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Genomics methods for the detection of pathogens in irrigation water

q Amplification-based methods
Ø qPCR
Ø LAMP
Ø NASBA

q Sequencing
Ø Amplicon sequencing
Ø Shotgun metagenomics

q Nucleotide-based sensors
Ø Aptamer
Ø CRISPR-Cas
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Pathogens of concern in irrigation water and 
fresh produce

Ø Viruses (e.g., norovirus, hepatitis A virus)
Ø Protozoa (e.g., Cyclospora)
Ø Bacteria (e.g., pathogenic E. coli, Campy)



What is expected for the methods for pathogen detection in irrigation water?
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High sensitivity

Infectivity assessment

Short turn-around time

q Present in low concentration

q Highly infectious

q Need timely intervention

Pathogens in irrigation water Expectation for detection methods



Development of a highly sensitive and practical molecular detection method
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Sensitivity and applicability of the new molecular method
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q New method is two orders of magnitude 
more sensitive

Virus-spiking 
experiment

Sensitivity evaluation
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Application to sand-filtered wastewater effluent

最初沈殿池 曝気槽 砂*過最終沈殿池 塩素
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q Detection of low-level viral RNA in sand-filtered effluent
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Spike protein

- Alpha

- Beta

- Gamma

- Delta

Amplicon sequencing for genomic characterization based on the new method:
SARS-CoV-2 experience

Spike proteinReceptor Binding Domain

SARS-CoV-2 genome

n Established a protocol for the detection of mutations based on genomic analysis via NGS.

- Omicron

Variants

Next-generation sequencing
(MiSeq) 



Amplicon sequencing for genomic characterization based on the new method:
Example data - Detection of Delta variant （L452R & T478K） in wastewater
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T478K (C→A)
Yes

L452R (T→G) N501Y (A→T)

（Genetic analysis performed by Prof. Seiya Imoto and Dr. Kiyoshi Yamaguchi from the Institute of Medical 
Science, The University of Tokyo）

This protocol is applicable to sensitive detection and characterization of pathogens in irrigation water.
Ø Useful for pathogenicity evaluation, tracking contamination sources, etc.

Yes No



Cyclospora in irrigation water – CycloCORE Consortium Network
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Addressing the 
Critical Needs of 
Specialty Crop 

Industry 
Stakeholders

Lead by Dr. Gerardo Lopez
(University of Arizona)

Pillar 1: Extension/Outreach Pillar 2: Education and Capacity Building

Pillar 3: Research

International collaboration
ü USA
ü Norway
ü Italy
ü China
ü Japan



Genomics methods for the detection of Cyclospora cayetanensis
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Occurrence of Cryptosporidium, Giardia, and Cyclospora in influent and
effluent water at wastewater treatment plants in Arizona

Masaaki Kitajima a,⁎, Eiji Haramoto b, Brandon C. Iker a, Charles P. Gerba a

a Department of Soil, Water and Environmental Science, The University of Arizona, Tucson, AZ 85721, USA
b International Research Center for River Basin Environment, University of Yamanashi, Yamanashi 400-8511, Japan

