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ABSTRACT
Water quality deterioration in source waters poses increased health, environmental, and economic
risks. Here, we genotyped Cryptosporidium spp. obtained from water samples of Laguna Lake,
Philippines, and its tributaries for the purpose of source-tracking fecal contamination. A total of 104
surface water samples were collected over a 1-year period (March 2018 to April 2019). Detection of
Cryptosporidium was carried out using genus-speciﬁc primers targeting a fragment of the small
subunit (SSU) rRNA gene. The study revealed 8 (14%) tributary samples and 1 (2.77%) lake sample
positive for contamination. The species were determined to be C. parvum (n ¼ 4), C. muris (n ¼ 2), C.
hominis (n ¼ 1), C. galli (n ¼ 1), C. baileyi (n ¼ 1), C. suis (n ¼ 1), as well as rat genotype IV (n ¼ 1). Two
species were detected in duck (C. baileyi) and cattle (C. parvum) fecal samples. The data presented
suggest that Cryptosporidium contamination is likely to come from sewage or human feces as well
as various agricultural sources (i.e. cattle, swine, and poultry). This information reveals the
importance of mitigating fecal pollution in the lake system and minimizing health risks due to
exposure to zoonotic Cryptosporidium species.
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HIGHLIGHTS

•
•

Zoonotic and pathogenic species of Cryptosporidium in a freshwater reservoir point to domestic
and agricultural sources of fecal contamination.
Cryptosporidium can be a potential marker for microbial source tracking in the Laguna Lake
watershed to augment current monitoring efforts.
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INTRODUCTION
Laguna Lake (Laguna de Bay) is the largest inland lake in

(Cacciò et al. ; Hunter & Thompson ). Thus, it

the Philippines. The lake services 16 million residents sur-

could be a model organism for LIM (Ruecker et al. ;

rounding the area, from the neighboring provinces of

Prystajecky et al. ).

Rizal, Laguna, Batangas, Quezon, and Metro Manila. The

In this study, we performed detection and genotyping of

water is widely used for domestic, commercial, and indus-

Cryptosporidium in Laguna Lake and river water samples

trial purposes, including aquaculture and agriculture

collected over a 1-year period. Information on the occur-

(LLDA ). However, inﬂux of high pollution loads has

rence and diversity of Cryptosporidium species sheds light

been reported to result in a decline of the lake water quality

into the extent of fecal contamination in the lake and the

(Santos-Borja & Nepomuceno ). Additionally, rapid

possible host sources. This study was conducted with the

expansion, urbanization, and land-use conversion have led

objective of providing means of monitoring Cryptosporidium

to the establishment of settlements closer to the lake

contamination and distribution in the lake system for MST.

shore, which may pose threats to the further degradation

To the best of our knowledge, this is the ﬁrst study involving

of the water quality (WAVES ).

Cryptosporidium as an MST tool in the Philippines.

The primary agency tasked with monitoring and managing the lake activities is the Laguna Lake Development
Authority (LLDA). Quarterly water quality reports pub-

MATERIALS AND METHODS

lished by the agency consistently show high total and fecal
coliform counts in most of its tributaries and some lake

Study site and sample collection

stations (LLDA ). However, current monitoring efforts
do not generate any information regarding the origin of

Surface water was collected within the Laguna Lake basin,

fecal contamination. Tracing the sources of pollution is

in the provinces of Rizal, Laguna, and Metro Manila. The

useful in the development of management schemes for

study focused on selected Laguna Lake stations and river

lake sustainability, evaluation of public health risks, and

tributaries known to have the highest total coliform counts

civil liability procedures (Hagedorn et al. ).

based on the quarterly water quality monitoring reports pre-

Microbial source tracking (MST) is a set of tools that uses

pared by the LLDA () (Figure 1). Three Laguna Lake

various indicator organisms for the identiﬁcation of domi-

sampling stations (i.e. LS2, LS5, and LS8) represented the

nant sources of fecal contamination in a system. Library-

East, Northwest, and South Bay, respectively. The eight

independent MST (LIM) utilizes organisms that inherently

tributary monitoring stations selected (i.e. TR1 to TR8)

indicate their host sources or have an established niche

were Bagumbayan River, Mangangate River, Sapang Baho

(Hagedorn et al. ). Cryptosporidium is a protozoan para-

River, Tunasan River located in the Metro Manila area;

site which has been implicated in numerous waterborne

and Biñan River, Pila River, San Cristobal River, and

outbreaks of diarrheal disease. The presence of the parasite

Santa Rosa River located in Laguna, respectively. Based

in surface waters poses a threat since they are highly resistant

on observations during ﬁeld collection, tributaries in the

to common disinfection methods, require a low infectious

metropolitan area (i.e. TR1, TR2, TR3, and TR4) were

dose, and are capable of zoonotic infection (Xiao et al. ).

