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The flagellate Giardia intestinalis (syn. G. lamblia, G.
duodenalis) is a well-known intestinal parasite which causes
enteric diseases in humans, livestock, and companion animals.
Recent molecular studies have shown that G. intestinalis is
composed of at least seven genetically distinct but morpho-
logically identical assemblages (Assemblages A to G), and
that most of these assemblages appear to have different host
preferences, e.g., Assemblages C and D are found in dogs,
Assemblage E in hoofed livestock, Assemblage F in cats, and
Assemblage G in rats (1). Assemblage A, however, consists
of isolates that can be classified into two genetic groups (1):
genetic group A-l is isolated from a variety of animals
including humans, while Assemblage A-II is isolated exclu-
sively from humans. Assemblage B consists of a genetically
diverse group of mostly human isolates, but some isolates
from animals are included. Thus, the G. infestinalis isolates
that have the potential for zoonotic transmission seem to be
restricted within narrow genetic groups, specifically Assem-
blages A and B (1).

In Japan, giardiasis has been classified as a category V
notifiable infectious disease in the National Epidemiological
Surveillance of Infectious Diseases under the Law Concern-
ing the Prevention of Infectious Diseases and Medical Care
for Patients of Infections enacted in April of 1999. Although
approximately one hundred cases of this infection were
reported annually between 2000 and 2004 (http://idsc.nih.go.jp/
tasr/virus/virus-e.html), the molecular epidemiology of
Giardia in Japan remains unclear. To date, only two human
isolates have been genotyped as Assemblage B in Japan
(2,3). In the present study, we genotyped three isolates of
G. intestinalis from humans in Japan using both small
subunit ribosomal RNA and glutamate dehydrogenase gene
sequences.

The three isolates (GH-125, GH-126 and GH-135) exam-
ined in the present study were isolated from Japanese individ-
uals: isolates GH-125 and GH-126 were from asymptomatic
individuals living in Osaka, and GH-135 came from a
diarrheal HIV-positive patient in Tokyo. Giardia cysts were
purified from each fecal sample by the sucrose centrifugal
flotation method (4), and the genomic DNA was extracted
and purified following the method reported previously (4,5).
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Giardia diagnostic fragments were amplified by polymerase
chain reaction (PCR) with the following primer pairs target-
ing the different gene loci: RH11 and RH4 for the Giardia
small subunit ribosomal RNA gene (SSUrDNA) (6) and
GDH1 and GDH4 for the Giardia glutamate dehydrogenase
gene (GDH) (7). PCR amplification of SSUIDNA was
performed using LA Taq polymerase with 2X GC buffer 1
(LA Taq) (TaKaRa Shuzo Co., Ltd., Otsu, Japan), and
amplicication of GDH using Ex Taq polymerase with 10X
Ex Taq buffer (Ex Taq) (TaKaRa Shuzo) as reported previ-
ously (5). Sequencing of the PCR products and phylogenetic
analysis were performed following the methods reported
previously (2,8). The partial sequences of the SSUrDNA
and GDH of each isolate were deposited in the GenBank
database under accession numbers AB195219-AB 195224,

SSUrDNA and GDH were successfully amplified in
all isolates examined in the present study (data not shown).
Partial sequences of the SSUrDNA of GH-125 and GH-126
were found to be identical to those of BAH40C11 and BAC2
that are known to belong to Assemblage A. Similarly, GH-
135 had a sequence identical to those of BAH-12 and Ad-28
in Assemblage B (Fig. 1A). More precisely, analysis of GDH
partial sequences (592 bp) made it possible to distinguish GH-
125, which had a sequence identical to those of Ad-2 and
Bris-136, from GH-126 by 3 bp differences, even though they
were both classified into the anthroponotic genotype Assem-
blage A-II (Fig. 1B). Again, the GDH partial sequence of
GH-135 was almost identical to that of BAH-12 with 2 bp
differences and was grouped into zoonotic Assemblage B (Fig.
1B).

