numbers identify single nucleotide polymorphisms involving amino acid
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at the tpi locus in infected symptomatic and asymptomatic children in Zambézia province, Mozam-
bique. GenBank accession numbers are provided. Superscript numbers identify single nucleotide
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identification and/or characterization of Giardia duodenalis, Cryptosporidium spp., and Blastocystis sp.
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quence. Genetic distances were calculated using the Kimura two-parameter model. Green-filled
squares represent sequences generated in the present study. Purple-filled dots represent reference
sequences. Bootstrap values lower than 50% are not displayed. Because bg is a Giardia-specific protein,
no outgroup taxon was used to root the tree, Figure S2: Phylogenetic relationships among Giardia
duodenalis assemblages and sub-assemblages identified in infected symptomatic and asymptomatic
children in Zambézia province, Mozambique. The analysis was conducted by a neighbor-joining
method of a 479-bp fragment (corresponding to position 1–479 of reference sequence AF069560) of
the tpi gene sequence. Genetic distances were calculated using the Kimura two-parameter model.
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reference sequences. Bootstrap values lower than 50% are not displayed. Giardia muris was used as
outgroup taxon to root the tree.
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Abstract: Cryptosporidium is a leading cause of childhood diarrhoea and associated physical and
cognitive impairment in low-resource settings. Cryptosporidium-positive faecal samples (n = 190) from
children aged ≤ 5 years enrolled in the Global Enteric Multicenter Study (GEMS) in Mozambique
detected by ELISA (11.5%, 430/3754) were successfully PCR-amplified and sequenced at the gp60 or
ssu rRNA loci for species determination and genotyping. Three Cryptosporidium species including C.
hominis (72.6%, 138/190), C. parvum (22.6%, 43/190), and C. meleagridis (4.2%, 8/190) were detected.
Children ≤ 23 months were more exposed to Cryptosporidium spp. infections than older children.
Both C. hominis and C. parvum were more prevalent among children with diarrhoeal disease compared
to those children without it (47.6% vs. 33.3%, p = 0.007 and 23.7% vs. 11.8%, p = 0.014, respectively).
A high intra-species genetic variability was observed within C. hominis (subtype families Ia, Ib,
Id, Ie, and If) and C. parvum (subtype families IIb, IIc, IIe, and IIi) but not within C. meleagridis
(subtype family IIIb). No association between Cryptosporidium species/genotypes and child’s age
was demonstrated. The predominance of C. hominis and C. parvum IIc suggests that most of the
Cryptosporidium infections were anthroponotically transmitted, although zoonotic transmission events
also occurred at an unknown rate. The role of livestock, poultry, and other domestic animal species
as sources of environmental contamination and human cryptosporidiosis should be investigated in
further molecular epidemiological studies in Mozambique.

Keywords: Cryptosporidium; gp60; ssu rRNA; genotyping; children; diarrhoea; prevalence; molecular
epidemiology; Mozambique; GEMS
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1. Introduction

Diarrhoeal diseases remain the second leading cause of mortality after pneumonia
in children under 5 years worldwide, accounting for approximately 9% of the 5.8 mil-
lion deaths associated to this condition reported in 2015 [1,2]. Most of these fatalities
disproportionately occur in poor-resource settings where suboptimal hygiene conditions
and sanitation prevail [3]. A recent update on diarrhoeal burden from the Global Enteric
Multicenter Study (GEMS and GEMS1A) demonstrated that Rotavirus, Cryptosporidium,
enterotoxigenic Escherichia coli producing heat stable toxin (ST_ETEC), and Shigella were
the main pathogens associated with moderate-to-severe diarrhoea (MSD) and less severe
diarrhoea (LSD) in African and Asian children [4,5]. Cryptosporidiosis in children under
5 years presents with watery diarrhoea, abdominal pain, nausea, and vomiting, being often
associated to growth faltering and cognitive development impairment [6,7]. In severe cases,
the disease can lead to life-threatening sequelae among malnourished and immunocom-
promised children [8]. Cryptosporidium spp. is also a major contributor to the burden of
diarrhoeal disease in HIV-positive patients [9].

As other diarrhoea-causing pathogens, Cryptosporidium spp. are transmitted through
the faecal–oral route. Humans acquire the infection through direct contact with infected
hosts (person-to-person or zoonotic transmission) or by ingestion of contaminated food or
water (foodborne and waterborne transmission), but the relative importance of these routes
is still unclear [10]. At least 40 known Cryptosporidium species are currently recognised,
and among these, more than 20 species and genotypes have been reported to cause human
infections. Cryptosporidium hominis and C. parvum cause more than 90% of the human cases
documented globally [11–13].

Molecular tools for the differentiation of Cryptosporidium species and genotypes are
currently available, mostly using PCR followed by either restriction length fragment
polymorphisms (RFLP) analysis or Sanger sequencing of the small subunit ribosomal
ribonucleic acid (ssu rRNA) and the 60 kDa glycoprotein (gp60) genes of the parasite [10,13].
The ssu rRNA gene is largely used for the differential diagnosis of Cryptosporidium species
due to its multicopy nature and associated high sensitivity. Subtype identification is
primarily achieved through DNA sequence analysis of the highly polymorphic gp60 gene.
Subtype assignment is based on the number of TCA, TCG, and TCT repeats in addition
to other repetitive sequences, such as the ACATCA, within the gp60 tandem repeat motif
region. Subtype families are named as Ia, Ib, Ic, Id, Ie, If, etc. for C. hominis and IIa, IIb, IIc,
IId, etc. for C. parvum, with further species families named in ascending order [12,14].

In Africa, the epidemiology and genetic diversity of Cryptosporidium spp. remains
relatively unknown. However, as noted by a recent literature review, at least 13 species
and genotypes have been identified in humans, with C. hominis followed by C. parvum
once again dominating the epidemiological landscape [11]. Subtyping studies support the
dominance of anthroponotic over zoonotic transmission in African countries, regardless
of the close contact with farm and domestic animals. Another interesting observation
in Africa is the high level of subtype diversity, where at least six subtype families for C.
hominis (Ia, Ib, Id, Ie, If, and Ih) have been described. For C. parvum the predominant
subtypes identified in humans belong to the IIc family, in addition to IIa, IIb, IId, IIg, IIi,
IIh, IIm and the rarer anthroponotically transmitted IIe subtype family [11].

In Mozambique, diarrhoea is ranked as the third cause of death in children under
14 years from the capital city Maputo [15] and fourth in children under 5 years from the
Manhiça district (Maputo province) [16], being responsible for 20% of hospital paediatric
admissions in this district [17]. The GEMS data support that prevention strategies targeting
Rotavirus, Cryptosporidium, ST_ETEC and Shigella could contribute to reduce diarrhoeal
cases by approximately 50% in infants, and hence diarrhoeal-associated mortality [18].
However, the genetic diversity of Cryptosporidium spp. in GEMS was not investigated. Two
previous hospital-based studies carried out in the southern part of the country have iden-
tified IaA23R3, IIcA5G3, and IIeA12G1 subtypes among nine isolates from patients with
diarrhoea in the capital city Maputo [19], and IbA10G2 and IdA22 subtypes among eight
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isolates in patients with HIV and tuberculosis in the Chokwe district of Gaza province [20].
However, no extensive molecular epidemiological studies have been conducted to evaluate
the genetic diversity within Cryptosporidium spp. Herein, we aimed to analyse the diversity
and frequency of Cryptosporidium species and subtypes detected in stools from children
younger than 5 years from the Manhiça district, Mozambique, enrolled in the context of
GEMS between 2007 and 2012.

2. Results

2.1. Initial Screening for the Detection of Cryptosporidium spp. by ELISA Immunoassay

During the 5-year study period (December 2007–November 2012) a total of 3754 stool
samples were collected. The ELISA positivity rate for Cryptosporidium spp. was estimated
at 11.5% (430/3754). The prevalence was significantly (p < 0.001) higher among diarrhoea
cases (MSD and LSD cases) (16.5%, 222/1346) compared to children without diarrhoea
(non-cases; 8.5%, 208/2408). Most (91.2%, 392/430) of the Cryptosporidium-positive samples
by ELISA were available for molecular analyses (Figure 1). Unavailable samples were
the result of the depletion of starting material as consequence of testing and analyses in
previous studies [4,5,18].

3754 stool samples 
collected in GEMS

1346 children with 
diarrhea (cases)

222 (16.5%) positive 
for Cryptosporidium

spp. antigen

204 (91.9%) analyzed 
for Cryptosporidium

typing

18 (8.1%) not 
available for typing 

analysis

2408 children 
without diarrhea 

(non-cases)

208 (8.5%) positive 
for Cryptosporidium

spp. antigen

188 (90.4%) analyzed 
for Cryptosporidium

typing

20 (9.6%) not 
available for typing 

analysis

Figure 1. Flow chart summarising the diagnostic and genotyping procedures used in this study.

The distribution of the ELISA-positive Cryptosporidium infections in cases and non-
cases according to sex, age group, and clinical condition is summarised in Table 1. Ap-
proximately one in two (53.6%, 210/392) children with cryptosporidiosis were aged
0–11 months. The male/female ratio was 1.8. Children with MSD and their matched
controls were significantly more exposed to Cryptosporidium than their counterparts with
LSD and corresponding controls (p < 0.001). HIV+ patients with diarrhoea were more likely
to be infected with Cryptosporidium spp. than HIV+ patients without diarrhoea (χ2 = 9.8758,
p = 0.001675). Being undernourished and having diarrhoea were also significantly associ-
ated with cryptosporidiosis (χ2 = 19.769, p ≤ 0.00001). Regarding coinfections with other
intestinal pathogens, Cryptosporidium infection was more likely in children with diarrhoea
and rotavirus infection (p ≤ 0.011). In contrast, coinfections by Cryptosporidium spp. and G.
duodenalis were more frequent in asymptomatic (non-cases) children (p < 0.001). The full
dataset showing the epidemiological, clinical, diagnostic, and genotyping data used in the
analyses conducted in the present survey is presented in Table S1.
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Table 1. Main epidemiological and clinical variables of Cryptosporidium-positive children under five years of age by ELISA
(n = 392) with diarrhoea (cases) and without diarrhoea (non-cases) according to age group. Children were recruited during
the Global Enteric Multicenter Study at the Manhiça district (Maputo, southern Mozambique), 2007–2012.

0–11 Months 12–23 Months 24–59 Months

Variable
Cases Non-Cases 1 Cases Non-Cases 1 Cases Non-Cases 1

n = 111 (%) n = 99 (%) n = 72 (%) n = 68 (%) n = 21 (%) n = 21 (%)

MSD 2 87 (78.4) 85 (85.9) 45 (62.5) 57 (83.8) 12 (57.1) 19 (90.5)
LSD 2 24 (21.6) 14 (14.1) 27 (37.5) 11 (16.2) 9 (42.9) 2 (9.5)

Mean age (months) 7.3 7.1 15.9 16.9 31.1 31
Sex (male) 68 (61.3) 68 (68.7) 48 (66.7) 41 (61.2) 13 (69.9) 14 (66.7)

HIV+ 3 10/44 (24.7) 2/18 (11.1) 7/37 (18.9) 2/21 (9.5) 2/9 (22.2) 0 (0.0)
Undernutrition 14 (12.6) 2 (2.0) 12 (16.7) 1 (1.5) 1 (4.8) 0 (0.0)
Co-infections

Rotavirus 33 (29.7) 13 (13.1) 9 (12.5) 10 (14.7) 4 (19.1) 1 (4.7)
Shigella spp. 0 (0.0) 0 (0.0) 6 (8.3) 0 (0.0) 1 (4.8) 0 (0.0)
All ETECs 7 (6.3) 5 (5.1) 13 (18.1) 7 (10.3) 4 (19.1) 4 (19.1)

G. duodenalis 16 (14.4) 30 (30.3) 18 (25.0) 38 (55.9) 4 (19.5) 10 (47.6)
E. histolytica4 6 (5.5)4 8 (8.1) 7 (9.7) 5 (7.4) 2 (9.5) 4 (19.1)

1 Non-cases are asymptomatic children without diarrhoea matched by age, sex, and neighbourhood with MSD and LSD cases. 2 Only
applicable to cases. 3 Only part of the participants were tested for HIV, and the numbers of participants with known HIV status are specified
in the denominator. 4 Missing values: n = 1. ETEC: Enterotoxigenic Escherichia coli; HIV: Human immunodeficiency virus; LSD: Less severe
diarrhoea; MSD: Moderate-to-severe diarrhoea; NA: Not applicable.

2.2. Confirmation of Cryptosporidium spp. by Nested PCR Methods

Out of the 392 samples that tested positive by ELISA, 37.2% (146/392) were success-
fully sub-genotyped at the gp60 locus. The remaining 250 isolates with a negative result
by gp60-PCR were subsequently re-assessed at the ssu rRNA marker, allowing the con-
firmation of Cryptosporidium DNA in 44 additional samples. Overall, the presence of the
parasite was confirmed by gp60-PCR and/or ssu-PCR in 48.5% (190/392) of the analysed
samples (Table 2). Sequence alignment analyses including appropriate reference sequences
allowed the identification of three Cryptosporidium species including C. hominis (72.6%,
138/190), C. parvum (22.6%, 43/190), and C. meleagridis (4.2%, 8/190). An additional isolate
(0.5%, 1/190) was only identified at the genus level due to poor sequence quality (Table 2).
Both C. hominis and C. parvum were more prevalent among diarrhoeal children (cases)
compared to non-diarrhoeal (non-cases) children (47.6% vs. 33.3%, p = 0.007 and 23.7% vs.
11.8%, p = 0.014, respectively). Infections by Cryptosporidium spp. were most common in
children younger than 24 months, with C. hominis being the Cryptosporidium species more
prevalent in all age groups investigated (Table 2). Cases of cryptosporidiosis by C. hominis
and C. parvum were consistently detected along the whole study period, peaking during
November 2011 and March 2012, particularly in children with LSD (Figure S1).

60



Pathogens 2021, 10, 452

Table 2. Diagnostic performance of PCR methods and distribution of the Cryptosporidium species detected in children under
five years of age (n = 396) with diarrhoea (cases) and without diarrhoea (non-cases) according to age group. Children were
recruited during the Global Enteric Multicenter Study at the Manhiça district (Maputo, southern Mozambique), 2007–2012.

0–11 Months 12–23 Months 24–59 Months

PCR Results
Cases Non-Cases

p
Cases Non-Cases

p
Cases Non-Cases

p
n = 112 (%) n = 101 (%) n = 73 (%) n = 67 (%) n = 21 (%) n = 22 (%)

gp60
49 (44.1) 24 (24.4) 0.003 37 (51.4) 30 (44.1) 0.389 3 (14.3) 3 (14.3) 1(n = 146)

ssu rRNA 1 12/62
(19.4)

10/75 (13.3) 0.339
9/35
(25.7)

8/38 (21.1) 0.638
4/18
(22.2)

1/18 (5.6) 0.148(n = 44)

Both
61 (54.9) 34 (34.3) 0.003 46 (63.9) 38 (55.9) 0.334 7 (33.3) 4 (19.1) 0.292(n = 190)

Species 2

C. hominis
45 (47.4) 27 (29.4) 0.011 33 (55.9) 26 (46.4) 0.308 3 (22.2) 3 (15.0) 0.687(n = 138)

C. parvum
14 (21.9) 6 (8.5) 0.028 12 (31.6) 9 (23.1) 0.402 2 (12.5) 0 (0.0) 0.229(n = 43)

C. meleagridis
1 (1.9) 1 (1.5) 1 1 (3.7) 3 (9.1) 0.620 1 (6.7) 1 (5.6) 1(n = 8)

Unknown 3
1 (1.9) 0 (0.0) 0.440 0 (0.0) 0 (0.0) NA 0 (0.0) 0 (0.0) NA(n = 1)

1 Only negative samples by gp60-PCR (n = 250) were analysed by ssu-PCR. 2 Species assigned on the combination of both gp60-PCR and
ssu-PCR results. 3 Poor sequence quality data only allowed subtyping at genus level. NA: Not applicable.

2.3. Genetic Variation within C. hominis and C. parvum

Sequence analysis of the 117 isolates characterised as C. hominis at the gp60 locus
revealed the presence of five subtype families including Ia (35.0%, 41/117), Ib (20.5%,
24/117), Id (1.7%, 2/117), Ie (34.2%, 40/117), and If (8.6%, 10/117). The most prevalent
subtypes found were IaA23R1 within family Ia, IbA13G2 within family Ib, and IdA20 within
family Id. All isolates belonging to families Ie and If were identified as IeA11G3T3 and
IfA12G1, respectively. Two genetic variants within IaA24R3 and IbA13G2 corresponded to
novel subtypes (Table 3). Sequence analyses of the 29 isolates characterised as C. parvum at
the same locus revealed the presence of four subtype families including IIb (3.4%, 1/29),
IIc (86.2%, 25/29), IIe (6.9%, 2/29), and IIi (3.4%, 1/29). IIbA11 within family IIb, IIcA5G3
within family IIc, IIeA11G1 within family IIe, and IIiA6-like within family IIi were the only
subtypes found. Novel genetic variants were found within IIbA11, IIcA5G3, and IIiA6-like
subtypes. All four isolates assigned to C. meleagridis belonged to subtype IIIbA23G1R1
within family IIIb (Table 3).

Out of the 21 sequences characterised as C. hominis at the ssu rRNA locus, 81% (17/21)
showed 100% identity with reference sequence AF108865. The remaining four sequences
differed from AF108865 by 1–3 single nucleotide polymorphisms (SNPs) including a
deletion mutation (Table 3). All the 14 sequences assigned to C. parvum corresponded
to different genetic variations of the “bovine genotype” of this Cryptosporidium species,
which is characterised by the presence of a four-base deletion TAAT at positions 686 to
689 of reference sequence AF112571. Indeed, some authors have proposed this genetic
variant as an independent species named C. pestis [22]. Cryptosporidium hominis and C.
parvum sequences differing from reference sequences at the ssu rRNA locus included
ambiguous (C/T, A/G) positions in the form of double peaks, transition (A↔G, C↔T) and
transversion (T↔G, A↔T) mutations, and single- to multiple-base deletions.
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Table 3. Diversity, frequency, and main molecular features of Cryptosporidium-positive samples at the gp60 and ssu rRNA
loci in children under 5 years of age recruited during the Global Enteric Multicenter Study at the Manhiça district (Maputo,
southern Mozambique), 2007–2012. GenBank accession numbers of representative sequences were provided.

Locus Species Isolates Family Subtype Reference Stretch
Single Nucleotide

Polymorphisms
GenBank ID

gp60 C. hominis 37 Ia IaA23R3 KX579755 3–805 None MW480826
1 IaA24R3 KX579755 1–793 84_86InsTCA MW480827
3 IaA25R3 JF927194 18–838 None MW480828
7 Ib IbA10G2 AY262031 22–857 None MW480829
15 IbA13G2 MT053132 13–896 G85A MW480830
2 IbA9G3 DQ665688 14–825 None MW480831
1 Id IdA20 JX088404 48–904 None MW480832
1 IdA21 MN904672 47–910 None MW480833
39 Ie IeA11G3T3 AY738184 19–923 None MW480834
1 IeA11G3T3 AY738184 48–923 T284Y, A662R MW480835
10 If IfA12G1 EU161655 1–870 None MW480836

C. parvum 1 IIb IIbA11 AY166805 1–782 51_59DelTCATCATCA MW480837
11 IIc IIcA5G3 GU214365 31–851 None MW480838
7 IIcA5G3 GU214365 29–854 38 SNPs 2 MW480839
5 IIcA5G3 GU214365 29–853 40 SNPs 2 MW480840
1 IIcA5G3 GU214365 50–853 C110T MW480841
1 IIcA5G3 GU214365 50–853 40 SNPs 2 MW480842
1 IIe IIeA11G1 MN904721 1–813 None MW480843
1 IIeA13G1 KU852716 7–795 None MW480844

1 IIi IIiA6-
like AY873782 26–932 85 SNPs 2 MW480845

C. meleagridis 1 4 IIIb IIIbA23G1R1 MK331716 1–714 None MW480846
ssu rRNA C. hominis 17 – – AF108865 529–954 None MW487256

1 – – AF108865 587–965 A892R MW487257
2 – – AF108865 591–969 T795Y, A892R MW487258

1 – – AF108865 640–956 697delT, T795Y,
A892R MW487259

C. parvum 1 – – AF112571 565–956
A646G, T649G,

686_689DelTAAT,
A691T

MW487260

3 – – AF112571 526–1039
A646G, T649G,

686_689DelTAAT,
T693A

MW487261

1 – – AF112571 524–1039

A646G,
647_649DelATT,

T663C,
686_689DelTAAT,

C795T

MW487262

5 – – AF112571 539–1031
A646G, T649G,

686_689DelTAAT,
T693A, C795T

MW487263

1 – – AF112571 526–965
A646G, T649G,

686_689DelTAAT,
T693A, C795Y

MW487264

3 – – AF112571 539–954
A646G, T649G,

686_689DelTAAT,
A691T, C795Y, A892R

MW487265

Unknown 1 – – – – – –
C. meleagridis 8 – – AF112574 524–1034 None MW487266

1 Samples initially diagnosed by ssu-PCR and subsequently genotyped at the gp60 locus using the C. meleagridis-specific PCR protocol
described elsewhere [21]. 2 See details in Table S1. Del: nucleotide(s) deletion(s); NA: Not applicable; Y: C/T; R: A/G. Novel genotypes are
shown underlined.

Finally, all eight sequences identified as C. meleagridis at the ssu rRNA locus showed
100% identity with reference sequence AF112574. Four of these eight isolates were suc-
cessfully amplified at the gp60 locus using a specific PCR protocol for this Cryptosporidium
species (see Section 4.3.2.). Sanger sequencing analyses allowed the identification of
subtype IIIbA23G1R1 in all four sequences, which were identical to reference sequence
MK331716.

Cryptosporidium hominis was the most prevalent species in children with MSD or
LSD (79.6%, 70/88), followed by C. parvum (19.3%, 17/88), and C. meleagridis (1.1%, 1/88)
(Table 4). Within C. hominis, nearly three out of every four diarrhoea-associated infections
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were caused by subtype families Ie (30.7%, 27/88) and Ia (27.3%, 24/88). Subtype family Ie
was more frequent in children with MSD (43.1%, 25/58), and subtype family Ia in children
with LSD (46.7%, 14/30). No obvious differences in subtype distribution were observed
among the age groups considered. Near half of the cryptosporidiosis cases identified in
HIV+ patients were caused by the subtype family Ia (55.6%, 5/9) (Table 4).

Table 4. Diversity and frequency of Cryptosporidium subtypes families within C. hominis, C. parvum, and C. meleagridis
in symptomatic (cases) children under 5 years of age according to severity of the diarrhoea, age group, and HIV coin-
fection. Children were recruited during the Global Enteric Multicenter Study at the Manhiça district (Maputo, southern
Mozambique), 2007–2012.

C. hominis C. parvum C. meleagridis

Variable
Total Ia Ib Id Ie If IIc IIIb

n = 90 (%) n = 25 (%) n = 11 (%) n = 2 (%) n = 28 (%) n = 6 (%) n = 17 (%) n = 1 (%)

Diarrhoea
MSD 60 (66.7) 11 (44.0) 7 (63.6) 1 (50.0) 26 (92.9) 5 (83.3) 9 (52.9) 1 (100)
LSD 30 (33.3) 14 (56.0) 4 (36.4) 1 (50.0) 2 (7.1) 1 (16.7) 8 (47.1) 0 (0)

Age (months)
0–11 49 (54.4) 16 (64.0) 8 (72.7) 1 (50.0) 14 (50) 2 (33.3) 8 (47.1) 0 (0)

12–23 37 (41.1) 7 (28.0) 3 (27.3) 1 (50.0) 13 (46.4) 4 (66.7) 9 (52.9) 0 (0)
24–59 4 (4.4) 2 (8.0) 0 (0.0) 0 (0.0) 1 (3.6) 0 (0.0) 0 (0.0) 1 (100)

Co-infections
HIV+ 1 9/42 (21.4) 5/17 (29.4) 1/4 (25) 0/1 (0.0) 1/5 (20) 0/1 (0.0) 2/14 (14.3) NA

1 Frequencies calculated over the total of HIV+ children only. 42 of the 90 children had an HIV test result. HIV: Human immunodeficiency
virus; LSD: Less severe diarrhoea; MSD: Moderate-to-severe diarrhoea. NA: Not applicable.

In matched controls without diarrhoea (non-cases), C. hominis was also the predomi-
nant species found (75.0%, 45/60), followed by C. parvum (20.0%, 12/60) and C. meleagridis
(5.0%, 3/60) (Table S2). Within C. hominis, half of the infections were attributed to subtype
families Ia (26.7%, 16/60) and Ib (21.7%, 13/60). No obvious differences in subtype dis-
tribution were observed among the age groups considered. No Cryptosporidium subtype
families could be determined in HIV+ patients without diarrhoea (Table S2).

Cryptosporidium hominis subtype families Ib and Ie were more frequently found during
study years 1 to 4, whereas C. hominis subtype family Ia and C. parvum subtype family IIc
were observed only in study year 5, suggesting variable seasonal patterns in the frequency
of Cryptosporidium subtypes (Figure S2).

The genetic relationships among gp60 gene sequences generated in the present study,
as inferred by a neighbor-joining analysis, are shown in Figure 2. All Cryptosporidium
sequences clustered together (monophyletic groups) with different well-supported clades
(≥93% of bootstrap) corresponding to appropriate reference sequences for Cryptosporidium
subtype families.

3. Discussion

This is the most comprehensive molecular epidemiological study conducted in Mozam-
bique to date investigating the genetic diversity of the diarrhoea-causing enteric protozoan
parasite Cryptosporidium spp. The analysis took advantage of the large sample repository
generated by the GEMS in children younger than five years of age with and without diar-
rhoea in Maputo province [4,5]. Consequently, a total of 392 stool samples with a positive
result by ELISA were available for molecular investigations, of which 190 were successfully
genotyped at the gp60 or ssu rRNA loci.
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Figure 2. Phylogenetic relationships among Cryptosporidium hominis (family I), C. parvum (family II), and C. meleagridis
(family III) genotypes identified in children under 5 years of age recruited during the Global Enteric Multicenter Study
at the Manhiça district (Maputo, southern Mozambique), 2007–2012. The analysis was conducted by a neighbor-joining
method of the gp60 gene. Genetic distances were calculated using the Kimura two-parameter model. Green filled dots
represent sequences generated in the present study. Purple filled dots represent reference sequences. Bootstrap values lower
than 75% are not displayed. Cryptosporidium cuniculus was used as outgroup taxon to root the tree.

A preliminary assessment of the Cryptosporidium-positive samples by ELISA corrob-
orated results obtained in previous epidemiological studies carried out in sub-Saharan
African countries [11]. For instance, cryptosporidiosis was confirmed as a serious public
health concern in children younger than 2 years old, particularly if immunocompromised
by other infections (e.g., HIV/AIDS) or malnourished. Young children are more sus-
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ceptible to intestinal parasites and other infectious pathogens due to their low level of
immunity [23]. The level of exposure and risk of infections increase in poor settings with
limited access to safe drinking water, sanitation, and hygiene [24,25]. A significant associa-
tion between Cryptosporidium infection and malnutrition (stunting, wasting, underweight)
has been documented in children from several African countries, including Kenya [26],
Mozambique [27], Tanzania [28], and Uganda [29], among others. Similarly, Cryptosporid-
ium infection was more frequently found in HIV-positive than in HIV-negative children
and patients in Mozambique [20,30] and other African endemic regions [28,31,32].

Our molecular analyses revealed the presence of three Cryptosporidium species (C.
hominis, C. parvum, and C. meleagridis) in the studied paediatric population. Mostly an-
throponotic C. hominis and zoonotic C. parvum were previously known to be circulating
in Mozambique [19,20,33], but this is the first report of C. meleagridis in the country. An
additional two species, C. felis and C. viatorum, have also been recently described in adult
patients with diarrhoea in the Maputo province and in asymptomatic children in the
Zambézia province [19,34]. Cryptosporidium meleagridis and C. felis are adapted to infect
birds and domestic cats, respectively, as primary host species, but they are also responsible
for a significant number of human infections globally, particularly the former [10,12]. These
data seem to indicate that direct contact with cats, poultry, and other avian species (or their
faecal material) may be a risk factor for human cryptosporidiosis in Mozambique. Follow-
ing the same line of reasoning, the fact that all the C. parvum isolates characterised at the
ssu rRNA gene belonged to the “bovine genotype” of C. parvum supported the notion that
an unknown number of human cases of cryptosporidiosis are indeed of zoonotic nature.
This is without precluding that some of the infections caused by this genetic variant of C.
parvum may be also transmitted through person-to-person contact. The extent of the exact
contribution of each potential transmission pathway (zoonotic, anthropic, direct contact,
or indirect through ingestion of contaminated water or food) remains to be elucidated.
Finally, C. viatorum was initially thought to be a human-adapted species [35], but recent
epidemiological surveys conducted in Australia and China have demonstrated that this
Cryptosporidium species can successfully infect rodents and therefore may have zoonotic
potential [36,37]. Overall, these data agree with those reported in the African continent,
where C. hominis was the most prevalent (2–100%) Cryptosporidium species in humans,
followed by C. parvum (3–100%) and C. meleagridis (up to 75%), the latter species found
mainly in immunocompromised individuals [11].

Subtyping analyses identified Ia and Ie as the most prevalent subtype families within
C. hominis, being responsible for nearly 70% of the infections attributable to this Cryp-
tosporidium species in both diarrhoeal and non-diarrhoeal children. Similar results have
been reported in Kenyan young children with and without HIV infection [38], mostly
HIV-positive patients in Nigeria [39], children younger than 10 years in São Tomé and
Príncipe [40], and children younger than five years in South Africa [41]. As already de-
scribed in most previous epidemiological studies conducted in the continent, subtype
family Ib was also underrepresented in the paediatric population surveyed here. Indeed,
Ib has been shown as the predominant subtype family only in Nigerian children [42].
Subtype families If and Id are typically documented at low frequencies in African human
populations. Subtype family If has been identified in Kenyan patients with and without
HIV/AIDS [38,43], children of young age in South Africa [41], and individuals from rural
areas in Tanzania [44]. Finally, members of the subtype family Id have been found circulat-
ing in HIV-positive patients in Ethiopia, Equatorial Guinea, and Mozambique [20,45,46],
in children with diarrhoea in Ghana and Madagascar [47,48], in Kenyan children with
and without HIV infection [38], and in paediatric populations from Nigeria and South
Africa [41,42].

Mainly transmitted anthroponotically, IIc was the predominant (86%) C. parvum
subtype family circulating in the children investigated here. This is in agreement with
previous results obtained in diverse human populations from other sub-Saharan countries
including Kenya [38], Madagascar [48], Nigeria [42], South Africa [41], and Uganda [49].
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In contrast, subtype families IIb, IIe, and IIi were only sporadically detected, and subtype
family IIa was absent. It should be noted that IIa was the most prevalent C. parvum
subtype family circulating in HIV-positive and diarrhoeal disease patients in Ethiopia
and Kenya [43,45,50] and also in Tunisian young children [51]. Taken together, these
geographically segregated patterns of C. parvum genetic variants may be indicative of
differences in sources of infections and transmission pathways.

Very limited information is currently available on the intra-species molecular diversity
of C. meleagridis in African isolates of human origin. In the present study, all the C. melea-
gridis isolates identified belonged to the subtype family IIIb, and no genetic heterogeneity
was observed among their sequences. This very same subtype family has also been re-
ported in an urban population in Tunisia [52], whereas IIId has been described in diarrhoeic
paediatric patients in South Africa [41]. Interestingly, a wide range of C. meleagridis subtype
families including IIIb (but not IIId) has been recently identified in river water and its
sediment in South Africa [53]. This finding has important public health implications, as it
demonstrated that the consumption of contaminated, non-treated surface waters might
lead to waterborne cryptosporidiosis by C. meleagridis.

The main strength of this study is the large number of Cryptosporidium-positive sam-
ples of human origin molecularly characterised by Sanger sequencing. However, certain
methodological and study design issues may have hampered its accuracy. For instance, the
fact that only half (48.6%, 190/392) of the ELISA-positive samples were amplified at the
gp60 or ssu rRNA loci may have biased the actual proportion of Cryptosporidium species and
genotypes reported here. This may be due to the suboptimal preservation of parasitic DNA
through time (stool samples were collected during the period 2007–2012), or to potential
false-positive results in the ELISA immunoassay, or to amplification failure associated to
suboptimal removal of PCR inhibitors (e.g., proteases, DNases, polysaccharides, bile salts).
We cannot completely rule out the possibility that the ELISA immunoassay initially used
for screening purposes yielded an unknown number of false-negative results, particularly
for Cryptosporidium species less frequently found in humans (e.g., C. felis, C. viatorum, C.
ubiquitum, among others). Additionally, no attempts were carried out to analyse in depth
the potential associations between Cryptosporidium species/genotypes and the sociodemo-
graphic, epidemiological, and clinical features of the participating children, as this task will
be specifically tackled in an independent study.

Overall, the high level of genetic diversity observed within Cryptosporidium isolates
reveals an epidemiological scenario where infection and re-infection events seem common
and environmental contamination high. In this regard, a recent risk association study
conducted in the province of Zambézia revealed that drinking untreated water and having
regular contact with domestic animals were major risks for acquiring protist infections in-
cluding cryptosporidiosis [25]. Additionally, a recent quantitative microbial risk assessment
analysis has estimated that the consumption of unsafe water causes 2 million cryptosporid-
iosis cases and 1.6 × 105 disability-adjusted life years in Mozambique annually [54]. These
results highlight the relevance of improving access to safe drinking water and sanitary
conditions to minimise the risk of environmental contamination and the waterborne and
foodborne transmission of diarrhoea-causing enteric pathogens.

4. Materials and Methods

4.1. Study Context

In Mozambique, the GEMS was conducted by the Centro de Investigação em Saúde
de Manhiça (CISM), in six health facilities in the Manhiça District [55], which is located
approximately 80 km north of the capital city Maputo in the country’s Southern region. The
district covers 2380 km2 and has a subtropical climate with two distinct seasons: a warm,
rainy season from November to April, and the cool and dry season during the rest of the
year [17,56]. Since 1996, CISM has been conducting a continuous Health and Demographic
Surveillance System (HDSS) with regular update of demographic events for all surveyed
population (current population followed: 203,132 uniquely identified individuals; 46,851
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enumerated and geo-positioned households; 27,504 are children under 5 years). During
the study period, the HDSS was covering approximately 95,000 inhabitants [17].

The rationale, study design, and methodology of the GEMS have been previously
described elsewhere [57]; the study comprised three years of recruitment of acute moderate-
to-severe diarrhoea cases (MSD, GEMS1) and one additional year including less-severe
diarrhoea (LSD, GEMS1A) [4,5]. In Manhiça, the GEMS collected samples uninterrupt-
edly over 5 years, from December 2007 to October 2011, and GEMS1A from Novem-
ber 2011 to November 2012. The standardised epidemiological and clinical methods
for the case-control study as well as the full definitions have been previously described
elsewhere [18,55]. Briefly, all children aged 0–59 months (stratified in three age groups:
0–11 months, 12–23 months, and 24–59 months), presenting in the six sentinel health fa-
cilities with diarrhoea meeting inclusion criteria for the study were invited to participate.
Community controls (up to three for MSD cases and one for LSD cases) matched to the
index case by age, sex, and neighbourhood were identified using the HDSS databases and
enrolled within 14 days after enrolment of the case, and the stool samples were collected
and sent to the laboratory at CISM [58].

4.2. Stool Collection and Initial Testing

The stool samples collection and processing protocols were also standardised across
GEMS sites as described elsewhere [55,58]. Samples were collected in sterile flasks and
placed in a refrigerator or in a cool-box with a cooler block (2–8 ◦C) for up to 6 h until trans-
ported to the laboratory. Sample aliquots without preservatives were frozen at −80 ◦C for
further testing. The CRYPTOSPORIDIUM II™ ELISA immunoassay (TECHLAB®, Blacks-
burg, VA, USA) was used as screening method for the specific detection of Cryptosporidium
spp. following the manufacturer’s instructions.

4.3. Molecular Study
4.3.1. DNA Extraction and Purification

Molecular analyses were performed only on stool samples that were Cryptosporidium-
positive by immunoassay. Genomic DNA was isolated from about 200 mg of faecal
material by using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions, except that samples mixed with ASL lysis buffer were
incubated for 10 min at 95 ◦C. Resulting eluates (200 μL in PCR-grade water) were stored
at −20 ◦C and shipped to the Spanish National Centre for Microbiology at Majadahonda
(Spain) for downstream molecular analysis.

4.3.2. Molecular Detection and Characterisation of Cryptosporidium spp.

As this study was based on Cryptosporidium-positive samples by ELISA, to opti-
mise time and resources the following diagnostic and genotyping algorithm was imple-
mented. A nested PCR protocol was initially used to amplify an 870-bp fragment of
the gp60 gene of the parasite as previously described [59]. This approach allowed for
the differential diagnosis of C. hominis and C. parvum (the two Cryptosporidium species
more prevalent in humans), and for the identification of subtype families within these
two species. The outer primers were AL-3531_F (5’-ATAGTCTCCGCTGTATTC-3’) and
AL-3535_R (5’-GGAAGGAACGATGTATCT-3’), and the inner primers were AL-3532_F
(5’-TCCGCTGTATTCTCAGCC-3’) and AL-3534_R (5’-GCAGAGGAACCAGCATC-3’). Re-
action mixtures (50 μL) contained 200 nM of each primer and 2–3 μL of template DNA.
Cycling conditions included one step of 94 ◦C for 5 min, followed by 35 cycles of amplifica-
tion (denaturation at 94 ◦C for 45 s, annealing at 59 ◦C for 45 s, and elongation at 72 ◦C for
1 min), concluding with a final extension of 72 ◦C for 10 min. The same conditions were
used in the secondary reaction, except that the annealing temperature was 50 ◦C.

Samples with a negative result by gp60-PCR were re-analysed by a nested PCR to
amplify a 587-bp fragment of the ssu rRNA gene of the parasite [60]. This approach allowed
for the detection of low burdens of Cryptosporidium infections and for the identification of
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Cryptosporidium species other than C. hominis or C. parvum. The outer primers were CR-P1
(5’-CAGGGAGGTAGTGACAAGAA-3’) and CR-P2 (5’-TCAGCCTTGCGACCATACTC-3’),
and the inner primers were CR-P3 (5’-ATTGGAGGGCAAGTCTGGTG-3’) and CPB-DIAGR
(5’-TAAGGTGCTGAAGGAGTAAGG-3’). In all cases, reaction mixtures (50 μL) contained
300 nM of each primer and 3 μL of template DNA. Cycling conditions consisted of one
step of 94◦C for 5 min, followed by 35 cycles of amplification (denaturation at 94 ◦C for
40 s, annealing at 50 ◦C for 40 s, and elongation at 72 ◦C for 1 min), finalising with a final
extension at 72 ◦C for 10 min.

Samples that were identified by ssu-PCR (and Sanger sequencing, see below) as C.
meleagridis were re-analysed at the gp60 locus by a nested PCR specifically developed for
this Cryptosporidium species [21]. This protocol amplifies a 900 bp fragment of the gp60
gene. The outer primers were CRSout115F (5´-GATGAGATTGTCGCTCGTTATC-3´) and
CRSout1328R (5´-AACCTGCGGAACCTGTG-3´), and the inner primers were ATGFmod
(5´-GAGATTGTCGCTCGTTATCG-3´) and GATR2 (5´-GATTGCAAAAACGGAAGG-3´).
Reaction mixtures (50 μL) contained 250 nM of each primer and 2–3 μL of template
DNA. Cycling conditions included one step of 95 ◦C for 4 min, followed by 35 cycles of
amplification (denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for 30 s, and elongation at
72 ◦C for 1 min), concluding with a final extension of 72 ◦C for 7 min. The same conditions
were used in the secondary reaction, except that the annealing temperature was 58 ◦C.

Nested PCR protocols described above were conducted on a 2720 Thermal Cycler
(Applied Biosystems, CA, USA). Reaction mixes always included 2.5 units of MyTAQTM

DNA polymerase (Bioline GmbH, Luckenwalde, Germany), and 5× MyTAQTM Reaction
Buffer containing 5 mM dNTPs and 15 mM MgCl2. Laboratory-confirmed positive and
negative DNA samples of human origin were routinely used as controls and included
in each round of PCR. PCR amplicons were visualised on 2% D5 agarose gels (Conda,
Madrid, Spain) stained with Pronasafe nucleic acid staining solution (Conda) and recorded
using the MiniBIS Pro system controlled by GelCapture version 7.5.2 software (DNR Bio-
Imaging Systems, Jerusalem, Israel). A 100 bp DNA ladder (Boehringer Mannheim GmbH,
Baden-Wurttemberg, Germany) was used for the sizing of obtained amplicons. Positive-
PCR products were directly sequenced in both directions using the internal primer sets
described above. DNA sequencing was conducted by capillary electrophoresis using the
BigDye® Terminator chemistry (Applied Biosystems) on an on ABI PRISM 3130 automated
DNA sequencer at the Core Genomic Facility of the Spanish National Centre for Microbi-
ology, Majadahonda (Spain). Sequencing reactions were repeated on samples for which
genotyping was unsuccessful in the first instance.

The Cryptosporidium sequences obtained in this study have been deposited in GenBank
under accession numbers MW480826–MW480846 (gp60 locus) and MW487256–MW487266
(ssu rRNA locus).

4.4. Data Analysis
4.4.1. Epidemiological Analysis

PCR data were entered in a Microsoft Excel spreadsheet (Redmond, WA, USA) and
then checked for accuracy and consistency by independent laboratory personnel. Clinical
and demographic data were extracted from the original GEMS dataset. Cryptosporidium
spp., study groups (diarrhoeal vs. non-diarrhoeal, MSD vs. LSD) age groups, and study
years were treated as categorical variables. Differences in frequencies were compared using
Chi-squared test or Fisher’s exact test as appropriate. A p-value < 0.05 was considered
statistically significant. Missing values were excluded from the analyses; thus, denomina-
tors for some comparisons may differ. Data analyses were performed in Stata version 14
(StataCorp LP, College Station, TX, USA).

4.4.2. Sequence and Phylogenetic Analysis

Raw sequencing data in both forward and reverse directions were visually inspected
using the Chromas Lite version 2.1 sequence analysis program [61]. Special attention was
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paid to the detection and recording of ambiguous (double peak) positions. The BLAST
tool was used to search for identity among sequences deposited in the National Center
for Biotechnology Information (NCBI) public repository database [62]. Multiple sequence
alignment analyses with appropriate reference sequences were conducted using MEGA
6 to identify Cryptosporidium species and to annotate the presence of single nucleotide
polymorphisms (SNPs) [63]. Cryptosporidium hominis and C. parvum subtypes were assigned
according to the number of TCA (A), TCG (G), ACATCA/ACATCG (R), and TCTT (T)
fragment repeats in the microsatellite region of the gp60 gene, in accordance with the
established nomenclature, as previously described [14].