noted to be surrounded by commercial and industrial activi-

There are over 40 described Cryptosporidium species

ties, while southern tributaries (i.e. TR5, TR6, TR7, and TR8)

and over 60 recorded genotypes which differ signiﬁcantly

are more dominated by agricultural, industrial, and livestock

in their sequences (Fayer ; Ryan et al. ). Research

operations (Tanganco et al. ).

on

suggests

Sample collection in lake station samples was carried

strong host speciﬁcity of its different species and genotypes

out on a monthly basis from March 2018 to April 2019.

Cryptosporidium

molecular

epidemiology
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Map of Laguna Lake and surrounding regions. Points indicate sites of tributary rivers, lake stations, and farms sampled in this study.

Sampling of tributary samples was conducted on at least

Besides the water samples, fecal samples were also col-

four occasions per wet (May to October) and dry (Novem-

lected from livestock and poultry farms near the study site,

ber to April) seasons. A total of 68 tributary samples and

in the provinces of Laguna and Rizal. The animal hosts

36 lake station samples were obtained. One-L surface

chosen were chickens, ducks, cows, and pigs, representing

water samples were collected from each sampling point

the common livestock raised in the area. Fecal sample col-

and immediately transported under cold storage for further

lection from each host was conducted on at least three

processing in the laboratory. Two replicates were obtained

occasions per season. Approximately 10 g of feces were col-

for each sampling point.

lected from individual animal coops in each farm. The
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Cryptosporidium 18S rRNA gene PCR assays

sample processing.
Molecular detection of Cryptosporidium was conducted
using a nested PCR assay targeting a hypervariable region
of the 18S rRNA gene. For the ﬁrst round, the primers

Sample processing and protozoa concentration

NDIAGF2 and NDIAGR2 were used as described by
One-L surface water samples were processed by ﬁltration

Nichols et al. (), producing an expected length of 655–

using 47-mm mixed cellulose ester ﬁlters with 3.0 μm pore

667 bp depending on the species of Cryptosporidium.

size (FilterBio, China) using a vacuum pump (Millipore,

Brieﬂy, the PCR mix consisted of 1X GoTaq Green Master-

USA). The ﬁlters were then eluted using 0.01% Tween-80

mix, 200 nM of both forward and reverse primers, bovine

and centrifuged for 10 min at 1,500 × g in order to pellet

serum albumin (BSA) at 400 μg/mL, nuclease-free water,

out the protozoan oocysts (Guy et al. ). Some tributary

and 1 μL of DNA in a 25 μL reaction volume. The primary

river

which

PCR conditions consisted of the following step cycle proto-

pre-ﬁltration was ﬁrst conducted using a double layer of

cols: initial denaturation at 95  C for 5 min, 35 cycles of

gauze. These samples were then processed following

94  C for 30 s, 65  C for 1 min, and 72  C for 30 s, and

Robertson’s protocol for collecting Cryptosporidium in

ﬁnal extension at 72  C for 10 min. The secondary nested

samples

exhibited

high

turbidity,

for

wastewater samples by centrifugal concentration (Robertson

PCR used the Cryptosporidium diagnostic primers (CPB-

et al. ). Brieﬂy, 50 mL of 20% Tween 80 was added to a

DIAG) as an inner reaction producing 450-bp amplicons

1-L sample volume and continually mixed for 15 min. The

(Nichols et al. ). The PCR mix consisted of the same

samples were then centrifuged for 15 min at 2,000 × g and

components, but 1.5 μL of the primary PCR product was

the supernatant carefully discarded. The resulting pellet

used as DNA template. The secondary PCR followed the

was resuspended in 1 mL 1X phosphate-buffered saline

same protocol as the ﬁrst round, with the exception of the

(PBS) and was used for downstream analysis.

