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Human enteric viruses (EVs) are the commonest causes of waterborne gastroenteritis.
Principal challenges to monitoring EVs from water sources include filtering large volumes
of water and low recoveries, which can negatively affect downstream applications for
detection. Bioactive paper is a low-cost and easy-to-use paper-based sensor that can
rapidly and specifically capture and detect pathogens from a sample. We developed
antibody-based technologies using cellulose filters and magnetic beads for the capture
and detection of EVs from water samples. As a proof-of-concept, RV group A strains,
published monomeric single domain antibodies (sdAbs, RV-2KD1 and RV-3B2) and fulllength IgG (RV-IgG 26) specific to the RV capsid protein VP6 were selected. For the
antibody-cellulose filter technology, the sdAbs were linked to a cellulose binding module
(CBM2a) for attachment to cellulose filter paper. For the antibody-bead technology, the
sdAbs and RV-IgG 26 were chemically conjugated to magnetic beads. Western blot and
enzyme-linked immunosorbent assay (ELISA) confirmed all RV-mAbs specifically bound
RV strains from human and bovine sources. ELISA indicated that the N-terminal linking
of 2KD1 to CBM2a was shown to be the most effective. RV recovery by both technologies

from spiked tap and river water was analyzed via quantitative PCR and scanning electron
microscopy. RV recoveries of 27.44 ± 22.93% and 26.72 ± 19.66% with RV alone and
29.18 ± 2.38% and 32.66 ± 8.74% in competition with adenovirus from tap and river
waters, respectively, were obtained using the filter-based technology. RV recoveries from
river water in competition with adenovirus were 1.85 ± 1.46% and 0.87 ± 0.4% using RVIgG 26- and RV-2KD1-coupled beads, respectively, using the magnetic bead-based
technology. SEM confirmed the attachment of RV on the antibody-linked filter and the
beads. Both technologies yielded non-specific binding which is a well-known challenge
with antibody-based assays (e.g., ELISA). More optimization steps are needed to improve
the capturing of the virus by these developed technologies and minimize non-specific
binding. The successful development of a filter-based capture technology for the
detection of EVs will provide a critical tool for rapid and cost-effective routine monitoring
of critical human pathogens to inform water safety and treatment.

Key Words: Antibody, Enteric viruses, Carbohydrate-binding module, Rotavirus, VP6,
Cellulose filter, Magnetic beads.
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LITERATURE REVIEW

This review will examine the key strengths and limitations of enteric virus (EV) detection
from aquatic environments, including: concentration methods and current solutions to
enhance detection. Regarding enhancements to concentration and detection, application
of recombinant antibody engineering will be discussed.

1.1

Enteric Viruses in Water Environment

Globally, diarrheal disease is one of the most common causes of illness and death
annually in early childhood (World Health Organization, 2017). Most cases (between 6 to
22%) of acute and watery diarrhea (or acute gastrointestinal illness, AGI) are caused by
EVs, particularly norovirus (NoroV) (de Roda Husman et al., 2007; Borchardt et al., 2012;
Ganesh and Lin, 2013 & Health Canada, 2017).
Enteric viruses are classified into several families, including: Adenoviridae,
Astroviridiae, Caliciviridae, Picornaviridae, Polyomaviridae and Reoviridae, that are
based on differences in morphological, physical and chemical characteristics. They are
shed in high concentrations in feces (105 to 1011 viral particles per gram) and vomit of
infected hosts that may or may not exhibit symptoms (Salim et al., 1990; Blacklow and
Greenberg, 1991; Wyn-Jones and Sellwood, 2001 & Ganesh and Lin, 2013).
Consequently, viruses can contaminate water sources through various routes such as
wastewater treatment plant effluent, disposal of sanitary sewage or sludge on land,
leaking sanitary sewers, septic system effluents and infiltration of surface water into
groundwater aquifers (Powell et al., 2003; Borchardt et al., 2004 & Bradbury et al., 2013).
Numerous studies have indicated the presence of EVs in treated sewage, recreational
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waters (e.g., pool), urban rivers, groundwater, drinking water and shellfish harvested from
contaminated waters (Krikelis et al, 1985; Dewailly et al., 1986; Cecuk et al., 1993;
Muscillo et al., 1994; Le Guyader et al., 1995; Patti et al., 1996; Lipp and Rose, 1997;
Jiang et al., 2001 & Lee et al., 2002). Viruses enter the environment and impact
susceptible hosts most frequently by the fecal-oral route (e.g., ingestion or drinking of
contaminated food or water) and less frequently through respiratory droplets and contact
(Taylor et al., 1995; Wyn-Jones and Sellwood, 2001; Griffin et al., 2003 & Widdowson et
al., 2005). Infectious doses of EVs are considered low, ranging between 1 to 100 infection
units of virus (CDCP, 2002; Lindesmith et al., 2003 & Leon and Moe, 2006). For instance,
2 to fewer than 18 NoroV particles are required to cause infection (Teunis et al., 2008).
As a result, EVs can eventually become common water pollutants and public health
issues (Haas et al., 1993; Fong and Lipp, 2005, Arraj et al., 2008; Okoh et al., 2010 & La
Rosa et al., 2012). Human EVs associated with waterborne transmission are illustrated
in Table 1.1, outlining common characteristics and diseases they cause.
The cellular and molecular structures of EVs play critical roles toward viral stability
and infectivity. The absence of a lipid envelope surrounding the virus particles, results in
high stability of the virus under a wide range of environmental conditions (Girones et al.,
2010). Naked viruses have viral capsids, which are comprised of proteins, resistant to
disinfectants and solvents. For instance, EVs in the water environment are resistant to
many water treatment processes such as chlorination and are able to withstand pH
ranging from 3 to 10 at low temperature (Kocwa-Haluch, 2001; Jiang et al., 2001; Fujioka
and Yoneyama, 2002; Thurston-Enriquez et al., 2003 & Girones et al., 2010). For
example, rotavirus (RV) and poliovirus (PolioV) have been shown to be more stable at 4
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Table 1.1. Features of common human enteric viruses associated with waterborne transmission.
Family

Common Virus

Adenoviridae

Adenoviruses

Nucleic
Acid
dsDNA

Astroviridae

Astroviruses

ssRNA

28 - 33

6,000 - 8,000

_

Caliciviridae

Noroviruses
SRS

ssRNA

35 - 39

7,300 - 7,700

5-6

Picornaviridae

Hepatitis A

ssRNA

27

7,500

2.8

30

7,000 - 8,500

4 - 6.4

Enterovirus
e.g., Poliovirus
and
Coxsackievirus

Diameter
(nm)
80 - 100

Genome Size
(bp)
35,000

Isoelectric
Point
2.6 - 4.5

Polyomaviridae

Polyomaviruses

dsDNA

40 - 55

5,000

_

Reoviridae

Rotaviruses

dsRNA

70 - 80

11,000 25,000

8

Diseases Caused

References

Respiratory disease,
pneumonias,
conjunctivitis, cystitis,
gastroenteritis

Jiang, 2006

Gastroenteritis,
diarrhea, vomiting

Schwab, 2007;
Lee and Kurtz, 1982
& Finkbeiner et al.,
2008

Gastroenteritis,
nausea

Schwab, 2007 &
Patel et al., 2009

Hepatitis

Pinto and Saiz, 2007

Gastroenteritis,
paralysis, meningitis,
respiratory disease,
hand-foot-mouth
disease and diabetic,
Kidney nephritis,
respiratory and merkel
cell carcinoma

Hovi et al., 2007

Gastroenteritis,
dehydration

Schwab, 2007 &
Greenberg and
Estes, 2009

Bofill-Mas et al.,
2006 & Hamza et al.,
2009

Note: nm, nanometer; bp, base pair; ssRNA, single strand ribonucleic acid; dsRNA, double strand ribonucleic acid; dsDNA, double strand
deoxyribonucleic acid.
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°C while several types of enteroviruses (EnteroV) have been found to be most stable at 20 to 1°C (Moe, 1982 & Hurst, 1988). Thus, certain EVs, such as astrovirus (AstroV), RV,
adenovirus (AdenoV) and NoroV, are capable of surviving in the environment for long
periods, up to 120 days in freshwater and sewage, 130 days in seawater, up to 168 days
in tap water and up to 3 years in groundwater (Melnick et al., 1980; USEPA, 1992; Jaing
et al., 2001 & Health Canada, 2017).
In the environment, the number and diversity of viruses are highly variable based
on many factors such as the hygienic level of the population, the prevalence of infection
in distinct geographical regions and seasonal distributions. For example, in France, Le
Guyader et al. (2000) reported that over a 3-year study the detection of various EVs such
as EnteroV, RV and AstroV in shellfish samples occurred mostly during winter time. Also,
in Japan, NoroV were detected in raw sewage throughout a year-long period with a peak
in the winter (Haramoto et al., 2006). Similarly, in Canada, Pang et al. (2019) reported
detection of a wide range of EVs including RV, AdenoV, AstroV, NoroV, EnteroV,
sapovirus and JC virus from 6 major rivers in Alberta with RV being the most common.
The group also demonstrated that NoroV, AstroV, AdenoV, sapovirus and JC virus
peaked during winter months (November to March). Although little is known about
detection of EVs from water sources in South America, the presence of hepatitis E-3 was
reported for the first time in river and sewage sources in the central region of Argentina
(Pisano et al., 2018).
Potential factors that may contribute to virus concentration and survival in water
environments include sources of the water, seasonality, pH, temperature, salts and
organic matter (Lodder et al., 2015 & Regnery et al., 2017). The survival of human EVs
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in different environments and under various conditions (e.g., temperature, surface, pH)
was reviewed in Rzeżutka and Cook (2004). The group reviewed published work on the
robust survival of EVs on fomites, in waters, soil and foods. They also highlighted the lack
of information particularly for water environments. The group suggested the interpretation
of common features, such as number of infectious virus used in a sample, sampling times
and statistical analysis of the results, to facilitate the acquisition of comparable findings
for all virus types studied.

1.1.1 Challenges in Enteric Viruses Analysis
Detection and monitoring of EVs in water environments (e.g. recreational waters) is
challenging for a number of reasons including: (1) their small physical size and stability,
(2) viruses are diluted to a range that cannot be directly detected by current methods and
(3) the concentration range of EVs in water environments varies and is not reported for
many EVs. (Harwood et al., 2005; Rose et al., 2005; Eftim et al., 2017 & Gerba et al.,
2017). Therefore, analysis of viruses in water environments has evolved to enhance the
concentration and detection steps (Sections 1.1.1.1 and 1.1.1.2).

1.1.1.1

Concentration Step

The principle of virus concentration is based on early studies that investigated the
adsorption of virus to graded collodion membranes according to virion particle size
(Elford, 1931 & Ver et al., 1968). Since the 1950s, various techniques such as ionexchange resins (Logrippo and Berger, 1952 & Kelly, 1953), flocculation (Chang et al.,
1958) and filtration-elution were developed to isolate and aid in detecting viruses from
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water environments. These techniques indicated the efficiency of virus recovery is
influenced by many factors such as concentration method, water source (e.g., surface
and ground waters), volume of the sample and the targeted virus (Cashdollar and Wymer,
2013; Pang et al., 2019 & Sinclair et al., 2019). A good concentration method should be
technically simple, fast, inexpensive, able to recover viruses in a small concentrated
volume (~10 to 20 ml), adequate for a wide range of viruses, be repeatable (within a
laboratory) and be reproducible (between laboratories) (Wyn-Jones and Sellwood, 2001
& Fong and Lipp, 2005). However, there is currently no concentration method that can
fulfill all these criteria.
Generally, concentration of viruses from water samples is performed in 2 steps.
During the primary concentration step, viruses in the initial water sample are collected by
adsorption onto a suitable solid surface by charge interaction or size and subsequently
eluted into a smaller volume (100 to 500 ml) with a suitable buffer at a specific pH.
Determining the initial volume that is required for EVs monitoring depends on the source
water. Sampling volumes of 1 L for untreated wastewater are recommended
(concentrated about a 10-fold). Larger volumes of 10 L for natural surface water sources
(e.g., recreational and river water, concentrated about 20- to 2000-fold) and 100 to 1,000s
L for drinking and ground water (concentrated about a 10- to 1000-fold) are usually
collected (Wyn-Jones and Sellwood, 2001; McQuaig and Noble, 2011; Ikner et al., 2012;
Gebra et al., 2018 & Haramoto et al., 2018). In the secondary step, the eluted virus from
the primary concentration is concentrated further using acid flocculation or polyethylene
glycol (PEG) precipitation followed by low speed centrifugation to result in a final volume
between 1 to 20 ml in a neutral buffer (e.g., sodium phosphate (NaPO4) or Tris-buffered
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saline). The concentrated virus can be used immediately for analysis or stored at low
temperature (e.g., -80 to -20ºC) (Wyn-Jones and Sellwood, 2001; Fong and Lipp, 2005;
Cashdollar and Wymer, 2013 & Kunze et al., 2015). Concentrating the sample into a
smaller volume results in concentration of matrix components as well, but allows removal
of some factors of the matrix inhibitors (e.g., microorganisms such as mold, algae) that
may interfere with the detection assay thus enabling a high level of detection specificity
and sensitivity (Fong and Lipp, 2005; Hamza et al., 2011; Knight et al., 2013 & Haramoto
et al., 2018).
Although many reviews have been published on the concentrating methods of EVs
from different water sources (Clarke and Chang, 1959; Wyn-Jones and Sellwood, 2001;
Fong and Lipp, 2005; Ikner et al., 2012; Cashdollar and Wymer, 2013 & Haramoto et al.,
2018), selection of a suitable method is mainly based on the type of water sample and
the target virus. The principles of each method along with applicable fields, advantages
and disadvantages are summarized in Table 1.2. This review discusses concentrating
EVs in water samples by adsorption and elution using membrane filters and potential
matrix effects on virus adsorption and detection.

1.1.1.1.1 Membrane Filter Methods
To recover EVs from water samples, currently, 2 methods of filtration have widely
been used for primary concentration step: (1) filtration by adsorption based on electrocharged filter media and (2) filtration by size (ultrafiltration e.g., capillaries, hollow fibers).
Enteric viruses vary in their retention characteristics as the nature of their capsid proteins
can be affected by the virus size (see Table 1.1). The net negative charge, hydrophobicity
7

Table 1.2. Comparison of common methods used for the concentrating of enteric viruses in water samples.
Methods
Ultracentrifugation

Principles
Relies on weight to
separate particles.

Precipitation

Addition of PEG to a
sample elute at sufficient
concentration results in
precipitation of the virus
and other proteins.

Sewage
Salt and fresh
water

Addition of flocculants
results in destabilization
of particles and colloidal
(agglomerate)
Can be coated with
antibodies or other
molecule (e.g., ligands) to
bind the virus then
separate it magnetically.

Surface water

PEG/NaCl
PEG/ dextran
Organic flocculation
Ammonium sulfate
Adsorption/Elution
HBGAs-magnetic
Immuno-magnetic
Cotton gauze pads

-

Microporous glass

-

Filtration
- Electropositive
membrane filters
-

Electronegative
membrane filters

-

Ultrafilters

Relies on charge of the
viral capsid proteins

Relies on size

Applications
-

Advantages
Fractional of diverse
virus types

Simple, inexpensive,
quantitative, effective
for collecting several
samples inexpensive,
does not require
specific equipment and
applied to many
viruses and different
samples.

Disadvantages
Effective for small
volumes, costly,
requiring specialized
equipment, may
concentrate inhibitors
Time consuming,
effective for small
volumes, not field
deployable, require prefiltration

References
Cliver and
Yeatman, 1965; Hill
et al., 1971 &
Fumian et al., 2010

Antibody/antigen may
be too specific to group
or strain, not field
deployable, costly,

Cannon and Vinjé,
2008

Chowdhary and
Dhole, 2008
Etsano et al., 2016
& Adeniji and
Adewumi, 2017

Norovirus in
surface water
and wastewater
Surface water

Simple, fast and
specific

Wastewater,
Sewage and
seawater

Simple, effective and
inexpensive for large
volumes

Poor adsorption of
viruses, not quantitative

Tambini et al., 1993

Effective for large
volumes

Not quantitative

World Health
Organization, 2003

Reusable, effective for
large volumes, no
preconditioning of the
sample is required
Effective for large
volumes

Clog easily in turbid
water, costly

See Table 1.3 for
more details

Requires
preconditioning of the
sample, costly
Limited to the volume

See Table 1.4 for
more details

-

Surface and tap
waters
Surface and tap
waters and
sewage
Surface,
drinking, and
ground waters

Economical, no
manipulation of the
sample is required

Note: HBGAs, histo-blood group antigens.
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El-Galil et al., 2005

See Table 1.5 for
more details

and isoelectric point of the viral capsid are believed to be important in the attachment of
viruses to a surface (Ikner et al., 2012). Adsorbing the virus to a suitable surface by charge
interaction and subsequent elution of the virus by a pH-adjusted solution has been well
researched.
A wide range of elution buffers including skimmed milk (pH 9), beef extract (pH
9.5), glycine/sodium hydroxide (glycine/NaOH) (pH ranges between 9.5 to 11.5) and
phosphate buffers have showed successful recovery of viruses after being eluted from
the electro-charged filters (Ikner et al., 2012 & Wyn-Jones and Sellwood, 2001). These
buffers are capable of disturbing the electrostatic interactions between the viruses
(electronegative) and the charged filter (electropositive and electronegative). Adsorption
of viruses with an electropositive filter relies on the natural net negative charge of the
virus surface, hence no pre-adjustment of water pH is required (Lipp et al., 2001). The
adsorption of the virus is promoted by low pH and high ionic strength (Gerba, 1984a).
Several electropositive charged filters have been used for recovery of EVs in
different water sources. Common electropositive filters employed in several studies with
their recovery rate for EVs in waters are presented in Table 1.3. The recovery rate of the
virus varies among EVs and water types. For example, recovery rates of ~72% and ~87
to 100% were demonstrated for PolioV in drinking and river water sources, respectively
(Vilaginès et al., 1997 & Cashdollar and Dahling, 2006). The advantages of most
electropositive filters include availability at relatively low cost (US $ 150 to 180 per filter),
ease of use, effective for large volumes (20 to 100 L) with high filtration rate (up to 20
L/min) and no clogging in most cases (Cashdollar and Dahling, 2006 & Karim et al., 2009).
However, they may be clogged and have low recovery rates (e.g., ~44 to 75% for PolioV
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Table 1.3. Comparison of common electropositive-charged filters used for concentrating enteric
viruses in water samples.
Filter
1MDS
Zetapor
Virosorb
(Cuno,
Meriden, CT,
USA)

N66
Posidyne
®

NanoCream
(Argonide,
Sanford, FL,
USA)

ViroCap

Glass Wool

Isolated Virus
Echovirus 1 in tap
water
Poliovirus seeded in
river water
Poliovirus seeded
into 100 L of river
water
Poliovirus seeded
into 100 L of tap
water
Poliovirus in river
water

Recovery
33%

References
Hill et al., 2009

95%

Dahling, 2002

36%

Karim et al.,
2009

Coxsackievirus B5
seeded in tap water
Echovirus 7 seeded
in tap water
Poliovirus seeded in
tap water
Adenoviruses in sea
water
Noroviruses in
seawater
Poliovirus 1 in 20 L
spiked tap water
Echovirus 2 in 20 L
spiked tap water
Adenovirus 2 in 20 L
spiked tap water

27%

Poliovirus in
deionized water

37%

Poliovirus in
seawater
Poliovirus in drinking
water
Poliovirus in
seawater
Poliovirus in tap
water
Adenovirus 41 in tap
water
Norovirus GII in tap
water

44%

Remark
Reusable, costly, effective for
large volumes in turbid waters
before occurrence of clogging,
does not require
preconditioning.

67%
87-100%

Cashdollar
and Dahling,
2006
Karim et al.,
2009

32%

Economical, no crosscontamination between uses,
available in cartridge and selfcontained formats, Effective for
large volumes, does not require
preconditioning. However, clog
easily in more turbid waters.

54-84%
<3%

Gibbons et al.,
2010

>96%
66%

Ikner et al.,
2011

84%
14%

72%

Bennett et al.,
2010

Vilaginès et
al., 1997

75%
98%

Lambertini et
al., 2008

28%
30%
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Economical, does not require
preconditioning, simple to use,
field-deployable, limited to
volume and turbid waters.
Economical, field-deployable,
simple to use. However, clogged
with turbid water and may cause
inter-laboratory variation.

in sea water) when used for viruses in marine or high turbidity waters (Cashdollar and
Dahling, 2006 & Bennett et al., 2010). This may be explained by the poor adsorption of
viruses to the membrane filters in the presence of salt and alkalinity of seawater (Fong
and Lipp, 2005 & Cashdollar and Wymer, 2013).
Adsorption of viruses to electronegative filters, on the other hand, relies on the
manipulation of the water sample to result in viral particles with a net positive surface
charge to adsorb on the membrane filter. Manipulation of the water can be achieved by
adjusting salt concentration (addition of magnesium “Mg2+” or aluminum chloride “AlCl3”)
(Wallis and Melnick, 1967a-c; Sobsey, 1995 & Wyn-Jones and Sellwood, 2001) and pH
to an acidic condition (pH 3.5) (Sobsey et al., 1973 & Wyn-Jones and Sellwood, 2001).
Adding salts to a water sample promotes hydrophobic interactions and interferes with
electrostatic interactions between the virus and the filters. Salts may effect virus
adsorption directly by altering the charge of the filter or indirectly by (1) decreasing the
pH of the sample and/or (2) forming insoluble precipitates (e.g., flocs or complexes, which
result from the salt interacting with the organic material) that adsorb viruses and
consequently trapped by the the filters (Lukasik et al., 2000). Negatively-charged filters
have been used in cellulose nitrate and epoxy resin-bound glass-fibre tubes for recovery
of EVs from different water sources. The cellulose filters were employed commonly for
concentration of viruses from effluent, recreational and service waters in addition to
diluted raw sewage and sludge samples (Wyn-Jones and Sellwood, 2001). The epoxy
resin-bound glass-fibre tubes were employed for concentration of viruses from tap water
(Jakubowski et al., 1974), river water (Morris and Waite, 1980) and other water sources
(USEPA 1984, cited in Wyn-Jones and Sellwood, 2001). Common electronegative filters
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employed in several studies with their recovery rate for EVs in waters are presented in
Table 1.4. Although virus recoveries from negatively-charged filters are similar to those
from positively-charged filters, negatively-charged filters showed higher recoveries (10
times) from seawater (Katayama et al., 2002). Generally, virus recovery rates vary with
negatively-charged filter media (60% to 100%) depending on the virus and the water type
(Table 1.4) (Wyn-Jones and Sellwood, 2001). The main disadvantages of using
negatively-charged filters are difficulties with conditioning large volumes of water (e.g.,
require time and effort to transfer samples from the field to the lab for pH-adjustment and
filtration process) and potential variability in charge of the filter surface that may affect the
data (Fong and Lipp, 2005 & Cashdollar and Wymer, 2013).
In contrast to electro-charged filters, ultrafiltration is an alternative development for
concentrating viruses from large volumes of water (ranging from 1 to 200 L) (Griffin et al.,
2003 & Francy et al., 2013). The method relies on the molecular size of the virus rather
than its charge and is independent of pH thus an elution step is not required. Ultrafiltration
involves passing the water under pressure through a cylindrical filter with pore sizes that
retain viruses (large molecular weight substances) in the retentate, whereas water and
low molecular weight substances pass into the filtrate. Currently, 4 types of pressuredriven membranes are used in drinking water treatment. They are classified based on the
type of targeted removal, operating pressure and pore size or molecular weight cut-off
(MWCO) into low-pressure and high-pressure membranes. The types of low-pressure
membranes include microfiltration (MF, 0.05 to 5 µm pore sizes) and ultrafiltration (UF,
0.005 to 0.05 µm pore sizes) and are usually used for particle/pathogen removal (Health
Canada, 2017). The types of high-pressure membrane include nanofiltration (NF) and re-
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Table 1.4. Comparison of common electronegative-charged filters used for concentrating enteric
viruses in water samples.
Filter
Millipore
membrane
filter
(cellulose
nitrate)
Millipore
HA coated
with AL
ions

Type-HA
(Nihon
Millipore,
Tokyo,
Japan)

Sample
Surface
water

Isolated Virus
Enterovirus

40 ml
MilliQ

Poliovirus

0.5 - 1 L
Tap water
10 L MilliQ
2L
Seawater

Poliovirus

Recovery
60%

99% with
1mM NaOH
(pH 10.8)
>80%
>80% from
94% and
95% eluted
with BE* and
NaOH,
respectively
83% and
95% eluted
with BE* and
NaOH,
respectively
42-57%

References
Block and
Schwartzbrod,
1989
Haramoto et
al., 2004

Katayama et
al., 2002

2L
Pure water

Poliovirus

Cox-disk
filter
(fiberglass
asbestos
epoxy)

Tap water
with
thiosulfate
solution

Poliovirus

Balston
filter tube
(fiber glass
epoxy)

5L
Lakes, tap
water and
seawater

Poliovirus 1,
coxsackievirus
A9
Coxsackievirus
B1
and echovirus

97%

Poliovirus

~50%

Payment et al.,
1976

Enteric viruses

77.4%

Payment et al.,
1988

Coliphages

65%

Hepatitis A

100%

Filtratepleated
cartridge
filter
(epoxyfiberglass)
Fiber glass
depth filter
(wound)
Column
(glass
powder)

3L
Wastewater
100-gal
seawater

River water

20 L
tap water
Freshwater

Jakubowski et
al., 1974

Guttman-Bass
and Nasser,
1984

Remark
Available at moderate
cost (but more
expensive than
electropositive
charged filters) in wide
selection pore sizes
and assorted
adsorbent materials,
applicable to adsorb
viruses from different
water sources, preadjustment with salt or
acid is essential for
virus adsorption.
However, this may
result in precipitate
formation and filter
clogging, and
inactivation of the
virus due to acidic
condition, weak with
higher water turbidity
and often difficult to
elute viruses.
Generally, not field
deployable.

63 - 75%

Gajardo et al.,
1991

80%

Seawater

75%

sewage

61%

Note: BE is beef extract elution buffer of pH 9.5, NaOH is sodium hydroxide buffer at 10 (mM) of pH 10.510.8.
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verse osmosis (RO) and are usually used for the removal of organics and inorganics
(Health Canada, 2017). Common pore size of a flow pattern used in ultrafiltration ranges
between 30 to 100 kDa, although membranes with 10 kDa were used to concentrate
viruses from large volumes (typically ~50 L into 20 ml) (Wyn-Jones and Sellwood, 2001
& Cashdollar and Wymer, 2013). Ultrafiltration can be done in a single pass using vortex
flow filtration (VFF) with no need for pre-filtration of the sample or multiple circulations
using tangential flow filtration (TFF) that requires pre-filtration of the sample (Fong and
Lipp, 2005). Ultrafiltration techniques have also shown high recovery rates for multiple
viruses in different water sources (average of ~70 % for Bacteriophage T1 from spiked
groundwater with VFF and TFF) (Olszewski et al., 2005). Common ultrafilters with
recovery rates for EVs from different water sources are presented in Table 1.5. However,
ultrafiltration is less time and cost-effective than adsorption-elution methods (Jiang et al.,
2001; Wyn-Jones and Sellwood, 2001; Fong and Lipp, 2005 & Cashdollar and Wymer,
2013).

1.1.1.1.2 Limitations of Membrane Filter Methods
Although each concentration method described previously is advantageous to a
certain extent, no single method can be completely effective for concentrating or
preventing the loss of all viruses. These difficulties have been attributed to 3 main issues:
(1) the effect of the water matrix on binding viruses to the filter materials, (2) the co-elution
of virus and potential inhibitors that can impact detection methods and (3) the requirement
for multiple steps to concentrate the viruses from the water and elute from the filter.
Maximizing virus recovery at the same time as minimizing virus loss due to the concentra14

Table 1.5. Comparison of common ultrafilter membranes used for the concentrating of enteric viruses in water samples based on size.
Filter
Hollow-filter

Used in
Primary
step

Samples
Drinking water

Isolated Virus
Murine norovirus

Surface water

Murine norovirus

Spiked surface
water
(100 L)
Spiked
groundwater
(100 L)
Tangential
flow filter

Primary
step

Spiked surface
water
(100 L)
Spiked
groundwater
(100 L)

Centriprep
YM-50 filter

Secondary
step

MilliQ water

Recovery
42% for
triplicate
analysis
74% for single
replicate sample

References
Gibson and
Schwab, 2011

Poliovirus 1

56%

Bacteriophage T1
Bacteriophages
PP7
Poliovirus 1
Bacteriophage T1
Bacteriophages
PP7
Poliovirus 1
Bacteriophage T1
Bacteriophages
PP7
Poliovirus 1
Bacteriophage T1
Bacteriophages
PP7
Poliovirus

70%
86%

Olszewski et
al., 2005

82%
70%
57%
69%
123%
104%

Olszewski et
al., 2005

95%
74%
71%
74%
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Haramoto et
al., 2004

Remarks
Economical, multi-pathogen
concentration filter, no manipulation
is needed and showed higher
recovery rate in comparison to
electro-charged filter. However, it is
limited volumes of sample, not
easily field deployable, may
clogged with turbid water and
limited data are available.

tion procedure is a vast challenge, especially with low concentrations of the viruses
present in large volumes of the sample (i.e., primary concentration step).
When considering adsorption of viruses to a surface (e.g., filters or beads), it is
essential to consider the water’s quality (e.g., macro and microorganisms, pH, organic
matter), the volume of the sample and the type of filter being used. Water matrices are
highly variable with respect to their physical, chemical, and biological factors (Boyd,
2015). Theoretically, everything present in the sample will be simultaneously
concentrated in addition to the viruses. Virus adsorption to a surface is a reversible
process that is basically governed by several energy contributions (electrostatic, van der
Waals attractive forces and hydrophobic interactions) (Gerba, 1984a). In the adsorption
step, the pH plays a significant role as the isoelectric point of EVs varies and therefore
the pH level of the water plays a significant role in adsorption of the viruses (Metcalf et
al., 1995 & Pang, 2009). Generally, pH above neutral tends to inhibit adsorption. In a
study on the adsorption of EVs and other viruses from spiked drinking water, the authors
found that the recovery rates were 4 times higher at a pH of 6 than 7.5 (Lambertini et al.,
2008). Because EVs tend to be electronegative at near-neutral pH, they easily attach to
positively-charged surfaces. However, consideration must be given to varying isoelectric
points of different viruses and adjusting the pH to virus types and the waters they are
being removed from (in the case of using electronegative filters). Besides pH, dissolved
organic matter (classified in 4 groups: humic, fulvic, humin and ulmin acids) negatively
impacts viral adsorption to filter materials (Gjessing et al., 1999). In a study conducted to
measure the role of colloids in virus transport in groundwater, the authors conducted
studies where 2 m long columns were packed with heterogeneous gravel aquifer media
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and several factors measured with respect to viral adherence (Walshe et al., 2010). Using
a bacteriophage as a model virus and kaolinite as a colloid, the authors reported where
kaolinite was absent, the phage travelled faster (less adherence to the gravel) and the
reverse was true when kaolinite was present. Similarly, decreasing the pH or increasing
the ionic strength resulted in increased phage attachment, probably because of the
isoelectric point of the phage. Lastly, when the authors increased the concentration of
dissolved organic matter in the water, the phage travelled faster through the columns. In
another study, it was found that viruses (e.g., PolioV with isoelectric point of 6.6) adsorbed
to negatively- and positively-charged silica at pH below and above their isoelectric points,
respectively (Gerba, 1984b). This mechanism can be beneficial in understanding virus
transport in aquatic environments and in developing methods to concentrate viruses.
Overall, optimal pH, organic matter and salt conditions that encourage maximum
adsorption of the virus to a surface will vary among viruses in different sources (due to
charge differences). Mechanisms involved in the adsorption of viruses to a solid particle
was extensively reviewed in Gerba (1984b); with respect to the surface, these adsorption
factors are similar.
Once viruses adsorb to a surface, they are subsequently eluted from the surface
with alkaline buffers (Section 1.1.1.1.1) capable of disrupting virus-surface interactions
(e.g., organic and inorganic solutions of varying pH levels) since high concentrations of
cations tend to enhance virus retention (Metcalf et al., 1995). The recovery of viruses
following adsorption and elution steps differs when using different filtration systems
(Tables 1.3 to 1.5). Also, the recovery rate of viruses for first elution is usually higher than
second elution (e.g., 39 ± 4 vs. 28 ± 6 and 25 ± 20 vs. 11 ± 4 using 1MDS electropositively-
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charged filter from 100 L tap and river water, respectively) depending on the filter, water
type and volume filtered (Karim et al., 2009). In general, membrane systems have higher
viral recovery rates (reported after secondary concentration step) (up to 100%, see
Tables 1.3 and 1.4) as compared to virus recovery associated with ultrafiltration system
(up to 74%, see Table 1.5) (Huang et al., 2000; Kittigul et al., 2001; Albinana-Gimenez et
al., 2009; Karim et al., 2009; Li et al., 2010 & Ikner et al., 2012). Despite the high recovery
levels, the elution efficiency of viruses from all filtration systems remains highly variable
(Ikner et al., 2012).
Furthermore, analytical procedures for estimating the concentration of the virus in
water sample involve: primary concentration (filtration), elution, secondary concentration
(e.g., flocculation) steps. Each step of this process requires time and effort and is known
to cause loss of target viruses (Petterson et al., 2015). Despite these failings, the
subsequent detection step can utilize methods such as cell culture to estimate infectious
virus particle and/or quantitative polymerase chain reaction amplification (qPCR) to
estimate infectious and non-infectious virus particles.

1.1.1.2

Detection Step

Detection of viruses in a sample requires sufficient concentration of the virus. A
wide range of detection techniques have been developed since 1950s for the detection
of viruses in various environments (Table 1.6). Cell culture and qPCR techniques have
become the principal detection methods of EVs in water environments (Table 1.7) (Griffin
et al., 2001). These techniques are used as standard methods by different agencies such
as United States Environmental Protection Agency (USEPA), Health Canada and the On-
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Table 1.6. Comparison of common methods used for the analysis and detection of enteric viruses
in different environments. Cell culture- and molecular-based methods are common detection
methods for enteric viruses in water samples.
Method
Electron Microscopy
(EM)

Pros
Allows a rapid screen, provide
direct visualization of virus
particles, can differentiate empty
capsid shells from intact particles,
qualitative, and can be quantitative
when combined with fluorescence.

Cons
Requires access to expensive
instrument (EM), requires training,
labor-intensive for routine detection,
can not differentiate viruses based
on their morphology, detection limit
6
7
(ranges between 10 - 10 virus
particles) can be lowered when
combined with fluorescentlylabelled antibodies, not suitable
with water samples.