The evolutionary relationships among the identified Cryptosporidium species and
subtypes were inferred by a phylogenetic analysis using the neighbor-joining method in
MEGA 6 [64]. Only sequences with unambiguous (no double peak) positions were used in
the analyses. The evolutionary distances were computed using the Kimura 2-parameter
method and modelled with a gamma distribution. The reliability of the phylogenetic
analyses at each branch node was estimated by the bootstrap method using 1000 replica-
tions. Representative sequences of different Cryptosporidium species and subtypes were
retrieved from the NCBI database and included in the phylogenetic analysis for reference
and comparative purposes.

5. Conclusions

This study provides the most comprehensive description of the molecular diversity of
the enteric protozoan parasite Cryptosporidium spp. in Mozambique to date. Our findings
revealed the circulation of at least three Cryptosporidium species in young Mozambican chil-
dren primarily affected with diarrhoea. A high intra-species genetic variability was observed
within C. hominis (subtype families Ia, Ib, Id, Ie, and If) and C. parvum (subtype families IIb,
IIc, IIe, and IIi), but not within C. meleagridis (subtype family IIIb). No associations between
Cryptosporidium species/genetic variants and age-related patterns could be demonstrated. The
predominance of mainly anthroponotically transmitted C. hominis and C. parvum IIc strongly
suggests that most of the Cryptosporidium infections detected in the surveyed paediatric popu-
lation are of human origin. However, a significant proportion of the infections were caused by
host-adapted Cryptosporidium species (e.g., C. meleagridis) or genetic variants (e.g., C. parvum
“bovine genotype”) suggesting the occurrence of zoonotic transmission events at an unknown
rate. Further molecular epidemiological studies are warranted to assess the actual contribu-
tion of livestock, poultry, and other domestic animal species to the environmental (including
surface waters intended for human consumption and soils) burden of Cryptosporidium oocysts
in Mozambique and other African endemic areas.
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Abstract: Cryptosporidium is one of the most important causes of diarrhea in children less than
2 years of age. In this study, we report the frequency, risk factors and species of Cryptosporidium
detected by molecular diagnostic methods in children admitted to two public hospitals in Maputo
City, Mozambique. We studied 319 patients under the age of five years who were admitted due to
diarrhea between April 2015 and February 2016. Single stool samples were examined for the presence
of Cryptosporidium spp. oocysts, microscopically by using a Modified Ziehl–Neelsen (mZN) staining
method and by using Polymerase Chain Reaction and Restriction Fragment Length Polymorphism
(PCR-RFLP) technique using 18S ribosomal RNA gene as a target. Overall, 57.7% (184/319) were
males, the median age (Interquartile range, IQR) was 11.0 (7–15) months. Cryptosporidium spp.
oocysts were detected in 11.0% (35/319) by microscopy and in 35.4% (68/192) using PCR-RFLP. The
most affected age group were children older than two years, [adjusted odds ratio (aOR): 5.861; 95%
confidence interval (CI): 1.532–22.417; p-value < 0.05]. Children with illiterate caregivers had higher
risk of infection (aOR: 1.688; 95% CI: 1.001–2.845; p-value < 0.05). An anthroponotic species C. hominis
was found in 93.0% (27/29) of samples. Our findings demonstrated that cryptosporidiosis in children
with diarrhea might be caused by anthroponomic transmission.

Keywords: acute diarrhea; Cryptosporidium; children; risk factor; Mozambique

1. Introduction

Diarrhea is the one main causes of mortality among children less than 5 years old in
low and middle-income countries (LMIC) [1,2]. In Mozambique, it was estimated that 11%
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of pediatric diseases were due to diarrhea [3]. Rotavirus remains the main etiological agent
of diarrhea in children, followed by Cryptosporidium spp. [1].

Cryptosporidium spp. is an apicomplexan enteric pathogenic parasite protozoan related
to water and foodborne outbreaks worldwide [4–7]. It easily spreads in the environment,
through soil, drinking and recreation water (swimming pool, surface waters) or even di-
rectly by person-to-person contact and contact with objects surfaces with oocysts [4]. Cryp-
tosporidium is also considered an opportunistic parasite that can infect immunocompetent
and immunocompromised people [8]. It can also infect wild and domestic animals [4,9,10],
which facilitates spread in the environment.

Currently, more than 40 species of Cryptosporidium are recognized, some of which were
described recently [9,10]. Even with increased efforts and improved laboratory detection,
unknown Cryptosporidium species remain to be identified [9]. Among humans, the species
most frequently associated with cryptosporidiosis are C. hominis (anthroponotic species)
and C. parvum (anthroponotic and zoonotic species) [9,11,12]. Moreover, C. parvum is
known as having the broadest range of hosts and is otherwise an important zoonotic
species [9–12].

The Global Enteric Multicenter Study (GEMS) showed that Cryptosporidium spp. is the
second most attributable pathogen moderate-to-severe diarrhea (MSD) requiring medical
attention among young infants [1,13,14]. In Mozambique, several studies demonstrated
the presence of this parasite in different populations and/or regions of the country. Addi-
tionally, a study in rural Mozambique indicated that Cryptosporidium spp. is one of the two
pathogens associated with an increased risk of death in children with MSD [15]. Studies of
children under 14 years with diarrhea reported different frequencies of Cryptosporidium spp.
The highest frequency was observed in children aged 0–11 months at 20.0%, followed by
19.0% in children aged 12–23 months, 9.0% in children aged 24–59 months [16], 12.0% in
children aged 0–168 months [17] detected by a commercial immunoassay method, and 3.4%
to 34.0% in all individuals with diarrhea using microscopy [18,19]. A community study de-
tected Cryptosporidium spp. in less than 5.0% of the study population, aged 0 to 48 months
old living in poor environment sanitation [20].

Currently, due to its zoonotic and anthroponotic features, it is becoming more impor-
tant to determine the molecular epidemiology of Cryptosporidium spp. Polymerase Chain
Reaction (PCR) is a molecular-based method commonly used to study this parasite [10–12].
Additionally, this method provides information about the occurrence and distribution of
Cryptosporidium species, contributing to a better understanding of the parasite.

Moreover, risk factors also play an important role in infection dynamics. Infection
with human immunodeficiency virus (HIV) and consequently development of diarrhea
is one of the risk factors that contribute to the chronic diarrhea profile [4,6]. There are
few studies in Mozambique that report the risk factors in children with diarrhea and/or
that used molecular tools to characterize Cryptosporidium [1,15,21]. Altogether, the current
analyses were performed with the aim of determining the frequency, risk factors, and
molecular diagnostic of Cryptosporidium by using a PCR Restriction Fragment Length
Polymorphism (PCR-RFLP) in children hospitalized in Maputo City within the context of
National Surveillance of Acute Diarrhea (ViNaDiA).

2. Results

2.1. Characteristics of the Participants

Overall, 319 children were included in the study. A single stool sample was collected
from each one. Males composed 57.7% (184/319) of the group. The median age and
interquartile interval (in months) were 11 (7–15), with 40.8% (130/319) of children ranging
from 7 to 12 months old. Additionally, 38.9% (124/319) of caregivers reported that their
children had animal contact, 58.0% (185/319) of the caregivers were literate, and 12.9%
(41/319) of the children were HIV-positive (Table 1).
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Table 1. Demographic and clinical characteristics of the participants enrolled for the study at Hospital
Geral de Mavalane (HGM) and Hospital Geral José Macamo (HGJM), Maputo City.

Characteristics N = 319 Frequency (%)

Provenience
HGM 156 48.9
HGJM 163 51.1

Sex
Female 135 42.3
Male 184 57.7

Age (in months), categorized
0–6 63 19.7

7–12 130 40.8
13–18 81 25.4
19–24 30 9.4
25–60 15 4.7

Animal contact
No 195 61.1
Yes 124 38.9

Caregiver literacy status
Illiterate 133 41.7
Literate 185 58.0

Unknown/missing 1 0.3
Child HIV status

Negative 168 52.7
Positive 41 12.9

Unknown/missing 110 34.5
N = Sample size.

2.2. Frequency of Cryptosporidium spp. Infection

During the period of the study, 319 stool samples were collected, examined, and
tested for presence of Cryptosporidium spp. It was possible to test all 319 samples using the
modified Ziehl–Neelsen (mZN) staining method and 192 samples using a PCR method.
Only samples with a sufficient stool amount were included for PCR analysis, regardless of
results from the staining.

Cryptosporidium spp. was detected in 11.0% (35/319) by mZN and in 35.4% (68/192)
by PCR (Figure 1).

As shown in Figure 1, it was not possible to perform molecular analyses on all the
319 samples, because 127 samples had not sufficient quantity for further testing (the
remaining 192 samples tested using PCR). In our PCR-based protocol, it was not possible
to amplify all genetic material, because 4 positives for mZN failed to amplify.

2.3. Molecular Characterization of Cryptosporidium Species

Of the 192 samples tested by the PCR method, 86.5% (166/192) were negative through
the mZN technique, and of those, we were able to recover Cryptosporidium DNA in 27.1%
(46/166). Overall, 29 samples, including 10.4% (20/192) previously positive and 5.0%
(9/192) negative by mZN staining method were successfully genotyped (Figure 1).

A molecular analysis of the 18S rRNA locus identified C. hominis in 93.0% (27/29),
followed by C. parvum in 3.5% (1/29), and mixed infection with C. hominis and C. parvum
in (3.5%, 1/29) (Figure 2). Due to insufficient sample amount, the remaining isolates could
not be genotyped.
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Samples collected 
(n = 319) 
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(n = 319) 

Nested PCR 
(n = 166) 

Negative samples 
(n = 284) 
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(n = 35) 
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(n = 29) 

C. hominis 
 

(n = 27) 

C. parvum 
 

(n = 1) 
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+  
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Diagnosis of Cryptosporidium sp. 
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(n = 26) 
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(n = 124) 
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(n = 22) 

Positive samples 
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Figure 1. Experimental design. Cryptosporidium spp. investigation in samples by microscopy (modified Ziehl–Neelsen stain-
ing method) and molecular diagnostic (PCR). The PCR-RFLP was used to Cryptosporidium characterization. ZN: modified
Ziehl–Neelsen; PCR: polymerase chain reaction; RFLP: restriction fragment length polymorphism.

In the restriction with SspI digestion products for C. parvum, C. hominis and the mixed
infection showed an identical restriction pattern with three visible bands of 111 bp, 254 bp,
and 449 bp. A different pattern was seen with AseI digestion products, where C. parvum
had two visible bands of 104 bp and 268 bp. C. hominis also had two visible bands of
different molecular sizes, of 104 bp and 561 bp. The mixed infection presented with three
bands of 104 bp, 561 bp and 628 bp.
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  1      2      3      4      5     M 

Figure 2. Genotyping of the Cryptosporidium parasites by PCR-RFLP targeting 18S rRNA gene. M,
molecular size makers (100 bp). Lane 1: C. parvum; Lanes 2, 3 and 4: C. hominis and Lane 5: mixed
infection with C. hominis and C. parvum. The upper lanes show SspI digestion products showing
a molecular size from 111 bp to 449 bp, and the lower lanes show AseI digestion products with
molecular size of approximately 104 bp to 628 bp.

2.4. Risk Factors for Cryptosporidium spp. Infection

Older children were more likely to be infected with Cryptosporidium spp. The most
susceptible group was children older than two years, compared to younger than seven
months (p-value < 0.05; adjusted odds ratio (aOR): 5.861, 95% CI: 1.532–22.417) (Table 2).

Children with illiterate caregivers were more likely to be infected by Cryptosporidium
spp. than ones with literate caregivers (p-value < 0.05; aOR: 1.688, 95% CI: 1.001–2.845)
(Table 2).

Being male (crude odds ratio (cOR): 1.252, 95% CI: 0.747–2.097), HIV-positive (cOR:
1.032, 95% CI: 0.466–2.289), and not having animal contact (cOR: 1.280, 95% CI: 0.756–2.166)
were not related to infection by Cryptosporidium spp. (p-value > 0.05) in this study (Table 2).
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Table 2. Demographic characteristics and animal contact information of children frequencies, crude and adjusted odds ratio
for children infected by Cryptosporidium spp.

Characteristics N = 319 n = 81 % Crude OR (95% CI) Adjusted OR (95% CI)

Provenience
HGM 156 41 26.3 NA NA
HGJM 163 40 24.5 NA NA

Sex
Female 135 31 23.0 1
Male 184 50 27.2 1.252 (0.747–2.097)

Age (in months), categorized
0–6 63 6 9.5 1 1

7–12 130 37 28.5 3.780 (1.501–9.517) ** 3.604 (1.426–9.112) **
13–18 81 25 30.9 4.241 (1.617–11.124) ** 4.170 (1.584–10.979) **
19–24 30 7 23.3 2.891 (0.877–9.533) 2.503 (0.727–8.618)
25–60 15 6 40.0 6.333 (1.671–23.999) ** 5.861 (1.532–22.417) **

Animal contact
No 195 53 27.2 1.280 (0.756–2.166)
Yes 124 28 22.6 1

Caregiver literacy status
Illiterate 133 42 31.6 1.785 (1.071–2.976) ** 1.688 (1.001–2.845) *
Literate 185 38 20.5 1 1

Unknown/missing 1
Child HIV status

Negative 168 40 23.8 1
Positive 41 10 24.4 1.032 (0.466–2.289)

Unknown/missing 110

N: Total number of samples tested; n: number of positive samples; %: percentage/relative frequency; NA: not applicable; * p < 0.05;
** p < 0.01.

3. Discussion

This study aimed to determine the frequency and risk factors for Cryptosporidium spp.
infection in children hospitalized in Maputo City through the National Surveillance of
Acute Diarrhea (ViNaDiA).

The frequency of Cryptosporidium spp. found in our study was higher than those in
studies conducted in different areas (urban, peri-urban and/or rural) and regions from
Mozambique (north, south and/or central). Those studies indicate lower frequencies of
Cryptosporidium spp. if we consider our PCR results (35.4%): 12% in children hospitalized
with diarrhea by using ELISA [17], 3.4% in children admitted in pediatric ward in one
north central hospital by using mZN and rapid test [18] and 34% in children from ViNaDiA
tested before the current study by using mZN, between 2013 and 2015 [19]. The differences
in frequencies among these studies can be attributed to different study designs, population
characteristics [20,22], diagnostic tools (for instance only microscopy, serology or PCR-
based methods) and region of the country (north, south and/or central).

Children older than six months showed higher risk of infection. This trend has been
reported in other African countries [23–26] and also in one of the studies conducted in
Mozambique [22]. Higher frequencies in older children (>six months) may be explained by
feeding practices, mobility of the child and/or age at which the child has high contact with
other children when playing. In Mozambique, exclusive breastfeeding is recommended
for the first six months, and then, complementary food is added to the child’s diet. It
was previously observed that breastfeeding has a protective effect against any protozoan
infection, including Cryptosporidium in children from 0 to 48 months old in Maputo, Mozam-
bique [20,27]. The introduction of potentially contaminated complementary foods and the
increased mobility of the child expose them to other possible sources of infection, such as
soil and animal contact, increasing the risk of infection among older children before mature
immunity achieved [4].

Children from illiterate caregivers were more susceptible to infection by Cryptosporid-
ium spp. Empirically, literate caregivers suggest that the household is in a higher wealth
quintile, compared to those that did not go to school (illiterate). It is reasoned that care-
givers who learned better hygiene practices at school are more aware of health risks and
practice improved sanitary and hygiene behaviors.
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In our analysis, we found no association between Cryptosporidium infection and HIV-
status, although more than one third of the children had unknown HIV status. Conversely,
in Tanzania [28] and Kenya [25], strong associations between Cryptosporidium infection and
HIV-status have been observed, with higher frequencies of Cryptosporidium infection in
HIV-positive children.

Animal contact was not a predictor for Cryptosporidium spp. infection in children.
Cryptosporidium infection can be acquired through animal contact but can also be transmit-
ted through an anthroponotic route. In our sample, we observed that the majority of the
PCR-tested samples contained C. hominis. This is commonly reported in Africa, and its
acquisition is related to person-to-person transmission [14,21,23,24,28,29], suggesting that
animal contact plays a smaller role in infection.

The increased occurrence of C. hominis is corroborated with one hospital-based study
of adults with diarrhea in Maputo City which used the 60-kDa glycoprotein gene (gp60) as
a target [21]. Occurrence of anthroponomical transmission in children, as described in our
study, suggests empiric circulation of the parasite if we consider that adults assist children.
An infected adult can easily transmit the parasite to the child, and/or the child can pass it
onto another adult or other children.

On the other hand, the PCR-RFLP targeting SSU rRNA (18S rRNA gene) used in this
study was the first attempt to molecularly characterize Cryptosporidium in children with
diarrhea in Mozambique. The target used is the most used among investigators, because
this region is less polymorphic, presenting five copies per genome [7,10]. Although gene
sequencing could enrich the findings, we did not have the technical conditions at the
time of the study. As there was no prior knowledge of the molecular epidemiology of
Cryptosporidium sp. in our country, we opted for PCR-RFLP to conduct a survey of the
circulating species and genotypes.

Furthermore, we analyzed a single stool samples instead of the optimal multiple (at
least 3) consecutive approach, which could result in underestimation. We also applied the
PCR technique, which is a highly sensitive diagnostic approach [30,31]. Additionally, this
was a hospital-based analysis, meaning that our findings can only be extrapolated to the
population from the sites included. However, in four samples mZN-positive, the presence
of DNA was not identified. This may have been a consequence of DNA degradation
due to suboptimal temperature during transportation and storage, due to the presence of
inhibitors [32] or due to a different species with a mutation in the primer’s region [10].

There are few studies in Mozambique [1,19], reporting the risk factors for Cryptosporid-
ium infection in the children with diarrhea and/or using molecular tools. The findings
of this study should receive attention, since the high frequency of C. hominis in children
observed may be a result of anthroponotic transmission. There is a need to expand the
analysis to other provinces of the country and complement it with sequencing tools to
better characterize the species in circulation. It is also worth noting that other hosts may
be participating in the transmission routes, which is corroborated by the identification of
C. parvum isolates.

4. Materials and Methods

4.1. Ethics Statements

The data used in the present analysis were provided by the ViNaDiA in children.
The related protocol was approved by the Mozambique National Bioethics Committee
for Health (IRB00002657, reference Nr. 348/CNBS/13). Written informed consent was
obtained from children’s parents or legal guardians before questionnaire administration
and sample collection.

4.2. Study Design, Site and Population

Cross-sectional, hospital-based surveillance was conducted between April 2015 and
February 2016 in Hospital Geral de Mavalane (HGM) and Hospital Geral José Macamo
(HGJM). These hospitals were selected as sentinel sites because they receive patients from
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Maputo City and surrounding areas. Both have pediatric out- and inpatient wards. The
HGM and HGJM are referral hospitals for both Mavalane and José Macamo health areas
and cover fourteen (14) and nine (9) health centers, respectively.

In each sentinel site, focal points (laboratory technicians, physicians and nurses) were
identified and trained to screen diarrhea cases, administer the questionnaire, collect and
send stool samples to Instituto Nacional de Saúde (INS) where the samples were processed.
Children up to 60 months old who presented in the sentinel sites with acute diarrhea,
defined as three or more loose or liquid stools within 24 h and less than 14 days, were
included [33].

4.3. Sample Size Calculation

Minimum sample size expected was calculated using OpenEpi [34], with 95% con-
fidence interval (CI), desired precision of 3.0% and an estimated frequency of 4.8% for
Cryptosporidium spp. from a previous study in children aged up to five years with diar-
rhea [16]. We obtained a minimum sample size of at least 196.

4.4. Data Collection

Demographic, clinical and epidemiological data were assessed by interviewing chil-
dren’s caregivers with a semi-standardized questionnaire. Information regarding sex,
age, animal contact (defined as having physical contact with an animal or their excre-
ments) [16] and caregiver education status were collected. HIV status was self-reported by
the children’s caregivers and confirmed in the children’s vaccination cards. If unknown,
permission was asked to collect blood samples and tested according to the national testing
algorithm. The children newly diagnosed as HIV-positive were followed by the physi-
cian at hospital and referred to their neighborhood health facilities for routine assistance
after discharge.

4.5. Sample Collection and Management

A single stool sample from each child was collected after inclusion. In cases of liquid
diarrhea, non-absorbent diapers were used instead of ordinary diapers. Samples were trans-
ferred to sterile polystyrene tubes, kept refrigerated in cooler boxes (approximately 2 ◦C to
8 ◦C), without preservative and sent to the Laboratory of Parasitology in INS, Maputo.

A smear was made from fresh stool, and an aliquot was kept in the original tube under
2 to 8 ◦C for concentration and subsequent microscopic examination for Cryptosporidium spp.
oocysts. A second aliquot was placed in a vial without preservative, stored under −40 ◦C
and was specifically intended for extracting and purifying genomic deoxyribonucleic acid
(DNA) for molecular analysis. A set of previously frozen sub-samples (approximately
0.5 mL) was shipped to Laboratório Interdisciplinar de Pesquisas Médicas, Instituto Oswaldo
Cruz/Fundação Oswaldo Cruz in Rio de Janeiro, Brazil, under dry ice for DNA extraction,
detection and genetic characterization of Cryptosporidium species.

4.6. Laboratory Sample Processing
4.6.1. Direct Microscopy

The presence of Cryptosporidium oocysts in stools was first established using the modi-
fied Ziehl–Neelsen (mZN) staining method as described by the World Health Organization
(WHO) [35]. Briefly, thin smears of fresh samples and concentrated pellet from formol-
ether concentration technique were prepared on the same glass side and air-dried before
mZN staining. Samples were read using a microscope; the results were recorded as a
positive for those where oocysts of the parasite were visualized under 100X magnification.
All stool samples were collected, labeled, processed and stored following the laboratory
standard procedures, including Good Laboratory Practice (GLP) recommendations. For
the parasitological assay, each internal quality control was made, and all sample readings
were double-checked for concordance by two technicians. In case of discordant results, a
third observation was required.
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4.6.2. DNA Extraction

DNA was extracted from frozen stool sample using a commercial QIAmp stool Mini
Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol with the following
modification: the lysis temperature was raised to 95 ◦C and the DNA was eluted in 100 μL.
The pre-treating of the sample and usage of the QIAmp stool Mini Kit was done in a
standard procedure as in similar studies, and with this there is no need to freeze or apply
thawing cycles [32]. DNA extracts were stored at −20 ◦C until use.

4.6.3. Molecular Detection by Conventional Polymerase Chain Reaction (PCR)

The 18S rRNA gene was amplified for all samples (positive and negative by mZN stain-
ing) by conventional polymerase chain reaction. The forward primer 5’-AACCTGGTTGATC
CTGCCAGTAGTC-3’ and reverse primer 5’-TGATCCTTCTGCAGGTTCACCTACG-3’ as
described by Xiao et al. [36] were used. Briefly, the PCR contained 10X PCR buffer (MgCl2)
at a final concentration of 1X, 5mM MgCl2, 200 mM (each) deoxynucleotides triphosphate
(dNTP), 1.0 U of Taq polymerase (Invitrogen Life Technologies, São Paulo, SP-Brasil),
100 nM (each) primer (Extend, SP-Brasil) and 2.5 μL of DNA template in a total 25 μL reac-
tion mixture. The following parameter was adjusted in our study: MgCl2 concentration,
Taq polymerase quantity when compared with the study that was used as reference. Each
PCR had small adjustments; annealing was set to 61 ◦C for 45 s and extension to 72 ◦C for
7 min. The PCR efficacy and the identification of the Cryptosporidium genetic material from
samples were verified through electrophoresis in agarose gel (1.2%).

Stool samples were considered positive if oocysts with typical characteristics (approxi-
mately 4 μm and 6 μm in diameter; stained bright pink within a clear halo under green field)
or Cryptosporidium DNA with expected base pair (bp) were detected by conventional PCR.

4.6.4. Characterization of Cryptosporidium spp. Isolates by Nested PCR and Restriction
Fragment Polymorphism (RFLP) Analysis

All samples that were previously positive for 18S rRNA gene amplification were geno-
typed by a PCR-RFLP technique using genomic DNA as template. Firstly, a PCR product of
approximately 1325 bp of the SSU rRNA gene was amplified by a nested PCR using the fol-
lowing primers 5’-TTCTAGAGCTAATACATGCG-3’ and 5’-CCCTAATCCTTCGAAACAG
GA-3’ [11,12]. The first PCR contained 1X PCR buffer (MgCl2), 6 mM of MgCl2, 2.5 U of
Taq polymerase, 200 μM of each primer concentration (500 nM each) and 2 μL of DNA
template in a total volume of the reaction mixture (50 μL). The initial denaturation was
94 ◦C for 3 min, followed by the amplification performed in 35 total cycles: 94 ◦C for 45 s
for denaturation, 58 ◦C for 45 s for annealing and 72 ◦C for 60 s for extension. The final
extension was 72 ◦C for 7 min. For secondary PCR, for a product of 826 to 864 bp, it was
done by using the following primers 5’-GGAAGGGTTGTATTTATTAGATAAAG-3’ and
5’-AAGGAGTAAGGAACAACCTC CA-3’ [11]. A total volume of the reaction mixture
(50 μL), Taq DNA amount (1 U) and the primary PCR product was optimized (0.5 μL
diluted at 1:20 or 1 μL non-diluted product). Amplification condition for secondary PCR
was as follows: 94 ◦C for 45 s, 59 ◦C for 30 s and 72 ◦C for 45 s in 25 cycles with an initial hot
start at 94 ◦C for 3 min and a final extension at 72 ◦C for 7 min. The PCR efficacy and the
identification of the Cryptosporidium genetic material from samples were verified through
electrophoresis in agarose gel (1.2%).

Genotype identification was made through the analysis of pattern of the secondary
product after restriction digestion with the enzymes SspI and AseI (New England BioLabs
Inc., Beverly, MA, USA) as described by Xiao et al. [11]. The AseI enzyme has the same
digestion function and pattern as the enzyme VspI. Each set of experiments included a
negative PCR control (laboratory-grade distilled water). For the restriction, 20 μL of the
second product of the nested PCR, 10 U of SspI or AseI, 5 μL pf specific enzyme buffer was
digested in a 50 μL of the reaction by 37 ◦C for one hour under conditions recommended by
the supplier manufacturer. Aliquots of amplified and digested fragments were separated
and visualized under Ultra-Violet light translucent (Bio-Rad, Milan, Italy) after separation
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in 1.5% to 2% agarose gel (Invitrogen, Aukland, New Zealand) by electrophoresis stained
with 3X GelRed (Biotium, San Francisco, CA, USA). The expected band for each enzyme
varied according to the species detected were the most observed highlighted in bold
(Table 3).

Table 3. Expected band of the restriction digestion using SspI and AseI enzymes.

Specie
Band Expected (in bp)

SspI Digestion AseI Digestion

C. hominis 11, 12,111, 254, 449 70, 102, 104, 561

C. parvum 11, 12, 108, 254, 449 102, 104, 628

4.7. Data Management and Statistical Procedures

Data were double entered in Epi Info 3.5.1 (CDC, Atlanta, 2008, Atlanta, GA, USA)
to minimize entry errors, followed by data comparison and inconsistencies resolution.
Data were analyzed using IBM SPSS software (Statistical Package for the Social Science,
Armok, NY: IBM Corp, 2011, version 26.0, Chicago, IL, USA). Categorical variables were
summarized as frequencies and continuous variables were summarized as medians and
Inter-quartile Range (IQR). Contingency tables were built between dependent and indepen-
dent variables. Crude and adjusted odds ratio were estimated through simple and multiple
logistic regression models. Independent variables with p-values ≤ 0.2 in the simple logistic
regression were included in the multiple logistic regression model in order to obtain ad-
justed odds ratio. Goodness-of-fit was assesses using the Hosmer and Lemeshow test for
the multiple logistic regression model. A p-value less than 0.05 was considered evidence
of statistical significance and all analyses were performed considering a 95% confidence
interval (95% CI).

5. Conclusions

This study showed a high frequency of Cryptosporidium spp. infection detected by
PCR-RFLP among children admitted to two public hospitals in Maputo City due to acute
diarrhea. Child age (25 to 60 months) and caregiver literacy status were predictors for infec-
tion. Our findings demonstrated that the infection is mostly due to C. hominis. This suggests
mainly anthroponomic transmission, with great public health implications. The present
study demonstrated the need for improved public health recommendations by including
Cryptosporidium spp. in routine testing among children with diarrhea in Mozambique.
Moreover, the study presented the need for an establishment of more accurate molecular
characterization platform of the parasite in a national context, in order to understand which
species occur in the country, routes of infection (if anthroponotic and/or zoonotic) and/or
regional patterns, informing public health programs.
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Abstract: Little information is available on the occurrence and genetic variability of the diarrhoea-
causing enteric protozoan parasite Giardia duodenalis in indigenous communities in Brazil. This
cross-sectional epidemiological survey describes the frequency, genotypes, and risk associations for
this pathogen in Tapirapé people (Brazilian Amazon) at four sampling campaigns during 2008–2009.
Microscopy was used as a screening test, and molecular (PCR and Sanger sequencing) assays
targeting the small subunit ribosomal RNA, the glutamate dehydrogenase, the beta-giardin, and
the triosephosphate isomerase genes as confirmatory/genotyping methods. Associations between
G. duodenalis and sociodemographic and clinical variables were investigated using Chi-squared test
and univariable/multivariable logistic regression models. Overall, 574 individuals belonging to six
tribes participated in the study, with G. duodenalis prevalence rates varying from 13.5–21.7%. The
infection was positively linked to younger age and tribe. Infected children <15 years old reported
more frequent gastrointestinal symptoms compared to adults. Assemblage B accounted for three
out of four G. duodenalis infections and showed a high genetic diversity. No association between
assemblage and age or occurrence of diarrhoea was demonstrated. These data indicate that the most
likely source of infection was anthropic and that different pathways (e.g., drinking water) may be
involved in the transmission of the parasite.

Keywords: Giardia; Brazil; Amazon; asymptomatic; community; genotyping; indigenous; risk
association; Tapirapé; transmission
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1. Introduction

The flagellated Giardia duodenalis (syn. G. intestinalis, G. lamblia) is a cosmopolitan
protozoan parasite that inhabits the gastrointestinal tract of humans and other vertebrate
animals. Giardiasis is the most reported intestinal protozoan infection globally, with
an estimated 280 million symptomatic cases every year [1]. Asymptomatic infections
are even more frequent, both in developing [2,3] and developed [4] countries. Indeed,
large epidemiological case-control studies conducted in high-prevalence settings have
demonstrated that G. duodenalis infection was significantly more common in asymptomatic
controls than in cases with diarrhoea [5–7]. Host immune status and level of nutrition
seem to be key factors in the control of the infection or its progression to active disease [8],
although the genotype of the parasite may also play a role in the health/disease balance of
the host [9]. When present, clinical manifestations associated with G. duodenalis infection
may include self-limiting acute diarrhoea, persistent diarrhoea, epigastric pain, nausea, and
vomiting [10]. Long-term sequelae, including childhood growth retardation and cognitive
impairment, have also been recognised [11,12]. Contrary to severe infections by other
diarrhoea-causing protozoan parasites such as Cryptosporidium spp. or Entamoeba histolytica,
giardiasis is rarely fatal and is better considered as a debilitating condition.

Transmission of G. duodenalis is through the faecal-oral route, either directly via direct
contact with infected humans or animals, or indirectly via ingestion of contaminated food
or water. Waterborne transmission is likely the most common source of human infections
in poor-resource settings with little or no access to safe drinking water and insufficient
sanitary facilities [3]. Because of its strong bond with poverty and elevated socioeconomic
impact, giardiasis (together with cryptosporidiosis) joined the Neglected Diseases Initiative
launched by the World Health Organisation in 2004 [13].

Giardia duodenalis exhibits a considerable degree of genetic heterogeneity, allowing
the differentiation of eight (A–H) lineages or assemblages with marked differences in
host specificity and range [14]. These genetic variants likely represent cryptic species [15].
Assemblages A and B cause most human infections, but they can also infect other mam-
malian hosts and are, therefore, considered potentially zoonotic. Assemblages C and D
occur mainly in canids, assemblage E in domestic and wild ungulates, assemblage F in
cats, assemblage G in rodents, and assemblage H in marine pinnipeds. Human infec-
tions by assemblages C–F have been sporadically reported, particularly in children and
immunocompromised individuals [14].

A recent review on the epidemiological situation of G. duodenalis in Brazil has re-
vealed that this protozoan parasite represents a public health concern in the country, with
prevalence rates up to 78% in Minas Gerais State and 70% in São Paulo State in 1998 [16].
Available molecular data in the country have evidenced marked differences in the ge-
ographical segregation of G. duodenalis assemblages circulating in human populations
(Table S1), domestic and wildlife animal species (Table S2), surface waters (Table S3), and
fresh produce (Table S4), likely reflecting disparities in infection sources and transmission
pathways. Indeed, contaminated surface waters and having contact with domestic (mainly
dog) animals were considered as probable sources of human infections [16]. Despite this
relative abundance of epidemiological data, giardiasis has been poorly studied in Brazilian
indigenous people, partially due to the geographical isolation and difficulty in access-
ing these fragile communities. Thus, G. duodenalis infections have been documented by
conventional (microscopy) methods in the range of 7–47% in the Parakanã indigenous
people in the eastern Amazon region [17], in indigenous communities in the municipal-
ity of São Gabriel da Cachoeira, Amazonas State [18], in native Brazilian children in the
Xingu Indian Reservation, Mato Grosso State [19], in the Maxakali and Xukuru-Kariri
indigenous communities, Minas Gerais State [20,21], and in the Terena indigenous people,
Mato Grosso do Sul State [22]. However, no information is currently available on the
G. duodenalis assemblages and sub-assemblages circulating in native Brazilian people. This
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molecular-based epidemiological survey aims at investigating the genetic diversity of
G. duodenalis and assessing potential risk and/or protective factors associated with the
infection in indigenous people from the Tapirapé tribe living in the Brazilian Amazon.

2. Results

2.1. Study Population

In this study, a total of 574 individuals (male/female ratio: 0.96; age range: 0.1–88
years old, median: 14.0 years old) of the Tapirapé ethnicity living in six independent tribes
(population range: 40–263 inhabitants, standard deviation: 83.3) were censed and invited to
participate in four consecutive sampling campaigns during July 2008 and January 2010, in
both dry and wet seasons. Overall, 98% (564/574) of the censed individuals participated at
least in one sampling campaign. Participation rates ranged from 40% to 93% depending on
the tribe and sampling campaign (Table 1). A total of 141 individuals participated in all four
sampling campaigns, 201 in three sampling campaigns, 136 in two sampling campaigns,
and 86 in a single sampling campaign. The distribution of the participating individuals
according to sex, age group, and tribe of origin is also summarised in Table 1. Females
(mean: 53.6%, SD: 1.0) participated in the survey more often than males (mean: 46.4%,
SD: 1.0). Adults (>15 years old) were the largest group in the surveyed population (mean:
24.6%, SD: 3.2), with children 5 to 14 years of age (mean: 39.4%, SD: 1.9) and children
≤5 years old accounting, in average, for 14.6% (SD: 2.0) of the investigated individuals.

Table 1. Participation rates and distribution by sex, age group, and tribe of origin of the Tapirapé people (n = 564) taking
part in the four sampling campaigns conducted in the present survey, Brazilian Amazon.

Participation Sex Age group (years) Tribe n (%)

Sampling
Campaign

Participants (n) Rate (%) Male Female 0–4 5–9 10–14 ≥15 Unknown 1 2 3 4 5 6

2008 1 362 64 171 191 45 73 74 170 0 175 (66.5) 31 (40.3) 46 (65.7) 47 (63.5) 28 (56.0) 35 (87.5)
2009 2 374 66 175 199 53 75 66 178 2 174 (66.2) 45 (58.4) 31 (44.3) 41 (55.4) 46 (92.0) 37 (92.5)
2009 1 407 72 189 218 59 90 64 192 2 202 (76.8) 49 (63.6) 36 (51.4) 42 (56.8) 45 (90.0) 33 (82.5)
2010 2 382 68 172 210 66 94 64 156 2 193 (73.4) 51 (66.2) 38 (54.3) 35 (47.3) 39 (78.0) 26 (65.0)

1 Dry season. 2 Rainy season.

2.2. Prevalence of G. duodenalis

Microscopy-based prevalence rates for G. duodenalis in the Tapirapé community varied
from 13.5% (55/407) in the dry season of 2009 to 21.7% (83/382) in the rainy season of
2010 (Table 2). Over the four sampling campaigns, 35.1% (198/564) individuals tested
positive at least once. The occurrence of the parasite was influenced by the seasonality
(22% rainy versus 17% dry season, Chi-squared test p = 0.022) but not the sampling period
(year) (Chi-squared test p = 0.126). Subsequent newly diagnosed infections were also
more likely to occur in the rainy season (odds ratio: 2.29, 95% CI 1.46–3.68, p = 0.0001)
although this is dependent on the number of samples analysed. G. duodenalis infections
were more commonly identified in children aged 0-4 years old. During the period of study,
G. duodenalis prevalence varied greatly within and among the six tribes investigated, but
tribe 5 presented the highest infection rates in all sampling campaigns.

A total of 43, 17, and 4 individuals tested positive for G. duodenalis in two, three, or
all four sampling campaigns, respectively (Table 3), although this was dependent on the
number of samples. In all cases, children younger than 15 years of age accounted for
50.0% to 88.2% of the subjects where the parasite was detected in two or more sampling
campaigns. When considering observations with repeated samples, 61.7% observations
were always negative, 4.2% always positive, and 34.1% discontinuously positive. Repeated
G. duodenalis infections were more frequently detected in the wet season (odds ratio: 1.60,
95% CI 1.12–2.29, p = 0.0075) in members of tribe 1 (range: 50.0–58.1%) and, to a lesser
extent, in tribe 5 (range: 18.6–50.0%).
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Table 2. Microscopy-based prevalence of Giardia duodenalis by sex, age group, and tribe of origin of the Tapirapé people
(n = 564) participating in the present survey according to the sampling period, Brazilian Amazon.

2008 1 2009 2 2009 1 2010 2

Variable Giardia Positive % Giardia Positive % Giardia Positive % Giardia Positive %

Sex

Male 31 19 35 20 30 16 39 23

Female 37 18 46 23 25 12 43 21

Age group (years)

0–4 13 29 17 32 17 29 28 42

5–9 17 23 20 27 15 17 25 27

10–14 16 22 14 21 9 14 11 17

≥15 22 13 30 17 14 7 19 12

Tribe

1 41 23 34 20 30 15 48 25

2 2 7 10 22 7 14 6 12

3 4 9 3 10 2 6 6 16

4 4 9 2 5 1 2 5 14

5 10 36 21 46 13 29 14 36

6 7 20 11 30 2 6 4 15

Total 68 19 81 22 55 14 83 22

1 Dry season. 2 Rainy season.

Table 3. Number of individuals with a positive result to Giardia duodenalis by microscopy in two or more of the sampling
campaigns conducted in the present study, Brazilian Amazon.

Variable
Positives in 2

Campaigns (n)
Frequency (%)

Positives in 3
Campaigns (n)

Frequency (%)
Positives in all 4
Campaigns (n)

Frequency (%)

Age group (years)

0–4 14 33 6 35 1 25

5–9 12 28 6 35 1 25

10–14 9 21 3 18 0 0

≥15 8 19 2 12 2 50

Total 43 100 17 100 4 100

Tribe

1 25 58 7 41 2 50

2 4 9 1 6 0 0

3 1 2 0 0 0 0

4 1 2 0 0 0 0

5 8 19 7 41 2 50

6 4 9 2 12 0 0

Total 43 100 17 100 4 100

2.3. Molecular Characterisation of G. duodenalis

The genetic diversity within G. duodenalis was investigated in a subset of 70 stool sam-
ples from 65 individuals with a positive result for this parasite by conventional microscopy.
Five individuals provided stool samples positive to this parasite at two different sampling
periods. The presence of the parasite was confirmed by qPCR in 97% (68/70) of these sam-
ples. Generated cycle threshold (Ct) values ranged from 18.2 to 35.4 (median: 27.4; SD: 3.7).

Genotyping/sub-genotyping data were obtained for a total of 63 stool samples belong-
ing to 58 individuals (Table 4). Amplification success rates were 100% (63/63) for glutamate
dehydrogenase (gdh), and 87% (55/63) for beta-giardin (bg) and triosephosphate isomerase
(tpi), respectively. Multilocus sequence typing (MLST) data at the three loci were obtained
from 83% (52/63) of the samples. Sequence analyses revealed the presence of assemblages
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A (25%; 16/63) and B (68%; 43/63). Mixed infections A + B were identified in 6% (4/63) of
the samples analysed. No mixed infections involving host-specific assemblages C–H were
detected.

Table 4. Multilocus genotyping results of the 63 G. duodenalis-positive samples of human origin successfully genotyped at
any of the three loci investigated in the present survey.

Sample ID Ct value in qPCR gdh bg tpi Assigned Genotype

5 27.4 BIII B BIII BIII
13 25.1 AII AII + AIII AII AII + AIII
24 27.2 AII AII + AIII AII AII + AIII
31 26.4 BIII/BIV B BIII/BIV BIII/BIV
33 28.2 BIII/BIV B BIII/BIV BIII/BIV
41 24.0 BIII B BIII/BIV BIII/BIV
49 25.5 BIII/BIV B BIII BIII/BIV
50a 21.2 AII AIII AII AII/AIII
50b 23.8 BIII AIII + B BIII AIII + BIII
55 27.3 BIII B BIV BIII/BIV
58 29.6 BIII B BIII/BIV BIII/BIV
60 29.1 BIII B BIII/BIV BIII/BIV
70 34.0 BIII - - BIII
71 30.0 BIII B BIII/BIV BIII/BIV
72 21.7 BIII B BIII/BIV BIII/BIV
78 18.2 BIII B BIII BIII
79 29.4 BIII/BIV B BIII BIII/BIV
82 30.5 BIII B AII + BIII AII + BIII
85 29.7 BIII/BIV B BIII BIII/BIV
86a 27.0 BIII B BIII/BIV BIII/BIV
86b 26.3 BIII B BIII/BIV BIII/BIV
93a 30.4 BIII/BIV B BIII/BIV BIII/BIV
93b 24.9 BIII/BIV B BIII/BIV BIII/BIV
94 22.0 AII - AII AII
106 21.3 AII AIII AII AII/AIII
111 26.2 AII AIII AII AII/AIII
123 34.9 BIII - - BIII
128 30.5 AII AIII AII AII/AIII
131 23.5 BIII/BIV B BIII/BIV BIII/BIV
132 29.5 BIII B BIII BIII
149 23.6 BIII B - BIII
157 28.2 BIII/BIV B BIII BIII/BIV
168 24.0 BIII/BIV B BIII BIII/BIV
172 28.3 BIII/BIV B BIII BIII/BIV

176b 29.3 BIII - - BIII
179 27.5 AII B AII AII + B
180 23.3 BIII/BIV B BIII/BIV BIII/BIV
182 27.5 BIII/BIV B BIII BIII/BIV
184 31.3 AII - AII AII
186 26.3 BIII/BIV B BIII BIII/BIV
198 22.6 BIII/BIV B BIII BIII/BIV
200 25.2 BIII/BIV B BIII BIII/BIV
216 25.8 BIII B - BIII
227 19.5 AII AII + AIII AII AII + AIII
242 28.3 BIII/BIV B BIII BIII/BIV
245 22.4 BIII B BIII BIII
269a 31.2 BIII - BIII BIII
269b 25.1 AII AII AII AII
282a 27.3 BIII/BIV B BIII BIII/BIV
282b 23.4 BIII/BIV B BIII BIII/BIV
328 32.0 AII - - AII
330 30.3 BIII/BIV B - BIII/BIV
353 25.3 BIII B BIII BIII
374 21.2 BIII/BIV B BIII BIII/BIV
379 23.7 AII AII + AIII AII AII + AIII
420 19.2 AII AII + AIII AII AII + AIII
570 24.7 BIII/BIV B BIII BIII/BIV
572 28.3 AII AII + B AII AII + B
585 24.9 BIII B BIII BIII
595 25.1 AII AIII - AII/AIII
596 35.4 AII - - AII
604 21.7 BIII B BIII/BIV BIII/BIV
607 28.1 BIII B BIII BIII

bg, beta-giardin; Ct, cycle threshold; gdh, glutamate dehydrogenase; qPCR: real-time polymerase chain reaction; tpi, triosephosphate
isomerase.