Recently, two human isolates of Giardia, GH-156 and GH-
158, were genotyped as Assemblage B by phylogenetic analy-
sis using GDH partial sequences in Japan (2,3). In addition,
three distinct genotypes, pertaining to Assemblages A-I, D
and E, have been isolated from a ferret, dogs and calves,
respectively (2,5,8). Genotypes of Assemblage A-I are known
to have wider range of host species and have the potential to
infect humans, while Assemblages D and E are known to be
host-specific and non-infective to humans. Based on the
results reported in the present experiment together with those
reported elsewhere (2,3,8), there are three Giardia genotypes
present in Japan that are either of zoonotic (Assemblage A-I
and Assemblage B) or anthroponotic (Assemblage A-II)
potential for human infection. Further genetic analysis of both
human and animal isolates of this microbe is needed to gain
greater insight into the molecular epidemiology of endemic
G. intestinalis in Japan.
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Fig. 1. Phylogenetic relationships of the isolates from humans examined in the present study to other Giardia spp. and
G. intestinalis genotypes as inferred by neighbor-joining analysis, based on the nucleotide sequences of SSUrDNA (A)
and GDH (B). Narues of the isolates and accession numbers in GenBank are shown in parentheses.
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Abstract

This study demonstrates microscopic molecular characterization of a single Cryptosporidium oocyst isolated from
sewage. Using glass capillaries, we manipulated an IFA-stained single Cryptosporidium oocyst from purified sewage
concentrate. Each singly isolated Cryptosporidium oocyst was analyzed by 18S rRNA gene based semi-nested PCR
and direct sequence. A total of 56 singly isolate oocysts were characterized successfully as 51.8% (29 isolates) of C.
parvum genotype 1, 17.9% (10 isolates) of C. meleagridis, 12.5% (7 isolates) of C.parvum genotype 2, 8.9% (5
isolates) of C. parvum isolated from pig, 7.1% (4 isolates) of C. parvum isolate VF383 and 1.6% (1 isolate) of C.
parvum isolated from mouse. Results of this study demonstrate that 18S rRNA based semi-nested PCR and direct
sequence method can be used to characterize a single Cryptosporidium oocyst from sewage with high sensitivity.
Furthermore, this method revealed distribution of species and genotypes of Cryptosporidium in a water environment.
Introduction

The use of molecular characterization techniques such as PCR-RFLP and PCR-direct
sequencing has been adopted in many studies for Cryptosporidium from water samples'™.
Most of those studies used DNA extracts from water concentrates as PCR templates. Hence,
genotyping results indicate the presence of the most dominant genotype. Distributions of
respective genotypes or species remain unclear.

To provide the distribution of genotypes or species of Crypfosporidium in a water
environment, we attempt to investigate molecular characterization of a single Cryptosporidium
oocyst, isolated under a microscope, from sewage concentrate using 18S rRNA gene based
semi-nested PCR and direct sequencing method.

Materials and Methods ,
Concentration of Sewage and Isolation of a Single Cryptosporidium Oocyst

Twice a month, we collected seven sewage samples of 4 L each from a sewage treatment
plant located in Tokyo. Samples were centrifuged at 1,500 x g for 15 min. Sediments were
meshed through 32 um metal mesh. The concentrates were purified by sucrose flotation and
washed with ethyl acetate. After purification, Cryptosporidium oocysts were separated by IMS
procedure (Dynabead anti-Cryptosporidium beads; Dynal Biotech, Norway). An
immunofluorescent antibody stain was applied to the separated samples using a
Cryptosporidium antibody kit (Easy stain; BTF Pty. Ltd., Australia).

Stained samples were dropped on a plastic dish; then FITC stained and intact oocyst was
manipulated, using a glass microcapillary under inverted epifluorescence microscopy. An
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isolated single oocyst was dispensed into a 200 ul PCR tube containing 20 pl of lysis buffer (2.5
pl of 10x PCR buffer and 17.5 pl of milli-Q water).
PCR-Semi nested PCR procedure

PCR tubes containing a single Cryptosporidium oocyst were subjected to three
freeze-thaw cycles and then incubated at 100°C for 15 min with 5 pl of 10% TX-100 for DNA
extraction. Initial PCR amplification was performed in 50 ul containing 25 ul of the DNA extract
from a single oocyst, 2.5 ul of 1x PCR buffer, 1 uM concentrations of each primer set and 1 U of
Taq polymerase (EX Tag HS; TaKaRa Bio Inc., Japan). We used 1 pl of initial PCR product,
purified by spin column, as a template for nested amplification. Initial and nested PCR used
oligonucleotide primers that are complementary to 18S rRNA gene sequence of
Cryptosporidium (CPDIAGF1/R for initial PCR, CPDIAGF1/R1 for nested PCR) ®. Nested PCR
products were sequenced on an auto sequencer. Sequence data were compared with
GeneBank sequences using BLAST.