Cell culture Methods
(CC)

Quantitative, qualitative, determine
infectivity

Virus may not be able to complete
cycle of infection and may lack of
the outer capsid, risk of
contamination, not distinguish
between primitive isolate and the
adaptive virus, lack of a proper
virus concentration for cultural
detection, labor-intensive, timely,
some virus do not grow in cell
culture, relatively expensive
Interfere with inhibitors, primers not
sensitive and not specific, time
consuming
Qualitative, interfere with inhibitors,
does not determine infectivity

- Plaque assay
- Tissue culture infectious
dose (TCID 50%)

Molecular Methods
- Gel electrophoreses

Rapid, qualitative

- Reverse transcript
polymerase chain
reaction (RT-PCR)
- Quantitative PCR
(qPCR)

Rapid, sensitive and specific in
compare to CC

- Multiplex-PCR

Detect several target in a single
reaction, save time and cost

- Nested-PCR

Increased sensitivity to PCR,
confirmation step
Detects all viruses, provides results
in short time comparing to cell
culture, determine infectious and
non infectious viruses.
Provide result in less time and effort
compared to CC

- Integrated cell
culture/polymerase chain
reaction (ICC-PCR)
- Nucleic acid sequencebased amplification
(NASBA)
Immunological Methods
- Enzyme linked
immunosorbent assay
(ELISA)
- Immuno-magnetic beads

Quantitative, less contaminated,
saves time

Simple, do not require a skilled
technician or pre-treatment, can be
field-portable, may be quantitative
and/or qualitative, rapid (strips)
Simple, do not require a skilled
technician or pre-treatment, can be
field-portable
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Qualitative, expensive and specific
equipment, less sensitive that
Nested-PCR
Qualitative, not sensitive for all
targets, non specific amplification
and does not determine infectivity
Risk of contamination
Less risk of contamination, more
costly, interfere with inhibitors
Qualitative, expensive, subjected to
generate false data
Antibody can be moderately or nonselective to the target and be
predispose to interference to
sample matrix, time consuming and
fail to determine infectivity. Cost
depend on antibody, magnetic
beads and special equipment (e.g.,
plate reader and magnetic
separation device)

tario Ministry of the Environment, Conservation and Parks. The cell culture technique
relies on whether the target virus can replicate in a cell line (USEPA, 1996). Since viruses
are obligate intracellular parasites, they must be provided with susceptible host cells (e.g.,
whole organism, organ or cell) to complete their life cycles. The choice of an appropriate
culture system is limited to some extent and depends on the aims of the study (e.g.,
isolation of virus, structural studies, biochemistry of multiplication and cytopathic effects
(CPE)) and the availability of an acceptable host cell line. This is a basic and standard
approach to confirm the presence of infectious EVs in water. Molecular techniques, on
the other hand, rely on detecting specific genetic sequences in viral nucleic acids. Several
PCR technologies such as quantitative reverse transcriptase PCR (qRT-PCR), multiplexPCR and integrated cell culture-PCR (ICC-PCR; only used with culturable virus) have
been utilized to detect a wide range of EVs in different water sources (Reynolds et al.,
1997 & Fong et al., 2005). In general, PCR-based methods are rapid, less laborious,
quantitative, highly specific and sensitive. They can also be automated to process large
numbers of samples (32 to 48 samples per plate) as compared to cell culture (1 sample
per flask). However, none of the PCR methods can distinguish between infectious and
non-infectious virus particles whereas cell culture can only determine infectious virus
particles (Griffin et al., 2001; Fong and Lipp, 2005; Girones et al., 2010; Hamza et al.,
2011 & Knight et al., 2013).

1.1.1.2.1 Limitations of Detection Methods
Several limitations are associated with virus detection by cell culture and qPCR.
These include, but are not limited to, (1) the presence of co-elution of materials (inhibitors)
20

in the concentrated sample, (2) the volume of the sample being analyzed and (3) time
required to quantify the virus concentration in the sample.
Virus-matrix-surface interactions play key roles in determining the robustness of
downstream processes (e.g., recovery rate/sensitivity of detection). Detection methods
are therefore subjected to inhibition by whatever is present in the concentrate volume
(e.g., salts or chemicals in the elution buffer and co-elution materials off the filter). These
co-eluted materials may be co-extracted when virus nucleic acids are collected and affect
their purity. They can also interfere with the amplification of the nucleic acids and cause
false negative results in qPCR (Gibson and Schwab, 2010).
Another important consideration with detection methods is the volume of the
sample and the specificity of the detection method. A few microliters (µl) of the
concentrated sample (~10 to 20 ml) are used in detection step (e.g., 10 µl of virus nucleic
acid is required for qPCR). Also, the concentration step is not specific to a target, as
everything in the sample can bind to the filter, whereas qPCR is specific to a target. In
this regard, it is important to determine the lower detection limit of the assay for the virus.
For example, if virus is present in the water at low concentration, the virus count in the
sample may be under the lower detection limit of the qPCR assay.
Recoveries of some EVs (AdenoV, EnteroV, NoroV, PolioV and RV) using cell
culture- and PCR-based methods after concentrating the virus from previous studies was
summarized in Kunze et al., (2015) (Table 1.7). Although cell culture and qPCR are less
likely to cause degradation of viral nucleic acid, they lack specificity. It is possible that
inactivated viruses be recovered and their nucleic acid be amplified and detected by
qPCR. An enzymatic amplification of specific viral genomic nucleic acid sequences sequ-
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Table 1.7. Published enteric virus recovery rates estimated by cell culture- and PCR-based methods after concentrating the viruses from
water sources by adsorption and elution methods (modified from Kunze et al., 2015).
Water
Source
River

Initial
Volume (L)
20

Ground

PCM

SCM

VCF

Nanocream

Flocculation with
FeCl3

-

1500 - 1900

Nanocream (EPF)

Flocculation

~10

4

Ground

1500

1MDS (EPF)

Flocculation
(acidification,
PEG)

~10

5

Well

1500

Glass wool

Flocculation

~10

5

Well

2010

1MDS (EPF)

Celite

~10

4

River

600

UF (ENF)

UF

Tap

100 - 532

HA filter (ENF)

Tap

1000

Membrane with AlCl3

Tap

1900

Cellulose filter

2.HA
3.CeUF
Membrane with
Al(OH)3
Membrane filter

~10 4
10
4
~10
5
~10
4
~10

3

~10

5
2

Detected
Viruses
Rotavirus,
adenovirus,
norovirus
Poliovirus

Detection
Method
PCR

Norovirus
Enterovirus,
adenovirus,
rotavirus,
norovirus
Poliovirus
Adenovirus
Norovirus

Cell culture
PCR

30
ND

PCR
PCR

56
28
ND

Lambertini et al.,
2008
Parshionikar et al.,
2003

Enterovirus

PCR

ND

Rutjes et al., 2005

Norovirus

PCR

ND

Poliovirus

Cell culture

70

Haramoto et al.,
2004
Farrah et al., 1978

Poliovirus

Cell culture

92

Wallis et al., 1972

PCR

Recovery
(%)
87
44
36
20

References
Pang et al., 2019
Cashdollar et al.,
2013
Borchardt et al.,
2004

Tap,
19 - 1000
Fiberglass depth filter Flocculation
~10
Poliovirus
Cell culture
50
Gebra et al., 1978
sea,
sewage
Note: PCM, primary concentration method; SCM, secondary concentration method; VCF, volumetric concentration factor, EPF, electropositive
charged filter; ENF, electronegative charged filter. ND, not determined.
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ences by PCR followed by detection of the amplified nucleic acid by hybridization has
increased the specificity and sensitivity of detection. The main concern with this approach
is the interference with nucleic acids from the virus and the polymerase enzymes by
inhibitory agents in the sample (Hamza et al., 2011 & Knight et al., 2013). In cell culture,
on the other hand, additional analysis may be required to identify the infectious virus.
An additional consideration with detection methods is the length of time to obtain
an acceptable result. For example, cell culture-based methods could require days to
weeks for infection to become apparent. While qPCR requires about 6 to 8 hours (h) for
virus extraction and qPCR (or qRT-PCR) analysis.

1.1.2 Recommendations for Analysis of Enteric Viruses in Waters
Since humans are constantly threatened by risk of viral gastroenteritis associated with
consumption of contaminated water, researchers continue to develop novel methods to
balance 4 key areas (specificity, sensitivity, cost and time). An antibody is one biorecognition molecule that can specifically bind to its target (e.g., antigen). This feature of
the antibody makes it an ideal capturing and detection tool in immunoassays.
Developments in the field of antibody engineering leads to the core of many researchers’
interest in the development of antibody-based technologies that can rapidly and
specifically detect targets. Although most of these technologies have been developed to
detect targets (e.g., bacterial pathogens) in other environment than water, their use in
water environment to concentrate a virus in water environments with regard to the 4 key
characteristics mentioned above is also possible.
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1.2

Antibody Engineering Technology

1.2.1 Conventional Antibodies
Antibodies, also known as immunoglobulins (Igs), are large Y-shaped protein molecules
(i.e., glycoproteins) generated by the vertebrate immune system in response to antigens
from external objects or pathogens. Antibodies can exist conventionally according to their
heavy chain (HC) types and subunit structure in different classes or isotypes known as
IgA, IgD, IgE, IgG and IgM. These major isotypes vary in their size, locations, functions,
biological properties, and capability to detect a specific target. The IgG is the most
important and abundant antibody of all the Ig classes in vertebrates reaching ~80% of
total Igs in circulation with a molecular weight of about 150 to 160 kDa (Maynard and
Georgiou, 2000; Kuby, 2007; Deffar et al., 2009 & Hassanzadeh-Ghassabeh., et al.,
2013). Antibodies (IgG type) consist of 4 polypeptide chains possessing binding sites that
are complementary to specific structural features of the antigen(s) they recognize (Figure
1.1). These chains include 2 large heavy polypeptide chains (HC ~450 to 550 amino acids
of approximately 55 to 70 kDa) combined with 2 small light polypeptide chains (LC ~211
to 250 amino acids of approximately 25 kDa) via disulfide bonds and numerous noncovalent interactions (Kuby, 2007). Both HC and LC are composed of structural domains,
known as antibody domains or regions, that are classified based on their size and function
into variable (IgV) and constant (IgC) domains. The paired N-terminal variable domains,
known as antigen-binding fragments (Fab), of HC and LC represent the arm of the antibody
and are responsible for binding to the antigen. The constant region, known as fragment
crystallizable (FC), represents the tail (C-terminal) of an antibody that binds to various cell
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receptors and complement proteins. These domains (IgV and IgC) are able to rotate and
bend with the aid of the hinge region (Figure 1.1).
The HCs are identical to one another and each one consists of a single variable
heavy domain (VH) comprised of approximately 110 amino acids (~13 to 15 kDa) plus 3
constant domains (CH1, CH2, CH3). The LCs are also identical; however, each chain
consists of a single variable light domain (VL) plus a single constant domain (CL). The
variability of the variable domain among diverse conventional antibodies is mostly
confined to 6 complementarity-determining regions (CDRs) in VH and VL (Figure 1.1).
Although the CDRs are hypervariable and form loops contributing to the antigen binding
site at the N-terminus of each Fab, the CDR3 loop exhibits great variability in amino acid
sequencing and confirmation. Also, the CDRs in each variable domain confers high
affinity for a specific target and are separated by 4 conserved framework regions (FRs),
which form the core structure of the Ig domain (Harmsen and Haard, 2007).
The large size of the full-length IgG antibody (~150 kDa) leads to practical
disadvantages. The full-length IgG with high affinity (nanomolar “nM”) is often preferred
format for therapeutic applications. However, it has weak tissue penetration (e.g.,
inaccessible to concave binding sites) and long half-life in blood (up to 21 days) that may
cause poor contrast in imaging applications and toxicity (i.e., not freely eliminated through
the kidney) (Chames et al., 2009). It also contains several disulfide bonds that must form
for stable folding and post-translation modifications (glycosylation) that requires
eukaryotic machinery (e.g., mammalian and/or plant system) to be produced in an active
form (i.e., slow production at high cost) (Giritch et al., 2006 & Graumann and Premstalle,
2006). On the other hand, full-length IgG has also been used as an analytical tool in diff-
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Figure 1.1. Schematically representation of the structure of conventional and camelid heavy-chain
antibodies with possible antigen binding fragments and amino acid sequences of the VH in the
conventional IgG and the VHH in the camelid heavy chain IgG. Variable domains derived from the
antibody heavy (VH) and light (VL) chains are shaded in red and orange, respectively. Constant
domains derived from the antibody heavy (CH) and light (CL) chains are shaded in yellow and green,
respectively. Note the absence of the light chain and the CH1 domain in camelid heavy-chain
antibody. Both types of the antibody formats provide various antigen binding fragments by
progressive subtraction of constant domains. The amino acid sequences of the VH and VHH domains
presents the mutation in the FRs. The position of the CDRs in between FRs is indicated in orange,
however, there are more variations at the 4 positions for VHH (e.g., position 37 could be Phe or Tyr).
The CDR1 and CDR3 of the VH is shorter than in the VHH gene. FR, framework region; CDRs,
complementarity determining regions (Modified from Harmsen and Haard, 2007 & Gene, 2012).
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erent immunoassays such as Western blot, enzyme-linked immunosorbent assay
(ELISA), immuno-fluorescence and immuno-sensor to capture specific targets in different
environments (e.g., medical, food and water) (see Section 1.2.2.2 for more details on
applications) (Garaicoechea et al., 2008; Park et al., 2008 & Yang et al., 2011). Several
temperature-dependent studies were conducted to determine the stability of full-length
antibody using its both domains (Fab and FC). These studies reported different melting
temperatures for the Fab (70°C and 61°C) (Zav'yalov and Tishchenko, 1991 & Vermeer et
al., 2000) and the FC (66 to 82°C and 71°C) (Tishchenko et al., 1998 & Vermeer et al.,
2000) fragments. These findings suggested that the difference in the melting
temperatures of both antibody domains is mainly based on the stability of the Fab
fragments, which is affected by the amino acids sequence of the variable domains. In
addition, it was found that full-length IgG remains stable at temperature (37°C for several
hours) and neutral pH while its binding reactivity gradually decreases as the pH changes
to ≤ 4 and ≥ 10 (Otani et al., 1991; Shimizu et al., 1993 & Chen and Chang, 1998). Another
study by Domínguez et al. (2001) demonstrated that the activity of full-length IgG did not
change after incubation at low temperature (4°C) and low pH (4.5) for 24 h.

1.2.2 Camelid Heavy Chain Antibodies
At the end of the 1980s, Dr. Raymond Hamers (Vrije Universiteit Brussel, Brussels,
Belgium) discovered that members within the Camelidae family (e.g., camels, llamas,
dromedaries, alpacas and vicugna sp) produce, in addition to the conventional IgG, a
unique type of conventional IgG devoid of light chains (LC) in their sera termed heavychain antibodies (HCAbs), resulting in the formation of a single-domain antibody fragment

27

(sdAb) (Figure 1.1) (Vu et al., 1997; Deffar et al., 2009; Fu et al., 2013 & Muyldermans,
2013). The sdAb is known as a nanobody (Nb) or abbreviated VHH in the HCAbs of
camelids. The terms VHH and Nb are often used interchangeably to refer to recombinant
single variable domain antibody fragments (Hassanzadeh-Ghassabeh et al., 2013).
A specific repertoire of antibody genes is responsible to form these HCAbs in Blymphocytes; however, these repertoire genes are different from those responsible for
forming conventional antibodies (De Genst et al., 2006 & Nguyen et al., 1998). Although
variable domains in camelids lack the LC and the CH1 present in conventional IgG
antibody, they differ in their amino acid sequences and architecture. The HCAbs in
camelids comprise a single variable domain (VHH antigen binding fragment) with size of
about 4.2 nanometer (nm) in length and 2.5 nm in diameter linked to a pair of constant
domains (CH2 and CH3) via an extended hinge region.
Similar to conventional IgG, the variable domain in the HCAbs varies in the sera of
different camelids. This variability as well as the high specificity and affinity in the HCAbs
are mostly confined to a total of 3 flexible antigen binding loops (or CDRs). The CDRs
display a greater structural repertoire than those observed for conventional VH, with CDR1
and CDR3 loops being more extended, facilitating and increasing the paratope surface
area available for antigen binding (Figure 1.1) (Muyldermans, 2001; Deffer et al., 2009 &
Muyldermans, 2013). Also, the VHH can access a unique antigen binding site (in
comparison to the Fab fragment of the IgG), such as enzyme active sites, which usually
bind a groove or cavity at the VH-VL interface via the long CDR3 domain (Muyldermans
2001; Harmsen and Haard, 2007; Fu et al., 2013 & Muyldermans, 2013).
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The sdAbs fragments possess unique features that have drawn considerable
interest from biotechnology and biomedical fields in comparison to conventional
antibodies and other antibody fragments. The sdAbs are the smallest antibody fragments
(12 to 15 kDa) with high affinity (nM and picomolar “pM” range) and specificity (e.g., more
efficient capture of targets) as well as low inherent toxicity. The small size of VHHs enable
them to rapidly penetrate the membrane of a specific target cell and recognize even novel
and inaccessible epitopes (e.g., concave surfaces) (Spinelli et al., 2000; Muyldermans,
2013; Deffer et al., 2009; Hassanzadeh-Ghassabeh et al., 2013 & Fu et al., 2013). They
also have short half-lives in blood (<1.2 h) that results in their rapid filtration by the kidney,
which might limit their usage in therapeutic applications (Chames et al., 2009 & Vincke
and Muyldermans, 2012). Compared to other antibody fragments, VHHs are soluble and
highly aggregation resistant (Deffer et al., 2009 & Harmsen and Haard, 2007). This
feature is attributed to the inter-CDR disulfide bond between cysteine (Cys) residues in
the CDR1 and CDR3 loops (Figure 1.1) (Govaert et al., 2012). Additionally, VHHs are highly
stable and capable of functioning under several harsh conditions including high
temperature (90 to 100°C) (Goldman et al., 2006 & Harmsen and Haard, 2007), long
incubation time (~168 to 200 h) at 37°C (Deffer et al., 2009), extreme pH (e.g., acidic
environment of the stomach), and denaturation conditions (Ewert et al., 2002 & Deffer et
al., 2009). Furthermore, VHHs produce high expression yields in various expression
systems at economical cost and ease of efficacy engineering (e.g., for higher affinity,
higher stability). In E. coli, the expression yield accounted up to 10 mg/L of purified
periplamic extract and 60 to 200 mg/L in cytoplasmic protein accumulation (Deffer et al.,
2009 & De Meyer et al., 2014). Also, total soluble protein (TSP) of 3.4% of VHH
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accumulation was obtained from transgenic tobacco leaves (Ismaili et al., 2007), while a
level of <1% was reported in Arabidopsis thaliana (A. thaliana) leaves (Winiechayakul et
al., 2009) and seeds (De Buek et al., 2013). For all these distinctive features, VHHs have
been broadly preferred for various applications including: research (e.g., structural
studies), biotechnology (e.g., analytical tools, “biosensors”) and biomedical (e.g.,
vaccination) (Section 1.2.2.2).

1.2.3 Applications of Recombinant Antibody Technology
The reduced size, improved solubility and higher stability of mAb fragments using
recombinant antibody technology are of special interest for basic research, medical and
biotechnological applications. The mAbs are useful for defined specificity in distinguishing
between morphologically similar lesions (adenocarcinoma vs mesothelioma) and in
identifying specific receptors on cell surface (Nelson et al., 2000). Several recombinant
mAb fragments have been developed with affinities against EVs, including AdenoV,
NoroV and RV, with application in vitro for their antiviral activity and for detection such as
ELISA (Table 1.8). For example, Aiyegbo et al. (2013) showed the ability of dimeric IgG
or IgA and single chain Fab mAb fragment against a common RV-capsid protein (VP6) to
inhibit RV replication inside epithelial cells at an early stage of infection. Another study by
Maffey et al. (2016) reported a significant reduction of intestinal infection with RV when
neonatal mice were treated with 200 µg VHH mAb fragments that were also targeting RVVP6.
Recombinant antibody fragments have also been used for developing several
types of biosensors such as optical, surface plasmon resonance and immuno-sensors. A
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Table 1.8. Various published monoclonal recombinant antibodies against enteric viruses targeting extracellular protein (Modified from
Wu et al., 2017).
ID
anti-RV-25 HC
anti-RV-25 LC
anti-RV-26 HC
anti-RV-26 LC

2KD1 & 3B2

Antibody’s
Type

Origin

Fab

Hybridoma

IgG or IgA
& Fab

Hybridoma

Monovalent
V HH

Targeted
Antigen

Targeted
Virus

0.045 nM
VP6

IC80: 0.2-3.91
µg/ml
(13-67 nM)

Rotavirus
group A

Llama

Bivalent
V HH
2B10

Monovalent
V HH

Llama

Norovirus P
domain of VLP

V HH

Alpaca

GII.10 VLP

Norovirus

Dromedary

Type 1
Sabin strain

Poliovirus
type 1

V HH

1C11

IgG2a

9B9

IgG2a

9D4

Human
adenovirus
40-hexon
Hybridoma

IgG1

Human
adenovirus
40 & 41hexons

IgG

Polypeptide
VII

5D8/2C2
2H6/1E11

Virus
Neutralization
-

Applications
Kinetic,
structural and
functional
studies

Yes

Vaccine, library,
ELISA,
neutralization
assay

Yes

ELISA,
neutralization
assay

IC80: >3.91
µg/ml
Rhesusmonkey
rotavirus
serotype
G3

Poliovirus
receptorbinding site

Potency in
Vitro/affinity
-

Hybridoma

IC50: <1
µg/ml

Adenovirus
40
Adenovirus
41
Adenovirus
group C
types 2, 5,
6
Adenovirus
40 & 41
Adenovirus
41
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Particle
disassembly
IC50: 0.0070.69 µM
IC90: 0.0171.77 µM

Yes

-

Yes

-

Yes

-

No

No
-

Kallewaard et al.,
2008
Kallewaard et al.,
2008& Aiyegbo
et al., 2013
Garaicoechea et
al., 2008; Vega
et al., 2013 &
Maffey et al.,
2016
Garaicoechea et
al., 2008
van der Vaart et
al., 2006

Neutralization
assay
Neutralization
assay

Koromyslova and
Hansman, 2015
Thys et al., 2010;
Schotte et al.,
2014 & Strauss
et al., 2016

Neutralization
assay
Neutralization
assay
-

Herrmann et al.,
1987

-

-

References

-

Singh-Naz and
Naz, 1986

biosensor is defined by the International Union of Pure and Applied Chemists (IUPAC) as
an analytical device that uses a biological recognition element retained in direct spatial
contact with transduction system for the analysis and the detection of biomaterial
samples. Several surfaces such as gold, cellulose, steel, and magnetic beads have been
used to immobilize antibodies with particular orientations (i.e., accessibility to bind a target
via the antigen-binding sites of the antibody). Immobilization approaches range from small
molecule to whole-cell diagnostics or detection (Gunneriusson et al., 1996 & Stahl et al.,
1997) and can be achieved by physical or chemical adsorption, biochemical coupling or
with bioactive pigments. The physical immobilization relies on van der Waals forces and
the electrostatic interaction between biosensor material (e.g., antibody) and adsorbent
(i.e., surface). Although this method was found to be weak and reversible, it is also
efficient and robust. In the chemical immobilization; however, the recognition molecule
(e.g., antibody) adheres to the surface via covalent bonds with little side effect. In the
biochemical coupling, a bio-conjugate can naturally bind its associated matrix (e.g.,
cellulose binding module “CBM” binds to cellulose matrix) with exceptionally high affinity,
low desorption rate and irreversibility. Finally, the bioactive pigments refer to the covalent
coupling of the recognition molecule to colloid/carrier particles that can be printed, coated
or even added during the process of paper rank (Lei et al., 2006; Pelton, 2009 & Kong
and Hu, 2012).
In this regard, biosensors are capable of converting the binding of an antigen to its
respective antibody into a signal, which is produced typically within ~10 to 90 minutes
(min) (Zeng et al., 2012 & Zhao et al., 2014). During the bio-sensing process, non-specific
binding of other molecules (e.g., proteins) with the surface containing adsorbed antibody
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may occur. One simple approach to eliminate non-specific binding is to maximize the
available antigen-binding sites of the antibody with other proteins (e.g., casein) (Larsson
et al., 2013). Most of these biosensors have been successfully developed to primarily
detect bacterial foodborne pathogens, such as E. coli O157:H7, Staphylococcus aureus,
Salmonella and Listeria monocytogenes and different microbial toxins such as
staphylococcal enterotoxins and mycotoxins. Different types of biosensor-based
foodborne pathogen with their detection limit and processing time are reviewed in Zhao
et al. (2014). However, sometimes mAb fragments selected for specific detection fail to
function properly upon immobilization on a surface. The loss of antibody biological activity
in biosensors may be attributed to unpredictable conformation changes of the antibody
on surfaces, unwanted reactivities mediated by the FC region of the full-length antibody
or un-complementary orientation of the antibody fragments (Saerens et al., 2008). One
potential approach to obtain oriented immobilization of an antibody on a surface is to fuse
an antibody fragment with proteins such as a cellulose binding module (CBM) using
recombinant CBM-fusion technology.

1.3

Recombinant CBM-Fusion Technology

Cellulose binding modules were originally known as cellulose binding domains (CBDs),
and were linked to carbohydrate-active enzymes. The CBM allowed binding to cellulose,
enhancing the hydrolytic activity of the carbohydrate active enzymes against their
insoluble substrate (Oliveira et al., 2015). The CBMs were first isolated and characterized
in the fungus Trichoderma reesei (T. reesei) (Van Tilbeurgh et al., 1986) and the
bacterium Cellulomonas fimi (C. fimi) (Gilkes et al., 1988). In addition to cellulose, CBMs
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are linked to a range of degradative enzymes active against diverse plant cell wall
materials such as xylan, chitin, maltose and starch. Based on amino acid sequence
similarities, 71 CBM families have been identified with a range of 30 to 200 amino acids
(McLean et al., 2000; Shoseyov et al., 2006 & Oliveira et al., 2015). In addition, CBM
families are further classified based on their binding specificity and three-dimensional
(3D) structures into 3 types (McLean et al., 2000; Shoseyov et al., 2006 & Oliveira et al.,
2015). Type A is the surface-binding CBM site that has a flat hydrophobic surface
comprised of aromatic residues. This type of CBM binds to insoluble crystalline cellulose
and chitin and has low or no affinity for soluble carbohydrates (Boraston et al., 2004).
Type B is described as having a groove glycan-chain-binding site that has several subsites able to interact with a single glycan chain (i.e., high affinity to glycan). Type C
possesses a small sugar binding site (lectin-like CBMs) that recognizes terminal (exotype) glycans such as mono-, di- and tri-saccharides (Boraston et al., 2004; Shoseyov et
al., 2006 & Oliveira et al., 2015). For the scope of this review, CBMs are discussed in
term of their possible use in immobilization of antibody fragments on a cellulose surface
for the purpose of capturing and detecting a specific target in various environments.

1.3.1 Applications of CBM-Fusion Technology
Recombinant CBM-fusion proteins have several properties that make them potentially
useful in various fields of biotechnology. These include properties of the CBM itself, such
as: present in a wide range of forms and sizes, chemically inert, independently folding
units, enhance protein expression via secretion, high-capacity purification tags, relative
low production cost, low affinity for non-specific protein binding and pharmaceutically safe
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(Levy and Shoseyov, 2002). Many studies have affirmed the feasibility of linking the CBM
with various molecules such as enzymes or antibodies (Shoseyov et al., 1999; Nahálka
and Gemeiner, 2006; Shoseyov et al., 2006 & Hussack et al., 2009). These fusion
proteins have been successfully expressed in bacterial and yeast systems at a relatively
low cost (Oliveira et al., 2015). Consequently, CBM-fusion proteins have been used in a
broad range of applications. In an early study, Shoseyov et al. (1999) investigated the
effect of different values of pH and concentrations of salt (NaCl) on the binding ability of
a fusion protein consisting of CBM and protein A (CBM-A) to cellulose beads. The group
demonstrated an increase in the fusion protein binding to cellulose (up to 70 mg/g
cellulose) at low pH values (2 to 3.5) and high salt concentration (0.5 to 1 M) after
incubation for 1 h at 37ºC with occasional mixing. Several studies also have demonstrated
the use of recombinant CBMs in industrial setting to enhance the mechanical and physical
properties of paper fibers e.g., water drainage (Von der Osten et al., 2000; Berry et al.,
2001 & Pala et al., 2001), in molecular biology (e.g., large-scale production and
purification of recombinant proteins) and as immobilization tools of cells or recombinant
fused proteins (Linder et al., 1998; Shpigel et al., 2000; Shani and Shoseyov, 2001;
Fuglsang and Tsuchiya, 2001; Xu et al., 2002; Maurice et al., 2003 & Hussack et al.,
2009).
The use of CBMs as immobilization tools of recombinant proteins present many
advantages in biotechnology e.g., bioremediation of toxic metals and biosensor
development for the detection of pathogens. The efficacy of CBMs as immobilization tools
relies on 3 basic properties: (1) they are usually independently folding units, (2) the
attachment matrices (e.g. cellulose) are abundant and inexpensive and have excellent
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chemical and physical properties and (3) the CBM binding specificities can be controlled
via changing the distinctive orientation of the aromatic side chains that interact with the
cellulose surface (Simpson et al., 2000; Shoseyov et al., 2006; & Arola and Linder, 2016).
The CBMs have been useful immobilization tool of recombinant fusion protein for
the rapid removal of the pesticide atrazine and toxic trace metals from water (Xu et al.,
2002 & Levy and Shoseyov, 2002). For example, a CBM and synthetic phytochelatin
(EC20) fusion protein was successfully developed by Xu et al. (2002) to specifically
remove cadmium (Cd+2) in solution. The group demonstrated the efficient removal of Cd+2
with consistent ratio of ~10 Cd+2 per immobilized CBM-EC20 in a single step onto various
cellulose matrixes for 3 cycles. The results indicated that the high affinity of the fusion
protein (CBM-EC20) retained the functionality of the CBM (e.g., binding to cellulose) and
EC20 (e.g., metal-binding).
Several studies have also developed fusion proteins incorporating a CBM and an
antibody binding domain to provide an adaptor molecule for separation and detection of
a target on a cellulose surface. Craig et al. (2007) successfully immobilized a fusion
protein containing a CBM and protein LG on cellulose hollow fiber membrane to separate
KG1a cells from a high-density culture. The group reported complete binding of KG1a
cells (96±2.5%) or KG1a cells labeled with anti-CD34 (mouse IgG2a mAbs) (91±4.3%) on
fibers coated with fusion protein CBM-LG and a very low level (0.1±0.7%) of non-specific
cell binding for unlabeled KG1a cells. In an other study, Hussack et al. (2009) produced
several bispecific pentameric sdAb fused with CBMs engineered for expression in E. coli
and P. pastoris for simultaneous immobilization on cellulose paper and detection of the
human bacterial pathogen S. aureus. The group reported the fusion protein, at 150 nM,
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was specifically capable of binding S. aureus in solution and on the filter paper with a
detection limit of 105 cfu/ml. The group also reported binding of the sdAb only at 18.7 nM
to S. aureus in solution while no binding was seen on the paper. This results suggested
that fusion protein containing CBM and sdAb was able to retain the binding ability of sdAb
to S. aureus while fusion protein excluding CBM may have some detrimental effect on the
activity of sdAb. The outcome from these studies suggested that integrating the use of
recombinant antibody and CBM-fusion technologies could also provide an avenue to
develop a concentration methodology that will specifically capture and may visually detect
viruses in water environment on a cellulose matrix as possible future outcome.
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2

RATIONALE, GOAL, HYPOTHESES AND OBJECTIVES

2.1

Rational of the Research

The challenge in directly detecting EVs in water sources is that their concentration is
below the detection limit of current methods, such as PCR and cell culture. Usually,
environmental water samples are collected in large volumes (up to 1,000s L) and
concentrated into smaller volumes (about 10 to 20 mls final volume) through primary and
secondary steps before being analyzed for their virus content. Advances in filtration (e.g.,
electro-charged filters and ultrafiltration), cell culture- and molecular-based methods have
provided many opportunities for improved concentration and detection of EVs in the water
environment. However, there remain various challenges at each stage (e.g.,
sampling/filtration, concentration and detection) of viral analysis in the water environment.
In addition to the potential loss of virus during the primary concentration step, other
components present in the water (e.g., biological and chemical factors, such as organic
matter, salts and metal ions) tend to be concentrated and can negatively affect
downstream analysis. As a result, and despite improvements in detection sensitivity,
these assays require extensive sample cleanup and biomolecule purification before
analysis.
This research aimed to develop an antibody-based capture system that can
increase the recovery of EVs from water as compared to standard techniques during initial
concentration step and enhance their detection in the downstream process. In this regard,
RV was used as a model system in this proof-of-principle project for several reasons.
First, RV is a well studied EV. Second, it can be easily propagated in the lab using cell
culture methods. Third, we have access to different human and bovine RV strains. Fourth,
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it is safe to work with. Finally, to our knowledge, among all EVs, this is the only virus that
has different mAb fragments produced against its main capsid protein VP6 (Table 1.8).
Monoclonal sdAb fragments (2KD1 and 3B2) (Garaicoechea et al., 2008; Vega et
al., 2013 & Maffey et al., 2016) and Fab fragment (Aiyegbo et al., 2013) against a common
RV-capsid protein (VP6) were selected. They have previously showed high binding ability
to different strains of the virus in ELISA and neutralization assays (reduced infection).
Due to the unique features of sdAbs, these fragments were selected to be produced in E.
coil and subsequently immobilized on a cellulose filter using recombinant technologies
discussed previously (Sections 1.2 and 1.3). Also, recombinant antibody technology was
used to generate a full-length IgG against RV in plant system. Both sdAb and full-length
IgG were immobilized on magnetic bead surfaces. Each of these approaches is expected
to provide a good test for developing a bioactive paper and immuno-magnetic beads, as
rapid and economical concentration methods, and examining matrix effects (water
quality) on RV binding to the antibody fragments. Ultimately, having multiple VHHs to
different EVs (e.g. AdenoV, NoroV and RV) would be the goal. This chapter presents RV
in related points to this research and discusses the goal, hypotheses and the objectives
of this research project.

2.1.1 Rotavirus
Historically, RVs were first isolated in the epithelial cells of the small intestines of children
with acute gastroenteritis (Bishop et al., 1973). The virus was described by Bishop and
colleagues in 1973 as a complete particle of 70 to 100 nm in diameter having a wheellike appearance with a smooth surface and displaying short spokes when viewed by
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electron microscopy (EM) of negatively stained fecal extracts (Ward, 2008; Johne et al.,
2011 & Jain et al., 2014). The name RV is derived from the Latin word rota, which means
wheel. Tissue culture was used to isolate and cultivate RV in vitro; however, the cultivation
of RV was only successful after trypsin treatment (Babiuk et al., 1977). Globally, RV is
estimated to contribute to 100 million episodes of diarrhea each year, causing 2 million
hospitalizations and about 450,000 deaths in children less than 5 years of age (Kawai et
al., 2012). In 1988, the use of cryo-electron microscopy provided a detailed description of
the structural and functional relationships (e.g., cell entry and antibody interactions), while
the use of x-ray crystallography has provided more information on the atomic structures
of several structural and nonstructural proteins (SP and NSP) in addition to enhancing
our understanding of the 3-D structure of the RV (Dormitzer et al., 2004).