annealing temperature lowered to 61  C. The PCR assays

For the fecal samples, 3 g of feces from pooled samples
of each animal type were weighed in a 15-mL conical tube

were performed in triplicate along with positive and negative controls in each run.

and 10 mL PBS was added. The suspension was vortexed
and sieved through a double layer of gauze. Afterward,

Analysis of PCR product by gel electrophoresis

5 mL of 1 M sucrose solution was added before centrifugation at 2,000 rpm for 5 min. The resulting interphase

PCR products were run through a 2% agarose gel at 280 V

(∼3 mL) was aspirated and centrifuged again using the

for 30 min. The gels were then viewed at 260 nm

same conditions. The pellet was then resuspended in 1 mL

(Bio-print ST4, Vilber Lourmat, UK), and bands were nor-

1X PBS and stored until further use.

malized using a 1 kb ladder (Hyperladder, Bioline, USA)
as an external reference. Amplicons from the second
round of nested PCR whose band size corresponded to the

Freeze-thaw and DNA extraction

predicted size of 450 bp were deemed to be presumptively
positive for Cryptosporidium. For conﬁrmation, PCR pro-

Before DNA extraction, 15 cycles of freeze-thaw were per-

ducts corresponding to the desired target size were sent to

formed on the sample pellets in order to break the oocyst

Macrogen Inc., Korea, for DNA puriﬁcation and paired-

walls (Nichols & Smith ). This was performed by submer-

end sequencing.

ging the tubes in an ethanol bath with dry ice (78  C) for
5 min, and immediately thawing using a heat block set at

Determination of species and genotypes by sequencing

95  C. Extraction of nucleic acid was done using Invitrogen
PureLinkTM commercial kit following the manufacturer’s

Obtained sequences were ﬁrst trimmed and assembled into

instructions.

contigs by de novo assembly using Geneious Prime (Kearse
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et al. ). The consensus sequences were then run through

difference which was not statistically signiﬁcant (Fisher’s

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for align-

exact test, P ¼ 0.217). Only one lake station site was positive

ment of species and genotypes to reference sequences in

for Cryptosporidium (South Bay – 8.3%). Pila River had the

the GenBank database. Sequences generated in this study

highest rate of occurrence with three positive samples (33%),

were submitted to GenBank with accession numbers

followed by Biñan River (28.6%), and Santa Rosa and Bagum-

MT649670 to MT649683.

bayan Rivers (22.2%), with two occurrences each. No parasites
were detected in Mangangate, Tunasan, and San Cristobal

Phylogenetic analysis

rivers.

Reference sequences of known Cryptosporidium species

Identiﬁcation of Cryptosporidium genotypes

and genotypes were obtained from GenBank. Multiple
alignment was performed via the Multiple Alignment

Cryptosporidium parvum was the most frequently detected

using Fast Fourier Transform (MAFFT) v.7.450 (Katoh &

species in all the samples, appearing in tributary samples

)

Prime

(Pila River and Sta. Rosa River), a lake station sample

v.2019.0.4 (Kearse et al. ). Model testing was con-

(South Bay), and in one cattle fecal sample. For one lake

ducted in MEGA X as well as neighbor-joining tree

station sample (LS8), multiple runs of sequencing from

construction using the Tamura 3-parameter (T92) model

replicate PCR assay results revealed two distinct sequences,

Standley

as

implemented

in

Geneious

with gamma distribution and 1,000 bootstrap replicates

although both were identiﬁed as C. parvum. C. muris was

(Tamura ). The output was rooted to the outgroup,

also detected twice in tributary rivers (Bagumbayan River

Eimeria tenella.

and Biñan River). Other species and genotypes were detected
once (C. hominis, C. galli, C. suis, C. baileyi, and Cryptosporidium rat genotype IV) in the tributaries. C. baileyi was also

Data analysis

detected in a duck fecal sample. Nucleotide sequences of
All statistical analyses were performed using R version 3.6.3.

the PCR products show high sequence similarity (97–100%)

A comparison of the occurrence of Cryptosporidium

with reference sequences. The constructed phylogenetic tree

between wet and dry months was conducted using Fischer’s

using the 18S rRNA gene supports the identiﬁcation of the

exact test as implemented in R.

species as they formed well-deﬁned clusters with their determined species and genotypes (Figure 2), despite some
sequences (C. parvum LS8, C. hominis TR1, Cryptosporidium

RESULTS

rat genotype IV TR8, and C. baileyi TR6) having distinct point
mutations compared with reference sequences.