Results and discussion
PCR and nested PCR

Table 1 shows results of nested PCR and the sequence of a singly isolated oocyst from
sewage. A total of 77 cocysts were isolated singly and subjected to semi-nested PCR and direct
sequence. Semi-nested PCR detection rates were 84% (65 isolates positive) for a single
Cryptosporidium oocyst from sewage. For the 73% (56 isolates) that were sequenced
successfully, we compared sequences with the GeneBank database.

The results demonstrate that 18S rRNA based semi nested PCR and the direct
sequencing method can be used to characterize a single Crypfosporidium oocyst from sewage
with high sensitivity and can reveal distribution of species or genotypes of Cryptosporidium in a
water environment.
18S rRNA gene sequence analysis
Nested PCR products were sequenced to confirm the identification of Cryptosporidium.
Sequences of the most variable region of known Cryptosporidium spp. from GeneBank and
isolates from the present study are shown in Fig. 1. Sequences of Cryptosporidium from sewage
were able to differentiate five genotypes and one species. All sequences were matched
GeneBank database as C.parvum genotype 1 (AY204235, etc.), C.meleagridis (AY166839, etc.),
C.parvum genotype 2 (AF178700, etc.), C.parvum isolated from pig (AF115377, etc.), C.parvum
isolate VF383 human type (AY030084.1) and C.parvum isolated from mouse (AF112571).

Distributions of these six genotypes/species are shown in Table 2. Among the 56 isolates,
51.8% (29 isolates) were C.parvum genotype 1 and 7.1% (4 isolates,) C.parvum VF383, which
have been reported as a human type. Potentially zoonotic types were 17.9% (10 isolates) of C.
meleagridis and 12.5% (7 isolates) of C. parvum genotype 2. Animal genotypes were, 8.9% (5
isolates, pig) and 1.8% (1 isolate mouse). An abattoir in the treatment district is presumed to be
one of the contamination sources of animal type (and zoonotic type), possibly.
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Conclusion

This study is summarized as follows:

1) The 18S rRNA based semi-nested PCR and direct sequence method was a useful tool for
investigation of molecular characterization and distribution of Cryptosporidium genotype ina
water environment.

2) Distribution of Cryptosporidium genotype in sewage was: 51.8% (29 isolates) of C. parvum
genotype 1; 17.9% (10 isolates) of C. meleagridis; 12.5% (7 isolates) of C. parvum genotype
2: 8.9% (5 isolates) of C. parvum isolated from pig; 7.1% (4 isolates) of C. parvum isolate
VF383 (human type); and 1.8% (1 isolate) of C. parvum isolated from mouse.
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Table 1 Number of samples PCR positive or sequenced successfully
Tested singly isolate oocysts  Nested PCR positive” Sequenced successfully
77 65(84%) 56(73%)
*Visually detected by etidium bromide and UV

Table 2 Distribution of isolated Cryptosporidium oocyst
Number of isolates %

C.parvum genotype 1 29 518

C.mereaglidis 10 17.9

C.parvum genotype 2 7 125

C.paruvum isolated from pig 5 8.9

C.parvum isolate VF383 4 71

C.parvum isolated from mouse 1 1.8
¢. parvum genotype 1 (AY204235, etc.) AATTCATATTACTATTTTT-TTTTTTAGTATATGAAATTTTACTTTGAGAAAA
Sewage type 1-1 AATTGATATTACTATTTTT-TTTTTTAGTATATGAAATTTTACTTTGAGAAAA
C. parvum genotype 1 (AY204241, etc.) AATTCATATTACTATTTTT-TTTTT-AGTATATGAMTTTTACTTTGAGAAAA
Sewage type 1-2 AATTCATATTAGTATTTTT-TTTTT-AGTATATGAAATTTTAGTTTGAGAAAA
C parvum genotype 1 (AY204231.1, etc.) AATTCATATTAGTATTTTT-TTTT--AGTATATGAAATTTTACTTTGAGAAAA
Sewage type 1-3 AATTCATATTACTATTTTT-TTTT--AGTATATGAMATTTTACTTTGAGAAAA
C. meleagridis (AY166839, etc.) AATTCATATTACTAAA-—-TTTATTAGTATAGGAAATTT-ACTT TGAGAAAA
Sewage type 2 AATTCATATTACTAAA----TTTATTAGTATAGGAAATTT-ACTTTGAGAAAA
C. parvum genotype 2 (AF178700, etc.)  AATTCATATTACTATAT-A—TT-TTAGTATATGAAATTTTACTTTGAGAAAA
Sewage type 3 AATTCATATTACTATAT-A—TT-TTAGTATATGAMTTTTACTTTGAGAAAA
C parvum isolated from pig (AF115377, etc.) AATTCATATTACTATAAT-TTTTATTAGTATATGAAATTTTACTTTGAGAAAA
Sewage type 4 AATTCATATTACTATAAT-TTTTATTAGTATATGAAA TTTTAGTT TGAGAAAA
C parvum isolated VF383 (AY030084.1, etc.) AATTGATATTACTATATTA--TTATTAGTATATGARATT TTACTTTGAGAAAA
Sewage type & AATTCATATTACTATATTA—TTATTAGTATATGAAATT TTACTTTGAGAAAA
C. parvum isolated from mouse (AF112571) AATTCATATTAGTATAATTATTTTTTAGTATATGAAATTTTACTTTGAGAAAA
Sewage type 6 AATTCATATTACTATAATTATTTTTTAGTATATGAAATTTTACTTTGAGAAAA