2.1.1.1

Structure

Rotaviruses are non-enveloped viruses consist of a genome of 11 segments of
double stranded ribonucleic acid (dsRNA) with a total molecular weight of 18,550 base
pair (bp) that ranges in length from 667 to 3,302 bp (Ward, 2008 & Jain et al., 2014).
These segments encode a variety of structural (VP1-VP4 and VP6-VP7; known as viral
proteins “VP”) and non-structural proteins (NSP1-NSP6; exist only in infected cells), which
in turn form a rigid icosahedral protein capsid that protects the viral genetic information
as it passes among infected cells. Each gene of the 11 segments encodes a protein
responsible for a specific function during the viral life cycle except gene 11, which
encodes 2 nonstructural proteins (NSP5 and NSP6) (Table 2.1). The icosahedral capsid
(Figure 2.1) is composed of a core containing 12 vertices, 20 faces and 30 edges and co-
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Segment

Table 2.1. Rotavirus proteins characterization (modified from Ward, 2008).
Protein

Size
(bp)

Type

Location

1
2

VP1
VP2

3302
2687

SP
SP

Core
Inner layer

3

VP3

2591

SP

Core

4

VP4

2362

SP

Out layer

5

NSP1

1611

NSP

6

VP6

1356

SP

7
8

NSP3
NSP2

1104
1062

NSP
NSP

9

VP7

1059

SP

Middle layer

Out layer

10
11

NSP4
751
NSP
NSP5
667
NSP
NSP6
Note: SP, structural protein. NSP, non structural protein.
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Function

RNA binding and transcriptase
Immunogenic and serum antibodies to
VP2 are good indicators of previous
infection
Encode proteins required for RNA
transcription and correct viral structure
Viral adsorption and penetration into
epithelial cells
Facilitate viral replication and thus
increase the efficiency of virus formation
Encode proteins required for RNA
transcription and correct viral structure
RNA binding and translational control
Facilitate viral replication and thus
increase the efficiency of virus formation
Viral adsorption and penetration into
epithelial cells
The first described viral enterotoxin
Facilitate viral replication and thus
increase the efficiency of virus formation

Figure 2.1. Structure of rotavirus virion. The virus consists of three layers. External layers consist
of VP7 and VP4 (VP8* and VP5*). A middle layer consists of VP6. An inner layer consists of VP2 shell
with VP1 and VP3 (Modified from https://talk.ictvonline.org/ictv-reports/ictv_9th_report/dsrnaviruses-2011/w/dsrna_viruses/190/reoviridae-figures).
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ntains 11 dsRNA segments that are surrounded by 3 concentric protein layers (Prasad et
al., 1988; Yeager et al., 1990; Prasad et al., 1996 & Estes et al., 2001). An inner layer is
formed by 120 copies of VP2 enclosing 12 copies each of 2 enzymes (the viral
transcriptase VP1 dependent RNA polymerase, the guanyl-transferase VP3) and the viral
dsRNA segments (Valenzeula et al., 1991; Liu et al., 1992 & Chen et al., 1999). A middle
layer is formed by 780 copies of a single protein VP6 that represents half of the virion
mass (45 kDa in size). The middle layer is surrounded by an external layer comprised of
120 copies of hemagglutinin spike protein VP4 (encoded by gene segment 4 and is about
88 kDa in size; protease sensitive) embedded into 870 copies of glycoprotein VP7
(encoded by gene segment 9 and is about 37 kDa in size). The VP4 and VP7 proteins
have high genetic variability and are considered critical to vaccine development as they
elicit neutralizing antibodies that are believed to be important for protection (Burke and
Desselberger, 1996; Ward, 2008; Collin et al., 2010; Han et al., 2010 & Jain et al., 2014).
2.1.1.2

Classification

Based on sequence identities of VP6 (serological cross-reactivity and genetic
variability), RVs have been assigned by the International Committee on Taxonomy of
Viruses (ICTV) to nine antigenic groups, RV A to H and J (Burke and Desselberger, 1996;
Matthijnssens et al., 2008; Matthijnssens et al., 2012; Jain et al., 2014; Mihalov-Kovács
et al., 2015 & Bányai et al., 2017). These groups are distinguishable by electro-pherotype
based on the profile of the RNA segments on polyacrylamide gel. Furthermore, the
antigenic relationships of two structural viral proteins in the outer layer VP4 and VP7 are
used to distinguish strains within a group.
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Currently, only groups A, B, C and H have emerged as major etiologic agents of
acute gastroenteritis in humans and animals. The highest universal rate of morbidity and
mortality is largely attributed to group A RVs (Burke and Desselberger, 1996; Leung et
al., 2005; Jain et al., 2014 & Afchangi et al., 2019). RV groups D, E, F and G are only
reported in animals (Ball, 2005 & Matthijnssens et al., 2010). Within RV group A, several
subgroups are differentiated (SG I, SG II, SG I + II, SG non-I, SG non-II) according to the
presence of several distinct epitopes of VP6 that may or may not react with mAbs targeting
VP6 (Greenberg et al., 1983; Gómara et al., 2002; Johne et al., 2011 & Afchangi et al.,
2019).

2.1.1.3

Diversity and Prevalence

The epidemiological data from different geographical locations suggests significant
diversity of RV genotypes, which are monitored by surveillance systems in different
countries (e.g., World Health Organization). These systems are used to confirm the trends
in RV activity, estimate the distribution and the burden of the RV in gastroenteritis as well
as evaluate the impact of vaccination.
Several combinations of G and P types have been independently identified in
human and animals as these structural proteins are coded by different RNA segments
(Burke and Desselberger, 1996 & Jain et al., 2014). Currently, G1 P[8], G2 P[4], G3 P[8],
G4 P[8]) and G9 P[8]) of h-RV genotypes are predominant worldwide accounting for 74%
of RV infections (Bányai et al., 2012). However, genotype G1 P[8] is the most prevalent
combination representing 47%, 44%, 43% and 33% in Western Pacific, Kingdom of Saudi
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Arabia, United States and Europe, respectively (Tcheremenskaia et al., 2007; Kheyami
et al., 2008 & Jain et al., 2014).
A number of uncommon genotypes have also been reported across the world.
Uncommon combinations such as G5 associated with P[8] were found in Brazil, G8 with
P[6] or P[4] were found in Malawi, G2 with P[4] was found in Saudi Arabia, G2 with P[6],
G3 with P[6], G12 with P[8] or P[6] and G9 with P[6] were predominant in African and
South-East Asian regions (Tcheremenskaia et al., 2007; Kheyami et al., 2008; Cunliffe
et al., 2009 & Jain et al., 2014). Despite the diversity in P and G types, the VP6 capsid
protein is a constant that can be targeted to detect a diverse range of hRV geno/serotypes.

2.1.1.4

Biology of RV-VP6

Protein VP6 is a structural protein on the surface of the immature inner capsid
particle representing 51% of the virion mass. It has 90% amino acid homology among all
members within the same group (Tang et al., 1997 & Colomina et al., 1998). Protein VP6
from RV group A comprises 397 amino acids with a molecular weight of about 45 kDa
and is encoded by segment 6 of the RV genome (Petitpas et al., 1998). In addition to its
ability to specifically interact with itself, it has the ability to interact with all other structural
proteins of the virion (VP2, VP4 and VP7) at different positions of its two domains B and H
(Figure 2.2). Domain B contains a bundle of 8 alpha-helices that are formed by amino
acids 1-150 and 335-397 at the N- and the C-terminus, respectively. Domain H folds into
a ß-sheet and is formed by amino acids 151-334 (Mathieu et al., 2001 & Desselberger,
2014).

45

Figure 2.2. Structure of VP6. The VP6 consists of two domain B and H. Domain B is formed by αhelices (red) started from amino acids 1-150 and αf-αh (yellow) started from 335-397. Domain H
(green) folds into a ß-sheets and is inserted between amino acids151-334 (Copied from Afchangi et
al., 2019).
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Protein VP6 acts as a physical adaptor between 2 distinct biological functions of
the virus, i.e. cell entry and packaging of genomic RNA. It plays several roles in the viral
replication cycle as it is an essential component for the virus to be transcriptionally active.
When the RV enters the cell, its outer layer proteins, VP4 and VP7, are removed before
replication, thus creating double-layered particles (DLP) with a surface consisting of VP6.
This may indicate the reason behind antibody development targeting VP6 instead of other
viral proteins (e.g., VP4 or VP7) in infected mice (Ward and McNeal, 2010). Although VP6
is not the viral transcriptase, the integrity of these DLP is required for transcription. Also,
VP6 binds to an encoded glycoprotein receptor (NSP4), which facilitates the budding of
an immature capsid into the endoplasmic reticulum where final maturation and assembly
of the virus takes place (Hsu et al., 1997).
Furthermore, VP6 is the target antigen in most immuno-diagnostic tests for group
A RV detection as it is highly conserved and immunogenic (Estes and Cohen, 1989). A
protective immune response was induced in RV-infected mice when they administrated
with RV-VP6 regardless of the RV A strain (Esteban et al., 2013a) or forms of VP6 (e.g.,
trimers, spherical single-layered, dl2/6-VLPs) (Li et al., 2014). Several laboratories have
developed antibodies against RV-VP6 as potential RV vaccine candidates (Table 1.8).
Although antibodies directed against this protein do not have neutralizing activity in vitro,
a few studies reported the contrary. Llama single domain antibodies (VHH) were indicated
to neutralize a broad range of RV A strains in vitro independently of G and P types and
demonstrated a partial protection in RV-infected neonatal mouse and pig (van der Vaart
et al., 2006; Garaicoechea et al., 2008; Aladin et al., 2012; Gomez-Sebastian et al., 2012
& Vega et al., 2013). These laboratories demonstrated that the smaller size of the VHH
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molecule, compared to conventional antibodies, seems to play an important role in
protecting the animals and suggested that VHHs should be further investigated as an
appropriate treatment for gastroenteritis. Although VP6 has been widely used as a vaccine
target, it may be useful for other purposes such as diagnostic and detection assays. This
highlights the fact that there is a crucial need to also investigate the VHH as a specific and
sensitive detection tool for pathogens in the environment, particularly when they are
present at low concentrations (e.g., EVs in water sources).

2.2

Goal of the Research

The use of recombinant antibody and CBM-fusion technologies opens the possibility of
engineering and developing a stable recombinant fusion protein with high affinity to its
target, whether an environmental pollutant, pathogenic microorganism or a toxin
(Harmsen and Haard, 2007 & Hussack et al., 2009). The VHH possesses certain biorecognition features such as their small size, stability and ability to refold following
physical and/or chemical denaturation. These features were important considerations for
their choice in bioactive paper development (van der Linden et al., 1999; Goldman et al.,
2006 & Wang et al., 2012). The overall goal of this research was to develop and evaluate
an antibody-based capture technology for the direct isolation of EVs from environmental
water samples. This technology may be further developed, in the future, to a biosensor.
Such biosensor technology would be usable in diverse locations of the world to target
different strains of a group (based on common protein e.g., VP6).
One approach for an antibody-based capture technology is to develop an
immunoassay to capture RV A strains by constructing a CBM2a protein linked to VHH at
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either the N- or the C-terminus. Two published monomeric sdAbs, VHHs, (2KD1 and 3B2)
specific to a common capsid protein in RV group A (VP6) were selected. The fusion
protein (e.g., CBM2a-VHH and the VHH-CBM2a) will attach on cellulose filter paper
through CBM2a whereas the RV A strains will bind on the paper through the VHH, which
specifically recognizes RV-VP6 capsid protein. This will be accomplished by fusing VHH
antibodies against non-overlapping epitopes on the VP6 virus capsid to the CBM2a and
immobilizing the VHH on the cellulose filter paper. The CBM2a will be linked to VHH at
each terminus: (1) the N-terminus where the binding site to an antigen is anticipated to
be located and (2) the C-terminus which is located away from the binding site (Kuby,
2007). Two common linkers: a proline threonine linker with a sequence of ([PT]3T)3xS
(Gilkes et al., 1991 & Shen et al., 1991) and glysine-serine with a sequence of ([Gly]4xSer)nx (Hudson and kortt, 1999 & Ahmad et al., 2012) will be used for linking the VHHs to
CBM2a and tested for better functionality.
Another approach is to develop an immunoassay to detect RV A strains by using
magnetic beads conjugated to VHH and full-length IgG antibodies against RV-VP6 protein.
In this sense, magnetic beads can be coated with antibodies (e.g., full-length IgG and
sdAb) that efficiently bind viral particles. Subsequently, bead-virus complexes can be
magnetically separated from the sample and washed to yield concentrated and purified
viral particles (Myrmel et al., 2000; Mattison and Bidawid, 2009 & Toldrà et al., 2018). It
is believed that several parameters influence viral binding to beads including physical
characteristics of the virus (e.g., isoelectric point and size), properties of the bead
(hydrophobicity and specificity of the coated molecule) and characteristics of the chemical
(e.g., pH and turbidity) and physical (e.g., temperature) properties of the sample (Toldrà
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et al., 2018). Numerous studies have employed the use of immuno-magnetic separation
as a secondary concentration step, following primary concentration using adsorptionelution/flocculation procedure, to achieve sensitive detection of different EVs such as
EnteroV, RV, human adenoviruses (hAdenoV) and NoroV from spiked environmental
water samples (Jothikumar et al. 1998; Myrmel et al. 2000; El-Galil et al., 2005 & Hwang
et al., 2007). Immuno-magnetic beads have the advantage of being target specific and
easily separated from the sample, which eliminates upstream processing steps and saves
time (Papafragkou et al., 2008). However, the cost of magnetic beads can be higher than
other methods, depending on the reagents coupled to the beads. The purpose of this
approach in this PhD thesis is to compare (1) the effectiveness of full-length IgG vs. VHH
using a common surface in capturing the virus and (2) the binding ability of antibodycoupled beads vs. bioactive filter paper (i.e., antibody-cellulose filter paper) to capture the
virus in a primary step. The immuno-magnetic beads (e.g., IgG-coupled- and VHHcoupled-magnetic beads) will attach specifically to the virus in the sample through the
capture of the antibodies, which specifically recognize RV-VP6 capsid protein. After
several wash steps the virus can be eluted and concentration of the virus can be
estimated by qPCR.
The retention of the virus in both approaches will be analyzed by various
techniques including ELISA, Western blot and qPCR. Ultimately, the technology will be
tested using spiked environmental water samples (e.g., tap and river waters) to examine
matrix effects on virus binding to the antibody-cellulose filter paper or beads coated with
RV specific antibodies. The successful development of an antibody-based technology for
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the capturing of EVs will provide a critical tool for monitoring of a critical group of
pathogens to inform water treatment and safety in rapid and cost-effective manner.

2.3

Hypotheses of the Research

2.1.2 Cellulose Filter-VHH Capture Technology
Fusion proteins produced with VHH, targeting VP6-capsid protein on RV, at N-terminus
will bind the virus more effectively than fusion proteins produced with VHH at C-terminus.
Also, the developed cellulose filter with VHH-CBM2a (i.e., antibody-cellulose filter)
capturing system will enhance the recovery of RV and be more specific to capture RV
from water sources as compared to cellulose filter with CBM2a only.

2.1.3 Immuno-Magnetic Bead Capture Technology
The magnetic-beads coupled with full-length IgG 26 and VHH will equally and specifically
capture RV from water sources in a primary step.

2.4
-

Objectives of the Research
To engineer the CBM2a-VHH and the VHH-CBM2a fusion proteins for expression
in E. coil HB2151.

-

To engineer full-length IgG 26 recombinant antibody against RV-VP6 capsid
protein for expression in plant.

-

To functionally characterize the fusion proteins with respect to specificity and
sensitivity for human and bovine RV A strains (e.g., validating VHH-virus binding).
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-

To immobilize the VHH-CBM2a fusion proteins on a cellulose filter paper and
characterize their ability to capture RV strains A from different water types with
respect to specificity, sensitivity and matrix effects.

-

To immobilize the VHHs and the IgG 26 on magnetic beads and characterize their
ability to capture RV strains A from different water types with respect to specificity,
sensitivity and matrix effects.
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3

MATERIALS AND METHODS

All buffers, transfer equipment, and glassware were sterilized with either an autoclave at
101.3 kilopascals (kPa) and 121 Celsius (°C) for 20 min or filtered through 0.22 µm
syringe filter prior to use to minimize the contamination of samples, unless otherwise
specified. Millipore-Q (MQ) grade water (Millipore, Bedford, MA) was used in media and
buffers preparation. Recipes for all stocks, media and buffers used in this work are
present in Appendix 1.
All work during bacterial cell culturing, plating, transformation as well as protein
expression was done in a laminar flow hood (Labculture® Reliant™ Class II Type A2
Biosafety Cabinet, Model: 1385, Esco Technologies, Inc., USA), unless stated, to
minimize the risk of contamination. Cell culture for virus work was conducted in a class II
biological safety cabinet (BSC II; certified as NSF-49 Safety Standard). A PCR
preparation hood (Model #P-036-02, C.B.S. Scientific Co., California, USA) was used for
RT-PCR samples preparation. All materials used for bacterial examination were sterilized
afterward at 101.3 kPa and 121°C for 20 min. All materials used for virological
examination were sterilized afterward with EZTest® Biological Indicators for Steam
Sterilization (Geobacillus stearothermophilus; MesaLabs, Bozeman, USA) according to
manufacture’s instructions at 101.3 kPa and 121°C for 60 min to prevent release of
infectious viruses from the materials and to ensure of a proper sterilization.
Nucleotide sequence alignment for genes of interest was analyzed using the
nucleotide blast tool on the National Center for Biotechnology Information (NCBI) website
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch).

Oligonucleotide

primers and probes used in this work were analyzed using the ‘Oligo Analyzer’ tool on the
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Integrated

DNA

Technologies

(IDT)

web

page

(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/) using default settings.
Primers for gene cloning and sequencing were synthesized by Laboratory services
(University of Guelph, Guelph, ON, CA). Optimized synthetic DNA sequences for VHHs
(with or without CBM2a) and RV-VP6 gene fragment were subcloned into a pITKan
bacterial expression vector while optimized DNA sequences for RV-IgG 26 was
subcloned into pPFC0205 plant expression vector by GeneWiz (New Jersey, USA). The
synthetic gene constructs were provided as lyophilized plasmids at 4 Microgram (µg).

3.1

Gene Constructs of Recombinant RV-Single Domain Antibodies

In the following sections, the procedures for preparing the gene constructs and cloning of
the different recombinant antibodies against RV group A strains and the recombinant RVVP6 are described.

3.1.1 Preparation of VHH-His DNA Constructs
Two VHHs against the major inner capsid structural protein (VP6) of RV group A were
previously developed by Garaicoechea et al. (2008). These VHHs named “2KD1 and 3B2”
are monomeric fragments with molecular weights of about 13.45 and 14.24 kDa,
respectively. These VHHs were derived from an immune VHH phage display llama library.
The nucleic acid sequences encoding the sdAbs 2KD1 and 3B2 were retrieved
from the GenBank with accession numbers: JC036616 and JC036618, respectively. The
FRs and the CDRs of each VHH were determined (Figure 3.1). Both genes were codon
optimized for expression in E. coli and synthesized, individually, to contain 5’ NcoI and 3’
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(A) 2KD1 (pI/MW: 6.02/16048.55)
MADVQLQASGGGFVQPGDSLSLSCAASGGTFSSYSIGWFRQGPGKEREFVATISSSDSPWYGEP
AKGRFTVARVNAKNTAYLHLNRLKPEDTATYYCAAGSVQHMANENEYVYWGQGTQVTVSSAAAH
HHHHHGAAEQKLISEEDLNGAA*
(B) 3B2 (pI/MW: 5.80/16147.83)
MADVQLQASGGGLAQAGDSLTLSCAASGRTFSGYVVGWFRQAPGAEREFVGAIRWSEDSTWYGD
SMKGRILISRNNIKNTVNLQMFNLKPEDTAVYVCAAGAGDIVTTETSYNYWGRGTQVTVSSAAA
HHHHHHGAAEQKLISEEDLNGAA*
Figure 3.1. Framework (FR) and complementarity determining regions (CDR) in the amino acids
sequence of (A) 2KD1 and (B) 3B2 in the pITKan expression vector. The CDRs are underlined while
FRs regions are not underlined. The C-terminal 6x-His and c-Myc tags are represented in italics and
bold, respectively. Star represent a stop codon. The synthetic 2KD1 and 3B2 gene constructs
encode 122 and 123 amino acids, respectfully, were inserted in pITKan by an N-terminal NcoI and a
C-terminal NotI restriction enzymes.
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NotI restriction endonuclease sites for insertion into the expression vector pITKan. This
vector is a phagemid (pHage3.2) vector derived from M13 and was modified in Dr. J.
Christopher Hall’s lab to bear a selectable marker for kanamycin (Kan) resistance hence
known as pITKan (Figure 3.2). The molecular size of pIT modified vector is 4,453 base
pair (bp) that bears an N-terminal pelB leader sequence directing nascent protein to the
periplasm and a T7-Lac operator system which provides strong robust expression. It also
contains a C-terminal hexa-histidine (6x-His) tag followed by c-Myc tag. These tags
facilitate detection and purification of the protein of interest. The c-Myc tag is followed by
an amber stop codon which permits the expression of the foreign gene as a fusion with
only the c-Myc tag in a non-suppressor host strain E. coli HB2151.
The expected molecule sizes of 2KD1 and 3B2 are about 382 and 385 bp for the
inserted regions that encode 122 and 123 amino acids respectively. These constructs
(Figure 3.3 A) were aimed to be used as positive controls to evaluate rotavirus binding to
the VHHs.

3.1.2 Preparation of HA-CBM2a-([PT]3T)3xS-VHH-His DNA Construct
Native CBM2a (GenBank with accession number AAA56792), from the enzyme xylanase
10 A found in the soil bacterium C. fimi was utilized for this research (Figure 3.4 A). In the
current study, the sequence of 2KD1 and 3B2 gene fragments were further modified by
fusing them to a native CBM2a (13.05 kDa, 108 amino acids at the 5` end (N-terminal)
via a proline-threonine linker (([PT]3T)3xS, 2.09 kDa consisting of 21 amino acids). The
synthetic gene constructs (Figure 3.4 B-C) contained an N-terminal hemagglutinin (HA-
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Figure 3.2. Schematic representation of the expression vector pITKan. The main features of the
vector include the pelB leader secretion sequence upstream of the multi-cloning site, 6x-His and cMyc epitope tags before an amber stop codon, a lac promotor, colE1 ori, M13 origin of replication,
and Kan antibiotic resistance gene as a selectable marker. The molecular size of pITKan is 4,453
bp.
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Figure 3.3. Schematic representation of VHH gene constructs in pIT2Kan plasmid used for protein
expression in E. coli. (A) VHH alone (2KD1 or 3B2 single domain antibodies, total size of 382 and
385 bp, respectively; (B) Cellulose binding model (CBM2a; 357 bp) fused at N-terminus of VHH (2KD1
or 3B2) with a flexible proline/threonine linker (([PT]3T)3xS; 63 bp), total size of 802 and 805 bp. All
molecules tagged to 6x His-tag followed by c-Myc at the C-terminus and will be used for the
detection of RV (A) and test immobilization on a cellulose filter paper; (C) CBM2a, was immobilized
on a cellulose filter paper and used as a control; (D-E) CBM2a fused at N- and C-terminals to 2KD1
with a flexible glycine/serine (G4S)3x linker, total size of 787bp. (F) CBM2a fused at C-terminal to
2KD1 with a ([PT]3T)3xS linker, total size of 805 bp. All molecules (C-F) contain a stop codon before
NotI restriction site at the C-terminal to prevent expression of 6x His-tag at protein level, was used
for immobilization the 2KD1 on a cellulose filter paper.
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Ø (A) Native CBM2a (pI/MW: 7.82/10922.90)

SGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPSGQQVTQAWSSTVTQSGSAVT
VRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCTVG
Ø (B) HA-CBM2a-([PT]3T)3xS-2KD1-His (pI/MW: 5.95/30557.35)

MAYPYDVPDYAAASGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPSGQQVTQA
WSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCTVGPTPTPTT
PTPTPTTPTPTPTSDVQLQASGGGFVQPGDSLSLSCAASGGTFSSYSIGWFRQGPGKEREFVAT
ISSSDSPWYGEPAKGRFTVARVNAKNTAYLHLNRLKPEDTATYYCAAGSVQHMANENEYVYWGQ
GTQVTVSSAAAHHHHHHGAAEQKLISEEDLNGAA*
Ø

(C) HA-CBM2a-([PT]3T)3xS-3B2-His (pI/MW: 5.74/30656.63)

MAYPYDVPDYAAASGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPSGQQVTQA
WSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCTVGPTPTPTT
PTPTPTTPTPTPTSDVQLQASGGGLAQAGDSLTLSCAASGRTFSGYVVGWFRQAPGAEREFVGA
IRWSEDSTWYGDSMKGRILISRNNIKNTVNLQMFNLKPEDTAVYVCAAGAGDIVTTETSYNYWG
RGTQVTVSSAAAHHHHHHGAAEQKLISEEDLNGAA*
Ø (D) HA-CBM2a (pI/MW: 5.89/17961.60)

MAYPYDVPDYAAASGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPSGQQVTQA
WSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCTVG*PTPTPT
TPTPTPTTPTPTPTS*AAAHHHHHHGAAEQKLISEEDLNGAA*
Figure 3.4. Amino acid sequences of native family 2a carbohydrate binding models (CBM2a) from
the enzyme xylanase 10A found in Cellulomonas fimi. (A) Native CBM2a (also known as Cex or Xyn
10A CBM2a) with 5 N-glycosylation sites (N-X-T/S, where X is any amino acid) are underlined (Xu et
al., 1995). (B) The amino acid sequence of the native CBM2a expressed in this study fused to 2KD1
with ([PT]3T)3xS C-terminal linker (underlined). (C) The amino acid sequence of the native CBM2a
expressed in this study fused to 3B2 with ([PT]3T)3xS C-terminal linker (underlined). (D) The amino
acid sequence of the native CBM2a expressed in this study with a stop codon (*) before the 6x-His
tag. The C-terminal 6x-His and c-Myc tags are represented in italics and bold, respectively. Note:
the HA-tag is included at the N- terminus (underlined).
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tag; 1.10 kDa, 9 amino acids) and C-terminal 6x-His and c-MYC peptide tags optimized
for expression in E. coli. Similar to 2KD1 and 3B2, the constructs were synthesized by
GeneWiz to contain 5’ NcoI and 3’ NotI restriction endonuclease sites, giving pITKan HACBM2a-([PT]3T)3xS-2KD1-His

and

pITKan

HA-CBM2a-([PT]3T)3xS-3B2-His.

The

expected molecular sizes were about 802 and 805 bp for the inserted regions encoding
262 and 265 amino acids for HA-CBM2a-([PT]3T)3xS-2KD1-His and HA-CBM2a([PT]3T)3xS-3B2-His, respectively (Figure 3.4). The constructs were considered as
treatments for testing their binding to the virus.

3.1.3 Preparation of HA-CBM2a DNA Constructs
The HA-CBM2a DNA was prepared in the lab from the HA-CBM2a-([PT]3T)3xS-2KD1-His
DNA and aimed to be used as a negative control for virus detection. Primer set was
designed to include a stop codon before the linker region in the HA-CBM2a-([PT]3T)3xS2KD1-His DNA followed by NotI at the C-terminal giving the HA-CBM2a DNA, which
excludes the 6x-His tag (Figure 3.4 D). The removal of the His tag was needed to avoid
cross-reactivity in Western blot and ELISA when an anti-histidine antibody was being
used for detection. The expected molecular size of the plasmid was about 376 bp for the
inserted region that encode 119 amino acids plus a stop codon for HA-CBM2a.
To construct the expression plasmid pITKan HA-CBM2a, PCR (total volume of 200
μl) was carried out to generate amplicons containing the HA-CBM2a gene sequences.
The HA-CBM2a-([PT]3T)3xS-2KD1-His plasmid was used as template DNA to amplify the
HA-CBM2a using the forward primer (5’ CGGCCATGGCCTATCCATATGATGTTCC 3’)
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and the reverse primer (5’ ATGTGCGGCCGCTTAGCCGACCGTGCAGGGCGTGC 3’);
restriction sites and stop codon in the primer set are underlined and in bold, respectively.
The PCR conditions used are discussed in Section 3.4.1. The PCR products
(expected band size was 376 bp in length) were purified with the Gene JET PCR
purification kit (Cat. #K0702, Thermo Fisher Scientific, Burlington, ON, CA) according to
manufacturer’s instructions. Centrifugation was repeated to elute the DNA and
concentration was determined by NanoDrop spectrophotometer (Model 2000 C, Thermo
Fisher Scientific, Burlington, ON, CA).
The purified PCR products were then cloned into the linearized pGEM®-T easy
cloning vector (Cat. #A3600, Promega, Madison, WI, USA) using 2x rapid ligation buffer
and T4 DNA ligase (Cat. #M0202, New England BioLabs® Inc., Whitby, ON, CA) to create
the plasmid pGEM®-T-HA-CBM2a. The pGEM®-T vector is approximately 3,000 bp that
bears a selectable marker for ampicillin (Amp) resistance (100 μg/ml).
The ligation reaction was performed according to the manufacturer’s instruction
with a molar ratio of the insert to vector DNA calculated to be 3:1. To achieve the
maximum number of transformants, the ligation reaction was performed overnight at 4°C.
Next, the ligation reaction was centrifuged briefly at room temperature (RT) and 3-5 μl of
the reaction was transformed into 22 µl NEB 5-alpha chemically competent E. coli cells
(C2988, New England BioLabs® Inc., Whitby, ON, CA) by heat-shock (see Section 3.3.1
for protocol). Next, 100 μl of the recovered cells were spread on selective Luria-Bertani
Miller (LB; Cat. #BP1426-2 Fisher BioReagents®, Fisher Scientific, NJ, USA) agar plates
(Petri dishes; 100 mm x 15 mm, Fisherbrand®, USA) containing 100 μg/ml Amp (Cat.
#AMP201,

Bioshop®,

Burlington,

ON,
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CA),

0.5

mM

Isopropyl-ß-D-1-

thiogalactopyranoside (IPTG; Cat. #IPT002, Bioshop, Burlington, ON, CA), and 80 μg/ml
X-Gal (Cat. #V394A, Promega, Madison, WI, USA) and incubated overnight at 37ºC in
an inverted position. Blue/white colour screening of the resulting colonies was used to
indicate successful cloning of the insert into the pGEM®-T vector, observed as white
colonies. To confirm positive clones, a colony PCR (see Section 3.4.1 for protocol) using
cloning specific primers was performed on several white clones with the expectation of
observing a band at 376 bp on a 1% agarose gel. Once the insert was confirmed by
colony PCR, one clone was randomly selected for DNA extraction (Section 3.4.2) and
tested via plasmid digestion (Section 3.4.3) and sequencing using vector specific primers
(Section 3.4.4).
pGEM®-T-HA-CBM2a clones with 100% DNA sequence match to the predicted
CBM2a nucleotide sequence were used to transfer the HA-CBM2a fragment into the
pITKan expression vector. The pGEM®-T-HA-CBM2a plasmid DNA was digested with
NcoI (Cat. #R0193S, 1000 units, New England BioLabs® Inc., Whitby, ON, CA) and NotI
(Cat. #R0189S, 500 units, New England BioLabs® Inc., Whitby, ON, CA) restriction
enzymes (Section 3.4.3). The digested DNA was purified from 1% 1x TAE agarose gel
with the Gene JET gel extraction kit (Cat. #K0692, Thermo Fisher Scientific, Burlington,
ON, CA) according to manufacturer’s instructions. The concentration and purity of
extracted DNA was determined by NanoDrop spectrophotometer.
Simultaneously, the pITKan vector was also digested with NcoI and NotI restriction
enzymes and treated in the same manner as the CBM2a fragment. The digested HACBM2a fragment was cloned into the NcoI and NotI sites of the pITKan expression vector
using T4 DNA ligase to create the plasmid pITKan HA-CBM2a. The ligation reaction with
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a molar ratio of 5:1 (insert: vector) DNA was performed overnight at 16°C as described
by the manufacturer. Next. 3-5 µl of the ligation reaction was transformed into freshly
prepared electro-competent HB2151 E. coli (Cat. #BU-00036-VIAL, Nordic BioSite,
Wayne, PA, USA) using a MicroPulser™ electro-porator (Section 3.3.2). This strain of E.
coli is a non-amber-suppressor host that recognizes the amber stop codon between the
cloned gene and the gene III fragment. Next, 100 μl of the recovered cells were spread
on selective LB agar plates containing 50 μg/ml Kan (Cat. #201.10, Bioshop®, Burlington,
ON, CA) and incubated overnight at 37ºC in an inverted position. Putative transformants
were initially confirmed by colony PCR using vector specific primer set, with expected
size of 578 bp. The DNA was further analyzed as indicated in Sections 3.4.

3.1.4 Preparation of HA-CBM2a-Linker-2KD1 DNA Constructs at C- & N-Terminals
Similar to HA-CBM2a, to prevent cross-reactivity with the 6x-His tag on 2KD1 and VP6
recombinant proteins, the nucleotide sequence of the 2KD1 fused to CBM2a was
designed to include a stop codon before the C-terminal NotI in the pITKan expression
vector to exclude expression of the His-tag during expression of the fusion protein. The
CBM2a was designed to be fused to either N-terminal or C-terminal via two types of
flexible linkers: ([PT]3T)3xS and/or (G4S)3 giving HA-2KD1-([PT]3T)3xS-CBM2a, HA-2KD1(G4S)3x-CBM2a and HA-CBM2a-(G4S)3x-2KD1 (Figure 3.3 D-E). The constructs were
codon optimized for expression in E. coli to contain 5’ NcoI and 3’ NotI restriction
endonuclease sites into the expression vector pITKan and synthesized by GeneWiz. The
length of the insert with ([PT]3T)3xS and (G4S)3x linkers are about 805 and 787 bp that
encode 263 and 257 amino acids, respectively (Figure 3.5).
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Ø (A) HA-2KD1-([PT]3T)3xS-CBM2a (pI/MW: 5.95/31055.96)

MAYPYDVPDYADVQLQASGGGFVQPGDSLSLSCAASGGTFSSYSIGWFRQGPGKEREFVATISS
SDSPWYGEPAKGRFTVARVNAKNTAYLHLNRLKPEDTATYYCAAGSVQHMANENEYVYWGQGTQ
VTVSSPTPTPTTPTPTPTTPTPTPTSAASGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGW
TLTFSFPSGQQVTQAWSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSL
NGTPCTVG*AAAHHHHHHGAAEQKLISEEDLNGAA*
Ø (B) HA-2KD1-(G4S)3x-CBM2a (pI/MW: 5.95/29928.53)

MAYPYDVPDYADVQLQASGGGFVQPGDSLSLSCAASGGTFSSYSIGWFRQGPGKEREFVATISS
SDSPWYGEPAKGRFTVARVNAKNTAYLHLNRLKPEDTATYYCAAGSVQHMANENEYVYWGQGTQ
VTVSSGGGGSGGGGSGGGGSAASGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSF
PSGQQVTQAWSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCT
VG*AAAHHHHHHGAAEQKLISEEDLNGAA*
Ø (C) HA-CBM2a-(G4S)3x-2KD1 (pI/MW: 5.95/29928.53)

MAYPYDVPDYAAASGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPSGQQVTQA
WSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFSLNGTPCTVGGGGGSGG
GGSGGGGSDVQLQASGGGFVQPGDSLSLSCAASGGTFSSYSIGWFRQGPGKEREFVATISSSDS
PWYGEPAKGRFTVARVNAKNTAYLHLNRLKPEDTATYYCAAGSVQHMANENEYVYWGQGTQVTV
SS*AAAHHHHHHGAAEQKLISEEDLNGAA*
Figure 3.5. Amino acid sequences of modified 2KD1, expressed in this study, fused in two
orintations via different linkers to native family 2a catrbohydrate binding models (CBM2a) from the
enzyme xylanase 10A found in the bacteria Cellulomonas fimi. (A) The amino acid sequence of the
native CBM2a fused to N-terminal 2KD1 with ([PT]3T)3xS C-terminal linker (underlined). (B) The
amino acid sequence of the native CBM2a fused to N-terminal 2KD1 with (G4S)3x C-terminal linker
(underlined). (C) The amino acid sequence of the native CBM2a fused to C-terminal 2KD1 with
(G4S)3x N-terminal linker (underlined). The C-terminal 6x-His and c-Myc tags are represnted in italics
and bold, respectively. Note: a stop codon (*) was added before the 6x-His tag and the HA-tag is
included at the N- terminus (underlined.)
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3.1.5 Preparation of Recombinant RV-IgG 26 DNA Construct for Expression in
Planta
Human VP6-specific mAb RV-VP6-26 was previously developed from a single B cell
(Weitkamp et al., 2003). In the current study, the coding sequences for the RV-VP6-26
heavy (accession number, AF452996) and light (accession number, AF453157) domains
were fused to the signal sequence from the basic chitinase gene of Arabidopsis thaliana
(A. thaliana) (GenBank accession: AY054628) for secretion into the apoplast and the
sequence of the constant region to construct a full-length IgG 26. The HV and LV of RVVP6-26 genes (Figure 3.6) were codon optimized for expression in Nicotiana benthamiana
(N. benthamiana) (Figure 3.7). The codon usage table of N. benthamiana was found at
http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=4100.