Frequency of detection of Cryptosporidium in Laguna
Lake and its tributaries

DISCUSSION
A total of 104 surface water samples and 50 fecal samples
were collected over a 1-year monitoring period to investigate

The parasite Cryptosporidium is one of the leading causes

the presence of Cryptosporidium spp. Eleven water samples

of diarrhea worldwide. About 40 species and genotypes

(Table 1) and two fecal samples (Table 2) were positive for

of Cryptosporidium are recognized, which have distinct
host ranges and virulence (Feng et al. ). Currently,

Cryptosporidium as conﬁrmed by PCR and sequencing.
Tributary

samples

had

a

higher

frequency

of

knowledge of Cryptosporidium species and genotypes

detection (14.71 ± 8.49%, 95% CI) compared with lake stations

in

(2.78 ± 5.46%, 95% CI). A total of 8 water samples were

studies reporting the occurrence of Cryptosporidium in

positive during the wet season (14.29 ± 9.25%, 95% CI) and

the country do not provide sequencing data for molecular

three during the dry season (6.25 ± 6.93%, 95% CI); a

identiﬁcation.
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Frequencies of Cryptosporidium detection in Laguna Lake and tributary river samples and their species/genotypes
Wet season (May to October) n ¼ 56

Dry season (November to April) n ¼ 48

Occurrence

Species/genotypes

Occurrence

Species/genotypes

Total

Sample source

(No. of positive/total samples)

detected

(No. of positive/total samples)

detected

10.57%

Lake Station

5.56% (1/18)

0% (0/18)

2.78% (1/36)

LS2

(0/6)

ND

(0/6)

ND

ND

LS5

(0/6)

ND

(0/6)

ND

ND

LS8

(1/6)

C. parvum

(0/6)

ND

8.3% (1/12)

Tributaries

18.42% (7/38)

10.00% (3/30)

14.71% (10/68)

TR1

(1/5)

C. muris

(1/4)

C. hominis

22.2% (2/9)

TR2

(0/4)

ND

(0/4)

ND

ND

TR3

(1/5)

C. suis

(0/4)

ND

11.1% (1/9)

TR4

(0/5)

ND

(0/4)

ND

ND

TR5

(2/5)

C. galli, C muris

(0/2)

ND

28.6% (2/7)

TR6

(2/5)

C. parvum, C. baileyi

(1/4)

C. parvum

33% (3/9)

TR7

(0/4)

ND

(0/4)

ND

ND

TR8

(1/5)

C. parvum

(1/4)

Cryptosporidium spp.

22% (2/9)

ND, not detected.

Table 2

|

18S rRNA gene, we were able to determine species or genoFrequencies of Cryptosporidium detection in fecal samples and their species/
genotypes

types present in aquatic environmental samples. Knowledge
of the host speciﬁcity of certain species would reﬂect the

Number of positive

Species/

Location of

Animal

samples/total number of

genotype

sampling point

host

samples (n ¼ 50)

detected

Laguna

Chicken
Cow
Duck
Pig

0/7
0/7
1/7
0/7

ND
ND
C. baileyi
ND

Chicken
Cow
Duck
Pig

0/6
1/5
0/5
0/6

ND
C. parvum
ND
ND

Rizal

ND, not detected.

possible sources of contamination dominant in the water
system. This study also provides information on the occurrence and distribution of Cryptosporidium in Laguna Lake
and its tributaries.
The presence of Cryptosporidium contamination in the
vicinity of Laguna Lake has already been established by
previous studies. Rivera & Yason () reported the occurrence of Cryptosporidium in farm animals from Laguna and
Batangas, with pigs and calves having the highest rate of
infection at 34.3 and 20.4%, respectively. Wild rats and
mice from Los Baños (31.8%) and Calauan (63%), Laguna,
also had high prevalence of Cryptosporidium (Ng-Hublin

Here, we provide a method for the molecular surveil-

et al. ). In Asian clams propagated in Laguna Lake,

lance of Cryptosporidium that can be adapted to the

20% were positive for Cryptosporidium (Paller et al. ).

current water quality management efforts in Laguna Lake,

Paller et al. () also reported 100% prevalence of Cryptos-

for the purposes of (1) identifying fecal contamination

poridium in recreational waters in Calamba, Laguna.