Fig. 1 Sequences of the most variable regions of the 18S r RNA of Cryptosporidium from sewage and known Cryptosporidium spp.
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Abstract The water volume required for daily monitoring of Cryptosporidium (which can statistically ensure
an annual risk of infection below 107%), was assessed by evaluating the applicability of the Poisson lognormal
(PLN) distribution in microbial risk assessment. PLN showed as good a fit to the observed data as to the
negative binomial distribution. From the estimated PLN distributions for the source and finished water, the
efficacy of the oocyst removal by the conventional water treatment process was estimated to follow log-
normal distribution (median = 3.16 log, o, 95% Cl = 4.27-2.05 log, o). The 365 consecutive negative results
of daily monitoring for 180 L of finished water were found to be statistically equivalent to the annual risk of
infection below 1074, This research also suggested the possibility of applying a qualitative detection method,
such as CC-PCR, as a routine monitoring method for the quantitative risk management.

Keywords Cryptosporidium; monitoring system; Poisson log-normal distribution; risk assessment;
treatment efficacy

introduction

Since the 1990s, cryptosporidiosis has become a worldwide concern as an emerging infec-
tious waterborne disease. In order to manage the risk due to drinking water and to assure its
safety, it is necessary to analyse the risk of infection quantitatively. However, quantitative
microbial risk assessment has several difficulties. For example, monitoring data for microbes
may contain some (sometimes many) “undetected” results, due to very low concentrations of
microbes in water. In this study, the monitoring data of Cryptosporidium observed at a water
treatment plant in Japan were analysed to assess the risk of waterborne infection as well as to
estimate the removal efficacy of the conventional water treatment. Poisson log-normal distri-
bution (PLN) was adopted as one of the possible distributions of the counts in a water sample
and its usefulness was evaluated from the viewpoint of waterborne risk assessment.
Additionally, a volume of water sufficient for daily monitoring was also tested to investigate
the possibility of ensuring that the annual risk remained at an acceptable level.

Materials and methods

Observed data for Cryptosporidium in surface and finlshed water

The monitoring data analysed in this study were obtained by Hashimoto ef al. (2002).
Water samples (81) were collected at a water treatment plant in Japan from 1998 to 2002;
27 were collected from the influent surface water and 54 from the finished water (after
coagulation, flocculation, sedimentation and rapid sand filtration). The sample volume was
<100 L for surface water and 500—4,275.6 L for finished water. Figure 1 shows the log-nor-
mal probability plot of the observed data. Cryptosporidium was detected from all surface
water samples, and its geometric mean was 481 oocysts/1,000 L. However, half of the
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Figure 1 The observed data of Cryptosporidium

finished water samples (27/54) had no oocysts detected. The geometric mean of the detect-
ed samples was 1,39 oocysts/1,000 L.