H I G H L I G H T S

• Occurrence of three genera of protozoa in wastewater was determined over a year.
• Giardia was always abundant than Cryptosporidium in influent wastewater.
• The identified Giardia intestinalis strains belonged to two assemblages, AII and B.
• Cyclospora cayetanensis was detected from wastewater using a newly developed qPCR.
• Efficacy of the conventional wastewater treatment at removing (oo)cysts is limited.
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We investigated the occurrence of Cryptosporidium, Giardia, and Cyclospora at two wastewater treatment plants
(WWTPs) in Arizona over a 12-month period, from August 2011 to July 2012. Influent and effluent wastewater
samples were collected monthly, and protozoan (oo)cysts were concentrated using an electronegative filter,
followed by the detection of protozoa using fluorescent microscopy (Cryptosporidium oocysts and Giardia
cysts) and PCR-based methods (Cryptosporidium spp., Giardia intestinalis, and Cyclospora cayetanensis). The con-
centration of Giardia cysts in the influent was always higher than that of Cryptosporidium oocysts (mean concen-
tration of 4.8–6.4 × 103 versus 7.4 × 101–1.0 × 102 (oo)cysts/l) with no clear seasonality, and log10 reduction of
Giardia cysts was significantly higher than that of Cryptosporidium oocysts for bothWWTPs (P b 0.05). Log10 re-
duction of Giardia cysts at the WWTP utilizing activated sludge was significantly higher than the other WWTP
using trickling filter (P = 0.014), while no statistically significant difference between the two WWTPs was ob-
served for the log10 reduction of Cryptosporidium oocysts (P = 0.207). Phylogenetic analysis revealed that
G. intestinalis strains identified in wastewater belonged to two assemblages, AII and B, which are potentially in-
fectious to humans. C. cayetanensis was also detected from both influent and effluent using a newly developed
quantitative PCR, with the highest influent concentration of 1.2 × 104 copies/l. Our results demonstrated that
these protozoanpathogens are prevalent in the study area and that efficacy of the conventionalwastewater treat-
ment processes at physically removing (oo)cysts is limited.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cryptosporidium and Giardia are the most common waterborne
protozoan pathogens in industrialized countries (Karanis et al.,
2007; Baldursson and Karanis, 2011). They infect domestic and
wild animals, which may shed a large number of (oo)cysts in the envi-
ronments (Plutzer et al., 2010; Smith and Nichols, 2010). Waterborne
Cryptosporidium and Giardia infections are particularly important be-
cause their transmissive stages, i.e., oocysts and cysts, respectively, are
highly stable in the environments and mostly resistant to disinfectants
(such as chlorine and chloramines) (Carey et al., 2004; Erickson and
Ortega, 2006; Plutzer et al., 2010), which makes it difficult to control
their risks to humans via the exposure to contaminated water. In fact,

Science of the Total Environment 484 (2014) 129–136

Abbreviations: WWTP, wastewater treatment plant; EPA, Environmental Protection
Agency; GDH, glutamate dehydrogenase; PBS, phosphate buffered saline; IMS,
immunomagnetic separation; IFA, immunofluorescent assay; ITS, internal transcribed
spacer; qPCR, quantitative polymerase chain reaction; RT, reverse transcription; RFLP, re-
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nested PCR (Xiao et al., 1999, 2000), seminested PCR (Read et al.,
2004), and the newly developed SYBR Green-based qPCR, respec-
tively. Cryptosporidium spp. was not detected in thewastewater sam-
ples using the nested PCR, although Cryptosporidium oocysts were
frequently identified by IFA as described above. G. intestinalis was de-
tected in 2 (17%) influent and 4 (33%) effluent samples from Plant A,
and 8 (67%) influent and 3 (25%) effluent samples from Plant B. In
order to assess the presence of PCR inhibition in the DNA extracts,
salivirus/klassevirus plasmid DNA was used as an internal control and
amplified with nested PCR (Shan et al., 2010). The PCR amplification
of the internal control plasmid DNA was successful for all the 48 sam-
ples, demonstrating no substantial effect of PCR inhibition.

C. cayetanensis was detected with the newly developed qPCR assay
in 3 (25%) influent and 1 (8%) effluent samples from Plant A, and 3
(25%) influent and 2 (17%) effluent samples from Plant B, with the
highest concentration of 1.2 × 104 copies/l in the influent. Positive
rate of C. cayetanensis was lower than that of G. intestinalis. Removal
efficiency of C. cayetanensis at theWWTPs could not be determined be-
cause none of the sample sets were positive for both influent and efflu-
ent (Table S1, Supplementary material).

3.5. Phylogenetic analysis of G. intestinalis strains

In order to characterize the G. intestinalis strains identified in the
wastewater samples, we determined the nucleotide sequences of the
seminested PCR products. The nucleotide sequences were successfully
determined for 15 samples out of the 17 PCR-positive samples, while
the other two samples contained multiple nucleotide sequences in a
sample. Phylogenetic analysis of the G. intestinalis strains revealed that
12 strains identified in the present study belonged to assemblage AII
(human-specific) and the other three strains assemblage B (zoonotic)

(Fig. 2), which are both potentially infectious to humans (Plutzer
et al., 2010).

