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• Cryptosporidium and Giardia are ubiq-
uitous in the aquatic environment of
N. Thailand.

• Rain is an important driver of pathogen
transport.

• Streambed may be an important repos-
itory of Cryptosporidium and Giardia.

• Cattle farming management strategies
may influence parasitic infection.

• Rural communities are especially at risk
to giardiasis and cryptosporidiosis.
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A catchment-scale investigation of the prevalence of Cryptosporidium and Giardia in the Kuang River Basin was
carried out during the dry and rainy seasons. Water samples were collected from the Kuang River and its
tributaries as well as amajor irrigation canal at the study site.We also investigated the prevalence of gastrointes-
tinal parasitic infection among dairy and beef cattle hosts. Cryptosporidium and/orGiardiawere detected in all the
rivers considered for this study, reflecting their ubiquity within the Kuang River Basin. The high prevalence of
Cryptosporidium/Giardia in the upper Kuang River and Lai River is of a particular concern as both drain into the
Mae Kuang Reservoir, a vital source of drinking-water to many local towns and villages at the research area. We
did not, however, detected neither Cryptosporidium nor Giardiawere in the irrigation canal. The frequency of Cryp-
tosporidium/Giardia detection nearly doubled during the rainy season compared to the dry season, highlighting the
importance ofwater as an agent of transport. In addition to the overland transport of these protozoa from their land
sources (e.g. cattle manure, cess pits), Cryptosporidium/Giardia may also be re-suspended from the streambeds (a
potentially important repository) into the water column of rivers during storm events. Faecal samples from dairy
and beef cattle showed high infection rates from various intestinal parasites— 97% and 94%, respectively. However,
Cryptosporidium and Giardia were only detected in beef cattle. The difference in management style between beef
(freeranging) and dairy cattle (confined) may account for this disparity. Finally, phylogenetic analyses revealed
that the Cryptosporidium/Giardia-positive samples contained C. ryanae (non-zoonotic) as well as Giardia intestinalis
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assemblages B (zoonotic) and E (non-zoonotic). With only basic water treatment facilities afforded to them, the
communities of the rural area relying on thesewater supplies are highly at risk toCryptosporidium/Giardia infections.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Diarrhoea claims more lives of children than AIDS, malaria and
measles combined and is ranked as the second most common cause of
death for children under five years of age worldwide after pneumonia
(UNICEF and WHO, 2009). Nearly one in five children die each year
from diarrhoea (UNICEF and WHO, 2009). Diarrhoea is caused by a
wide range of pathogens including viruses, bacteria and protozoa. Of
these, Cryptosporidium and Giardia are two of the most globally domi-
nant and dangerous parasitic protozoa that infect not only humans,
but also domestic animals and wildlife, (Caccio et al., 2005; Haque,
2007; Hunter and Thompson, 2005).

Cryptosporidium and Giardia are monoxenous: they complete their
life-cycles within a single host, which excretes large numbers of infec-
tive stages (Cryptosporidium oocysts and Giardia cysts) in faeces. A
gram of faeces from an infected host may contain as many as 1 × 107

and 2 × 106 Cryptosporidium and Giardia cysts, respectively (Smith
et al., 2006). While there may be several modes of transmission, infec-
tion typically occurs following ingestion of water contaminated with
Cryptosporidium and Giardia cysts — even in small doses. Infections in
humans have been reported occur in doses as low as 9 and 10 cysts
for cryptosporidiosis and giardiasis, respectively (Smith et al., 2006).
The cysts are environmentally robust, allowing them to persist for
long periods of time outside the host. Their small size allows them to
penetrate the physical barriers of conventional water treatment
systems. They are also insensitive or resistant to many disinfectants
used in the water industry (e.g. chlorine). Cryptosporidium and Giardia
therefore constitute a significant health hazard, even in developed
countries.

Between World War I and 2003, a total of 325 recorded water-
associated outbreaks of parasitic protozoan diseases occurred (Karanis
et al., 2007). North America (Canada and the United States) and
Europe (primarily the United Kingdom) accounted for 93% of the
reported outbreak (Karanis et al., 2007) — most likely due to reporting
bias (Baldursson and Karanis, 2011). Cryptosporidiosis and giardiasis
make up nearly all of the reported cases: 51% and 41%, respectively.
More recently, at least 199 outbreaks occurred between January 2004
and December 2010 (Baldursson and Karanis, 2011). Again, Cryptospo-
ridium (60%) and Giardia (35%) were the main etiological agents of
these waterborne parasitic outbreaks. Documented cases were mainly
reported from North America and Europe, along with ‘newcomers’,
Australia and New Zealand. Reports from these countries/continents
make up approximately 96% of the documented outbreaks (Baldursson
and Karanis, 2011).

Consideration of these two reviews discloses several important find-
ings. Firstly, Cryptosporidium and Giardia are dominant causative agents
of waterborne disease outbreaks, compared with other protozoan
parasites. Secondly, even first world nations with reliable and modern
water treatment systems and technology are susceptible to parasitic
outbreaks. Thirdly, marked progress has been made in the detection
and diagnosticmethods, which in turn has resulted in the improvement
in surveillance and reporting systems. Finally, there is a lack of research
and monitoring in developing countries of Asia, Africa and Latin
America. This latter issue is ironic, yet important, because the poorer
communities from these regions without reliable water and sanitation
facilities are likely more vulnerable to these diseases than those in the
developed world where most cases are reported (Hotez et al., 2009;
Prüss-Üstün et al., 2008; WHO, 2008).

Similarly, in the developing nations of Southeast Asia, Cryptosporidi-
um- and Giardia-related studies are relatively rare compared with their
first world counterparts. Wherever available, studies on Cryptosporidium
and Giardia almost always pertain to their prevalence in hosts rather
than the environment (Dib et al., 2008; Lim et al., 2010 and the references
therein). In Thailand, for example, only five such studies have been
published (Anceno et al., 2007; Diallo et al., 2008; Koompapong and
Sukthana, 2012; Kumar et al., 2014; Srisuphanunt et al., 2010). These
studies typically only investigated the occurrence of Cryptosporidium
and Giardia in the aquatic environment and water resources. Investiga-
tions on the factors contributing to their distribution are rare.