sources and (2) monitoring the presence of the pathogen,

A recent report by Masangkay et al. (a) conﬁrms the

which can have public health implications. In this study,

presence of Cryptosporidium in the surface and bottom

we report the application of Cryptosporidium as a model

waters of Laguna Lake, as well as in other freshwater reser-

organism for library-independent MST. By sequencing the

voirs in Luzon Island.
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Phylogenetic relationship of partial small subunit rDNA sequences from Cryptosporidium isolates generated from this study and known species/genotypes retrieved from
GenBank. Evolutionary distances between sequences were inferred using neighbor-joining analysis calculated by the Tamura 3-parameter model with gamma distribution. The
consensus tree inferred from 1,000 bootstrap replicates shows bootstrapping values (>50). Reference sequences are shown with accession numbers.
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The overall rate of occurrence in water samples was

dominance of human-infective species in the water samples

10.57%, being detected more frequently in tributary rivers.

suggest that human fecal contamination, or untreated

Other studies of Cryptosporidium occurrence in environ-

sewage, may be signiﬁcant contributors of pollution in the

mental water sources in the Philippines reported 50% in

lake system. This has implications for public health and

river samples from Manila, Pampanga, and Cavite, 33.3%

water security, particularly since Laguna Lake is also used

in a lake in Batangas (Onichandran et al. ), 77.3% in

as a raw water resource. The two human-infective species

raw water samples from the La Mesa Dam (Masangkay

have also been reported by Masangkay et al. (b) in

et al. ), and 22.2% in a river in Ifugao (Labana et al.

lakes across three major islands of the Philippines, further

). The lower incidence of Cryptosporidium in the lake

highlighting the need to strengthen water quality manage-

samples may be due to the dilution of fecal pollution. Detec-

ment efforts.

tion of Cryptosporidium DNA was unsuccessful in some

Two samples were identiﬁed as C. muris and one sample

tributaries as well (Mangangate, Tunasan, and San Cristobal

as rat genotype IV ( Jiang et al. ), which have rodents as

rivers), which possibly indicates a lower concentration of

their major hosts. This suggests the presence of fecal con-

oocysts. We recommend that larger volumes of water be

tamination coming from non-point sources, including

obtained in further studies in order to have a higher likeli-

wildlife or sewage discharge since C. muris can be prevalent

hood of capturing oocysts.

in wastewater (Zhou et al. ). Aside from wild rats (Zhao

Detection of Cryptosporidium was more frequent during

et al. ), the rat genotype IV (previously W19) has been

the wet season (14.3%) than dry season (6.25%). Multiple

detected in several environmental samples such as raw

species identiﬁcation also occurred only during the wet

water (Feng et al. ; Chalmers et al. ) and a water-

season, indicating different inputs of fecal pollution during

shed in Canada (Ruecker et al. ). However, further

this period. This agrees with previous ﬁndings of higher

characterization of this genotype is necessary to establish

prevalence of oocysts during increased rainfall events due

host range and distribution. A previous study of Cryptospor-

to increased oocyst transport mechanisms and resuspension

idium genotypes from rodents in neighboring Los Baños

(Atherholt et al. ; Jiang et al. ). A study by Paller

and Calauan, Laguna, reported the presence of C. muris

et al. () cited rainfall and water clarity to be signiﬁcantly

and Cryptosporidium rat genotype IV (Ng-Hublin et al.

associated with the occurrence of Cryptosporidium from

). Other identiﬁed species point to agricultural contami-

Asian clams in Laguna Lake, two factors that are also impli-

nation from poultry (C. galli and C. baileyi) and swine

cated with the increase of Cryptosporidium waterborne

(C. suis). These results suggest that farm animals and wild-

outbreaks (Rose et al. ; Lal et al. ). The incidence

life may be important reservoirs of Cryptosporidium in the

of cryptosporidiosis in Philippine patients was also reported

Laguna Lake system. It is noteworthy that although these

to have an increasing trend during the rainy season

animal-derived species are commonly thought to have a

(Natividad et al. ).

narrow host range, some have been reported in humans

C. parvum was the most frequently detected genotype in

(Ryan et al. ; Zahedi & Ryan ), in particular, C.