Subtyping analyses revealed that sub-assemblage AII (8%, 5/63), mixed AII + AIII
infections (8%, 5/63), and ambiguous AII/AIII results (8%, 5/63) were equally distributed
within assemblage A. No isolates were identified as sub-assemblage AIII. Within assem-
blage B, most (50%, 31/63) of the sequences corresponded to ambiguous BIII/BIV results.
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BIII was identified in 21% (13/63) of the sequences, whereas no isolates belonging to BIV
were detected. Out of the four A + B mixed infections detected, one (2%, 1/63) involved
sub-assemblages AII + BIII, one (2%, 1/63) sub-assemblages AIII + BIII, and two (3%,
2/63) sub-assemblage AII + B (unknown sub-assemblage). Out of the five individuals
with giardiasis at two consecutive sampling periods, three of them (ID: 86, 93, and 282)
were infected by BIII/BIV at both sampling periods, indicative of prolonged G. duodenalis
infection, or re-infection by that very same genotype. In contrast, one individual (ID: 50)
was first infected by AII/AIII, and by AIII + B at the following sampling campaign. The
remaining individual (ID: 269) was first infected by BIII and then by AII at the following
sampling campaign. Both cases were strongly suggestive of re-infection events by different
genotypes of the parasite.

2.4. Intra-Assemblage Genetic Diversity

Tables 5–7, Table S5 show the genetic diversity of the gdh, bg, and tpi representative,
partial sequences generated in the present study. These Tables provide information for
each sequence including stretch, single nucleotide polymorphisms (SNPs), and GenBank
accession number. Assemblage/sub-assemblage assignment was conducted by direct
comparison of the sequencing results obtained at the three loci investigated. Sequences
presenting double peak positions that could not be unequivocally assigned to a given
assemblage/sub-assemblage were reported as ambiguous sequences.

A total of 63 sequences were successfully characterised at the gdh locus (Table 5).
All 17 assemblage A sequences were unequivocally identified as sub-assemblage AII. Of
them, seven sequences were 100% identical to reference sequence L40510. The remaining
10 sequences differed by 1–6 SNPs from L40510. BIII sequences showed a high degree
of genetic diversity among them, explaining that 21/24 of the sequences assigned to
this sub-assemblage corresponded to distinct genotypes (genetic variants) of the parasite.
These sequences differed by 4–13 SNPs from reference sequence AF069059, most of them
associated with ambiguous (double peak) positions. Similarly, most (20/22) sequences
identified as ambiguous BIII/BIV sequences were different among them, differing by 9–17
SNPs from reference sequence L40508. Virtually all SNPs detected in BIII/IV sequences
corresponded to double peaks at single nucleotide positions.

At the bg locus, a total of 55 sequences were fully characterised (Table 6). Out of the 14
assemblage A sequences, two belonged to AII and five to AIII. All AII and AIII sequences
were identical to reference sequences AY072723 and AY072724, respectively. Five sequences
were considered mixed AII + AIII infections based on the presence of two double peak (C415Y
and T423Y) positions and taking sequence AY072723 as reference. Two additional sequences
corresponded to AII + B and AIII + B mixed infections, differing by 32 and 38 SNPs from reference
sequence AY072727, respectively. Except one, all the detected SNPs corresponded to clear double
peak positions. Compared to the gdh locus, a lower (but still substantial) degree of genetic
variability was observed within the 41 sequences assigned to assemblage B at the bg locus. All of
them differed by 1–6 SNPs from reference sequence AY072727. A genetic variant showing two
transitional mutations at positions C165T and A183G was the genotype most frequently detected.

A total of 55 sequences were fully characterised at the tpi locus (Table 7). Within assemblage
A, 14 sequences were assigned to the sub-assemblage AII. Of them, eight had 100% homology
with reference sequence U57897, whereas the remaining six sequences differed by 1–2 SNPs
from the latter. Two additional sequences were identified as AII + BIII sequences and presented
94–95 SNPs when aligned with reference sequence U57897. Out of the 25 sequences assigned
to BIII, seven showed 100% identity with reference sequence AF069561. The remaining 18
sequences grouped in 16 distinct genotypes that differed by 1–6 SNPs from reference sequence A
AF069561. Only a single sequence was confirmed ad BIV, differing by 3 SNPs with reference
sequence AF069560. Finally, virtually all (12/13) sequences with a BIII/BIV ambiguous result
were different among them, differing from reference sequence AF069560 by 7–11 SNPs. As in
the case of the BIII/BIV sequences identified at the gdh locus, most of the SNPs identified at the
tpi locus were associated with ambiguous nucleotide positions.

92



Pa
th

og
en

s
2

0
2

1
,1

0,
20

6

T
a

b
le

5
.

D
iv

er
si

ty
,f

re
qu

en
cy

,a
nd

m
ai

n
m

ol
ec

ul
ar

fe
at

ur
es

of
G

.d
uo

de
na

lis
se

qu
en

ce
s

at
th

e
gd

h
lo

cu
s

ge
ne

ra
te

d
in

th
e

pr
es

en
ts

tu
dy

.G
en

Ba
nk

ac
ce

ss
io

n
nu

m
be

rs
ar

e
pr

ov
id

ed
.

A
ss

e
m

b
la

g
e

S
u

b
-A

ss
e

m
b

la
g

e
N

o
.

o
f

Is
o

la
te

s
R

e
fe

re
n

ce
S

e
q

u
e

n
ce

S
tr

e
tc

h
S

in
g

le
N

u
cl

e
o

ti
d

e
P

o
ly

m
o

rp
h

is
m

s
G

e
n

B
a

n
k

ID

A
A

II
7

L4
05

10
64

–4
91

N
on

e
M

T
54

27
18

1
L4

05
10

66
–4

86
T8

8C
,C

12
8T

,C
17

9T
,T

38
5C

,A
41

0G
,T

41
8A

M
T

54
27

19
1

L4
05

10
64

–4
91

T
13

2Y
,C

17
9T

,A
22

4M
,G

33
2R

M
T

54
27

20
1

L4
05

10
64

–4
91

C
15

0Y
,C

17
9T

M
T

54
27

21
6

L4
05

10
64

–4
91

C
17

9T
M

T
54

27
22

1
L4

05
10

68
–4

91
C

17
9T

,T
35

5Y
M

T
54

27
23

1
L4

05
10

64
–4

91
C

17
9Y

M
T

54
27

24

B
BI

II
1

A
F0

69
05

9
28

–4
55

C
39

T,
C

87
Y,

C
99

Y,
C

12
3Y

,T
14

7Y
,G

15
0R

,C
20

4Y
,C

30
9Y

M
T

54
27

25
1

A
F0

69
05

9
30

–4
55

C
39

T,
T

21
9Y

,C
30

9T
,C

35
1Y

M
T

54
27

26
1

A
F0

69
05

9
28

–4
55

C
39

T,
C

87
Y,

C
13

5Y
,T

14
7Y

,G
15

0R
,C

20
4Y

,C
30

9T
,C

33
6Y

M
T

54
27

27
1

A
F0

69
05

9
28

–4
55

C
39

Y,
C

99
Y,

T1
47

Y,
G

15
0R

,C
20

4Y
,C

36
0Y

,C
38

7Y
,G

40
2R

M
T

54
27

28
1

A
F0

69
05

9
28

–4
55

C
39

T,
C

30
9T

,G
37

2A
,C

37
5T

M
T

54
27

29
2

A
F0

69
05

9
40

–4
55

C
87

Y,
C

99
Y,

C
12

3Y
,T

14
7Y

,G
15

0R
,C

20
4Y

,C
30

9T
M

T
54

27
30

1
A

F0
69

05
9

40
–4

55
C

87
Y,

C
99

Y,
C

12
3Y

,T
14

7Y
,G

15
0R

,C
20

4Y
,C

30
9T

,G
40

2R
M

T
54

27
31

1
A

F0
69

05
9

47
–4

55
C

87
Y,

C
99

Y,
T1

47
Y,

G
15

0R
,C

20
4Y

,T
23

7Y
,C

30
9Y

,G
35

4R
,G

37
2R

,C
37

5Y
M

T
54

27
32

1
A

F0
69

05
9

47
–4

55
C

87
Y,

C
13

2Y
,T

14
7Y

,G
15

0R
,C

17
4Y

,C
20

4Y
,T

23
7Y

,C
30

9Y
,A

32
4R

,G
35

4R
,G

37
2R

,C
37

5Y
,G

40
2R

M
T

54
27

33
2

A
F0

69
05

9
49

–4
55

C
87

Y,
C

13
2Y

,T
14

7Y
,G

15
0R

,C
17

4Y
,C

20
4Y

,C
30

9Y
,A

32
4R

,G
37

2R
,C

37
5Y

,G
40

2R
M

T
54

27
34

1
A

F0
69

05
9

41
–4

60
C

87
T,

C
13

2T
,T

14
7C

,G
15

0A
,C

17
4T

,C
20

4T
,A

32
4G

,G
40

2A
M

T
54

27
35

1
A

F0
69

05
9

40
–4

55
C

87
T,

C
13

2Y
,T

14
7C

,G
15

0A
,C

17
4T

,C
20

4T
,A

32
4R

,G
40

2A
M

T
54

27
36

1
A

F0
69

05
9

44
–4

43
C

87
T,

C
13

2T
,T

14
7C

,G
15

0A
,C

17
4Y

,C
20

4T
,G

40
2A

,G
40

6A
M

T
54

27
37

1
A

F0
69

05
9

46
–4

54
C

87
Y,

C
13

5Y
,T

14
7Y

,G
15

0R
,T

20
9Y

,C
30

9T
,C

33
6Y

M
T

54
27

38
1

A
F0

69
05

9
40

–4
55

C
87

Y,
T1

47
Y,

G
15

0R
,T

23
7Y

,C
30

9Y
,G

35
4R

,C
36

0Y
,C

38
7Y

,G
40

2R
M

T
54

27
39

2
A

F0
69

05
9

40
–4

55
C

87
Y,

C
20

4Y
,C

30
9T

,G
37

2R
,C

37
5Y

M
T

54
27

40
1

A
F0

69
05

9
48

–4
55

C
99

Y,
C

13
5Y

,T
14

7Y
,G

15
0R

,C
20

4Y
,C

30
9Y

M
T

54
27

41
1

A
F0

69
05

9
82

–4
43

C
99

T,
T

14
7C

,G
15

0A
,C

20
4T

M
T

54
27

42
1

A
F0

69
05

9
44

–3
89

C
99

T,
T

14
7C

,G
15

0A
,T

30
8Y

M
T

54
27

43
1

A
F0

69
05

9
46

–4
55

C
87

Y,
C

99
Y,

C
12

3Y
,C

13
2Y

,T
14

7Y
,G

15
0R

,C
17

4Y
,C

20
4Y

,C
30

9Y
,A

32
4R

,G
40

2R
M

T
54

27
44

1
A

F0
69

05
9

40
–4

55
C

87
T,

T
14

7C
,G

15
0A

,C
30

9T
M

T
54

27
45

BI
II

/B
IV

1
L4

05
08

76
–4

91
G

84
R

,C
15

9Y
,T

18
3Y

,G
18

6R
,C

25
5Y

,C
27

3Y
,C

34
5Y

,T
36

6Y
,T

38
7C

,G
40

8R
,A

43
8G

M
T

54
27

46
1

L4
05

08
85

–4
91

C
12

3Y
,T

13
5Y

,C
15

9Y
,T

18
3Y

,G
18

6R
,C

24
0Y

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,A

43
8R

M
T

54
27

47
2

L4
05

08
76

–4
91

C
12

3Y
,T

13
5Y

,C
16

8Y
,G

18
0R

,T
18

3Y
,G

18
6R

,C
21

0Y
,C

24
0Y

,C
25

5Y
,C

27
3Y

,A
36

0R
,T

36
6Y

,T
38

7Y
M

T
54

27
48

1
L4

05
08

76
–4

91
C

12
3Y

,T
13

5Y
,C

16
8Y

,T
18

3Y
,G

18
6R

,C
21

0Y
,C

24
0Y

,C
25

5Y
,C

27
3Y

,C
29

1Y
,C

34
5Y

,A
36

0R
,T

36
6Y

,
C

37
2Y

,T
38

7Y
,C

42
3Y

,A
43

8R
M

T
54

27
49

1
L4

05
08

76
–4

91
C

12
3Y

,T
13

5Y
,C

16
8Y

,T
18

3Y
,G

18
6R

,C
21

0Y
,C

24
0Y

,C
25

5Y
,C

27
3Y

,C
34

5Y
,A

36
0R

,T
36

6Y
,C

37
2Y

,
T

38
7Y

,C
42

3Y
,A

43
8R

M
T

54
27

50

1
L4

05
08

10
1–

49
1

C
12

3Y
,T

13
5Y

,C
16

8Y
,T

18
3Y

,G
18

6R
,C

21
0Y

,C
24

0Y
,C

25
5Y

,C
27

3Y
,C

34
5Y

,T
36

6C
,T

38
7Y

,A
43

8R
M

T
54

27
51

2
L4

05
08

77
–4

91
C

12
3Y

,T
13

5Y
,C

17
1Y

,G
18

0R
,C

24
0Y

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,C

42
3Y

,A
43

8R
M

T
54

27
52

1
L4

05
08

76
–4

91
C

12
3Y

,T
13

5Y
,T

18
3Y

,C
24

0Y
,C

25
5Y

,C
27

3Y
,C

29
1Y

,C
34

5Y
,T

36
6Y

,C
37

2Y
,T

38
7Y

,G
40

8R
,C

41
1Y

,A
43

8R
M

T
54

27
53

1
L4

05
08

76
–4

91
C

12
3Y

,T
13

5Y
,T

18
3Y

,C
24

0Y
,C

25
5Y

,C
27

3Y
,C

34
5Y

,T
36

6Y
,T

38
7Y

,G
40

8R
,C

41
1Y

,A
43

8R
M

T
54

27
54

1
L4

05
08

76
–4

91
C

12
3Y

,T
13

5Y
,C

24
0Y

,C
25

5Y
,C

27
3Y

,C
29

1Y
,C

34
5T

,T
36

6C
,C

37
2Y

,T
38

7Y
,A

43
8G

M
T

54
27

55
1

L4
05

08
76

–4
91

T1
35

Y,
C

15
9Y

,T
18

3Y
,G

18
6R

,C
24

0Y
,C

25
5Y

,C
27

3Y
,C

34
5Y

,T
36

6Y
,T

38
7Y

,G
40

8R
,C

42
3Y

,A
43

8R
M

T
54

27
56

1
L4

05
08

84
–4

91
T1

35
Y,

C
15

9Y
,T

18
3Y

,G
18

6R
,C

24
0Y

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,C

42
3Y

,A
43

8R
M

T
54

27
57

1
L4

05
08

82
–4

91
T1

35
Y,

C
15

9Y
,T

18
3Y

,G
18

6R
,C

25
5Y

,C
27

3Y
,C

34
5Y

,T
36

6Y
,T

38
7C

,G
40

8R
,C

41
1Y

,A
43

8R
M

T
54

27
58

1
L4

05
08

76
–4

91
T1

35
Y,

C
15

9Y
,T

18
3Y

,G
18

6R
,C

25
5Y

,C
27

3Y
,C

34
5Y

,T
36

6Y
,T

38
7Y

,C
39

6Y
,C

42
3Y

,A
43

8R
M

T
54

27
59

1
L4

05
08

84
–4

91
T1

35
Y,

C
17

7Y
,T

18
3Y

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,G

39
0R

,G
40

8R
,C

41
1Y

,A
43

8R
M

T
54

27
60

1
L4

05
08

76
–4

91
T1

35
Y,

T1
83

Y,
C

25
5Y

,C
27

3Y
,T

36
6Y

,T
38

7C
,G

40
8R

,A
43

8R
M

T
54

27
61

1
L4

05
08

76
–4

91
C

15
9Y

,T
18

3Y
,G

18
6R

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,A

43
8R

M
T

54
27

62

93



Pa
th

og
en

s
2

0
2

1
,1

0,
20

6

T
a

b
le

5
.

C
on

t.

A
ss

e
m

b
la

g
e

S
u

b
-A

ss
e

m
b

la
g

e
N

o
.

o
f

Is
o

la
te

s
R

e
fe

re
n

ce
S

e
q

u
e

n
ce

S
tr

e
tc

h
S

in
g

le
N

u
cl

e
o

ti
d

e
P

o
ly

m
o

rp
h

is
m

s
G

e
n

B
a

n
k

ID

1
L4

05
08

76
–4

91
C

15
9Y

,T
18

3C
,G

18
6R

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,C

42
3Y

,A
43

8R
M

T
54

27
63

1
L4

05
08

76
–4

91
C

15
9Y

,T
18

3Y
,G

18
6R

,C
25

5Y
,C

27
3Y

,C
34

5Y
,T

36
6Y

,T
38

7Y
,A

43
8R

,A
47

6R
M

T
54

27
64

1
L4

05
08

76
–4

91
T1

83
C

,G
18

6A
,C

24
0Y

,C
25

5Y
,C

27
3Y

,T
36

6Y
,T

38
7C

,A
43

8R
M

T
54

27
65

M
,A

/C
;R

,A
/G

;Y
,C

/T
.

T
a

b
le

6
.

D
iv

er
si

ty
,f

re
qu

en
cy

,a
nd

m
ai

n
m

ol
ec

ul
ar

fe
at

ur
es

of
G

.d
uo

de
na

lis
se

qu
en

ce
s

at
th

e
bg

lo
cu

s
ge

ne
ra

te
d

in
th

e
pr

es
en

ts
tu

dy
.G

en
Ba

nk
ac

ce
ss

io
n

nu
m

be
rs

ar
e

pr
ov

id
ed

.

A
ss

e
m

b
la

g
e

S
u

b
-A

ss
e

m
b

la
g

e
N

o
.

o
f

Is
o

la
te

s
R

e
fe

re
n

ce
S

e
q

u
e

n
ce

S
tr

e
tc

h
S

in
g

le
N

u
cl

e
o

ti
d

e
P

o
ly

m
o

rp
h

is
m

s
G

e
n

B
a

n
k

ID

A
A

II
2

A
Y

07
27

23
97

–7
19

N
on

e
M

T
54

27
66

A
II

I
5

A
Y

07
27

24
1–

75
3

N
on

e
M

T
54

27
67

A
II

+
A

II
I

5
A

Y
07

27
23

1–
72

9
C

41
5Y

,T
42

3Y
M

T
54

27
68

A
II

I+
B

1
A

Y
07

27
27

98
–6

04
T1

32
Y,

G
15

9R
,A

17
1R

,A
18

3R
,A

22
8R

,T
24

0Y
,G

25
8R

,C
28

8Y
,T

30
6Y

,C
30

9Y
,T

31
2K

,G
32

7R
,C

33
9Y

,
G

34
5R

,C
34

8Y
,C

37
2Y

,A
38

7R
,C

39
0Y

,C
41

5Y
,A

43
2R

,C
43

8Y
,C

45
3M

,G
45

6R
,T

47
1Y

,A
48

9R
,T

51
9Y

,
C

52
2R

,C
55

8Y
,C

56
1Y

,C
56

4Y
,G

57
6R

,C
57

9S

M
T

54
27

69

A
II

+
B

1
A

Y
07

27
27

96
–6

03
T1

32
Y,

G
15

9R
,C

16
5Y

,A
17

1R
,A

18
3R

,A
22

8R
,T

24
0Y

,G
25

8R
,C

28
8Y

,T
30

6Y
,C

30
9T

,T
31

2K
,G

31
8R

,
G

32
7R

,C
33

9Y
,G

34
5R

,C
34

8Y
,C

37
2Y

,A
38

7R
,C

39
0Y

,C
41

5Y
,A

43
2R

,C
43

8Y
,C

45
3M

,G
45

6R
,T

47
1Y

,
A

48
9R

,T
51

9Y
,C

52
2S

,C
55

8Y
,C

56
1Y

,C
56

4Y
,G

57
6R

,C
57

9S

M
T

54
27

70

B
–

10
A

Y
07

27
27

1–
72

9
C

16
5T

,A
18

3G
M

T
54

27
71

3
A

Y
07

27
27

93
–7

53
C

16
5Y

,A
18

3R
M

T
54

27
72

1
A

Y
07

27
27

97
–5

93
C

16
5Y

,A
18

3R
,C

20
4M

,C
30

9Y
,C

36
6Y

,T
51

9Y
M

T
54

27
73

1
A

Y
07

27
27

96
–5

92
C

16
5T

,A
18

3G
,A

27
2R

,C
40

6Y
M

T
54

27
74

1
A

Y
07

27
27

93
–7

09
C

16
5Y

,A
18

3R
,C

30
9Y

M
T

54
27

75
4

A
Y

07
27

27
97

–7
53

C
16

5Y
,A

18
3R

,C
30

9Y
,T

51
9Y

M
T

54
27

76
1

A
Y

07
27

27
93

–6
00

C
16

5Y
,A

18
3R

,C
30

9Y
,T

51
9Y

,C
54

3Y
M

T
54

27
77

2
A

Y
07

27
27

93
–7

53
C

16
5T

,A
18

3R
,C

30
9Y

,C
54

3Y
M

T
54

27
78

2
A

Y
07

27
27

97
–7

53
C

16
5Y

,A
18

3R
,T

51
9Y

M
T

54
27

79
1

A
Y

07
27

27
93

–6
04

C
16

5Y
,C

30
9Y

,G
35

4R
,T

51
9C

M
T

54
27

80
1

A
Y

07
27

27
97

–7
19

C
16

5Y
,C

30
9Y

,G
35

4R
,T

51
9Y

,C
54

3Y
M

T
54

27
81

1
A

Y
07

27
27

93
–7

53
C

16
5Y

,C
30

9T
,G

35
4R

,T
51

9Y
,C

54
3Y

M
T

54
27

82
1

A
Y

07
27

27
97

–6
01

C
16

5Y
,C

30
9T

,T
51

9Y
M

T
54

27
83

1
A

Y
07

27
27

93
–7

11
C

16
5Y

,C
30

9T
,T

51
9Y

,C
54

3Y
M

T
54

27
84

1
A

Y
07

27
27

97
–7

01
C

16
5Y

,C
30

9Y
,C

54
3Y

M
T

54
27

85
1

A
Y

07
27

27
97

–7
19

C
16

5Y
,C

30
9T

,C
54

3Y
M

T
54

27
86

1
A

Y
07

27
27

97
–7

53
G

18
0R

,C
30

9Y
,T

51
9C

M
T

54
27

87
1

A
Y

07
27

27
10

3–
60

4
A

18
3R

M
T

54
27

88
1

A
Y

07
27

27
98

–7
14

A
18

3R
,C

20
4M

,T
51

9Y
M

T
54

27
89

1
A

Y
07

27
27

97
–7

06
C

30
9Y

M
T

54
27

90
1

A
Y

07
27

27
10

2–
60

4
C

30
9T

,T
51

9C
M

T
54

27
91

1
A

Y
07

27
27

93
–7

53
C

30
9T

,T
51

9Y
M

T
54

27
92

1
A

Y
07

27
27

97
–7

19
T

51
9C

M
T

54
27

93
2

A
Y

07
27

27
1–

75
3

T
51

9Y
M

T
54

27
94

K
,G

/T
;M

,A
/C

;R
,A

/G
;Y

,C
/T

.

94



Pa
th

og
en

s
2

0
2

1
,1

0,
20

6

T
a

b
le

7
.

D
iv

er
si

ty
,f

re
qu

en
cy

,a
nd

m
ai

n
m

ol
ec

ul
ar

fe
at

ur
es

of
G

.d
uo

de
na

lis
se

qu
en

ce
s

at
th

e
tp

il
oc

us
ge

ne
ra

te
d

in
th

e
pr

es
en

ts
tu

dy
.G

en
Ba

nk
ac

ce
ss

io
n

nu
m

be
rs

ar
e

pr
ov

id
ed

.

A
ss

e
m

b
la

g
e

S
u

b
-A

ss
e

m
b

la
g

e
N

o
.

o
f

Is
o

la
te

s
R

e
fe

re
n

ce
S

e
q

u
e

n
ce

S
tr

e
tc

h
S

in
g

le
N

u
cl

e
o

ti
d

e
P

o
ly

m
o

rp
h

is
m

s
G

e
n

B
a

n
k

ID

A
A

II
8

U
57

89
7

29
4–

80
5

N
on

e
M

T
54

27
95

5
U

57
89

7
27

5–
80

5
C

28
7G

M
T

54
27

96
1

U
57

89
7

27
5–

80
5

C
28

7G
,A

38
1M

M
T

54
27

97

A
II

+
BI

II
1

U
57

89
7

28
9–

75
4

94
SN

Ps
M

T
54

27
98

1
U

57
89

7
31

3–
72

0
95

SN
Ps

M
T

54
27

99

B
BI

II
7

A
F0

69
56

1
1–

45
6

N
on

e
M

T
54

28
00

1
A

F0
69

56
1

1–
45

6
A

8R
,C

10
8T

,C
11

1Y
,C

20
1Y

M
T

54
28

01
1

A
F0

69
56

1
1–

45
6

A
8R

,C
10

8Y
,C

20
1Y

M
T

54
28

02
2

A
F0

69
56

1
1–

45
6

A
10

R
M

T
54

28
03

1
A

F0
69

56
1

1–
45

6
A

10
R

,C
10

4Y
,A

37
2R

M
T

54
28

04
1

A
F0

69
56

1
1–

45
6

A
10

R
,C

10
8Y

,C
11

1Y
M

T
54

28
05

1
A

F0
69

56
1

1–
45

6
C

15
Y,

C
33

Y,
C

34
Y,

G
10

5R
,C

11
1Y

,G
25

4R
M

T
54

28
06

1
A

F0
69

56
1

1–
45

6
G

21
A

,C
34

T,
C

10
8T

M
T

54
28

07
1

A
F0

69
56

1
26

–4
56

C
34

Y,
G

10
5R

,T
31

4Y
M

T
54

28
08

1
A

F0
69

56
1

1–
45

6
G

48
A

,G
39

1A
M

T
54

28
09

1
A

F0
69

56
1

17
–4

56
G

10
5R

,C
10

8Y
,C

20
1Y

,G
39

1R
,

M
T

54
28

10
1

A
F0

69
56

1
1–

45
6

C
10

8Y
M

T
54

28
11

1
A

F0
69

56
1

1–
45

6
C

10
8Y

,C
11

1Y
M

T
54

28
12

1
A

F0
69

56
1

38
–4

56
C

10
8Y

,C
11

1Y
,C

20
1Y

M
T

54
28

13
1

A
F0

69
56

1
1–

45
6

C
10

8Y
,C

20
1Y

M
T

54
28

14
1

A
F0

69
56

1
1–

45
6

C
10

8Y
,G

25
8R

M
T

54
28

15
2

A
F0

69
56

1
1–

45
6

G
19

8R
,G

20
7R

M
T

54
28

16

BI
V

1
A

F0
69

56
0

1–
47

9
A

17
6G

,A
39

5G
,C

47
0T

M
T

54
28

17

BI
II

/B
IV

1
A

F0
69

56
0

1–
47

9
A

5R
,A

33
R

,T
57

Y,
C

11
2Y

,T
13

1Y
,T

13
4Y

,A
17

6G
,G

28
1R

,T
31

4Y
,A

39
5G

,C
47

0Y
M

T
54

28
18

1
A

F0
69

56
0

1–
47

9
A

5R
,A

33
R

,T
57

Y,
T

13
1Y

,T
13

4Y
,A

17
6G

,G
28

1R
,A

39
5G

,C
47

0Y
M

T
54

28
19

1
A

F0
69

56
0

1–
47

9
A

5R
,T

57
Y,

T1
31

Y,
T

13
4Y

,A
17

6G
,A

18
1R

,A
39

5G
,C

47
0T

M
T

54
28

20
1

A
F0

69
56

0
1–

47
9

A
5R

,T
57

Y,
T1

31
Y,

T
13

4Y
,A

17
6G

,G
28

1R
,A

39
5G

,A
42

1M
,C

47
0Y

M
T

54
28

21
1

A
F0

69
56

0
1–

47
9

A
5R

,A
33

R
,T

57
Y,

G
12

8R
,T

13
1Y

,T
13

4Y
,A

17
6G

,A
39

5G
,C

47
0Y

M
T

54
28

22
2

A
F0

69
56

0
1–

47
9

A
5R

,T
57

Y,
G

12
8R

,T
13

1Y
,T

13
4Y

,A
17

6G
,A

39
5G

,C
47

0Y
M

T
54

28
23

1
A

F0
69

56
0

1–
47

9
A

5R
,T

57
Y,

G
12

8R
,T

13
1Y

,T
13

4Y
,A

17
6G

,A
39

5G
M

T
54

28
24

1
A

F0
69

56
0

1–
47

9
A

5R
,T

57
Y,

T1
31

Y,
T

13
4Y

,A
17

6G
,C

23
7Y

,A
39

5G
,C

47
0Y

,
M

T
54

28
25

1
A

F0
69

56
0

1–
47

9
A

5R
,G

44
R

,T
57

Y,
C

12
7Y

,T
13

1Y
,T

13
4C

,A
17

6G
,A

39
5R

M
T

54
28

26
1

A
F0

69
56

0
1–

47
9

T5
7Y

,T
13

1Y
,T

13
4Y

,A
17

6G
,G

22
1R

,G
23

0R
,A

39
5G

,C
47

0Y
M

T
54

28
27

1
A

F0
69

56
0

44
–4

79
T5

7Y
,T

13
1Y

,T
13

4Y
,A

17
6G

,T
31

7Y
,A

39
5G

,C
47

0Y
M

T
54

28
28

1
A

F0
69

56
0

1–
47

9
T5

7Y
,T

13
1Y

,T
13

4Y
,A

17
6G

,A
39

5G
,A

43
7R

,A
44

9R
,C

47
0Y

,G
47

6R
M

T
54

28
29

M
,A

/C
;R

,A
/G

;S
,G

/C
;Y

,C
/T

.

95



Pathogens 2021, 10, 206

Figure 1 shows the phylogenetic tree obtained for the gdh gene by maximum parsi-
mony and Bayesian methods. All G. duodenalis sequences clustered together (monophyletic
groups) with different well-supported clades (100% of bootstrap and 1.0 posterior probabil-
ity). Two major branches were formed and included all (A–F) G. duodenalis assemblages.
The sequences of indigenous people from the Brazilian Amazon clustered in branches for
assemblage A (97% of bootstrap and 1.0 posterior probability) and B (100% of bootstrap
and 1.0 posterior probability). In assemblage B, the sequences obtained in this study
clustered with sub-assemblages BIII and BIV reference strains. Similar phylogenetic trees
for the bg and tpi sequences generated in the present study are shown in Figures S1 and
S2, respectively.

 

Figure 1. Maximum parsimony phylogenetic tree based on gdh sequences of G. duodenalis. Numbers on nodes indicate the
bootstrap/posterior probability values. Black filled circles represent sequences generated in the present study. GenBank
accession numbers for all sequences used for the phylogenetic analysis were embedded in the tree. Giardia muris was used
as the outgroup.
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2.5. Intra-Assemblage B Genetic Diversity Analysis

Genetic diversity was far higher within assemblage B than within assemblage A
sequences regardless of the molecular marker used. Multiple sequence alignments of
BIII, BIV, and ambiguous BIII/BIV sequences at the gdh, bg, and tpi loci revealed the
presence of SNPs in multiple sites across used reference sequences, varying from 11 (for
B sequences at the bg locus) to 32 (for BIII/BIV sequences at the tpi locus) sites (Table S6).
Overall, 611 SNPs were identified among assemblage B sequences in all three loci. Of
them, 16.9% (103/611) corresponded to single point mutations, and 83.1% (508/611) to
double peaks. Defined positions (hotspots) at each investigated locus tended to accumulate
the bulk of these SNPs (66.9%; 409/611). Within gdh, C87, T147, G150, C204, C309, and
G402 were the main hotspots for BIII sequences (reference sequence: AF069059), and
C123, T135, T183, G186, C255, C273, C345, T366, T387, and A438 for BIII/BIV sequences
(reference sequence: L40508). Within tpi, C108 was the only hotspot for BIII sequences
(reference sequence: AF069561), and A5, T57, T131, T134, A176, A395, and C470 for BIII/BIV
sequences (reference sequence: AF069560). Within bg, the main hotspots identified for B
sequences were C165, A183, C309, and T519 (reference sequence: AY072727).

The distribution of single point mutations and double peaks differed substantially among
sub-assemblages and loci. At the gdh locus, hotspot sites accumulated 57.7% of all SNPs detected
in BIII sequences, but this figure increased to 72.9% in BIII/BIV sequences. Double peaks
accounted for 37.8% of the SNPs detected in BIII sequences, but for 67.8% of the ambiguous
BIII/BIV sequences (Figure 2A). At the tpi locus, hotspot sites accumulated 18.2% of all SNPs
detected in BIII sequences, but this figure increased to 54.5% in BIII/BIV sequences (Figure 2B).
Finally, at the bg locus, hotspot sites clustered 78.4% of the SNPs detected in assemblage B
sequences, of which 58.1% corresponded to double peaks (Figure 2C).

Figure 2. Distribution of single nucleotide polymorphisms segregated by mutations and double peaks,
in G. duodenalis assemblage B sequences. (A) Single nucleotide polymorphisms (SNPs) at the glutamate
dehydrogenase (gdh) locus; (B) SNPs at the triosephosphate isomerase (tpi); (C) SNPs at the beta-giardin
(bg) locus, and overall figures for all assemblage B sequences.
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2.6. Risk Association Analysis
2.6.1. Comparing G. duodenalis Negative/Ever Positive

Overall, 55% of individuals who tested positive for G. duodenalis were female, the
median age was 10 years old, with 49% <10 years old. A total of 55% were from tribe 1,
followed by 15% from tribe 5. The most frequent clinical signs were normal stool ap-
pearance (92%), abdominal pain (53%), and stool consistency type 2 (45%). Overall, 58%
did not report hand washing, 84% reported eating with hands, and 18% did not report
washing fresh produce. Sanitation was predominantly defecation in the woods (70%) and
open defecation near households (21.7%). Microscopy examination also revealed that 53%
of individuals were coinfected with Endolimax nana, 48% with Entamoeba coli, 18% with
Chilomastix mesnili, 16% with Ancylostoma spp., and 11% with Blastocystis sp.

Children under <15 years old reported more frequently vomiting, abdominal pain, and
abnormal (mucous, bloody, mucous-bloody) faecal appearance compared to adults. How-
ever, only differences in abdominal pain appeared significant (Chi-squared test, p = 0.016).
There were no differences in age or symptoms between the two assemblages A and B
(Chi-squared test: age group, p = 0.552; faecal consistency, p = 0.732; abdominal pain, p = 1;
vomit, p = 0,953).

In univariable analysis, hand washing, older age, tribes 2–4, coinfection with E. coli,
E. nana, and Iodamoeba were negatively associated with G. duodenalis, while tribe 5, faecal
consistency 4, open defecation, and the number of samples were positively associated
with G. duodenalis (Table 8). Regarding the public health features and symptoms, the
multivariable model retained the number of samples, age group, tribe, faecal consistency,
faecal appearance, and washing fresh produce. Older age groups had a protective effect
(adjusted odds ratio (aOR) = 0.40, 95% CI: 0.20–0.81 in 10–14 years old, and aOR = 0.20 95%,
CI: 0.11–0.39 in ≥15 years old, respectively), as tribes 2–3 compared to tribe 1 (aOR = 0.46,
95% CI: 0.24–0.85, aOR = 0.43, 95% CI: 0.21–0.85, aOR = 0.31, 95% CI: 0.14–0.63, respectively).
The number of samples was positively associated with higher odds of a G. duodenalis-
positive result (aOR = 1.46, 95% CI: 1.18–1.81), as washing fresh produce (aOR = 1.95, 95%
CI: 1.12–3.44) and faecal consistency type 4 (aOR = 1.84, 95% CI: 1.10–3.37) (Table 9). None
of the other pathogens considered was found significantly associated with G. duodenalis in
the multivariable model with coinfections.

Table 8. Univariable analysis. Crude association between G. duodenalis infections and variables of interest. p-values marked
in bold indicate numbers that are significant on the 95% confidence limit (CI).

G. duodenalis (Negative vs. Ever Positive) Crude Association

Variable 0, n = 366 1 1, n = 198 1 n OR 2 95% CI 2 p-Value

Sex 564

Female 177 (62%) 109 (38%) — —

Male 189 (68%) 89 (32%) 0.76 0.54–1.08 0.13

Age group (years) 562

0–4 38 (45%) 46 (55%) — —

5–9 67 (57%) 50 (43%) 0.62 0.35–1.08 0.093

10–14 58 (62%) 35 (38%) 0.5 0.27–0.91 0.023

≥15 201 (75%) 67 (25%) 0.28 0.16–0.46 <0.001

Unknown 2 0

Tribe 564

1 155 (59%) 108 (41%) — —

2 50 (73%) 19 (27%) 0.55 0.30–0.96 0.041

3 55 (80%) 14 (20%) 0.37 0.19–0.67 0.002

4 62 (85%) 11 (15%) 0.25 0.12–0.49 <0.001
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Table 8. Cont.

G. duodenalis (Negative vs. Ever Positive) Crude Association

Variable 0, n = 366 1 1, n = 198 1 n OR 2 95% CI 2 p-Value

5 20 (40%) 30 (60%) 2.15 1.17–4.04 0.015

6 24 (60%) 16 (40%) 0.96 0.48–1.87 0.9

Faecal consistency 564

1 101 (68%) 48 (32%) — —

2 200 (69%) 89 (31%) 0.94 0.61–1.44 0.8

3 9 (56%) 7 (44%) 1.64 0.56–4.65 0.4

4 56 (51%) 54 (49%) 2.03 1.22–3.38 0.006

Faecal appearance 564

Normal 336 (65%) 182 (35%) — —

Other (mucus,
bloody) 30 (65%) 16 (35%) 0.98 0.51–1.83 >0.9

Abdominal pain 563

No 175 (65%) 93 (35%) — —

Yes 190 (64%) 105 (36%) 1.04 0.74–1.47 0.8

Unknown 1 0

Vomit 564

No 353 (65%) 192 (35%) — —

Yes 13 (68%) 6 (32%) 0.85 0.29–2.18 0.7

Drinking water
source 564

River 1 (100%) 0 (0%) — —

Well 1 (100%) 0 (0%) 1.00 0.00–36,409 >0.9

Piped 364 (65%) 198 (35%) 1,152,197 0.00–NA >0.9

Treated water 564

No 350 (65%) 190 (35%) — —

Yes 16 (67%) 8 (33%) 0.92 0.37–2.13 0.9

Hand washing 564

No 166 (59%) 115 (41%) — —

Yes 200 (71%) 83 (29%) 0.60 0.42–0.85 0.004

Washing fresh
produce 563

No 77 (68%) 36 (32%) — —

Yes 289 (64%) 161 (36%) 1.19 0.77–1.87 0.4

Unknown 0 1

Eating with 563

Hand 301 (64%) 167 (36%) — —

Flatware 64 (67%) 31 (33%) 0.87 0.54–1.38 0.6

Unknown 1 0

Defecation place 564

Toilets 35 (69%) 16 (31%) — —

Woods 294 (68%) 139 (32%) 1.03 0.56–1.98 >0.9

Yard 37 (46%) 43 (54%) 2.54 1.23–5.41 0.013

Contact with animals 564

No 55 (63%) 32 (37%) — —

Yes 311 (65%) 166 (35%) 0.92 0.57–1.49 0.7
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Table 8. Cont.

G. duodenalis (Negative vs. Ever Positive) Crude Association

Variable 0, n = 366 1 1, n = 198 1 n OR 2 95% CI 2 p-Value

Rotavirus 564

No 365 (65%) 198 (35%) — —

Yes 1 (100%) 0 (0%) 0.00 >0.9

Ancylostoma 564

No 283 (64%) 162 (36%) — —

Yes 83 (70%) 36 (30%) 0.76 0.49–.16 0.2

Ascaris 564

No 364 (65%) 195 (35%) — —

Yes 2 (40%) 3 (60%) 2.80 0.46–21.4 0.3

Blastocystis 564

No 305 (64%) 173 (36%) — —

Yes 61 (71%) 25 (29%) 0.72 0.43–1.18 0.2

Chilomastix 564

No 307 (66%) 162 (34%) — —

Yes 59 (62%) 36 (38%) 1.16 0.73–1.82 0.5

E. coli 564

No 141 (59%) 97 (41%) — —

Yes 225 (69%) 101 (31%) 0.65 0.46–0.93 0.017

E. histolytica 564

No 216 (63%) 125 (37%) — —

Yes 150 (67%) 73 (33%) 0.84 0.59–1.20 0.3

E. nana 564

No 129 (59%) 88 (41%) — —

Yes 237 (68%) 110 (32%) 0.68 0.48–0.97 0.032

Hymenolepis 564

No 333 (65%) 180 (35%) — —

Yes 33 (65%) 18 (35%) 1.01 0.54–1.82 >0.9

Iodamoeba 564

No 336 (64%) 191 (36%) — —

Yes 30 (81%) 7 (19%) 0.41 0.16–0.90 0.038

Isospora 564

No 366 (65%) 197 (35%) — —

Yes 0 (0%) 1 (100%) 1,447,714 0.00, NA >0.9

Sarcocystis 564

No 359 (65%) 196 (35%) — —

Yes 7 (78%) 2 (22%) 0.52 0.08–2.19 0.4

Strongyloides 564

No 345 (64%) 191 (36%) — —

Yes 21 (75%) 7 (25%) 0.60 0.23–1.38 0.3

Taenia 564

No 364 (65%) 198 (35%) — —

Yes 2 (100%) 0 (0%) 0.00 >0.9
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Table 8. Cont.