Amino

acid

translation to nucleotide sequence was done using the online analyzing tool on
http://www.attotron.com/cybertory/analysis/trans.htm. Sequence clean up was done
using

the

online

analyzing

tool

on

https://pga.mgh.harvard.edu/web_apps/web_map/start.
For expression as a full-length IgG 26, construction of VP6-26 HV (1,448 bp) and
VP6-26 LV (712 bp) fragments were inserted between the 5’ SacI and 3’ BamHI sites
resulting in pPFC0205 (11,110 bp) plant expression plasmid (Figure 3.8), known as RVIgG 26. The pPFC0205 plasmid vector was kindly provided by PlantForm Corporation
(Guelph, ON, CA) and DNA nucleotide sequences were synthesized by GeneWiz. The
structure of the expression cassette is shown in Figure 3.9. The expression cassette
carries fragments containing a doubled enhancer 35S promoter, 5′UTR of the Cauliflower
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(A) Anti-VP6-26 HV
v (A1) Original Amino Acids Sequences of Anti-VP6-HV (pI/MW: 5.36/14693.40)

VQLVESGAEVKKPGASVKVSCKASGYSFTSYYVHWVREAPGEGLEWMGMINPSDGSTYYAQRFQ
PRVTMTRDTSTTTVFMEMSGLRSEDTAVYYCARGVVGATNEIDFWGQGTTVTVSSAGTKGPV
v (A2) Original Nucleotides Sequences of Anti-VP6- 26 HV
gagctcaaaaGAGGTTCAGTTGGTTGAGTCTGGCGCCGAAGTAAAGAAGCCCGGTGCTTCAGTT
AAAGTGTCATGTAAGGCAAGCGGATATTCATTCACATCTTATTACGTACATTGGGTAAGAGAGG
CACCTGGGGAGGGCCTGGAATGGATGGGAATGATCAATCCATCTGACGGGTCTACATACTACGC
ACAACGTTTTCAACCAAGGGTTACAATGACACGTGATACAAGCACTACAACGGTCTTCATGGAG
ATGTCTGGTTTGCGTTCAGAGGATACCGCAGTTTATTACTGTGCTAGAGGTGTAGTCGGTGCTA
CTAATGAGATCGACTTCTGGGGACAGGGTACTACCGTTACTGTCAGCTCTGCAGGCACTAAGGG
CCCTGTTggatcc
Ø (B) Anti-VP6-26 LV
v (B1) Original Amino Acids Sequences of Anti-VP6-26 LV (pI/MW: 9.07/14422.07)

VLATAAAAPAMADIRLTQSPSSLSASVGDRVTITCRASQSISNYLNWYQKKPGQAPKLLIYAAT
SLQSGVPSRFSGSGSGTDFTLTISSVQPEDFATYYCQKTLRTWTFGQGTK
v (B2) Original Nucleotides Sequences of Anti-VP6-26 LV
gagctcaaaaGTGTTGGCAACAGCTGCAGCTGCCCCTGCTATGGCAGAGACTACCCTGACTCAA
AGCCCTGCTACACTGAGCGTATCCCCTGGGGAAAGGGCAACACTGTCCTGTCGTGCCAGTCAGA
GCGTGTCTTCTAACTTGGCCTGGTATCAGCAGAAGCCAGGTCAGGCCCCTAGGCTTTTAATTTA
TGGTGCTAGTACAAGAGCTACTGGTATTCCAGCCAGATTTAGTGGTTCAGGTAGTGGGACTGAG
TTTACCCTTACCATTTCTAGTCTTCAGTCCGAGGATTTTGCCGTTTATTACTGTCAGCAATACA
ACAATTGGCCACGTACCTTCGGGCAAGGGACCAAAGTTGATATAAAGAGAACGGTCGCTTCCAG
TAGAGAAggatcc
Figure 3.6. Amino acid and nucleotide sequences of anti-VP6 heavy varible (HV) (A) and anti-VP6
light variable (LV) (B) domains expressed in this study as full RV-IgG 26. (A1) Original amino acids
sequence of anti-VP6-26 HV (127 amino acids). (A2) Original nucleotides sequence of anti-VP6-26 HV
(397 bp). (B1) Original amino acids sequence of anti-VP6-26 LV (127 amino acids). (B2) Original
nucleotides sequence of anti-VP6-26 LV (397 bp). Anti-VP6-26 HV and anti-VP6-26 LV sequences are
capitalized. SacI & BamHI restriction enzyme sites are highlighted in green. Underlined regions
represent CDR1, CDR2 and CDR3, respectively.
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Ø (A) Optimized Nucleotides Sequence of Anti-VP6-26 HC
gaattctcgagtctgcaggccaacATGGTGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTC
AGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTGCCCAGCTA
TCTGTCACTTCATCAAAAGGACAGTAGAAAAGGAAGGTGGCACCTACAAATGCCATCATTGCGATAAAGGAAAGGCT
ATCGTTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGA
CGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGAACATGGTGGAGCACGACACTCTCGTCTACTCCAAGAAT
ATCAAAGATACAGTCTCAGAAGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGG
ATTCCATTGCCCAGCTATCTGTCACTTCATCAAAAGGACAGTAGAAAAGGAAGGTGGCACCTACAAATGCCATCATT
GCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGC
ATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATATCTCCACTGACGTAAGGGA
TGACGCACAATCCCACTATCCTTCGCAAGACCCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACACGCT
GAAATCACCAGTCTCTCTCTACAAATCTATCTCTgagctcCAACAATGGCTAAAACAAATCTTTTCTTGTTTTTAAT
CTTTTCTCTTCTCTTGTCCCTTTCATCCGCTGAAGTTCAATTAGTTGAAAGCGGAGCAGAGGTAAAAAAGCCTGGCG
CCAGCGTTAAAGTCTCTTGTAAGGCCTCCGGTTATAGCTTCACTAGTTACTACGTTCATTGGGTTAGAGAAGCTCCT
GGCGAGGGGCTCGAGTGGATGGGAATGATCAATCCTTCTGACGGTTCCACATATTACGCACAACGATTTCAGCCAAG
GGTTACTATGACTAGGGATACTTCAACAACTACCGTTTTTATGGAAATGAGCGGTTTGAGATCTGAGGACACAGCTG
TGTATTATTGTGCACGTGGAGTGGTAGGGGCTACCAACGAAATTGATTTCTGGGGTCAAGGGACTACCGTGACTGTG
TCCTCTGCTGGCACAAAGGGTCCTAGCGTGTTTCCATTGGCACCAAGTTCTAAGTCAACCAGTGGCGGGACCGCTGC
ACTTGGATGCCTGGTAAAGGACTACTTTCCTGAGCCTGTTACTGTCTCATGGAACTCCGGTGCTCTTACAAGCGGTG
TTCATACCTTCCCAGCCGTCCTCCAATCTAGTGGATTATATTCTCTCTCAAGTGTCGTGACTGTACCATCTTCCTCT
TTGGGAACCCAGACATACATCTGTAATGTGAACCACAAGCCTAGCAATACCAAGGTGGATAAGAAAGTTGAACCAAA
ATCATGCGATAAAACTCACACATGCCCTCCATGCCCTGCTCCTGAATTGCTGGGTGGACCTTCTGTTTTTTTGTTTC
CACCAAAACCAAAAGACACTTTGATGATTAGTAGAACACCAGAAGTGACATGTGTAGTTGTCGACGTCTCTCATGAA
GATCCTGAGGTTAAGTTCAATTGGTACGTTGATGGAGTAGAGGTGCACAACGCTAAGACTAAACCTCGTGAAGAGCA
GTATAATTCTACATACAGGGTTGTGTCTGTTCTTACTGTACTTCATCAGGATTGGCTTAATGGCAAAGAATATAAAT
GCAAGGTTTCAAATAAAGCACTGCCTGCCCCTATTGAAAAGACTATATCTAAGGCTAAAGGACAGCCTCGGGAACCT
CAAGTTTATACACTTCCTCCATCTAGAGAGGAAATGACAAAGAACCAAGTGTCTCTGACATGTTTGGTTAAGGGGTT
TTATCCATCAGACATTGCTGTCGAGTGGGAAAGTAATGGTCAGCCAGAAAACAATTATAAAACAACTCCTCCTGTTT
TAGATAGTGATGGTTCTTTCTTTTTGTACTCTAAGTTAACTGTCGATAAATCTAGATGGCAACAGGGAAACGTGTTC
AGTTGTTCTGTTATGCATGAGGCTCTCCATAACCACTATACTCAAAAGTCACTGTCTTTGTCACCTGGATGAggatc
cggaTCGATAATGAAATGTAAGAGATATCATATATAAATAATAAATTGTCGTTTCATATTTGCAATCTTTTTTTTAC
AAACCTTTAATTAATTGTATGTATGACATTTTCTTCTTGTTATATTAGGGGGAAATAATGTTAAATAAAAGTACAAA
ATAAACTACAGTACATCGTACTGAATAAATTACCTAGCCAAAAAGTACACCTTTCCATATACTTCCTACATGAAGGC
ATTTTCAACATTTTCAAATAAGGAATGCTACAACCGCATAATAACATCCACAAATTTTTTTATAAAATAACATGTCA
GACAGTGATTGAAAGATTTTATTATAGTTTCGTTATCTTGGGCCCCAAGCTTATGAtcgaattc

Ø (B) Optimized Nucleotides Sequence of Anti-VP6-26 LC
gagctccaacaATGGCTAAGACCAATTTATTCCTTTTCTTGATCTTCTCATTGCTTTTGAGCCTCTCTAGCGCTGAT
ATTCGTCTTACACAATCTCCAAGTAGCCTTAGTGCTTCTGTAGGAGATAGAGTTACTATCACATGTCGGGCTTCACA
GTCAATATCAAACTATTTGAATTGGTATCAGAAGAAGCCTGGACAAGCTCCAAAGCTCTTGATTTACGCAGCCACAA
GCCTGCAAAGTGGTGTGCCTTCTAGATTTTCTGGTTCTGGTTCCGGGACAGACTTCACCTTAACTATCTCCTCTGTT
CAGCCAGAAGATTTTGCAACCTACTATTGCCAAAAGACATTGAGGACTTGGACTTTCGGACAGGGCACTAAAGTCGA
GATTAAACGAACTGTTGCAGCTCCTTCAGTATTCATATTTCCACCATCAGATGAACAACTTAAGAGTGGCACAGCTT
CTGTGGTTTGTCTCTTGAACAATTTTTATCCACGTGAAGCAAAAGTGCAATGGAAGGTAGATAACGCCCTTCAGTCA
GGTAATAGTCAGGAATCTGTGACTGAGCAAGATTCTAAGGATAGCACATACTCTCTTTCCAGCACTTTGACATTGAG
CAAAGCTGACTACGAGAAACATAAAGTTTATGCTTGCGAAGTTACTCATCAAGGGCTGTCTTCACCAGTCACAAAGT
CTTTTAATAGAGGGGAATGTTGAggatccgga
Figure 3.7. Optimized nucleotides sequence of (A) Anti-VP6-26 HC (1,433 bp) and (B) Anti-VP6-26 LC
(725 bp) in pPFC0205 for expression in N. benthamiana. The nucleotides sequence before the SacI
site in anti-VP6-26 HC represents a part of the 35S promoter sequence from the vector. Restriction
enzyme sites EcoI represented in italic, SacI highlighted in green, BamHI highlighted in yellow. Start
and stop codons highlighted in red. Arabidopsis basic chitinase signal peptide represented in bold.
Constant regions are included after the nucleotide sequence of the HC and the LC (underlined).
Constant region in the HC sequence includes hange and FC regions.
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Figure 3.8. Schematic representation of RV-IgG 26 gene construct in pPFC0205 expression vector.
The coding sequences for the RV-VP6-26 heavy chain (RV-VP6-26 Hc) and light chain (RV-VP6-26 LC)
were fused to the signal sequence from the basic chitinase gene of A. thaliana for secretion into the
apoplast. The HC (in pink, 1,433 bp) and LC (in orange, 725 bp) of RV-VP6 were codon optimized for
expression in N. benthamiana and were inserted between the 5’ SacI and 3’ BamHI sites giving
plasmid pPFC0205-RV-IgG 26 (11,110 bp). Image was created with Snapgene™ 1.1.3. software
package.
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Figure 3.9. Schematic representation of the plant expression vector pPFC0205. The main features
of the vector include a doubled enhancer 35S promoter and 5′UTR of Cauliflower mosaic virus
(CaMV), 3′ UTR and terminator sequences from RBC gene of RubiCo gene. The vector contains
ampicillin (Amp) and kanamycin (Kan) antibiotic resistance genes as selectable markers in
Agrobacterium.
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mosaic virus (RubiCo), 3′ UTR and terminator sequences from RBC gene of CamV. The
vector also contains Kan and Amp resistance genes as selectable markers. For DNA
digestion to confirm the size of the insert, SacI-HF (Cat. #R3156S, 2,000 units, New
England BioLabs® Ltd. Whitby, ON, CA) and BamHI-HF (Cat. #R31365S, 10,000 units,
New England BioLabs® Ltd. Whitby, ON, CA) restriction enzymes were used (Section
3.4.3).

3.1.6 Recombinant RV-Capsid Protein VP6
The nucleotide sequence encoding human RV Group A capsid protein VP6 was retrieved
from the GenBank with accession number ACR22820. The RV-VP6 gene was codon
optimized for expression in E. coli and synthesized by GeneWiz. The expected molecular
size is 1,201 bp for the inserted region that encodes 397 amino acids and restriction sites
(Figure 3.10). This construct was used as the backbone for the construction of all RV-VP6
plasmids to be transformed into E. coli. Appropriate restriction sites (5’ NcoI and 3’ NotI)
flanking the VP6 gene were incorporated into the expression vector pITKan to enable
directional sub-cloning into the relevant shuttle vectors pET-22b(+) and pET-SUMO.
The pET-22b(+) vector (Cat. #69744-3, Novagen®, COUNTARY) was kindly
provided by Dr. George Harauz (University of Guelph, Chemistry department). The vector
has a molecular mass of 5,493 bp that bears an Amp resistant gene, an N-terminal pelB
leader sequence directing nascent protein to the periplasm and a T7-Lac I operator
system which provides a strong robust expression. It also contains a C-terminal 6x-His
tag. The small ubiquitin related-modifier (SUMO) vector was kindly provided by Dr.
Joseph S. Lam (University of Guelph, Molecular and Cellular Biology Department, ON,
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Ø (A) Amino Acids for RV-VP6 A (pI/MW: 5.90/47557.98)
MEVLYSLSKTLKDARDKIVEGTLYSNVSDLIQQFNQMIVTMNGNDFQTGGIGNLPVRNWTFDFG
LLGTTLLNLDANYVENARTIIEYFIDFIDNVCMDEMARESQRNGVAPQSEALRKLAGIKFKRNF
DNSSEYIENWNLQNRRQRTGFVFHKPNIFPYSASFTLNRSQPMHDNLMGTMWLNAGSEIQVAGF
DYSCAINAPANIQQFEHIVQLRRALTTATITLLPDAERFSFPRVINSADGATTWFFNPVILRPN
NVEVEFLLNGQIINTYQARFGTIIARNFDAIRLLFQLMRPPNMTPAVNALFPQAQPFQHHATVG
LTLRIESAVCESVLADANETLLANVTAVRQEYAIPVGPVFPPGMNWTELITNYSPSREDNLQRV
FTVASIRSMLIKAAAHHHHHHGAAEQKLISEEDLNGAA*
Ø (B) Optimized Nucleotides Sequence for RV-VP6 A
CCATGGAGGTTCTGTACAGTCTGAGCAAGACCCTGAAGGATGCACGCGACAAGATCGTTGAAGG
CACCCTGTACAGCAATGTTAGCGACCTGATTCAGCAGTTCAATCAAATGATTGTGACCATGAAT
GGTAACGACTTTCAGACCGGCGGTATCGGCAACCTGCCTGTTCGCAATTGGACCTTCGATTTCG
GCCTGCTGGGCACCACCCTGCTGAACCTGGATGCCAACTACGTTGAGAACGCCCGCACAATCAT
CGAGTACTTCATCGACTTCATCGACAATGTGTGCATGGATGAGATGGCCCGCGAGAGCCAGCGT
AATGGTGTTGCCCCTCAAAGCGAAGCCTTACGCAAGCTGGCCGGCATCAAGTTCAAGCGTATCA
ATTTTGACAACAGCAGCGAGTACATCGAGAACTGGAACCTGCAAAATCGCCGCCAGCGTACCGG
CTTTGTGTTCCACAAACCGAACATTTTCCCGTATAGTGCCAGCTTCACCCTGAATCGCAGCCAG
CCGATGCATGACAACCTGATGGGCACCATGTGGCTGAACGCAGGTAGCGAGATCCAGGTTGCCG
GCTTCGATTACAGCTGTGCAATTAACGCCCCGGCCAACATCCAGCAATTCGAGCACATCGTGCA
GTTACGCCGCGCCTTAACAACAGCCACCATCACCCTGCTGCCTGATGCCGAACGTTTTAGCTTC
CCGCGCGTGATCAATAGCGCCGACGGTGCCACCACCTGGTTTTTCAACCCTGTGATCCTGCGTC
CGAACAACGTGGAAGTGGAGTTCCTGCTGAACGGCCAGATCATCAACACCTACCAGGCACGCTT
CGGTACCATCATCGCCCGTAACTTCGACGCCATCCGCCTGCTGTTTCAGCTGATGCGTCCGCCG
AACATGACCCCGGCAGTGAATGCCTTATTCCCGCAAGCCCAGCCTTTCCAACACCACGCCACCG
TGGGCTTAACCTTACGCATCGAGAGCGCAGTGTGCGAAAGCGTGCTGGCCGACGCCAATGAGAC
CCTGCTGGCCAACGTTACAGCCGTGCGTCAGGAATACGCCATTCCTGTTGGCCCGGTGTTCCCG
CCGGGTATGAACTGGACCGAGCTGATCACCAACTACAGCCCGAGCCGCGAGGATAACCTGCAAC
GCGTGTTTACCGTGGCCAGTATTCGTAGCATGCTGATCAAAGCGGCCGC
Figure 3.10. Amino acid and nucleotides sequences of capsid protein VP6 from human rotavirus
(hRV-VP6) group A (RV-VP6). (A) The amino acid sequence of the RV-VP6 group A (underlined). (B)
The optomized nucelotides sequence of the RV-VP6 for expression in E. coli. The C-terminal 6x-His
and c-Myc tags are represnted in italics and bold, respectively. Note: restriction endonuclease sites
(5’ NcoI and 3’ NotI sites ) for cloning into pITKan vector are indicated (highlighted in green).
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CA). The pET-SUMO vector (Cat. #1001K, Life Sensors Inc., PA, USA) has a molecular
size of 5,628 bp that bears a Kan resistance gene, a T7 promotor system and an Nterminal 6x-His tag that enhances expression and facilitates protein purification and
detection. The 6x-His tag followed by a SUMO tag that also enhances the expression and
solubility of a target protein as well as decrease proteolytic degradation.
The plasmid pITKan/VP6 (20 ng/µl) was transformed into freshly electro-competent
E. coli HB2151 cells by electroporation (Section 3.3.2) and positive transformants were
initially identified by colony PCR (Section 3.4.1) using vector specific primers, with
expected length of 1,403 bp. Further analyses were done as indicated in Section 3.4.
To construct the expression plasmid pET-22b(+)/VP6 and pET-SUMO/VP6, two
PCR reactions were carried out to generate amplicons containing the VP6 gene sequence
using the plasmid pITKan/VP6 DNA as a template. The forward primer (5’
ATCCATGGAGGTTCTGTACAGTCTGA

3’)

and

the

reverse

primer

(5’

GTGCGGCCGCTTTGATCAGCATGCTACG 3’) were used to amplify the VP6 for pET22b(+) vector, with expected size of 1,205 bp in length. The forward primer (SUMO-VP6/F:
5’ GATTGGTCTCGAGGTATGGAGGTTCTGTACAGTCTGAGC 3’) and the reverse
primer

(SUMO-VP6/R:

5’

ATTCGGTCTCTCTAGATTATTTGATCAGCATGCTACGAATACTG 3’) were used to
amplify the VP6 for the pET-SUMO vector, with an expected band at 1,225 bp when run
on a 1% agarose gel. The PCR conditions are presented in Section 3.4.1. The purified
PCR product (detailed in Section 3.2.1.3) for pET22b(+) was digested with NotI and NcoI
restriction enzymes while BsaI-HF (Cat. #R35355, 1,000 units, New England BioLabs®
Ltd. Whitby, ON, CA) restriction enzyme was used with purified PCR product for pET-
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SUMO. Once the fragment of VP6 visualized under the UV light, DNA band was excised
and re-purified. Concentration and purity of extracted DNA were estimated via NanoDrop
spectrophotometer.
Simultaneously, the pET-22b(+) and pET-SUMO vectors were digested with
corresponding restriction enzymes and purified from 1% 1x TAE-agarose gel as detailed
previously in Section 3.2.1.3. However, to reduce the background of non-recombinants
due to self-ligation of the vector, the pET-SUMO was dephosphorylated using a calf
intestine alkaline phosphatase (Cat. #M0290S, New England BioLabs® Inc., Whitby, ON,
CA), incubated at 37ºC for 30 min before purification. Each digested PCR fragment of
VP6 “insert” was cloned into the expression vector using T4 DNA ligase to create the
plasmids pET-22b(+)/VP6 and pET-SUMP/VP6. The ligation reactions were performed as
per manufacturer’s instructions with a molar ratio of the insert to vector DNA of 3:1.
Next, 3-5 µl of each ligation reaction was transformed into freshly prepared E. coli
chemically competent cells (Section 3.3). Putative transformants were initially confirmed
by colony PCR using the same primer sets used to amplify VP6 for pET-22b(+) while the
forward

primer

(SUMO-VP6/F:

5’

GATTGGTCTCGAGGTATGGAGGTTCTGTACAGTCTGAGC 3’) and the reverse primer
(SUMO-REV: 5’ GCAGCCGGATCTCAGTGG 3’) were used to confirm correct sequence
of VP6 into pET-SUMO, with expected bands at 1,446 bp in length. Further analyses were
done as indicated in Sections 3.4.
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3.2

Transformation

The pGEM®-T, and pET-SUMO plasmids, upon ligation, were individually introduced into
chemically cloning competent DH5α E. coli cells (Cat. #60602-1, Biosearch™
Technologies Lucigen, Middleton, WI, USA) by heat shock with Amp (100 μg/ml) and Kan
(50 μg/ml) selections, respectively (Section 3.3.1). The 10 beta chemically cloning
competent cell (Cat. #C30191, New England BioLabs® Inc., Whitby, ON, CA) was used
with pET-22b(+) plasmid by heat shock and under Amp selection. These cloning cells were
used for plasmid maintenance purpose. For protein expression purpose, all pITKan
plasmids were individually introduced into E. coli HB2151 (Nordic BioSite Inc, Wayne,
PA, USA) electro-competent cells by electroporation with Kan selection (Section 3.3.2),
while chemically competent E. coli BL21 (DE3) (original stock from C2527H, New
England BioLabs® Inc., Whitby, ON, CA) strain was used with pET22b(+) and pET-SUMO
plasmids with a suitable antibiotic selection. The E. coli BL21 strain is deficient in lon and
ompT proteases.
The RV-IgG 26 plasmid was first introduced into chemically competent E. coli NEB
5-alpha cells by heat shock with carbenicillin (Carb, 50 μg/ml) selection. Once correct size
and sequence were confirmed, the plasmid was electro-porated into electro-competent
Agrobacterium tumefaciens (A. tumefaciens) AT564 cells (Provided by PlantForm
Corporation, Guelph, ON, CA). The cells were allowed to recover in LB at 28ºC and 180
rpm for 2 h before plated on LB agar with Carb selection. A glycerol stock of a single A.
tumefaciens colony was made from an overnight culture with Carb and Rifampicin (Rif)
selections and stored at -80ºC (Section 3.3.2).
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3.2.1 Preparation of Chemically Competent Cells and Heat-Shock Protocol
Following ligation, the constructs were transformed into chemically competent cells. The
competent cells were prepared by inoculating 5 ml of LB with a single colony and
incubated at 37°C with vigorous agitation at 180 rpm (Model SK-757 L, Amerex
Instruments, Inc., USA) for overnight. The overnight culture was used to inoculate 100 ml
of a sterile LB broth medium contained in a 0.5-L baffled flask and incubated at 37°C with
vigorous agitation (220 rpm) until the optical densities (OD) reached 0.4-0.5. Optical
densities of bacterial cultures were measured at a wave length of 600 (OD600) by a
spectrophotometry (Ultrospec 3100 pro UV/Visible spectrophotometer, Amersham
Biosciences, Biochrom Ltd. Cambridge, England). The culture was then divided into
sterile, ice-cold 50-ml falcon tubes and incubated on ice for 10 min. The cells were
recovered by centrifugation at 2,700 x g for 10 min at 4°C. The cell pellets were gently resuspended in 30 ml of ice-cold 80 mM magnesium chloride (MgCl2) and 20 mM calcium
chloride (CaCl2) before centrifuging, as described previously. Finally, the pellets were
suspended in 2 ml of ice-cold 0.1 mM CaCl2, aliquoted in 50 μl volumes, flash frozen in a
liquid nitrogen and immediately stored at -80°C until further use. For transformation, 1-5
μl containing about 100 ng of the ligation mix was added to 50 μl of thawed cells. The
DNA mixture was incubated on ice for 30 min, heat-shocked at 42◦C for 30 second (sec)
and incubated on ice for 5 min. To allow the cells to recover, 950 μl of SOC (Cat.
#B9020S; New England, BioLabs® Ltd., Whitby, ON, CA) outgrowth medium was pipetted
into the mixture and incubated while shaking for 1 h at 37◦C and 250 rpm. The mixture
(50 to 100 μl) was diluted (indicate dilutions made), plated onto selective LB agar plates
and incubated in an inverted position overnight at 37◦C. Bacterial transformants were
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analyzed as described in Section 3.4. Transformation efficiency was calculated as in the
following equation:
TE (

%&'
()

DNA) =

/012/)1 3& 4/%5126/7 %373(618 (%&')
967'563( 3& 5:1 6(3%'7'; (())

Equ. 3.1

where TE is the transformation efficiency calculated to be about 15 x 106 cfu/ng DNA.

3.2.2 Preparation of Electro-Competent Cells and Electroporation Protocol
Isolated plasmids (DNA) at 20 ng/µl were transformed into E. coli HB2151 electrocompetent cells by electroporation. The competent cells were prepared by inoculating 5
ml of a sterile LB broth medium with a single colony. The culture was incubated at 37°C
overnight with shaking at 180 rpm. The next day, 500 ml of LB contained within a 2-L
baffled flask was inoculated with 5 ml of the overnight culture and incubated at 37°C with
shaking at 180 rpm until the optical density (OD, measured at A600) reached 0.6. The
culture was then centrifuged at 4,000 x g and 4°C (Beckman J2-21 centrifuge, USA) for
15 min. The cell pellets were washed three times by gently suspending them in 500, 250
and 20 ml ice-cold 10% glycerol (G-7893, Sigma® Chemical Co., USA) before centrifuging
each time at 4,000 x g and 4°C. Finally, the pellets were suspended in 1 ml ice-cold 10%
glycerol, aliquoted in 50 μl volumes, flashed frozen in liquid nitrogen and immediately
stored at -80°C until further use. The cells (50 μl) were transformed with 2 μl of DNA to
test its efficiency. In this method, 1-2 µl of DNA was transferred to a micro-centrifuge tube
containing 25 µl of E. coli. This mixture was incubated on the ice for 2 min followed by
pipetting 25 µl of cell-DNA mixture into a pre-chilled Gene Pulser Cuvette® (Cat.
#1652089, 0.1 cm gap cuvette, Bio-Rad Laboratories, CA). The cuvette was then pulsed
in Bio-Rad Gene Pulser Xcell™ (Model GPX, Bio-Rad, USA) at 1,800 volts. To allow
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recovery of the cells and expression of antibiotic resistance, the cells were immediately
mixed with 225 µl of SOC outgrowth medium and incubated for 1 h at 37°C with vigorous
shaking at 250 rpm. The transformation mixture (100 μl) was spread on selective LB agar
plates containing appropriate antibiotic for selection. The plates were incubated for 18 h
at 37°C in an inverted position. Bacterial transformants were analyzed as described
previously (Section 3.3.1).

3.3

Plasmid DNA Analysis

Upon identification of positive transformants by colony PCR, only one clone of each
plasmid was randomly selected for plasmid extraction and analyzed by restriction
enzymatic digestion. Correct band patterns following agarose gel electrophoresis verified
the presence of target gene in desired plasmids. Clones that were found to contain the
gene were subjected to DNA sequencing.

3.3.1 Polymerase Chain Reaction Amplification
The resulting constructs were confirmed by PCR amplification from colony or total
genomic DNA extraction using vector/gene specific primer sets. The PCR reaction
mixture contained 8.3 μl Go Taq® Hot Start Green Master Mix 2x (Lot. #0000155474,
Promega, Madison, USA), 0.33 μl of the vector specific forward and reverse primers at
concentration of 10 µM/µl (Table 3.1), 0.6 μl of 500-2000 ng of DNA template and filled
up to 16.5 μl with nuclease-free water. For colony PCR, single colony from the titer plates
were touched with a P10 pipette tip and then swirled in the PCR tubes. The DNA template
was replaced with nuclease-free water and treated in the same manner as a negative co77

Table 3.1. Oligonucleotide primers and PCR product information for sequence confirmation of
positive colonies.
Target Gene
pGEM-HA-CBM2a

pITKan/2KD1-His
pITKan/3B2-His
pITKan/HA-CBM2a-([PT]3T)3xS-2KD1-His
pITKan/HA-CBM2a-([PT]3T)3xS-3B2-His
pITKan/HA-2KD1-([PT]3T)3xS-2KD1
pITKan/HA-CBM2a-(G4S)3x-2KD1
pITKan/HA-2KD1-(G4S)3x-CBM2a
pITKan/VP6
pITKan/HA-CBM2a

(+)

pET22b /VP6

pETSUMO/VP6

Primers [10µM/µl]
Sequence 3’-5’
Forward, T7 promotor: :
TAATACGACTCACTATAGGG
Reverse, SP6 long promotor:
ATTTAGGTGACACTATAGAAT
Forward, LMB3:
CAGGAAACAGCTATGAC
Reverse, pHEN:
CTGAATGGGGCCGCATAGACT

Forward, LMB3:
CAGGAAACAGCTATGAC Reverse
Reverse, pHEN-2:
CTATGCGGCCCATTCA’
Forward, T7 promotor:
TAATACGACTCACTATAGGG
Reverse, T7 terminator
GCTAGTTATTGCTCAGCGG
Forward:
ACCACTCCTTTAAGAAGGC
Reverse:
GCAGCCGGATCTCAGTGG
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Product Size
(bp)
504

584
587
1004
1007
1004
986
986
1403
578

1448

1446

ntrol. The PCR reaction took place in 0.2 ml reaction tubes at a Bio-Rad Thermal System
(C1000™ Thermal cycler, Bio-Rad, Hercules, CA, USA) with the following program
parameters: an initial DNA denaturation at 94°C for 2 min followed by 40 cycles of 30 sec
at 94°C for denaturation, 30 sec for primer annealing, 1:20 min at 72°C for elongation,
and a final elongation at 72°C for 10 min followed by holding at 4°C. To confirm that the
PCR reaction was successful, 3 μl of the PCR product was separated along with 1 Kb
DNA ladder (Cat. #SM0311, Thermo Fisher Scientific, Burlington, ON, Canada) on 1%
agarose gel in 1x TAE buffer containing 10 µg SYBR® Safe DNA gel stain (Ref. #S33102,
Invitrogen™, Life Technologies, Carlsbad, CA, USA) at 80 volts for 30-45 min. The gel
was visualized and pictured under universal hood (II Bio-Rad Laboratories Inc., USA)
using Bio-Rad Quantity One® 1-D Analysis for Windows version 4.2.1 software package.
Clones that were found to contain the gene were subjected to DNA sequencing.

3.3.2 DNA Extraction
A single clone was grown in 5 ml of LB broth medium contained within 50-ml falcon tube
supplemented with 50 μg/ml of a suitable antibiotic and incubated at 37°C for maximum
of 16 h. After centrifuging the 5 ml at 12,000 rpm for 3 min at RT (IEC MicroCL 17
centrifuge, Cat. #75002451, Thermo Electron Corporation, Germany), cell pellets were
lysed and plasmid DNA was eluted using a Gene JET Plasmid Miniprep kit (Cat. #K0503,
Thermo Fisher Scientific, Burlington, ON, CA). The concentration and purity of extracted
DNA from each clone was determined using a NanoDrop spectrophotometer. The pure
plasmid DNA was kept at -20°C for additional methodical investigation.
Also, after 16 h of incubation, glycerol stocks (25 %) of each overnight culture were
prepared by mixing 1:1 ml (v:v) of culture and 50% glycerol and stored at -80°C.
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3.3.3 Restriction Digestion
The purified plasmid DNA from the clones was digested with appropriate restriction
enzymes to ensure insertion of the correct insert. In this method, plasmid DNA was
linearized in the following reaction: 1µg of purified plasmid DNA, 2 µl of corresponding
reaction buffer, 1 µl of 10 µM of each restriction enzyme. The reaction was diluted to a
final volume of 20 µl with MQ-grade water and then incubated in a water bath (VWR™
international, USA) at 37°C for 2-4 h to allow for digestion. Un linearized reaction was
treated in a same manner and considered as a negative control. Both linearized and nonlinearized reactions [mixed with 4 µl 6x loading dye solution] and 1 Kb DNA ladder were
loaded on a 1% 1x TAE-agarose gel containing SYBR® Safe DNA gel stain to visualize
the bands. The gel was then submerged into a 1x TA EDTA buffer and allowed to run at
90 volts for 30-45 min. The separated DNA bands were visualized and imaged using a
universal hood.

3.3.4 Plasmid DNA Sequencing
Plasmid DNA from positive colonies harboring the gene of interest as confirmed by colony
PCR and restriction digest, was sequenced to confirm inserts contained the appropriate
gene sequence. The plasmid DNAs (10 µl at 100 ng/µl) were sent along with vector primer
sets (10 µl at µM/µl) presented in Table 3.1 to the Guelph Molecular Supercenter (Guelph,
ON, CA) for sequencing. The data was analyzed using Snapgene™ 1.1.3. software
package and alignment tool on NCIB’s website. Permanent stocks of clones with correct
sequences were prepared in 25% glycerol for long term storage at -80°C.
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3.4

Proteins Expression and Extraction

Protein parameters such as theoretical molecular weight, amino acid composition, molar
extinction coefficient (ε), and isoelectric point (pi) were obtained using the ProtParam tool
on the ExPASy server. All recombinant proteins expressed in E. coli were subjected to
short and long expression protocols to determine the best outcome. All cultures were
centrifuged at 4°C for protein extraction using a Sorvall® RC-5B refrigerated super-speed
centrifuge (SS-34 rotor). Although 2 expression protocols were conducted to express RVantibody in E. coli, the short expression protocol was preferred. About 15 ml of each
culture was collected before induction of protein expression and was treated in the same
manner representing a non-induced negative control.