Herein, this research void is addressed by investigating the prevalence
of Cryptosporidium and Giardia in the surface water resources in a rural
study area in northern Thailand. The role of seasonality (i.e. dry weather
vs. wet weather) is also explored by investigating the association of
hydroclimatological factors with the distribution of Cryptosporidium and
Giardia in the environment. In addition, faecal samples from cattle, an
important host for Cryptosporidium and Giardia, were also screened for
both protozoa as well as other intestinal parasites. Finally, isolates
of both organisms in faecal samples from cattle were molecularly
characterised.

2. Study area

The area investigated for this study is centred on the Kuang River
Basin,which is located on the eastern bank of the Ping River in Northern
Thailand. The catchment area is 1661 km2 and has a population of
291,000, of which, half are classified as rural (Ganjanapan and Lebel,
2014). The area spans across the districts of San Sai, San Kamphaeng,
Mae On and Doi Saket within the Chiang Mai Province, as well as the
districts of Ban Thi, Pa Sang and the capital district (Amphoe Mueang)
of the Lamphun Province. Forests, mostly deciduous and dry diptero-
carp, cover just over half of the drainage basin and are mostly restricted
to higher elevations. Approximately one third of the area is devoted to
agriculture and about 7–8% to residential use (Ganjanapan and Lebel,
2014).

The Kuang River is an important tributary to the Ping River, which
drains into the Chao Phraya River in Central Thailand (Fig. 1). The Ping
River basin is the largest (catchment area of over 35,000 km2) in the
Chao Phraya River basin. It is a vital source of water not only in the
northern region, but also to the nation's capital, Bangkok, as well as
many parts of Central Thailand for domestic, agricultural and industrial
uses (Thomas, 2005).

The Lai River, Pong River and San River are major tributaries to the
Kuang River. The former, together with the upper reach of the Kuang
River, form the primary inflows to the Mae Kuang Reservoir. With a
water storage capacity of approximately 260 million m3 and a catch-
ment area of over 550 km2, the Mae Kuang Reservoir is a major source
of irrigation, domestic and drinking-water supply for many locations
in the provinces of Chiang Mai and Lamphun (Chansribut, 2002;
Nutniyom, 2003).

A complex network of canals also distributes surface water across
the study site. Importantly, the Mae Taeng-San Sai Canal, constructed
and managed by the Royal Irrigation Department of Thailand, is a 40-
km long, trapezoidal concrete canal that receives water from the Ping
River, immediately downstreamof theMaeNgat Reservoir, and conveys
water to the San Sai District from the Mae Taeng District, to the north.
The water from this canal is typically used from irrigation purposes.
The canal can also be used for recreational purposeswherewe observed
villagers bathing in the waters particularly during the dry season.

Chiang Mai and Lamphun have a tropical wet and dry climate
(Köppen Aw), typical of the northern region of Thailand. Annual rainfall



Fig. 1. The location map of the study area, the Mae Kuang Basin.
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in Northern Thailand is approximately 1200 mmwith seasonal rainfall,
betweenMay andOctober, accounting for almost 92%of the annual total
(Wood and Ziegler, 2008; Lim et al., 2012).

The livestock sector contributes approximately 2.3% to Thailand's
gross domestic product (GDP) (FAO, 2005). The cattle farming industry
has been growing steadily over the years with an increase of nearly 46%
in the number of cattle between 1961 and 2013 (FAO, 2015). Corre-
spondingly, milk as well as beef production had also increased during
this period.Milk production increased nearly 550 fold from 2000 tonnes
in 1961 to 1,095,000 tonnes in 2013 (FAO, 2015). Growth in the beef
production was lower (56%) with 70,000 tonnes of beef produced in
1961 compared to 160,000 tonnes in 2013 (FAO, 2015). Approximately
26% of the total number of cattle in Thailand is found in the northern
region whereby over 70% are from small-scale farms with less than 10
cows (FAO and APHCA, 2002).

3. Materials and methods

3.1. Water samples

3.1.1. Sample collection
A total of 120 water samples were collected from 60 sampling sites

from natural (52) and manmade (8) surface water bodies at the study
area which include the following: the Kuang River (K1–K18), the
Upper Kuang River (uK1–uK4), the Lai River (L1–L7), a Lai River tributary
(tL1–tL3), the Pong River (P1–P9), the Upper Pong River (uP1–uP3); a
Pong River Tributary (tP1 – tP3), the San River (S1–S5) and the Mae
Taeng-San Sai Canal (C1–C8). Sampling was carried out twice at each
sampling site: (i) near the end of dry season (April–May 2014) when
water levels are at the lowest; and (ii) during the peak of the rainy sea-
son (July–August 2014). For each sampling occasion, 40 L of river/canal
water were collected directly from water bodies with a bucket and
stored in two 20-L plastic bottles before transferring to the laboratory
for analyses. For the dry weather samples, no rain events were recorded
at least one week preceding the days of collection. For the wet weather
samples, collection was carried out on five separate occasions — 15th
July, 16th July, 14th August, 16th August and 18th August. The total rain-
fall three days preceding the days of collection were 258 mm, 63 mm,
99 mm, 124 mm and 11 mm, respectively. Rainfall data were obtained
from our weather station in San Sai District.

3.1.2. Sample analyses
The procedures employed for detection and enumeration of

Cryptosporidium and Giardia processes followed those developed and
validated by the United States Environmental Protection Agency
(USEPA, 2012): (i) filtration; (ii) elution (wash); (iii) concentration;
(iv) purification (immunomagnetic separation); (v) staining; and (vi)
immunofluorescence assay microscopy. Briefly, 40 L of water sampled
from each site were transported immediately to a private laboratory
in Chiang Mai. The samples were filtered on the same day of collection
using Filta-Max® foam cartridge filters (IDEXX Laboratories, Inc.,
Westbrook, ME, USA), which retain Cryptosporidium or Giardia cysts.
Filtration was assisted by a motorised pump located on the inlet side
(upflow) of the filters.