G. duodenalis (Negative vs. Ever Positive) Crude Association

Variable 0, n = 366 1 1, n = 198 1 n OR 2 95% CI 2 p-Value

Trichuris 564

No 365 (65%) 197 (35%) — —

Yes 1 (50%) 1 (50%) 1.85 0.07–47.0 0.7

Cyclospora 564

No 351 (65%) 188 (35%) — —

Yes 15 (60%) 10 (40%) 1.24 0.53–2.80 0.6

No. of samples 564 1.72 1.43–2.08 <0.001

1 71 (83%) 15 (17%)

2 99 (73%) 37 (27%)

3 129 (64%) 72 (36%)

4 67 (48%) 74 (53%)
1 Statistics presented: n (%). 2 OR, crude odds ratio; CI, confidence interval; NA, not applicable.

Table 9. Multivariable analysis comparing G. duodenalis-negative results versus G. duodenalis ever
positive results. p-values marked in bold indicate numbers that are significant on the 95% confidence
limit (CI).

Variable aOR 1 95% CI 1 p-Value

Age group (years)

0–4 — —

5–9 0.58 0.30–1.12 0.11

10–14 0.40 0.20–0.81 0.011

≥15 0.20 0.11–0.39 <0.001

Number_samples 1.46 1.18–1.81 <0.001

Tribe

1 — —

2 0.46 0.24–0.85 0.016

3 0.43 0.21–0.85 0.018

4 0.31 0.14–0.63 0.002

5 1.83 0.94–3.60 0.075

6 0.94 0.45–1.95 0.9

Washing fresh produce

No — —

Yes 1.95 1.12–3.44 0.020

Faecal consistency

1 — —

2 0.93 0.59–1.49 0.8

3 2.37 0.73–7.51 0.14

4 1.84 1.01–3.37 0.046

Faecal appearance

Normal — —

Other (mucus, bloody) 0.51 0.23–1.08 0.087
1 aOR, adjusted odds ratio; CI, confidence interval. n = 559 (removing five observations with missing values).
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2.6.2. Comparing G. duodenalis Serial Results

Out of the 478 observations with more than one sample, 62% (295/478) always tested
negative for G. duodenalis, 4% (20/478) always tested positive, and 34% (163/478) were
discontinuously positive. As such, among observations ever positive for G. duodenalis, 11%
(20/183) were continuously positive. Of those, 70% were aged 0–9 years old, 55% were
from tribe 1, and 35% from tribe 5. Overall, 85% did not report hand washing, 30% not
washing fresh produce, 50% reported open defecation near the households, and 45% open
defecation in the woods. However, in the multivariable analysis, discontinuous positivity
was strongly associated with the number of samples (aOR = 0.30, 95% CI: 0.12–0.66), and
tribe 5 (aOR = 4.76, 95% CI: 1.30–18.6), but no further significant association was found
(Tables S7 and S8).

Finally, comparing observations that were always negative versus always positive, the
multivariable model only retained age group and tribe, showing evidence of a protective
effect of older age groups (aOR = 0.24, 95% CI: 0.06–0.89 for children 5–9 years old; aOR
= 0.17, 95% CI: 0.03–0.68 for children 10–14 years old; aOR = 0.05, 95% CI: 0.01–0.20 for
children ≥15 years old), and a strong positive association with tribe 5 (aOR = 5.55, 95%
CI: 1.61–19.4) (Tables S9 and S10). However, when adjusting for the effect of coinfections;
the best fit model suggested a protective effect of E. nana (aOR = 0.25, 95% CI: 0.08–73),
oldest age group ≥15 years old (aOR = 0.07, 95% CI: 0.01–0.28), and a positive effect of
tribe 5 (aOR = 5.87, 95% CI: 1.60–22.1) (Table S11).

3. Discussion

This survey presents new insights into the epidemiology of G. duodenalis in Amazonian
indigenous communities. The main contributions of the study include the demonstration
that (i) giardiasis is a common finding (13–22%) in apparently healthy Tapirapé people,
mainly affecting children in the age group of 0–9 years old; (ii) assemblage B was responsi-
ble for near 70% of the mostly asymptomatic infections detected; and (iii) a high degree of
genetic heterogeneity was observed within assemblage B (but not assemblage A) sequences,
regardless of the molecular marker used.

Several epidemiological studies conducted in endemic areas worldwide have shown
that G. duodenalis infections do not seem to correlate positively with diarrhoea [23,24],
demonstrating that asymptomatic giardiasis is the rule rather than the exception in these
settings. This fact would explain why giardiasis is systematically absent in global burden
estimations of diarrhoeal disease [25]. This seems to be also the case of the present study,
where G. duodenalis infections were detected similarly in asymptomatic individuals (33.8%)
and individuals presenting with diarrhoea or other gastrointestinal manifestations (35.3%).
Taken together, this information supports the hypothesis that some enteric protist species
(e.g., Blastocystis sp., Dientamoeba fragilis, G. duodenalis) might in fact be protective against
disease [26]. This is an attractive possibility implying that these agents are indeed acting as
pathobionts (that is, microorganisms that normally live as harmless symbionts but under
certain circumstances can be pathogenic) forming part of the host eukaryome.

We have shown in our study that G. duodenalis infection was strongly related to
younger age and tribe (with tribes 1 and 5 having a higher association) and to seasonality.
This may be due to external factors associated with indirect transmission pathways of
the infection (e.g., source of drinking water, consumption of contaminated fresh produce,
swimming in contaminated surface waters, defecation on the open ground near households,
and high density of companion or domestic animals) or increased risk of reinfection within
the tribe from other infected members through direct person-to-person contact. Contact
with faecally contaminated water and produce may be more likely in the rainy season.
Children <15 years old with giardiasis reported more frequently vomiting, abdominal pain,
and presence of mucus/blood in faeces compared to adults, although observed differences
did not reach statistical significance. Young children with an immature immune system
may be at higher risk of infections and probably more severe disease episodes. Thus,
older adults may have acquired immunity after a previous infection. Indeed, it has been
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shown that levels of intestinal inflammation caused by G. duodenalis infection decrease
with subsequent infections [27,28]. This implies that there is acquired protection against
the severity of giardiasis but not from reinfection [29]. In this regard, it should be noted
that the composition and abundance of the host’s microbiota have also been suggested to
play an important role in the outcome of the infection [30].

Giardiasis was also strongly dependent on the number of samples taken, even con-
sidering that conventional microscopy (a method that is largely known to be of limited
diagnostic sensitivity) was the screening method for the initial detection of G. duodenalis
in the present survey. This suggests that possible reinfections or chronic infections with
intermittent positivity may be more common than initially anticipated. Reinfection may
be more pronounced in the rainy season. In addition, no evident differences between
individuals continuously positive/discontinuously positive to G. duodenalis were found.
However, we should exclude a bias in those presenting for sampling. This is unlikely to be
a major factor due to the lack of symptoms in most cases.

Regarding coinfections, the presence of G. duodenalis was not associated with any
other enteric parasite species, except possibly E. nana. These results may be biased by the
relatively small number of positive samples detected for certain pathogens and should,
therefore, be interpreted with caution. Similarly, a counter-intuitive positive association
between G. duodenalis with washing fresh produce was found. This result may be the
consequence of the potential confounder effect of other variables no considered here such
as the manipulation of fresh produce or the use of contaminated washing water. The latter
possibility would support the relevance of waterborne transmission for human giardiasis.

Molecular sequence analyses of the three loci used here for genotyping purposes
also revealed interesting data. There were no differences in age between individuals
infected either by the assemblage A or the assemblage B of G. duodenalis. Regarding
age-related patterns in the distribution of G. duodenalis assemblages, our results are in
contrast with those previously obtained in surveys targeting clinical populations. For
instance, children have been shown to be more commonly infected by assemblage B (83%,
44/53) than adults (52%, 22/42) in patients of all age groups in Spain [31]. Moreover,
in that country, assemblage B was significantly more prevalent than assemblage A in
asymptomatic outpatient children, but not in individuals of older age [32].

Remarkably, no association between the occurrence of diarrhoea (or any other gas-
trointestinal manifestation) and the G. duodenalis assemblage involved in the infection was
found in the investigated population. This result corroborates that observed in children
under 5 years of age (n = 222) recruited under the Global Enteric Multicentre Study (GEMS)
in Mozambique [33]. However, it should be noted that other surveys have shown different,
even contradictory, results. For instance, assemblage A was more prevalent than assem-
blage B in Bangladeshi people (n = 343) [34], in Turkish clinical patients (n = 44) [35], and in
Spanish outpatient children (n = 43) [32]. The opposite trend was reported in asymptomatic
infected individuals (n = 18) in the Netherlands [36].

Genotyping data generated here demonstrated that assemblage B was responsible for
three out of four G. duodenalis infections in the Tapirapé people, a similar proportion of that
(78%) described in paediatric populations in the Amazonas State [37]. Of note, assemblage
A tends to be the predominant G. duodenalis genetic variant circulating in humans in Brazil
(Table S1). These facts may be indicative of differences in sources of infection, transmission
pathways, or even geographical segregation patterns of the parasite in the country. Lack of
non-human, host-specific assemblages C–F seem to suggest that companion, production,
and free-living animal species are no significant contributors of giardiasis in the surveyed
population. This is in spite of the fact that swine and poultry were reared in all seven tribes,
and that domestic dog and cat densities were also high. In addition, cattle (but not sheep)
farming was also frequent in the proximity of them. Taking together, these data indicate
that human giardiasis is mainly of anthropic nature among the Tapirapé people. The extent
and accuracy of this statement should be corroborated in future molecular epidemiological
studies including animal and environmental (water) samples.
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This study also confirms the high genetic variability within G. duodenalis assemblage
B (but not assemblage A) reported frequently in similar molecular epidemiological surveys
conducted in endemic areas globally [38,39] including Brazil [40,41]. This finding was
particularly evident at the gdh and tpi loci, for which most of the generated BIII (78–87%),
BIV (100%), and BIII/BIV (90–92%) sequences corresponded to distinct genotypes of the
parasite. Sequences unmistakably assigned to BIII and BIV at the gdh/tpi loci tended to vary
only in one to six positions (hotspots) either as mutations or ambiguous (double peak) sites.
In these sets of hotspots, the proportion of sites involving double peaks in BIII sequences
varied from 38% at the gdh locus to 18% at the tpi locus. Interestingly, these percentages
increased in both cases to 55–68% in ambiguous BIII/BIV sequences, explaining why these
isolates were difficult to allocate to a given sub-assemblage. Two independent mechanisms
have been proposed to explain the presence of ambiguous (double peak) positions. The
first one involves the occurrence of true mixed infections (e.g., BIII + BIV) and would
fit well with an epidemiological scenario characterised by high infection and reinfection
rates as the one described in the present study. The second one would be associated with
the occurrence of genetic recombination. Evidence for the latter possibility comes from
independent investigations demonstrating low levels of allelic sequence heterozygosity
(implying a genetic homogenisation mechanism) within assemblage A [42] and, to a lesser
extent, within assemblage B [43]. Additional evidence of genetic recombination events
has been demonstrated within assemblage B in single (trophozoite and cyst) cells [44] and
within sub-assemblages BIII and BIV at the genetic population level [45].

The results obtained in the present study may be biased by certain design and method-
ological constricts. For instance, the initial screening of G. duodenalis was based on conven-
tional microscopy, so the true prevalence of the infection is likely to be underestimated. In
addition, there may be a response bias as people may be more or less inclined to return to
the study if they had a negative or positive test result. Interestingly, the positivity rate was
increased by the number of tests performed, suggesting that over time people were likely to
have had a giardiasis episode, that they may have had a false-negative result at microscopy
examination, or an inherent response bias in that people who were likely to be positive
would return for testing. Limitations associated with the main dataset may arise from the
combination of period-specific data, although most of the independent variables consid-
ered (e.g., demographics, access to safe drinking water, and sanitary conditions) were not
expected to change over time. As our analyses used the first negative test result, we could
not further explore the effect of seasonality in the multivariable analysis. However, we have
already shown in the descriptive data that seasonality is associated with infections and re-
peated infections. Lack of association between G. duodenalis genetic variants and occurrence
of clinical symptoms may be influenced by the fact that other diarrhoea-causing agents
(including viral and bacterial pathogens) were not assessed. In addition, suspected mixed
infections were not further investigated by cloning of PCR amplicons or next-generation
sequencing, methods with high sensitivity able to detect genetic variants of the parasite
that are underrepresented in the population pool, and that are otherwise undetectable
using conventional PCR methods and Sanger sequencing. Finally, the typing scheme used
in the present study may lack enough phylogenetic resolution to correctly differentiate
between sub-assemblage BIII and BIV sequences. This issue has been highlighted in recent
molecular studies for assemblage B and assemblage A sequences [46,47]. This important
point emphasises the need of identifying new markers and of developing novel methods
for MLST purposes.

4. Materials and Methods

4.1. Study Area

Brazil extends over 8,511,965 km2 and includes 724 indigenous lands (ILs) covering a
total area of 1,173,770 km2 and accounting for 14% of the country’s territory [48]. Most ILs
are concentrated in the Legal Amazon, representing 23% of the Amazon territory) [49]. The
indigenous people from the Tapirapé ethnicity live in the Serra do Urubu Branco region,
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Mato Grosso State, a region of tropical forest with typical Amazonian flora and fauna inter-
spersed with clean and closed fields. The Tapirapé exploit this environment alternating
agriculture, hunting, gathering, and fishing according to the time of year [49,50]. Farm-
ers´villages have traditionally been in the vicinity of dense forests on high, non-flooding
lands. Currently, the Tapirapé ethnic group is made up of approximately 700 individuals
living in six tribes with maximum and minimum distances from the main tribe of 70 km
and 10 km, respectively. The main tribe is in the municipality of Confresa, Mato Grosso
State (Figure 3). Tapirapé people interact frequently with individuals from other ethnic
tribes at social events, hunt parties, and other activities.

 

Figure 3. Map showing the exact geographical location of the sites sampled in the present study.

4.2. Sampling and Data Collection

This is a prospective, cross-sectional epidemiological study including four sampling
periods covering two dry (July 2008 and July 2009) and two rainy (January 2009 and January
2010) seasons. After obtaining the chief’s (‘cacique’) consent for permission to survey, all
members of the tribe were informed about the aim of the project and invited to provide a
single stool sample at each of the four scheduled sampling periods. Designated persons in
each household were given polystyrene plastic flasks for each member of the household
and stool samples were collected on the following day.

Individual standardised questionnaires were completed by a member of our research
team in face-to-face interviews with designated persons at sample collection, who provided
the requested information for each member of his/her household. Questions included de-
mographics (gender, age, village of origin), clinical manifestations (vomit, abdominal pain),
hand and vegetable washing, source of drinking water, use of water treatment, defecation
place, and contact with domestic animals and livestock. Provided stool samples were
visually inspected for consistency and the presence of mucus or blood. Each participant
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was assigned a unique distinctive code through the whole period of study, which was used
to identify his/her stool sample(s) and associated epidemiological questionnaire(s).

4.3. Microscopy Examination

Stool samples were kept at 4 ◦C before microscopy examination, usually within
48 h of collection. A conventional flotation method using sucrose solution (specific grav-
ity: 1.2 g/cm3) was conducted in all stool samples as previously described [51]. Two
additional techniques were performed—spontaneous sedimentation [52] and centrifugal-
sedimentation in formalin-ether [53]. A sample was considered G. duodenalis-positive if
cysts of the parasite were detected by at least one of the three methods used. Aliquots of
faecal positive samples were stored at –20 ◦C for downstream molecular analyses. Any
other enteric parasite (including helminthic and protist) species found during microscopy
observation were also identified and recorded.

4.4. DNA Extraction and Purification

Positive stool samples were defrosted and G. duodenalis cysts concentrated and purified
using the Faust method [54]. Obtained supernatants were subjected to three freeze–thaw
cycles to facilitate the mechanical breakage of the cyst wall [55]. Genomic DNA was
extracted from the processed supernatants (ca 200 μL) using the PureLink Genomic DNA
Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. Extracted and purified DNA samples in molecular grade water (200 μL) were
kept at −20 ◦C and shipped to the Spanish National Centre for Microbiology (Health
Institute Carlos III) in Majadahonda (Spain) for downstream genotyping analyses.

4.5. Molecular Confirmation of G. duodenalis

Confirmation of G. duodenalis infection was achieved using a real-time PCR (qPCR)
method targeting a 62-bp region of the gene codifying the small subunit ribosomal RNA
(SSU rRNA) of the parasite [56]. Amplification reactions (25 μL) consisted of 3 μL of
template DNA, 0.5 μM of each primer Gd-80F and Gd-127R, 0.4 μM of the probe (Table S12),
and 12.5 μL TaqMan® Gene Expression Master Mix (Applied Biosystems, Foster City, CA,
USA). Detection of parasitic DNA was performed on a Corbett Rotor GeneTM 6000 real-
time PCR system (Qiagen, Hilden, Germany) using an amplification protocol consisting of
an initial hold step of 2 min at 55 ◦C and 15 min at 95 ◦C, followed by 45 cycles of 15 s at
95 ◦C and 1 min at 60 ◦C. Water (no template) and genomic DNA (positive) controls were
included in each PCR run.

4.6. Molecular Characterisation of G. duodenalis

Giardia duodenalis isolates with a qPCR-positive result were re-assessed by sequence-
based multi-locus genotyping of the genes encoding for the glutamate dehydrogenase
(gdh), beta-giardin (bg), and triosephosphate isomerase (tpi) proteins of the parasite. A
semi-nested PCR was used to amplify a ~432-bp fragment of the gdh gene [57]. PCR
reaction mixtures (25 μL) included 5 μL of template DNA and 0.5 μM of the primer pairs
GDHeF/GDHiR in the primary reaction and GDHiF/GDHiR in the secondary reaction
(Table S12). Both amplification protocols consisted of an initial denaturation step at 95 ◦C
for 3 min, followed by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, with a
final extension of 72 ◦C for 7 min.

A nested PCR was used to amplify a ~511 bp-fragment of the bg gene [58]. PCR
reaction mixtures (25 μL) consisted of 3 μL of template DNA and 0.4 μM of the primers
sets G7_F/G759_R in the primary reaction and G99_F/G609_R in the secondary reaction
(Table S12). The primary PCR reaction was carried out with the following amplification
conditions: one step of 95 ◦C for 7 min, followed by 35 cycles of 95 ◦C for 30 s, 65 ◦C for
30 s, and 72 ◦C for 1 min, with a final extension of 72 ◦C for 7 min. The conditions for the
secondary PCR were identical to the primary PCR except that the annealing temperature
was 55 ◦C.
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A nested PCR was used to amplify a ~530 bp-fragment of the tpi gene [59]. PCR
reaction mixtures (50 μL) included 2–2.5 μL of template DNA and 0.2 μM of the primer
pairs AL3543/AL3546 in the primary reaction and AL3544/AL3545 in the secondary
reaction (Table S12). Both amplification protocols consisted of an initial denaturation step
at 94 ◦C for 5 min, followed by 35 cycles of 94 ◦C for 45 s, 50 ◦C for 45 s, and 72 ◦C for
1 min, with a final extension of 72 ◦C for 10 min.

The semi-nested and nested PCR protocols described above were conducted on a
2720 Thermal Cycler (Applied Biosystems). Reaction mixes always included 2.5 units of
MyTAQTM DNA polymerase (Bioline GmbH, Luckenwalde, Germany), and 5× MyTAQTM
reaction buffer containing 5 mM dNTPs and 15 mM MgCl2. Laboratory-confirmed positive
and negative DNA samples for each parasite species investigated were routinely used
as controls and included in each round of PCR. PCR amplicons were visualised on 2%
D5 agarose gels (Conda, Madrid, Spain) stained with Pronasafe nucleic acid staining
solution (Conda). Positive PCR products were directly sequenced in both directions using
appropriate internal primer sets (Table S12). DNA sequencing was conducted by capillary
electrophoresis using BigDye® Terminator chemistry (Applied Biosystems) on an on ABI
PRISM 3130 Genetic Analyser.

4.7. Sequence and Phylogenetic Analyses

Raw sequencing data in both forward and reverse directions were viewed using
the Chromas Lite version 2.1 sequence analysis program (https://technelysium.com.
au/wp/chromas/ (accessed on 1 February 2021)). The Basic Local Alignment Search
Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 1 February 2021))
was used to compare nucleotide sequences with sequences retrieved from the NCBI
GenBank database. Generated DNA consensus sequences were aligned to appropriate
reference sequences using the MEGA 6free software [60] for species confirmation and
assemblage/sub-assemblage identification.

For the estimation of the phylogenetic relationships among the identified Giardia-
positive samples, gdh sequences generated in this study and human- and animal-derived
homologue sequences mostly from Brazil retrieved from GenBank were aligned using
Clustal X and adjusted manually with GeneDoc [61,62]. Inferences by maximum parsi-
mony (MP) were constructed by PAUP version 4.0b10 using a heuristic search in 1000
replicates, 500 bootstrap replicates, random stepwise addition starting trees (with random
addition sequences), and tree bisection and reconnection branch swapping [63]. MrBayes
v3.1.2 was used to perform Bayesian analyses with four independent Markov chain runs
for 1,000,000 metropolis-coupled MCMC generations, sampling a tree every 100th genera-
tion [64]. References [65–109] are cited in the supplementary materials. The first 25% of
trees represented burn-in and the remaining trees were used to calculate Bayesian posterior
probability. The GTR +I + G substitution model was used. The gdh sequence of G. ardeae
was used as the outgroup.

The sequences obtained in this study have been deposited in GenBank under accession
numbers MT542718-MT542765 (gdh), MT542766-MT542794 (bg), and MT542795-MT542829 (tpi).

4.8. Statistical Analysis

We investigated factors (public health features, clinical symptoms, coinfection with
other pathogens) associated with a positive G. duodenalis result. The main dataset was
constructed with data from one of the four sampling points—if the observation ever tested
positive for G. duodenalis, we used data from the sampling point of the first positive G.
duodenalis result; otherwise, we used data from the first sampling point in order.

We conducted Chi-squared tests (p < 0.05) to compare characteristics of cases and
non-cases, and we calculated crude odds ratios (OR) with 95% confidence intervals (CI)
to investigate the crude association between independent variables and a G. duodenalis-
positive result. We constructed multivariable logistic regression models to assess the
association between G. duodenalis and (i) public health features and clinical signs or (ii)
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coinfection with other intestinal pathogens, adjusted by age, tribe, and the number of
samples. Additionally, we considered the serial results of G. duodenalis for observations
with at least two samples. We conducted similar analyses by comparing those continu-
ously negative versus continuously positive, and those discontinuously positive versus
continuously positive.

Univariable analyses were conducted on all available observations, but observations
with missing values were removed from multivariable analyses. All the independent
variables were included in the analyses and we used the stepwise backward selection
method, removing successively the least significant variable and using Akaike information
criterion (AIC) and Bayesian information criterion (BIC) to construct the best fit model.
Analyses were performed in R (package stats).

4.9. Ethics Approval

This study has been approved by the National Research Ethics Commission (CONEP),
Ministry of Health (Brazil), under reference number 120/2008.

5. Conclusions

This microscopy-based survey demonstrates that symptomatic and asymptomatic
giardiasis are common in indigenous people from the Brazilian Amazon. Children under
15 years of age were particularly exposed to the infection, suggesting that acquired immu-
nity plays a role in modulating the frequency and virulence of the disease. G. duodenalis
infection rates varied largely among the surveyed tribes and sampling periods, suggesting
that different pathways may be involved in the transmission of the parasite. Molecular
sequence data indicated that the most likely source of infection was anthropic. The dis-
tribution of assemblages was independent of the occurrence of clinical manifestations,
indicating that the genotype of the parasite was not associated with the outcome of the
infection. Assemblage B accounted for near 75% of the infections detected and showed
a high genetic diversity that impaired the correct identification of sub-assemblages BIII
and BIV. This diversity was mainly associated with the presence of ambiguous positions
(double peaks) at the chromatogram level, suggesting that coinfections and/or genetic
recombination events were taking place, at unknown rates, in the investigated popula-
tion. Further molecular epidemiological studies targeting animal (including domestic
and wildlife) and environmental (drinking water) samples are needed to elucidate the
transmission dynamics of G. duodenalis in this Brazilian geographical region.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-0
817/10/2/206/s1, Table S1: Prevalence and molecular diversity of Giardia duodenalis in humans in
Brazil, Table S2: Prevalence and molecular diversity of Giardia duodenalis in domestic and wildlife
animal species in Brazil, Table S3: Prevalence and molecular diversity of Giardia duodenalis in water
samples in Brazil, Table S4: Prevalence and molecular diversity of Giardia duodenalis in fresh produce
in Brazil, Table S5: Full dataset showing the molecular diversity of G. duodenalis at the gdh, bg, and
tpi molecular markers, Table S6: Intra-assemblage B single nucleotide polymorphisms distribution
and classification among G. duodenalis sequences at the gdh, bg and tpi loci. Hotspots for SNPs are
identified and the summarised comparisons of frequencies between the hotspot and non-hotspot
sites are highlighted with darker shades, Table S7: Univariable analysis comparing discontinuously
G. duodenalis-positive results versus continuously G. duodenalis-positive results. p-values marked
in bold indicate numbers that are significant on the 95% confidence limit, Table S8: Multivariable
analysis comparing discontinuously G. duodenalis-positive results versus always G. duodenalis-positive
results. p-values marked in bold indicate numbers that are significant on the 95% confidence limit,
Table S9: Univariable analysis comparing always G. duodenalis-negative results versus always G.
duodenalis-positive results. p-values marked in bold indicate numbers that are significant on the
95% confidence limit, Table S10: Multivariable analysis always comparing G. duodenalis-negative
results versus always G. duodenalis-positive results. p-values marked in bold indicate numbers that
are significant on the 95% confidence limit, Table S11: Multivariable analysis comparing always G.
duodenalis-negative results versus always G. duodenalis-positive results and considering the presence
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of coinfections. p-values marked in bold indicate numbers that are significant on the 95% confidence
limit, Table S12: Oligonucleotides used for the molecular identification and characterisation of G.
duodenalis in the present study, Figure S1: Maximum parsimony phylogenetic dendogram based on
bg sequences of G. duodenalis. Numbers on nodes indicate the bootstrap/posterior probability values.
GenBank accession numbers for all sequences used for the phylogenetic analysis were embedded
in the tree, Figure S2: Maximum parsimony phylogenetic dendogram based on tpi sequences of
G. duodenalis. Numbers on nodes indicate the bootstrap/posterior probability values. GenBank
accession numbers for all sequences used for the phylogenetic analysis were embedded in the tree.
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Abstract: Cryptosporidium spp., Entamoeba histolytica, Giardia duodenalis, and Blastocystis sp. infections
have been frequently reported as etiological agents for gastroenteritis, but also as common gut
inhabitants in apparently healthy individuals. Between July 2016 and March 2017, stool samples
(n = 507) were collected from randomly selected individuals (male/female ratio: 1.1, age range:
38–63 years) from two sentinel hospitals in Tengchong City Yunnan Province, China. Molecular (PCR
and Sanger sequencing) methods were used to detect and genotype the investigated protist species.
Carriage/infection rates were: Blastocystis sp. 9.5% (95% CI: 7.1–12.4%), G. duodenalis 2.2% (95% CI:
1.1–3.8%); and E. histolytica 2.0% (95% CI: 0.9–3.6%). Cryptosporidium spp. was not detected at all.
Overall, 12.4% (95% CI: 9.7–15.6) of the participants harbored at least one enteric protist species. The
most common coinfection was E. histolytica and Blastocystis sp. (1.0%; 95% CI: 0.3–2.2). Sequence
analyses revealed that 90.9% (10/11) of the genotyped G. duodenalis isolates corresponded to the
sub-assemblage AI. The remaining sequence (9.1%, 1/11) was identified as sub-assemblage BIV. Five
different Blastocystis subtypes, including ST3 (43.7%, 21/48), ST1 (27.1%, 13/48), ST7 (18.8%, 9/48),
ST4 (8.3%, 4/48), and ST2 (2.1%, 1/48) were identified. Statistical analyses confirmed that (i) the
co-occurrence of protist infections was purely random, (ii) no associations were observed among the
four protist species found, and (iii) neither their presence, individually or jointly, nor the patient’s
age was predictors for developing clinical symptoms associated with these infections. Overall, these
protist mono- or coinfections are asymptomatic and do not follow any pattern.

Keywords: coinfection; enteric protists; China; Giardia duodenalis; Entamoeba histolytica; Cryptosporid-
ium; Blastocystis sp.; genotyping; molecular diversity

1. Introduction

Parasitic infections have been frequently reported as significant causes of gastrointesti-
nal disorders and major contributors to the global burden of diarrheal disease globally [1–5].
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Several diarrhea-causing enteric parasite species have been described in humans. Among
them, the most relevant are the protozoa Cryptosporidium spp., Entamoeba histolytica, and
Giardia duodenalis, and the stramenopile Blastocystis sp. [5,6]. However, the impact that
these agents exert on public health has not been fully characterized yet as a large amount
of the epidemiological information currently available is mainly based on single protist
infections, and the role of coinfections is often understated. It is estimated that around 20%
of child diarrheal episodes are reported in low and middle-income countries, and 9% of
those documented in high-income settings are caused by Cryptosporidium spp. [1]. Amebi-
asis, the acute disease caused by E. histolytica, affects near 50 million people and causes
100,000 deaths each year [7]. Both Cryptosporidium spp. and E. histolytica have been recog-
nized as significant causes of morbidity and mortality associated with diarrhea by the 2017
Global Burden Disease Study [4]. On the other hand, G. duodenalis infection is estimated
to result in 280 million cases annually worldwide [8] and was included, together with
Cryptosporidium spp., in the “Neglected Disease Initiative” launched by the World Health
Organization in 2004 [9]. Blastocystis sp. is regarded as the most prevalent enteric protist
isolated from diarrheal patients in high-income countries [1]. However, its pathogenicity
remains controversial partly because it is also the most frequent non-fungal eukaryotic
organism detected in fecal samples from apparently healthy individuals [10–12]. It has
been argued that this protist could be used as an indicator of potential exposure to other
pathogenic enteric protozoa [13]. Besides Blastocystis sp., Cryptosporidium spp., E. histolytica,
and G. duodenalis infections are common in apparently healthy individuals [1,14,15]. There
is a lack of reliable data on the true burden of asymptomatic infections due to the absence
of monitoring programs, underreporting and the fact that carriage of subclinical stages is
often underdiagnosed [1,16,17].

Even though there have been notable advances in this field, the factors that determine
the course of enteric protozoan infections and the development (or not) of gastrointestinal
symptoms remain poorly understood [18]. Protist species/genotypes have been suggested
as predictors of pathogenicity/virulence. It is expected that the growing development of
new molecular diagnostic tools contributes to clarifying the distinction between pathogenic
and nonpathogenic lineages, as well as pathophysiological interactions and other epidemi-
ological features of interest [19].

Many previous studies have explored and reported the presence of more than one
pathogen in cases with diarrheal disease [6,19,20] as well as in healthy individuals [21,22].
Comparatively, less effort has been devoted to exploring the impact of concomitant enteric
infections involving viral, bacterial, and/or parasitic agents and characterizing the enteric
communities and the existence of specific interactions among them [15,23,24]. These
interactions, at least between 2 specific enteric pathogens, are well documented in the
veterinary field, such as the association of enterotoxigenic Escherichia coli and rotavirus that
lead to severe diarrhea in piglets as an example [25]. However, it has not been addressed
in immunocompetent humans until recently [15,26].

To improve our current understanding of the existence and impact of intestinal proto-
zoan coinfections in humans, we conducted a hospital-based cross-sectional study. The
aims of the survey were: (i) to investigate the occurrence of the four protist species most
commonly associated with gastrointestinal disorders and to determine their molecular
profile, (ii) to assess whether these protists co-occur by chance or are community-structured
in hospital-based patients, and (iii) to explore the potential impact of coinfections on
the clinical symptomatology among immunocompetent patients attending the People’s
Hospital of Tengchong City and the Chinese Medicine Hospital in Tengchong City.

2. Results

2.1. Characteristics of the Study Population

A total of 507 subjects participated in the study. The male:female ratio was 1.1
(260/247). Han nationality was predominant (94.9%, 481/507), and the median age of
recruited participants was 52 years (interquartile range (IQR): 38–63 years). Most of the
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subjects lived in rural areas (78.1%, 396/507). Around two-thirds of them had completed
primary education (65.6%, 332/507), and 63.1% of the participants were farmers (320/507).

The most common clinical symptom was decreased appetite (17.9%, 91/507), fol-
lowed by abdominal pain (16.6%, 84/507) and nausea (16.6%, 84/507); in addition, 10.4%
(59/507) of recruited patients presenting with acute diarrhea. Other less frequently reported
symptoms included abdominal distension (12.4%, 63/507), itchy skin 12.2%, 62/507), con-
stipation (10.8%, 55/507) and perianal pruritus (5.5%, 28/507). Overall, 50.0% (233/507) of
the patients did not have any gastrointestinal symptoms.

2.2. Single Enteric Pathogen Infections and Coinfections

Blastocystis sp. was the most prevalent protist species found (9.5%, 48/507; 95% CI:
7.1–12.4), followed by G. duodenalis (2.2%, 11/507; 95% CI: 1.1–3.8) and E. histolytica (2.0%,
10/507; 95% CI: 0.9–3.6), whereas Cryptosporidium spp. was not detected at all. Entamoeba
histolytica was more frequently found in diarrheal (11.9%, 7/59) than in non-diarrheal (0.7%,
3/448) cases (OR = 19.9, 95% CI: 5.0–79.5). The same was true for G. duodenalis (6.8%, 4/59
versus 1.6%, 7/448; OR = 4.6, 95% CI: 1.3–16.2). In contrast, no significant differences were
observed on the distribution of Blastocystis sp. between diarrheal and non-diarrheal cases
(13.6%, 8/59 versus 8.9%, 40/448; OR = 1.6, 95% CI: 0.7–3.6).

Overall, 12.4% of patients (63/507, 95% CI: 9.7–15.6) were infected by at least one
enteric protist. Infections caused by two different enteric protist species were detected
in 1.2% of patients (6/507, 95% CI: 0.4–2.6). The most common coinfection found was
E. histolytica and Blastocystis sp. (1.0%, 5/507; 95% CI: 0.3–2.2), and the coinfection of
E. histolytica and Blastocystis sp. in diarrheal cases was more common than in non-diarrheal
patients (5.1%, 3/59; 0.4%, 2/448, chi-squared = 10.8, p-value = 0.001). Coinfection by G.
duodenalis and Blastocystis sp. was identified in a single case (0.2%, 1/59; 95% CI: 0.01–1.1),
and no significant difference of the coinfection by G. duodenalis and Blastocystis sp. was
found in subjects with and without diarrhea (0.2%, 1/59; 0.0%, 0/449, chi-squared = 2.81,
p-value = 0.116). No other coinfection of these four enteric protozoa was found in diarrhea
individuals and healthy controls.

2.3. Genetic Characterization of Isolates

A total of 11 G. duodenalis isolates were successfully characterized at the triosephos-
phate isomerase (tpi) locus (Table 1). Sequence analysis allowed identifying assemblages A
(90.9%, 10/11) and B (9.1%, 1/11). Further, all 10 assemblage A isolates were assigned to
the sub-assemblage AI of the parasite, and the only one assemblage B isolate was identified
as sub-assemblage BIV. Giardia duodenalis assemblage A was significantly more preva-
lent in individuals presenting with diarrhea (4/59) than in individuals without clinical
manifestations (6/448, chi-squared = 7.37, p-value = 0.006; OR = 5.4, 95% CI: 1.5–19.6).

Table 1. Diversity, frequency, and molecular features of Giardia duodenalis sequences at the tpi locus generated in the present
study. GenBank accession numbers are provided.

Locus Assemblage Sub-Assemblage Isolates
Reference
Sequence

Stretch
Single-Nucleotide

Polymorphisms
GenBank ID

tpi A AI 1 L02120 594–1036 None MW810321
1 L02120 586–1060 G746A, A834G MW810322

1 L02120 595–1060 G915A, G996A,
G1004 MW810323

7 1 L02120 - - -
B BIV 1 1 AF069560 - - -

1 isolates with associated sequences of insufficient quality to clearly determine the presence of single nucleotide polymorphisms.

Blastocystis sp. was detected by PCR amplification of the small subunit ribosomal
RNA (ssu rRNA) gene in 48 samples (Table 2). Sequence analyses revealed the presence of
five subtypes (ST) of this protist, with ST3 being the most prevalently found (43.7%, 21/48),
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followed by ST1 (27.1%, 13/48), ST7 (18.8%, 9/48), ST4 (8.3%, 4/48), and ST2 (2.1%, 1/48).
Concerning intra-subtype genetic diversity, alleles 2, 4, and 88 were identified within ST1,
allele 9 within ST2, allele 34 within ST3, alleles 42, 92, and 94 within ST4, and alleles 100
and 101 within ST7. No statistical differences in the distribution frequencies of Blastocystis
STs were observed between diarrheal and non-diarrheal individuals (chi-squared = 3.73,
p-value = 0.2913).

Table 2. Diversity, frequency, and molecular features of Blastocystis sp. sequences at the ssu rRNA
locus generated in the present study. GenBank accession numbers are provided.

Subtype Allele Isolates GenBank ID

ST1 2 3 MW798733
4 7 MW798734

88 3 MW798735
ST2 9 1 MW798736
ST3 34 21 MW798737
ST4 42 2 MW798738

92 1 MW798739
94 1 MW798740

ST7 100 3 MW798741
101 6 MW798742

2.4. Impact of Coinfection on Diarrheal Symptomatology

According to our partial least square (PLS) analyses, no statistically significant associa-
tions were identified between the presence of G. duodenalis, Blastocystis sp. and E. histolytica,
alone or in combination, and the occurrence of clinical manifestations (Stone-Geisser’s Q2
test value <0.0975). Concerning the other predictor, age was not statistically associated
with symptomatology in the study population either.

Furthermore, the presence of any of the three protist species investigated, jointly or
separately, covaried negatively with symptomatology. The analysis revealed that most of
the X’s component variance was due to coinfection with enteric protists (43.1%), followed
by Blastocystis sp. (27.6%) and E. histolytica (24.0%) (Table 3).

Table 3. Predictor weights of the PLS model explaining their association with clinical symptomatology
in hospital-based patients in Tengchong City.

Predictor Variables Loads Weights Percent Cross-Correlation

Protozoa richness −0.67 −0.66 43.1 −0.11
Giardia duodenalis −0.2 −0.17 2.9 −0.03

Blastocystis sp. −0.56 −0.53 27.6 −0.08
Entamoeba histolytica −0.44 −0.5 24 −0.08

2.5. Co-Occurrence of Enteric Protozoa

The null model analysis showed that the observed C-score (265) was lower than
expected by chance (267.45), indicating the existence of a random, noncompetitively struc-
tured protist community. No evidence of a statistically significant protist combination
could be demonstrated in the surveyed population (SES = −0.33, p-value = 0.414).

3. Discussion

Our study confirmed the single prevalence rates of enteric protist species, including
G. duodenalis, Blastocystis sp., and E. histolytica commonly reported in previous studies in
similar settings characterized by adequate access to water sanitation and personal hygiene
practices (WASH) [1,17,27]. In the present PCR-based report, Blastocystis sp. was the
predominant intestinal protist species identified, followed by G. duodenalis and E. histolytica,
whereas Cryptosporidium spp. was not detected at all. These data were also consistent with
those documented in previous studies conducted in human populations in China [28].
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Regarding the genetic diversity of the protist species investigated, out of the 11 G.
duodenalis isolates successfully genotyped at the tpi locus, 10 (90.9%) were classified as
assemblage A and the remaining one (9.1%) as assemblage B. All assemblage A sequences
were identified as sub-assemblage AI. This finding is interesting as sub-assemblage AI is
typically reported at much lower frequencies than sub-assemblage AII in European [29–31]
and Asian [32] countries. This discrepancy may be due to differences in infection sources
or transmission pathways (e.g., a variable proportion of infections of zoonotic nature). No
mixed coinfections involving assemblages A and B were found. Similarly, no infections
caused by animal-specific assemblages C–D (dogs), E (domestic and wild ungulates) and F
(cats) were detected, suggesting that these host species play a limited role as a source of
human giardiasis in this geographical area.

It has been suggested that the presence and proportion of G. duodenalis assemblages
may present spatiotemporal variations [33,34]. Additionally, socioeconomic factors have
also been suggested as potential drivers for G. duodenalis assemblage distribution [35]. In-
terestingly, some molecular epidemiological investigations have reported that assemblage’s
segregation may be involved in infection outcome and clinical presentation, with assem-
blage B resulting in more frequently symptomatic infection in endemic settings [21,36].
Other surveys have indicated that sub-assemblage AII may represent a more virulent
genetic variant of G. duodenalis in humans [17,37,38]. The data mentioned above may
explain, at least partially, the lack of evidence in support of a potential association between
the presence of G. duodenalis and the occurrence of clinical symptomatology in the present
study. It should be noted, however, that a recent case–control study assessing the frequency
and genetic diversity of G. duodenalis infections in children younger than five years of age
with and without diarrhea in southern Mozambique has demonstrated that the occurrence
of gastrointestinal illness was not associated with a given genotype of the parasite [39].

Five distinct Blastocystis STs were identified in the hospital inpatient population under
study, including ST1–ST4 and ST7. This is well in agreement with the available molecular
data from China, where ST1–ST7 and ST12 have been described at variable frequency rates
in different human populations [40]. Interestingly, clinical studies on patients presenting
with diarrhea have shown that ST1 was related to clinical manifestations, including diar-
rhea and may have, therefore, potential pathogenicity. In contrast, ST3 was the Blastocystis
genetic variant more frequently identified in asymptomatic infections [41–43]. This poten-
tial link between a given Blastocystis ST and the presence/absence of clinical manifestations
could not be demonstrated in the present survey. Of note, a relatively high proportion of
individuals carried Blastocystis ST7, a subtype mostly identified in birds and rarely found in
mammals, including humans [44]. This finding clearly indicates that contact with poultry
or captive avian species (or with their fecal material) was the most likely source of infection
of these inpatients.

Remarkably, Cryptosporidium spp. was not detected in any of the recruited patients in
this survey. In China, an overall Cryptosporidium infection rate of 3% has been estimated
for 1987-2018 [45]. In hospital settings, documented infection rates vary greatly depend-
ing on the clinical population under study. Cryptosporidiosis cases have been reported
with low frequencies in children hospitalized primarily for non-gastrointestinal illnesses
(1.6%, 102/6284) in Shanghai [46] and in diarrheic children (10/500) in Wuhan, Hubei
province [47]. In contrast, comparatively much higher (6-40%) infection rates have been
identified in gastrointestinal (including esophageal, small intestine, colorectal, and liver)
cancer patients [48]. These discrepancies may be associated with differences in the age and
immunological status of the patients, the diagnostic methods used or even the geographical
area considered.