3.4.1 Recombinant RV-VHH Antibodies
For the short expression protocol, 5 ml of LB broth supplemented with 50 µg/ml Kan was
inoculated with a loopful of culture from a freezer stock and grown for overnight at 37°C
and 180 rpm. The entire overnight culture was added to 500 ml of LB broth in a 2-L baffled
flask supplemented with 50 µg/ml Kan. The culture was incubated in a shaker-incubator
at 37°C and 220 rpm. Once the OD600 reached 0.6-0.8, IPTG (0.5 mM final concentration)
was added to induce protein expression. The culture was incubated at 24°C and 180 rpm
for 18 h.
For the long expression protocol, 30 ml of 2xTY media in a 125-ml baffled flask
supplemented with 50 µg/ml Kan was inoculated with a loopful of culture from a freezer
stock and incubated at 37°C and 180 rpm. After 16 h of incubation, the entire starter
culture was added to 1 L of M9 minimal salts medium (Cat. #DF0485170, Thermo Fisher,
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Mississauga, ON, CA) in 4-L baffled flask supplemented with 50 µg/ml Kan, 1 mM MgCl2,
0.1 mM CaCl2, 0.5 µg/ml vitamin B1, 0.2 % Glucose and 0.4 % Casamino acids. The
culture was incubated at 25°C and 180 rpm for 36 h. To induce periplasmic protein
expression, 0.1 mM IPTG (final concentration) and 100 ml of 10x Terrific Broth (TB)
nutrient were added to the culture and incubated at 25°C with shaking at 180 rpm for 60
h.
To extract the periplasmic protein “from both protocols”, a sucrose shock protocol
was used. The cultures were harvested by centrifugation at 5,000 rpm for 20 min at 4°C.
The supernatant was discarded and the cell pellets were re-suspended in 150 ml of icecold wash solution (10 mM Tris pH 8 and 0.5 M NaCl) and centrifuged at 10,000 rpm and
4°C for 10 min. The supernatant was discarded and the pellets were collected and resuspended in 50 ml of ice-cold sucrose solution (10 mM Tris pH 8, 1 mM EDTA and 25%
sucrose) then centrifuged at 10,000 rpm and and 4°C for 25 min. The supernatant was
discarded and the pellets were chilled on ice for 20 min and re-suspended in 50 ml ice
cold shock solution (10 mM Tris pH 8 and 0.5 mM MgCl2) before centrifuging at 1,000
rpm for 25 min. Finally, the supernatant (containing the periplasmic protein) was filtered
through a 0.22 μm filter (Millipore, Nepean, ON, CA) and dialyzed using an appropriate
MWCO dialysis tubing (Spectrum Medical Industries, INC., Los Angeles, CA, USA). For
those recombinant proteins containing a His-tag, they were dialyzed against immobilized
metal ion affinity chromatography (IMAC) buffer A (20 mM phosphate, 0.5 M NaCl and 10
mM imidazole of pH 7.4) at 4°C for overnight. For VHHs linked to CBM2a without 6x-His
tag, the recombinant fusion proteins were extracted and TSP was dialyzed into phosphate
buffer solution (1x PBS) pH 7.4 at 4°C overnight. These fusion proteins did not need to

82

be purified by FPLC, as they could be isolated by binding to cellulose and were used
directly as TSP in detecting assays All dialyzed proteins were aliquoted and stored at 80°C until needed. Insoluble proteins found in inclusion bodies were not processed
further. Ten µl of each supernatant, known as total soluble protein (TSP), was examined
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting (Section 3.6.1) to verify the expression of the target protein.

3.4.2 Agroinfiltration of RV-IgG 26 and Protein Expression
The expression of recombinant RV-IgG 26 against RV-VP6 capsid protein in N.
benthamiana was performed using a transient viral-based expression system (Giritch et
al., 2006). For RV-IgG 26 expression, A. tumefaciens containing pPFC0205 (RV-IgG 26
DNA) and Agrobacterium containing p19 (provided by PlantForm Corporation) were used
to co-infiltrate N. benthamiana plants. Agrobacterium p19 acted as a plant anti-silencer
to boost antibody RV-IgG 26 antibody production. The agroinfiltration procedure was
done with support from PlantForm Corporation using greenhouse facilities and the Dixon
Lab (University of Guelph, Guelph, ON, CA).
To perform expression, 2 L A. tumefaciens culture (in a 4-L flask) was grown
overnight at 28 °C and 180 rpm in LB media supplemented with Carb and Rif (50 μg/ml
for both). Similarly, Agrobacterium p19 culture was grown overnight at 28 °C and 180 rpm
in LB supplemented with Kan and Rif (50 μg/ml for both). Dense overnight cultures (up to
OD600= 2.5) were adjusted to an OD600 of 0.2 in Agro-infiltration buffer (AIB) containing
10 mM 2-4-morpholino-ethanesulfonic acid (MES), 10 mM magnesium sulfate (MgSO4)
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pH 5.5 to create an Agrobacterium infiltration cocktail (AIC) for plant treatment (Giritch et
al., 2006).
Plant were prepared by planting N. benthamiana seeds (KDFX, lot. #17-7-26-9-3,
made by PlantForm Corporation) in soil-filled pots (Sunshine Mix L4A, Sun Gro
Horticulture). The pots (48 pots, 3.5 square inch pots) were grown in a greenhouse under
50% humidity, 86 µmol/m-²s photon light intensity and 16 h day/night cycle at 23ºC. The
plants were watered daily with tap water (pH 8) for 6 weeks. To transiently express the
antiVP6-IgG, N. benthamiana plants were submerged in a beaker containing the AIC and
placed in a vacuum chamber. A vacuum was applied for 2 min with pressure ranging from
0.5 to 0.9 bar and then slowly released (Marillonnet et al., 2005 and Garabagi et al., 2012).
Shortly after treatment, the plants were placed back in the greenhouse and watered daily
for a week prior to harvest. When harvesting infiltrated plants, newly emerged leaves were
discarded and the infiltrated leaves were separated from the stems and biomass was
measured before storing at -80°C until further processing.
To extract RV-IgG 26, frozen biomass was homogenized and approximately 200 g
of leaf tissue was mixed with 3 volumes of extraction buffer (50 mM trisodium phosphate
(Na3PO4), 1 M NaCl, 10 mM EDTA, 40 mM ascorbic acid, pH 7.4). Samples were
disrupted in a 500-ml centrifuge bottle (2 bottles each contains about 300 ml) containing
two stainless steel ball bearings for 5 min using a TissueLyser (Qiagen, Toronto, ON, CA)
to prepare a crude protein extract. The biomass extract was filtered using 2 layers of Miracloth (Calbiochem CN biosciences, inc., La Jolla, CA, USA) into a 1-L flask. The filtrate
was transferred into centrifuge bottles and centrifuged at 10,000 rpm for 30 min at 4°C.
The supernatant was transferred into new centrifuge bottles and centrifuged under the
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same conditions. The supernatant (crude plant extract) was filtered using a Nalgene™
rapid-flow™ sterile disposable bottle top filter units with 0.45 μm PES membrane (Cat.
#165-0045, Thermo Fisher Scientific™, CA) and used for protein A purification.

3.4.3 Recombinant RV-VP6 Protein Expression
For the rapid expression protocol, a single bacterial colony containing the VP6recombinant plasmid was used to inoculate 5 ml of LB broth supplemented with a suitable
antibiotic. The cultures were grown in a shaker-incubator for overnight at 37°C and 180
rpm. Subsequently, 2.5 ml of each overnight culture was added to 250 ml LB broth in a
1-L baffled flask supplemented with a suitable antibiotic and grown in a shaker-incubator
at 37°C and 220 rpm. Once the OD600 reached approximately 0.7, IPTG was added (1
mM final concentration). The cultures were grown for an additional 3 h under the same
conditions.
For the long expression protocol, overnight cultures of each plasmid were grown as
described above. Each culture was added to 500 ml LB broth in 2-L baffled flasks
supplemented with a suitable antibiotic and grown at the same conditions. Once the OD600
reached approximately 0.7, IPTG was added to final concentrations of 0.5 mM (for
cultures with pITKan/VP6 and pET-22b(+)/VP6) and 0.25 mM (for culture with pETSUMO/VP6). The cultures were grown an additional 12 h at 24ºC and 180 rpm (Bugli et
al., 2014).
Regardless of the expression protocol, the cells were harvested by centrifugation at
5,000 rpm and 4°C for 20 min and pellets were frozen at -20ºC until needed. To extract
the periplasmic protein, cell pellets were lysed using a lysozyme total cell lysis protocol
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as follows. The frozen pellets were thawed and resuspended in 20 ml of ice-cold lysis
buffer (IMAC buffer A, 300 mM NaCl, 20 mM K-phosphate buffer pH 7.8, 0.05% triton
X114 (Cat. #9036-19-5, Sigma-Aldrich®, St. Louis, MO, USA), 2 mM dithiothreitol (DTT;
Cat. #3483-12-3, Sigma-Aldrich®, St. Louis, MO, USA), 5% glycerol, 10 mM imidazole).
Protease inhibitor, phenylmethanesulfonyl fluoride solution, (PMSF; Cat. #93482-50MLF, Sigma Life Science, St. Louis, MO, USA) was then added to a final concentration of 1
M and mixed. The cells were lysed by addition of 1 mg/ml lysozyme (Ref. #1083705900,
Sigma Life Science, St. Louis, MO, USA) and incubating at RT for an hour. Next, the
homogenates were sonicated (Model D100, Fisher Scientific, CA) 6 times for 30 sec, with
60 sec interval between each sonication on ice before a final centrifugation step at 14,000
rpm and 4ºC for 25 min. The resulting supernatant (TSP) was filtered through a 0.22 µm
membrane filter and immediately used for purification by IMAC.

3.4.3.1

Recombinant SUMO-Protease Protein Expression

A single colony of E. coli Rosetta transformed with plasmid pET-UIp1 containing
SUMO-protease gene (provided with protocols for expression and purification by Dr.
Anthony Clarke’s lab, University of Guelph, Molecular and Cellular Biology Department,
ON, CA) was grown in 5 ml LB medium with Kan (50 µg/ml) overnight at 37ºC and 180
rpm. The overnight culture was subsequently used to inoculate 1 L of SuperBroth in a 4L baffled flask and grown at 37ºC with shaking at 180 rpm until an OD600 of 0.8 to 0.9 was
reached. At that point, IPTG was added at a final concentration of 1mM and the culture
incubated a further 3 h at 37ºC with shaking at 180 rpm to induce SUMO-protease
expression. The culture was then pelleted by centrifugation at 5,000 rpm for 20 min at
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4ºC and pellet was frozen until needed. The frozen pellet was suspended in a lysis buffer
(IMAC buffer A: 20 mM Tris pH 8.0, 350 mM NaCl, 1 mM DTT) and lysed using sonication.
Unbroken cells were cleared by centrifugation at 25,000 x g for 20 min at 4ºC. The cleared
lysate containing TSP was filtered through a 0.22 µm syringe filter prior to purification
step.

3.5

Protein Purification

3.5.1 Soluble Proteins with 6x-His Tag
Upon expression, the periplasmic extracts for all 6x-His tag recombinant fusion proteins
were purified by IMAC using 5 ml HisTrap™ Chelating HP IMAC columns (17-5248-01,
GE Healthcare, Piscataway, NJ, USA) using an ÄKTA™-Purifier 900 FPLC system using
Unicorn™ version 4.00 software (Amersham pharmacia biotech, Piscataway, NJ, USA).
Briefly, a 5 ml HisTrap™ column was charged and equilibrated according to
manufacturer’s instruction with IMAC washing buffer A before loading the extracted
filtered protein at a flow rate of 3 ml per minute (50 ml maximum). The column was then
washed with IMAC buffer A and buffer B (contains 50 mM imidazole). For VP6 purification,
the column was washed with 200 ml of 25 mM imidazole followed by 130 ml of 50 mM
imidazole in the IMAC buffer A. All buffers used in the RV VP6 capsid protein purification
included the use of Triton X-114 at a final concentration of 0.05% to reduce endotoxins
during histidine fusion-protein purification. A gradual increase in imidazole concentration
to 500 mM in the above buffers was used for elution of the antibodies, while 300 mM
imidazole and 250 mM imidazole were used to elute SUMO-VP6 and SUMO-protease,
respectfully. Eluted fractions of 1 ml each were collected and analyzed by SDS-PAGE
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and Western blotting (Section 3.7.1) to confirm the purity and the size of each fraction.
Upon confirmation of fractions containing pure fusion proteins, those with high
concentration were pooled and dialyzed using appropriate dialysis tubing size and buffer
at 4°C overnight. The antibodies were dialyzed into 1x PBS, VP6 was dialyzed into a
cleavage buffer (20 mM Tris HCl, 150 mM NaCl, 1 mM DTT pH 7.5) and SUMO-protease
was dialyzed into 20 mM Tris pH 8, 200 mM NaCl, 1 mM DTT and 5% glycerol. Pure
proteins were concentrated using polyethylene glycol (PEG 35,000, Cat. #1546660,
Sigma-Aldrich®, St. Louis, MO, USA) to 1mg/ml before being aliquoted and stored at 80°C.

3.5.1.1

Cleavage of SUMO-VP6

Following purification of SUMO-VP6 and SUMO-protease by IMAC, the SUMO-VP6
was combined with SUMO-protease (3 ml of VP6 at ~1.5 mg/ml with 500 µl of protease at
~2 mg/ml) at 30°C for 2 - 6 h. The SUMO-protease is a highly active cysteinyl protease
that recognizes the 3D structure of the ubiquitin-related-modifier protein (SUMO), and the
conserved C-terminal sequence (Gly-Gly; cleavage site). Therefore, it can be utilized for
efficient removal of the 6x-His tag in the protein of interest (RV-VP6). Upon confirmation
of protein cleavage by SDS-PAGE, the cleaved sample was then loaded onto a charged
nickel (Ni+2) column (HisTrap™ Chelating HP IMAC columns). Most of the VP6 without
His tag was eluted in the flow through (unbound) fractions, and the rest was recovered
by washing the resin with IMAC washing buffer A. Purified protein was checked by SDSPAGE and Western blotting using RV-IgG 26 antibody. The VP6 protein (~45 kDA) was
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dialyzed 1x PBS overnight at 4ºC before being aliquoted and stored at -80°C for further
analysis.

3.5.2 Soluble RV-IgG 26
The RV-IgG 26 protein was purified using ÄKTA™-Purifier 900 FPLC system. The crude
plant extract (~600 ml) was applied to a protein-A resin MabSelect™ (17-5199-03; GE
Healthcare, Bio-Sciences AB, Uppsala, Sweden) equilibrated with 50 mM sodium
phosphate, pH 7.4 and 1 M NaCl at a flow rate 0.7 ml/min. The column was washed with
about 100 ml equilibrated buffer to remove unbound protein. The antibody was eluted
with 100 mM sodium acetate, pH 3 and 200 mM arginine and neutralized with 1 M TrisHCl, pH 8. The eluates were pooled (final volume, 20.6 ml, pH 7) and dialyzed against 1x
PBS buffer at 4°C before being stored at -80°C.

3.6

Soluble Protein Characterization

3.6.1 Gel Electrophoresis and Western Blotting
To confirm expression and purification of the proteins, SDS-PAGE and Western blotting
were conducted. For SDS-PAGE, all protein samples were prepared in 8 µl of 5 x reducing
solution (see Appendix 1 for solution composition) and boiled at 100°C for 10 min. The
RV-IgG 26 samples were also prepared in 8 µl of 5 x non-reducing buffer (see Appendix
1 for solution composition) to indicate variations in molecular size between the treatments.
For each sample a total volume 40 µl was loaded into each well of the SDS-PAGE gel. A
molecular weight protein standard was included in each gel (Precision plus protein™ dual
color standard; Cat. #161-0374, Bio-Rad, Mississauga, ON, CA). Gels were run at 70 V
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through 6% stacking gel then increasing the voltage at 125 V through the 12% resolving
gel using 1x running buffer until the dye left the glass plate. This was followed by either
gel staining with Coomassie brilliant blue (SIGMA, St. Louis, MO, USA) or transferring to
an Immobilon™-P polyvinylidene fluoride (PVDF, Cat. #162-0177, Bio-Rad Laboratories,
Inc., Hercules, CA) transfer membrane for Western blotting.
In Coomassie staining (see Appendix 1 for dye composition), gels were stained at
RT for 60 min with continuous rocking on a shaker (Model 260350 Rocker II, Boekel
Scientific, USA), rinsed twice with MQ-water, then de-stained overnight in de-staining
buffer (see Appendix 1 for buffer composition). Finally, gels were dried using gel drying
solution, placed on the DryEase gel drying frame (N12387, Invitrogen™ Life
Technologies, USA) between 2 pieces of cellophane. Coomassie staining confirmed the
expression and the purity of the proteins.
For Western blotting, proteins were transferred to PVDF membrane for 60 min at
100 V and 4°C. On a shaker at RT, membranes were then blocked with 4% skim milk
(Cat. #DF0032173, BD-Difco™, Thermo Fisher, CA) diluted in PBST wash buffer (0.5%
Tween-20 (Cat. #BP 337-100; in PBS pH 7.3) for 60 min. Next, membranes containing
proteins were probed for 60 mins at RT on a shaker with different antibodies (see Table
3.2 for antibodies used in this test). Next, membranes were washed 4x with PBST for 10
min each time before detecting proteins with 10 ml of corresponding substrate for 10 min.
A nitro-blue tetrazolium 5-bromo-4-chloro-3-indolyl-phosphate (AP) substrate (Prod #
34042, 1-Step™ NBT/BCIP, Thermo Scientific, Rockford, IL, USA) was used to detect
antibodies conjugated to AP while 3,3',5,5'-Tetramethyl Benzidine substrate solution
(Prod. # 34018, 1-Step™ TMB-Blotting, Thermo Scientific, Rockford, IL, USA) was used
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Table 3.2. Secondary antibodies used in Western blot for the detection of rotavirus and RV-VP6 on
PVDF membrane.
Protein on PVDF Membrane
-

RV-VHH-His tag
RV-VHH-CBM2a-His tag

- RV-VHH-CBM2a
(excluded of His tag)

-

RV-IgG 26

Secondary Antibody
Monoclonal anti-polyhistidine-alkaline
phosphatase (AP) antibody produced
in mouse, diluted at 1:5,000 in skim
milk
Monoclonal anti-HA tag conjugated
horseradish peroxidase (HRP)
produced in mouse, diluted 1:5,000 in
skim milk
A mix of AP conjugated anti-human
kappa light chain and anti-human IgG
(γ-chain specific) conjugated to AP,
both produced in goat, diluted at
1:10,000 in 4% skim milk
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Supplier
Cat. #A5588-0.5 µl,
®
Sigma-Aldrich , St. Louis,
MO, USA
Cat. #ab173826, abcam
LC; Cat. #A3813, Sigma®
Aldrich , St. Louis, MO,
USA
Cat. #A3187, Sigma®
Aldrich , St. Louis, MO,
USA

to detect antibody conjugated to HRP. Once bands appeared on the membranes, the
colorimetric reaction was stopped with water and the membranes were allowed to air dry
on a Kimwipe.

3.6.2 Protein Concentration
Bradford colorimetric assay was used to estimate the concentration of TSP of proteins
with CBM2a and pure proteins. An albumin standard (Cat. #PI23209, Thermo Scientific,
Rockford, IL, USA) was prepared in 5 dilutions (0.05, 0.125, 0.250, 0.375 and 0.5 mg/ml)
used to make a standard curve. The 1x PBS buffer was used as a blank sample. Ten µl
of each protein (sample and standard) was added in triplicate within the wells of a 96wellplate (Ref. #9018, Corning Incorporated, NY, USA). Next, 200 µl of Bradford dye (Cat.
#5000006, Bio-Rad, Hercules, CA, USA) freshly prepared at 1:5 v/v was added to each
well. The plate was incubated at RT for 5 min before reading at 595 nm using a microplate
reader (Model 680, Bio-Rad, Hercules, CA, USA). Microplate Manager® software (version
5.2.1 Build 106, Bio-Rad Laboratories, Inc.) was used to calculate the correlation
coefficient of the linear curve fit and the concentration (mg/ml) of the TSP for each sample.
The pure protein was aliquoted and stored at -80°C.

3.7

Production of Virus Strains

3.7.1 Cell Lines Propagation
An African Green monkey kidney epithelial cell line (AGMK- MA104; ATCC® CRL2378.1™, Manassas, USA) was used to grow and characterize RV group A strains
(Arnold et al., 2009). Frozen stock of cell line MA104 (1 ml at about 2x106 cells/ml) was
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grown in a 25 cm2 flask (Ref. #353109, Falcon® A Corning Brand) containing minimal
essential medium with Earle’s salts (MEM; Cat. #10-010-CM, Corning®, USA)
supplemented with 10% fetal bovine serum (FBS; Cat. #SH30396.03HI, GE Healthcare
Life Sciences, CA), 0.075% sodium bicarbonate (HCO3) (Cat. #25080094, Gibco™, CA)
and 1% penicillin-streptomycin solution (CAS: 113-98-4, HyClone™ Laboratories, Utah,
USA). The flask (total volume of 6 ml per flask) was incubated at 37°C, in a humidified
5% carbon dioxide (CO2) environment (Model: 3110, Thermo Fisher Scientific, USA). The
MA104 cells were sub-cultured regularly, to either two 25 cm2 or one 75 cm2 (Ref.
#353136, Falcon® A Corning Brand) tissue culture flask(s), two times a week.
The human embryonic kidney 293 (HEK-293) cell line was used to grow and
characterize human adenovirus (hAdenoV) while BV2 cell line was used to propagate
murine norovirus (mNV) (Brown, 1990 & Cox et al., 2009). The same procedure as
described for MA104 was followed to generate the cell cultures of HEK-293 and BV2. The
hAdenoV stock was obtained from Dr. Martha Brown (University of Toronto) while BV2
cell line and mNV stock were obtained from Health Canada (Bureau of Microbial Hazards)
and served as negative controls for the RV-mAbs. The propagation and titration of mNV
were kindly done by Jamie Goltz (4th year undergrad student) according to a protocol
provided by Health Canada.
Stocks of the cells were prepared by taking 95-100% confluent cell monolayers,
washing 3x with 1x PBS, trypsinizing, neutralizing with growth medium and counting the
cells using a hemocytometer (Freshney, 2010). Cells were centrifuged to remove cell
debris at 1,000 rpm and 4°C for 10 min using an Eppendorf AG centrifuge 5810 R
(Hamburg, Germany). The supernatant was discarded and the pellets were re-suspended
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in new growth medium at a final concentration of 2x106 cells/ml. The cells (900 µl) were
transferred to a sterile 2-ml cryogenic storage vial followed by addition of 100 µl of
dimethyl sulfoxide (DMSO). Tubes were placed in -20°C for 20 min then moved to -80°C
for overnight before storing in liquid nitrogen.
Rotavirus human strain Wa and bovine (bRV) strains B223 and C486 were used
representing different subgroups and serotypes from different species of RV group A. The
hRV strain Wa (G1 for VP7; Rotavirus A ATCC® VR-2018™) was purchased from the
American Type Culture Collection (ATCC, Manassas, USA). The bRV strains B223 and
C486 were kindly provided at 1.8x106 pfu/ml and 2.2x106 pfu/ml, respectfully, by Dr.
Volker Gerdts from Vaccine and Infectious Disease Organization International Vaccine
Center (VIDO-IVC) at Saskatchewan University (Saskatchewan, CA). Prior to infecting
the MA104 cells, 1 ml of RV stock (described above) was activated by incubating with 1
µg/ml Trypsin-EDTA (Ref. #15400-054, Gibco™) at 37°C, in a humidified 5% CO2
environment for 30-45 min. The activated virus was then diluted 1:3 v/v with serum free
medium (SFM) and added to a 75 cm2 culture flask with an approximately 95-100%
confluent cell monolayer, which had been rinsed 2 times with 1x PBS. The flask was
visualized by light microscopy (Model DMi1 inverted microscope, Leica Microsystems
CMS GmbH) to ensure the monolayer was intact following virus adsorption. The flask was
then incubated at 37°C, in a humidified 5% CO2 environment with slow continuous rocking
(every 15 min by hand) for 1 - 1.5 h to ensure equal coverage of the monolayer with the
inoculum and allow for virus adsorption. Following infection, SFM was added to a final
volume of 15 ml. The flask was then incubated as indicated previously and checked daily
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for CPE of the cell monolayer that includes change in cell morphology (e.g., refractile,
rounding, detaching and sloughing) and lysis (24-72 h). A similar procedure was followed
with hAdenoV and mNV with their corresponding cell lines.

3.7.2 Viruses Harvesting
The viruses were harvested from the flasks after the cell monolayers were about 80 to
90% lyzed. To harvest RV, cells were dislodging by hitting the side of the flask. The cell
lysate containing the virus was pooled from 4-5 flasks into a sterile falcon tube and the
virus was clarified by centrifugation at 2,300 rpm and 4°C for 20 min to pellet the cell
debris. The supernatant was then transferred to a sterile 1-ml cryogenic storage vial and
stored at -80°C until being used for titration and other biological assays. To harvest
hAdenoV and mNV, once the monolayers were 80-90% lysed, the flasks were subjected
to five cycles of freeze-thawed before centrifugation at which point the process was the
same as for RV. The viruses were then stored at -80°C.

3.7.3 Quantification of Viruses
Quantification of the RV was determined by different methods such as plaque assay,
tissue culture infection dose (TCID 50%) and qPCR. The titer of hAdenoV was determined
by qPCR while plaque assay was used to titer mNV.

3.7.3.1

Plaque Assay

About 2 - 3 days prior to infection for titration, MA104 cells were seeded at a density
of 125,000 cells/well in Costar® 6-well tissue culture plates (Cat. #353046, Corning
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Incorporated, NY, USA). The plates (three plates/virus) were incubated at 37oC in a
humidified 5% CO2 environment. Once the monolayers were approximately 90 to 100%
confluent, the cells were infected. The virus was activated as described above (Section
4.8.2) and serial 10-fold dilutions (up to 10-8) of the activated virus were made in SFM.
The growth medium was removed from the MA104 cells and the monolayers were gently
rinsed two times with SFM before being infected with 350 μL/well of each virus dilution.
The plates were placed at 37oC in a humidified 5% CO2 environment for 1.5 h with rocking
every 15 min. The liquid was then carefully removed and the wells were rinsed once with
SFM. For RV strains, the wells were overlaid with 2 ml of a single overlay media (3 media
were tested separately): (1) SFM supplemented with 0.8% agarose, (2) MEM
supplemented with 4% sephadex G-75, 200 mM glutamine and 2.5% pancreatin or (3)
SFM supplemented with 1% methyl cellulose. For mNV, the wells were overlaid only with
2 ml of SFM supplemented with 1% methyl cellulose. The plates were placed back at
37oC in a humidified 5% CO2 environment and monitored for plaque development after 5
days of infection. The overlay media were aspirated and each well was stained at RT with
500 μL of 0.1% crystal violet in 20% ethanol for 25 to 60 min. Next, the stain solution was
aspirated and wells were washed 3 times with MQ H2O then allowed to air dry. Finally,
plaques were counted and viral titer was calculated using the following equation:
<&'
;7

= # of plaques x

967'563( 3& 5:1 062'8

Equ. 3.2

037';1 3& 5:1 062'8

where pfu is plaque forming unit.
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3.7.3.2

Tissue Culture Infective Dose (TCID) 50%

This method was used only with RV strains. Costar® 96-well tissue culture plates
(Ref. #3628, Corning Incorporated, NY, USA) were seeded with 100 µl of MA104 (2x106
cells/ml) in complete media with MEM per well. The plates were incubated at 37 °C in a
humidified 5% CO2 environment for 48 h. The medium was then discarded and
monolayers were washed 2x with SFM. In separate sterile 96 well microtiter plates serial
10-fold dilutions of each virus (up to 10-8) were performed (10-1 dilution: 22.5 µl virus stock
in 202.5 µl SFM with MEM). Using a multichannel pipet, 200 µl of each virus dilution was
transferred into wells containing the cell monolayers. Columns 1 and 2 were used as
uninfected control treatments containing 200 µl of complete media and SFM, respectively.
After incubating the plates for 5 days at 37°C in a humidified 5% CO2 environment, the
number of CPE positive and negative wells was recorded. The TCID 50% titer was
calculated using Excel software and titration of the virus was converted to pfu/ml using
the Reed-Muench method as in the following equations (Equ. 3.3 to Equ. 3.6):
PD =

% /5 967'563( (1J5 /4301 KL% M KL%
% (1J5 /4301 KL% M % (1J5 4173N KL%

Equ. 3.3

where PD is the proportionate distance between the two dilutions nearest the 50% death.
50% EPD = − logSL of next dilution above 50% + PD x dilution factor

Equ. 3.4

where 50% EPD is the end point dilution of the lowest concentration at which there is no
infection.
TCID 50/mL = (50 % EPD)/(viral innoculum in ml)

Equ. 3.5

where TCID 50, Tissue Culture Infectious Dose, is the dose that gives rise to CPE in 50%
of inoculated cultures.
pfu/ml = (TCID 50/ml)/(C)

Equ. 3.6
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where pfu, plaque forming unit, is the number of infective particles within one ml of the
sample and is based on the assumption that each plaque formed is representative of one
infective virus particle. The C is a constant of 0.69, referring to the theoretical ratio
between TCID 50% and pfu.

3.7.3.3

Quantitative PCR

Quantitative PCR was used to titer RV strains and hAdenoV. The qPCR for RV
was conducted in two steps including cDNA synthesis and DNA amplification. All primers
and probes used for virus analysis by qPCR were ordered from Integrated DNA
Technologies, Inc. (IDT®) and Applied Biosystems® (Life technologies™), respectively,
and were provided at a concentration of 100 mM.
RNA extraction for RV strains: 140 µl of each RV cell culture supernatant was used
to extract total viral nucleic acid (dsRNA) using the QIAamp® Viral RNA Mini kit (Cat.
#52904, QIAgen Canada, ON, CA) according to the manufacturer’s instructions. Each
140 µl sample was vortexed for 15 sec with 560 µl of AVL lysis buffer (without carrier
RNA) and incubate at RT for 10 min. 560 µl 96% ethanol was added and vortexed for 15
sec. The mixture was applied to the QIAamp column (maximum of 630 µL per cycle) and
centrifuged at 8,000 rpm for 1 min. The column was then washed with 500 µl of AW1 and
centrifuged at 8,000 rpm for 1 min. Additional wash with 500 µl of AW2 buffer was
performed and column was centrifuged at 14,000 rpm for 3 min. The spin column was
then placed into a new micro centrifuge tube and centrifuged at 14,000 rpm for 1 min
before adding 60 µl of AVE elution buffer to the spin column. The column was left for 1
min at RT before being centrifuged at 8,000 rpm for 1 min at RT. The samples (RNA) was
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immediately placed on ice and used for cDNA synthesis. The cDNA was stored at -20C
until used in qPCR.
DNA extraction for hAdenoV, total viral nucleic acid (dsDNA) were extracted using
the Allprep® Power Viral® DNA/RNA kit (Cat. #28000, QIAgen Canada, ON, CA).
According to the manufacturer’s instructions, 200 µl of virus supernatant was mixed with
600 µl of pre warmed PM1 solution and incubated at RT for 5 min. A 150 µl of IRS solution
was added and vortexed before incubating the mixture at 4ºC for additional 5 min. After
centrifuging the tube at 13,000 x g for 1 min, 700 µl of the supernatant was transferred to
a clean 2 ml collection tube. 600 µl each of PM3 and PM4 solutions were added to the
supernatant and vortexed. The mixture was applied to the spin column (maximum of 625
µl per cycle) and centrifuged at 13,000 x g for 1 min. After discarding flow through, 600 µl
of PM5 solution was loaded on the column and centrifuged for 1 min. 600 µl of PM4
solution was loaded on the column and centrifuged for 1 min. The column was centrifuged
for additional 2 min to dry the membrane. The spin column was then placed into a new
micro centrifuge tube and a 50 µl of RNase-free water was added to the spin column. The
column was left for 1 min at RT before centrifuging at 13,000 x g for 1 min at RT to
complete the nucleic acid elution. The DNA was stored at -20C until used in qPCR.
The concentration and purity of all extracted nucleic acids (RNA or DNA) was
determined using a NanoDrop spectrophotometer.
Prior to qPCR, the RNA extracts were converted to cDNA using the iScript™ cDNA
Synthesis kit (Cat. #170-8891, Bio-Rad Laboratories, Hercules, CA, USA), according to
the manufacturer. Each 20 µl reaction contained 4 µl of 5x iScript™reaction mix
(containing oligo (dT) and random primers), 1 µl of iScript™ reverse transcriptase, and
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15 µl RNA extract. The assay was carried out in a C1000™ thermal cycler (Bio-Rad,
Hercules, CA, USA), a priming step at 25◦C for 5 min was followed by incubation at 46◦C
for 20 min; reverse transcriptase inactivation at 95◦C for 1 min and finally the reaction was
held at 4◦C. The cDNA samples were stored at −20◦C until analyzed by qPCR. The
purified dsDNA from samples with hAdenoV were used directly in qPCR.
The C1000™ thermal cycler CFX96™ Real-Time detection system (Bio-Rad,
Hercules, CA, USA) with Bio-Rad CFX maestro (version 4.1.2434.0124 for Mac, ©2017
Bio-Rad Laboratories) was used for the qPCR assays. Each sample was assayed in
duplicate (technical replicates) and each assay had a total volume of 25 µl. The
sequences of qPCR forward primer (5’ TCCGACCCACGATGTAACCA 3’) and reverse
primer (5’ GACGGCCAGCGTAAAGCG 3’) with probe (5’ ACAGGTCACAGCGACT 3’)
were used to target the hexon structure gene species F (type 41) for hAdenoV while
forward primer (5’ CATCTACACATGACCCTCTATG 3’) and reverse primer (5’
AAATGGCTATAGGGGCG 3’) with probe (5’ AATAGTTAAAAGCTAACACTGTC 3’) were
used to target to target the non-structural protein 3 (NSP3) for RV strains. These primer
sets and probes were modified (shorter in size) from Lee et al. (2016). The RV primer set
was used in the study by Lee et al. (2016) to detect only hRV strain Wa although the set
in this study was tested with bRV stains based on the 84% identity in the nucleotide
sequence of hRV (accession number: DQ146697) and bRV (accession number:
JN626230) (Figure 3.11). For each primer/probe combination, a qPCR master mix was
prepared using 12.5 µl of SsoAdvanced™ Universal Probes Supermix (Cat. #172-5284,
Bio-Rad Laboratories), 0.075 µl of each primer (final concentration of 300 nM), 0.05 µl
probe (final concentration of 200 nM) and 2.3 µl MQ-grad water. The 25 µl reactions, all
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Figure 3.11. Complete sequence alignment for non-structural protein NSP3 gene (1049 bp) from
human and bovine rotavirus group A strains. The nucleotide sequences are 84% identical with 0%
gaps. Forward primer highlighted in yellow. Reverse primer highlighted in red. Probe highlighted in
green. Note that within the primers and probe binding region (from 901 to 1049 bp), there is only
one mismatched nucleotide associated with the forward primer (A vs T, bold) and that it did not
impact detection of the bRV strains using this primer/probe set.
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containing 15 µl of master mix and 10 µl of the cDNA/DNA template, were aliquoted into
Hard-Shell® PCR plates 96-well, thin-wall (Cat. #HSP9601, Bio-Rad Laboratories) and
qPCR parameters were: one cycle at 95◦C for 2 min and 40 cycles of 95°C for 15 sec and
60°C for 30 sec. Blank (no template control, MQ-grad water) and positive controls
(standard plasmids) were (10 µl in a final volume of 25 µl per well) included with each run.
A plasmid standard curve, for each target, was run in duplicate on all plates and the
threshold was automatically set by the system software. Standard plasmids for the NSP3
and hexon genes were prepared as described in Lee et al. (2016). Briefly, transformed E.
coli cells (with either the NSP3 or hexon plasmid standard) were grown in 5 ml of LB broth
with 100 μg/ml Amp, plasmid was extracted (Section 3.3.2) and concentration was
determined at 260 nm using a Nanodrop spectrophotometer. The DNA concentration was
used to determine plasmid copy number at http://scienceprimer.com/copy-numbercalculator-for-realtime-pcr website using Equ.3.7.
CN/µl =

() 3& cde ∗ g.LiiJSLjk
71()5: 6( 4< ∗ SJSLl

mn
n
∗ ggL
3& 4<
n
opqr

Equ. 3.7

where CN is plasmid copy number in µl, ng is concentration of DNA and 6.022x1023
(atom/mole) is Avogadro constant.
The standard curves were prepared from 10-fold dilutions of plasmid stocks from
1x10 to 1x107 copies of plasmid per well and assayed in duplicate. The qPCR products
were run on a 1% 1x TAE-agarose gel to confirm the size of the amplicons. Performance
of the RT-qPCR assay had been previously validated in Lee et al. (2016) in terms of
absolute quantification capacity, specificity of target virus detection and absence of
competition effect. Acceptability criteria used to assess each qPCR assay was based
upon efficiency and R2 values associated with the standard curve (Bustin et al., 2009).
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Efficiency (E) of qPCR was calculated from the slope of the standard quantification curve
while precision of qPCR quantification was estimated from the R2 value of the standard
quantification curve using test for significance of a regression line.