4. Discussion

Due to limitedwater resources in arid areas, especially those consid-
ering indirect and directwater re-use schemes, ensuringmicrobial safe-
ty of treated wastewater and reclaimed water is essential to decrease
public health risks associated with the exposure to the treated waters.
Since protozoan pathogens, such as Cryptosporidium and Cyclospora
oocysts, have extremely high resistance against chemical disinfec-
tants including chlorine (Wright and Collins, 1997; Carey et al.,
2004; Baldursson and Karanis, 2011), the presence of protozoa in
treated wastewater is one of the major concerns in water reclamation
scheme and during discharge into the environment. The purpose of
the present study was to investigate the occurrence, removal, and
genetic diversity of protozoan pathogens in wastewater at two waste-
water treatment plants in southern Arizona.

We utilized an electronegative microporous filter method for recov-
ery of protozoan (oo)cysts from the wastewater samples, which was
originally developed for the concentration of viruses in environmental
water samples (Katayama et al., 2002). A previous study modified this
method to recover protozoan (oo)cysts retained on the filter after the
elution of viruses and successfully detected viruses as well as protozoa
(Cryptosporidium and Giardia) in surface water samples using the mod-
ified method (Haramoto et al., 2012). In order to apply this method for
the detection of protozoan (oo)cysts in wastewater, we tested the re-
covery efficiency of ColorSeed inoculated in wastewater samples. The
recovery efficiency we obtained was relatively high, which was compa-
rable to the recovery efficiency of Cryptosporidium oocysts from waste-
water using USEPA Method 1622 reported in previous studies (McCuin
and Clancy 2005, 2006). The present study is the first attempt to detect
naturally-occurring protozoan (oo)cysts in wastewater samples using
this method, and we were able to detect them from relatively small
volumes of wastewater samples (i.e., 100 ml for influent and 1000 ml
for effluent). In addition, we have successfully detected nine different
types of virus from the same wastewater sample set using this concen-
trationmethod (Kitajima et al., 2012), whichdemonstrates its ability for
simultaneous recovery of viruses and protozoa fromwastewaters. Since
this electronegative filter-based concentration method is simple, rapid,
inexpensive, and highly effective in concentrating viruses as well as
protozoa from various types of environmental water (Katayama et al.,
2002, 2008; Haramoto et al., 2012), it would be appropriate for routine
monitoring of viruses and protozoa in wastewater, reclaimed water,
and wastewater-impacted surface water.

The concentration of Cryptosporidium oocysts in the wastewater
samples (b4.0 × 101 to 7.2 × 102 oocysts/l in influent, b4.0 × 100 to
4.0 × 101 oocysts/l in effluent) was within the range of what was ob-
served in the previous studies (Bonadonna et al., 2002; Harwood et al.,
2005; Hashimoto et al., 2006; McCuin and Clancy, 2006; Castro-
Hermida et al., 2008). Similarly, the concentration of Giardia cysts in
the wastewater samples (1.4 × 103 to 1.5 × 104 cysts/l in influent,
b4.0 × 100 to 6.2 × 102 cysts/l in effluent) was similar to what was ob-
served in the previous studies (Harwood et al., 2005; Oda et al., 2005;
Bertrand and Schwartzbrod, 2007; Castro-Hermida et al., 2008). It

Table 2
Reduction of Cryptosporidium oocysts and Giardia cysts at wastewater treatment plants.

Protozoa Log10 reduction (mean ± standard deviation) P valuea

Plant A Plant B

Cryptosporidium 0.71 ± 0.20 (n = 10) 0.81 ± 0.22 (n = 8) 0.207
Giardia 2.08 ± 0.44 (n = 11) 1.52 ± 0.62 (n = 12) 0.014
P valueb 0.0001 0.029
a P value of Student's t-test comparing the log10 reductions at Plants A and B.
b P value of Student's t-test comparing the log10 reductions of Cryptosporidium oocysts and Giardia cysts.