As we have shown, it seems that, at the enteric protist level, there is not any specific
community assemblage in the study population considering the four protist species consid-
ered. Our work showed that the occurrence of those pathogens was purely random and
asymptomatic in the study population. Furthermore, not specific interactions were detected
between them, and there was no evidence suggesting that their presence, jointly or sepa-
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rately, was associated with developing clinical symptomatology classically associated with
infections by these species. Although all of them have been reported as causative agents
of gastrointestinal disorders, especially in children in LMIC [20], asymptomatic carriage
has also been commonly reported elsewhere. In the case of Blastocystis sp., its pathogenic
relevance is still controversial [10,11] since this species is one of the most common enteric
protists detected in humans [12,49]. Therefore, it is not surprising that their presence was
not associated with clinical symptomatology in immunocompetent individuals.

Given the results obtained, different factors might provide an explanation that helps
to understand the pathogenesis of enteric protozoan infections and what are the conditions
that lead to disease. Some of them are related to the characteristics of the pathogen, such
as different pathogenicity due to virulence variability of strains or the need of, at least,
a second infection with another pathogen to cause clinical symptomatology. Moreover,
host factors can play a key role, too, such as individual susceptibility or the presence
of healthy functional barriers that protect the human intestine: the mucus layer, the
intestinal epithelial layer and the intestinal microbiota [5,15,18,26]. However, further
research needs to be performed to establish the ecology of enteric communities in healthy
and unhealthy individuals.

We are aware that our research may have some limitations. First, this was a hospital-
based cross-sectional study, so the surveyed population may not represent the general
population in Tengchong City, and the generalizability to other populations may be rather
limited. Although the occurrence rates of protist enteroparasites were consistent with
those published in previous studies, low prevalences might have negatively influenced the
reliability of the estimates in the PLS analyses. Second, the molecular methods (direct and
nested PCRs) used here did not allow the quantification of parasites’ DNA, so the direct
association between parasites’ burdens and occurrence of clinical manifestations could not
be determined. In addition, acute bacterial or viral infections of the gastrointestinal tract
were not found in this study. Additionally, molecular data on the diversity and frequency
of species/genotypes were based on single-locus sequence analysis. Adopting multi-locus
genotyping schemes (particularly for G. duodenalis) would likely improve the genetic data
provided here. This is a task to be conducted soon.

Therefore, further research with a larger sample size, which considers a broader
enteropathogen community, is needed to explore community assemblages present and
their relationships with pathogenicity and clinical manifestations in rural and urban regions
in China.

Undoubtedly, with the increasing awareness of the microbiota role in developing
host immunity [5] and their potential relationship with many communicable and non-
communicable diseases, such as irritable bowel syndrome [50], there is a growing need to
understand the complex relationships between different pathogens and as well as between
the intestinal microbiota and pathogens.

4. Materials and Methods

4.1. Study Design and Study Area

A cross-sectional hospital-based study was conducted from July 2016 to March 2017 in
Tengchong (25◦01′15′ ′ N, 98◦29′50′ ′ E, 1596 m above sea level), a county-level city located
in Yunnan Province, Southwest China. Tengchong has a tropical monsoon climate. The
annual average temperature is 15 ◦C, and the average annual rainfall is 1535 mm with
a year-round mean relative humidity of 77%. The total resident population is 659,000
(Census 2014), of which 60.5% live in rural areas. Two hospitals from this city (People’s
Hospital of Tengchong City and Chinese Medicine Hospital of Tengchong City) agreed to
participate in the study.

The target sample size was n = 423 for an expected prevalence of 50%, 95% confidence
interval and 5% precision. Finally, 507 patients were recruited.
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4.2. Study Participants

Voluntary hospital inpatients (diarrhea cases and healthy controls) were recruited
after a clear explanation of the study objectives provided by a member of the researcher
team through personal interviews. Informed consent was obtained from the participants
or their parents/legal guardians. Individuals presenting with diarrhea were recruited from
the Gastroenterology Department. Non-diarrheal individuals were recruited from other
hospital departments, including Respiratory Department, Trauma Department, and Emer-
gency Department, among others. Enrolled patients were immunocompetent individuals
with CD4 lymphocyte counts ≥500 cells/mm3.

According to the World Health Organization, an acute diarrhea case was defined as
an individual who had more than three episodes of abnormal stool within 24 h (e.g., loose,
watery, bloody, or mucous stool) for any period lasting for <14 days [15]. A healthy subject
was defined as a person who did not have any diarrhea symptoms in the 14 days before
recruitment into the study. Subjects who met the following inclusion criteria were eligible
for inclusion in this study: (i) patients presenting with acute diarrhea (cases), (ii) patients
without gastrointestinal manifestations, including diarrhea (controls), (iii) patients with
a negative result to the main bacterial (Campylobacter spp., Clostridium spp., Escherichia
coli, Salmonella spp., Shigella spp., and Yersinia enterocolitica) and viral (rotavirus, aden-
ovirus, sapovirus, norovirus, and astrovirus) enteric pathogens, and (iv) patients, from
which written informed consents were available. Exclusion criteria included (i) subjects
providing insufficient amount of fecal material, (ii) subjects having severe disorders of the
cardiovascular or nervous systems, serious mental diseases, tumors, hepatitis A–C, and E
virus infection, and/or human immunodeficiency virus (HIV) infection/acquired immune
deficiency syndrome (AIDS), (iii) subjects, who did not provide written informed consent,
(iv) lactating women, and (v) subjects taking antiparasitic drugs just before or during the
recruitment period.

4.3. Specimen and Data Collection

Single stool samples (>3 g or >3 mL) were obtained from each participating subject us-
ing a sterile sampling cup during the study period at the two hospital settings and stored at
4 ◦C. Collected samples were shipped to the laboratory of the National Institute of Parasitic
Diseases, Chinese Center for Disease Control and Prevention (Shanghai, China) without
interrupting the cold chain and immediately stored at −70 ◦C until further processing.

A structured questionnaire was used to gather sociodemographic (including age, gen-
der, educational level, occupation, nationality, and place of residence) and clinical (clinical
manifestations associated with enteric protist infections, including abdominal distension,
diarrhea, lack of appetite, itchy skin, perianal pruritus, constipation, nausea, abdominal
pain, number of stools per day and type of stools) data from each recruited patient.

4.4. DNA Extraction and Purification

Genomic DNA was extracted from each stool sample (0.2 g or 0.2 mL) using a QIAamp
DNA stool mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol.
Purified genomic DNA was stored at −70 ◦C until downstream analysis by polymerase
chain reaction (PCR) amplification.

4.5. Molecular Detection of Intestinal Protozoan Species

A direct PCR protocol was used to detect Blastocystis sp. [51]. In contrast, nested PCR
protocols were used for identifying Cryptosporidium spp., G. duodenalis, and E. histolytica [52–54].
The description of the primer pairs used, the expected size of the obtained amplicons and
the cycling conditions of these protocols are provided in Table S1.

4.6. Sanger Sequencing Analysis

Positive-PCR products of the expected sizes were directly sequenced in both direc-
tions using appropriate internal primer sets (Table S1). DNA sequencing was conducted at
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Sangon Biotech Company (Shanghai, China). Raw sequencing data were viewed using the
Chromas Lite version 2.1 sequence analysis program (https://technelysium.com.au/wp/
chromas/. Accessed on 19 May 2021). The BLAST tool (http://blast.ncbi.nlm.nih.gov/
Blast.cgi. Accessed on 19 May 2021) was used to compare nucleotide sequences with se-
quences retrieved from the NCBI GenBank database. Generated DNA consensus sequences
were aligned to appropriate reference sequences using the MEGA 6 software to identify
G. duodenalis species and assemblages/sub-assemblages. Blastocystis sequences were sub-
mitted to the Blastocystis 18S database (http://pubmlst.org/blastocystis/. Accessed on 19
May 2021) for sub-type confirmation and allele identification. The sequences obtained in
this study were deposited in GenBank under accession numbers MW810321-MW810323
(G. duodenalis) and MW798733-MW798742 (Blastocystis sp.).

4.7. Statistical Modeling

Data were analyzed using the software R version 4.0.5 [55]. The chi-squared or Fisher’s
exact test, Odd ratios (OR) and 95% confidence intervals (95% CIs) were used to compare
and describe the qualitative variables.

Only participants with complete data records were included in the final analysis.
A new variable was created according to the World Health Organization’s definition
of diarrhea and the information gathered about the type of stool and the number of
depositions per day. A case of acute diarrhea was defined as a person with more than three
episodes of liquid stools per day, lasting less than 2 weeks [56]. Prevalence rates at 95% CIs
for single infections and coinfections in the study population were calculated using epiR
library version 0.5-10 [57].

4.7.1. Co-Occurrence of Enteric Pathogens

Null model analysis was used to explore whether enteric protozoa coinfections were
positive, negative, or randomly associated. Data were organized as a presence-absence
4 × 507 (row × columns) matrix, in which each row represented a protozoa species. Each
column represented a study participant, “1” indicated that a species was present at a
particular host and “0” indicated that a species was absent.

The C-score was the co-occurrence index used for co-occurrence patterns characteriza-
tion. The algorithm chosen was the fixed row-equiprobable column [58]. The calculated
C-score was compared with the expected C-score calculated for 5000 randomly assem-
bled null matrices by Monte Carlo simulations. Furthermore, to compare the degree of
co-occurrence across data, a standardized effect size (SES) was calculated, an index that
measures the number of standard deviations that the observed index (C-score) is above
or below the mean index of the simulated communities. The package “EcoSimR” version
0.1.0 was used to carry out the analysis [59].

4.7.2. Assessing the Impact of Coinfection with Enteric Pathogens on Diarrhea Severity

The partial least square (PLS) regression method was used to assess the impact of
coinfection with enteric protozoa on developing clinical symptomatology. This technique
was selected as it offers multiple advantages over other regression methods: it is the least
restrictive of the multivariate techniques for exploring complex ecological patterns [60],
including the impact of coinfections on the host’s health [23], and its distribution is free and
well suited to deal with multicollinearity [61]. In our analysis, we defined explanatory and
response components or blocks. The explanatory block (PLS X’s component) was defined
by a presence-absence matrix representing the enteric protozoa community (Blastocystis sp.,
G. duodenalis, E. histolytica, and Cryptosporidium spp.). In addition, due to the previously
mentioned age variability in the clinical presentation of diarrheal diseases, age in years
was also included as a covariate in the explanatory block. Our response block (PLS’s
Y component) included the main symptoms described associated with the infections of
those protist species (abdominal distension, lack of appetite, itchy skin, perianal pruritus,
constipation, nausea, abdominal pain and acute diarrhea).
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The significance of PLS models was assessed using Stone–Geisser’s Q2 test, a cross-
validation redundancy measure created to evaluate the predictive significance of exogenous
variables. Values greater than 0.0975 indicate that predictors are statistically significant,
whereas values below this threshold reveal no significance. Finally, the percentage of
observed MNLS variability explained by the enteric pathogen block was also estimated.
The “plspm” version 0.4.9 was used to perform the analysis [62].

5. Conclusions

The present study was the first to analyze the community assemblage of the four
protist species commonly associated with human gastrointestinal disorders in immuno-
competent individuals. Our results showed the absence of any structured community
between them. Their occurrence was purely random. Moreover, there was no evidence of
an association between their presence and developing clinical symptomatology.

Further research, including a broad range of enteric pathogens, is needed to disentangle
the complex relationships and interactions of the intestinal ecosystem. This could eventually
lead to a better understanding about what are the drivers behind gastrointestinal disorders.
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Abstract: The intestinal protozoan parasite Cryptosporidium is an important cause of diarrheal disease
worldwide. The aim of this study was to expand the knowledge on the molecular epidemiology
of human cryptosporidiosis in Sweden to better understand transmission patterns and potential
zoonotic sources. Cryptosporidium-positive fecal samples were collected between January 2013 and
December 2014 from 12 regional clinical microbiology laboratories in Sweden. Species and subtype
determination was achieved using small subunit ribosomal RNA and 60 kDa glycoprotein gene
analysis. Samples were available for 398 patients, of whom 250 (63%) and 138 (35%) had acquired the
infection in Sweden and abroad, respectively. Species identification was successful for 95% (379/398)
of the samples, revealing 12 species/genotypes: Cryptosporidium parvum (n = 299), C. hominis (n = 49),
C. meleagridis (n = 8), C. cuniculus (n = 5), Cryptosporidium chipmunk genotype I (n = 5), C. felis
(n = 4), C. erinacei (n = 2), C. ubiquitum (n = 2), and one each of C. suis, C. viatorum, C. ditrichi,
and Cryptosporidium horse genotype. One patient was co-infected with C. parvum and C. hominis.
Subtyping was successful for all species/genotypes, except for C. ditrichi, and revealed large diversity,
with 29 subtype families (including 4 novel ones: C. parvum IIr, IIs, IIt, and Cryptosporidium horse
genotype VIc) and 81 different subtypes. The most common subtype families were IIa (n = 164)
and IId (n = 118) for C. parvum and Ib (n = 26) and Ia (n = 12) for C. hominis. Infections caused by
the zoonotic C. parvum subtype families IIa and IId dominated both in patients infected in Sweden
and abroad, while most C. hominis cases were travel-related. Infections caused by non-hominis and
non-parvum species were quite common (8%) and equally represented in cases infected in Sweden
and abroad.

Keywords: molecular epidemiology; parasite; parasitology; epidemiology; genetic diversity; host
specificity; Europe; Scandinavia; protist; sporozoa; zoonosis; zoonotic transmission

1. Introduction

Cryptosporidiosis is a global parasitic disease, which usually presents with self-
limiting diarrhea. However, the disease can be severe, especially in immunocompromised
and malnourished individuals [1]. The causative agent is the intestinal protozoan parasite
Cryptosporidium, which infects a wide range of animals, including humans [2]. There are
more than 40 recognized species described, but 2 in particular (Cryptosporidium hominis
and Cryptosporidium parvum) account for most cases of human cryptosporidiosis [3]. In
addition, around 20 other species/genotypes have also been observed in humans, in-
cluding Cryptosporidium meleagridis, Cryptosporidium cuniculus, Cryptosporidium ubiquitum,
Cryptosporidium canis, Cryptosporidium felis, Cryptosporidium viatorum, and Cryptosporidium
chipmunk genotype I [3,4].

Cryptosporidiosis has been a notifiable disease in Sweden since 2004, with an in-
creasing incidence from 69 (0.8 cases/100,000 inhabitants) cases annually in 2005 to 1088
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(10.3/100,000 inhabitants) cases in 2019 [5]. There are several reasons for this increase,
including better general knowledge of cryptosporidiosis, and the introduction of more
sensitive diagnostic methods and, perhaps more importantly, multiple-agent diagnostic ap-
proaches, whereby clinicians do not need to specifically request testing for Cryptosporidium.
Where this approach is used, the number of reported cases tends to increase [6,7]. Never-
theless, there is substantial local variation in the number of reported cases, which suggests
that cryptosporidiosis is still underdiagnosed in Sweden [5].

Knowledge about the distribution of Cryptosporidium species and subtypes within a
country is crucial for the management of cryptosporidiosis and to identify and understand
transmission patterns and potential zoonotic sources [8]. The first larger molecular study
of sporadic cryptosporidiosis cases in Sweden was conducted between April 2006 and
November 2008. Patients from the Stockholm metropolitan area diagnosed with cryp-
tosporidiosis were investigated, and 194 samples were successfully genotyped. A high
occurrence of C. parvum was found; 111 cases vs. 65 of C. hominis. Only 17 (26%) of the
C. hominis infections were acquired in Sweden, compared with 57 (51%) of the C. parvum
infections. In addition, less common species such as C. meleagridis (n = 11), C. felis (n = 2),
C. viatorum (n = 2), and Cryptosporidium chipmunk genotype I (n = 2) were found [9].

The largest known Cryptosporidium outbreaks in Sweden (and Europe) occurred in
Östersund (Jämtland County) and Skellefteå (Västerbotten County) in 2010 and 2011.
Both these outbreaks were caused by contamination of the municipal drinking water
with C. hominis subtype IbA10G2, together affecting an estimated 45,500 persons [10,11].
Cryptosporidium parvum has been documented in water- and foodborne outbreaks as well
as in outbreaks caused by animal contacts [12–14].

The primary aim of the present study was to identify if observations from the Stock-
holm metropolitan area (i.e., predominance of C. parvum but with relatively frequent
detection of unusual species) reflected the situation in the rest of Sweden, and thereby to
geographically expand the molecular investigation of cryptosporidiosis cases in Sweden.
The second aim was to investigate if the C. hominis subtype IbA10G2 was established in the
population following the large waterborne outbreaks in 2010 and 2011.

2. Materials and Methods

2.1. Invitation of Participating Laboratories

All clinical microbiology laboratories performing parasite diagnostic tests on human
samples in Sweden were invited to participate in the study. The laboratories were asked to
forward stool or fecal DNA from Cryptosporidium-positive cases to the Public Health Agency
of Sweden (PHAS) for molecular species determination and subtyping, free of charge.
Sample collection lasted for two years, from January 2013 to December 2014. All local
departments of communicable disease control and prevention were also informed about
the study, and the typing results were continuously submitted to the national mandatory
notifications system (SmiNet).

2.2. Collection of Patient Data

Each submitted Cryptosporidium-positive sample was accompanied by information
on the age, sex, and geographical location of the patient. Information concerning travel
abroad within two weeks prior to onset of disease and, in some instances, assumed routes
of transmission was retrieved from the referral and/or SmiNet and/or the local department
of communicable disease control.

2.3. Laboratory Investigations

The original Cryptosporidium diagnoses were made at local clinical laboratories using
modified Ziehl–Neelsen staining or real-time PCR. In total, samples from 398 patients
from 12 different microbiological laboratories were forwarded to PHAS for molecular
analysis (Table 1). In total, 70 of the stool samples had been fixed in sodium acetate–acetic
acid–formalin (SAF), while 328 samples consisted of stool without preservative and/or
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DNA extracted from unpreserved stool. Most of the SAF-fixed samples had been washed
with phosphate buffered saline at the local laboratory before shipment.

Table 1. Cryptosporidium species in samples provided by 12 participating laboratories across 11 Swedish counties and locally
identified as Cryptosporidium-positive.

County
Number of

Laboratories

Number
of

Samples
Species (Number of Samples)

Halland 1 138 C. parvum (112), C. hominis (15), C. cuniculus (5), C. erinacei (2), C.
meleagridis (1), non-typeable (3)

Jämtland 1 4 C. parvum (4)

Jönköping 1 76 C. parvum (58), C. hominis (5), Cryptosporidium chipmunk genotype I (3),
non-typeable (10)

Kronoberg 1 1 C. felis (1)

Skåne 1 5 C. parvum (3), C. felis (1), Cryptosporidium horse genotype (1)

Stockholm 2 92 C. parvum (62), C. hominis (23), C. ubiquitum (2), C. ditrichi (1), C. felis (1), C.
meleagridis (1), C. viatorum (1), non-typeable (1)

Uppsala 1 70
C. parvum (52), C. hominis (6), C. meleagridis (6), Cryptosporidium chipmunk

genotype I (2), C. felis (1), C. hominis + C. parvum (1), C. suis (1),
non-typeable (1)

Västerbotten 1 4 C. parvum (4)

Västernorrland 1 2 C. parvum (2)

Västra
Götaland 1 5 C. parvum (2), non-typeable (3)

Örebro 1 1 non-typeable (1)

Total 12 398

C. parvum (299), C. hominis (49), C. parvum + C. hominis (1), C. meleagridis
(8), C. cuniculus (5), Cryptosporidium chipmunk genotype I (5), C. felis (4), C.

erinacei (2), C. ubiquitum (2), C. ditrichi (1), C. suis (1), C. viatorum (1),
Cryptosporidium horse genotype (1), non-typeable (19)

DNA was extracted directly from the stool specimens using a QIAamp DNA mini kit
(Qiagen, Germany) according to the manufacturer’s recommendations. Prior to extraction,
oocysts were disrupted using a bead-beater (Techtum, Sweden). DNA from external
laboratories was extracted with local methods prior to submission to PHAS. To characterize
Cryptosporidium species and subtypes, all samples were initially subjected to nested PCR
of the small subunit rRNA (SSU rRNA) gene with subsequent restriction fragment length
polymorphism (RFLP) and nested PCR of the 60 kDa glycoprotein (gp60) gene followed
by sequencing [15–17]. In addition to RFLP analysis, bi-directional Sanger sequencing
of the SSU rDNA amplicons was performed on (i) non-hominis and non-parvum isolates
originally identified by RFLP, (ii) new or uncommon gp60 subtype families, (iii) isolates
where no amplification product was obtained at the gp60 locus, and (iv) isolates where
mixed species were suspected by RFLP. Species determination using a 70-kilo Dalton heat
shock (hsp70) gene segment was performed on a limited number of samples where SSU
rRNA PCR failed [18]. For the subtype determination of species not amplified with the
Alves gp60 primers [17], partial sequences of the gp60 gene were amplified using different
PCR protocols, depending on the investigated species, and products obtained by nested
PCR were sequenced [19–23].

Cryptosporidium-specific actin and heat shock protein (hsp70) genes were amplified
and sequenced in order to further characterize some uncommon species/genotypes [24,25].
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Sequences were edited and analyzed using the BioEdit Sequence Alignment (version
7.0.9.0.) and compared with isolates in the GenBank database using the basic local align-
ment search tool (BLAST). All chromatograms were manually inspected for the presence of
double peaks indicating mixed species/subtypes. In addition, gp60 chromatograms and
fasta files were examined using our in-house gp60 sequence analyzer software CryptoTyper
(unpublished).

Phylogenetic analysis was performed on SSU rDNA and gp60 DNA sequences gener-
ated in the present study as well as sequences from known Cryptosporidium species and
subtypes. Phylogenetic trees were generated using the neighbor-joining method based
on Kimura’s 2-parameter model [26]. To estimate robustness, bootstrap proportions were
computed after 1000 replications. Evolutionary analyses were conducted in MEGA X
(https://www.megasoftware.net/ accessed on 24 April 2021).

Unique and uncommon nucleotide sequences were deposited in GenBank under
the following accession numbers: gp60—KU727289, KU852701-KU852740; SSU rRNA—
KU892559-KU892561, KU892564-KU892566; actin—KU892568, KU892571 and KU892572;
hsp70—KU892574 and KU892577.

3. Results

3.1. Participating Laboratories and Patient Demographics

Samples were provided from 12 of the 21 clinical laboratories performing Cryptosporidium
diagnostics in Sweden at the time of the study (representing 11 of the 21 counties) (Table 1).
Altogether, samples from 398 patients (124 collected in 2013 and 274 in 2014) were received,
representing 63% (398/628) of all cases reported in Sweden during these two years [5]
(Figure 1). Among the participants, 217 (55%) were women and 181 (45%) were men. The
age range was 1 to 88 years (mean (standard deviation), 34.7 (18.09) years); see Figure 1.
The majority of the 398 isolates came from sporadic cases (n = 369), while 22 were related
to outbreaks and seven to family clusters.

Figure 1. Number of reported cases of cryptosporidiosis detected in Sweden in 2013 and 2014 according to age group. One
case with mixed C. hominis and C. parvum infection is not included in the figure.
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3.2. Cryptosporidium Species Identified

Species identification was successful for 95% (379/398) of the samples, and 12 different
species/genotypes were identified (Table 2). In total, 370 of the isolates were identified
by RFLP and/or sequencing of the SSU rRNA gene, and 4 by sequencing of the hsp70
gene (3 C. parvum and 1 C. meleagridis). For five samples with negative SSU rRNA PCR,
species determination was based on the positive gp60 result (4 C. parvum and 1 C. hominis).
Of 19 samples that were PCR-negative and therefore not typeable (Tables 1 and 2), 14
had been preserved in SAF. Cryptosporidium parvum was the species most commonly
observed (79%; 299/379), followed in frequency by C. hominis (13%; 49/379), C. meleagridis
(n = 8), C. cuniculus (n = 5), Cryptosporidium chipmunk genotype I (n = 5), C. felis (n = 4),
Cryptosporidium erinacei (n = 2), C. ubiquitum (n = 2), and 1 each of Cryptosporidium suis,
C. viatorum, Cryptosporidium ditrichi, and Cryptosporidium horse genotype. One patient was
co-infected with C. parvum and C. hominis, as evidenced by RFLP analysis of the SSU RNA
gene followed by Sanger sequencing of the same gene.

Table 2. Distribution of Cryptosporidium spp. according to area of origin of infection among 398 patients with cryptosporid-
iosis diagnosed in Sweden from 2013 to 2014.

Species/Genotypes

Number of Samples (%)

Total Sweden
Other

European
Countries

Africa Asia
North

America
South

America
Unknown

C. parvum 299 211 (71) 60 (20) 9 (3) 5 (2) 3 (1) 1 10 (3)

C. hominis 49 8 (16) 10 (20) 14 (29) 13 (27) 3 (6) 1 (2) 0

C. parvum + C. hominis 1 0 0 0 1 0 0 0

C. meleagridis 8 0 0 0 8 (100) 0 0 0

C. cuniculus 5 3 (60) 2 (40) 0 0 0 0 0

Cryptosporidium
chipmunk genotype I 5 5 (100) 0 0 0 0 0 0

C. felis 4 3 (75) 0 0 1 (25) 0 0 0

C. erinacei 2 1 1 0 0 0 0 0

C. ubiquitum 2 2 0 0 0 0 0 0

C. suis 1 0 1 0 0 0 0 0

C. viatorum 1 0 0 1 0 0 0 0

Cryptosporidium horse
genotype 1 0 0 1 0 0 0 0

C. ditrichi 1 1 0 0 0 0 0 0

None-typable 1 19 16 (84) 1 (5) 2 (11) 0 0 0 0

All cases 398 250 (63) 75 (19) 27 (7) 28 (7) 6 (3) 2 (1) 10 (3)
1 Negative in all PCRs.

3.3. Origin of Infection

Out of the 398 patients, 250 (63%) were infected in Sweden, while 138 (35%) had ac-
quired infection while traveling abroad to 55 different countries, representing all continents
except Oceania and Antarctica, over the two weeks preceding disease onset. Ten cases had
missing or uncertain data concerning origin of infection (Table 2). Cryptosporidium parvum
was the most common species in cases of contracting infection in Sweden (84%; 211/250)
and abroad (57%; 78/138); meanwhile, C. hominis was identified in 3% (8/250) of domestic
cases and in 30% (41/138) of the cases infected abroad.
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Cryptosporidium chipmunk genotype I (n = 5), C. ubiquitum (n = 2), and C. ditrichi (n = 1)
were found only in cases infected in Sweden, while C. meleagridis (n = 8), as well as C. suis,
C. viatorum, and Cryptosporidium horse genotype (n = 1 each), were exclusively found in
travel-related cases. Cryptosporidium felis, C. erinacei, and C. cuniculus were diagnosed both
in domestic and travel-related cases (Table 2).

3.4. Molecular Characterization of Cryptosporidium parvum

Subtyping using the gp60 protocol was successful for 99% (296/300) of the C. parvum-
positive samples, including the sample with mixed C. hominis and C. parvum (Table 3). In
total, nine subtype families (IIa, IIc, IId, IIe, IIl, IIn, IIr, IIs, and IIt) and 42 subtypes were
identified (Table 3). The most common subtype family was IIa, which was observed in
164 patients. It was represented by 22 different subtypes, of which IIaA16G1R1 (n = 42),
IIaA15G2R1 (n = 31), and IIaA17G1R1 (n = 20) were the most common. The remaining 19
IIa subtypes were found in 1–13 patients each. Subtype family IId (n = 118 patients) was
the second-most common subtype family, represented by 11 different subtypes, of which
IIdA22G1 (n = 37) and IIdA20G1 (n = 24) were the most frequent. The remaining nine IId
subtypes were found in 1–16 patients each. Three patients were co-infected with two C.
parvum subtypes: one with IIaA14G2R1 and IIaA15G2R1, and two with IIaA15G2R1 and
IIdA19G1 (Table 3). Subtypes from subtype families IIc, IIe, IIl, IIn, IIr, IIs, and IIt were
found in one or two patients each (Table 3).

Table 3. Cryptosporidium parvum gp60 sequences generated in this study.

Species (No. of
Patients)

Subtype
Family (No.
of Patients)

Subtype (No. of
Patients)

GenBank Acc. No. 1 Origin of Infection (No. of Patients)

C. parvum (299) IIa (164) IIaA13G2R1 (2) KU852706 Turkey (1)

KU852701 Morocco (1)

IIaA13R1 (1) KU852702 Sweden (1)

IIaA14G1R1 (13) JQ030882 Cyprus (1) Georgia (2) Sweden (3)

JX183798 (IIaA14G1R1b) Sweden (7)

IIaA14G1R1r1 (6) KU852703 Sweden (4) Spain (1) Uzbekistan (1)

IIaA14G2R1 (1) KF128738 Greece (1)

IIaA14R1 (2) JX183797 Estonia (1) Sweden (1)

IIaA15G1R1 (6) AM937012 Sweden (4) unknown (1)

KU852704
(IIaA15G1R1_variant) Sweden (1)

IIaA15G2R1 (31) AF164490

Dominican Republic (1) France (1)
Mexico (1) Portugal (9) Portugal/Spain
(1) Sweden (16) Venezuela (1) unknown

(1)

IIaA16G1R1 (42) EU647727 (IIaA16G1R1b) Georgia (1) Italy (1) Serbia (1) Spain (6)
Sweden (30 2)

KU852707 unknown (1)

KT895368
(IIaA16G1R1b_variant) Austria (1) Sweden (1)

IIaA16G2R1 (3) DQ192505 Sweden (3)

IIaA16G3R1 (2) DQ192506 Portugal (1) Sweden (1)
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Table 3. Cont.

Species (No. of
Patients)

Subtype
Family (No.
of Patients)

Subtype (No. of
Patients)

GenBank Acc. No. 1 Origin of Infection (No. of Patients)

IIaA16R1 (1) AM937010 Malta (1)

IIaA17G1R1 (20) GQ983359 Poland (1) Sweden (1)

JX183801 (IIaA17G1R1c) Italy (1) Sweden (11) South Africa (1)

AF403168
(IIaA17G1R1c_variant) Sweden (5)

IIaA17R1 (1) JX183800 Sweden (1)

IIaA18G1R1 (12) HQ005742 Finland (1)

KF289038 (IIaA18G1R1b) Sweden (2)

KT895369
(IIaA18G1R1b_variant) Portugal (1) Sweden (3)

JX183803 (IIaA18G1R1d) United Kingdom (1) Sweden (4)

IIaA18R1 (1) KU852705 Sweden (1)

IIaA19G1R1 (3) KC679056 Spain (1) Sweden (2)

IIaA19G2R1 (1) DQ630514 Mexico (1)

IIaA20G1R1 (4) KC995127 Croatia (1) Italy (1) Sweden (1)
unknown (1)

IIaA21G1R1 (5) FJ917373 Sweden (5)

IIaA22G1R1 (5) JX183806 Sweden (4) unknown (1)

IIaA23G1R1 (2) KC995126 Sweden (2)

IId (118) IIdA16G1 (5) FJ917372 Sweden (1)

JX183808 (IIdA16G1b) Spain (1) Sweden (3)

IIdA17G1 (4) KU852708
Italy (1) Norway (1) Spain (1) Sweden

(1)

IIdA18G1 (3) AY738194 France (1)

KU852709 Africa (1) Sweden (1)

IIdA19G1 (16) DQ280496
China (1) Morocco (2) Oman (1)

Portugal (5) Sweden (2)
Sweden/Portugal (1)

KU852711 Sweden (3)

KU852713 Sweden (1)

IIdA20G1 (24) AY738185 (IIdA20G1b) Israel (1)

JQ028866 (IIdA20G1e) Sweden (20)

KU852711 Croatia (1) Sweden (1)

KU852713 Croatia (1)

IIdA21G1 (3) DQ280497 Portugal (1) Sweden (2)

IIdA22G1 (37) AY166806 Spain (1) Sweden (15)

FJ917374 (IIdA22G1c) Estonia (1) Greece (1) Sweden (15)
Sweden/US (1) unknown (1)

KR349103 France (1) Sweden (1)

IIdA23G1 (5) FJ917376 Ivory Coast (1) Sweden (4)

IIdA24G1 (14) JQ028865 Denmark (1) Germany (1) Sweden (11 3)

JX183810 (IIdA24G1c) Sweden (1)
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Table 3. Cont.

Species (No. of
Patients)

Subtype
Family (No.
of Patients)

Subtype (No. of
Patients)

GenBank Acc. No. 1 Origin of Infection (No. of Patients)

IIdA25G1 (6) JX043492 Sweden (6)

IIdA29G1 (1) GU458803 Sweden (1)

IIc (2) IIcA5G3a (1) AF164491 Germany (1)

IIcA5G3j (1) HQ005749 Sweden (1)

IIe (2) IIeA10G1 (1) KM539058 Guinea (1)

IIeA13G1 (1) KU852716 Sweden (1)

IIl (1) IIlA16R2 (1) AM937007 Europe/Asia (1)

IIn (2) IInA10 (2) KU852717 Tanzania/Sweden (1) Tanzania (1)

IIr (1) IIrA5G1 (1) KU852719 Sweden (1)

IIs (1) IIsA10G1 (1) KU852720 Sweden (1)

IIt (1) IItA13R1 (1) KU852718 Tanzania (1)

Mixed subtypes IIa + IIa (1) IIaA14G2R1 +
IIaA15G2R1 (1) KF128738, KF128738 Italy (1)

Mixed subtypes IIa + IId (2) IIaA15G2R1 +
IIdA19G1 (2) AF164490, JF691561 Portugal (2)

C. parvum + C.
hominis (1) Ia + IIa (1) IaA18R3 +

IIaA16R1 (1) KM538987, AM937010 Syria (1)

neg gp60
PCR (4) Sweden (4)

1 Sequences submitted to GenBank during this study are indicated in boldface type. Accession numbers in non-boldface type refer to
reference sequences from GenBank. 2 Four samples from an outbreak [27]; 3 two samples from an outbreak [27].

Among the IIa and IId subtypes identified in the present study, several sequence varia-
tions were observed, either in the conserved non-repetitive part or in the repetitive area. In
Tables 3 and 4, all subtypes and subtype variants are referred to via a corresponding Gen-
Bank acc. no. with 100% identity. For instance, in subtype IIaA16G1R1, the most common
variant is IIaA16G1R1b (EU647727), which was found in 39 patients, and was the most
common subtype in patients infected in Sweden (n = 30). Subtype IIaA16G1R1b_variant
(KT895368), wherein the TCG repeat is located at a different position in the repeat region
compared to IIaA16G1R1b, was found in two patients. This type of sequence variation
has been described by Alsmark et al. [14], and it was found in four IIa subtypes, but
not in any other subtype family (Table 3). Subtype variations were also seen in IId sub-
types, exemplified by IIdA22G1, where three variants were identified, differing by one
single nucleotide polymorphism (SNP) in the conserved part, AY166806 (n = 16), FJ917374
(IIdA22G1c; n = 19), and KR349103 (n = 2). Another type of sequence variation was found
in IIaA14G1R1r1, which has an interruption of the TCA repeats by an ACA. This subtype,
which was found in six patients, was named according to the proposed nomenclature by
Amer et al. [28], who described a similar sequence variation, IIaA14G1R1r1b, in a sample
from a calf.

Three new C. parvum gp60 subtype families, IIr, IIs and IIt, were identified in one
patient each. The sequences showed 100% identity with C. parvum at the SSU rRNA gene:
IIr and IIt to AF164102 (gene copy A), and IIs to LC270281 (gene copy B). At the gp60
locus, subtype IItA13R1 (KU852718) was identified in a patient (Swec402) who had visited
Tanzania prior to infection. The closest matches in GenBank were 93% to C. parvum subtype
family IIb (AY166805) and 90% to IIp (MK956000). The other two patients (Swec447 and
Swec434) were both infected in Sweden, the first with gp60 subtype IIsA14G1 (KU852720),
where the closest match was 95% identity to subtype family IIe (KU852716), and the second
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with subtype IIrA5G1 (KU852719), which showed 92% similarity to the C. hominis subtype
family Ie (AY738184). This observation prompted us to investigate two additional genes,
actin and hsp70. As regards the actin locus, the isolate was 100% identical to C. parvum
sequence MH542350, and at the hsp70 locus, where 1911 bp were successfully sequenced,
it differed by eight SNPs compared with the IOWA C. parvum strain (XM625373) in the
conserved part. These SNPs, however, did not display any changes in the amino acid
sequence.

Table 4. Cryptosporidium hominis gp60 sequences generated in this study.

Species
(No. of Patients)

Subtype Family
(No. of Patients)

Subtype
(No. of Patients)

GenBank Acc. No. 1 Origin of Infection (No. of
Patients)

C. hominis (49) Ia (12) IaA17R3 (1) KU852723 India (1)

IaA18R3 (4) JF927190 Sweden (2) Thailand (2)

IaA18R4 (1) FJ153246 Thailand (1)

IaA20R3 (2) KU727289 Tanzania (2)

IaA23R3 (1) JQ798143 India (1)

IaA26R3 (1) KU852724 Somalia (1)

IaA28R4 (2) KF682373 US (2)

Ib (26) IbA6G3 (1) KU852722 Egypt (1)

IbA9G3 (9) DQ665688

Afghanistan (1) Ethiopia (1)
Malawi (1) Mozambique (1)
Somalia (1) Uzbekistan (1)

Zambia (1)

KF974523 Congo Republic (1) Uganda (1)

IbA10G2 (15) AY262031
Estonia (1) Greece (1) United

Arab Emirates (2) Guatemala (1)
Peru (1) Spain (7) Sweden (2)

IbA13G3 (1) KM539004 Burkina Faso (1)

Id (3) IdA16 (2) HQ149034 China (1) Sri Lanka (1)

IdA17 (1) KU852721 Tanzania (1)

Ie (1) IeA11G3T3 (1) GU214354 South Africa (1)

If (2) IfA12G1R5 (2) HQ149036 Germany (1) Sweden (1)

Ik (2) IkA18G1 (2 2) KU727290 Sweden (2)

Ii (2) IiA17 (2 2) KF679724 Thailand (2)

neg gp60 PCR (1) Sweden (1)
1 Sequences submitted to GenBank during this study are indicated in boldface type. Accession numbers in non-boldface type refer to
reference sequences from GenBank. 2 Cases described in Lebbad et al., 2018 [29].

3.5. Molecular Characterization of Cryptosporidium hominis

Gp60 subtyping was successful for 49 out of 50 C. hominis isolates (including the
sample with mixed species) (Table 4). Seven subtype families, Ia, Ib, Id, Ie, If, Ii, and
Ik, and 17 subtypes were identified. The most common subtype was IbA10G2 (n = 15),
wherein 13 cases had contracted infection while abroad; the remaining 2 reflected domestic
infections. The second-most common subtype was IbA9G3 (n = 9), detected in patients who
were infected in nine different countries, mainly in Africa (Table 4). In addition to the two
cases with IbA10G2, another three subtypes were found in patients infected with C. hominis
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in Sweden: IaA18R3 (n = 2), IfA12G1R5 (n = 1), and IkA18G1 (n = 2). The cases with the
uncommon subtype families Ii and Ik have been described in a separate article [29].

3.6. Molecular Characterization of C. hominis/C. parvum Mixed Infection

One patient, a 4-year-old girl from Syria, had a mixed C. hominis and C. parvum
infection with subtypes IaA18R3 and IIaA16R1.

3.7. Outbreaks and Family Clusters

Four outbreaks, all caused by C. parvum, were identified during the study period
(Table 5). The first outbreak occurred among veterinary students in 2013, and two different
subtypes were found, IIaA16G1R1 and IIdA24G1 [27]. Outbreaks 2, 3 and 4 were all
foodborne and involved subtypes IIaA16G2R1, IIaA17R1, and IIdA17R1, respectively.
Three small family clusters were also detected; two related to traveling, and one where a
contaminated water well was the suspected vehicle (Table 5).

Table 5. Outbreaks and family clusters involving C. parvum and C. hominis identified in the study period.

Outbreak/
Cluster

Month/
Year

Number
of Sus-
pected
Cases

Number
of Con-
firmed
Cases

Number
of

Cases
Typed

Information Species Subtype
GenBank Acc.

No.

Outbreak 1 1 Feb.
2013 13 6 6 Sweden: veterinary

students C. parvum

IIaA16G1R1
(4 cases) 1

IIdA24G1
(2 cases) 1

EU647727
(IIaA16G1R1b)

JQ028865

Outbreak 2 Jan.
2013 10 2 2

Sweden: foodborne,
private dinner, salad was
the suspected source of

infection

C. parvum IIaA16G2R1 DQ192505

Outbreak 3 May
2014 8 2 1

Sweden: foodborne,
private dinner, no

identified source of
infection

C. parvum IIaA17R1 JX183800

Outbreak 4 March
2014 - 23 13

Sweden: foodborne,
restaurant, parsley was

the suspected source
C. parvum IIdA22G1 AY166806

Cluster 1 July
2014 5 3 3

Sweden: a family,
suspected contaminated

water well
C. parvum IIaA15G2R1 AF164490

Cluster 2 Nov.
2014 2 2 2 Portugal: a couple

traveling together C. parvum
IIaA15G2R1

+
IIdA19G1

AF164490 +
JF691561

Cluster 3 2 Feb.
2013 3 2 2 Thailand: a father and his

son traveling together 2 C. hominis IiA17 2 KF679724

1 Outbreak described in Kinross et al., 2015 [27]; 2 described in Lebbad et al., 2018 [29].

3.8. Molecular Characterization of Additional Species

Of 30 isolates from additional species, 28 were successfully sequenced at the SSU
rRNA locus. Subtyping with the gp60 protocol was successful for 29 isolates; the only
exception was C. ditrichi, wherein no suitable primers were available (Table 6).
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Table 6. Cryptosporidium gp60 sequences from non-hominis and non-parvum Cryptosporidium species generated in this study.