positive samples (45%), suggesting that it may be the domi-

muris (Feng et al. ) and C. suis (Xiao et al. ; Leoni

nant species in the tributary and lake waters. The species

et al. ; Cama et al. ; Wang et al. ). These zoono-

was also detected in a cow fecal sample. The zoonotic

tic species present a valid public health concern as they are

species C. parvum is known to mainly infect humans and

able to infect both immunocompetent and immunocompro-

cows (Xiao ), which suggests both human and/or live-

mised persons (Ryan & Hijjawi ).

stock contamination in agreement with the urban and

Knowledge of the sources of Cryptosporidium in the

rural landscape of the study site. The species C. hominis,

watershed aids in focusing the efforts of mitigating fecal con-

which is known to be exclusively infective to humans, was

tamination in the area. The diverse host sources found in the

detected in Bagumbayan River. C. parvum and C. hominis

sampling points and differing land use indicate that manage-

represent the two species responsible for most human

ment requires different strategies. The land use in the

cases of Cryptosporidium (Xiao ). The presence and

southeastern portion of the watershed is mainly agricultural,
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Modrý, D., Li, N., Fayer, R. & Xiao, L.  Development of a

Corrected Proof
10

L. B. R. O. dela Peña et al.

|

Cryptosporidium spp. in Laguna Lake, Philippines

multilocus sequence tool for typing Cryptosporidium muris
and Cryptosporidium andersoni. Journal of Clinical
Microbiology 49 (1), 34–41.
Feng, Y., Ryan, U. M. & Xiao, L.  Genetic diversity and
population structure of Cryptosporidium. Trends in
Parasitology 34 (11), 997–1011.
Guy, R. A., Payment, P., Krull, U. J. & Horgen, P. A.  Real-time
PCR for quantiﬁcation of Giardia and Cryptosporidium in
environmental water samples and sewage. Applied and
Environmental Microbiology 69 (9), 5178–5185.
Hagedorn, C., Blanch, A. R. & Harwood, V. J.  Microbial
Source Tracking: Methods, Applications, and Case Studies.
Springer, New York.
Hunter, P. R. & Thompson, R. C. A.  The zoonotic
transmission of Giardia and Cryptosporidium. International
Journal of Parasitology 35 (11–12), 1181–1190.
Jiang, J., Alderisio, K. A. & Xiao, L.  Distribution of
Cryptosporidium genotypes in storm event water samples
from three watersheds in New York. Applied and
Environmental Microbiology 71 (8), 4446–4454.
Katoh, K. & Standley, D. M.  MAFFT multiple sequence
alignment software version 7: improvements in performance
and usability. Molecular Biology and Evolution 30 (4),
772–780.
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M.,
Sturrock, S., Buxton, S., Cooper, A., Markowitz, S., Duran,
C., Thierer, T., Ashton, B., Meintjes, P. & Drummond, A. 
Geneious Basic: an integrated and extendable desktop
software platform for the organization and analysis of
sequence data. Bioinformatics 28 (12), 1647–1649.
Labana, R. V.  Cryptosporidium in the Philippines.
International Annals of Science 6 (1), 18–27.
Labana, R. V., Dungca, J. Z. & Nissapatorn, V.  Communitybased surveillance of Cryptosporidium in the indigenous
community of Boliwong, Philippines, April to December
2017. Epidemiology and Health 40, e2018047.
Lal, A., Baker, M. G., Hales, S. & French, N. P.  Potential effects
of global environmental changes on cryptosporidiosis and
giardiasis transmission. Trends in Parasitology 29 (2), 83–90.
Leoni, F., Amar, C., Nichols, G., Pedraza-Diaz, S. & McLauchlin,
J.  Genetic analysis of Cryptosporidium from 2414
humans with diarrhoea in England between 1985 and 2000.
Journal of Medical Microbiology 55 (6), 703–707.
LLDA (Laguna Lake Development Authority)  LLDA
Quarterly Monitoring Report: Laguna Lake and Tributary
Rivers. October to December 2018.
Masangkay, F. R., Milanez, G. D., Chua, N. E. R., Angulo, F. M. N.,
Aquino, P. D. M., Calucin, D. N. D. & Urtal, G. R. O. 
Water-borne coccidians in Philippine water sheds: a national
inceptive study. Asian Journal of Biological and Life Sciences
5 (2), 112–119.
Masangkay, F. R., Milanez, G. D., Tsiami, A., Hapan, F. Z.,
Somsak, V., Kotepui, M., Tangpong, J. & Karanis, P. a
Waterborne protozoan pathogens in environmental aquatic