Fig. 1. Relationship between input copy numbers of the standard plasmids and CT values
obtained from the SYBR Green-based qPCR assay for C. cayetanensis with a serial 10-fold
dilution (106 to 102 copies/reaction) of a standard plasmid. Average CT value of the three
reactions is plotted and error bars indicate standard deviations.
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Using Real-Time PCR
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Revision History:

September 2017: Modified FastDNA Spin Extraction Protocol section: Duplicate text removed from step C.; The
word "shaking" has been replaced with the word "inverting" in step G.
September 2017: Posted a Published Journal Article (PDF) and a Supplemental Data File (PDF).
August 2017: Cyclospora Basil Extension Report, Cyclospora Parsley Extension Report, and 
Cyclospora Carrot Extension Report have been added.
August 2017: Matrix extension study for basil and parsley has been added.
Six Appendices (PDF format) are available at the end of this method.
New BAM Chapter 19b; June 2017: Replaces all aspects of the Cyclospora methodology in BAM Chapter 19a
related to detection of C. cayetanensis in produce.

Cyclospora cayetanensis is a protozoan parasite responsible for waterborne and foodborne human diarrheal illness
called cyclosporiasis. This disease occurs in developed and developing nations with certain seasonality. C.
cayetanensis is considered the only species of this genus that causes cyclosporiasis in humans. Human
cyclosporiasis is a significant public health concern in the U.S. where foodborne outbreaks have occurred since the
mid-1990s, and are frequently linked to consumption of imported fresh produce including leafy greens and berries
(Hall et al., 2012; Herwaldt, 2000). According to the Centers for Disease Control and Prevention, infection by C.
cayetanensis has affected 1481 patients in the U.S. during the large multi-state outbreaks that took place from 2013
to 2015 (http://www.cdc.gov/parasites/cyclosporiasis/outbreaks/index.html (http://www.cdc.gov/para‐
sites/cyclosporiasis/outbreaks/index.html)). Infected individuals shed spherical (8-10 µm in diameter)
unsporulated oocysts into the environment with feces. Person-to-person transmission is considered unlikely because
oocysts seem to require a week or longer in the environment to sporulate and become infective (Ortega and
Sanchez, 2010). The infectious dose of C. cayetanensis is not known.

C. cayetanensis oocysts are not culturable, which makes the application of viability assays impractical. Identification
of Cyclospora oocysts in food matrices by microscopy using currently available methodologies is challenging: 1.
These methods lack the required sensitivity for the detection of low concentration of oocysts in food matrices; 2.
These methods do not allow discrimination of Cyclospora species that are morphological identical to C.
cayetanensis. A method including molecular detection by PCR was developed and published in the FDA BAM in

Development of a qPCR assay for Cyclospora cayetanensis (Kitajima et al., 2014) C. cayetanensis qPCR standard curve

§ qPCR assays for C. cayetanensis have 
been reported and applicable to its 
detection from irrigation water.

§ Remaining challenge is infectivity 
evaluation for better risk assessment.



Biosensor for Rapid Detection of Foodborne Virus:
An Example - Electrochemical Aptasensor for Norovirus
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Aptasensor (aptamer-based biosensor)

Aptamer

n Functional DNA/RNA
n Fold into 3D conformations binding to a 

specific target

Aptamer

Viral 
protein

(Modified from Beier et al., 2014)

Biosensor

Recognition element

Transducer

⇨Aptamer

⇨Electrochemistry
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Improvement of Electrochemical Conditions for Detecting Redox Reaction of K3[Fe(CN)6]
toward the Application in Norovirus Aptasensor

Seiya HIRANO,a,† Junki SAITO,b Tomoki YUKAWA,a Daisuke SANO,c Akihiro OKAMOTO,d,e

Satoshi OKABE,a and Masaaki KITAJIMAa,*

a Division of Environmental Engineering, Faculty of Engineering, Hokkaido University,
North 13 West 8, Kita-ku, Sapporo, Hokkaido 060-8628, Japan
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Environmental Engineering, Graduate School of Engineering, Tohoku University,
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* Corresponding author: mkitajima@eng.hokudai.ac.jp