Species
(No. of Patients)

Subtype Family
(No. of Patients)

Subtype
(No. of Patients)

GenBank Acc. No. 1 Origin of Infection
(No of Patients)

C. meleagridis (8) IIIb (3) IIIbA23G1R1 (2) KJ210606
(IIIbA23G1R1a) 2 Indonesia (1)

KU852727
(IIIbA23G1R1c) Malaysia (1)

IIIbA24G1R1 (1) KU852729 China (1)

IIIe (4) IIIeA17G2R1 (2) KU852726 China (2)

IIIeA19G2R1 (1) KJ210620 2 Uzbekistan (1)

IIIeA21G2R1 (1) KU852728 Indonesia (1)

IIIg (1) IIIgA22G3R1 (1) KU852730 Nepal (1)

C. cuniculus (5) Va (1) VaA19 (1) KU852733 Sweden (1)

Vb (4) VbA20R2 (1) KU852735
(VbA20R2b) Sweden (1)

VbA25R3 (1) KU852731 Spain (1)

VbA29R4 (1) KU852734 Sweden (1)

VbA31R4 (1) KU852732 Greece (1)

C. erinacei (2) XIIIa (2) XIIIaA23R12 (1) KU852736 Sweden (1)

XIIIaA24R9 (1) KU852737 Greece (1)

C. ubiquitum (2) XIIa (2) XIIa-1 (2) KU852740 Sweden (2)

C. viatorum (1) XVa (1) XVaA3b (1) KP115937 3 Kenya (1)

Cryptosporidium
chipmunk

genotype I (5)
XIVa (5) XIVaA20G2T1 (5) KP099089 Sweden (5)

Cryptosporidium
horse genotype (1) VIc (1) VIcA16 (1) KU852738 Kenya (1)

C. felis (4) 4 XIXa (3) XIXa-39 (1) MH240852 4 Indonesia (1)

XIXa-43 (1) MH240856 4 Sweden (1)

XIXa-68 (1) MH240883 4,5 Sweden (1)

XIXb (1) XIXb-1 (1) MH240901 4 Sweden (1)

C. suis (1) XXVa (1) XXVaR37 (1) MH187875 Lithuania (1)

C. ditrichi (1) 6 gp60 PCR neg Sweden (1)
1 Sequences submitted to GenBank during this study are indicated in boldface type. Accession numbers in non-boldface type refer to
reference sequences from GenBank. 2 isolates included in Stensvold et al., 2014 [23]; 3 isolate included in Stensvold et al., 2015 [22]; 4

isolates included in Rojas et al., 2020 [21]; 5 case described in Beser et al., 2015 [30]; 6 case described in Beser et al., 2020 [31].

A recently adopted child from Lithuania was infected with C. suis. A gp60 sequence
was achieved using the Cryptosporidium chipmunk primers [19], and by means of additional
sequencing primers (data not shown) subtype XXVaR37 was obtained. This case and
method will be described in a separate article.

Cases with Cryptosporidium chipmunk genotype I subtype XIVaA20G2T1 and C. ubiquitum
subtype XIIa-1 were found in five and two patients, respectively, all infected in Sweden.

Two patients were infected with C. erinacei. The SSU rDNA sequences from their sam-
ples were not identical; the sequence from patient Swec627 (KU892565) infected in Sweden
differed by two SNPs from the closest C. erinacei match in GenBank (KC3056047), while

137



Pathogens 2021, 10, 523

the sequence from patient Swec653 infected in Greece was 100% identical to KC3056047
(Figure 2). The actin DNA sequence obtained from isolate Swec627 was 100% identical to a
C. erinacei isolate (MN237648) from a European badger in Poland (unpublished). Based on
gp60 analysis, a new C. erinacei subtype, XIIIaA23R12, was identified in the first patient
(Swec627), while subtype XIIIaA24R9 was found in the second patient (Swec653).

Figure 2. Phylogenetic relationships between partial SSU rDNA Cryptosporidium sequences obtained in the present study
and sequences retrieved from the NCBI database. Trees were constructed using the neighbor-joining method based on
genetic distance calculated by the Kimura’s 2-parameter model as implemented in MEGA X. The final dataset included
749 positions. Bootstrap values ≥50% from 1000 replicates are indicated at each node. Isolates from this study are indicated
in boldface.

138



Pathogens 2021, 10, 523

Four patients were diagnosed with C. felis; three in Sweden, and one in Indonesia. The
recently described gp60 assay for C. felis [21] yielded four different sequence types.

One patient infected in Kenya with C. viatorum subtype XVaA3b was identified during
the study period. Material from this case was used to develop a C. viatorum gp60 subtyping
assay [22].

The eight patients diagnosed with C. meleagridis were all infected in Asia. Six of
the samples were identified as genotype 1 at the SSU rRNA locus (AF112574), while
sequencing of this gene failed for the remaining two isolates. Investigation of the gp60 gene
was successful for all eight isolates and revealed three subtype families, IIIb, IIIe and IIIg,
and six different subtypes (Table 6). Subtype IIIbA23G1R1c (KU852727) differed by eight
SNPs in the post-repetitive part of the sequence from IIIbA23G1R1b (KJ210609), and was
named IIIbA23G1R1c according to the proposed nomenclature [23].

Two subtype families of C. cuniculus, Va and Vb, and five different gp60 subtypes
were observed. It was noted that the C. cuniculus Vb sequences published in GenBank
carried 2–5 ACA repeats just after the TCA repeats (data not shown); thus, we followed
the recommendation by Nolan et al. from 2010 [32] and included an R in the subtype
designation, as in VbA29R4 for isolate Swe658, with 29 TCA repeats followed by 4 ACA
repeats (KU852734). One patient infected in Greece carried a new subtype, VbA31R4. The
sequence from patient Swec678 had the same numbers of TCA and ACA repeats as a
VbA20R2 strain from the UK (GU971649), but differed by six SNPs and a 3 bp deletion
in the post-repetitive part of the sequence, resulting in five amino acid changes. The
subtype variant was designated VbA20R2b (KU852735), according to the proposed gp60
nomenclature [33].

A third subtype family of Cryptosporidium horse genotype, VIc, was identified in a
patient (Swe490) who had visited Kenya. This subtype, referred to as VIcA16 (KU852738),
showed 88% and 87% identity to subtype families VIa and VIb, respectively. Four ACA
repeats followed just after the TCA repeats, a feature also observed in C. cuniculus sub-
type family Vb. An extended molecular investigation including the SSU rRNA, actin,
and hsp70 genes was performed. The SSU rDNA sequence (KU892564) differed by one
SNP from Cryptosporidium horse genotype sequences deposited in GenBank (FJ435962,
MK775041). The closest match for the actin sequence (KU892571) was a sequence from
Cryptosporidium tyzzeri (AF382343), from which it differed by eight SNPs. No actin se-
quences from the horse genotype were available in GenBank for comparison. The hsp70
sequence KU892577 (1895 bp) showed 100% identity with the four Cryptosporidium horse
genotype sequences available in GenBank. However, none of these sequences (298–403 bp)
were long enough to cover the area with the 12 bp segment repeats towards the 3′ end of
the hsp70 gene. The horse genotype sequence from our study exhibited 10 repeats of a 12
bp segment with SNPs at the third and sixth bases—GG(C/T)GG(A/T)ATGCCA.

3.9. Phylogenetic Analyses

A phylogenetic tree, which contained representative SSU rDNA sequences from all 12
species and genotypes detected in the present study and published sequences from most
Cryptosporidium species/genotypes hitherto detected in humans, was constructed (Figure 2).
In the gp60 tree, one representative sequence from each subtype family detected in this
study, except C. felis and C. suis, was included (n = 26). Sequences from established subtype
families are clustered with sequences from this study. The new C. parvum subtype family
IIt clustered with IIb, subtype family IIr with Ie, and subtype family IIs with IIe, while
the new Cryptosporidium horse genotype subtype family VIc clustered with VIa and VIb
(Figure 3).
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Figure 3. Phylogenetic relationships between partial gp60 Cryptosporidium sequences obtained in the present study and
sequences retrieved from the NCBI database. Trees were constructed using the neighbor-joining method based on genetic
distance calculated by the Kimura’s 2-parameter model as implemented in MEGA X. The final dataset included 840 positions.
Bootstrap values ≥50% from 1000 replicates are indicated at each node. New subtype families observed in this study are
indicated by filled circles. All isolates from this study are indicated in boldface.

4. Discussion

In the present study, performed between January 2013 and December 2014 and includ-
ing samples from 398 patients with cryptosporidiosis, a high diversity of Cryptosporidium
species and subtypes was identified. Cryptosporidium parvum was still the dominant species,
and even fewer C. hominis cases were identified compared with a previous study performed
in the Stockholm metropolitan area between April 2006 and November 2008. Meanwhile,
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the total number of patients infected with non-hominis and non-parvum species was quite
high (8%), corroborating earlier observations [9].

Species determination was successful for 95% of the samples. Cryptosporidium parvum
(79%) dominated both in patients infected in Sweden (84%) and abroad (57%), while
C. hominis was much less common (13%) and identified in only 3% of the domestic cases
and in 30% of the cases infected abroad. Mixed C. hominis and C. parvum infection was
observed only in 1 patient, and for 10 of the patients infected with C. parvum, the origin of
infection was unknown or uncertain. The high occurrence of C. parvum compared with
C. hominis observed in Sweden is similar to the situation in other industrial countries, such
as France, Ireland, and Canada [34–36], although a higher percentage of C. hominis has
been observed in Spain and Australia [37,38]. Shifting trends have been seen over time in
the Netherlands and New Zealand, showing the importance of longitudinal studies [39,40].

In terms of the analysis of cases according to age, the observed bimodal distribution
(Figure 1) supports previous observations [9], with a relatively high number of cases
observed among infants and toddlers and with a second peak—and the largest one—in
the 30–44-year-olds. Quite similar age distributions have been observed in studies from
Denmark, France, and Canada, but with the second peak in the 20–35-year-olds [34,36,41].
The bimodal age distribution may reflect transmission between parents and their children;
however, no such family clusters were detected during the present study. There was a
slight difference in the proportions of female and male cases: 55% and 45%, respectively.
Interestingly, this difference in gender distribution has been seen in cryptosporidiosis
cases in Sweden every year since 2005 (57% and 43% on average for women and men,
respectively) [5]. A similar gender distribution was observed in neighboring Denmark in
2010–2014 [41]. Whether this difference in gender distribution reflects a higher awareness
among females of the need to seek medical care, or something else, remains unknown.

A few C. parvum outbreaks were included in the present study (Table 5), but even
if those patients (n = 22) are excluded from the dataset, C. parvum remains the dominant
species in patients infected in Sweden, at least in the four areas that contributed most of the
samples (Table 1). Differences in the geographical distribution of C. parvum and C. hominis,
with more C. parvum in rural regions and more C. hominis in urban settings, have been
described [42,43], and a similar tendency was seen in our study, where the rural region of
Halland had relatively more cases of C. parvum and fewer cases of C. hominis compared
with the metropolitan region of Stockholm (Table 1). These differences are often attributed
to the closer contact with farm animals in rural areas and more traveling activity for people
living in urban areas [44].

The subtyping of C. parvum showed a great variability; nine subtype families and 42
subtypes were observed. Two C. parvum subtype families, IIa (n = 164) and IId (n = 118),
dominated both in patients infected in Sweden and abroad, while the other subtype families
(IIc, IIe, IIl, IIn, IIr, IIs, IIt) were found only in one or two isolates each. The most common
C. parvum subtype in the present study was IIaA16G1R1b (EU647727), observed in 39
patients. Detected in 24 sporadic cases and 4 cases related to an outbreak among veterinary
students, it was also previously observed as the most common subtype amongst people
infected in Sweden [9,27] (Table 5). This subtype is common in Swedish cattle and has been
involved in earlier outbreaks and family clusters in Sweden [9,45], but was not reported
amongst 48 subtyped C. parvum outbreaks between 2009 and 2017 in the UK [46].

Subtype IIaA15G2R1 is the dominating C. parvum subtype in many countries, both in
cattle and in humans, and is responsible for numerous outbreaks of human cryptosporidio-
sis, probably due to its biological fitness and high virulence [41,46–49]. This subtype was
found in 33 patients, of whom 16 were infected in Sweden; 13 were sporadic cases, and
3 cases were part of a family cluster (Table 5). This subtype has been detected in a few
Swedish calves [50], but has not been associated with any known larger Cryptosporidium
outbreak in Sweden.

Many of the IIa and IId subtype sequences in the present study exhibited examples of
polymorphism in the non-repetitive part, which is sometimes indicated by a lower-case
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letter when sequences are reported to GenBank [33], but this is not always the case. To
overcome this dilemma, all subtypes and subtype variants in Tables 3 and 4 are referred to
via a specific GenBank acc. no. As an example, the most common IId subtype, IIdA22G1
(n = 37), occurred in three variants in this study, and one of them (AY166806) (n = 15) was
only detected in domestic cases, most of them in connection to a foodborne outbreak,
in which parsley was the suspected vehicle (Table 5). Another variant of this subtype,
IIdA22G1c (FJ917374), was identified in 19 cases, of which 15 represented sporadic cases
infected in Sweden. Both these variants of IIdA22G1 have been seen in earlier Swedish
studies of cattle and humans [9,50]. The third variant of this subtype, KR349104, was seen
in only two cases; one infected in France and one in Sweden.

Subtype IIdA24G1 gained attention in 2011 in connection to a foodborne outbreak
linking two Swedish cities, and it was also involved in an outbreak in 2013 among veterinary
students occurring during the present study [12,27]. The same subtype, which is considered
to be quite rare, was linked to 1 out of 48 C. parvum outbreaks in the UK where gp60
subtyping was performed [46].

The subtypes mentioned above, IIdA22G1c and IIdA24G1, were involved in two
foodborne outbreaks, which occurred simultaneously in late 2019 in 10 and 12 Swedish
counties, respectively. Subtype IIdA22G1c was identified in 122 cases and IIdA24G1 in 86
cases. Spinach juice was the suspected vehicle for subtype IIdA22G1c, while no specific
food item could be identified as a source of infection for IIdA24G1 [51].

Two new C. parvum subtypes were identified within the subtype families IIe and IIn.
Subtype IIeA13G1 (KU852716) was found in a patient infected in Sweden, and subtype
IInA10 (KU852717) in two patients; one infected in Tanzania, and one with unclear origin
of infection (either Tanzania or Sweden (secondary infection)). Cryptosporidium parvum IIe
is a well-known anthroponotic subtype family, but since only two cases (both humans from
India) have been reported from subtype family IIn [52], it is impossible to say whether
this one might be an anthroponotic or zoonotic subtype family. The same is true for the 3
new C. parvum subtype families, IIr, IIs and IIt, that were added to the 16 families already
described [48]. Subtype IIrA5G1 and IIsA14G1 were found in patients infected in Sweden.
Interestingly, a patient with subtype IIsA10G1 was recently described in a publication from
Zambia [53]. The patient with subtype IItA13R1 was infected in Tanzania.

One of the objectives of the present study was to investigate whether C. hominis sub-
type IbA10G2 had proliferated in Sweden after the large waterborne C. hominis outbreaks
in Östersund and Skellefteå in 2010–2011, wherein an estimated 45,500 persons developed
cryptosporidiosis. In the earlier study by Insulander et al. [9], performed from 2006 to 2008,
12 of the 17 C. hominis samples from patients infected in the Stockholm area carried subtype
IbA10G2, while in the present study only two of the eight C. hominis patients infected in
different parts of Sweden carried this subtype. The higher frequency of this subtype in
the earlier study could be explained by the fact that several outbreaks at day care centers,
with an index person infected abroad, appeared during that study period, while no such
outbreaks were recorded in the current study. Few samples were submitted from the former
outbreak areas; four from Jämtland County (Östersund) and four from Västerbotten County
(Skellefteå), with all cases representing C. parvum (Table 1). The number of reported cases
from these two counties during 2013 and 2014 was also low, at eight and five, respectively,
and remained quite low during the following years up till now [5]. Therefore, even with
these limitations in mind, we speculate that subtype IbA10G2 has failed to establish itself
in Sweden following the large outbreaks.

In the US, where IbA10G2 used to be the most common outbreak-related subtype,
a new C. hominis subtype, IaA28R4, emerged in 2007 as a major subtype in sporadic
cases and waterborne outbreaks [54]. Since 2013, subtype IfA12G1R5 has emerged as the
dominant C. hominis subtype in the US, as well as in Western Australia [37,55]. In the
present study, IaA28R4 was observed in two patients, both of whom had recently visited
the US, and subtype IfA12G1R5 in two patients, one of whom was infected in Sweden and
one in Germany.
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Cryptosporidium hominis is generally regarded as an anthroponotic species only occa-
sionally infecting other animals. However, recent studies have shown that for a certain
subtype family, Ik, equines are natural hosts [56]. During the present study, the first human
cases infected with this subtype family, Ik, were detected [29] (Table 4). Two unrelated
patients, both infected in Sweden, carried the same gp60 subtype, IkA18G1. This subtype
was recently detected in a horse from China (MK770627)—information reinforcing the
suspicion that zoonotic transmission might have occurred. Another uncommon C. hominis
subtype family, Ii, was found in a father and son after returning from Thailand, where
they visited a monkey farm. This C. hominis variant was previously described as C. hominis
monkey genotype, and has rarely been detected in humans [29].

In the present study, 10 Cryptosporidium species/genotypes were found in addition to
C. parvum and C. hominis, corresponding to 8% (30/379) of the total number of genotyped
samples. This agrees with an earlier Swedish investigation performed on Cryptosporidium
patients from the Stockholm metropolitan area, where 9% (17/194) of the genotyped sam-
ples represented species other than C. hominis and C. parvum. However, in the Stockholm
study, the majority of these infections were acquired abroad; only three patients, two with
Cryptosporidium chipmunk genotype I and one with C. felis, were infected in Sweden [9].
In the present study, an equal number of patients with species other than C. hominis or
C. parvum were infected in Sweden (n = 15) and abroad (n = 15) (Table 1). This difference
might reflect differences in study populations; in the first study, most patients originated
from an urban area, while in the present study, many of the patients were from rural areas
and probably more exposed to zoonotic Cryptosporidium species endemic to Sweden.

The most common cause of non-hominis and non-parvum infections acquired in Swe-
den was Cryptosporidium chipmunk genotype I, which was diagnosed in five adults; four
women and one man. Cryptosporidiosis caused by the chipmunk genotype is considered
an emerging infection in the US [19,43]. Meanwhile, in Europe, only one human case
(from France) has been reported outside Sweden [19]. The first Swedish cases were di-
agnosed in September 2007 and August 2008, at a time when no gp60 subtype method
was available for the chipmunk genotype I [57]. However, later analyses have shown that
they carried the same subtype as the patients from the present study, XIVaA20G2T1, a
subtype that recently was detected in red squirrels in Sweden (unpublished information).
Red squirrels are consequently the most possible source of infection for our patients; the
other described host animals—chipmunks, grey squirrels, and deer mice— are not native
to the country [19,58]. Recent observations have shown a rising number of chipmunk
genotype I infections acquired in Sweden, reflecting an emerging infection in this country
(manuscript submitted).

Cryptosporidium erinacei was first described in European hedgehogs, but has also been
identified in other animals, such as horses and rats [59–61]. Most human cases have been
reported from New Zealand (n = 13), while reports from Europe are scarce, including one
case from the Czech Republic and one from France [40,62,63]. The European hedgehog
is considered an endangered species in Sweden and other parts of Europe, which might
explain the low number of reports from Europe compared with New Zealand, where it
has become an invasive species since its introduction about 150 years ago. The two cases
found during the present study are the first human C. erinacei cases reported from Sweden.
The patient infected in Sweden carried a unique gp60 subtype, XIIIaA23R12, while the
patient infected in Greece carried subtype XIIIaA24R9, which has recently been reported in
New Zealand [40].

Cryptosporidium cuniculus is a common species among rabbits worldwide, while hu-
man infection with this species has gained special attention in the UK, where, in addition
to a documented outbreak, sporadic cases are quite common [64]. Reports of human infec-
tions from other parts of the world are increasing, and sporadic cases have been described
in Nigeria, France, Spain, Australia, and New Zealand [40,48]. Two C. cuniculus subtype
families have been described, Va and Vb. Four of the study patients were infected with
Vb, which is the most commonly reported subtype family both in rabbits and humans, as
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well as in a few other animals, such as kangaroo and alpaca [65,66]. Subtype family Va,
which was observed in one of the patients infected in Sweden, appears to be less frequent
globally, and previous human infections were all reported in the UK [64]. These are the
first documented human cases of C. cuniculus infection in Sweden.

One patient was infected with C. viatorum while visiting Kenya [22]. This species
was initially thought to be anthroponotic because only human cases had been detected
until 2018, when the first non-human host, an Australian swamp rat, was identified [67,68].
This swamp rat isolate was genetically quite different from all known human isolates, but
recent studies from China focusing on different rat species have found C. viatorum isolates
genetically similar to human isolates, and subtyping with gp60 has demonstrated the same
subtype, XVaA3g, in wild rats from China and a human from Australia [37,69].

Another visitor to Kenya was diagnosed with Cryptosporidium horse genotype. All
horse and donkey samples positive for this species when sequencing of the gp60 locus was
performed carried subtype family VIa [70,71], which has also been found in one human
case from Poland (MK784560) (unpublished). Only four cases with subtype family VIb
have been described: two human cases, one in the UK and one in the US [54,72], and two
cases in four-toed hedgehogs from Japan [73,74]. No reports of the VIb subtype family in
equine hosts are available. The patient from our study carried a new gp60 subtype family
(VIc) of Cryptosporidium horse genotype. Since no other reports of this subtype family have
been published to date, we cannot speculate on how this patient contracted the infection.

Two children of 3 and 5 years of age, respectively, were infected in Sweden with
C. ubiquitum, gp60 subtype XIIa-1. These cases were unrelated, and no probable source of
infection was identified. Cryptosporidium ubiquitum has a wide host range and has been
found in wild and domestic ruminants, rodents, and primates, including humans. In the
UK, it is believed that most human infections with C. ubiquitum are related to exposure to
sheep, which are common carriers of subtype XIIa, while infected humans in the US mainly
carry the rodent-associated subtypes XIIb and XIIc [20]. The only published C. ubiquitum
case amongst Swedish animals is from a calf [45], and the occurrence in other animals in
Sweden, including sheep, remains unknown and should be investigated.

The natural hosts of C. suis are domesticated pigs and wild boars. Human infections
are not frequently diagnosed; only around 12 cases were reported prior to our case, which
was a two 2-year-old adopted child diagnosed with cryptosporidiosis upon arrival in
Sweden from Lithuania [48,75].

Human infection with the feline parasite C. felis is not uncommon; indeed, it is
regarded as one of the five most common Cryptosporidium species infecting humans world-
wide [48]. During the study period, four C. felis cases were detected, with three patients
being infected in Sweden and one in Indonesia. Two of the Swedish patients had known
contact with cats, and analyses of fecal samples from cats and their owners using a newly
described gp60 method showed that they shared gp60 subtypes; thus, zoonotic infection
was confirmed [21,30].

One study patient was infected with C. ditrichi, a recently described Cryptosporidium
species in Apodemus spp. in Europe [76]. This was the first time C. ditrichi was diagnosed in
a human, and later on, two more Swedish cases were identified [31].

Eight patients were infected with C. meleagridis, the third most common Cryptosporidium
species infecting humans [77]. Cryptosporidium meleagridis has a wide host range, ranging
from various birds to humans, and in some countries (e.g., Thailand and Peru), this species
is reportedly more common in humans than C. parvum [77]. All patients infected with
C. meleagridis in the present study had acquired infection while traveling in different Asian
countries. The same gp60 subtype was identified in two patients who had made the same
journey to China, while the remaining six patients carried different subtypes (Table 6).
Subtypes IIIeA17G2R1, IIIeA19G2R1 and IIIeA21G2R1 have been observed in chicken in
China, and subtype IIIbA24G1R1 in poultry from Brazil, indicating zoonotic transmission
as a possible route of infection [78,79]. Zoonotic transmission has been documented at a
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Swedish organic farm, where the infected person and the chickens carried the same hsp70
and gp60 subtypes [23,80].

When this study was initiated, the intention was to cover the entire country of Sweden,
and all 21 clinical laboratories carrying out parasitology diagnostic tests in Sweden on
a routine basis at the time of the study were invited to participate. One limitation is
that by the end of the study period, only 12 of the regional laboratories (representing
11 different counties) had provided samples for the study. Our results, however, could
very well be considered to reflect the reality, as nine counties only reported zero to one
patient each with cryptosporidiosis during the study period (2013 and 2014) [5]. However,
the number of referred samples varied considerably between the laboratories, with only
four of them accounting for 95% of the submitted samples (Table 1). With this skewed
distribution, we cannot conclude that the results of this study might be generalizable to
the whole country. Another reason for this biased referral of samples could be the limited
access to unfixed stool samples at some laboratories recommending that stool samples
for parasitology be fixed in SAF. The intention at the beginning of the study was to avoid
receiving samples fixed in SAF or formalin, which has a known negative effect on the
PCR success rate [81], but in the second year, one laboratory with a high detection rate
of Cryptosporidium and limited access to native (i.e., non-preserved) samples was invited
to provide fixed specimens. In total, we received 70 samples fixed in SAF, 63 from this
laboratory and 7 from other participating laboratories. The success rate of PCR for SAF-
fixed samples was 80% (56/70), compared with 99% (323/328) for native stool samples. One
recent study pointed out the limited availability of native stool material for the molecular
analyses of stool parasites [34], but with the increased use of DNA-based diagnostics, the
availability of unfixed material has increased, and the problem with fixed samples is in
decline.

Another potential bias is that the clinical laboratories performing the primary diag-
nostics used different testing strategies and detection methods. Some diagnostic real-time
PCR methods are designed to primarily detect C. parvum and C. hominis, and do not target
some of the less common and genetically distinct species, which might have led to an
underrepresentation of these in some of the counties [82].

5. Conclusions

Cryptosporidium parvum was the dominant species both in cases infected abroad and in
domestic cases. The observed occurrence of C. hominis was generally low, and no indication
of an expansion of the subtype IbA10G2 previously causing the vast Cryptosporidium
outbreaks in Sweden was found. There was a high diversity of species and subtypes, with
8% of the cases reflecting species other than C. parvum and C. hominis, some of which were
found for the first time in humans in Sweden (e.g., C. cuniculus, C. erinacei, and C. ubiquitum).
Our study also identified humans as a new host of C. ditrichi. Overall, zoonotic species and
subtypes plays a major role in human cryptosporidiosis in Sweden.
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Abstract: Giardia duodenalis, Enterocytozoon bieneusi and Cryptosporidium spp. are common enteric
pathogens that reside in the intestines of humans and animals. These pathogens have a broad
host range and worldwide distribution, but are mostly known for their ability to cause diarrhea.
However, very limited information on prevalence and genotypes of G. duodenalis, E. bieneusi and
Cryptosporidium spp. in pet dogs and cats are available in China. In the present study, a total of
433 fecal samples were collected from 262 pet dogs and 171 pet cats in Yunnan province, southwestern
China, and the prevalence and the genotypes of G. duodenalis, E. bieneusi and Cryptosporidium spp.
were investigated by nested PCR amplification and DNA sequencing. The prevalence of G. duodenalis,
E. bieneusi and Cryptosporidium spp. was 13.7% (36/262), 8.0% (21/262), and 4.6% (12/262) in dogs,
and 1.2% (2/171), 2.3% (4/171) and 0.6% (1/171) in cats, respectively. The different living conditions
of dogs is a risk factor that is related with the prevalence of G. duodenalis and E. bieneusi (p < 0.05).
However, there were no statistically significant difference in prevalence of three pathogens in cats.
DNA sequencing and analyses showed that four E. bieneusi genotypes (PtEb IX, CD9, DgEb I and
DgEb II), one Cryptosporidium spp. (C. canis) and two G. duodenalis assemblages (C and D) were
identified in dogs; two E. bieneusi genotypes (Type IV and CtEb I), one Cryptosporidium spp. (C. felis)
and one G. duodenalis assemblage (F) were identified in cats. Three novel E. bieneusi genotypes
(DgEb I, DgEb II and CtEb I) were identified, and the human-pathogenic genotypes/species Type IV
C. canis and C. felis were also observed in this study, indicating a potential zoonotic threat of pet dogs
and cats. Our results revealed the prevalence and genetic diversity of G. duodenalis, E. bieneusi and
Cryptosporidium spp. infection in pet dogs and cats in Yunnan province, southwestern China, and
suggested the potential threat of pet dogs and cats to public health.

Keywords: Giardia duodenalis; Enterocytozoon bieneusi; Cryptosporidium spp.; zoonotic genotypes; pet
dogs and cats; Yunnan province; China

1. Introduction

Giardia duodenalis, Cryptosporidium spp. and Enterocytozoon bieneusi are three eukaryotic
unicellular protozoans, which are the causative pathogens of giardiasis, cryptosporidiosis,
and microsporidiosis, respectively [1–4]. These pathogens can cause many gastrointestinal
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symptoms such as abdominal pain, nausea, vomiting, anorexia and weight loss especially
acute and chronic diarrhea [5–10]. Humans and various animals can be infected by G. duo-
denalis, Cryptosporidium spp. and E. bieneusi through fecal-oral transmission of their cysts
or spores [11,12].

At present, eight G. duodenalis assemblages (A–H) have been identified by the molecu-
lar biological detection method [13]. Among these genotypes, assemblages A and B are
regarded as zoonotic assemblages which mainly infect humans and other mammals [14].
Other G. duodenalis assemblages (C–H) are commonly considered as host-specific, while
assemblages C and D are usually canine-specific assemblages, and assemblage F is usually
a feline-specific assemblage [15,16]. However, assemblages E and F have also been detected
in humans [17,18]. In total, over 40 Cryptosporidium species have been reported, and over
21 species have been reported in humans, including C. canis and C. felis, which cause the
vast majority of infections in dogs and cats, respectively [12,19]. Moreover, Cryptosporidium
muris, Cryptosporidium parvum and Cryptosporidium ubiquitum have also been reported in
dogs and cats [6,7,20–24]. Enterocytozoon bieneusi is the most common species causing hu-
man gut infections among nearly 1500 microsporidian species [23]. At least 500 E. bieneusi
genotypes have been defined thus far, which can be divided into several genetically iso-
lated groups, including zoonotic groups (Group 1 and Group 2) and host adapted groups
(Groups 3 to 11) [23,24].

Due to the closer relationships between humans with pet dogs and cats, many
pathogens can be transmitted to humans through pet dogs and cats, including G. duo-
denalis, Cryptosporidium spp. and E. bieneusi. Therefore, investigation of the prevalence and
genotypes/species of G. duodenalis, Cryptosporidium spp. and E. bieneusi in pet dogs and
cats will improve our understanding of the potential threat posed by these pathogens in
companion animals in Yunnan province, China.

2. Results

2.1. Prevalence of G. duodenalis, E. Bieneusi and Cryptosporidium spp. in Pet Dogs and Cats

The prevalence of G. duodenalis, Cryptosporidium spp. and E. bieneusi was 13.7% (95%CI
9.6–17.9), 4.6% (95%CI 2.0–7.1), 8.0% (95%CI 4.7–11.3) in dogs; and it was 1.2% (95%CI
0–2.8), 0.6% (95%CI 0–1.7) and 2.3% (95%CI 0.1–4.6) in cats, respectively (Table 1). Among
three regions, the prevalence of G. duodenali in dogs in Kunming city was significantly
higher than that in Chuxiong city and Lijiang city (p < 0.05). Moreover, the prevalence of
G. duodenalis in dogs in shelter dogs (27.8%, 20/72, 95%CI 17.4–38.1) was higher than that in
pet markets (2.9%, 1/34, 95%CI 0–8.6) and pet hospitals (9.6%, 15/156, 95%CI 5.0–14.2), and
the difference was statistically significant (p < 0.001). However, no statistically significant
difference in prevalence of G. duodenalis in pet cats was observed (Table 1).

Among the different living conditions of dogs, the difference in E. bieneusi prevalence
was statistically significant (p < 0.001). The prevalence of E. bieneusi in dogs aged more than
6 months was 10.3% (95%CI 6.0–14.6), which was significantly higher than that in dogs
aged less than 6 months (1.5%, 95%CI 0–4.3) (Table 1). Also, the prevalence of E. bieneusi in
female dogs was 10.3% (95%CI 5.5–15.1), which was higher than that in male dogs (4.7%,
95%CI 0.7–8.7), but the difference in prevalence was not statistically significant (p = 0.098).
Similarly, the prevalence of E. bieneusi in female cats (3.3%, 95%CI 0–7.9) was slightly higher
than that in male cats (1.8%, 95%CI 0–4.3) (Table 1).

Furthermore, the prevalence of Cryptosporidium spp. in dogs in shelter (15.3%, 95%CI
7.0–23.6) was higher than that in pet markets (no detection) and pet hospitals (0.6%, 95%CI
0–1.9). Between two gender groups, the prevalence of Cryptosporidium spp. in male and
female dogs was not significantly different (Table 1).
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2.2. Assemblages and Subtypes of G. duodenalis in Pet Dogs and Cats

PCR amplification and DNA sequencing showed that 38 positive samples (36 from
dogs and 2 from cats) of G. duodenalis were detected at bg locus, resulting three assemblages,
namely C (4 from dogs), D (32 from dogs) and F (2 from cats). In addition, at the gdh locus,
the 19 gdh-positive samples were identified as assemblage C (4 from dogs), D (13 from
dogs) and F (2 from cats). Only one tpi-positive sample (1 from dogs) was identified as
assemblage C.

Sequence alignment analysis revealed some single nucleotide polymorphisms at bg-
sequences, gdh-sequences and tpi-sequences, respectively. At bg locus, one subtype of
assemblage C, 7 subtypes of assemblage D and one subtype of assemblage F were identified,
including five novel (Da4 * ~ Da7 *, Fa1 *) and four known sub-assemblages (Table 2). Also,
at gdh gene locus, three subtypes of assemblage C, seven subtypes of assemblage D and
one subtype of assemblage F were identified, including four novel (Cb3 *, Db5 * ~ Db7 *)
and six known subtypes (Table 2). Only one novel subtype (Cc1 *) of assemblage C was
found at tpi gene locus (Table 2). Moreover, one sample were successfully amplified and
sequenced at three gene loci (bg, gdh and tpi), forming one mixed infection (Table 3).

Table 2. Variations in nucleotide sequences of assemblages of Giardia duodenalis in pet dogs and cats in Yunnan province,
southwestern China.

Locus Host (Subtypes) Nucleotide at Position
No.

Positive
Accession
Number

bg

(a) Variations in bg nucleotide sequences among assemblage D
31 61 103 109 203

Reference sequences G A G C A MG873354
Dog (Da1) 20 MN734349
Dog (Da2) A 5 MN734350
Dog (Da3) T 3 MN734353
Dog (Da4 *) A T 1 MN734351
Dog (Da5 *) A A 1 MN734354
Dog (Da6 *) C A 1 MN734352
Dog (Da7 *) A A G 1 MN734355
(b) Variations in bg nucleotide sequences among assemblage F

55
Reference sequences C KX960131
Cat (Fa1 *) T 2 MN734356
(c) Variations in bg nucleotide sequences among assemblage C
Reference sequences KY979502
Dog (Ca1) 4 MN734348

gdh

(a) Variations in gdh nucleotide sequences among assemblage C
340 589 600 603 693

Reference sequences A G C A G MF990016
Dog (Cb1) G A T G 2 MN734358
Dog (Cb2) G A T G T 1 MN734359
Dog (Cb3 *) G 1 MN734357
(b) Variations in gdh nucleotide sequences among assemblage D

356 368 386 506 509 654
Reference sequences C A T A C A MF990017
Dog (Db1) 1 MN734366
Dog (Db2) T G 3 MN734362
Dog (Db3) A G 5 MN734364
Dog (Db4) T 1 MN734363
Dog (Db5*) G 1 MN734361
Dog (Db6*) A 1 MN734360
Dog (Db7*) T G T T 1 MN734365
(c) Variations in gdh nucleotide sequences among assemblage F
Reference sequences KM977649
Cat (Fb1) 2 MN734367

tpi

Variations in tpi nucleotide sequences among assemblage C
135 315

Reference sequences G T KY979494
Dog (Cc1 *) T C 1 MN734368

* means novel subtypes of assemblage.
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Table 3. Multilocus characterization of Giardia duodenalis isolates based on the bg, tpi and gdh genes.

Isolate
Assemblage

No. Sequences MLG Type
bg tpi gdh

XSQG34 D C C 1 Mixed

2.3. Genotypes of Enterocytozoon bieneusi and Cryptosporidium spp. in Pet Dogs and Cats

Based on the ITS sequence, a total of four genotypes, including two known genotypes
PtEb IX (n = 18), CD9 (n = 1) in dogs and two novel genotypes DgEb I (n = 1) and DgEb II
(n = 1) were identified in pet dogs, and one known genotype Type IV (n = 3) and one novel
genotype CtEb I (n = 1) were identified in pet cats (Table 4). The phylogenetic tree showed
that genotypes DgEb I, DgEb II, PtEb IX and CD9 all belonged to the dog-specific group.
However, genotypes Type IV and CtEb I belonged to the zoonotic Group 1 (Figure 1).
Moreover, mixed infections with more than one genotype of E. bieneusi in dogs and cats
were not detected.

Two Cryptosporidium species were identified among the 13 Cryptosporidium-positive
samples, including 12 samples of C. canis in dogs and one sample of C. canis in cats (Table 4).
Five nucleotide sequences of C. canis obtained in this study had 100% similarity to those
deposited sequences in GenBank under accession numbers MN696800. Other sequences
of C. canis had 99% similarity to those deposited sequences in GenBank under accession
number KR999984 and KT749818, respectively (Table 4). Moreover, only one C. canis
sequence had 97% similarity to those deposited sequences in GenBank under accession
number KM977642 (Table 4).

Table 4. Species or genotypes of Cryptosporidium spp. and Enterocytozoon bieneusi in pet dogs and cats in Yunnan province,
southwestern China.

Hosts
Enterocytozoon bieneusi

Genotype (No.)
GenBank Accession Number in This Study

Dog DgEb I * (1) MZ542370
Dog CD9 (1) MZ542369
Dog DgEb II * (1) MZ542373
Dog PtEb IX (1) MZ542371
Dog PtEb IX (17) MZ542372
Cat Type IV (3) MZ542374
Cat CtEb I * (1) MZ542375

Hosts
Cryptosporidium spp.

Genotype (No.)
Reference Sequences GenBank

Accession Number
Similarity

Dog C. canis (5) MN696800 100%
Dog C. canis (4) KR999984 99%
Dog C. canis (3) KT749818 99%
Cat C. felis (1) KM977642 97%

Note: * represent novel genotype.
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Figure 1. Phylogenetic relationship based on ITS sequences of Enterocytozoon bieneusi in pet dogs and cats in Yunnan
province, southwestern China. (Note: The samples in this study are indicated by triangles).

3. Discussion

Dogs and cats, as domestic animals, share a common environment with humans and
other animals, and can infect them with various unicellular zoonotic pathogens. Thus far,
many studies about the infection of G. duodenalis, Cryptosporidium spp. and E. bieneusi in
dogs and cats have been recorded worldwide, such as Asia, Europe and Latin America,
although only a few have been reported in Africa (Table 5) [6,7,16,20,25–53]. According to
the studies in China, the prevalence of G. duodenalis ranges from 4.5–26.2% in dogs and
1.9–13.1% in cats [6,7,25,26]; the prevalence of Cryptosporidium spp. ranges from 3.1–7.5%
in dogs and 5.6–5.8% in cats [6,7,46,47]; and the prevalence of E. bieneusi ranges from
6.0–13.9% in dogs and 1.4–11.5% in cats [6,7,33–35], respectively (Table 5).
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Table 5. Prevalence of Giardia duodenalis, Enterocytozoon bieneusi and Cryptosporidium spp. in dogs and cats in different
regions of the world.

Regions Hosts Prevalence (%) Hosts Prevalence (%) Reference

(a) Prevalence of Giardia duodenalis in dogs and cats in different regions of the world.
China
Shanghai Dogs 26.2% Cats 13.1% [7]
Guangdong Dogs 10.8% Cats 5.8% [25]
Heilongjiang Dogs 4.5% Cats 1.9% [6]
Sichuan Dogs 11.3% - - [26]
Henan Dogs 14.3% - - [27]
Hangzhou - - Cats 1.2% [28]
Yunnan Dogs 13.7% Cats 1.2% Present study
Other countries
Australia Dogs 6.3% Cats 2.0% [20]
Greece Dogs 25.2% Cats 20.5% [29]
Spain Dogs 33% Cats 9.2% [30]
Ontario Dogs 64.0% Cats 87.0% [31]
Brazil Dogs 19.6% - - [32]
(b) Prevalence of Enterocytozoon bieneusi in dogs and cats in different regions of the world.
China
Shanghai Dogs 6.0% Cats 5.6% [7]
Heilongjiang Dogs 6.7% Cats 5.8% [6]
Henan Dogs 13.9% Cats 11.5% [33]
Eastern China Dogs 8.6% Cats 1.4% [34]
Changchun Dogs 7.8% - - [35]
Yunnan Dogs 8.0% Cats 2.3% Present study
Other countries
Colombia Dogs 15.0% Cats 17.4% [36,37]
Egypt Dogs 13.0% Cats 12.5% [38]
Germany Dogs 0.0% Cats 5.0% [39]
Spain Dogs 0.8% Cats 3.0% [40]
Japan Dogs 2.5% Cats 14.3% [41]
Poland Dogs 4.9% Cats 9.1% [42]
Thailand Dogs 0.0% Cats 31.3% [43]
Portugal Dogs 100.0% Cats 100.0% [44]
Iran Dogs 25.8% Cats 7.5% [45]
(c) Prevalence of Cryptosporidium spp. in dogs and cats in different regions of the world.
China
Shanghai Dogs 6.0% Cats 5.6% [7]
Heilongjiang Dogs 6.7% Cats 5.8% [6]
Zhengzhou Dogs 3.1% - - [46]
Ya’an Dogs 7.5% - - [47]
Yunnan Dogs 4.6% Cats 0.6% Present study
Other countries
Japan - - Cats 1.4% [48]
Spain Dogs 5.5% Cats 8.8% [16]
Germany Dogs 1.2% Cats 5.3% [49]
Greece Dogs 5.9% Cats 6.8% [29]
Thailand Dogs 2.1% Cats 2.5% [50]
Brasil Dogs 24.5% Cats 11.1% [51]
Italy Dogs 1.7% - - [52]
Netherland Dogs 8.7% Cats 4.6% [53]

In the present study, the prevalence of G. duodenalis in dogs is higher than that in
Heilongjiang (4.5%) [6], Guangdong (10.8%) [25] and Sichuan (11.3%) [26] provinces, China,
and is also higher than other zoonotic pathogens in dogs, such as 10.3% for Babesia canis,
9.1% for Anaplasma spp., 4.5% for Leishmania infantum, 1.7% for Borrelia burgdorferi, 0.4% for
Ehrlichia spp. and 1.7% for Dirofifilaria immitis in Italy [54], but is lower than that in Henan
province (14.3%) [27], Shanghai city (26.2%) in China [7] and other countries (Table 5).
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Similarly, the G. duodenalis prevalence in pet cats is consistent with that in Hangzhou city
(1.2%) [28], China; but is lower than that in Heilongjiang (1.9%) [6] and Guangdong (5.8%)
provinces [25] and Shanghai city (13.1%) [7] in China and other countries (Table 5), and is
also lower than L. infantum (3.0%) in Greece and Italy; Rickettsia felis (10.8%), Rickettisa typhi
(4.2%), Anaplasma phagocytophilum (2.4%) and Ehrlichia canis (2.4%) in cats in Italy [55,56].
The reason is complicated among different studies because many factors could affect the
prevalences such as sample sizes, sample sources, environments, animal welfare, hygiene
conditions, age and sex of samples, and the sensitivity of tested methods. Moreover, the
living condition is a risk factor (p < 0.05) that is significantly related to the prevalence
of G. duodenalis in pet dogs in this study. We suspect that the poor sanitation of shelters
contributes significantly to nosocomial transmission, adding to the prevalence of G. duo-
denalis in pet dogs. Furthermore, the higher prevalence of G. duodenalis was detected in
pet dogs in Kunming city (p < 0.05) (Table 1), which suggests that the region is also a risk
factor significantly associated with G. duodenalis infection in this study. In addition, the
prevalence of G. duodenalis in male dogs was higher than that in female dogs in the present
study, which is consistent with observations in other previous studies [2,57], although the
difference was not statistically significant (p > 0.05). Compared with dogs, cats seem to be
less susceptible to infection with G. duodenalis (Table 1). This might be explained by the
different living habits of these two animals.