Following filtration, the filters were transferred to a Filta-Max®
manual wash system (IDEXX Laboratories, Inc., Westbrook, ME, USA)
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to elute all cysts retained. To do so, the filters were washedwith 600mL
of phosphate buffered saline (PBS) (10 mM) with 0.01% Tween® 20
(PBST). Following washing, the concentrator tube containing the eluate
was transferred onto amagnetic stirring plate. While stirring (to ensure
that any cysts present stay afloat), the tubewas drained from its base to
concentrate the samples to approximately 20 mL. The filters were
washed for the second time with 600 mL of PBST. The concentrates
from the first wash were pooled with those from the second wash and
then concentrated to a final volume of approximately 20 mL. Any
cysts retained on the filter membranes from the base of the concentra-
tor tube were washed off with PBST by transferring the filter mem-
branes into a small sealable plastic bag with approximately 5 mL of
PBST and then manually kneading the membranes to remove cysts
retained. Thewash products from themembraneswere pooled together
with the primary concentrated eluates in centrifuge tubes (final volume
of approximately 25 mL) and stored in the dark at 4 °C before transfer-
ring to the laboratory at the Department of Parasitology, University of
Malaya, Kuala Lumpur (Malaysia), for the subsequent procedures.

Before immunomagnetic separation (IMS), the samples were centri-
fuged at 1500 g for 15min. The supernatants were then carefully aspirat-
ed to 5 mL above the pellets. The samples were re-suspended vigorously
to ensure complete homogenisation before transferring to Leighton tubes
for IMS. For each sample, 1 mL of 10× SL-buffers A and B and 100 μL of
Cryptosporidium and Giardia IMS beads (Dynabeads® GC-Combo,
Invitrogen Dynal AS, Oslo, Norway) were added thenmixedwith a rotat-
ingmixer at approximately 18 rpm for 1 h at room temperature (~25 °C).
The Leighton tubes were then placed in a magnetic particle concentrator
and gently rocked at an angle of 90° for 2min at 1 tilt/s. The supernatants
were decantedbefore removing the tubes from themagnetic particle con-
centrator. The samples were gently rocked to re-suspend the bead-cyst
complexes with 1 mL of 1× SL-buffer A before transferring to labelled
1.5-mL polypropylene centrifuge tubes. The tubes were then placed in a
second magnetic particle concentrator and rocked for 1 min to aspirate
the supernatants before removing the magnet.

For the disassociation of the bead-cyst complexes, 50mLof 0.1NHCl
were added to each sample, which was then vortexed for 50 s then
allowed to stand for at least 10 min in an upright position. The samples
were vortexed for a further 10 s, replaced in the magnetic particle
concentrator and left undisturbed for at least 10 s. At this point, the
beads were collected at the back of the tube and the acidified suspen-
sions were transferred to the wells microscope slides, each containing
5 μL of 1.0 N NaOH.

Before staining, the samples were allowed to dry at 37 °C (max. 1 h)
and then fixed with methanol. Then, 50 μL of 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich Co., Ontario, Canada) solution
(2 μg/mL in PBS) were added to each well. After 2 min, the excess
DAPI was removed and 50 μL of distilled water were added to wash
the wells. After 1 min, the excess water was removed. Fluorescein
isothiocyanate-conjugated anti-Cryptosporidium sp. and anti-Giardia
sp. monoclonal antibodies (FITC-MAb) (EasyStain™, BTF Pty. Ltd.,
NSW, Australia) were added (50 μL) and the mixture was incubated at
room temperature. After 30 min, the excess FITC-MAb was removed
and 300 μL of the fixing buffer from the EasyStain™ kit were added to
the wells. The fixing buffer was drained after 2 min and 5 μL of
EasyStain™ mounting medium were added before sealing the slides
with cover slips for subsequent examination.

The slides were scanned at a magnification of 400× by epifluores-
cence microscopy (Olympus BX51, Tokyo, Japan). Cryptosporidium spp.
and Giardia spp. cysts were first identified and enumerated by immuno-
fluorescence reaction and then confirmed by DAPI fluorescence on the
basis of their sizes, morphological features and the presence of nuclei as
described in Method 1623.1 (USEPA, 2012).

3.1.3. Protozoan cyst recovery efficiency
To establish the ability to demonstrate control over the analytical

system as described in the preceding section and to generate acceptable
precision recovery, protozoan cyst recovery efficiency tests were
conducted. EasySeed™ (BTF Pty. Ltd., NSW, Australia), which contains
100 inactivated Cryptosporidium oocysts and 100 inactivated Giardia
cysts, was spiked into 10 L of deionised water. The samples were then
processed in accordance to the procedures described above for the
detection and enumeration of Cryptosporidium and Giardia cysts.

The cyst recovery efficiency test was replicated 6 times. The mean
recovery for Cryptosporidium oocysts and Giardia cysts was 39% and
45%, respectively. The acceptance criteria for the mean recovery of
Cryptosporidium and Giardia as specified by the USEPA are 38% and
27% (minimum), respectively (USEPA, 2012). The mean recovery of
cysts is comparable to those from other recent studies: 41–55% for
Cryptosporidium and 31–41% for Giardia (Budu-Amoako et al., 2012;
Castro-Hermida et al., 2015; Sato et al., 2013; Xiao et al., 2012). The
precision (as relative standard deviation) of the recovery was 36% and
37% for Cryptosporidium oocysts and Giardia cysts, respectively. The
acceptance criteria for the precision of Cryptosporidium and Giardia re-
covery system as specified by the USEPA are 37% and 39% (maximum),
respectively (USEPA, 2012). With a recovery efficiency of less than
100%, it is important to consider that the cysts concentrations in water
samples reported in this study are likely underestimated.

3.2. Faecal samples

3.2.1. Sample collection
A total of 126 faecal samples were collected from Brahman beef cat-

tle (n = 64) and Holstein-Friesian dairy cattle (n = 62) between May
and July 2014. All samples were collected from Chiang Mai Province.
Dairy cattle samples were collected directly from four farms in the San
Sai District while samples from beef cattle were collected from free-
ranging herds in the grazing fields along the Mae Taeng-San Sai canal.
Approximately 10 g of faeces were collected using disposable plastic
spoons and stored in sterile plastic containers. Although collection of
faeces directly from the rectum of individual animals would have
minimised the potential for cross-contamination, the lack of a trained
animal handler prevented us from doing so. However, to minimise the
contamination of samples and to ensure that repeat samples did not
occur, only fresh and wet samples were collected — often immediately
following defecation. Collected samples were preserved in 2.5% potassi-
um dichromate solution before being transported to the Department of
Parasitology, University of Malaya, Kuala Lumpur, Malaysia where they
were stored at 4 °C until required for subsequent analyses.