3.8

Functional Analysis of Antibodies

3.8.1 Confirmation of RV-mAbs Binding
Western blot and SDS-PAGE assays were conducted to test the specificity and sensitivity
of different RV- mAbs, produced in this study. Gels containing hAdenoV and mNV as
negative controls, RV-VP6 as a positive control, and serial 10-fold dilutions (2 dilutions) of
RV bovine (bRV-B223 and bRV-C486) and human (hRV-Wa) strains were transferred to
PVDF membranes and membranes were then blocked with 4% SM at RT for 1 h (see
Section 3.7.1 for details). Subsequently, membranes were probed with 2 µg/ml of pure
RV-mAbs (2KD1, 3B2 and RV-IgG 26) or 5 µg/ml of TSP of fusion protein with CBM2a
and His tag (HA-CBM2a-2KD1-His, HA-CBM2a-3B2-His and HA-CBM2a), produced in
this study, for 1 h at RT. Membranes were then washed 3 times with 1x PBST, and
incubated with a secondary antibody (either anti-His conjugated to AP or anti HA
conjugated to HRP, depending which protein is present on the membrane and/or primary
antibody that was used) at RT for 1h. After a final set of 4 washes with 1x PBST,
membranes were developed with an AP or HRP substrate corresponding to secondary
antibody used. Once bands were visualized (~20 min), membrane development was
stopped with MQ-water and allowed to air dry. One corresponding SDS-PAGE was
stained with Coomassie blue to observe all bands that would have been present on the
blot (described in 3.7.1).
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3.8.2 Enzyme-Linked Immunosorbent Assay
Indirect and sandwich ELISA were performed to test and compare the binding of the
different RV-VHH and RV-IgG 26 mAbs with different antigens. Recombinant RV-VP6
protein and different EVs (hAdenoV and mNV) were included in the assay to serve as
antigens for positive and negative controls, respectively. The RV-VP6 and RV- antibodies
were diluted in 1x PBS only when used to coat a Costar® EIA/RIA 96-well microtiter plates
(Ref. #9018, high-binding, Corning Incorporated, Corning, NY, USA) and in 4% skim milk
prepared in 1x PBST when it used as an antigen or as a detecting antibody. The viruses
were diluted in SFM. The 1x PBS and the SFM without antigen were used as background
blanks for the RV-VP6 and the viruses, respectively. Optimization steps were conducted
to determine desired concentration of the RV-VP6 and RV-mAbs (produced in this study)
needed for detection purposes.
For indirect ELISA, triplicate wells on a Costar® EIA/RIA 96-well microtiter plates
(technical replicates) were coated with 100 µl 10-dilutions of the virus or VP6. The plates
were covered and sealed to prevent evaporation and incubated either overnight at 4°C or
at 37°C for 1.5 h. The plates were then blocked with 200 µl 4% SM/well at 37°C for 2 h
followed by five washes with 200 µl 1x PBST per wash/well. Rotavirus mAbs (100 µl at
100 ng/well) were added to the wells and plates were incubated 37°C for 2 h. After
washing five times, 100 µl of secondary conjugated-HRP antibody (see Table 3.3 for
different secondary antibodies used in this test) was added and the plates were incubated
under the same conditions. After washing 5 times with 1x PBST, 100 µl of 1-Step™ Turbo
TMB-ELISA (Ref. #34022, Pierce Biotechnology, Rockford, IL, USA) substrate was added
and allowed to develop in the dark at RT for 20 min. To stop the colour development, 100
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Table 3.3. Primary and Secondary antibodies used in ELISA for the detection of rotavirus antigen
present in a sample.
-

Primary Antibody
RV-VHH-His tag
RV-VHH-CBM2a-His tag

- RV-VHH-CBM2a
(excluded of His tag)
-

RV-IgG 26

Secondary Antibody
Rabbit polyclonal to 6x-His tag antibody
conjugated to HRP (Penta anti histidineHRP), diluted at 1:5,000 in skim milk
Monoclonal anti-HA tag conjugated
horseradish peroxidase (HRP) produced
in mouse, diluted 1:5,000 in skim milk
Antihuman IgG heavy and light chains
conjugated to HRP, diluted at 1:10,000 in
skim milk
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Supplier
Cat. #ab1187, abcam
Cat. #ab173826, abcam
Cat. #ab6759, abcam

µl 1 M sulfuric acid (H2SO4) per well was added. The color development was measured
at 450 nm using a microplate reader. Binding of each RV-mAbs to the antigen (RV-VP6
or the virus) was calculated by averaging the reading of 3 wells and subtracting it from
the average of 3 corresponding blank wells.
For sandwich ELISA, the plate was coated with 100 µl RV-mAbs (produced in this
study) and incubated either at 4°C overnight or at 37°C for 1.5 h. Subsequently, wells
were blocked with 200 µl of 4% skim milk and plates were incubated at 37°C for 2h. After
5 times washing with 200 µl 1x PBST, 100 µl of the virus or the RV-VP6 (0.6 µg/well) were
added to the appropriate wells and incubated at 37º C for 1 h. Similar to the steps
described above for the indirect ELISA, the wells were washed thoroughly, followed by
application and incubation with the primary RV-mAbs, and then application and incubation
with the secondary antibody (conjugated-HRP). The plates were incubated at 37ºC for 1
h each time and washed after each antibody application. The plates were then allowed to
develop for 20 min after the addition of 1-Step™ Turbo TMB-ELISA substrate and the
reaction was stopped by the addition of 1 M H2SO4 before reading at 450 nm. The binding
of RV-mAbs to the antigen (virus and RV-VP6) was calculated as mentioned above.

3.9

Antibody Capture Technology Development

3.9.1 Cellulose Filter Paper Capture System
3.9.1.1

Binding RV on RV-mAb Coated Cellulose Filter Paper

To confirm the HA-CBM2a protein specifically binds to cellulose, an ELISA was
performed on cellulose paper filters. Briefly, circular discs (0.5" diameter) were prepared
from Whatman cellulose filter paper grade 5 with 2.5 µm particle retention (GE
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Healthcare, Piscataway, NJ, USA) using a standard hole-punch. Based on prior
preliminary ELISA results, HA-CBM2a-(G4S)3x-2KD1 was selected for further analysis.
The discs were placed in a syringe filtration system (Swinnex® filter holder, Cat. #SX
0001300, EMD Millipore, Billerica, MA) and 20 µl of HA-CBM2a and HA-CBM2a-(G4S)3x2KD1, at 0.2 µg, were added to discs as negative and positive controls, respectively. After
incubation for 30 min at RT, the discs were blocked with 300 µl of 4% SM in PBS-T for
30 min, then washed 3x with 900 µl of PBS-T before the addition of 100 µl of each RV
strain (103 virus particles/µl). After 30 min, the virus was discarded and discs were washed
3x with 900 µl of PBS-T, probed with 100 µl of RV-IgG diluted in PBS-T (1 µg/ml) followed
by 100 µl antihuman-HRP for 30 min each. After washing, discs were developed with 100
µl HRP substrate for 30 min. The solutions were then transferred to a 96-well plate and
reaction was stopped with 100 µl of 1M sulfuric acid (H2SO4) before reading at 450 nm.

3.9.1.2

Removal of RV by RV-mAb Coated Cellulose Filter Paper

The assay was conducted to examine the ability of the bioactive paper (produced
in this study) to capture RV from spiked water samples. Cellulose filter discs were
prepared as described above (Section 3.9.1.1). The h-RV and the h-AdenoV were spiked
individually and in combination in the presence of different water environments, all tests
were performed in triplicate. The viruses were spiked individually at 103 and 104 CN/µl for
h-RV and h-AdenoV, respectively. Mixtures of (1) both viruses at 103 CN/µl each and (2)
h-AdenoV at 104 CN/µl with h-RV at 103 CN/µl were evaluated. Tests were conducted in
SFM solution, tap water and river water. Tap water was obtained from the laboratory and
river samples were collected by the end of March in 1-L amber glass bottles from Speed
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River in Guelph, Ontario, Canada. Water quality parameters including, temperature, pH
and turbidity were determined for each water type tested (tap and river waters). A pH
meter (Mettler Toledo SevenCompact™ pH meter S210, Millipore Sigma-Aldrich, CA) was
used to determine pH of the water samples while a turbidimeter (2100Q portable
turbidimeter, HACH, CA) was used to measure water turbidity.
For each spiking experiment a cellulose disc was placed in a syringe filtration
system and treated with CBM2a or RV-2KD1-(G4S)3x-CBM2a as described previously
(Section 3.9.1.1). After blocking and washing the filter, a volume of 1 ml sample (virus in
SFM or water) was passed through at a flow rate of 1 ml per min. Discs were washed with
4 ml of filtered tap water to remove non-specifically bound viruses. Influent (un inoculated
and spiked samples), flow through and wash were collected separately in clean tubes
while discs were frozen at -80°C until being analyzed by RT-PCR. Total viral nucleic acids
were extracted using the QIAamp® MinElute® Virus spin kit (Cat. #57704, QIAgen
Canada, ON, CA) according to the manufacturer’s instructions. Briefly, 25 µl of QIAGEN
protease-AVE and 200 µl of AL buffer (without carrier RNA) were added to each 200 µl
sample. For filters, 200 µl of 0.9% NaCl solution was added to the filter along with same
volumes of the protease and the AL buffer. The samples were vortexed for 15 sec and
incubate at 56°C for 15 min. 250 µl 96% ethanol was then added and vortexed for 15 sec.
The mixture was incubated for 5 min at RT before being applied to a QIAamp column and
centrifuged at 8,000 rpm for 1 min. The column was then washed once with 500 µl of
AW1, AW2 and 96% ethanol. The column was centrifuged after each wash at same
conditions. The spin column was then placed into a new micro centrifuge tube and
centrifuged at 14,000 rpm for 3 min. The empty column was incubated at 56ºC for 3 min
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to allow complete drying. The spin column was then placed into a new micro centrifuge
tube and 45 µl AVE buffer was added to the spin column. Finally, column was left for 1
min at RT before being centrifuged at 14,000 rpm for 1 min at RT to complete the nucleic
acid elution.
Viral RNA was converted to cDNA and qPCR was conducted in duplicate with
water (negative control) and standard quantification plasmids (positive control) targeting
NSP3 and hexon genes for hRV and hAdenoV, respectively, as described previously
(Section 3.7.3.3). Concentration of the viruses from the samples and estimation of virus
removal (Equ. 3.8) were calculated.
Removal % =

tuMuv
tu

x 100

Equ. 3.8

where IF is influent concentration of virus (copy number/ml) and FT is the concentration
of virus (copy number/ml) in the flow through.

3.9.2 Immuno-Magnetic Capture System
3.9.2.1

Magnetic Beads-Antibody Conjugation

Dynabeads® M-270 Epoxy (Cat. #14311D, novex®, Life technologies™) were
conjugated with RV-IgG 26 or RV-2KD1, according to the manufacturer’s instructions.
The antibody-coupled beads were stored at 4ºC until further analysis.
To ensure conjugation of the beads with the antibody, an SDS-PAGE gel was
conducted. The RV-IgG 26 and RV-2KD1 antibody-coupled beads (100 µl at 10 mg/ml)
and control beads were each incubated with 1 mg/ml of RV-VP6 (SUMO/VP6) at RT on a
shaker for 1 h. Subsequently, the supernatants (containing unbound-VP6) were removed
and beads were washed 3 times with 500 µl 1x PBS. The samples of RV-VP6,
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supernatants, washes (32 µl + 8 µl dye) and beads (suspended in 32 µl 1x PBS + 8 µl
dye) were boiled for 10 min at 95ºC and were run on SDS-PAGE under reducing
conditions.

3.9.2.2

Removal of RV by RV-mAbs Coated Magnetic Beads

The assay was conducted to examine the ability of the immune-magnetic beads
(produced in this study with either RV-2KD1 or RV-IgG 26) to capture RV from spiked
water samples. Conjugated beads and free-conjugated beads at 2 µg/ml were incubated
with RV in SFM (at low, medium and high concentrations) and also in river water spiked
with lower concentration of hRV (103 virus particles/µl) and highest concentration of
hAdenoV (104 virus particles/µl) for 1 h at RT on a shaker. The virus was then extracted
from the flow through and the beads (beads were washed 3 times with water) and
quantified by qPCR as described in Section 3.9.1.2. Concentration of the viruses from the
samples and estimation of virus removal were also calculated as described in Section
3.9.1.2.

3.10 Electron Microscopy Analysis
The virus particle and virus binding on cellulose and beads were visualized by using
transmission electron microscopy (TEM) and scanning electron microscopy (SEM),
respectively, at the Molecular and Cellular Imaging Facility (The University of Guelph
Advanced Analysis Centre, Guelph, ON, CA).
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3.10.1 Transmission Electron Microscopy
A drop of the virus (5 µl of bRV-B223 at 104 CN/µl, was the only strain available with
known quantification by the time of the test) was applied to the surface of a filter paper
and allowed to air dry for 5 min. A formvar-coated grid was then floated onto the filter
(where the drop was placed) for a minute. The grid was immediately transferred and
floated on a drop of 1% aqueous uranyl acetate. The grid was allowed to air dry for a few
minutes before insertion into the microscope column (FEI Tecnai G2 F20, 200 kv field
emission TEM). The sample was screened and images of the virus were taken.

3.10.2 Scanning Electron Microscopy
Both filter paper and immuno-magnetic bead capture systems were analyzed by SEM to
visualize the capture of RV (spiked at 104 CN/ µl in SFM). The filter paper and antibodycoupled beads were prepared and exposed to RV as described previously (Sections 3.9.1
and 3.9.2). The filter paper discs with or without RV were washed 3 times with 1x PBS
and placed on carbon discs. For the beads, antibody-coupled and control beads were
suspended in 15 µl 1x PBS after washing 5 times in 1x PBS. To prepare samples for
SEM, 5 µl of a bead sample was spread on the surface of a carbon disc and allowed to
air dry. The discs were then sputtered coating with gold and visualized by SEM (FEI
Quanta FEG 250 SEM). The SEM images were analyzed by ImageJ (64-bit version of
Java for Microsoft® Windows® 10 software).
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3.11 Statistical Data Analysis
Statistical data analysis was done using SAS® System for Microsoft® Windows® version
9.0 software. Significant differences among means of 3 replicates was accepted when P
values were ≤0.05.

3.11.1 Data from ELISA
Graphical work for ELISA was prepared using SigmaPlot® version 11 software packages.
Data are means and standard error of 3 technical replicates. All standards (controls) and
samples were replicated 3 times (technical replicates, n=3). Blank is the absorbance
value obtained with all components of the assay excluding the antigen, i.e. no RV-VP6 or
virus. Factorial analyses of variance (ANOVA) with a further Tukey test (when the group
sizes were different) were performed for the evaluation of the sample means. The tests
were performed for the evaluation of the means between (1) the binding of different
antibody concentration to the viruses (e.g., 200 vs. 100 vs. 10 ng/well), (2) the different
samples within same antibody (e.g., bRV-B223 vs. bRV-C486 vs. hRV-Wa at same
dilution of the virus detected with the same concentration of an antibody) and (3) each
treatment separately among all RV-mAbs (e.g., detection of the virus at same dilution by
RV-2KD1 vs. RV-3B2 vs. RV-IgG 26 at same concentration of the antibodies).

3.11.2 Data from qPCR
Graphical work for qPCR standard curves was prepared using Microsoft® Excel for Mac
version 15.18 software. Data are means and standard deviation of 3 biological replicates.
All standards (positive controls, spiked) and samples were replicated 3 times (biological
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replicates, n=3) for virus extraction. Each biological replicate was evaluated in duplicate
for qPCR analysis (technical replicates, n=2). In qPCR, positive controls were the plasmid
standards that contained the target gene sequence, while no template controls, i.e.
samples lacking the target genetic sequence, were used as negative controls. The t-test
was performed for the evaluation of the means between (1) the removal of RV via
cellulose filter treated with RV-HA-2KD1-(G4S)3x-CBM2a and cellulose filter treated with
HA-CBM2a within same treatment (e.g., hRV only and hRV in completion with hAdenoV),
(2) the specific removal from different treatment (e.g., hRV vs. hRV in completion with
hAdenoV) and the removal from different sources (e.g., tap vs. river, tap vs. SFM and
river vs. SFM).
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4

RESULTS

Concentrating virus from an environmental water sample, which is necessary due to their
low concentration, is an important step toward detection. The main goal of this study was
to develop a novel concentrating method utilizing recombinant antibody technology to
rapidly capture EVs in source waters. Bovine and human strains of RV group A were used
as model targets in this study for specific monomeric antibody fragments (e.g., VHHs, LC
and HC) against RV group A capsid protein VP6 that were previously developed and
published (Weitkamp et al., 2003 & Garaicoechea et al., 2008). Other strains from EVs
group, including hAdenoV and mNV, were used as negative controls through out the
study.
To develop a bioactive filter (i.e., antibody-cellulose filter) to directly capture RV in
water samples, previously developed VHHs (2KD1 and 3B2; Garaicoechea et al., 2008)
were fused to a CBM2a for the attachment on cellulose filter paper. Hypothetically, linkage
of VHHs to a CBM2a domain should not affect the functionality of the VHHs to bind RV as
CBM2a is used to immobilize the VHHs on a cellulose surface. The plasmid constructs,
VHHs with or without CBM2a, were cloned into E. coli HB2151 for expression and
purification by IMAC. Eventually, all RV-mAbs were characterized for their specificity and
sensitivity to bind to their specific RV A antigen (RV-VP6 fragment and the whole virus).
Different assays, such as, SDS-PAGE, Western blot, ELISA, RT-qPCR and EM were
assessed for these investigations.
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4.1

Cloning and Transformation of Expression Cassettes

A number of constructs (RV-VHHs, RV-CBM2a-VHH, RV-VHH-CBM2a, RV-IgG 26 and
RV-VP6) were prepared for protein expression. The results of cloning and transformation
of these constructs in bacteria are presented in Appendix 2.

4.2

Protein Expression and Purification

Results of protein expression and purification experiments for recombinant proteins (RVVHHs, RV-CBM2a-VHH and RV-VHH-CBM2a expressed into E. coli HB2151, RV-IgG 26
expression in N. benthamiana, and RV-VP6 from pET-SUMO expressed in E. coli BL21
(DE3)) are presented in this section. Production of RV-VP6 from pITKan in E. coli HB2151
and pET22b(+) in E. coli BL21 (DE3) are presented in Appendix 3.

4.2.1 Recombinant RV-VHHs
The RV-VHHs with or without CBM2a were expressed in E. coli HB2151 using rapid and
long expression protocols. For rapid protein expression, the cultures were induced
overnight (IPTG, 0.5 mM final concentration) at 24oC. For the long protein expression,
cultures were induced for 60 h (IPTG, 0.1 mM final concentration) at 24oC. The mass of
the cell pellet was estimated to be 10.62 g/L and 23.45 g/L for 2KD1, while the mass was
estimated to be 11.8 g/L and 24.65 g/L for 3B2 for the rapid and long protein expression
protocols, respectively.
For isolation of all recombinant proteins, total soluble proteins were extracted from
the periplasm of E. coli HB2151 by sucrose shock protocol. Both 2KD1 and 3B2 VHHs not
linked to CBM2a were purified using IMAC Ni+2-charged resin via FPLC. Fractions were
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eluted over a gradual increase in imidazole concentration to 500 mM (see Figure 4.1 A
and 4.2 A for protein purification from rapid expression protocol and Appendices 3.1 A
and 3.2 A for purification from long expression protocol). SDS-PAGE analysis of the
purified products indicated the VHHs were of high purity (Figures 4.1 B and 4.2 B and
Appendices 3.1 B and 3.2 B). Western blot confirmed the expected sizes of 2KD1 and
3B2 which are 16.04 and 16.14 kDa, respectively (Figure 4.3). The protein concentrations
of pure 2KD1 and 3B2 resulting from the rapid expression protocol were 15 and 9 mg
protein/L, respectively, estimated at A280 using a Nanodrop. Concentrations of purified
2KD1 and 3B2 were about 4 times higher when the long expression protocol was used
resulting in 62 and 39 mg protein/L, respectively. The rapid protocol was selected for
future protein expression and purification because (1) the purities of the isolated proteins
were similar for both expression protocols, (2) the concentration of the pure protein
resulting from the rapid protocol was sufficient for the required tests in this work (e.g.,
ELISA) and (3) of the shortened length of time and limited access to facilities (e.g., large
incubator).

4.2.2 Recombinant RV-CBM2a with and without VHHs
For VHHs linked to CBM2a, fusion proteins were expressed in E. coli HB2151. Each
culture was induced using the rapid expression protocol and total soluble proteins
retrieved by sucrose shock protocol. The bacterial masses of HA-CBM2a-([PT]3T)3xS2KD1-His, HA-CBM2a-([PT]3T)3xS-3B2-His, HA-2KD1-([PT]3T)3xS-CBM2a, HA-CBM2a(G4S)3x-2KD1 and HA-2KD1-(G4S)3x-CBM2a were estimated to be 12.5, 9.5, 10.4, 11.92
and 12.32 g/L, respectively. The bacterial mass of HA-CBM2a was estimated to be 12.68
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Figure 4.1. Affinity 6x-His tag chromatography purification profile of RV-2KD1 expressed with rapid
0
protocol (E. coli HB2151; pITKan/2KD1) culture induced with 0.5 mM IPTG at 24 C for 16 h). The
2
periplasmic protein was extracted via sucrose shock protocol and applied to Ni -resin. After column
washing, 2KD1 was eluted over 500 mM imidazole in 1 ml fractions. (A) Elution chromatographic
profile illustrating the absorbance at 280 nm (blue line) and collection of eluted fractions (green
line). (B) A 12% SDS-PAGE gel indicating expression and purification of RV-2KD1 (observed at
about 16.04 kDa). Lane 1: protein standard. Lane 2: Total soluble protein (TSP) from un-induced E.
coli HB2151 (pITKan/2KD1) culture. Lane 3: TSP from induced E. coli HB2151 (pITKan/2KD1) culture,
Lane 4: column wash. Lanes 5-10: eluted fractions of RV-2KD1.
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Figure 4.2. Affinity 6x-His tag chromatography purification profile of RV-3B2 expressed with rapid
0
protocol (E. coli HB2151; pITKan/3B2) culture induced with 0.5 mM IPTG at 24 C for 16 h). The
+2
periplasmic protein was extracted via sucrose shock protocol and applied to Ni -resin. After
column washing, 3B2 was eluted over 500 mM imidazole in 1 ml fractions. (A) Elution
chromatographic profile illustrating the absorbance at 280 nm (blue line) and collection of eluted
fractions (green line). (B) A 12% SDS-PAGE gel indicating expression and purification of RV-3B2
(observed at about 16.14 kDa). Lane 1: protein standard. Lane 2: Total soluble protein (TSP) from
un-induced E. coli HB2151 (pITKan/3B2) culture. Lane 3: TSP from induced E. coli HB2151
(pITKan/3B2) culture, Lane 4: column wash. Lanes 5-10: eluted fractions of RV-3B2.

118

Figure 4.3. Western blot analysis of expressed and purified RV-3B2 and RV-2KD1 as presented in
Figures 4.1 and 4.2. Total soluble proteins (TSP) and pooled purified proteins (diluted to 1:5) were
run on 12% SDS-PAGE gel before transferring to PVDF membrane and probed with a polyclonal
anti-His antibody conjugated to alkaline phosphate. Lane 1: protein standard. Lanes labeled “a”
represent TSP of RV-VHH. Lanes labeled “b” represent pooled purified RV-VHH.
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g/L. The molecular weight for these fusion proteins and level of expression were analyzed
by SDS-PAGE and Western blot (Figure 4.4). The sizes of HA-CBM2a-([PT]3T)3xS-2KD1His and HA-CBM2a-([PT]3T)3xS-3B2-His were 30.5 and 30.65 kDa, respectively,
matching the expected sizes.
Furthermore, removal of the His-tag from HA-CBM2a-([PT]3T)3xS-2KD1-His did not
affect the expression of the fusion proteins (VHHs linked to CBM2a without His tag and
CBM2a only) in E. coli (Figure 4.5). The appearance of the bands on Western blot
occurred at the expected size for each fusion protein: 17.9 kDa for HA-CBM2a, 29.9 kDa
for HA-CBM2a-(G4S)3x-2KD1 and HA-2KD1-(G4S)3x-CBM2a, and 31 kDa for HA-2KD1([PT]3T)3xS-CBM2a. Although the bands appeared faint on the Western blot (Figure 4.5
B), which was developed with HRP substrate, the bands corresponded to correct size of
all recombinant proteins. The TSP concentration of each recombinant antibody was
estimated by Bradford assay and the VHH-CBM2a fusion proteins ranged between 23.546.8 mg/L and 50 mg/L for CBM2a.

4.2.3 Recombinant RV-IgG 26
The RV-IgG 26 was expressed in N. benthamiana, following whole-plant vacuum
infiltration of recombinant Agrobacterium suspensions, for seven days. The biomass of
the harvested leaves from 48 plants was estimated to weigh 728 g.
Following extraction and purification of RV-IgG 26 by FPLC (Figure 4.6), its
concentration was estimated to be 57.46 mg from 200 g leaves mass. Purity of RV-IgG
26 was determined by SDS-PAGE and immunoblotting under reducing and non-reducing
conditions (Figure 4.7). Under reducing condition, 2 bands were observed on the gel and
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Figure 4.4. Fusion protein expression and purification of RV-VHHs linked to HA-CBM2a at N-terminal
and His-tag at C-terminal. (A) A 12% SDS-PAGE gels for RV-HA-CBM2a-([PT]3T)3xS-2KD1-His (30.5
kDa). (B) A 12% SDS-PAGE gel for RV-HA-CBM2a-([PT]3T)3xS-3B2-His (30.65 kDa). The fusion
proteins were expressed using the rapid expression protocol and TSP released via sucrose shock
protocol. Lanes labeled “a” represent TSP from un-induced cultures. Lanes labeled “b” represent
TSP from induced cultures. (C) Western blot of total soluble protein (TSP) from induced cultures
(diluted at 1:3) indicating the detection of RV-HA-CBM2a-([PT]3T)3xS-2KD1-His (Lane 2) and RV-HACBM2a-([PT]3T)3xS-3B2-His (Lane 3) on PVDF membrane by a polyclonal anti-His antibody
conjugated to alkaline phosphate (AP). (D) A 12% SDS-PAGE gel indicating purification of fusion
proteins by IMA. Lane labeled “A” represent pure RV-HA-CBM2a-([PT]3T)3xS-2KD1-His. Lane
labelled “B” represent pure RV-HA-CBM2a-([PT]3T)3xS-3B2-His. Lane 1: Protein standard. Arrow
refers to the expected molecular size of fusion proteins.
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Figure 4.5. Fusion protein expression of RV-VHHs linked to HA-CBM2a at N- and C-terminal on 12%
SDS-PAGE gels (A) and Western blot (B) of TSP from induced cultures (10 µl of TSP was loaded in
each well) indicating the detection of RV-HA-CBM2a (labelled “2”, ~17.9 kDa), HA-CBM2a-(G4S)3x2KD1 (labelled “3”, 29.9 kDa), HA-2KD1-(G4S)3x-CBM2a (labelled “4”, 29.9 kDa) and HA-2KD1([PT]3T)3xS-CBM2a (labelled “5”, 31 kDa) on PVDF membrane by a polyclonal anti-His antibody
conjugated to horseradish peroxidase (HRP). Lane 1: Protein standard. The fusion proteins were
expressed using the rapid expression protocol and total soluble proteins (TSP) released via sucrose
shock protocol. Lane 1: protein standard. Lanes labeled “a” represent TSP from un-induced
cultures. Lanes labeled “b” represent TSP from induced cultures. Arrows indicate expected size of
fusion proteins.
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Figure 4.6. Protein A affinity chromatography purification profile of RV-IgG 26. Elution
chromatographic profile illustrating loading, washing and elution of RV-IgG 26 on a pre charged 5ml protein A (MabSelect) column (UV, blue line). The loading and washing were conducted in 20 mM
phosphate buffer pH 7.4, and elution in 100 mM sodium acetate pH 3 and 200 mM arginine-HCL. The
eluted protein was collected in a 20 mL volume (collected peak) neutralized with 1 M Tris-HCL pH
8.5 and dialyzed overnight at 4°C against 1x PBS. Pink and brown lines indicating the stability of pH
and conductivity, respectively, during washing step and the decrease of both during fraction
collection.
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Figure 4.7. Qualitative analysis of RV-IgG 26 expression in N. benthamiana under reducing and nonreducing conditions. (A) Coomassie stained 12% SDS-PAGE analysis of RV-IgG expression; (B)
Immunoblot analysis of RV-IgG 26 expression. The immunoblot was probed with a mixture of antihuman gamma and kappa probes. Under reducing condition, the molecular weights of the RV-IgG
26 HC and RV-IgG 26 LC are ~50 and ~25 kDa, respectively while RV-IgG 26 is 150 kDa under nonreducing condition. Lane 1: protein standard. Lanes labeled “a” represent total soluble protein
(TSP). Lanes labeled “b” represent retention of RV-IgG 26 on the purification column (i. e., flow
through). Lanes labeled “c” represent wash. Lanes labeled “d” represent eluted RV-IgG 26.
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the immunoblot membrane at ~50 and ~25 kDa representing the size of RV-IgG 26 HC
and RV-IgG 26 LC, respectively. Under non-reducing condition, the gel and the
immunoblot membrane showed a band at 150 kDa representing the molecular weight of
full-length RV-IgG 26 (Figure 4.7).

4.2.4 Recombinant RV-VP6
The purpose of producing RV-VP6 in this study was to use it as a positive control in future
experiments. However, since all VHHs in the current study were His-tagged and to prevent
cross-reactivity with anti-His antibody in ELISA experiments, it was crucial to produce a
soluble RV-VP6 without 6x-His tag. The RV-VP6 capsid protein sequence was optimized
for E. coli and cloned in 3 different bacterial expression vectors. Since the pETSUMO/VP6 construct produced high yields of soluble RV-VP6, similar to those of the
pITKan nor pETb22(+) expression constructs (Appendix 4), however, it is possible to
remove the His tag from this recombinant protein unlike the others. As a result, large scale
expression and purification of RV-VP6 were continued with this construct only.
The soluble protein was extracted from 1-L E. coli BL21 (D3) induced culture with
0.25 mM IPTG by lysozyme as mentioned previously. The soluble cell lysate (30 ml) was
loaded into a pre charged 5 ml of an Ni+2-NTA column. The fusion SUMO/VP6 was eluted
with 300 mM imidazole after extensive column wash (Figure 4.8 A). The purity and size
of eluted fractions (1 ml each) were analyzed by SDS-PAGE gel stained with Coomassie
blue (Figure 4.8 B). Concentration of SUMO-VP6 pure fractions were estimated by A280 to
range from 1.85-3.07 mg/ml.
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Figure 4.8. Affinity 6x-His tag chromatography purification profile of RV-SUMO/VP6. (A) Elution
chromatographic profile for RV-SUMO/VP6 (blue line) showing showing fractions collected (3-10
mL) with a 300 mM imidazole. (B) A 12% SDS-PAGE gel run under reducing condition indicating
expression and purity of RV-SUMO/VP6 (4 µl loaded) at a molecular weight of about 60 kDa. The
0
fusion protein was expressed in LB medium and induced with 0.25 mM IPTG at 24 C for 16 h. The
periplasmic protein was extracted via lysozyme protocol and further purified via IMAC. Lane 1:
protein standard. Lanes 2-10: eluted fractions of RV-SUMO/VP6.
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To remove the VP6 target protein from its SUMO tag partner, pure SUMO-VP6 was
incubated with SUMO-protease (see Appendix 4 for expression and purification of
recombinant enzyme SUMO-protease) at 30°C for up to 6 h and collecting a test sample
every 2 h. The reaction mixture was analyzed by SDS-PAGE (Figure 4.9 A), which
showed approximately 90% cleavage of SUMO-VP6 in 2 h. This was demonstrated by the
disappearance of the 60 kDa fusion protein and the appearance of 3 new bands
corresponding to the expected molecular weights of SUMO-protease-His fusion tag (25
kDa), SUMO-protease (15 kDa) and RV-VP6 (45 kDa). To obtain RV-VP6 only without His
tag, the cleaved reaction mixture was reapplied to the Ni+2-affinity column to recover the
untagged RV-VP6 product in the flow through, as its unable to bind to Ni+2-NTA resin
(Figure 4.9 B). Immunoblot analyses were conducted using the RV-IgG 26 antibody for
detection, produced in this study, as a primary antibody followed by a human antibody as
a secondary antibody detection to recognize RV-VP6 cleaved protein (Figure 4.9 C). Pure
RV-VP6 was stored at 4°C up to 3 days before adjusted to 1 mg/ml and being stored at 80°C. The RV-VP6 was not found to form any precipitate after the 3 days storage, as
indicated by lack of a pellet after high speed centrifugation.

4.3

Virus Propagation and Quantification

4.3.1 Infectivity in Cell Types
The cell lines used in this study were MA104 to propagate all RV strains, HEK-293 to
propagate hAdenoV and BV2 to propagate mNV. Propagation of the virus was judged by
visualization by light microscopy (Figure 4.10). Generally, CPE began to appear as an
initial rounding of cells with indistinct outlines, followed by aggregation or accumulation of
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Figure 4.9. Proteolytic cleavage of SUMO-VP6 with SUMO-protease. (A) Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomassie blue with purified SUMOVP6 before (lane labeled “2”) and after (lane labeled “3-6”) digestion by SUMO-protease. Digested
+2
protein mixture (SUMO-VP6 and SUMO-protease reaction) was passed through a Ni -resin column
and flow through was collected (lanes labeled “2-10”) then analyzed by (B) SDS-PAGE stained with
Coomassie blue and (C) Western blot. Lane 1: protein standard. Lane 2: purified SUMO-VP6. Lane
3: cleaved SUMO-VP6 digestion with SUMO-protease. Lanes 4-10: RV-VP6 after protease digestion
detected via RV-IgG 26.
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Figure 4.10. Visualization of cytopathic effects by enteric viruses in cell lines. (A) Confluent
monolayers of MA104, VB2 cells and HEK-293 cells pre-infection with their corresponding virus
(control). (B) Cell monolayers post-infection showing CPE for MA-104 infected with h-RV (after 24
h), BV2 infected with mNV (after 48 h) and HEK-293 infected with hAdenoV (after 190 h). CPE
observed as rounding and destruction of cells; many cells have detached while other cells are
spindle shaped indicting infection.
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dead cells. Some of the cells assumed spindle shapes with one end attached to the glass
surface while other end floated in the medium. The MA104 cell monolayers were lyzed
after 48-72 h post infection with h-RV, while BV2 and HEK293 infection with mNV and
hAdenoV, respectively, showed clear CPE at 48 h and 190 h of post-infection.

4.3.2 Quantification of the Virus
In this study, RV strains were quantified via 3 methods including a plaque assay, TCID
50% and qPCR. The hAdenoV was quantified via qPCR and plaque assay was used to
quantify mNV. Since RV and hAdenoV were consistently used to quantify viruses in
further tests, quantification of those viruses by qPCR was selected (see Appendix 5 for
quantification of RV and mNV by other tests). Virus enumerated by TCID 50% and plaque
assay will be presented as number of plaque forming units (pfu) while those enumerated
using qPCR will be presented as copy number (CN) or virus particle.