Similar to G. duodenalis, the prevalences of E. bieneusi in pet dogs and cats in different
regions are different (Table 5). This is probably because the route and source of infection
for dogs or cats in each region may be different. In addition, other factors can also affect
the prevalence of E. bieneusi in dogs and cats. Furthermore, statistical analysis showed
that a significant difference was observed among pet dogs in shelters, pet markets and pet
hospitals (Table 1), which indicates that dogs living in shelters are more easily infected
with E. bieneusi than those dogs in pet hospitals and markets. The reason may be the poorer
hygiene conditions in shelters compared with pet markets and pet hospitals. Pet dogs aged
more than 6 mouths seemed to be more susceptible to infection with E. bieneusi (p < 0.05)
(Table 1), suggesting that further relevant research should pay more attention to the adult
dogs. Additionally, only cats in Chuxiong city were found to be infected by E. bieneusi
(Table 1); thus, we speculate that the regional factors may have a significant effect on the
prevalence of E. bieneusi in cats. But this hypothesis needs to be tested. Additionally, there
was no significant difference in the prevalence of Cryptosporidium spp. rate in pet dogs or
cats (Table 1).

Up to now, six assemblages (assemblage A, B, C, D, E and F) have been identified
in dogs and cats in previous studies [6,7,25–27,31], and canine-specific and feline-specific
assemblages C, D and F are also found in other animals [11]. These findings indicate that
both dogs and cats are a reservoir of G. duodenalis, which has risk of transmission among
different animals. In the present study, only two assemblages (C and D) were identified
in pet dogs, which is similar to previous studies [26,27]. Furthermore, a previous work
demonstrated that the assemblages C and D are more sensitive than assemblage A in pet
dogs [58]. Moreover, we found nine subtypes of assemblage (at bg locus, n = 4, at gdh
locus, n = 4 and at tpi locus, n = 1) in dogs and one subtype of assemblage (at bg locus,
n = 1) in cats (Table 2). The assemblage of G. duodenalis in dogs in the current study seems
to more likely to mutate, thus further studies need to examine the genetic structure of
these subtypes. Also, one mixed genotype of G. duodenalis was found in dogs in this study
(Table 3), revealing the diversity of G. duodenalis in our investigation area.

Early studies have reported that genotypes of E. bieneusi CD1 to CD8, D, O, PigEBITSS,
EbpA, CMl, Peru8 and EbpC are identified in dogs, and genotypes D, BEB6, I, CC1, CC2,
CC3, CC4 are identified in cats in other provinces of China [33,59]. In the present study,
the dominant genotype of E. bieneusi PtEb IX (18/21) is a common dog-specific E. bieneusi
genotype identified in dogs (Table 4). Additionally, two novel genotypes (DgEb I and
DgEb II) were also identified in dogs in our study, which enrich the genotype variety of
E. bieneusi in dogs. E. bieneusi genotype Type IV and novel genotype CtEb I in pet cats
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belonged to Group 1 of zoonotic potential (Figure 1), which imply that pet cats may be a
potential source of human infection with E. bieneusi in Yunnan province, China.

According to previous studies, C. ubiquitum and C. canis are commonly found in dogs,
and C. parvum and C. felis are commonly found in cats in Heilongjiang, Shanghai and other
cities or provinces of China [6,7]. In the present study, we only identified C. canis and
C. felis in pet dogs and cats, respectively (Table 4). By contrast with the current study, the
C. parvum and C. muris have been found in dogs or cats in other countries [20–22,36,60].
Despite our results revealing the presence of host-specific Cryptosporidium spp. species
(C. canis and C. felis) in pet dogs and cats, these two species have been reported in humans
and mainly in developing countries [6]. This finding suggests that people still need to
take further precautions when they are in close contact with their pets. In addition, some
nucleotide sequences of Cryptosporidium spp. obtained in pet dogs and cats have mutations
in this study (Table 4).

4. Materials and Methods

4.1. Study Sites

The fecal samples of pet dogs and cats were collected in Kunming city, Lijiang city
and Chuxiong city in Yunnan province (Location: 21◦8′ N to 29◦15′ N and 97◦31′ E to
106◦11′ E), southwestern China, which covers more than 390,000 square kilometers and
has a population of approximately 48 million.

4.2. Sampling

During August to September 2018, a total of 433 fresh fecal samples were collected
from pet dogs and cats in three cities of Yunnan province, including Kunming city (134 dogs
and 36 cats), Lijiang city (90 dogs and 110 cats) and Chuxiong city (38 dogs and 25 cats).
The Kunming, Lijiang and Chuxiong cities have more numbers of pet dogs and cats than
other cities of Yunnan province, and all the samples of the cats and dogs were randomly
collected from the biggest pet hospital, pet market and shelter in each city (i.e., Kunming
city, Lijiang city and Chuxiong city), respectively. Moreover, the information regarding
regions, ages, genders and living conditions were recorded. All the fecal samples were
saved into 15 mL centrifuge tube with 2.5% potassium dichromate, and then were stored at
4 ◦C until for DNA extraction.

4.3. Genomic DNA Extraction and PCR Amplification

Each fecal sample was washed three times with distilled water by centrifuging at
13,000 g for 5 min to remove potassium dichromate, and 300 mg of the precipitated samples
were used for DNA extraction using the E.Z.N.A. Stool DNA kit (OMEGA, Biotek Inc.
USA) according to the manufacturer’s instructions. The genomic DNA was stored at
–20 ◦C before PCR amplification. The G. duodenalis identification was performed by nested
PCR amplification of bg, gdh and tpi gene loci according to previous reports [25,61],
Cryptosporidium spp. identification was conducted by nested PCR amplification of the
18S ribosomal RNA [62], and E. bieneusi identification was carried out by nested PCR
amplification of ITS rDNA sequences as previously described [63]. The positive and
negative controls were included in each PCR reaction. All the secondary PCR products
were checked by 2% (w/v) agarose gel electrophoresis after ethidium bromide staining and
visualized under UV light.

4.4. Sequence Analysis

The PCR-positive products were sent to Tsingke Biological Technology Company
(Xi’an, China) for two-directional sequencing. The obtained sequences were spliced to-
gether after initial collation with their DNA peak form graph by Chromas v.2.6. The
genotypes/species of G. duodenalis, Cryptosporidium spp. and E. bieneusi were identified by
aligning the obtained sequences with corresponding sequences in the GenBank database
(http://www.ncbi.lm.nih.gov/GenBank/, accessed on 11 July 2021). The phylogenetic
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tree was established by neighbor-joining method (NJ) with Kimura 2-parameter model
in MEGA 7.0 (http://www.megasoftware.net/, accessed on 11 July 2021). The novel
genotypes of E. bieneusi were decided by the ~243-bp ITS region [64,65].

4.5. Statistical Analysis

Prevalence of G. duodenalis, Cryptosporidium spp. and E. bieneusi in age, regio, gender
and living conditions groups were analyzed using Chi-square test in SPSS 24.0 (SPSS Inc.,
Chicago, IL, USA). The 95% confidence intervals (CIs) were estimated. The difference was
considered statistically significant when p-value < 0.05.

5. Conclusions

The present investigation revealed the prevalence and assemblages/genotypes/species
of G. duodenalis, E. bieneusi and Cryptosporidium spp. in pet dogs and cats in Yunnan
province, China. The infection with G. duodenalis, E. bieneusi and Cryptosporidium spp.
in dogs and cats suggests that we should take measures to prevent and control those
pathogens from being transmitted to other animals and humans. Our data provided the
valuable information for a better understanding of the epidemiology and public health
threat of Giardiasis, E. bieneusi and Cryptosporidium spp. in pet dogs and cats in southwest-
ern China.
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Abstract: Cryptosporidium species are ubiquitous enteric protozoan pathogens of vertebrates
distributed worldwide. The purpose of this study was to gain insight into the zoonotic potential
and genetic diversity of Cryptosporidium spp. in Bactrian camels in Xinjiang, northwestern China.
A total of 476 fecal samples were collected from 16 collection sites in Xinjiang and screened for
Cryptosporidium by PCR. The prevalence of Cryptosporidium was 7.6% (36/476). Six Cryptosporidium
species, C. andersoni (n = 24), C. parvum (n = 6), C. occultus (n = 2), C. ubiquitum (n = 2), C. hominis
(n = 1), and C. bovis (n = 1), were identified based on sequence analysis of the small subunit (SSU)
rRNA gene. Sequence analysis of the gp60 gene identified six C. parvum isolates as subtypes, such as
If-like-A15G2 (n = 5) and IIdA15G1 (n = 1), two C. ubiquitum isolates, such as subtype XIIa (n = 2), and
one C. hominis isolate, such as Ixias IkA19G1 (n = 1). This is the first report of C. parvum, C. hominis,
C. ubiquitum, and C. occultus in Bactrian camels in China. These results indicated that the Bactrian
camel may be an important reservoir for zoonotic Cryptosporidium spp. and these infections may be a
public health threat in this region.

Keywords: Cryptosporidium; genotype; Bactrian camels; zoonotic potential; public health

1. Introduction

Cryptosporidium is a significant cause of diarrheal disease worldwide, with broad host ranges and
the ability to infect all vertebrate groups, including humans [1]. As commonly seen, the transmission of
enteric pathogens through contaminated surface water, such as Cryptosporidium spp. potentially cause
large outbreaks of water- and food-borne infections in human populations [2]. Cryptosporidiosis is a
global disease and is considered an important opportunistic disease in immunocompromised patients
due to its high association with mortality in AIDS patients [3].

Characterization of pathogens at the species or genotype level is mandatory when assessing
the potential sources of infection, pathogen load in animals, the environment, transmission routes in
human populations, and public health relevance [1,4]. Currently, Cryptosporidium genotyping is mostly
based on PCR and sequencing of the small subunit (SSU) rRNA gene, which has revealed no less
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than 40 valid species and more than 70 genotypes of Cryptosporidium in humans and animals [1,5,6].
Humans infected by approximately 20 Cryptosporidium species and genotypes, with C. hominis and
C. parvum, are responsible for the highest proportion (~90%) of human Cryptosporidium infections
globally [7]; nevertheless, several primarily animal pathogens, such as C. meleagridis, C. felis, C. canis,
and C. cuniculus are less commonly found in humans [7].

In northwestern China, Bactrian camels (Camelus bactrianus) represent the major livestock species,
especially in Xinjiang Uygur Autonomous Region (hereinafter referred to as Xinjiang), because they are
well adapted to desert and semi-desert areas and provide milk, meat, and camel hair. Cryptosporidium
infection of camel calves resulted in diarrhea and debility, while infected adult camels showed no
symptoms [8]. Camels infected with Cryptosporidium have been reported in many countries, such as
the United States, Australia, Czech Republic, Algeria, Iran, Egypt, and China [9–20]. However,
compared with other livestock animals, information on prevalence, species, genotype, and zoonotic
potential of Cryptosporidium spp. in Bactrian camels is still limited in China.

The main focus of the current study was to investigate the prevalence of Cryptosporidium and
identify the species and subtypes of Bactrian camels in Xinjiang, China (Figure 1). The data will
contribute to an improved understanding of Cryptosporidium spp. in Bactrian camels and assessment
of their zoonotic potential.

Figure 1. Bactrian camels fecal sampling locations in Xinjiang, northwestern China. No copyright
permission was required. The figure was designed with the software ArcGIS 10.2. The map has been
originally modified and assembled according to permission and attribution guidelines of the National
Geomatics Center of China (http://www.ngcc.cn).

2. Results

2.1. Occurrence of Cryptosporidium

All fecal samples were screened for Cryptosporidium by nested PCR targeting of the SSU rRNA gene.
In total, 36 samples were Cryptosporidium-positive, resulting in an overall infection rate of 7.6% (36/476).
In total, 11 of 16 Bactrian camel herds tested contained individuals positive for Cryptosporidium spp.,
and the infection rate at the different collection sites ranged from 0–33.3%; the highest infection rate
was observed in Qapqal Xibe County (Table 1).
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Table 1. Occurrence of Cryptosporidium species/subtypes in Bactrian camels in Xinjiang, China.

Collection Sites N/T (%) [95% Cl] Cryptosporidium Species/Subtypes (No.)

Barkol Kazakh 0/58 (0) None
Qinghe 0/57 (0) None
Qitai 2/18 (11.1) [0–27.2] C. andersoni (1); C. hominis (1)/IkA19G1 (1)
Fuhai 1/26 (3.8) [0–11.8] C. parvum (1)/If-like-A15G2 (1)
Karamay 3/45 (6.7) [0–14.2] C. andersoni (3)
Shihezi 5/60 (8.3) [1.1–15.5] C. parvum (5)/If-like-A15G2 (4), IIdA15G1 (1)
Hejing 5/16 (31.3) [5.7–56.8] C. andersoni (5)
Tarbagatay 3/16 (18.8) [0–40.2] C. andersoni (3)
Bole 0/61 (0) None
Qapqal Xibe 4/12 (33.3) [2–64.6] C. andersoni (4)
Wensu 1/24 (4.2) [0–12.8] C. bovis (1)
Wushi 2/10 (20.0) [0–50.2] C. andersoni (2)
Bachu 0/17 (0) None
Pishan 3/17 (17.6) [0–37.9] C. andersoni (1); C. ubiquitum (2)/XIIa (2)
Hotan 0/17 (0) None
Qira 7/22 (31.8) [10.7–53.0] C. andersoni (5); C. occultus (2)

Total 36/476 (7.6) [5.2–9.9]
C. andersoni (24); C. bovis (1); C. occultus (2); C.
parvum (6)/If-like-A15G2 (5), IIdA15G1 (1); C.
hominis (1)/IkA19G1 (1); C. ubiquitum (2)/XIIa (2)

N = Number of positives for Cryptosporidium; T = Total analyzed samples.

2.2. Cryptosporidium Species and Subtypes

Six species were detected from the 36 Cryptosporidium-positive samples. C. andersoni (n = 24)
was the predominant species, followed by C. parvum (n = 6), C. ubiquitum (n = 2), C. occultus (n = 2),
C. hominis (n = 1), and C. bovis (n = 1) (Table 1). The six C. parvum-positive samples were identified once
again by restriction fragment length polymorphism (RFLP) analysis, and no mixed infections were
found. Phylogenetic analysis revealed that all C. andersoni sequences were identical to the GenBank
sequence KX710084, derived from Bactrian camels in China. Two types of sequences were identified
from the six C. parvum isolates: C. parvum type 1 (n = 5) and C. parvum type 2 (n = 1) were identical
to Genbank sequences KX259139 and KX259140, respectively, derived from deer in China. The two
sequences of C. occultus were identical to sequence MK982467, derived from calves in Bangladesh.
Moreover, the sequence of C. hominis was identical to sequence KU200955, derived from horses,
while the sequence of C. bovis was identical to sequence MF074602, derived from dairy cattle in China.
Two sequence types were identified in the two C. ubiquitum isolates: C. ubiquitum type 1 was identical
to sequence KT235697, derived from goats in China, while C. ubiquitum type 2 represented a new
sequence, bearing two single-nucleotide polymorphism (SNP) deletions at positions 485 and 486 and
one SNP substitution at position 298 (A to G), compared with KT235697.

Sequence and phylogenetic analysis of the gp60 gene revealed two subtypes present in the five
C. parvum isolates: If-like-A15G2 (n = 5) and IIdA15G1 (n = 1). The sequence of If-like-A15G2 was
similar to an isolate derived from a Swedish patient infected in South Africa (JN867334), except for the
copy number differences in the trinucleotide repeat (A15G2 versus A12G2). The sequence of IIdA15G1
was identical to sequence KT964798, derived from dairy cattle in China. The single C. hominis isolate
was subtyped as IkA19G1 and was similar to sequence KU727290, derived from an infected human
patient in Sweden (A19G1 versus A18G2). The two new sequences of C. ubiquitum identified were
identical to one another and subtyped to family XIIa. All of the subtype sequences, If-like, IId, Ik,
and XIIa, clustered with published sequences, If-like, IId, Ik, and XIIa, respectively (Figure 2).
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Figure 2. Phylogenetic relationships between Cryptosporidium spp. partial gp60 sequences obtained in
this study and sequences retrieved from the GenBank database. Phylogenetic trees were constructed
using neighbor-joining methods based on genetic distance, calculated using the Kimura two-parameter
model implemented in MEGA 7.0. Bootstrap values >50% from 1000 replicates are indicated at each
node. Isolates from this study are shown in bold.

3. Discussion

Camels are well known as the ships of the desert and are famous as the beasts of the burden.
Camels provide wool, milk, meat, leather, and even dung as fuel for the people in many semi-arid
and arid zones, mainly in Africa and Asia [21]. Currently, camel husbandry has been transforming
from nomadism to intensive production, resulting in the increase of the total population of camels,
with an estimated global population of 35 million [21]. This intensive farming practice of camels
has been posing an increased risk for zoonotic disease transmission to humans [22]. Many zoonotic
parasites are reported to be transmitted from camels to humans globally [21]. However, there is scarce
knowledge regarding camel parasites and their zoonotic importance in China. In this study, the overall
Cryptosporidium prevalence was 7.6% (36/476), and six species of Cryptosporidium (C. andersoni, C. parvum,
C. hominis, C. ubiquitim, C. occultus, and C. bovis) were identified, which indicated the genetic diversity
of Cryptosporidium in Bactrian camels from Xinjiang, China.

From previously published studies, C. andersoni, C. parvum, C. muris, C. bovis, Cryptosporidium rat
genotype IV, and camel genotype have been detected in camels [19]. Among them, only two species of
Cryptosporidium have been reported in China, namely C. andersoni and C. bovis [10,12–14]. In the present
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study, both C. andersoni and C. bovis were identified, and C. andersoni was the dominant genotype
detected in Bactrian camels. Although C. andersoni and C. bovis are commonly seen in calves and sheep,
C. andersoni has also been found in several human cases [23,24].

Perhaps unsurprisingly, the most important zoonotic Cryptosporidium species., C. parvum,
was previously reported in Dromedary camels in Algeria, Australia, and Egypt [11,15,19]. According to
sequence analysis of the gp60 gene, two subtypes of C. parvum were identified: IIdA15G1 and
If-like-A15G2. In China, C. parvum isolates, including IIdA14G1, IIdA15G1, IIdA17G1, IIdA18G1,
and IIdA19G1, mostly belong to the IId subtype family in goats, humans, cattle, donkeys, horses,
rodents, monkeys, Golden takins, and yaks [1]. Previous studies have shown that IIdA15G1 was the
predominant subtype in dairy calves and yaks in northwestern China [25,26]. In the present study,
IIdA15G1 was identified in Bactrian camels in northwestern China, further confirming the dominance
of the IIdA15G1 subtype in western China.

A unique C. parvum subtype If-like-A15G2 isolate was identified in Bactrian camels in the current
research, which was similar to a previously observed If-like-A22G2 isolate found in Dromedary camels
in Algeria [11]. Moreover, subtypes IIaA17G2R1, IIaA15G1R1, and IIdA19G1 were also identified
in Dromedary camels in Australia and Egypt [15,19]. The gp60 gene is highly polymorphic and
can be used to categorize C. parvum and C. hominis into multiple subtypes according to nucleotide
sequence differences [27]. However, it seems that gp60 polymorphisms are ineffective for C. parvum
subtype identification in camels. In the phylogenetic analysis of gp60 sequences, C. parvum If-like
genetically related to the C. hominis If subfamily and all If and If-like sequences formed a large clade
(Figure 2). More extensive genetic characterization is needed to improve our understanding of the
genetic similarity between C. parvum and C. hominis within the gp60 gene.

Using gp60 sequence analysis, C. hominis subtype IkA19G1 appeared to belong to subfamily Ik.
Family Ik is commonly found in horses and donkeys [28,29] and has been also isolated from patients in
Sweden and squirrel monkeys in China [30,31]. This is the first report of C. hominis in camels. Further
studies should be carried out to expand the biological characterization of C. hominis subtype family Ik
due to its potential for zoonotic transmission.

C. ubiquitum has a worldwide distribution, and six subtypes/families (XIIa–XIIf) have been
identified [32]. Among these subtypes, subtype XIIa has been commonly observed in humans and a
wide range of animals, especially domestic and wild ruminants [33,34]. In this study, C. ubiquitum and
subtype XIIa were detected in Bactrian camels, which indicated that C. ubiquitum has a broad host
range and high significance for zoonotic infection in this region. C. occultus, previously described as
Cryptosporidium suis-like, was recognized as a valid species in 2018 and has been identified in cattle,
yaks, alpacas, and wild rats in China [35–38]. Moreover, cases of human infection with C. occultus
have also been found in Canada, China, and the UK [39–41]. The present study is the first report
of C. ubiquitum and C. occultus in camels. Further studies into the epidemiology of Cryptosporidium
infection in both human and livestock is essential.

4. Materials and Methods

4.1. Ethics Approval

The study was designed and conducted in accordance with the Guide for the Care and Use of
Laboratory Animals of the Ministry of Health in China. The Research Ethics Committee of Tarim
University critically reviewed this research protocol (approval no. ECTU 2016-0007) and then cleared
it for performing. Finally, before fecal sample collection from Bactrian camels, appropriate permission
was obtained from the farm owners.

4.2. Sample Collection

In total 476 fresh fecal samples were collected randomly from Bactrian camels grouped into
16 herds located at 16 collection sites in Xinjiang, from July 2016 to September 2019 (Figure 1). Each herd
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contained between 30 and 300 Bactrian camels. The Bactrian camels were free grazing in desert and
semi-desert areas, so their age could not be accurately divided. In some of these areas, cattle, sheep,
and horses in pastures also grazed freely. The Bactrian camels had access to pastures or areas where
cattle, sheep, and horses had grazed. For each animal, the fresh fecal sample was collected from the
ground immediately after defecation, and only one sample was collected per animal into a plastic
container that was marked with the sample number and site. After shipping to the laboratory in a cool
condition, the fecal samples were stored at 4 ◦C prior to DNA extraction.

4.3. DNA Extraction and PCR Amplification

The E.Z.N.A.® Stool DNA kit (Omega Biotek Inc., Norcross, GA, USA) was used to extract the
total DNA from 200 mg of each precipitated sample, according to the manufacturer’s recommendations.
PCR analysis of the small subunit (SSU) rRNA gene was employed to screen the infection of
Cryptosporidium spp. in fecal samples in Bactrian camels [42]. Furthermore, PCR amplification
and subsequent sequencing of the 60-kDa glycoprotein (gp60) gene were used to subtype C. parvum,
C. ubiquitum, and C. hominis [32,43]. The PCR reactions for the SSU rRNA and gp60 genes conducted in
25 μL reaction mixtures consisted of 12.5 μL of 2 × EasyTaq PCR SuperMix (TransGen Biotech, Beijing,
China), 0.3 μM of each primer, 1 μL of DNA sample, and 10.9 μL double-distilled water. C. parvum
was also determined using restriction fragment length polymorphism (RFLP) analysis, as previously
described [44].

4.4. Sequencing and Phylogenetic Analysis

Positive PCR amplicons were two-directionally sequenced at GENEWIZ (Suzhou, China).
Sequences were assembled and edited using DNAstar Lasergene Editseq 7.1.0
(http://www.dnastar.com/), and reference sequences downloaded from the GenBank database
were compared to determine the genotype and subtype of Cryptosporidium using ClustalX
2.1 (http://www.clustal.org/). The established nomenclature system was used in the naming
subtype of C. parvum [11]. Phylogenetic analyses were conducted using neighbor-joining
methods based on the Kimura-2 parameter model in MEGA 7.0 (http://www.megasoftware.net/).
Seven presentative nucleotide sequences obtained in this study were submitted in the GenBank
database (https://www.ncbi.nlm.nih.gov/) under the accession numbers: MH442993–MH442996,
MT703861, MT703862, and MT724047.

5. Conclusions

Ultimately, Bactrian camels were infected with diverse Cryptosporidium species in Xinjiang,
northwestern China. Most of these microorganisms have been reported in humans, showing their
potential public health relevance and requiring the attention of public health authorities. More molecular
studies may be helpful to assess the importance and genetic diversity of Cryptosporidium in this region.
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29. Laatamna, A.E.; Wagnerová, P.; Sak, B.; Květoňová, D.; Xiao, L.; Rost, M.; McEvoy, J.; Saadi, A.R.; Aissi, M.;
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Abstract: Giardia duodenalis is a major gastrointestinal parasite found globally in both humans and
animals. This work examined the occurrence of G. duodenalis in coypus (Myocastor coypus) in China.
Multi-locus analysis was conducted to evaluate the level of genetic variation and the potential
zoonotic role of the isolates. In total, 308 fecal samples were collected from seven farms in China
and subjected to PCR screening to reveal G. duodenalis. Notably, G. duodenalis was detected in
38 (12.3%) specimens from assemblages A (n = 2) and B (n = 36). Positive samples were further
characterized by PCR and nucleotide sequencing of the triose phosphate isomerase (tpi), beta giardin
(bg), and glutamate dehydrogenase (gdh) genes. Multi-locus genotyping yielded 10 novel multi-locus
genotypes (MLGs) (one MLG and nine MLGs for assemblages A and B, respectively). Based on the
generated phylogenetic tree, AI–novel 1 clustered more closely with MLG AI-2. Furthermore, within
the assemblage B phylogenetic analysis, the novel assemblage B MLGs were identified as BIV and
clustered in the MLG BIV branch. This is the first report of G. duodenalis in coypus in China. The
presence of zoonotic genotypes and subtypes of G. duodenalis in coypus suggests that these animals
can transmit human giardiasis.

Keywords: Giardia duodenalis; coypus (Myocastor coypus); multi-locus genotype; genetic variation;
zoonotic genotypes; PCR (polymerase chain reaction); China

1. Introduction

Giardia duodenalis (syn. G. lamblia, G. intestinalis) is a flagellate protozoan parasite rec-
ognized as a significant global contributor to diarrheal disease, affecting humans, domestic
animals, and wildlife across the globe [1,2]. The majority of G. duodenalis infections are
asymptomatic; however, in rare cases, some patients may experience severe gastrointesti-
nal disturbances for several weeks [3]. As G. duodenalis utilizes the fecal–oral route for
lifecycle maintenance, projections indicate that this parasite causes ~28.2 million foodborne
disease cases [4,5]. Based on the above data, the United Nations Food and Agriculture
Organization (FAO) and the World Health Organization (WHO) in 2014 ranked Giardia
11th of 24 food-borne parasites [4].

The current wide use of genotyping tools has immensely improved our understanding
of G. duodenalis transmission in humans and animals [5,6]. At least eight genotypes or as-
semblages have been described, including assemblages A and B containing zoonotic isolates
potentially infecting humans and animals, and assemblages C–H, which exhibit specificity
to particular animal hosts [7]. Moreover, several molecular markers (triosephosphate
isomerase, tpi; glutamate dehydrogenase, gdh and beta giardin, bg) have been developed to
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create a multi-locus genotyping (MLG) tool for subtyping assemblages A, B, and E and to
explore the population genetic characterizations of G. duodenalis [6,8]. Subsequently, the
MLG tool subdivided assemblage A into sub-assemblages AI, AII, and AIII and assemblage
B into sub-assemblages BIII and BIV [9].

In recent years, studies on the epidemiology of G. duodenalis have been conducted for
humans, non-human primates, ruminants, companion animals, domestic animals, wildlife,
and in the environment in China [10]. However, limited information has been provided on
the infection rate and genotype characteristics in rodents in China. The coypus (Myocastor
coypus) is a large, amphibious rodent native to South America, which has become invasive
in Europe and other parts of the world except Oceania and Antarctica [11]. Coypus were
first introduced to China in 1956, then later widely reared in farms as important fur-bearing
animals. The climate of China is very suitable for the growth of coypus, and 16 color-type
strains have been bred. The number of the national stock reached more than 400,000 in
2000. To date, little is known about the genetic characteristics of G. duodenalis in coypus
globally. Only two studies in Italy and the USA reported Giardia spp. prevalence in coypus,
but neither identified the species [12,13]. Thus, the present study aimed to explore the
distribution and genetic diversity of G. duodenalis in coypus in China and assess its zoonotic
potential based on MLG analysis.

2. Results

2.1. Occurrence of G. duodenalis

All samples were initially tested using nested PCR amplification of the small subunit
ribosomal RNA (SSU rRNA) gene. Of the 308 samples, G. duodenalis was present in
38 samples (12.3%, 95% Cl: 8.5–16.2%) (Table 1). Each examined farm had infected animals.
Notably, the highest infection rate of G. duodenalis in coypus was detected in Baoding
(28.6%, 10/35), followed by Ganzhou (25.7%, 9/35), Chengdu (15.0%, 6/40), Laibin (13.6%,
3/22), Yongzhou (13.0%, 3/23), Kaifeng (11.5%, 6/52), and Anyang (1.0%, 1/101) (Table 1).

Table 1. Distribution of G. duodenalis assemblages in coypus from different farms in China.

Location
Age

(Month)
N/T (%; 95% Cl)

Assemblage
(No.)

SSU rRNA
(No.)

tpi (No.) gdh (No.) bg (No.)

Baoding,
Hebei

<3 2/13 (15.4; 0–38.8) B (2) B (2) B (1) B (1) B (1)
3–6 5/10 (50.0; 14.0–85.9) B (5) B (5) B (4) B (2) B (3)
>6 3/12 (25.0; 0–53.7) B (3) B (3) B (1) B (1) B (1)

Subtotal 10/35 (28.6;
12.2–44.9) B (10)

Anyang,
Henan

<3 0/52
3–6 0/10
>6 1/39 (2.6; 0–8.8) B (1) B (1)

Subtotal 1/101 (1.0; 0–3.4) B (1)

Kaifeng,
Henan

3–6 2/27 (7.4; 0–19.1) B (2) B (2) B (1)
>6 4/25 (16.0; 0–32.4) B (4) B (4) B (2)

Subtotal 6/52 (11.5; 1.9–21.2) B (6)

Chengdu,
Sichuan >6 6/40 (15.0; 2.7–27.3) B (6) B (6) B (6) B (3) B (3)

Yongzhou,
Hunan >6 3/23 (13.0; 0–28.9) B (3) B (3) B (1)

Ganzhou,
Jiangxi >6 9/35 (25.7; 9.8–41.6) B (9) B (9) B (6) B (3) B (3)

Laibin,
Guangxi >6 3/22 (13.6; 0–30.2) A (2), A + B (1) A (2), B (1) A (3) A (1) A (1)

Total 38/308
(12.3; 8.5–16.2)

A (2), B (35),
A + B (1)

N = number of positives for G. duodenalis; No. = number of samples; T = total analyzed samples.
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By age, the highest infection rate was reported in the 3–6-month-old group (14.9%,
7/47), followed by >6-month-old group (14.8%, 29/196), and <3-month-old group (3.1%,
2/65) (Table 2). Furthermore, the correlation of age with the infection rates was evaluated
based on the calculated ORs and 95% CI values (Table 2). There was a strong positive
correlation between the infection rate and age, with an OR of 5.51 (95% CI: 1.09–27.87,
p = 0.023) associated with the 3–6-month-old group and an OR of 5.47 (95% CI: 1.27–23.59,
p = 0.011) associated with the >6-month-old group.

Table 2. Distribution of G. duodenalis assemblages in coypus of different ages.

Age (Month) N/T (%; 95% CI)
Assemblage

(No.)
p-Value OR (95% CI)

<3 2/65 (3.1; 0–8.0) B (2) 1

3–6 7/47
(14.9; 3.7–26.1) B (7) 0.023 5.51 (1.09–27.87)

>6 29/196
(14.8; 9.6–20.0)

A (2), B (26),
A + B (1) 0.011 5.47 (1.27–23.59)

N = number of positives for G. duodenalis; OR: odds ratio; T = total of analyzed samples.

2.2. Assemblage A and B Subtypes

Here, two genotypes, assemblages A (2) and B (35), were identified based on sequence
analysis of the SSU rRNA, tpi, gdh, and bg loci (Table 1). Notably, assemblage B was the
dominant genotype (92.1%, 35/38). Mixed infection was found in one sample. To reveal
the genetic diversity of the G. duodenalis-positive samples, we sequenced the tpi, gdh, and
bg genes, from which 25, 11, and 12 sequences were obtained, respectively (Table 3).

Table 3. Multi-locus characterization of G. duodenalis isolates in coypus in China based on bg, gdh
and tpi genes.

Isolate Code tpi gdh bg MLG Type

118 B1 (MW321619) PN PN
126 A * (MW321620) A5 (MW321623) A5 (MW321613) AI-novel 1
127 A * PN PN
128 A * PN PN
147 B1 B3 (MW321626) B1 (MW321614) BIV-novel 1
150 B1 PN B1
151 B2 (MW321621) PN PN

155, 256 B1 B2 (MW321625) B2 (MW321615) BIV-novel 2
157 B2 B1 (MW321624) B1 BIV-novel 3
171 B1 B3 B2 BIV-novel 4

182, 184 B1 B1 B3 (MW321616) BIV-novel 5
189 B1 PN PN
197 B3 (MW321622) PN B3
210 B3 B1 PN
217 B1 PN PN
225 B1 PN PN
233 B2 B1 B4 (MW321617) BIV-novel 6
245 B1 PN PN
248 B1 B2 B5 (MW321618) BIV-novel 7
249 B1 PN PN
283 B1 PN PN
287 B1 PN PN
302 B1 PN PN

* New variants without heterogeneous positions. MLG: multi-locus genotypes; PN: PCR negative.

Of the tpi sequences, 3 and 22 belonged to assemblages A and B, respectively. Se-
quences from all isolates from assemblage A exhibited two single-nucleotide polymor-
phisms (G155T and G186A) relative to the MN174855 sequence. Within the assemblage B
isolates, three subtypes were formed, which were designated as B1 (n = 17), B2 (n = 3), and
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B3 (n = 2) for convenience. Of note, B1, B2, and B3 sequences were identical to MH644772,
KM977653, and HM140711, respectively. At the gdh locus, 1 and 10 samples were found
positive and identified as assemblages A and B, respectively. The one assemblage A se-
quence was identical to MN174853. Among the assemblage B sequences, B1 (n = 5), B2
(n = 3), and B3 (n = 2) sequences were identical to KM977648, MK952603, and MK982476,
respectively. Sequence analysis demonstrated high genetic diversity in assemblage B at the
bg locus. Ultimately, five subtypes (B1–B5) were formed in the 11 assemblage B sequences.
The subtypes B1 (n = 4), B2 (n = 2), B3 (n = 3), B4 (n = 1), and B5 (n = 1) exhibited consistency
with MT487587, MK982544, MN174847, MT487587, and KY696837, respectively. Moreover,
one assemblage A sequence was identical to MN704938.

2.3. MLG and Phylogenetic Analysis

Collectively, sequence data sets from the three loci were available from 10 isolates.
Multi-locus genotyping yielded 10 novel MLGs (one MLG for assemblage A and nine
MLGs for assemblage B) (Table 3). The single MLG in assemblage A was identified as
AI–novel 1, whereas the nine MLGs in assemblage B were designated from BIV–novel
1 to BIV–novel 7. Phylogenetic relationships of MLGs in assemblages A and B with the
reference genotypes are illustrated in Figure 1. Based on the phylogenetic tree, AI–novel 1
identified in the present study clustered more closely to MLG AI-2 (Figure 1A). Within the
assemblage B phylogenetic analysis, all MLGs in assemblage B were identified as BIV and
clustered in the MLG BIV branch (Figure 1B).

Figure 1. Nucleotide neighbor-joining trees based on concatenated datasets for bg, tpi, and gdh gene sequences of G.
duodenalis assemblage (A,B) isolates obtained in this study and sequences retrieved from the GenBank database. Bootstrap
values greater than 50% from 1000 replicates are shown on nodes. The bold texts represent the isolates of this study.
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3. Discussion

G. duodenalis is very commonly found in humans and domestic animals, as revealed
by numerous prevalence studies across the globe [7,10,14]. The molecular epidemiology
of G. duodenalis has been widely studied in livestock, which revealed its transmission
dynamics and zoonotic significance in these animals. However, the parasite has not been
extensively investigated in rodents; therefore, very little knowledge on the distribution,
genetic diversity, and zoonotic potential of Giardia spp. in these animal hosts has been
published [6,7,15,16]. Reports have demonstrated that G. duodenalis infections in rodents in
Australia, Belgium, China, Croatia, Germany, Malaysia, Poland, Romania, Spain, Sweden,
and the USA (Table 4) have prevalence rates ranging from 1.2% to 100% [12–34]. Herein,
molecular analysis of 308 fecal samples collected from coypus in six provinces in China
confirmed a G. duodenalis prevalence of 12.3% (38/308). To the best of our knowledge, this
is the first molecular study of G. duodenalis infections in coypus, except for two studies in
Italy and the USA that assessed Giardia spp. infection in coypus with the prevalence of 0%
(0/153) and 73.3% (22/30), respectively, using an immunoenzymatic assay [12,13].

Table 4. Giardia duodenalis infection rates and genotypes in rodents worldwide.

Animal Location Positive % (N/T) Assemblage
Sub-

Assemblage
Reference

Ash-grey mouse
(Pseudomys albocinereus) Australia - E - [17]

Asian house rats (Rattus tanezumi) China 6.1 (2/33) G - [18]
Bamboo rat (Rhizomys sinensis) China 10.8 (42/480) B - [19]

Bank vole (Myodes glareolus) Germany 1.3 (4/301) A, B - [20]
Bank vole (Myodes glareolus) Poland 58.3 (849/1457) - - [21]

Beaver (Castor canadensis) USA 33.3 (30/100) - - [13]
Beaver (Castor canadensis) USA - B - [22]

Black rat (Rattus rattus) Spain 36.2 (42/116) G GI, GII [23]
Brown rats (Rattus norvegicus) Malaysia 3.0 (4/134) B - [24]
Brown rats (Rattus norvegicus) China 6.6 (11/168) G - [18]

Bush rat (Rattus fuscipes) Australia - F + C - [17]
Chinchillas (Chinchilla lanigera) Belgium 27.5 (22/80) A, B, C, E AI, AII, BIV [25]
Chinchillas (Chinchilla lanigera) China 27.1 (38/140) A, B AI, BIV [26]
Chinchillas (Chinchilla lanigera) Germany 61.4 (326/531) A, B, D AI, BIV [27]
Chinchillas (Chinchilla lanigera) Italy 29.8 (31/104) B, C [28]
Chinchillas (Chinchilla lanigera) Romania 55.7 (190/341) B, D, E BIII, BIV [29]
Chipmunks (Eutamias asiaticus) China 8.6 (24/279) A, G AI, GI, GII [30]
Common vole (Microtus arvalis) Poland 74.2 (302/407) - - [21]

Coypus (Myocastor coypus) China 12.3 (38/308) A, B AI, BIV This study
Coypus (Myocastor coypus) Italy 0 (0/153) - - [12]
Nutria (Myocastor coypus) USA 73.3 (22/30) - - [13]

Deer mice (Peromyscus maniculatus) USA 25.5 (53/208) - - [31]
Eurasian field mice (Apodemus sp.) Germany 1.2 (1/82) A - [20]

House mice (Mus musculus) China 3.2 (1/31) G - [18]
House mouse

(Mus musculus domesticus) Spain 17.6 (29/165) G - [23]

Muskrat (Ondatra zibethicus) Romania 100 (1/1) C - [32]
Muskrat (Ondatra zibethicus) USA - B - [22]

Norway rat (Rattus norvegicus) Spain 66.7 (2/3) B - [23]
Prevost’s squirrel

(Callosciurus prevosti) Croatia - B - [33]

Patagonian cavy
(Docilchotis patagonum) Croatia - B BIV [33]

Rat Sweden - G - [34]
Yellow-necked mouse
(Apodemus flavicollis) Poland 24.4 (150/616) - - [21]

N: number of positives for G. duodenalis; T: total of analyzed samples; “-” indicates not available.
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Based on the current knowledge, eight Giardia species are considered valid, including
G. duodenalis, Giardia agilis, Giardia ardeae, Giardia psittaci, Giardia muris, Giardia microti,
Giardia peramelis, and Giardia cricetidarum [4,7]. In particular, two host-adapted species
of Giardia spp. have been detected in rodents, including G. muris and G. microti [20,35].
To date, in China, G. duodenalis has been reported in rodents of several genera, including
Chinchillas (Chinchilla lanigera), Asian house rats (Rattus tanezumi), brown rats (Rattus
norvegicus), house mice (Mus musculus), chipmunks (Eutamias asiaticus), and bamboo rats
(Rhizomys sinensis) [18,19,26,30]. In previous work, seven assemblages of G. duodenalis were
found in rodents, including A, B, C, D, E, F, and G (Table 4). Both zoonotic and rodent-
specific assemblages A, B, and G of G. duodenalis have been detected in rodents in China.
Herein, the assemblages A and B were identified; assemblage B was the predominant
genotype in coypus. It is worth noting that G. duodenalis assemblages A and B are important
human pathogens; of them, assemblage B is more commonly reported in Asia, Oceania,
Europe, and Africa than assemblage A [5,15,36]. We also reported mixed infections in
the present study. Of note, the use of assemblage-specific primers in addition to MLST
data is advocated in molecular epidemiological surveys, as mixed infections are likely
to be underestimated [15,37]. Mixed infections are likely to be one of the main reasons
for the adoption of multiple genetic markers in identifying distinct assemblages in the
same sample [8,15]. Consequently, further studies on the molecular epidemiology of G.
duodenalis is warranted to improve our understanding of the genetic diversity in rodents
in China.