3.2.2. Identification and molecular analysis
All sampleswere first concentrated using solvent-free faecal parasite

concentrators (Mini Parasep® SF, Apacor, Berkshire, United Kingdom)
as per the manufacturer instructions. Faecal samples were screened
for the presence of Giardia and other protozoa (except Cryptosporidium)
and helminths by smearing the concentrated products ontomicroscope
slides. The samples were stained with Lugol's iodine before viewing
under a light microscope at 100× and 400× magnification. Samples
were not screened for Cryptosporidium by light microscopy because
even with staining, the threshold of detection is typically low (Weber
et al., 1991).

Molecular techniqueswere carried out to determine the assemblage
of Giardia intestinalis detected in the positive samples via microscopy as
well as to determine the presence and species of Cryptosporidium in all
the faecal samples. Genomic DNA was extracted from all samples using
the NucleoSpin® Soil Kit (MACHEREY-NAGEL GmbH & Co. KG, Düren,
Germany), according to the manufacturer's protocol.

For molecular typing of G. intestinalis, a two-step nested PCR and
partial sequencing of the triosephosphate isomerase (TPI) gene were
performed based on the work of Sulaiman et al. (2003). In the primary
reaction, a 605 base-pair (bp) fragmentwas amplifiedwith the forward
primer AL3543 5′-AAATIATGCCTGCTCGTCG-3′ and reverse primer
AL3546 5′-CAAACCTTITCCGCAAACC-3′. The PCR reaction consisted of



Table 1Please check if the intended presentation/layout of Table 1 has been achieved
Concentration of Cryptosporidium and Giardia cysts at all river sampling sites for both the
dry and wet seasons.

River Sampling
site

Dry season Rain season

Cryptosporidium
(oocyst/10 L)

Giardia
(cyst/10 L)

Cryptosporidium
(oocyst/10 L)

Giardia
(cyst/10 L)

Kuang
River

uK1 – – – –
uK2 – – – –
uK3 – – – 0.50
uK4 – – – 0.28
K1 – – – –
K2 – – – –
K3 – – – –
K4 – – – –
K5 – – – 4.17
K6 – – – –
K7 – – – –
K8 – – 0.40 0.40
K9 – – – –
K10 – – – –
K11 – 0.50 0.37 0.74
K12 – – – –
K13 – – – –
K14 – – – –
K15 0.25 0.25 – –
K16 – – – 0.48
K17 0.50 0.25 – –
K18 – – – –

Lai
River

tL1 – – – –
tL2 – – 4.00 1.50
tL3 – – – –
L1 – – 1.41 2.12
L2 – – – 3.23
L3 – – 1.82 4.85
L4 0.25 – 0.65 10.32
L5 – – – 4.28
L6 – – – 5.71
L7 – – – 13.89

Pong
River

uP1 – – – –
uP2 – – – –
uP3 – – – 0.50
tP1 0.74 2.94 – –
tP2 – 0.80 – –
tP3 – 1.19 – –
P1 – – – 0.50
P2 6.50 1.00 – 1.00
P3 0.50 – – –
P4 – 0.50 0.75 1.25
P5 – – – –
P6 – – – 1.99
P7 – – – –
P8 0.50 2.50 0.57 –
P9 – – – –

San
River

S1 – – – 2.24
S2 – – – –
S3 – – – –
S4 – – – –
S5 – – – –
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1.0 μL of DNA, 12.5 μL (2×) of ExPrime Taq Premix (containing ExPrime
TaqTMDNAPolymerase 1 unit/10 μL, 20mMTris-HCl, 80mMKCl, 4mM
MgCl2, and 0.5 mM of each dNTP) (GeNet Bio Inc., Daejeon, S. Korea)
and 0.25 μM of both the forward and reverse primers with a final
volume of 20 μL. The PCR was performed with an initial denaturation
step of 94 °C for 5 min followed by 35 cycles of 94 °C for 45 s, 50 °C
for 45 s, and 72 °C for 60 s; and a final extension cycle of 72 °C
for 10 min. For the nested PCR reaction, a PCR product of 530 bp was
amplified by using the forward primer AL3544 5′-CCCTTCAT
CGGIGGTAACTT-3′ and the reverse primer AL3545 5′-GTGGCCAC
CACICCCGTGCC-3′. The nested PCR mixture consisted of 1.0 μL of the
first PCR product, 25.0 μL (2×) of ExPrime Taq Premix, 0.2 μM of both
forward and reverse primers with a final volume of 50 μL. The condi-
tions for the secondary PCR were identical to the primary PCR.

Cryptosporidium species and genotyping were also determined by a
two-step nested PCR protocol and sequencing of the partial 18S rDNA
gene based on the work by Ryan et al. (2003). For the primary PCR, a
PCR product of 763 bp was amplified using the forward primer
18SiCF2 5′-GAC ATA TCA TTC AAG TTT CTG ACC-3′ and reverse primer
18SiCR2 5′-CTG AAG GAG TAA GGA ACA ACC-3′. The PCR mixture
consisted of 2.5 μL of the purified DNA, 15.0 μL (2×) of ExPrime Taq
Premix, and 10 μM of the forward and reverse primers. The PCR was
performed with an initial denaturation of 94 °C for 5 min followed by
45 cycles of 94 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s and a final exten-
sion of 72 °C for 10 min. For the secondary PCR, a fragment of ~587 bp
was amplified using the forward primer 18SiCF1 5′-CCT ATC AGC TTT
AGA CGG TAG G-3′ and the reverse primer 18SiCR1 5′-TCT AAG AAT
TTC ACC TCT GAC TG-3′. The secondary PCR mixture consisted of
2.0 μL of the first PCR product, 25.0 μL (2×) of ExPrime Taq Premix,
and 10 μM for both the forward and reverse primers. The conditions
for the nested PCR were identical to those for the first PCR. Amplicons
were analysed by electrophoreses on 1.5% agarose gel and visualised
under UV lamp after staining with GelRed (Biotium, Hayward, CA,
USA). Amplicons of the expected sizewere excised from the gel and pu-
rified using a QIAquick gel extraction kit (Qiagen, Germantown, MD,
USA). Purified PCR products were sent to Axil Scientific for sequencing
in forward and reverse directions.