4.3.2.1

Quantification by qPCR

The primer/probe set used in this study to detect all strains of RV A was previously
designed to target NPS3 gene of hRV A strain only (Lee et al., 2016). In this study, 2
bovine RV A strains (bRV-B223 and bRV-C486) were also detectable by the same
primer/probe set. This was expected from investigation of complete nucleotide sequences
(1049 bp) for group AhRV (Accession number: X81436.1) and bRV (Accession number:
JN626230.1) NPS3 genes. The sequence alignment results showed 84% match in the
whole sequence between these strains (Figure 3.9). However, the nucleotide sequence
in the targeted region (75 bp) was identical except for one nucleotide located at the
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beginning of the forward primer binding region (A in hRV vs. T in bRV), which did not
impact detection of the bRV strains in qPCR using this primer/probe set.
From qPCR assay for hAdenoV and RV A based on genes quantification, standard
curves were produced (Figure 4.11). Analysis of qPCR standard curves revealed an
2

inverse linear relationship with R valued of 0.99 for both targets and slope valued of 3.54 and -3.29 for hAdenoV and hRV, respectively, when the Ct values were plotted
versus the logarithm of the 10-fold dilutions (i.e., target gene copy numbers). Efficiency
values were 91.62% and 101.09% for hAdenoV and hRV, respectively. Although these
data presented in this work were generated from a single run, they were repeated twice
2

and were in acceptable ranges (i.e., averages (n=2) were R of 0.99 ± 0.001 and 0.99 ±
0.004, slope of -3.51 ± 0.04 and -3.24 ± 0.07 and efficiency of 92.7 ± 1.5% and 103.44 ±
3.3% for hAdenoV and hRV, respectively). The operating data from each qPCR assay
were within acceptable ranges as outlined in the MIQE standards (Bustin et al., 2009).
Melt-curve analysis indicated a single peak for each amplicon. Additionally,
products from qPCR were also analyzed by gel electrophoresis and each PCR product
was observed at their expected sizes (112 bp for hAdenoV and 75 bp for hRV).
Concentrations of the RV stocks were estimated to be 1.58 x 106, 3.39 x 107 and 1.09 x
107 virus particles/ml for bRV-B223, bRV-C468 and hRV, respectively, while
concentration of hAdenoV estimated to be 1.09 x 109 virus particles/ml (these
concentrations are averages of 2 technical replicates).
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Figure 4.11. Standard quantification curves of qPCR assays for (A) human adenovirus type 41 and
(B) human rotavirus group A. Standard quantification plasmids were diluted by 10-fold series and
quantified by a primer and probe set specific for a single virus gene. Data on the graphs are readings
from 2 technical replicates.

132

4.4

Functionality of RV-Antibodies

4.4.1 Detection by Western Blot
To gain insight into whether (1) the RV-VP6-specific antibodies recognized RV group A
strains based on VP6 and (2) fusion of VHHs to CBM2a affect their binding functionality to
RV, Western blotting using RV-mAbs as primary antibodies was performed. Briefly,
protein extracts of bRV-B223 (1.5 x 104 and 1.5 x 103 virus particles/well) bRV-C486 (3.39
x 104 and 3.39 x 103 virus particles/well) and hRV-Wa (1.09 x 104 and 1.09x103 virus
particles/well) along with hAdenoV (1.09 x 106 virus particles/well), mNV (1.5 x 106
pfu/well) and recombinant RV-VP6 (2 µg/well) were run on 12% SDS-PAGE gel under
reducing conditions. One gel was stained with Coomassie blue dye as a reference (Figure
4.12 A) while others were transferred to PVDF membranes (Figure 4.12 B-G) and probed
with His-tagged-RV-VHHs, His-tagged-RV-HA-CBM2a-VHHs, RV-IgG 26 and HA-CBM2a
and binding was detected with anti His-AP, anti-mouse IgG-AP and anti HA-HRP
secondary probes, respectively. Western blot analyses indicated that all RV-VP6 mAbs
specifically detected the 3 RV group A strains at concentrations of about 104 virus
particles/well and RV-VP6 protein (Figure 4.12 B-F). None of the strains at 103 virus
particles/well were observed on SDS-PAGE or detected on Western blot. Western blot
analysis also confirmed that fusion of VHH to CBM2a did not affect the binding ability of
the VHHs to their target. The native CBM2a recombinant protein was not able to detect
any of the EVs or RV-VP6 on Western blot as was expected (Figure 4.12 G). Both of
hAdenoV and mNV (at concentrations about 100-fold higher than those tested for the RV
strains) were used as negative controls and were not detected by any RV-mAbs.
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Figure 4.12. Detection of different rotavirus strains on Western blot using VHHs with and without
4
CBM-VHHs and full-length IgG 26. The RVs were loaded on wells of SDS-PAGE in 2 dilutions (10
3
and 10 virus particles/well) for both bovine (bRV) (lanes labelled “2” represent bRV-B223 and lines
labelled “3” represent bRV-C486) and human (lanes labelled “4”) strains. The RV-VP6 at 2 µg/well
(lanes labelled “5”) was used as a positive control. Human adenovirus (lanes labelled “6”) and
6
murine norovirus both at 10 pfu/well (lanes labelled “7”) were used as negative controls. One gel
stained with Coomassie blue (A) and others were transferred to PVDF membranes for Western blot
analysis (B-G). Fusion proteins at 2 µg/ml of pure proteins (B-C and F) and at 5 µg/ml of total soluble
protein (D-E and G) were used as a primary antibody to detect RVs, anti-his antibody (B-D), antihuman (F) and anti-HA (G) were used as a secondary antibodies. Lane 1: protein standard. Lanes
labelled “a” represent higher dilution of the virus. Lanes labelled “b” represent lower dilution of the
virus. Arrows refer to VP6 RV group A protein (~45 kDa).
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4.4.2 Detection by ELISA
ELISA in different experimental designs was used to test (1) RV-VHHs binding to RV
group A strains, (2) effect of CBM2a on binding of RV-VHHs to RV strains, (3) RV-IgG 26
binding to RV and (4) impact of fusing CBM2a with different peptide linkers connected to
the N- or C-terminal of the RV-VHHs. For all statistical analyses and graphs, blank
samples have been left out as they were already subtracted from the absorbance values
of wells contain samples.

4.4.2.1

Indirect ELISA

For these tests, the viruses were adsorbed to the surface of the wells in an ELISA
plate. In a two-step detection process, RV-primary antibodies (RV-IgG 26 and RV-2KD1)
were used to bind to the target followed by application of an enzyme conjugated
secondary antibody for detection. Various concentrations of purified RV-VP6 immobilized
on the ELISA plate could be detected by different concentrations of RV-IgG 26 (at 100
and 10 ng/well) and RV-2KD1 (at 500 and 200 ng/well) (Figure 4.13 A). However, no
signal was obtained when the virus was immobilized on the plate (Figure 4.13 B). This
suggested that the viruses were washed off and were not able to be immobilized on the
type of ELISA plate used, as a result a sandwich ELISA was evaluated.

4.4.2.2

Sandwich ELISA

In this test, RV-2KD1 and RV-IgG 26 were interchangeably used as capture and
detection antibodies for RV, as they were expected to bind to non-overlapping regions on
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Figure 4.13. Characterization of rotavirus monoclonal antibodies binding specificity and sensitivity
to rotavirus in indirect ELISA. (A) ELISA plate was coated with 2-fold dilution of purified VP6
(µg/well). (B) ELISA plate was coated with 10-fold dilution of different enteric virus strains and RVVP6 (µg/well). The RV-IgG 26 (100 and 10 ng/well) and RV-2KD1 (500 and 200 ng/well) were used as
a primary detection antibody. Anti-human conjugated to HRP and anti-his conjugated to HRP were
used as a secondary detection antibody, respectively. The RV-VP6 was used as a positive control
whereas murine norovirus (mNV) and human adenoviruses (hAdenoV) where used as negative
controls. Data are means and standard error of 3 technical replicates. bRV: bovine rotavirus. hRV:
human rotavirus. bdl: below detection limit.
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the RV surface. Both approaches showed the ability of immobilizing the virus on the
ELISA plate and for determining the binding specificity and sensitivity of the RV-mAbs to
RV group A strains (Figures 4.14 and 4.15).
For these initial ELISA tests, detection of RV by the RV-IgG 26 and the RV-VHHs
(lacking the CBM) were evaluated. For the first experiments, the ELISA plate was coated
with RV-2KD1 at 100 ng/well. The wells were then exposed to RV-VP6 or different EVs.
Subsequently, RV-IgG 26 at 100 ng/well was used for detection. Only wells containing
RV-VP6 and different concentrations of RV strains were successfully detected by RV-IgG
26 (Figure 4.14). Positive signals were also obtained when RV-IgG 26 was used to coat
the ELISA plate and RV-VHH-His (e.g., RV-2KD1 or RV-3B2) used for detection (Figure
4.15). Univariate analyses indicated that the RV-2KD1 more strongly bound the virus than
RV-3B2 at concentrations of 100 and 10 ng/well (Figure 4.15). When an ANOVA was run
to compare differences in the detection across RV-2KD1 and RV-3B2 concentrations, no
statistical difference between both antibodies at the 200 ng/well was observed (P>0.56).
However, the absorbance values for RV-2KD1 were significantly higher in detecting RV
than the RV-3B2 at concentrations of 100 (P<0.02) and 10 (P<0.0001) ng mAb/well. The
mean of absorbances detected at each antigen concentration by a specific concentration
of RV-mAbs were compared by Tukey test for unequal variance, as ANOVA was
significant (P<0.0001 for RV-2KD1 at each concentration and for RV-3B2 at concentration
of 100 ng/well (and 200 ng/well only with RV-VP6 vs. RV strains)). There was no binding
detected when 3B2 was used at a concentration of 10 ng mAb/well (Figure 4.15 B). Both
data sets showed that all RV strains were equal in term of sensitivity as they were
detectable to a lower concentration of 102 viruses (Figure 4.15). Overall these data indica-
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Figure 4.14. Characterization of rotavirus monoclonal antibodies binding specificity and sensitivity
to rotavirus in sandwich ELISA. The ELISA plate was coated with RV-2KD1 (100 ng/well) and
different strains of enteric viruses and RV-VP6 then were detected with RV-IgG 26 (100 ng/well) and
anti-human conjugated to HRP. The RV-VP6 was used as a positive control whereas murine
norovirus (mNV) and human adenoviruses (hAdenoV) where used as negative controls. Data are
means and standard error of 3 technical replicates. bRV: bovine rotavirus. hRV: human rotavirus.
bdl: below detection limit.
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Figure 4.15. Characterization of RV-VHHs binding specificity and sensitivity to rotavirus in sandwich
ELISA. The plate was coated with RV-IgG 26 (100 ng/well) and different strains of enteric viruses
and RV-VP6 (0.6 µg/well) were detected in two steps by 200 and 100 ng/well of RV- 2KD1 (A) and RV3B2 (B) and anti-his conjugated to HRP. The RV-VP6 was used as a positive control whereas murine
norovirus (mNV) and human adenoviruses (hAdenoV) where used as negative controls. Data are
means and standard error of 3 technical replicates. bRV: bovine rotavirus. hRV: human rotavirus.
bdl: below detection limit. Capital letters represent statistical difference among different antigen
sources detected by 200 ng/well of antibody. Small letters represent statistical difference among
different antigen sources detected by 100 ng/well of antibody. Numbers represent statistical
difference among different antigen sources detected by 10 ng/well of antibody.

139

te that although RV-2KD1 was better in detecting different strains of RV and RV-VP6 than
RV-3B2, there was no statistical difference between them at concentrations of 200 ng/well
whereas a significant defence was observed at lower concentrations (100 and 10 ng/well).
Detection of RV-VP6 and whole virus by the RV-VHHs linked to CBM2a was also
evaluated to determine the binding ability of the fusion proteins to the antigen in ELISA.
Positive signals were obtained when RV-IgG 26 was used to coat the ELISA plate and
RV-CBM2a-VHHs-His (e.g., RV-HA-CBM2a-([PT]3T)3xS-2KD1-His or RV-HA-CBM2a([PT]3T)3xS-3B2-His) were used (as TSP) to specifically detect RV (Figure 4.16). This
confirmed that linking the VHHs to CBM2a with ([PT]3T)3xS linker did not affect the
functionality of either VHH. The ANOVA analysis showed that there was no statistical
difference for a CBM2a-VHH when comparing the means among different concentrations
(8.5, 5 and 2 µg/well) of RV-CBM2a-2KD1 (P>0.368) and of RV-CBM2a-3B2 (P>0.943)
that were used to detect the virus (Figure 4.16) on a plate coated with RV-IgG 26. Also,
no statistical difference was observed between RV-HA-CBM2a-([PT]3T)3xS-2KD1-His and
RV-HA-CBM2a-([PT]3T)3xS-3B2-His. Both data sets showed as with data from RV-VHHs
(1) the detection of RV to be similar between bRV-C486 and hRV-WA as compared with
bRV-B223 that had lower detection than other strains and (2) equal sensitivity as all
strains were detectable to lower concentration of 102 (Figure 4.16). Overall these data
indicate that linking the VHHs to CBM2a did not affect the binding ca pacity of the VHHs.
Furthermore, 2KD1-CBM2a fusion proteins were used as capture antibodies on
ELISA plates because it had a higher binding capacity than RV-3B2 to (1) determine the
affect of different linkers and N- and C-terminal orientations of 2KD1-CBM2a fusions on
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Figure 4.16. Characterization of RV-VHHs fusion to CBM2a binding specificity and sensitivity to
rotavirus in sandwich ELISA. The plate was coated with RV-IgG (100 ng/well) and different strains
of enteric viruses and RV-VP6 (0.6 µg/well) were detected in two steps by 8.5, 5 and 2 µg/well of RVCBM2a-2KD1 (A) and RV-CBM2a-3B2 (B) and anti-his conjugated to HRP. The RV-VP6 was used as
a positive control whereas murine norovirus (mNV) and human adenoviruses (hAdenoV) where
used as negative controls. Data are means and standard error of 3 technical replicates. bRV: bovine
rotavirus. hRV: human rotavirus. bdl: below detection limit. Capital letters represent statistical
difference among different antigen sources detected by 8.5 µg/well of antibody. Small letters
represent statistical difference among different antigen sources detected by 5 µg/well of antibody.
Numbers represent statistical difference among different antigen sources detected by 2 µg/well of
antibody.
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capturing the virus when different RV-mAbs are used for detection and (2) evaluating
which RV-mAb has highest detection levels in combination with various RV-2KD1-CBM2a
fusion proteins. For these experiments, ELISA plates were coated with 5 µg/well of each
fusion protein, and with CBM2a alone as a negative control, followed by exposure to
different concentrations of the 3 RV strains. Subsequently, detection by 100 ng/well of
either RV-2KD1, RV-3B2 or RV-IgG 26 and appropriate secondary antibody were
conducted (Figure 4.17). Positive signals were obtained when RV-2KD1, RV-3B2 and
RV-IgG 26 were used to detect different strains of RV regardless of RV-VHH-fusion protein
used to coat the plate, while no signal was obtained on wells treated with CBM2a (Figure
4.17). Analysis by ANOVA showed no statistical difference when different linkers
(([PT]3T)3xS and (G4S)3x) were used, but a statistical difference (P<0.0001) was found
with orientation of RV-2KD1. Coating the plate with RV-2KD1 linked at its N-terminus to
CBM2a resulted in the best capturing of the RV strains, while best detection was obtained
with RV-IgG 26. There were significant differences when the plate was coated with RVHA-CBM2a-(G4S)3x-2KD1 (P<0.0001), RV-HA-2KD1-(G4S)3x-CBM2a (P<0.0002) and
RV-HA-2KD1-([PT]3T)3xS-CBM2a (P<0.002) and RV were detected by RV-IgG 26 (Figure
4.17 C) in comparison to RV-2KD1 and RV-3B2 (Figures 4.17 A and B, respectively).
These results indicate that RV-2KD1 was not functionally affected when it was linked to
CBM2a. Also, detection of the virus was highest when ELISA plates were coated with
fusion protein of RV-2KD1 at N-terminal and the detection antibody.
In general, ELISA results demonstrated that RV-mAbs specifically recognized RVVP6 and whole RV and RV-2KD1 and RV-IgG 26 (RV-3B2 was not test for this test) did
not cross-reacted with mNV and hAdenoV strains. The results also showed that best det-
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Figure 4.17. Characterization of RV-2KD1-fusion to CBM2a binding specificity and sensitivity to
rotavirus in sandwich ELISA. The plate was coated with different fusion proteins (RV-2KD1-CBM2a
and RV-CBM2a-2KD1 (5 µg/well) and different strains of enteric viruses and RV-VP6 (0.6 µg/well)
were detected in two steps by 100 ng/well of RV- 2KD1 (A), RV-3B2 (B) and RV-IgG (C) followed by
anti-his conjugated to HRP (A-B) or anti-human conjugated-HRP (C). The RV-VP6 was used as a
positive control whereas murine norovirus (mNV) and human adenoviruses (hAdenoV) where used
as negative controls. Data are means and standard error of 3 technical replicates. bRV: bovine
rotavirus. hRV: human rotavirus. bdl: below detection limit. Capital letters represent statistical
difference among different antigen sources immobilized on the plate via HA-2KD1-(G4S)3x-CBM2a.
Small letters represent statistical difference among different antigen sources immobilized on the
plate via HA-CBM2a-(G4S)3x-2KD1. Numbers represent statistical difference among different antigen
sources immobilized on the plate via HA-2KD1-([PT]3T)3x-CBM2a.
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ection of different RV strains was obtained by RV-IgG 26 > RV-2KD1 > RV-3B2. Although
all RV strains were detectable at lower concentration of 102 virus particles/ml, the RVmAbs have higher binding ability to hRV and bRV-C486 than bRV-B223. However, based
on ELISA results presented in Figure 4.17, the RV-HA-2KD1-(G4S)3x-CBM2a RV-mAbs
was selected for future testing using a cellulose filter paper (see Section 4.5.1).

4.5

Antibody Capture Technology Development

4.5.1 Cellulose Filter Capture System
To determine whether RV-HA-VHH-CBM2a is capable of specifically attaching on a
cellulose filter for the detection of RV, an ELISA assay was performed on cellulose filter
paper. The fusion protein selected for these assays was RV-HA-2KD1-(G4S)3x-CBM2a
because fusion protein with CBM2a at the C-terminal (regardless of the linker) detected
the viruses in ELISA stronger than fusion protein with CBM2a at the N-terminal. The HACBM2a and RV-HA-2KD1-(G4S)3x-CBM2a fusion proteins were incubated on cellulose
filter discs (5 and 2 µg of fusion protein per disc, 13 mm diameter disc), blocked for 30
min each, and washed. RV (at 104 virus/disc) in SFM was incubated on the discs before
detection with RV-IgG 26 followed by anti-human conjugated HRP antibody. No colour
development was observed on discs bound with HA-CBM2a (with or without RV) (Figure
4.18 A) or on discs bound with RV-HA-2KD1-(G4S)3x-CBM2a in the absence of RV (Figure
4.18 B, left-side). The RV-HA-2KD1-(G4S)3x-CBM2a was successfully bound to the
cellulose filter disc as determined by the development of the blue color on the filter in the
presence of RV (Figure 4.18 B, right-side). The disc bound with RV-HA-2KD1-(G4S)3xCBM2a also produced positive signals with all RV strains (Figure 4.18 C).
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Figure 4.18. Immobilization of HA-CBM2a and RV-HA-2KD1-(G4S)3x-CBM2a on a cellulose disc for
the detection of RV strains by sandwich ELISA. After coating the cellulose disc with 5 and 2 µg of
HA-CBM2a or RV-HA-2KD1-(G4S)3x-CBM2a for 30 min, the discs were blocked with 4% skim milk for
4
30 min. After washing, hRV-Wa (100 µl at 10 virus particles/disc) and serum free medium (SFM)
were incubated for 30 min the washed. The discs were then incubated with a primary RV-IgG 26 (100
µl at 100 ng/disc) followed by a secondary anti-human-HRP antibody, 30 min each. Finally, the discs
were developed with ELISA substrate-HRP for 30 min to detect the RV. The HA-CBM2a was used as
a control and showed no colour development on the cellulose discs (A) whereas blue colour was
developed on the disc (B) representing sucssessful immobolization of RV-HA-2KD1-(G4S)3x-CBM2a
on a cellulose disc and detection of the viurs “hRV-Wa” (the image represents colour on the disc
4
coated with 2 µg of fusion protein). (C) Absorbance values on the discs with all RV strains at 10
virus particle/disc. Gray bars represent absorbance values from filters coated with 5 µg of fusion
protein. Black bars represent absorbance values from filters coated with 2 µg of fusion protein. Data
are means and standard error of three technical replicates.
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The initial tests showed the RV-HA-2KD1-(G4S)3x-CBM2a fusion protein could be
bound to the cellulose filter and detect RV. Both concentrations (5 and 2 µg) of fusion
protein showed similar detection values of the virus on the filter paper (when absorbance
values were measured (Figure 4.18 C). As a result, the lowest concentration (2 µg) was
selected for further tests. The next set of tests were conducted to evaluate the selectivity
of the antibody coated paper when multiple viruses (hRV and hAdenoV) are present.
Filters were prepared as before, cellulose discs coated with 2 µg of RV-HA-2KD1-(G4S)3xCBM2a and SFM-spiked with multiple concentrations of hRV and hAdenoV. Spiked
samples (1 ml) were filtered through cellulose discs coated with either RV-HA-2KD1(G4S)3x-CBM2a or HA-CBM2a. The viruses in the influent, flow through (including flow
through from the filter wash steps) and bound on the filter paper were extracted and
quantified by RT-qPCR.
Initial tests examining hRV or hAdenoV alone indicated that cellulose paper coated
with RV-HA-2KD1-(G4S)3x-CBM2a is capable to specifically detect RV (Table 4.1). For
samples with hAdenoV alone, there was no significant difference in removing hAdenoV
with cellulose-treated RV-HA-2KD1-(G4S)3x-CBM2a (38.46 ± 20.55%) and cellulosetreated HA-CBM2a (23.21 ± 8.94%). This suggested non-specific removal due to virus
binding to the filter material. Removal of hRV by cellulose paper coated with RV-HA2KD1-(G4S)3x-CBM2a or HA-CBM2a was calculated to be 81.75 ± 2.05% and 43.23 ±
10.81%, respectively. These results demonstrate that hRV was removed specifically by
38.52 ± 8.97% via cellulose-treated RV-HA-2KD1-(G4S)3x-CBM2a.
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Table 4.1. Removal of enteric viruses from spiked serum free medium (SFM) at different conditions using developed RV-HA-2KD1-(G4S)3xCBM2a- and HA-CBM2a-cellulose-based filter systems.
Detection of Enteric Viruses (virus particle/ml) by Cellulose Filter Paper
Sample

Analyzed

Conditions

Samples

hRV alone

HA-CBM2a
hRV

hAdenoV
4

Spiked influent

3.39 ± 0.07 x 10

Flow through

1.92 x 10 ± 3.34 x10

Filter bound

4

RV-HA-2KD1-(G4S)3x-CBM2a

3

5

2.98 x 10 ± 3.38 x 10

5

hRV
4

2

-

3

2

-

5

5

-

-

3.39 x 10 ± 6.87 x 10

-

6.17 x 10 ± 5.80 x 10

-

hAdenoV

1.33 x 10 ± 1.51 x 10

8

7

-

1.45 x 10 ± 5.05 x 10

8

7

-

9.19 x 10 ± 5.63 x 10

5

4

1.93 x 10 ± 3.21 x 10

5

4

5.58 x 10 ± 6.22 x 10

7

6

1.17 x 10 ± 4.91 x 10

7

6

7.21 x 10 ± 7.21 x 10

hAdenoV

Spiked influent

-

1.45 x 10 ± 5.05 x 10

alone

Flow through

-

1.12 x 10 ± 4.62 x 10

1:1 ratio of

Spiked influent

1.93 x 10 ± 3.21 x 10

hRV:hAdenoV

Flow through

1.29 x 10 ± 5.67 x 10

1:1000 ratio of

Spiked influent

1.17 x 10 ± 4.19 x 10

hRV:hAdenoV

Flow through

6.63 x 10 ± 2.49 x 10

5

4

2.82 x 10 ± 9.03 x 10

5

4

1.84 x 10 ± 4.07 x 10

4

3

3.78 x 10 ± 6.58 x 10

4

3

1.63 x 10 ± 6.23 x 10

8

7

7

7

5

4

5

4

7

6

7

6

5

4

2.82 x 10 ± 9.03 x 10

4

4

1.78 x 10 ± 3.29 x 10

4

3

3.78 x 10 ± 6.58 x 10

3

2

1.72 x 10 ± 7.09 x 10

Note: Data are means and standard deviation of three biological replicated. Each fusion protein was immobilized on a 13 mm diameter cellulose
filter disc (2 µg). After blocking the treated filter, 1 ml of spiked sample was filtered through and flow through was collected. The viruses were
extracted from spiked, flow through and filter samples (this was done only for hRV alone as a primary test). Quantification of viruses was estimated
by qPCR. Filter in this primary test was not washed.
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The removal of hRV was then evaluated in the presence of hAdenoV, ratios of 1:1
and 1:1000 of hRV:hAdenoV in SFM were tested (Table 4.1). Removal of hRV in the
presence of an equal concentration of hAdenoV was 33.59 ± 28.77% and 67.89 ± 37.26%,
whereas hAdenoV was removed by 34.59 ± 14.49% and 33.46 ± 10.05% using cellulosetreated RV-HA-2KD1-(G4S)3x-CBM2a and cellulose-treated HA-CBM2a, respectively.
These results demonstrated that hRV was removed specifically by 34.30 ± 30.65% via
cellulose-treated RV-HA-2KD1-(G4S)3x-CBM2a filter. In the presence of 1000-fold greater
concentration of hAdenoV, removal of hRV was calculated to be 80.40 ± 4.88% and 42.53
± 9.90% with RV-HA-2KD1-(G4S)3x-CBM2a and HA-CBM2a, respectively. The hAdenoV
was removed similarly from both papers (55.56 ± 10.23% with RV-HA-2KD1-(G4S)3xCBM2a and 57.90 ± 9.27% with HA-CBM2a). These results demonstrated that hRV was
removed specifically by about 37.87 ± 13.04% via cellulose-treated RV-HA-2KD1(G4S)3x-CBM2a filter.
An important aspect to test was the matrix effects of different water types on the
ability of the bioactive paper to capture RV. To accomplish this goal, the filtration tests
were conducted as indicated previously for SFM spiked with different concentrations of
hRV and hAdenoV. For these experiments spiked tap and river waters were used in place
of SFM. Each source water (tap and river) sample was characterized with respect to pH,
conductivity, turbidity, hRV and hAdenoV quantification. River samples were collected in
mid March as RV is expected to peak in the winter months (Le Guyader et al., 2000 &
Pang et al., 2019). Tap waters had lower pH (7.65 ± 0.02), conductivity (-32.73 ± 0.20
micro-Siemens per centimeter (µS/cm)) and turbidity (0.58 ± 0.25 nephelometric (NTU))
than the river water (pH 8.32 ± 0.04, -66.50 ± 2.50 µS/cm and 4.44 ± 1.59 NTU). Also, no
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virus was detected in tap water source while RV and hAdenoV were detected in river
water at concentrations of 99 ± 54 and 92 ± 61 virus/ml, respectively. Both viruses (hRV
and hAdenoV) were extracted from influent (spiked), flow through and cellulose filter
papers (treated-RV-HA-2KD1-(G4S)3x-CBM2a and treated-HA-CBM2a) for quantification
by RT-qPCR.
Results from tests examining samples with hRV alone indicated that the RV-HA2KD1-(G4S)3x-CBM2a-filter was able to remove RV from tap and river water sources by
64.55 ± 2.68% and 68.06 ± 18.89% whereas HA-CBM2a-filter removed RV by 37.10 ±
23.40% and 41.33 ± 7.54%, respectively (Table 4.2). These results demonstrated that
hRV was removed specifically by 27.44 ± 22.93% and 26.72 ± 19.66% from tap and river
water sources, respectively, via cellulose-treated RV-HA-2KD1-(G4S)3x-CBM2a filter.
Overall, hRV was specifically removed by 38.52 ± 8.97%, 27.44 ± 22.93% and 26.72 ±
19.66% in SFM, tap and river water sources, respectively, when RV is present alone. The
specific removal of hRV when in competition with 100 or 1000-fold greater concentration
of hAdenoV was 37.87 ± 13.04%, 29.18 ± 2.38% and 32.66 ± 8.74% in SFM, tap and
river water sources, respectively.
Results from tests examining samples with RV in the presence of 1:100 ratio of
hRV:hAdenoV indicated that the removal of hRV from tap and river sources by RV-HA2KD1-(G4S)3x-CBM2a-filter were calculated to be 71.36 ± 8.34% and 71.15 ± 12.06%,
respectively. Under the same conditions, the HA-CBM2a-filter removed hRV by 42.18 ±
10.28% and 38.48 ± 20.76% from both sources, respectively (Table 4.2). The removal of
hAdenoV by RV-HA-2KD1-(G4S)3x-CBM2a-filter was about 39.85 ± 12.96% and 33.14 ±
24.87% from tap and river water, respectively. The hAdenoV was removed similarly from
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Table 4.2. Removal of enteric viruses from spiked water samples at different conditions using developed 2KD-cellulose- and CBM2abased filtration.
Detection of Enteric Viruses (virus particle/ml) by Cellulose Filter Paper
Water

Sample

Analyzed

Type

Conditions

Samples

hRV alone
Tap
1:100 ratio of
hRV:hAdenoV

hRV alone
River
1:100 ratio of
hRV:hAdenoV

HA-CBM2a
hRV

HA-2KD1-(G4S)3x-CBM2a
hAdenoV

5

Spiked influent

8.86 ± 4.26 x10

Flow through

6.24 x 10 ± 5.28 x 10

Filter bound

3.15 x 10 ± 1.36 x 10

hRV

hAdenoV

5

5

-

5

5

-

5

5

6

6

2.01 x 10 ± 2.74 x 10

6

5

1.20 x 10 ± 2.55 x 10

-

8.86 x 10 ± 4.26 x 10

5

5

-

3.15 x 10 ± 1.59 x 10

5

5

-

7.73 x 10 ± 4.56 x 10

6

6

Spiked influent

6.94 x 10 ± 1.71 x 10

Flow through

4.13 x 10 ± 1.6 x 10

Filter bound

1.78 x 10 ± 1.5 x 10

Spiked influent

1.92 x 10 ± 1.22 x 10

Flow through

1.09 x 10 ± 6.83 x 10

Filter bound

9.05 x 10 ± 5.8 x 10

Spiked influent

7.75 x 10 ± 2.21 x 10

Flow through

4.77 x 10 ± 2.07 x 10

Filter bound

6.94 x 10 ± 2.74 x 10

8

7

6.94 x 10 ± 1.71 x 10

8

7

2.08 x 10 ± 9.83 x 10

6

5

3.08 x 10 ± 3.9 x 10

2.01 x 10 ± 2.74 x 10

6

6

1.28 x 10 ± 2.02 x 10

6

6

2.85 x 10 ± 7.02 x 10

6

5

5

5

-

1.92 x 10 ± 1.22 x 10

5

4

-

4.85 x 10 ± 3.55 x 10

-

8.1 x 10 ± 3.82 x 10

4

4
6

1.35x10 ±2.82x10

8

7

6

6

8.89 x 10 ± 1.5 x 10

6

6

4.5 x 10 ± 4.24 x 10

7

6

8

7

6

6

3.54 x 10 ± 2.32 x 10
5

-

4

4

-

4

-

6

6

1.35 x 10 ± 2.82 x 10

6

6

8.58 x 10 ± 1.24 x 10

7.75 x 10 ± 2.21 x 10
7

2.23 x 10 ± 1.11 x 10

6

4.7 x 10 ± 1.44 x 10

6

7

5

4

6

8

6

8

7

7

7

6

6

6.07 x 10 ± 9.07 x 10

Note: Data are means and standard deviation of three biological replicated. Each fusion protein was immobilized on a 13 mm diameter cellulose
filter disc (2µg). After blocking the treated filter, 1 ml of spiked sample was filtered through and flow through was collected. The filters were washed
and viruses were extracted from spiked, flow through and filter samples. Quantification of viruses was estimated by qPCR. Water quality of original
samples was determined and samples were assessed for their abundance of the viruses. Original water samples were assessed for rotavirus and
adenovirus counts. No viruses were detected for tap water source. Rotavirus and adenovirus were detected in river water at concentrations of 99 ±
54 and 92 ± 61 virus/µl, respectively.
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both water sources (35.77 ± 13.21% from tap and 33.60 ± 4.93% from river) with HACBM2a-filter. These results demonstrated that hRV was removed specifically by 29.18 ±
2.38% and 37.87 ± 13.04% via cellulose-treated RV-HA-2KD1-(G4S)3x-CBM2a filter from
tap and river water sources, respectively.
In summary, the cellulose filter paper treated-RV-HA-2KD1-(G4S)3x-CBM2a
system, developed in this study, was evaluated for its ability to specifically capture RV
under different aquatic environments (SFM, tap and river water sources) and in the
presence of single or multiple viruses. The results from cellulose filter paper treated-HACBM2a and RV-HA-2KD1-(G4S)3x-CBM2a systems indicated non-specific binding of RV
and AdenoV on the filters. The non-specific binding on both cellulose filter papers was
assumed to be equal as both contain CBM2a. The results generally indicated about 30.89
± 6.61% of the RV population was removed when present alone and 33.23 ± 4.37% of
the RV population was removed when in competition with hAdenoV (i.e., means of
specific removal from all sources). The specific removal of hRV, from different
environments indicated that for SFM (38.52 ± 8.97%), tap (27.44 ± 22.93%) and river
(26.72 ± 19.22%) waters were not statistically different when RV was the only virus.
Similarly, no statistical difference was found for SFM (37.87 ± 13.04%), tap (29.18 ±
2.38%) and river (32.66 ± 8.74%) waters when RV was in competition with hAdenoV.
Also, no statistical difference was found between capturing of RV alone or in competition
with hAdenoV from all sample sources (SFM: 38.52 ± 8.97% vs 37.87 ± 13.04%, tap:
27.44 ± 22.93% vs 29.18 ± 2.38% and river: 26.72 ± 19.22% vs 32.66 ± 8.74%). In
addition, hAdenoV was removed consistently by 57.90 ± 9.27% to 55.56 ± 10.23% in
SFM, 35.77 ± 13.21% to 39.85 ± 12.96% and 33.60 ± 4.9% to 33.14 ± 24.78% in tap and
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river waters via CBM2a. Overall, these data indicate that the developed cellulose filter
paper treated-RV-HA-2KD1-(G4S)3x-CBM2a system was capable to specifically capture
RV by about 26.72% to 38.52% when RV was alone and by about 29.18% to 37.87%
when RV in competition with other virus regardless of the source of the sample.
Additionally, large variability for both tap and river water among the biological replicates
was observed which may be originated from non-specific binding.