In recent studies, the MLG tool based on sequence analysis of the gdh, bg, and tpi loci
represents a more informative approach for genotyping and elucidating the characteristics
of G. duodenalis in different hosts, in addition to its zoonotic potential [9,15,19]. This has
permitted the identification of sub-assemblages within assemblage A and B: AI to AIV
and BI to BIV. Moreover, there are differences in the distribution of these sub-assemblages
among hosts; for instance, human Giardia isolates mainly belong to sub-assemblage AII but
also AI, whereas animals harbor AI, AII, and AIII [15]. In this study, 10 G. duodenalis isolates
from coypus were successfully sequenced at all three gene loci; the sequence analysis of
which resulted in one MLG in assemblage A and nine MLGs in assemblage B. Based on
the phylogenetic analysis, the one MLG in assemblage A (AI–novel 1) was clustered with
sub-assemblage AI-2, whereas the nine remaining MLGs in assemblage B (BIV–novel 1 to 7)
were clustered with sub-assemblage BIV. Sub-assemblage AI was previously reported in
various hosts in China, including humans, cattle, goats, sheep, dogs, cats, pigs, chinchillas,
and chipmunks [6,10]. Other researchers also found sub-assemblage BIV in humans and
non-human primates [6,10]. Additionally, compelling evidence on zoonotic transmission
of G. duodenalis assemblage AI was revealed by epidemiological data showing a highly
significant association between Giardia infection of schoolchildren and the presence of
Giardia-positive dogs in the same household in Mexico [38]. Therefore, further studies into
the epidemiology of G. duodenalis in handlers/workers on farms should be initiated to
address the zoonotic potential of G. duodenalis in coypus.

4. Materials and Methods

4.1. Ethics Statement

This study was performed with strict adherence to the recommendations of the Guide
for the Care and Use of Laboratory Animals of the Ministry of Health, China. The research
protocol was reviewed and approved by the Research Ethics Committee of Tarim University
(approval no. ECTU 2018-0026). Farm owners gave permission before we commenced fecal
sample collection.

4.2. Study Area and Sample Collection

A total of 308 fecal samples were collected during autumn, winter, and spring of
2018 and 2019 from seven farms in Hebei Province (Baoding), Henan Province (Anyang
and Kaifeng), Sichuan Province (Chengdu), Hunan Province (Yongzhou), Jiangxi Province
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(Ganzhou) and Guangxi Zhuang Autonomous Region (Laibin) in China (Table 1). The
breeding scale of coypus was about 500–2000 in each farm, and the breeding conditions of
each farm were basically the same. Approximately 10–15% of coypus representing each
age group were investigated at each farm. All the fecal samples were collected immediately
after excretion and placed in a plastic container; we recorded the date, site, age, and health
condition at collection time. All samples were shipped to the laboratory in a cooler with
ice packs within 48 h and stored at 4 ◦C.

4.3. DNA Extraction and Nested PCR Analysis

The genomic DNA sample was extracted from approximately 200 mg of each fecal
specimen using a commercial E.Z.N.A® Stool DNA Kit (Omega Bio-Tek Inc., Norcross, GA,
USA) following the protocol stipulated by the manufacturer. The quantity of nucleic acid
in samples was photometrically estimated at OD260 and stored at −20 ◦C for subsequent
molecular analysis.

Nested PCR amplification of the SSU rRNA gene was employed to screen G. duodenalis
infection [39]. The G. duodenalis-positive samples were further analyzed via nested PCRs of
gene loci tpi, gdh, and bg (see Table S1 and Figure S1) [8,22,40]. Samples positive for all four
loci were used to assess the MLGs of G. duodenalis.

4.4. Sequencing and Phylogenetic Analysis

Bi-directional sequencing of all the secondary PCR products from SSU rRNA, tpi, gdh,
and bg loci was performed at the biotechnology company, GENEWIZ (Suzhou, China).
The sequence assembly and editing were performed with the DNAstar Lasergene Editseq
7.1.0. Multiple-sequence alignment analysis was employed on the obtained and GenBank
reference sequences using software ClustalX 2.1 to ascertain the genotypes and subtypes of
G. duodenalis. We concatenated sequences for each positive isolate to obtain a multi-locus
sequence (bg, tpi, gdh) in accordance with a previous report [41]. Phylogenetic analyses of
the concatenated MLG sequences were achieved using neighbor-joining methods based on
the Kimura-2 parameter model in MEGA 7.0.

4.5. Statistical Analysis

The differences in infection rates among locations and age groups were compared
with the χ2 test performed in SPSS 18. At the level of p value < 0.05, the differences were
appraised as significant.

4.6. Nucleotide Sequence Accession Numbers

Here, the representative nucleotide sequences of this study were deposited in the Gen-
Bank database under the following accession numbers: MW322754–MW322755, MW321613–
MW321626.

5. Conclusions

This work presents the first report of G. duodenalis infections in coypus in China
based on MLG analysis. Multi-locus genotyping yielded 10 novel MLGs, including one
assemblage A MLG (AI–novel 1) and nine assemblage B MLGs (BIV–novel 1 to 7). Of
note, the presence of zoonotic assemblages and sub-assemblages of G. duodenalis in coypus
suggests the potential contribution of these animals to human giardiasis transmission.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-081
7/10/2/179/s1, Table S1 Primer sequences and reaction conditions used in nested PCR amplifications.
Figure S1. Genomic map of the positions of tpi, gdh and bg genes.
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Abstract: Bamboo rats (Rhizomys sinensis) are widely farmed in Guangdong, China, but the distribution
and public health potential of Cryptosporidium spp. in them are unclear. In this study, 724 fecal
specimens were collected from bamboo rats in Guangdong Province and analyzed for Cryptosporidium
spp. using PCR and sequence analyses of the small subunit rRNA gene. The overall detection rate
of Cryptosporidium spp. was 12.2% (88/724). By age, the detection rate in animals under 2 months
(23.2% or 13/56) was significantly higher than in animals over 2 months (11.2% or 75/668; χ2 = 6.95,
df = 1, p = 0.0084). By reproduction status, the detection rate of Cryptosporidium spp. in nursing
animals (23.1% or 27/117) was significantly higher than in other reproduction statuses (6.8% or 4/59;
χ2 = 7.18, df = 1, p = 0.0074). Five Cryptosporidium species and genotypes were detected, including
Cryptosporidium bamboo rat genotype I (n = 49), C. parvum (n = 31), Cryptosporidium bamboo rat
genotype III (n = 5), C. occultus (n = 2), and C. muris (n = 1). The average numbers of oocysts per
gram of feces for these Cryptosporidium spp. were 14,074, 494,636, 9239, 394, and 323, respectively.
The genetic uniqueness of bamboo rat genotypes I and III was confirmed by sequence analyses of the
70 kDa heat shock protein and actin genes. Subtyping C. parvum by sequence analysis of the 60 kDa
glycoprotein gene identified the presence of IIoA15G1 (n = 20) and IIpA6 (n = 2) subtypes. The results
of this study indicated that Cryptosporidium spp. are common in bamboo rats in Guangdong, and some
of the Cryptosporidium spp. in these animals are known human pathogens.

Keywords: Cryptosporidium parvum; subtype; bamboo rat; human pathogen

1. Introduction

Cryptosporidium spp. are major pathogens that mainly parasitize the gastrointestinal epithelium,
causing moderate-to-severe diarrhea in humans and animals [1,2]. They are responsible for significant
mortality in both young children [1,3] and neonatal farm animals [4–8]. In addition, cryptosporidiosis
has been associated with retarded growth in humans and farm animals [9–12].

Cryptosporidium spp. are especially common in rodents [13]. Among the >40 established
Cryptosporidium species and an equal number of genotypes of unknown species status [14], C. parvum is
commonly found in various rodents in China [15]. Other Cryptosporidium spp. from rodents have more
limited host ranges, such as C. meleagridis and Cryptosporidium deer mouse genotypes I, II, III, and IV in
deer mice [16–19]; Cryptosporidium chipmunk genotypes I and II in chipmunks [16]; and Cryptosporidium
ferret genotype, C. rubeyi and several squirrel genotypes in squirrels [20–23].

Bamboo rats are widely farmed in southern China. They are commonly infected with
Cryptosporidium spp. Several Cryptosporidium species and genotypes have been identified in these
animals, including C. parvum, C. parvum-like genotype, C. occultus, and Cryptosporidium bamboo rat
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genotypes I and II [24,25]. Thus, the distribution of Cryptosporidium spp. in bamboo rats appears to
be different from other rodents. At the subtype level, C. parvum subtypes found in bamboo rats also
differ from those in other rodents. In China, rodents such as hamsters, chipmunks, and rats are mostly
infected with the IId subtype family of C. parvum, with IIdA15G1 and IIdA19G1 as the most common
subtypes [26]. In contrast, bamboo rats in southern China are seemingly infected with rare IIo and IIp
subtype families of C. parvum [25,27]. Most of data on these two C. parvum subtype families in bamboo
rats, however, were from a study of animals in Jiangxi, Guangxi, and Hainan [24].

In this study, we examined the occurrence of Cryptosporidium spp. and C. parvum subtypes in
bamboo rats in Guangdong Province. The distributions of Cryptosporidium spp. and C. parvum subtypes
were compared among farms, age groups and reproduction statuses. The oocyst shedding intensity
was compared among Cryptosporidium species and genotypes for the first time.

2. Results

2.1. Occurrence of Cryptosporidium spp. in Bamboo Rats

The overall detection rate of Cryptosporidium spp. in bamboo rats in Guangdong was 12.2%
(88/724). The detection rate of Cryptosporidium spp. on farm 1 (35.9% or 33/92) was significantly
higher than on farm 2 (3.5% or 5/142; χ2 = 42.95, df = 1, p < 0.0001; df : degrees of freedom), farm 3
(1.0% or 2/205; χ2 = 74.38, df = 1, p < 0.0001), farm 5 (0% or 0/56; χ2 = 25.85, df = 1, p< 0.0001), and farm
6 (19.7% or 37/188; χ2 = 8.63, df = 1, p = 0.0033). The difference in detection rate between farms 4
(26.8% or 11/41) and 1 was not significant (χ2 = 1.05, df = 1, p = 0.3062; Table 1).

By age, the detection rates of Cryptosporidium spp. in bamboo rats ranged from 0.0% (0/8) in animals
of 6–8 months to 23.2% (13/56) in animals under 2 months. The detection rate of Cryptosporidium spp.
in animals under 2 months of age was significantly higher than in older animals (11.2% or 75/668;
χ2 = 6.95, df = 1, P = 0.0084; Table 2). By reproduction status of adult animals (1–3 years in age),
nursing animals had a significantly higher detection rate (23.1% or 27/117) than breeding animals (4.9%
or 10/205; χ2 = 24.26, df = 1, p < 0.0001), pregnant animals (6.8% or 4/59; χ2 = 7.18, df = 1, p = 0.0074),
and nonpregnant animals (10.6% or 21/198; χ2 = 8.86, df = 1, p = 0.0029; Table 3).
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2.2. Cryptosporidium Species and Genotypes Identified

All 88 Cryptosporidium-positive specimens were successfully genotyped by sequence analysis
of the SSU rRNA gene. Among them, five Cryptosporidium species and genotypes were detected,
including bamboo rat genotype I in 49 specimens, C. parvum in 31 specimens, bamboo rat genotype III
in 5 specimens, C. occultus in 2 specimens, and C. muris in 1 specimen. The SSU rRNA sequences from
bamboo rat genotype I, bamboo rat genotype III, C. parvum, and C. occultus were identical to reference
sequences MK956935 (from bamboo rats in China), MK956936 (from bamboo rats in China), MK956932
(from bamboo rats in China), and MK982467 (from calves in Bangladesh), respectively. The bamboo
rat genotype III was previously named the C. parvum-like genotype. In contrast, the sequence from
C. muris was similar to the reference sequence GU319781 from nonhuman primates in China, with three
nucleotide substitutions. In phylogenetic analysis of the SSU rRNA sequences, these Cryptosporidium
species and genotypes from bamboo rats clustered with their reference sequences (Figure 1a).

Figure 1. Phylogenetic relationship of Cryptosporidium spp. based on the maximum likelihood analyses
of the SSU rRNA gene (a); actin gene (b) and 70 kDa heat shock protein gene (c). Bootstrap values
greater than 50% from 1000 replicates are displayed. The red triangles indicate the Cryptosporidium spp.
identified in the present study.

Representative isolates of bamboo rat genotypes I and III and C. occultus were characterized by
sequence analysis of the actin gene. The sequences from bamboo rat genotype I and C. occultus were
identical to reference sequences MN065774 (from bamboo rats in China) and MG699171 (from Meriones
unguiculatus in Czech Republic), respectively. The sequence from bamboo rat genotype III, however,
was similar to the C. parvum sequence MG266043 from Apodemus agrarius in Slovakia, with 16 nucleotide
substitutions. As expected, these Cryptosporidium species and genotypes clustered with their reference
sequences in phylogenetic analysis of the actin gene (Figure 1b).

Nucleotide sequences of the hsp70 gene were also obtained from representative isolates of bamboo
rat genotypes I and III; the two C. occultus isolates were PCR-negative at this locus. The sequences from
bamboo rat genotype I was identical to reference sequences MK731968 from bamboo rats in China.
In contrast, the sequences from bamboo rat genotype III had 14 single nucleotide polymorphisms
(SNPs) and 1 nucleotide deletion compared with C. parvum sequences (AF401503 and KU892574).
As expected, bamboo rat genotypes I and III clustered these reference sequences in phylogenetic
analysis of the hsp70 gene (Figure 1c).
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2.3. Age Pattern of Cryptosporidium Species and Genotypes

Bamboo rat genotype I and C. parvum were the dominant Cryptosporidium spp. in bamboo
rats, especially in animals under 2 months of age and in nursing adults. Among adult animals,
both Cryptosporidium spp. were detected in nursing animals and breeding animals. In contrast,
only bamboo rat genotype I was detected in pregnant and nonpregnant animals (Table 3). Among young
animals, both bamboo rat genotype I and C. parvum were detected in animals under 4 months of age.
They, however, were not detected in animals with an age of 4–8 months (Table 2).

2.4. Occurrence of C. parvum Subtypes

Twenty-two of the 31 C. parvum-positive specimens were successfully subtyped based on sequence
analysis of the gp60 gene. Subtypes IIoA15G1 (n = 20) and IIpA6 (n = 2) were identified from them.
The sequences generated were identical to reference sequences MK956002 and MK955996, respectively.

2.5. Intensity of Oocyst Shedding among Cryptosporidium spp.

The oocyst shedding intensity, oocysts per gram of feces (OPG), in Cryptosporidium-infected
bamboo rats was measured using qPCR. The average OPG values were 494,636 ± 1,892,289 for
C. parvum (n = 28), 9239 ± 12,939 for bamboo rat genotype III (n = 5), 14,074 ± 46,621 for bamboo rat
genotype I (n = 39), 394 ± 442 for C. occultus (n = 3), and 323 for C. muris (n = 1; Figure 2).

Figure 2. Oocyst shedding intensity (oocysts per gram of feces) of Cryptosporidium species and genotypes
in bamboo rats (mean ± standard deviation).

3. Discussion

The results of this study suggest that Cryptosporidium spp. are common in bamboo rats in
Guangdong, China. The detection rate of Cryptosporidium spp. in present study (12.2% or 88/724)
is higher than in previous study (2.2% or 1/46) in the same area [25]. It is also higher than the
3.2% detection rate in bamboo rats from a pet market [27]. In contrast, it is lower than several
reports of Cryptosporidium spp. in farmed bamboo rats sampled in Guangxi (20.9% or 100/477),
Jiangxi (33.3% or 51/153), and Hainan (69.6% or 55/79) [24]. Among six farms, the detection rate of
Cryptosporidium spp. on farm 1 (35.9%) was higher than other farms (0.0–26.8%), probably because of the
higher animal density and poor hygiene conditions on the farm. The detection rates of Cryptosporidium
spp. in animals under 2 months of age (23.2%) and nursing animals (23.1%) were higher than other
age groups (0.0–19.4%) and reproduction statuses (4.9–10.6%). These differences might be due to the
lower immunity of young animals and nursing animals, making them more susceptible to infection
with Cryptosporidium spp. As the detection rates differed among age groups and reproduction statuses,
these variations in detection rates among studies are expected.

190



Pathogens 2020, 9, 1018

Diverse Cryptosporidium species and genotypes are present in farmed bamboo rats in the study
area. Five Cryptosporidium species and genotypes were identified in this study, including bamboo rat
genotype I (55.7%, 49/88), C. parvum (35.2%, 31/88), bamboo rat genotype III (5.7%, 5/88), C. occultus
(2.3%, 2/88), and C. muris (1.1%, 1/88). Among them, bamboo rat genotype I and C. parvum are dominant
Cryptosporidium spp. in present study. This is similar to observations of two previous studies [24,25].
However, bamboo rat genotype III, commonly found in bamboo rats in Guangxi and Hainan [24],
is rare in the present study. Among the five Cryptosporidium species and genotypes identified in the
study, C. parvum is a well-known human pathogen and has been found in a wide range of animals.
Cryptosporidium muris and C. occultus, in contrast, are mostly Cryptosporidium species of rats and have
been only occasionally found in humans [14]. Although bamboo rat genotypes I and III are genetically
related to C. ubiquitum and C. parvum, respectively, in sequence analysis of three genetic loci, it is still
unclear whether they can infect humans [14,28].

Results of oocyst shedding intensity in this study suggest that bamboo rats could be natural hosts
of bamboo rat genotype I, bamboo rat genotype III, and C. parvum. Among five Cryptosporidium spp.
identified in this study, these three Cryptosporidium genotypes had higher oocyst shedding intensity
than C. occultus and C. muris. In addition, numerous bamboo rats are known to be infected with
bamboo rat genotypes I and III and C. parvum. In contrast, brown rats appear to be natural hosts of
C. occultus and C. muris [29–31]. Infection with these two Cryptosporidium species in bamboo rats could
be due to contact with Cryptosporidium-infected wild rats living in the same ecological niche.

The unique C. parvum subtypes identified in the study probably represent emerging pathogens
in a broad range of hosts. Thus far, more than 20 C. parvum subtype families have been identified
based on sequence analyses of the gp60 gene [32]. Among them, the IIo and IIp were previously seen
in a few bamboo rats in Sichuan, China and were considered rare C. parvum subtype families [27].
IIo subtypes, however, have been found in numerous bamboo rats from Jiangxi, Guangxi, and Hainan
in southern China [24]. One IIo subtype, IIoA14, has also been widely found in crab-eating macaques
in Hainan, China [33]. Human infections with IIo subtypes have been identified in Thailand and New
Zealand [34–36]. IIp subtypes of C. parvum also appear to be common in bamboo rats, having been
thus far found in Jiangxi, Sichuan, Guangxi, Guangdong, and Hainan [24,27]. As they are genetically
related to IId and IIo subtypes, they could also have a broader host range and human-infective
potential [33]. Interestingly, IIp subtypes were much more prevalent than IIo subtypes in the previous
survey of Cryptosporidium spp. in bamboo rats in Jiangxi, Guangxi, and Hainan. In the present study
in Guangdong, the IIoA15G1 subtype was more commonly detected than the IIpA6 subtype.

There appears to be some transmission of C. parvum between nursing bamboo rats and their
babies. Most C. parvum infections in adult bamboo rats (18 of 19 C. parvum-positive) were detected in
nursing mothers; only one of them was found in another adult bamboo rat. In contrast, all C. parvum
infections in young bamboo rats (12 of 12 C. parvum-positive) were detected in animals under 4 months
of age. The C. parvum infections in nursing animals were probably due to sharing cages between
the nursing dams and their babies. This is supported by the result of subtype analysis, in which the
IIoA15G1 subtype was commonly found in both nursing animals and young bamboo rats. This is
also consistent with results of studies in sheep and cattle, in which C. parvum is mostly detected in
pre-weaned animals [37–40]. As the number of animals examined in the present study is small, further
studies are needed to support this hypothesis. In contrast, Cryptosporidium bamboo rat genotype I
appeared to be transmitted differently from C. parvum, as it was commonly found in adult bamboo rats
of all reproduction statuses.

4. Materials and Methods

4.1. Ethics Statement

All fecal specimens were collected from bamboo rats with the approval of the farmers. The animals
were handled in compliance with the regulations of the Chinese Laboratory Animal Administration
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Act of 2017. The study protocol was approved by the Research Ethics Committee of the South China
Agricultural University (approval no. 2019g001).

4.2. Specimens

A total of 724 fecal specimens were collected during March to May 2019 from bamboo rats on six
farms in Guangdong Province, China. On these farms, animals were kept in cages of 60 × 60 × 60 cm.
Animals under six months of age were mostly kept in groups of 10, while older animals (between
7 months and 3 years) were kept in groups of 3. For the former, four specimens were collected from
fresh feces in different corners of the cage, while for the latter, only one fecal specimen was collected
from the cage (Table 1). These fecal specimens were stored in 2.5% potassium dichromate at 4 ◦C before
DNA extraction.

The bamboo rats examined were divided into five age groups, including <2 months, 2–4 months,
4–6 months, 6–8 months, and 1–3 years (Table 2). The adult animals (1–3 years-old) were further divided
into four reproduction statuses: nursing (female bamboo rats feeding babies), breeding (one female
and 1–2 males kept together for mating), pregnancy, and nonpregnancy (Table 3). On the studies farms,
pregnant bamboo rats were moved to new cages for delivery after for delivery after cleaning of the
cages without any further disinfection.

4.3. Detection, Genotyping and Subtyping of Cryptosporidium spp.

Fecal specimens were washed off potassium dichromate with distilled water by centrifugation
at 2000× g for 10 min. Genomic DNA was extracted from 200 mg washed fecal material using the
Fast DNA Spin Kit for Soil (MP Biomedical, Santa Ana, CA, USA) as described [41]. Cryptosporidium
spp. in the extracted DNA were detected using a nested PCR assay targeting a ~830-bp fragment of
the small subunit rRNA (SSU) rRNA gene [42]. The C. parvum identified was subtyped by sequence
analysis of a ~800-bp fragment of the 60 kDa (gp60) gene [43]. Representative isolates of the bamboo
rat genotypes I and III and C. occultus were further characterized by sequence analyses of the 70 kDa
heat shock protein (hsp70) and actin genes [44,45].

4.4. Measurement of Oocyst Shedding Intensity

The intensity of oocyst shedding in Cryptosporidium-positive specimens from naturally infected
bamboo rats was measured by quantitative PCR (qPCR) targeting the SSU rRNA gene [33,46]. The qPCR
was conducted on a LightCycler 480 II (Roche, Indianapolis, IN, USA). To calculate oocysts per gram
of feces (OPG), Cq (quantitation cycle) values generated were analyzed based on a standard curve
constructed with DNA preparations from fecal specimens spiked with known numbers of oocysts of
the IOWA (USA) strain of C. parvum (Waterborne, Inc., New Orleans, LA, USA).

4.5. Sequence Analysis

All secondary PCR products from Cryptosporidium-positive specimens were sequenced
bi-directionally on an ABI 3730 Autosequencer (Applied Biosystems, Foster City, CA, USA) for
determining Cryptosporidium spp. and C. parvum subtypes. The nucleotide sequences generated
were assembled using ChromasPro 2.1.5.0 (http://technelysium. com. au/ChromasPro. html), edited
using BioEdit 7.1.3.0 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html), and aligned with reference
sequences downloaded from GenBank using ClustalX 2.0.11 (http://clustal.org). Phylogenetic analysis
of sequence generated was performed by constructing maximum likelihood trees using Mega 6.0
(http://www.megasoftware.net/) based on substitution rates calculated using the general time reversible
model. The robustness of clade formation was assessed using bootstrapping with 1000 replicates.
Representative sequences generated in this study were submitted to the GenBank under accession
numbers MW092529-MW092535 and MW117315-MW117325.
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4.6. Statistical Analysis

The occurrence rates of Cryptosporidium spp. in bamboo rats were compared among farms, age
groups, and reproduction statuses using the chi-square test implemented in SPSS v.20.0 (IBM Corp.,
New York, NY, USA). Differences were considered significant at p ≤ 0.05.

5. Conclusions

The results of this study suggest that divergent Cryptosporidium spp., including C. parvum,
bamboo rat genotypes I and III, C. occultus and C. muris, occur in farmed bamboo rats in Guangdong,
China. The C. parvum identified belongs to the unique subtype families IIo and IIp. As most of
the Cryptosporidium species and C. parvum subtypes are not commonly found in domestic animals,
they could have wildlife origin and have maintained at high transmission intensity in some of the
semi-domesticated exotic animals. Attention should be paid to their spillover to other farm animals as
well as human populations.
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McEvoy, J.; Kváč, M. Native and introduced squirrels in Italy host different Cryptosporidium spp. Eur. J.
Protistol. 2017, 61, 64–75. [CrossRef]
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Abstract: Rabbits are increasingly farmed in Egypt for meat. They are, however, known reservoirs
of infectious pathogens. Currently, no information is available on the genetic characteristics of
Cryptosporidium spp. in rabbits in Egypt. To understand the prevalence and genetic identity of
Cryptosporidium spp. in these animals, 235 fecal samples were collected from rabbits of different
ages on nine farms in El-Dakahlia, El-Gharbia, and Damietta Provinces, Egypt during the period
from July 2015 to April 2016. PCR-RFLP analysis of the small subunit rRNA gene was used to detect
and genotype Cryptosporidium spp. The overall detection rate was 11.9% (28/235). All 28 samples
were identified as Cryptosporidium cuniculus. The 16 samples successfully subtyped by the sequence
analysis of the partial 60 kDa glycoprotein gene belonged to two subtypes, VbA19 (n = 1) and
VbA33 (n = 15). As C. cuniculus is increasingly recognized as a cause of human cryptosporidiosis,
Cryptosporidium spp. in rabbits from Egypt have zoonotic potential.

Keywords: Cryptosporidium cuniculus; rabbits; Egypt; gp60 gene; PCR-RFLP; zoonoses

1. Introduction

Cryptosporidiosis is a common cause of diarrhea in humans and animals [1,2]. It is one
of the most important diseases in both developing countries and industrialized nations due
to its importance in diarrhea-associated death in young children and foodborne and water-
borne outbreaks of illness [1,3–6]. The etiologic agents of cryptosporidiosis, Cryptosporidium
spp., have over 40 established species and many genotypes of unknown species status [7].
Among them, approximately 20 species and genotypes have been found in humans [8].
Most human cryptosporidiosis cases are caused by C. parvum and C. hominis. Other human-
pathogenic Cryptosporidium spp. include C. meleagridis, C. ubiquitum, C. cuniculus, C. felis,
C. canis, C. viatorum, and C. muris [7].

Rabbits are a supply of high-quality protein to humans. Reports of the Food and
Agriculture Organization of the United Nations (FAO) showed that Egypt was the fourth
largest producer of rabbit meat in the world, with approximately 7.6 million rabbits [9,10].
Results of recent studies indicate that rabbits can serve as reservoirs of many zoonotic
pathogens [11–13]. They are commonly infected with several Cryptosporidium species,
especially C. cuniculus [13–20]. In recent years, there have been increasing reports of
C. cuniculus in humans [21–24]. In the United Kingdom and New Zealand, C. cuniculus is
the third most common Cryptosporidium species in patients with diarrhea [24,25].

In recent years, molecular epidemiological studies have been conducted to understand
the transmission of Cryptosporidium spp. in humans, livestock, and companion animals in
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Egypt [26–34]. Although rabbits are commonly farmed in Egypt, to the authors’ knowledge
there have been no thorough studies on the distribution and genetic identity of Cryptosporid-
ium spp. in rabbits in the country. Therefore, this study was conducted to examine the
occurrence, genetic characteristics, and zoonotic potential of Cryptosporidium spp. in rabbits
from three provinces (El-Dakahlia, El-Gharbia, and Damietta) in Egypt.

2. Results

2.1. Cryptosporidium Infection on Rabbit Farms

Cryptosporidium spp. were detected by PCR analysis of the SSU rRNA gene in 28
(11.9%) of the 235 fecal samples analyzed in the study. Eight of the nine farms examined
were positive for Cryptosporidium spp. Among the eight positive farms, the infection rates
ranged from 4% to 24% (Table 1). The farms El-Dakahlia 3 and El-Gharbia 2 had high
infection rates of 21% and 24%, respectively, while no infection was detected on farm El-
Gharbia 1. By age, Cryptosporidium spp. were detected in rabbits of all ages, with a higher
infection rate found in rabbits of <3 months (20%; Fisher’s exact test = 11.237, p = 0.003 in
the overall comparison) (Table 2). By animal breed, Cryptosporidium spp. were identified
in all breeds, with slightly higher detection rates in Hi-Plus rabbits (15%) than in New
Zealand (11%) and Rex (7%), although these rates were not statistically different (Fisher’s
exact test = 2.283, p = 0.333 in the overall comparison). Farms in El-Dakahlia province
recorded higher Cryptosporidium occurrence (17%) than El-Gharbia (11%) and Damietta
(7%) provinces (Fisher’s exact test = 3.685, p = 0.157 in the overall comparison).

Table 1. Distribution of Cryptosporidium spp. in rabbits by farm and age group in El Dakahlia, El-Gharbia, and Damietta
provinces, Egypt.

Farm Age (Month) No. of Samples

Cryptosporidium spp. *

No. Positive (%)
95% Confidence Interval

Lower Limit Upper Limit

El-Dakahlia 1

<3 10 2 - -
3–6 11 1 - -
>6 10 1 - -

Subtotal 31 4 (13%) 1.10 24.69

El-Dakahlia 2

<3 9 2 - -
3–6 7 2 - -
>6 7 0 - -

Subtotal 23 4 (17%) 1.90 32.89

El-Dakahlia 3

<3 11 3 - -
3–6 11 2 - -
>6 6 1 - -

Subtotal 28 6 (21%) 6.20 36.59

El-Gharbia 1

<3 8 0 - -
3–6 8 0 - -
>6 10 0 - -

Subtotal 26 0 (0%) 0.00 0.00

El-Gharbia 2

<3 7 4 - -
3–6 12 2 - -
>6 6 0 - -

Subtotal 25 6 (24%) 7.25 40.74

El-Gharbia 3

<3 12 2 - -
3–6 11 1 - -
>6 7 0 - -

Subtotal 30 3 (10%) −0.73 20.73
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Table 1. Cont.

Farm Age (Month) No. of Samples

Cryptosporidium spp. *

No. Positive (%)
95% Confidence Interval

Lower Limit Upper Limit

Damietta 1

<3 9 1 - -
3–6 10 0 - -
>6 8 0 - -

Subtotal 27 1 (4%) −3.42 10.82

Damietta 2

<3 4 1 - -
3–6 8 1 - -
>6 8 0 - -

Subtotal 20 2 (10%) −3.14 23.14

Damietta 3

<3 9 1 - -
3–6 8 1 - -
>6 8 0 - -

Subtotal 25 2 (8%) −2.63 18.63

Total - 235 28 (11.9%) - -

* Fisher’s exact test: t = 12.258, p = 0.106.

Table 2. Factors associated with Cryptosporidium infection in rabbits in Egypt.

Factors Sample Size

Cryptosporidium spp.

No. Positive
(%)

95% Confidence Interval Fisher’s Exact
Test

p
Lower Limit Upper Limit

Age
(month)

<3 79 16 (20) 11.38 29.11
11.237 0.0033–6 86 10 (12) 4.85 18.40

>6 70 2 (3) −1.03 6.79

Breed
Rex 57 4 (7) 0.30 13.60

2.283 0.333Hi-Plus 98 15 (15) 8.10 22.40
New Zealand 80 9 (11) 4.30 18.20

Locality
El-Dakahlia 82 14 (17) 8.90 25.20

3.685 0.157El-Gharbia 81 9 (11) 4.20 17.90
Damietta 72 5 (7) 1.00 12.70

2.2. Cryptosporidium Genotypes and Subtypes

All 28 samples amplified by PCR analysis of the SSU rRNA gene had C. cuniculus by
RFLP analysis (Figure 1). They produced two types of nucleotide sequences. Among them,
ten sequences were identical to those in GenBank (AY120901, FJ262724, etc.), while two
sequences had an A to T substitution near the 5′ end of the partial gene. In the phylogenetic
analysis of the SSU rRNA sequences, C. cuniculus sequences obtained from the 12 samples
clustered with reference sequences from GenBank (Figure 2). Of the 28 C. cuniculus samples,
16 were successfully subtyped by sequence analysis of the gp60 gene, with two subtypes
being identified: VbA19 (n = 1) and VbA33 (n = 15). These sequences were identical to each
other in the non-repeat regions but had one A to T substitution compared to sequences
(KU852732, GU097641, GU097647, GU971639, etc.) in GenBank (Figure 3). The VbA19
subtype was found only in a 6-month-old rabbit from farm El-Gharbia 3, while the VbA33
subtype was found on other Cryptosporidium-positive farms. Among the samples from
four cages of animals with diarrhea, one sample from a cage of 4-month-old rabbits on
El-Dakahlia 1 was positive for C. cuniculus VbA33 (Table 3).
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Figure 1. RFLP analysis of PCR products of SSU rRNA gene from Cryptosporidium cuniculus from
rabbits using SspI (A) and VspI (B) restriction enzymes. Lane M: 100 bp molecular markers; Lane 1–9:
C. cuniculus; Lane 10: positive control (C. baileyi).

Figure 2. Phylogenetic relationships among Cryptosporidium spp. based on the nucleotide sequences
of the SSU rRNA gene through a maximum likelihood analysis based on substitution rates calculated
with the general time reversible model. Numbers at the internodes represent bootstrap values (>50%)
from 1000 replicates. The Cryptosporidium cuniculus samples identified in this study are labeled with
red rhombus.
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Figure 3. Phylogenetic tree of Cryptosporidium spp. based on gp60 sequences through a maximum
likelihood analysis based on substitution rates calculated with the general time reversible model.
Numbers at the internodes represent bootstrap values (>70%) from 1000 replicates. The Cryptosporid-
ium cuniculus samples identified in this study are labeled with red rhombus.

Table 3. Distribution of 16 Cryptosporidium cuniculus subtypes at the gp60 locus in rabbits in Egypt.

Sample ID
C. cuniculus

Subtype
Age (Month) Location Breed

45819 VbA19 6 El-Gharbia 3 Hi-Plus
45826 VbA33 1 El-Dakahlia 1 Rex

45831 * VbA33 4 El-Dakahlia 1 Rex
45834 VbA33 4 Damietta 3 New Zealand
45839 VbA33 3 Damietta 2 Hi-Plus
45844 VbA33 4 El-Gharbia 2 Hi-Plus
45854 VbA33 3 El-Gharbia 2 Hi-Plus
45863 VbA33 2 El-Gharbia 2 Hi-Plus
45869 VbA33 2 El-Gharbia 2 Hi-Plus
45871 VbA33 1 El-Gharbia 2 Hi-Plus
45900 VbA33 1 Damietta 3 New Zealand
45903 VbA33 2 El-Dakahlia 3 New Zealand
45913 VbA33 1 El-Dakahlia 3 New Zealand
45918 VbA33 1 El-Dakahlia 3 New Zealand
45929 VbA33 1 El-Dakahlia 2 Hi-Plus
45934 VbA33 2 El-Dakahlia 2 Hi-Plus

* From rabbit with diarrhea.

3. Discussion

The results of the present study suggest a common occurrence of Cryptosporidium spp.
in rabbits in the study areas. In this study, the overall occurrence of Cryptosporidium spp.
in rabbits was 11.9% (28/235). This is similar to the infection rates of 11.2% (24/215) in
a study of two rabbit farms in Heilongjiang Province, China [35], and 13.2% (14/106) in
rabbits residing in Sydney drinking water catchments [36]. It is, however, higher than
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infection rates found in rabbits from Australia (6.8% or 12/176 and 8.4% or 22/263) [37,38],
and Nigeria (3.7% or 4/107) [19], but lower than the infection rate recorded in pet rabbits in
Japan (21.9% or 21/96) [16]. Several reports from China showed low infection rates of 1.03%
(3/290), 2.4% (9/378), 3.4% (37/1081), and 3.4% (11/321) [13,39–41]. The differences in the
infection rates of Cryptosporidium spp. among studies may be attributed to differences in
sample size, rabbit breeds, management systems, geographic regions, and sample collection
seasons. In one study, the infection rate of Cryptosporidium spp. in dead juvenile rabbits
suffering from diarrhea was significantly higher than healthy ones (30.3% vs 3.3%) [16].
Among the nine farms examined in the present study, the occurrence of Cryptosporidium
spp. on El-Gharbia 2 (24%) was higher than other farms (0–21%), possibly because of the
poor hygiene and management practices on the farm.

Like in other animals, the infection rate of Cryptosporidium spp. is significantly higher
in rabbits of youngest age. In this study, rabbits of <3 months had a significantly higher
Cryptosporidium infection rate than older rabbits. Our findings are in agreement with
observations in earlier studies, where the highest prevalence of Cryptosporidium spp. was
recorded in young rabbits [13,39]. Similar age-associated occurrence of Cryptosporidium
spp. has been reported in humans, cattle, and bamboo rats [33,34,42]. In the present study,
a higher detection rate of Cryptosporidium spp. was recorded in Hi-Plus rabbits than Rex
and New Zealand ones, possibly because of the high number of samples and sampling
of many young animals. In contrast to our results, Rex and New Zealand rabbits were
more susceptible than other breeds to Cryptosporidium infection in some earlier studies in
China [13,35].

Generally, few clinical signs have been associated with cryptosporidiosis in rabbits,
especially adult ones, and the infection is often not recognized due to the asymptomatic
oocyst shedding [39,41]. This is in line with our results, where most rabbits were apparently
healthy. Although two reports observed fatality in outbreaks of diarrhea in rabbits due to
cryptosporidiosis [16,43], Cryptosporidium was detected in only one of the four samples
from animals with diarrhea.

All isolates of Cryptosporidium spp. detected in our study were genotyped as C. cunicu-
lus, which is one of the causes of human cryptosporidiosis and has zoonotic significance [44].
In some countries, such as the UK, Australia and New Zealand, many sporadic cases of
human cryptosporidiosis have been attributed to infections with C. cuniculus [22,24,25,45].
It was recognized as the third most important Cryptosporidium species causing cryptosporid-
iosis in humans in the UK during 2007 to 2008 and New Zealand during 2009 to 2019 [24,25].
It was also associated with a waterborne outbreak of cryptosporidiosis due to contamina-
tion of treated drinking water by wild rabbits [46,47]. Humans may be infected with C.
cuniculus via contaminated water or direct contact with rabbits [22].

In this study, based on gp60 sequence analysis, the C. cuniculus isolates belong to two
subtypes (VbA19 and VbA33) in the Vb subtype family. Previously, the VbA19 subtype was
isolated from rabbits in the Czech Republic [46], while the VbA33 subtype was detected
in humans in the UK [48]. The two subtypes identified in the present study, however,
differed from them by one nucleotide in the non-repeat region. Currently, Va and Vb
are the only two subtype families within C. cuniculus. Between them, subtypes in the Va
subtype family are more commonly seen in humans while those in the Vb subtype family
are more commonly seen in rabbits [35]. The occurrence of similar subtypes of C. cuniculus
in humans and rabbits supports the zoonotic potential of C. cuniculus [41].

In conclusion, to the best of our knowledge, this is the first study on the genetic
identity of Cryptosporidium spp. in rabbits in Egypt. The results of this study suggest a
common occurrence of C. cuniculus in farm rabbits in several areas of the country. The
detection of C. cuniculus in this study supports the potential role of rabbits as a source of
human infections. Further studies from other localities in Egypt are needed to improve
our understanding of the clinical and public health significance of Cryptosporidium spp., in
rabbits in Egypt.
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4. Materials and Methods

4.1. Ethics Statement

Permission was obtained from the owners of the farms before collection of fecal
specimens. All fieldwork associated with this study was conducted in compliance with
the Guide for the Care and Use of Laboratory Animals in Egypt. The study protocol
was approved by the Ethics Committee of the Faculty of Veterinary Medicine, Mansoura
University, Egypt.

4.2. Specimen Collections

A total of 235 fresh fecal specimens were collected between July 2015 and April
2016 from nine rabbit farms randomly selected in El-Dakahlia, El-Gharbia, and Damietta
provinces in Egypt. All farms sampled in this study were medium-sized farms housing
700–900 rabbits. Fecal specimens were randomly collected from at least 20% of rabbit cages
on each farm. Each specimen consisted of 3–5 fresh fecal pellets gathered from each cage.
Each collection from each cage (containing 4–7 rabbits) was regarded as one specimen. The
fecal pellets were placed into a sterile disposable plastic bag labeled with the age and breed
of the animals and sampling date and location. Animals in four cages showed clinical
signs of enteric diseases (emaciation, dehydration, and diarrhea) at the time of specimen
collection. The rabbits were divided into three age groups: <3-month-old, 3–6-month-old,
and >6-month-old. Specimens were stored in 70% ethanol at 4 ◦C until being transported to
the Centers for Disease Control and Prevention, Atlanta, Georgia, USA for DNA extraction
and molecular analysis.

4.3. DNA Extraction and PCR Amplification

The fecal specimens were washed twice with distilled water by centrifugation to
remove ethanol before DNA extraction. Extraction of genomic DNA from specimens was
performed using the FastDNA SPIN Kit for Soil (BIO 101, Carlsbad, CA, USA). The genomic
DNA was eluted with 100 μL reagent-grade water and stored at −20 ◦C until PCR analysis.

4.4. Cryptosporidium Detection, Genotyping and Subtyping

Cryptosporidium spp. in the specimens were detected by nested PCR analysis of a
∼830-bp fragment of the small subunit rRNA (SSU rRNA) gene as previously described [49].
Cryptosporidium species were identified by restriction fragment length polymorphism
(RFLP) analysis of the secondary PCR products of SSU rRNA gene using SspI (New Eng-
land BioLabs, Ipswich, MA, USA) and VspI (Promega, Madison, WI, USA) restriction
enzymes [50]. All Cryptosporidium-positive specimens were selected for further subtyping
by PCR and sequence analysis of the 60-kDa glycoprotein (gp60) gene [51]. Each specimen
was analyzed twice for each genetic target, using C. baileyi DNA as the positive control for
the SSU rRNA-based PCR, C. parvum DNA as the positive control for gp60-based PCR, and
reagent-grade water as the negative control for both PCR assays.

4.5. DNA Sequence and Phylogenetic Analysis

Montage PCR filters (Millipore, Bedford, MA, USA) were used to purify all secondary
PCR products of both genes. The purified products were sequenced in both directions
using the secondary PCR primers and Big Dye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA, USA) on an ABI 3130 Genetic Analyzer (Applied
Biosystems). ChromasPro (version 1.5) (www.technelysium.com.au/ChromasPro.html/,
accessed on 22 June 2009) was used to edit and assemble the DNA sequences, while
ClustalX 2.0.11 (http://www.clustal.org/, accessed on 1 June 2018) was used to align the
obtained nucleotide sequences against each other and reference sequences from GenBank to
determine the genetic relatedness of various C. cuniculus subtype families. A phylogenetic
tree was constructed using the maximum likelihood algorithm implemented in MEGA
version 7.0.26 (www.megasoftware.net/, accessed on 1 May 2017) based on substitution
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rates calculated with the general time reversible model. Bootstrap analysis was applied to
evaluate the reliability of cluster formation in the phylogenetic tree with 1000 replicates.

4.6. Statistical Analysis

Differences in infection rates of Cryptosporidium spp. among rabbits of different age
groups, localities, and breeds were estimated using the Fisher’s exact test. The SPSS
software version 20.0 (IBM, Armonk, NY, USA) was used in the statistical analysis of the
data. Differences were considered significant at p ≤ 0.05.
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