Downloaded from http://iwaponline.com/jwh/article-pdf/doi/10.2166/wh.2021.059/879347/jwh2021059.pdf
by guest

Journal of Water and Health

|

in press

|

2021

bioﬁlms: implications for water quality assessment strategies.
Environmental Pollution 259, 113903.
Masangkay, F. R., Milanez, G. D., Somsak, V., Kotepui, M.,
Tangpong, J. & Karanis, P. b Multi-spatial contamination
of environmental aquatic matrices with Cryptosporidium: a
climate, health, and regulatory framework for the
Philippines. Environmental Sciences Europe 32 (1), 1–11.
Natividad, F. F., Buerano, C. C., Lago, C. B., Mapua, C. A., de
Guzman, B. B., Seraspe, E. B., Samentar, L. P. & Endo, T.
 Prevalence rates of Giardia and Cryptosporidium
among diarrheic patients in the Philippines. Southeast Asian
Journal of Tropical Medicine and Public Health 39, 991–999.
Ng-Hublin, J. S. Y., Singleton, G. R. & Ryan, U.  Molecular
characterization of Cryptosporidium spp. from wild rats and
mice from rural communities in the Philippines. Infection,
Genetics and Evolution 16, 5–12.
Nichols, R. A. & Smith, H. V.  Optimization of DNA
extraction and molecular detection of Cryptosporidium
oocysts in natural mineral water sources. Journal of Food
Protection 67 (3), 524–532.
Nichols, R. A. B., Campbell, B. M. & Smith, H. V. 
Identiﬁcation of Cryptosporidium spp. oocysts in United
Kingdom noncarbonated natural mineral waters and
drinking waters by using a modiﬁed nested PCR-restriction
fragment length polymorphism assay. Applied and
Environmental Microbiology 69 (7), 4183–4189.
Nichols, R. A. B., Connelly, L., Sullivan, C. B. & Smith, H. V. 
Identiﬁcation of Cryptosporidium species and genotypes in
Scottish raw and drinking waters during a one-year
monitoring period. Applied and Environmental Microbiology
76 (17), 5977–5986.
Onichandran, S., Kumar, T., Salibay, C. C., Dungca, J. Z., Tabo,
H. A., Tabo, N., Tan, T.-C., Lim, Y. A., Sawangjaroen, N.,
Phiriyasamith, S., Andiappan, H., Ithoi, I., Lau, Y.-L. &
Nissapatorn, V.  Waterborne parasites: a current status
from the Philippines. Parasites and Vectors 7, 244.
Paller, V. G. V., Salumbre, R. L. & de la Cruz, C. P. P.  Asian
clams (Corbicula ﬂuminea) as bioindicators of
Cryptosporidium contamination in Laguna de Bay,
Philippines. Ecology, Environment and Conservation 19 (3),
635–642.
Paller, V. G., Kim, P. M., Abadilla, M. E., Bordado, A. M.,
Galapon, M., Gamalo, L. E. & Macalinao, C. A. 
Prevalence of Cryptosporidium and Giardia in selected
recreational pools in Calamba, Laguna, Philippines. Ecology,
Environment and Conservation 23 (4), 1945–1951.
Prystajecky, N., Huck, P. M., Schreier, H. & Isaac-Renton, J. L.
 Assessment of Giardia and Cryptosporidium spp. as a
microbial source tracking tool for surface water: application
in a mixed-use watershed. Applied and Environmental
Microbiology 80 (8), 2328–2336.
Rivera, W. L. & Yason, J. A. D. L.  Molecular detection of
Cryptosporidium from animal hosts in the Philippines.
Philippine Agricultural Scientist 91 (4), 473–477.