Sequenceswere initially examined using BLAST (Altschul et al., 1990).
Reference Cryptosporidium and Giardia sequences were downloaded and
aligned using MAFFT in Geneious 7.1.6 (Kearse et al., 2012) and then
manually curated. FastTree was run to create an initial phylogeny after
which redundant sequences were removed (Price et al., 2010). Ambigu-
ous regions were removed for the final Cryptosporidium alignment.
Model testing and Maximum Likelihood tree inference was performed
with IQTREE v 1.3.8 (Nguyen et al., 2015). Based on the best Bayesian
Information Critera (BIC) score, a TN + G4 nucleotide substitution
model was selected for Giardia sequences and a K3Pu + I + G4 model
was selected for Cryptosporidium sequences. Branch support values
were provided through 10,000 bootstrap repetitions (Minh et al., 2013).
The Cryptosporidium tree was midpoint rooted, while the Giardia tree
was rooted to a Giardia muris sequence. Outgroups were removed in the
final tree.

4. Results

4.1. Water samples

All four rivers at the study areawere contaminatedwith varying levels
of Cryptosporidium and/or Giardia cysts (Table 1 and Fig. 2). More than
half of the 52 river sampling sites (27/52) tested positive for Cryptosporid-
ium and/or Giardia. Giardiawas detected in half (26/52) of the river sam-
pling sites while 25% (13/52) of these sites contained Cryptosporidium
(Fig. 3a). Cryptosporidium-Giardia co-contamination occurred in nearly a
quarter (12/52) of the monitored river sampling sites. The highest
concentration of Cryptosporidium (6.50 oocysts/10 L) was detected in
P2 at the Pong River during the dry season while the highest
concentration of Giardia (13.85 cysts/10 L) was detected during the wet
season in L7 at the Lai River. Neither Cryptosporidium nor Giardiawas de-
tected in thewater samples collected from any of the eight sampling sites
of the Mae Taeng-San Sai Canal in either the dry or wet season.

During the dry season, Cryptosporidium or Giardiawere detected in
21% (11/52) of the river sampling sites while the samples containing
either protozoa nearly doubled (40%; 21/52) during the wet season
(Table 1; Fig. 2). Giardia cysts were detected more frequently than
Cryptosporidium oocysts for both dry and wet seasons (Fig. 3b). For
the dry season samples, 13% contained Cryptosporidium (0.25–6.50 oo-
cysts/10 L). In comparison, 18% of the tested samples contained Giardia
(0.25–2.94 cysts/10 L). Meanwhile, for the wet season samples, 15%
tested positive for Cryptosporidium (0.37–4.00 oocysts/10 L) and 38%
tested positive for Giardia (0.28–13.89 cysts/10 L).



Fig. 2. Locations of sampling sites denoting absence/presence of Cryptosporidium/Giardia during dry and wet seasons (Red: Dry and wet season; Yellow: Dry season only; Violet: Wet
season only; White: non-detection).

Fig. 3. a Prevalence of Cryptosporidium and Giardia in the sampling sites of the rivers at the study area. b Seasonal variation of Cryptosporidium and Giardia in the rivers of the study area.
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4.2. Faecal samples

Both dairy and beef cattle had high parasitic infection rateswith 97%
of the faecal samples from dairy cattle testing positive for at least one
intestinal parasite compared to the 94% in faecal samples from beef
cattle. Entamoeba (53%) was the most prevalent of the gastrointestinal
parasites detected in beef cattle followed by Eimeria (42%),
Paramphistomum (33%), strongyle (25%), Buxtonella sulcata (23%), Giar-
dia (13%), Fasciola (8%), Cryptosporidium (3%) and Dicrocoelium (2%)
(Fig. 4). Some of the parasites found in beef cattle were also detected
in dairy cattle: Entamoeba (98%), Eimeria (18%), Paramphistomum
(13%), Buxtonella sulcata (5%) and strongyle (3%) (Fig. 4). Dicrocoelium,
Fasciola, Giardia and Cryptosporidium were not detected in any dairy
cattle samples. Co-infections were observed in 56% (n = 36) of the
meat cattle samples and 38% (n=24) of dairy cattle. Beef cattle showed
noticeably higher infection for all parasites except Entamoeba where
infection in dairy cattle was almost double that in beef cattle.

Giardia cysts were detected in eight of the 64 faecal samples from
beef cattle (~13%) through microscopy. PCR was conducted on the
Giardia-positive samples, but only three were successfully amplified.
Three PCR-positive Giardia samples were sequenced and phylogenetic
analysis revealed two were from the non-zoonotic assemblage E that
only infects hoofed livestock, while the third was identified as assem-
blage B, which is known to infect humans (Fig. 5a). Only two (~3%) of
the samples from beef cattle tested positive for Cryptosporidium.
Sequence analysis determined both were Cryptosporidium rynae, a
non-zoonotic species that infects cattle (Fig. 5b).

5. Discussion

5.1. Environmental prevalence and population vulnerability

Both Cryptosporidium and Giardiawere detected in varying levels in
all the rivers at the study area, reflecting their ubiquity, and correspond-
ingly, the associated risk of cryptosporidiosis and giardiasis within the
predominantly rural landscape. The findings reflect the water quality
in this headwater region draining to the Ping River, and ultimately the
Chao Phraya River. These streams and rivers are not only vital
drinking-water resources for the local regional communities but also
for those downstream in the more densely populated areas, including
Bangkok, which rely on the northern region for much of its municipal
water. Prior studies have largely focused on the highly polluted surface
waters in Bangkok and its vicinities in Central Thailand (Anceno et al.,
2007; Diallo et al., 2008; Koompapong and Sukthana, 2012). Anceno
et al. (2007) andDiallo et al. (2008), for example, surveyedmany canals,
some of which function as open conveyance systems for wastewater.
Fig. 4. Prevalence of Cryptosporidium, Giardia and other parasites in the faecal samples of
beef and dairy cattle.
Not surprisingly, they frequently detected Cryptosporidium and
Giardia cysts in high concentrations. In another Central Thai study,
Koompapong and Sukthana (2012) reported the presence of the zoo-
notic Cryptosporidiumparvum, aswell as the non-zoonotic Cryptosporid-
ium meleagridis and Cryptosporidium serpentis, in the surface waters at
the mouth of the Chao Phraya.