Distributlon of cocyst concentration In water

The best distribution to characterise the concentration of Cryptosporidium in water was
selected from among the Poisson distribution, the Poisson log-normal distribution and the
negative binomial distribution, using the counted data of the source and purified water.
Assuming the oocyst concentration to be constant, and the variability in counts being sim-
ply due to the randomness in sampling, the probability that a sample of volume (VCL) con-
tains X oocysts is given by the Poisson distribution. The negative binomial distribution
(NB) has also been used to describe the count data of Cryptosporidium (Teunis et al.,
1997). This distribution was derived as a y mixture of Poisson distributions (Greenwood
and Yule, 1920). The Poisson log-normal distribution (PLN) was selected when the con-
centration of oocysts was supposed to follow the log-normal distribution. The probability
distribution function is:

PLN(1 = X) = :0 (mV)* e;p(~mV) mafm exp —(1n(2n;)2—u)2 dm )
where u and o are the parameters for the log-normal distribution and V(L) was the volume
of the sample. Since this function has no analytical solution (Shaban, 1988), it was evaluat-
ed by numerical integration using Simpson’s Rule. A computer-based program was devel-
oped to calculate this probability function. The accuracy of the program was confirmed by
comparing the results with the table established by Brown and Holgate (1971). Best-fit
parameters of each distribution were obtained by the most-likelihood method. Most likeli-
hood estimates (MLEs) were obtained by minimising the following likelihood function.

LE() = -2 3 In(P(x;,V ;60)) @

where P(x;, V;; 0) is the probability function for the ith sample (x; oocysts in V; (L) of sam-
ple) with a parameter set 0.

Comparlson between PLM and LN

The discreteness of count data caused problems in fitting the observed data accurately to
continuous distributions such as log-normal distributions. For example, the concentration
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of the sample was calculated by dividing the number of detected oocysts by the volume of
sampled water. However, due to the spatial heterogeneity and the discreteness of the count-
ed data, the “calculated” concentration was not always equal to the “real” concentration,
especially when the concentration was very low and only a few cocysts were found in the
samples. Additionally, the sample for which no oocysts were detected (so-called “not
detected” or “ND”) cannot be directly applied to the log-normal distribution, because this
distribution is only defined for positive values. Accordingly, such data should be substitut-
ed by some assumptions (Haas and Scheff, 1990). One possible assumption was to treat ND
data as containing 0.5 oocysts in the tested volume. Another possibility was to use the
cumulative probability up to the concentration of 1 oocyst/sample as a substitution. The
effectiveness of these assumptions was evaluated by comparing the parameters with
those derived from PLN. The MLEs were obtained in the same way as the discrete
distributions, excluding the case where the “calculated” concentration was assumed to be
the “real” concentration,

Annual risk of Infectlon

The annual risk of infection caused by drinking the finished water was assessed using
Monte Carlo simulation. The estimated distribution of Cryptosporidium concentration in
the finished water was used to determine the quality of the drinking water. The amount of
water consumed daily was assumed either to follow a log-normal distribution whose medi-
an value was 0.153 L/d/person (i =—1.88, o= 1.12) according to Teunis et al. (1997) or to
be constant at 1 L./dfperson. The former was developed to assess the occurrence of infec-
tion. The latter was developed to assess the safety of the finished water. It was assumed that
consuming 1 L of tap water, which is approximately the 95th percentile of the distribution
for the daily consumption of tap water that has not been boiled or heated (Teunis et al.,
1997; Yano et al., 2000), should be assured to be safe. All oocysts were assumed to be
equally viable and infective to humans, regardless of their genotypes, because no
information on the strain or the genotype was available by microscopic count. The effect of
chlorination was neglected. The dose-response model was derived from Haas et al. (1996).
The Monte Carlo simulation was conducted 10,000 times to achieve the distribution of the
annual risk of infection.

Requlred water volume for dally monitoring

The maximum annual risk, assurable by daily monitoring of the finished water, was evalu-
ated to develop the monitoring procedure to assure the safety of tap water. This assessment
was based on the results of the risk assessment derived from the constant (1 L/d/person)
water consumption model. The acceptable annual risk of infection was set as 104, The
monitoring was conducted on the finished water every day (365 times/year) to assess the
water quality of the year. “All negative” (i.e. 365 consecutive negative results) was adopted
as a water-quality criterion. For comparison, the same evaluation was carried out using the
log-normal distribution to evaluate the possibility of the application of log-normal distribu-
tion instead of PLN. In this case, the cumulative probability <1 oocyst/sample was used as
the probability of “no detection”.

Resuits and discussion

Distributlon of the cocyst concentration In water

Table 1 shows the MLEs for each distribution, and Figure 2 compares the estimated
distribution and the observed data of the source water. Comparing the LF among these three
distributions, Poisson distribution showed the poorest fit when compared with the others.
It, therefore, indicated that the oocyst concentration in water was not constant but variable.
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