Corrected Proof
11

L. B. R. O. dela Peña et al.

|

Cryptosporidium spp. in Laguna Lake, Philippines

Robertson, L. J., Paton, C. A., Campbell, A. T., Smith, P. G.,
Jackson, M. H., Gilmour, R. A., Black, S. E., Stevenson, D. A.
& Smith, H. V.  Giardia cysts and Cryptosporidium
oocysts at sewage treatment works in Scotland, UK. Water
Research 34 (8), 2310–2322.
Rose, J. B., Huffman, D. E. & Gennaccaro, A.  Risk and
control of waterborne cryptosporidiosis. FEMS Microbiology
Reviews 26 (2), 113–123.
Ruecker, N. J., Braithwaite, S. L., Topp, E., Edge, T., Lapen, D. R.,
Wilkes, G., Robertson, W., Medeiros, D., Sensen, C. W. &
Neumann, N. F.  Tracking host sources of Cryptosporidium
spp. in raw water for improved health risk assessment.
Applied and Environmental Microbiology 73 (12),
3945–3957.
Ruecker, N. J., Matsune, J. C., Lapen, D. R., Topp, E., Edge, T. A. &
Neumann, N. F.  The detection of Cryptosporidium and
the resolution of mixtures of species and genotypes from
water. Infection, Genetics and Evolution 15, 3–9.
Ryan, U. & Hijjawi, N.  New developments in
Cryptosporidium research. International Journal for
Parasitology 45 (6), 367–373.
Ryan, U., Fayer, R. & Xiao, L.  Cryptosporidium species in
humans and animals: current understanding and research
needs. Parasitology 141 (13), 1667–1685.
Santos-Borja, A. & Nepomuceno, D. N.  Laguna de Bay:
institutional development and change for lake basin
management. Lake and Reservoirs: Research and
Management 11 (4), 257–269.
Tamura, K.  Estimation of the number of nucleotide
substitutions when there are strong transition-transversion
and Gþ C-content biases. Molecular Biology and Evolution
9 (4), 678–687.
Tanganco, L. J. U., Alberto, M. A. J. & Gotangco, C. K. Z. 
Forecast of potential areas of urban expansion in the Laguna

Journal of Water and Health

in press

|

2021

de Bay basin and its implications to water supply security.
Philippine Journal of Science 148 (4), 715–724.
Wang, L., Zhang, H., Zhao, X., Zhang, L., Zhang, G., Guo, M.,
Liu, L., Feng, Y. & Xiao, L.  Zoonotic Cryptosporidium
species and Enterocytozoon bieneusi genotypes in HIVpositive patients on antiretroviral therapy. Journal of Clinical
Microbiology 51 (2), 557–563.
WAVES (Wealth Accounting and the Valuation of Ecosystem
Services)  Pilot Ecosystem Account for Laguna de Bay
Basin. Available from: http://llda.gov.ph/wp-content/
uploads/dox/philwaves/reports/ldb-ﬁnal-hires-5dec2016.pdf.
Xiao, L.  Molecular epidemiology of cryptosporidiosis: an
update. Experimental Parasitology 124 (1), 80–89.
Xiao, L., Singh, A., Limor, J., Graczyk, T. K., Gradus, S. & Lal, A.
 Molecular characterization of Cryptosporidium oocysts
in samples of raw surface water and wastewater. Applied and
Environmental Microbiology 67, 1097–1101.
Xiao, L., Bern, C., Arrowood, M., Sulaiman, I., Zhou, L., Kawai,
V., Vivar, A., Lal, A. A. & Gilman, R. H.  Identiﬁcation of
the Cryptosporidium pig genotype in a human patient.
Journal of Infectious Diseases 185 (12), 1846–1847.
Zahedi, A. & Ryan, U.  Cryptosporidium – an update with an
emphasis on foodborne and waterborne transmission.
Research in Veterinary Science 132, 500–512.
Zhao, W., Wang, J., Ren, G., Yang, Z., Yang, F., Zhang, W., Xu, Y.,
Liu, A. & Ling, H.  Molecular characterizations of
Cryptosporidium spp. and Enterocytozoon bieneusi in brown
rats (Rattus norvegicus) from Heilongjiang Province, China.
Parasites and Vectors 11 (1), 1–7.
Zhou, L., Singh, A., Jiang, J. & Xiao, L.  Molecular
surveillance of Cryptosporidium spp. in raw wastewater in
Milwaukee: implications for understanding outbreak
occurrence and transmission dynamics. Journal of Clinical
Microbiology 41 (11), 5254–5257.

First received 25 February 2021; accepted in revised form 7 April 2021. Available online 19 April 2021

Downloaded from http://iwaponline.com/jwh/article-pdf/doi/10.2166/wh.2021.059/879347/jwh2021059.pdf
by guest

|