We sampled the river/stream/canal network systematically at
the catchment scale to assess the spatial variability of Cryptosporidium
and Giardia contamination. All the previous studies in Thailand (i.e.
Anceno et al., 2007; Diallo et al., 2008; Koompapong and Sukthana,
2012; Kumar et al., 2014; Srisuphanunt et al., 2010) have not been
able to assess this aspect. These studies only reported the presence or
absence of Cryptosporidium andGiardia in variouswater resourceswith-
out providing the origins of the water samples and other informative
details that may be useful for management. Studies conducted in south-
ern Thailand, for example those by Srisuphanunt et al. (2010) and
Kumar et al. (2014), tested for Cryptosporidium andGiardia in numerous
samples ranging from raw to processed water. Detailed information
regarding the source (e.g. river, aquifer etc.) and the type of treatment
(e.g. filtration, disinfection etc.) for processed water like tap and bottled
waterwas however not reported, preventing the tracking of contamina-
tion sources and the understanding of processes driving the microbial
dynamics (Kay et al., 2007). Elsewhere, the European Union Water
Framework Directive and its USA counterpart, the Clean Water Act,
require catchment-scale investigations for microbial contamination
studies such that programmes of measures can be designed by water
resource managers and policy makers to preserve, protect and improve
the quality of drinking water resources (Council of the European
Communities, 2000; Davison et al., 2005; Horn et al., 2004).

This catchment-scale study provided new and invaluable insight to
the spatial prevalence of Cryptosporidium and Giardia in the surface
water bodies of the study area. These findings make it possible to iden-
tify and prioritise the next steps for research in order to track the source
of contamination and understand the processes that underpinmicrobial
transport. In particular, the detection of Cryptosporidium and Giardia
cysts in the upper reaches of the Kuang River (sites uK3 and uK4), and
especially their high prevalence and intensity in the Lai River (sites L1
to L7, tL2) is of concern because these rivers are the two primary inflows
to the Mae Kuang Reservoir, the principal source of drinking water to
several districts in the provinces of Chiang Mai and Lamphun. In the
highly publicised 1993 Milwaukee (USA) cryptosporidiosis outbreak,
where over 400,000 people were infected, the concentration of Crypto-
sporidium oocysts in the public water supply ranged between 0.03 and
1.32 per 10 L water (MacKenzie et al., 1994). In the Kuang River Basin,
significantly higher levels of Cryptosporidium oocysts were recorded in
the Lai River. For example, between 0.65 and 4.00 Cryptosporidium
oocysts per 10 L of water were detected, while the concentrations of
Giardia cysts were even higher, ranging from 1.50 to 13.89 per 10 L of
water.

The drinking water resources in the district centres and major
towns/cities of Northern Thailand, including those in the study area,
are managed by the Provincial Waterworks Authority (PWA). Water
supplies are typically treated using the conventional method of
coagulation–sedimentation–filtration–disinfection via chlorination.
However, studies have consistently shown that such drinking water
treatment procedure are unable to remove these pathogens completely,
especiallywhen the raw(incoming)water contains high concentrations
of Cryptosporidium and Giardia cysts (Ali et al., 2004; Castro-Hermida
et al., 2008; Castro-Hermida et al., 2015; Hashimoto et al., 2002). With
cysts having a generally high-resistance to chlorination, the threat of
cryptosporidiosis and giardiasis from drinking-water treated through
such means is far from eliminated.

Village water resources, in comparison, are usually managed by the
local communities themselves. The financial capacities of these rural
populations to operate and maintain their water resource management
systems are usually limited. As such, water treatment, whenever
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Fig. 5.Phylogenetic analysis of the partial sequences of theGiardia triosephosphate isomerase gene (5a) and theCryptosporidium 18S ribosomal RNA gene (5b). Nucleotide sequenceswere
retrieved from GenBank, aligned using MAFFT in Geneious 7.1.6 and phylogenetic tree reconstruction was done using a Maximum Likelihood approach in IQ-Tree. Node labels are esti-
mates of branch robustness obtained using an ultrafast bootstrap. Only node labels greater than 70 were shown. The scale bar is nucleotide substitutions per site.
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available, are generally limited to sand filtration only. Given the limited
treatment of drinking-water in these rural communities, the risk of
cryptosporidiosis and giardiasis is therefore amplified over the urban
communities with better access to treatments facilities.

5.2. Seasonal factors and transport processes

The frequency of detection of Cryptosporidium/Giardia nearly
doubled during the wet season compared to the dry season. Thus, the
hydroclimatological factors play a crucial role in the prevalence of Cryp-
tosporidium and Giardia in surface waters in the study area.
Unfortunately, direct comparisons cannot be made with most other
temporal-based studies, as they were largely conducted in temperate
regions where the seasons (e.g. spring, summer, autumn and winter)
do not affect water resources in the same manner as in the tropics
(Caccio et al., 2003; Castro-Hermida et al., 2008, 2009a, 2009b; Hansen
and Ongerth, 1991; Wilkes et al., 2009). Nevertheless, most of these
studies inferred that Cryptosporidium and Giardia are generally more
prevalent during the wetter periods of the year. Xiao et al. (2013) com-
pared the occurrence of Cryptosporidium and Giardia between the flood
period (rainy season) and the impounding period (dry season) in the
Three Gorges Reservoir, China. Their results revealed the reservoir was
more prone to Cryptosporidium contamination during the flood period.
However, the opposite was observed for Giardia. Epidemiological stud-
ies conducted in the tropics also reported positive correlations between
infections and the rainy season. For example, Siwila et al. (2011) report-
ed that both cryptosporidiosis and giardiasis infections in 100 pre-
school children aged 3 to 6 years in Kafue, Zambia were significantly
more prevalent in the rainy season than the dry season.
Wongstitwilairoong et al. (2007) also reported a similar result in their
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survey of intestinal parasitic infections among 472 pre-school children
in Sangkhlaburi, western Thailand.