ABSTRACT
Electrochemical biosensors have attracted significant attention as a
novel tool for the sensitive detection of pathogens and contami-
nants, with the potential capability of rapid, on-site diagnosis. In this
study, we intended to improve the sensitivity of electrochemical
biosensor using Fe(CN)63−/4− as redox marker, toward its application
to norovirus aptasensors. Although many researchers have
developed electrochemical aptasensors for various analytes using
redox markers, the reported electrochemical conditions under
which an aptasensor was examined varied across multiple studies.
Here, we performed square-wave voltammetry (SWV) for electrodes
modified with aptamer specific to murine norovirus and compared
the reduction peak currents of Fe(CN)63− under various conditions.
Effects of working electrode materials and NaCl and [Ru(NH3)6]Cl3
concentration in the electrolyte were examined. Among conditions
we tested, the best sensitivity was obtained using a screen-printed
gold electrode in an electrolyte containing 1M NaCl with 4mM
K3[Fe(CN)6], in which the concentration of murine norovirus showed
linearity with SWV peak current. This study provided useful
information on the electrochemical measurement conditions
regarding the development of electrochemical aptasensors.

© The Author(s) 2020. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,
http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any medium provided the original work is properly cited. [DOI:
10.5796/electrochemistry.20-00017]. Uploading "PDF file created by publishers" to institutional repositories or public websites is not permitted by the copyright
license agreement.

Keywords : Norovirus, Aptamer, Screen-printed Electrode, Biosensor

1. Introduction

Biosensors are analytical devices that rapidly convert biological
response into electrical signal, and they have been attracting
significant attention as novel tools for the sensitive detection of
pathogens and contaminants in clinical and environmental settings,
with the potential capability of rapid, on-site diagnosis.1 A biosensor
typically comprises two main components: (i) a recognition element
that recognizes/captures the target analyte and (ii) a transducer that
converts the recognition event into a measurable signal.1 Elec-
trochemical methods have been widely employed as the transducer

mechanism because they can achieve higher analytical sensitivity
and rapidity than techniques based on other mechanisms, such as
optical or mass-based measurements.2,3 For point-of-use applica-
tions, the analytical system needs to be label-free. Although more
convenient and less expensive, such label-free systems tend to
sacrifice sensitivity and selectivity. To overcome this issue in label-
free systems, the use of recognition elements with a strong affinity
and high specificity to the detection targets, such as aptamers, has
been proposed.4

Aptamers are synthetic nucleic acids that fold into unique three-
dimensional (3D) conformations capable of binding to a specific
target, and have shown advantages over other molecules (such as
antibodies) as recognition elements for biosensing. The advantages
of aptamers include high affinity, specificity, thermostability,
reusability (by reversible denaturation), ease of production, and

³Present address: Division of Infection and Immunity, Research Center for
Zoonosis Control, Hokkaido University, North 20 West 10, Kita-ku,
Sapporo, Hokkaido 001-0020, Japan
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Figure 5. (a) The representative square-wave voltammograms for
SPGE applied with different concentrations of murine norovirus
(0 to 105 plaque-forming unit [PFU] mL¹1). (b) Standard curve
representing peak current relative to a baseline against MNV titer.
Error bars represent standard deviations (N = 3).
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Figure 5. (a) The representative square-wave voltammograms for
SPGE applied with different concentrations of murine norovirus
(0 to 105 plaque-forming unit [PFU] mL¹1). (b) Standard curve
representing peak current relative to a baseline against MNV titer.
Error bars represent standard deviations (N = 3).
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Results
• Difference in SWV peak current intensity between 0 PFU/mL and 1

PFU/mL

• Virus-titer dependent SWV response in 1～102 PFU/L
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Summary: genomics methods for pathogen detection in irrigation water
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qDevelopment of a highly sensitive and practical method 
for molecular detection method.
Ø Validated and applicable to any pathogens.

qAmplicon sequencing for genomic characterization of 
pathogens.
Ø Useful for pathogenicity evaluation, tracking 

contamination sources, etc.

qPotential of biosensors as a rapid pathogen detection 
method.
Ø Attractive alternative but technical challenges remain:

• Academic research → commercially viable prototype
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