Several reasonsmay contribute to the significant increase of Crypto-
sporidium andGiardia in the surfacewaters during thewet season. First-
ly, domestic wastewater is an important source of faecal and microbial
contaminants in surface water. In Thailand, only a little over 20% of
the domestic wastewater generated is directed to central wastewater
treatment facilities for treatment; the rest is managed using on-site
sanitation systems (Simachaya, 2009; World Bank, 2008). In rural and
peri-urban areas of Thailand, open-bottomed, non-watertight cess pits
are still commonly used for domestic waste. During the wet season,
localwater tablesmay rise andmixwith thewaste in these pits. Seques-
tered cysts in these cess pits may then be transported laterally through
the soil matrix via groundwater flow, eventually reaching surface
waters (Corapcioglu and Haridas, 1984; Abu-Ashour et al., 1994;
Torkzaban et al., 2008). Many studies have identified wastewater as
an important source of Cryptosporidium and Giardia, whereby high
concentrations of cysts can be detected even in the treated effluents of
wastewater treatment plants (Castro-Hermida et al., 2011; Cheng
et al., 2009; Kitajima et al., 2014). The untreated, raw wastewater
from the prevalent on-site sanitation systems in Thailand therefore
likely contribute to the presence of Cryptosporidium and Giardia in
surface waters, especially during wet periods (Fig. 6).

In addition, during storm events, surface runoff facilitates the trans-
port of animal manure and Cryptosporidium and Giardia cysts (if the
host is infected) from land to surface waters (Ferguson et al., 2003;
Pachepsky et al., 2006; Tyrrel and Quinton, 2003).When the hydrologic
connectivity between sources and receiving bodies is high, cysts may
enter the stream network efficiently (Fig. 6). For example, the presence
of rills, gullies, storm drains and canals will accelerate the transport pro-
cesses while increased surface roughness associated with vegetated
land plots yields an opposite effect (Bracken and Croke, 2007;
Darboux et al., 2001; Jencso et al., 2009; Penuela et al., 2015). In grazing
pastures, we observed the compaction of soil along animal paths (trails)
due to the trampling of cattle herds. The compacted soil of these cattle
trails can increase hydrologic connectivity and surface runoff (Batey,
2009; Trimble andMendel, 1995), which in turn, can lead to an increase
of Giardia and Cryptosporidium contamination in surface waters.
Furthermore, soil compaction can also result in the reduction of storm
runoff infiltration (Batey, 2009; Trimble andMendel, 1995). Percolating
stormwater facilitates the vertical (downward) transport ofGiardia and
Cryptosporidium whereby the cysts can be strained by the underlying
soil matrix. The decrease of the infiltration capacity therefore reduces
the efficiency of this natural filtration system provided by the soil layers
that is important for the protection for water resources against
contamination.

Streambeds are also potentially important repositories of Cryptospo-
ridium and Giardia (Jamieson et al., 2005; McDonald et al., 1982; Nagels
Fig. 6. Cross sectional profile of a stream and the various sources of Cryptosporidium and Giardia
season, manure from cattle and cysts enter surface waters by direct deposition while manure d
During the wet season, groundwater may rise, and thereby increasing the proximity of the w
on-site sanitation systems. Wastewater, potentially laden with cysts, will contaminate ground
et al., 2002). In the dry season, cysts may be deposited into surface
waters by direct defecation or transported from source areas either by
surface or sub-surface flow. Under stream baseflow conditions (i.e.
low velocity, low discharge rate), cysts in the water column settle to
the streambed as both Cryptosporidium (specific gravity: 1.009–1.080;
settling velocity: 0.35–1.31 μm s−1) and Giardia (specific gravity:
1.013–1.117; settling velocity: 0.84–1.40 μm s−1) have natural propen-
sities to sink in water (Dumetre et al., 2011). Settling rate is further en-
hanced when cysts in the water column are associated with (adhered
to) suspended particles, altering their physical properties. Dai et al.
(2004) revealed that hydrophobicity and surface charges of the cysts
are important characteristics that are responsible for their adhesion to
solid surfaces. Settling column experiments conducted on Cryptosporid-
ium oocysts by Searcy et al. (2005) demonstrated that oocysts were
removed from suspension at a much higher rate when associated with
sediments, whereby the settling rate depended primarily on the type
of sediment present in the water.

The rivers in the Kuang River Basin are highly managed. For exam-
ple, many weirs have been built to impound water during the dry sea-
son when water levels are low. Sediments are known to accumulate
behind dams and weirs (Lai and Shen, 1996). Thus, in areas where
Cryptosporidium and Giardia are prevalent, cysts may be stored along
with river sediments behind (or upstream of) these retention struc-
tures. During storm events, turbulent waters may re-suspend and
entrain the cysts (Fig. 7). Jamieson et al. (2005) demonstrated this
phenomenon using tracer bacteria in a small alluvial stream, where
the increase of the tracer bacteria concentration occurred during the ris-
ing limb of storm hydrographs. Nagels et al. (2002) also investigated
this process by creating an artificial flood in a stream by releasing
water from a supply reservoir during dry weather conditions (i.e. no
wash-in from the upper catchment was allowed). Increases and
decreases of the faecal indicator organism concentration corresponded
with the rising and falling limbs of the hydrograph.

Nagels et al. (2002) suggested that cysts accumulated in the stream-
beds may be of similar or greater importance than the wash-in from
land. This may explain the non-detection of both protozoa in the canal
even though Cryptosporidium and Giardia cysts were detected in faecal
samples of beef cattle grazing along it. The flow in the canal is
mechanically-controlled at the source (Ping River) which maintains a
constant flow rate in the dry season. The continuous flushing of water
minimises the settling potential of the cysts into the channel bed. In
addition, the low surface roughness of the concrete-lined canal in
comparison to those of meandering rivers and streams increases the
volumetric discharge rate and velocity of water which in turn also
decreases the settling rate of the cysts (Rouse, 1965). However, it may
also be that these protozoa were present in the waters of the canal but
in much lower concentrations than those in the rivers monitored in
this study. Given that the recovery efficiencies were only 39% and 45%
as well as the processes involved the transport of cysts to surface water. [1] During the dry
eposited on land can be washed into stream by surface runoff during the wet season. [2]
ater table to cess pits. Sometimes, in low-lying areas, groundwater may even flood these
water and transported horizontally via soil matrix to surface waters.



Fig. 7. Longitudinal profile of a fragmented stream and processes influencing the transport of cyst in surface waters. [1] Cryptosporidium and Giardia cysts settles from water column to
streambed. Settling rate is enhanced when cysts are associated to sediments. [2] A store of cysts may exist behind weirs. [3] During storm events, stream velocity and volumetric
discharge rate will increase which causes the resuspension of cysts from streambed to water column.
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for Cryptosporidium and Giardia respectively (see Section 3.1.3), low
concentrations of cysts may escape detection altogether thereby
yielding the negative result.

5.3. Livestock management

The dairy cattle surveyed in this study were not infected with either
Cryptosporidium or Giardia. However, a high prevalence of infection by
other parasites, especially Entamoeba spp., reflects the potential risk of
parasitic transmission and infection–particularly for the parasites that
occur via the faecal-oral route (e.g.Cryptosporidium andGiardia). In con-
trast, cysts of both parasites were detected in the faecal samples from
the beef cattle, for which, at least one of the samples tested positive
for parasites with zoonotic potential (G. intestinalis assemblage B).
Only one other study on the prevalence of Cryptosporidium and Giardia
infection in beef cattle in Thailand was available for comparison.
Kaewthamasorn and Wongsamee (2006) screened 207 faecal samples
of beef cattle in Nan Province, Northern Thailand but did not detect ei-
ther parasite in their samples. While we did not detect either Cryptospo-
ridium or Giardia in faecal samples of dairy cattle at our study site, other
Thai studies have (Inpankaew et al., 2010; Jittapalapong et al., 2006,
2011; Nuchjangreed et al., 2008). In Northern Thailand, the seropreva-
lence of Cryptosporidium parvum infection of 642 dairy cows were 3.3%,
5.1% and 3.0% in the provinces of Chiang Mai, Chiang Rai and Lampang,
respectively (Inpankaew et al., 2009).

Several factors associated with cattle farm management may have
contributed to the disparity of the Cryptosporidium/Giardia infection
between dairy and beef cattle. The beef cattle from this study area are
typically left to graze in pastures where drinking water is available.
Transmission and infectionmay occur through direct ingestion of faecal
matter containing Cryptosporidium/Giardia in the communal fields in
which cattle from different herds graze and defecate. Alternatively,
beef cattle may also be exposed to these parasites from surface waters
(e.g. rivers, streams, canals, ditches etc.) contaminated with Cryptospo-
ridium or Giardia.

In comparison, dairy cattle are typically housed in shelters and in
some instances are separated by stalls. In contrast with free-ranging
beef cattle, cattle feed such as cogon grass (Imperata cylindrica), stalks
of rice and corn are brought to the shelters and placed in troughs or
raised surfaces that minimise faecal contamination. The shelters of
dairy cattle are cleaned daily, typically up to twice a day before milking.
The cowmanure is often collected and dried in separate areas to be sold
as fertiliser. Furthermore, dairy cattle are usually provided water piped
from the local village waterworks system. These water supplies are
derived from protected sources such as deep aquifers or have under-
gone some form of treatment (typically sand-filtration) and therefore
less prone to Cryptosporidium or Giardia contamination. Like the
cattle-feed, drinking water for the dairy cattle is placed in a common
trough or in individual concrete containers that decreases the chances
of faecal contamination.

The management practices for both the beef and dairy cattle may
result in the Cryptosporidium and Giardia contamination of water
resources in the study area. For the beef cattle, the contamination
process is straightforward. Free-ranging cattle are typically found near
water bodies where parasites may be directly deposited into water
bodies during defecation. Manure deposited on land may also be
washed into surface waters during storm events. Even though most of
the manure from dairy cattle was collected for the production of
fertiliser, the residual faecal matter left behind after collection is a
possible source of Cryptosporidium and Giardia. During the cleaning of
the dairy cattle sheds, faecal residues are washed into ditches which
may be ultimately drained into nearby surface waters thereby resulting
in Cryptosporidium and Giardia contamination.

6. Conclusion

This novel study reveals for the first time the prevalence and
distribution of Cryptosporidium and Giardia in the water resources of
Northern Thailand. Both intestinal parasites were detected in varying
levels in all the monitored rivers of the study area. With regards to
public health, the detection of these protozoa in high concentrations
in rivers upstream of the drinking-water reservoir is of great impor-
tance. Immediate precautionary measures must be taken to minimise
future contamination of these raw water supplies while treated
drinking-watermust be thoroughly tested to ensure public safety. Addi-
tionally, the frequency of Cryptosporidium and Giardia detection was
found to be higher during the wet season highlighting the importance
of water as an agent of transport for Cryptosporidium and Giardia from
sources to water bodies.

We also screened faecal samples frompotential Cryptosporidium and
Giardia hosts, i.e. beef and dairy cattle, and detected G. intestinalis
assemblage B, known for its ability to infect humans. We also found
that different cattle management strategies employed can influence
the transmission of intestinal parasites among cattle and potentially to
humans. Grazing pastures and water bodies from which free-ranging
cattle drink frommust be carefullymanaged to preventCryptosporidium
and Giardia contamination of water resources.

The ubiquity of these pathogens in water resources of the study area
highlights the potential risks of cryptosporidiosis and giardiasis not only
to the local population but also the consumers in urban centres that rely
on headwaters areas in Northern Thailand to provide drinkingwater. As
such, monitoring plans for Cryptosporidium and Giardia are essential for
developing programs to ensure clean and safe drinking-water supplies.
Finally, as demonstrated in our study, these monitoring plansmust take
into account the spatial and temporal aspects to provide a better under-
standing of the contamination sources and important factorswhichmay
influence the prevalence and distribution of Cryptosporidium and
Giardia in the local water resources.
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