4.5.2 Immuno-Magnetic Capture System
An alternative application to creating a bioactive filter for selectively capturing EVs from
water is to use magnetic beads to immobilized the antibodies and capture viruses. The
beads, used in previous studies, were always conjugated to a full-length antibody (e.g.,
IgG or IgA) and used for secondary concentration and detection of the virus and not for
primary concentration purposes (Jothikumar et al. 1998; Myrmel et al. 2000; El-Galil et
al., 2005 & Hwang et al., 2007). In this study, however, magnetic beads were coupled
with either full-length antibody RV-IgG 26 or sdAb RV-2KD1. These 2 mAbs were
compared for their ability to capture RV in a primary concentration step. Following
expression and purification of the mAb molecules, RV-IgG 26 and RV-2KD1 were
covalently coupled, separately, to magnetic beads to detect RV A strains.
The antibody-coupled beads and control beads (not conjugated to an antibody) at
10 µg /ml were incubated with RV-VP6 (1 mg/ml) for 60 min on a shaker, washed, and
then prepared for SDS-PAGE to investigate the binding of RV-VP6. The Coomassie blue
analysis showed that the RV-mAbs were successfully conjugated on the beads and were
able to bind the RV-VP6 (Figure 4.19). For the RV-IgG 26-coupled beads, 3 bands were
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Figure 4.19. Detection of RV-VP6 on SDS-PAGE using antibody-coupled magentic beads. Magentic
beads were conjugated with 10 µg/ml of RV-2KD1 and RV-IgG 26 and incubated with RV-VP6 (1
mg/ml) for 1 h at room temperature. The antibody-coupled beads were washed and boiled with
reducing dye before runing the supernataant on the gel. The gel stained with Coomassie blue. Lane
1: protein standard. Lane 2: RV-VP6 used as a postive control. Lane 3: antibody-free beads used as
a negative control. Lane 4: RV-IgG 26-coupled beads. Lane 5: RV-2KD1-coupled beads. Arrows refer
to RV-VP6 (60 kDa), RV-IgG 26-HC (50 kDa), RV-IgG 26-LC (25 kDa) and RV-2KD1 (16 kDa).
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observed corresponding to the LC (~25 kDa), HC (~50 kDa) and RV-VP6 (60 kDa). For the
RV-2KD1-coupled beads, 2 bands were observed corresponding to RV-2KD1 (~16 kDa)
and RV-VP6 (~60 kDa). No band was observed for antibody-free beads exposed to RVVP6.
The initial test showed the RV-mAbs (RV-IgG 26 and RV-2KD1) could be
conjugated to magnetic beads and detect the RV-VP6, suggesting these antibody-coupled
beads could be used to remove virus in water samples. The next set of tests were
conducted to evaluate the selectively of each antibody-coupled bead when multiple
viruses (hRV and hAdenoV) were present. Tests were conducted in SFM-spiked with low
and high concentrations of hRV alone using RV-IgG 26 (at 10 µg) only. Spiked samples
were incubated with the RV-IgG 26-coupled bead for 60 min. The viruses in the influent,
flow through and collected on the magnetic bead were extracted and quantified by RTqPCR (beads were washed and boiled in 1x PBS for 5 min to release the virus before
extraction of the viral nucleic acids).
Results from these tests indicated that magnetic beads conjugated to RV-IgG 26
are capable of detecting RV (Table 4.3). Removal of hRV at low and high concentrations
was calculated from flow through to be 55.31 ± 14.15% and 47.64 ± 17.97%, respectively.
Binding of the virus on the bead was not calculated as extracting the virus from 1x PBS
buffer after heating the beads (suspended in the buffer) resulted in more release of the
virus in the buffer.
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Table 4.3. Removal of human rotavirus (hRV) using RV-IgG 26-coupled-magnetic beads from spiked
serum free medium (SFM) with different concentrations of human rotavirus.
Detection of Enteric Viruses by Magnetic Beads
RV-IgG 26-Coupled Beads

Analyzed Samples

hRV (virus particle/ml)

Removal (%)

4

Spiked influent

1.64 ± 1.44 x 10

Flow through

8.69 x 10 ± 9.86 x 10

Beads

2.41 x 10 ± 1.34 x 10

Spiked influent

1.59 x 10 ± 1.06 x 10

Flow through

7.11 x 10 ± 4.04 x 10

Beads

2.69 x 10 ± 2.22 x 10

3

3

5

5

5

5

4

4

7

7

55.31 ± 14.15

47.64 ± 13.97

Note: Data are means and standard deviation of three biological replicates.
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To test the matrix effects of different water sources on the binding of RV by the
mAbs-magnetic beads, the incubation test was conducted as indicated previously for
spiked SFM. For this experiment, river water samples were spiked with 1:100 ratio of
hRV:hAdenoV. Each magnetic-bead bound with RV-IgG 26 or RV-2KD1 and unbound
bead “control” (at 2 µg, for comparison to the prior experiments with the antibody-cellulose
filter that used the same concentration of antibody) was incubated with 1 ml of the spiked
river water sample for 30 and 60 min on a shaker. Quantification of the virus by qPCR in
the influent (spiked), the flow through and on the beads.
Results from test indicated that the beads are capable of specifically capturing RV
in 30 min, although longer incubation enhance the removal of RV by 21% (Table 4.4).
The removal of hRV (after 60 min incubation) from RV-IgG 26- and RV-2KD1-coupled
beads in the flow through was about 98.79 ± 0.52% and 97.81 ± 1.43%, respectively.
Under the same conditions, the beads alone (no antibodies) removed hRV by 96.93 ±
1.93%. On the other hand, hAdenoV was removed to a similar amount with RV-IgG 26(31.10 ± 46.36%) and RV-2KD1-coupled beads (31.19 ± 54.95%). The removal of
hAdenoV was about 26.71 ± 71.97% for the control beads. These results demonstrated
that hRV was specifically removed by 1.85 ± 1.46% and 0.87 ± 0.4% via RV-IgG 26- and
RV-2KD1-coupled beads, respectively, from spiked river water.
Overall, there was no statistical difference in removal of RV by RV-IgG 26- and
RV-2KD1-coupled beads when in competition with hAdenoV in river water. A high yield
of non-specific binding was observed with the beads system and this may be due to
insufficient amount of the beads (20 µl) or concentration of the antibody (2 µg) with a large
volume of the sample (1 ml). RV-IgG 26-coupled bead was about 2 times as effective in
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Table 4.4. Removal of enteric viruses from spiked river water samples at lowest abundance of human rotavirus (hRV) with highest
abundance of human adenovirus (hAdenoV) using developed RV-monoclonal antibodies-coupled-magnetic beads.
Detection of Enteric Viruses (virus particle/ml) by Magnetic Beads
Analyzed

IgG 26-coupled Beads

Samples
Spiked

hRV
4.87 ± 4.22 x 10

2KD1-coupled Beads

hAdenoV
6

8

3.51 x 10 ± 3.49 x
10

influent
4

Flow

5.67 x 10 ± 7.06 x

through

10

3

8
8

10

7

hAdenoV

6

3.51 x 10 ± 3.491 x

4.87 x 10 ± 4.22 x
10

1.57 x 10 ± 3.97 x

hRV

6

10
4

6.89 x 10 ± 2.47 x
10

8

4

8
8

hRV

hAdenoV

6

3.51 x 10 ± 3.49 x

4.87 x 10 ± 4.22 x
10

1.51 x 10 ± 9.78 x
10

Control-coupled Beads

6

8

10

8
8

ND

1.56 x 10 ± 1.94 x

6

10

7

(30 min)
4

Flow

4.48 x 10 ± 1.52 x

through

10

4

8

1.47 x 10 ± 4.27 x
10

7

4

6.61 x 10 ± 1.25 x
10

4

8

1.32 x10 ± 3.67 x
10

7

5

9.05 x 10 ± 1.08 x
10

4

8

1.42 x 10 ± 6.98 x
10

7

(60 min)
4

Beads

8.20 x 10 ± 2.58 x
10

4

7

5.39 x 10 ± 2.17 x
10

7

4

3.17 x 10 ± 1.31 x
10

4

7

1.15 x 10 ± 5.97 x
10

6

4

2.73 x 10 ± 6.09 x
10

3

7

2.96 x 10 ± 1.94 x
10

7

Note: Data are means and standard deviation of three biological replicates. ND, not determined.
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removing RV from the water than RV-2KD1-coupled bead, but not significant and this
may be due to (1) high affinity of RV-IgG than RV-2KD1 and (2) the small size of the RV2KD1 “VHH” allows more antibody immobilization on the beads thus more available
binding site to capture the virus. However, capturing the virus using antibody-cellulose
filter system was better than antibody-coupled beads system in terms of removal when
all were used at same concentration (2 µg). The antibody-coupled beads system may be
effective when it is used with higher antibody concentration (e.g., 10 µg).

4.6

Electron Microscopy

TEM was used to examine the morphology of the bRV-B223 strain (Figure 4.20), while
SEM of the cellulose filter paper and immuno-magnetic bead surfaces examined the
attachment of bRV-B223 in the presence and absence of the RV-mAbs (Figures 4.21 and
4.22).
The TEM of bRV-B223, obtained following propagation in cell culture, showed the
typical RV morphology. The single RV particle had a diameter of about 55 nm with a
wheel-like appearance with some damage on the upper surface (Figure 4.20).
The SEM images of the cellulose filter paper and immune-magnetic bead surfaces
revealed attachment of small circular particles, with a diameter of approximately 50 nm,
on the cellulose filter paper treated with RV-HA-2KD1-(G4S)3x-CBM2a (Figure 4.21 C)
and on the surface of magnetic bead-coupled with RV-IgG 26 (Figure 4.22 B-C) or RV2KD1 (Figure 4.22 D-E). The presence of small circular particles suggests the binding of
RV to the RV-mAbs bound to the filter paper and magnetic beads. These particles were
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Figure 4.20.Examination of isolated rotavirus (bRV-B223) by transmission electron microscopy
shows a typical rotavirus particle. Arrow refers to some damage on the upper surface of the virus
particle.
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Figure 4.21. Scanning electron microscope micrographs highlighting the attachment of rotavirus
on a cellulose filter paper. (A) Cellulose filter paper treated with rotavirus only used as a control
indicating the absence of rotavirus particles on the surface of the paper. (B) Cellulose filter paper
treated with HA-CMB2a prior filtration of rotavirus indicating absence of rotavirus particles on the
surface of the paper. (C) Cellulose filter paper treated with RV-2KD1-CBM2a prior filtration of
rotavirus indicating the presence of small particles on the surface of the paper. Arrows refer to
particles of about 50 nm in diameter indicating the attachment of the rotavirus on the surface of
cellulose filter paper treated with 2KD1. Scale bar is 1 µm.
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Figure 4.22. Scanning electron microscope micrographs highlighting the dis-attachment of
rotavirus on a magnetic bead only (A), bead-coupled RV-IgG 26 (B-C) and bead-couple RV-2KD1 (DE). Arrows refer to particles of about 50 nm in diameter indicating the attachment of the rotavirus
on RV-mAbs-couples’ beads. Scale bars are 1µm and 500 nm for left and right images, respectively.
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not observed on the surfaces of the cellulose filter paper alone (Figure 4.21 A), bound
with the CBM2a alone (Figure 4.21 B), or on the surface of the antibody-free magnetic
bead (Figure 4.22 A) after incubation with RV.
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5

DISCUSSION

Detection of viruses in water samples occurs in four stages: sampling/filtering,
concentration, detection and data interpretation. The concentration stage, which is
ordinarily conducted in 2 steps, is a main challenge. Although various methods are
available to concentrate viruses from large volumes of water (up to 1,000s L) into a few
mls (~10 to 20), filtration-based methods are most commonly performed as a primary step
for viral analysis. The binding of the virus to the filter materials, the co-concentration of
potential inhibitors (e.g., salts in buffers and organic matter) that can negatively impact
detection methods (cell culture and qPCR) and the lengthy, multistep process to
concentrate the virus prior to quantification are main challenges encountered with
concentrating the virus by filtration. Hence, development of rapid capturing and detection
technologies to evaluate EVs in water would benefit this field. Thus, the overall goal of
this research was to develop and evaluate an antibody-based capture technology that
can increase the recovery of EVs from water sources during initial concentration step and
enhance their detection in the downstream process. The goal of this research was to
develop and evaluate an antibody-based capture technology for the direct isolation of
EVs from environmental water samples by antibody-cellulose filter paper or/and antibody
coupled-magnetic beads.
To initiate work on developing a cellulose-based filtration technology for the direct
removal of EVs from source water, 2 monoclonal VHHs (RV-2KD1 and RV-3B2) specific
to RV group A were selected for expression in E. coli. SDS-PAGE and Western blot
analyses showed bands at about 16 kDa for RV-2KD1 and 16.14 kDa for RV-3B2
indicating that recombinant antibodies were successfully expressed in E. coli. To detect
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RV based on one viral antigen (RV-VP6), in ELISA, and to develop an antibody-coupled
magnetic bead technology, full-length IgG 26 targeting RV-VP6 was constructed for
expression in the leaves of tobacco plant and characterized. Two bands were seen
around 25 and 50 kDa under reducing condition on the the SDS-PAGE and the Western
blot indicating the successful expression of the HC 26 and the LC 26, respectively, whereas
a band at about 150 kDa was seen under non-reducing condition indicating production of
the full-length IgG 26. These antibodies were selected because the RV group A human
and bovine strains used in this proof-of-principle project are, to our knowledge, the only
viruses that had different recombinant mAb fragments (e.g., HC, LC and VHH) available
for immediate application. In addition, RV-VP6 is an appropriate target for simultaneous
tracking of different RV A strains (e.g., bovine and human), where other targets such as
VP4 and VP7 have high diversity and, consequently, no conserved sequence to capture
a similar range of RV strains. As such, RV-VP6 can be used to broadly detect subgroups
of RV (e.g., bovine and human within group A) that may be present in various samples
(e.g., medical, soil, food, water and air). Subsequently, these viruses can be further
analyzed by qPCR to identify their geno/sero types based on spike proteins (RV-VP4 and
RV-VP7) located on the surface of the virus capsid.
In characterizing the binding ability of RV-VHHs and RV-IgG 26, all antibodies were
determined to specifically detect the recombinant VP6-capsid protein and different RV A
strains by Western blot and ELISA. The Western blot analysis showed that all RV-mAbs
(RV-2KD1, RV-3B2 and RV-IgG 26) were able to specifically detect the RV-VP6 and the
whole virus at a detection limit of 103 virus particle. Also, all RV-mAbs were able to
specifically detect RV strains at a detection limit of 102 virus particle in ELISA. The RV-
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IgG 26 had a higher affinity (0.045 nM) (Kallewaard et al., 2008& Aiyegbo et al., 2013)
than the VHHs (13 to 67 nM) (Garaicoechea et al., 2008; Vega et al., 2013 & Maffey et
al., 2016). The ELISA showed that (1) RV-2KD1 was significantly effective in its detection
of the RV strains than the RV-3B2 at concentrations of 100 and 10 ng and (2) no binding
of hAdenoV and mNV occurred, even at much higher concentrations of virus.
One objective of this research was to immobilize the VHH on cellulose filter paper
and characterize its ability to capture EVs in water samples with respect to specificity and
sensitivity. Bacterial CBMs type A (e.g., family 2a 3) have been widely used in various
applications in biotechnology (e.g., capture and detection of pathogen). The CBMs can
be genetically fused to a protein (e.g., enzyme or antibody) to mediate specific binding to
inexpensive cellulose matrices (Ong et al., 1991; Hussack et al., 2009 & Rosa et al.,
2014). The fusion protein can be then produced in a bacterial host and immobilized on a
cellulose matrix (via CBMs) to bind a specific target (via antibody) if it is correctly folded
during protein expression. In this study, the RV-VHHs were linked with CBM2a at 6x-His
tag C-terminal via ([PT]3T)3xS peptide linker and the fusion proteins were functionally
characterized. SDS-PAGE and Western blot showed bands of about 30.5 and 30.65 kDa
indicating

that

both

RV-HA-CBM2a-([PT]3T)3xS-2KD1-His

and

RV-HA-CBM2a-

([PT]3T)3xS-3B2-His were successfully expressed in E. coli. Similar to RV-2KD1 and RV3B2, fusion proteins with CBM2a were able to specifically detect the VP6-capsid protein
and different RV A strains on Western blot and by ELISA at a detection limit of 103 and
102 virus particle, respectively. The CBM2a (17 kDa) on its own did not bind the RV-VP6
or any RV strains on Western blot. The results indicated that the VHHs were correctly
folded during expression and their binding ability to the virus was not impacted by linking
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to the CBM. This also suggests that the binding of the virus is due to the VHHs not the
CBM2a.
In developing an antibody-CBM fusion protein for the removal of RV from waters,
RV-2KD1 was linked to CBM2a at either the N- or the C-terminus using either the (G4S)3x
or the ([PT]3T)3xS linkers. The constructs were optimized for expression in E. coli and
characterized. Expression of CBM2a alone was used as a negative control. Bands of
about 30 and 31 kDa that refers to the fusion proteins (VHH-CBM2a and CBM2a-VHH) in
contrast to a band of about 17 kDa representing the CBM2a alone were seen on SDSPAGE and Western blot indicating the fusion proteins were successfully expressed in E.
coli.
In characterizing the binding ability of RV-VHH-CBM and RV-CBM-VHH fusion
proteins, all antibodies specifically captured the VP6-capsid protein and different RV A
strains by ELISA. The testing of different linkers ((G4S)3x and ([PT]3T)3xS) to combine the
VHH (2KD1) to the CBM2a indicated that both designs were able to specifically capture
the virus on ELISA plate equally well while CBM2a was not able to capture any of the
viruses. This was expected as these linkers are commonly utilized (Gilkes et al., 1991;
Shen et al., 1991; Hudson and Kortt, 1999 & Ahmad et al., 2012) and have been reported
by previous studies to function with other VHHs (Hussack et al., 2009 & Wood, 2011).
When examining the orientation of the VHH in the fusion protein, capturing of RV-VP6 and
different RV strains with the RV-2KD1 linked at the N-terminus (RV-HA-2KD1-CBM2a)
was significantly higher than the RV-2KD1 linked at the C-terminus (RV-HA-CBM2a2KD1) when RV-VHHs were used for detection. However, there was no significant
difference in capturing RV-VP6 and different strains of RV with the different 2KD1-fusion
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proteins when RV-IgG 26 was used for detection. One possible explanation is that the
activity of RV-HA-CBM2a-2KD1 may be inhibited because the location of the amino acids
in the antigen-binding site of the 2KD1 is on the C-terminal side. This may be further
confirmed by determining the particular location of epitopes on the RV-VP6 that are
recognized by the RV-2KD1 (Section 6.2). The results, however, suggested that the site
of the displayed antibody and other protein fusion (e.g., CBM2a) is important for antibody
display without the loss of function.
In addition, the ELISA showed that best detection of the viruses (specially hRVWa) was obtained with RV-IgG 26 then RV-2KD1 compared to RV-3B2 which had a lower
detection absorbance. This may attribute to the higher affinity of the RV-IgG (0.045 nM)
as compare to the affinity of the VHHs (13 to 67 nM). In previous studies, the VHHs (2KD1
and 3B2) were produced for therapeutic treatment purposes (RV A-induced diarrhea in
neonatal mice) (Garaicoechea et al., 2008; Vega et al., 2013 & Maffey et al., 2016). These
studies revealed that a reduction in RV A-induced diarrhea (in 2 days) and less virus
counts in the feces of mice were observed when the animal was orally treated with RV2KD1, RV-3B2 or combination of both before infection (Maffey et al., 2016). However,
RV-2KD1 was 3 times more effective at lowering RV shedding in feces and neutralized
and bound a wider range of RV A strains including human, bovine and murine more
effectively than RV-3B2 (Maffey et al., 2016). The group explained their findings by the
higher affinity of the RV-2KD1 than the RV-3B2 and suggested the use of surface
plasmon resonance to elucidate the affinity of both VHHs bind to VP6. Determination of
the exact recognition (binding) sites for the VHHs on the VP6 as a quaternary epitope
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containing a high density of charged residues was also suggested and it is of our interest
too.
The RV-IgG 26, on the other hand, was constructed from HC26 and LC26 which were
previously used by Aiyegbo et al. (2013) in the form of Fab, IgG or dimeric IgA molecule
on the in vitro production of mRNA from double-layered particle (DLP, found in the
intercellular compartment and is transcriptionally active). It was found that all forms of the
antibody were able to inhibit the transcription of mRNA. The group also tested the
neutralizing activity of the dimeric IgA form in Caco-2 intestinal monolayers. The test was
done by treating the cultures with the antibody for up to 6 h prior to infection with RV then
quantifying the virus in the supernatant. The group observed an ~2-fold reduction in the
concentration of the virus with IgA in comparison to the control treatment (no IgA). As
mentioned previously (Section 2.1.1.4), RV-VP6 has the ability to interact with proteins in
the outer layer (RV-spike proteins, VP4 and VP7) and protein in the inner layer (RV-shell,
VP2) at different positions of its B and H domains (Mathieu et al., 2001 & Desselberger,
2014). The T=13 icosahedral symmetry of RV-VP6 and RV-VP7 in the intermediate and
outer layers identified 132 channels into 3 types based on their location within the
architecture of the virus. These are 12 type I channels that have narrow openings and
serve as egress points of the viral mRNA during viral transcription, and 60 each of type II
and 60 type III channels that have larger openings than other channel types (by Aiyegbo
et al., 2013). In this regard, the group was able to determine the binding structure (i.e.,
pattern or mode of binding) of Fab to DLP using cryo-electron microscopy. The scFab was
capable of binding negatively charged residues on the surface of the type I channel,
sterically blocking RNA transcription by the DLP. Furthermore, the group was able to
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define the 2 recognition sites on RV-VP6 using mass spectroscopy (residues 231-260 and
265-292 for site A and B, respectively). These sites were found within the beta-sheet
located on the exposed side of VP6 and partially on the inside of the transcriptional pore.
Taken together, the ELISA results for all RV-mAbs in the current study suggests
that RV A strains may be cross-targeting with the conserved nature of the VP6 within the
same group. Therefore, these RV-mAbs could be used to broadly capture subgroups of
RV including bovine and human from agricultural sources. However, it is unknown why
some mAbs have the ability to neutralize or bind to viruses better than others. This may
be explained by the differences of the affinity between antibodies (Maffey et al., 2016).
Another contributing factor is likely the differences of the binding patterns to VP6-capsid
protein (i.e., variations in the accessibility of the mAb epitope depending on its position in
the channel types).
Another objective of this research was to immobilize the fusion protein (RV-HAVHH-CBM2a) onto cellulose filter paper and characterize the ability to capture RV A
strains from water samples. Although immobilization of antibodies on a surface to capture
a specific target is possible, current approaches to report detection are based on a visible
colour (e.g., ELISA in this study with detection limit of 102 virus particle), change in colour
(e.g., gold nanoparticles) and fluorescence observation (e.g., confocal microscopy)
(Pelton, 2009). In the current study, immobilization of the fusion protein (RV-HA-2KD1(G4S)3x-CBM2a) on the cellulose filter paper was tested by ELISA. The filter papers were
coated with 5 and 2 µg of fusion protein and incubated with the RV (104 viruses) for 30
min before addition of a primary antibody (RV-IgG 26) followed by a secondary antihuman antibody conjugated to HRP. Colour development was seen in about 30 min on
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the cellulose filter papers after the addition of HRP substrate in the presence of the virus.
There was no significant difference in colour development when these concentrations of
fusion proteins were used on the filter with same concentration of the viruses. However,
this developing time would be reduced and colour would be improved on the paper if a
more sensitive substrate had been used (e.g., AP substrate is usually used to detect
targets on paper support). This assay also needs more optimization steps (e.g., use
different concentrations of the fusion protein to coat the papers with the same or different
dilutions of the viruses) in order to improve colour development on the filter and evaluate
the effect on virus binding on the antibody-cellulose filter. In a study by Hussack et al.
(2009), a bispecific pentamer fusion protein was constructed by fusing five CBMs to 5 S.
aureus-specific human VHH using VTB domain in both orientations (N- and C-terminals).
One of the proteins (N-terminal CBM9 and C-terminal VHH) was reported to recognize S.
aureus in a flow through detection assay with a detection limit of 104 cfu/ml when
impregnated in cellulose filters. The colour on the paper was darker with higher
concentration (800 nM) of fusion protein immobilized on the filter than lower concentration
(25 nM). The results from this test indicated that fusion proteins (Hussacks et al., 2009 &
this study) were able to retain their ability to bind their targets when immobilized on a
cellulose surface and detection could occur directly on the filter surface. Overall, the
results from this test (in this study) suggest the possibility of creating a bioactive cellulose
paper (i.e., antibody-cellulose filter paper) for the concentration and the detection of EVs
in aquatic environments.
Furthermore, a preliminary spiked test of the hRV in SFM was conducted to
evaluate the capturing ability of the cellulose filter under various conditions. The spiked-
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samples (1 ml) with hRV (3.39 ± 0.07 x 104 virus particles/ml), hAdenoV (1.45 x 108 ± 0.5
x108 virus particles/ml) and with hRV in competition with hAdenoV at either 1:1 ratio
(105:105 both) or 1:1000-fold hRV:hAdenoV (104 hRV:107 hAdenoV) were filtered at a flat
rate of 1 ml/min through treated cellulose filters (coated with 2 µg of fusion proteins: RVHA-2KD1-(G4S)3x-CBM2a-cellulose and HA-CBM2a-cellulose filters) without incubation
of the sample. The RV-HA-2KD1-(G4S)3x-CBM2a-cellulose filter was able to remove hRV
by 81.75 ± 2.05% whereas the HA-CBM2a filter removed hRV by 43.23 ± 10.8% (specific
removal was 38.52 ± 8.97%) in comparison to hAdenoV which was removed by 38.46 ±
20.55% and 23.21 ± 8.94% via RV-HA-2KD1-(G4S)3x-CBM2a- and HA-CBM2a-cellulose
filters, respectively, when each virus was present alone. The treated-cellulose filter with
RV-HA-2KD1-(G4S)3x-CBM2a, however, was able to specifically remove hRV in the
presence of hAdenoV at 1:1 ratio by 34.63 ± 30.65%; hAdenoV was removed by 34.59 ±
14.49% and 33.46 ± 10.05% with RV-HA-2KD1-(G4S)3x-CBM2a- and HA-CBM2acellulose filters, respectively. When hRV present at 1-1000-fold hRV:hAdenoV, the
treated-filter with RV-HA-2KD1-(G4S)3x-CBM2a removed hRV by 38.52 ± 8.97% while
hAdenoV by 55.56 ± 10.23%; hAdenoV was removed by 57.90 ± 9.27% with HA-CBM2acellulose filters. Similar results were obtained when hRV spiked tap and river water
samples were used to evaluate RV-HA-2KD1-(G4S)3x-CBM2a-cellulose filter. The hRV
was specifically removed by 64.55 ± 2.22% and 68.06 ± 18.89% whereas HA-CBM2aa
removed RV by 37.10 ± 23. 40% and 41.33 ± 7.5 % (specific removal was 27.44 ± 22.93%
and 26.72 ± 19.66%) when tap and river waters, respectively, were spiked with hRV
alone. However, hRV was removed by 29.18 ± 2.38% and 32.66 ± 8.74% in tap and river
water sources, respectively, spiked with 1-100 fold of hRV:hAdenoV. The removal of
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hAdenoV with RV-HA-2KD1-(G4S)3x-CBM2a-cellulose filter (39.85 ± 12.96% for tap and
33.14 ± 24.78 for river waters) was similar to the removal of hRV with HA-CBM2a-filter
(35.77 ± 13.21 for tap and 33.60 ± 4.93% for river waters) in all cases, which indicating
an ordinary and non-specific removal. In addition, the SEM images confirmed the
attachment of the virus only on the surface of RV-HA-2KD1-(G4S)3x-CBM2a-cellulose
filter in compare to control filters (un treated-cellulose filter and cellulose filter treated-HACBM2a) where no virus attachment was seen on the surface of the filter paper. These
data indicated no significant difference in the removal between tap and river waters and
consistent specific binding of RV on cellulose filter-treated with RV-HA-2KD1-(G4S)3xCBM2a in compare to the non-specific binding on cellulose filter-treated with HA-CBM2a.
Some potential approaches to minimize non-specific binding in such case include (1)
increasing the incubation time in the blocking step to ensure complete blocking of free
antibody binding sites; (2) increase the concentration of blocking buffer (might try different
buffers), (3) washing the filter after passing the sample through with larger volume of a
buffer (e.g., 1x PBST) or water (e.g., in this study the filters were washed with 4 ml of
water per 1 ml of the sample) and (4) conjugating the RV-mAbs (e.g., full-length IgG 26)
with an enzyme to improve the signal on the bioactive cellulose filter paper for visual
detection as only the mAbs that have bound virus will give a signal.
Filtration-based methods have been extensively used for primary concentration of
EVs from different water sources using various filter types (Table 1.4 to 1.6). The recovery
rates of EVs in collected water volumes (10 to 100 L) varied by filter type and protocol
(i.e., second concentration step). Block and Schwartzbord (1989) demonstrated a 60%
removal of EnteroV from surface water samples using a Millipore cellulose nitrate
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electronegatively-charged filter. In another study by Karim et al. (2009), examined the
recovery of 105 PolioV in 100 L spiked tap and river waters with NanoCream and 1MDS
Zetapor Virosorb electropositive-charged filters. Total recoveries of 51 ± 26% and 67 ±
6% from tap and 38 ± 35% and 36 ± 21% from river samples using NanoCream and
1MDS filters, respectively, were reported. Under the same conditions (e.g., concentration
of virus in the sample, water types and the filters), the recovery rate was estimated from
10 L spiked samples. Total recoveries of 277 ± 22% and 44 ± 9% from tap and 65 ± 22%
and 30 ± 11% from river samples using NanoCream and 1MDS filters, respectively, were
reported. The group indicated no significant difference between both filters for removing
PolioV from large volume (100 L) while a significant difference was reported from smaller
volume (10 L). Also, 74% removal of mNV from 100 L surface water was obtained using
a hollow-filter, ultrafilter membranes (Gibson and Schwab, 2011). Pang et al. (2012)
estimated the median recovery in 10 L of tap and river waters spiked with 105 pfu NoroV,
103 pfu AdenoV and 102 pfu Echovirus 30% after filtration (flow rate of 133 to 166 ml/min)
with positively-charged NanoCream filters followed by flocculation and elution steps.
Medians of 29 ± 15% and 18 ± 3% for NoroV, 21 ± 3% and 19.3% for AdenoV and 42 ±
37% and 87 ± 26% for Echovirus were reported form tap and river waters, respectively.
The differences in the recovery rates among these viruses may be due to the differences
in the electrostatic interaction of the electro-charged filter with the nucleic acid (DNA or
RNA) of the viruses. Another contributing factor to the variation in the recovery rate of the
viruses would be the nature of the water sample (i.e., matrix effects e.g., the lack of dechlorination of the tap water) and the volume of the sample. Although these filters have
successfully removed EVs from water samples especially with RNA viruses, they are
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associated with difficulties such as cost, clogging and requiring preconditioning (in case
of the electronegative charged filter) and are not easily field deployable.
The cellulose filter technology developed in the current study using recombinant
antibody and CBM-fusion protein technologies showed specific removal of the virus
(mentioned previously) and overcomes difficulties associated with the other filters (e.g.,
preconditioning). The main challenge associated with this antibody-cellulose filter, as in
many antibody-based assays (e.g., ELISA), was the non-specific binding on the cellulose
filter. Detection of RV in the flow through may be due to the rate of the filtration (1 ml/min);
however, this was the lowest flow rate that could be performed manually with the system
(e.g., disc size and volume of the sample). There is no standard flow rate that must be
used with filtration-based methods, but a maximum of 11,400 ml/min can be use with
1MDS electropositive filters (Karim et al., 2009). Several studies investigated the effect
of flow rate on virus recovery using electropositive filters and indicated no difference
between flow rates of 3.8 and 26.4 ml/min/cm2 (Sobsey et al., 1981), 17, 38 and 63
ml/min/cm2 and 5,500 and 20,000 ml/min (Karim et al., 2009). In this regard, it is important
to mention that previous studies reported removal of multiple EVs after the secondary
concentration step with no indication to initial virus abundance or virus recovery with the
primary concentration step. In contrast, the RV-HA-2KD1-(G4S)3x-CBM2a-cellulose filter
system developed in the current study focused on removing specific virus (RV) with
primary concentration step only. The results from using the antibody-cellulose system to
remove RV from tap and river water sources highlights its potential usage to enhance
detection of RV (due to mAb) in water at the field with less time and effort. This system
builds up from cellulose paper and fusion protein, consists of sdAb and CBM, that can be
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produced in bacteria in 35 h or plant system in a month (including planting and infiltration
steps) and used directly with no need for purification. Also, it is easy to use, does not
require preconditioning adjustment (e.g., adjustment of sample pH) and is more fixable
filter than electropositive filter (which is commonly used at the filed and does not need
preconditioning) as cellulose filters are available in different pore sizes and filter sizes at
a lower cost. However, a large scale experiment is needed to test the ability of RV-HA2KD1-(G4S)3x-CBM2a-cellulose filter system to capture EVs in a very turbid sample
without clogging. For this goal, different flow rates to filter large volumes (e.g., 10 to 1000s
L) of water through the system, with a larger filter size, may be used in pre-optimization
steps. In addition, a second concentration step will give an accurate estimation of the total
removal using this antibody-filtration system as compared to other filtration systems.
Another approach for an antibody-based capture system for RV developed during
this study was conjugation of the mAbs (VHH and full-length IgG) to magnetic beads.
Immuno-magnetic beads have been used to specifically separate and concentrate EVs
from water before detection by qPCR (Mattison and Bidawid, 2009; Ogorzaly et al., 2013
& Toldrà et al., 2018). This approach has been mostly performed in a secondary
concentration step, following initial concentration with a filtration-based method, to
remove inhibitory substances (Jothikumar et al. 1998; Myrmel et al. 2000; El-Galil et al.,
2005 & Hwang et al., 2007). One objective of this research was to conjugate RV-IgG 26
and RV-2KD1 on the surface of magnetic beads and characterize their capability to
specifically capture EVs in water samples with respect to specificity. The approach was
used in the current study as a primary concentration step.
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A preliminary incubation test of recombinant RV-VP6 (1 mg/ml) with the bead (10
mg/ml) was conducted to ensure conjugation of the antibodies to the beads and to
evaluate the capturing ability of the antibody-coupled bead to the viral capsid protein (RVVP6). SDS-PAGE indicated that antibodies were successfully conjugated to the beads
and both types of antibody-coupled beads were able to bind RV-VP6 in comparison to
beads lacking antibodies. The beads conjugated with RV-IgG 26 showed greater binding
(thicker band) of RV-VP6 than those with RV-2KD1. This may be attributed to the high
affinity of the RV-IgG 26 (0.045 nM) versus the affinity of the VHH (13 to 67 nM). The
binding of 2KD1-coupled bead to RV-VP6, on the other hand, may contribute to the small
size of the VHH which allows (1) more immobilization of the VHH on the surface of the
beads, (2) more available free binding sites to capture antigen “i.e., higher binding
capacity and avidity” and (3) the VHH to access difficult site as compared to the full-length
IgG.
A preliminary test was conducted with RV spiked in SFM using the RV-IgG 26coupled beads to evaluate the binding of the virus under different conditions. The
antibody-coupled bead (with 10 µg of antibody) was able to specifically detect the virus
as a decrease in the virus abundance was observed in the flow through. However,
estimation of exact removal of the virus was impossible as the test was not conducted
with beads lacking antibodies at this stage. Another problem when using antibodycoupled bead at this stage was the release of the virus RNA by heating the beads
(suspended in 1x PBS buffer) before nucleic acid extraction and qPCR estimation. The
results from qPCR in this primary test indicated a higher virus abundance on the bead
than spiked and flow through (was not heated before nucleic acid extraction) samples. It
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is possible that heating may cause more release of the nucleic acids of the virus and
greater amplification (more readily breaking open the viral capsid to release the nucleic
acids). These problems were resolved in the other objective (matrices affect) by including
an antibody free-bead sample and extracting the viruses with a commercial nucleic acids
extraction kit without heating.
Another objective for this system was to test the matrix effects of river water on the
ability of the antibody-coupled beads to directly and specifically detect RV A strains.
Spiked-river water (1 ml) with 1:100-fold of hRV:AdenoV was incubated with 2 µg of
antibody-coupled beads (RV-IgG 26-coupled beads and RV-2KD1-coupled beads) and
antibody free-beads. The RV-IgG 26-coupled beads were able to specifically bind hRV
on the bead by 1.85 ± 1.46% whereas RV-2KD1 bound hRV by 0.87 ± 0.4% after 60 min
of incubation. There was no removal of hAdenoV with either antibody-coupled bead or
antibody free-bead. Although removal of hRV was twice higher by RV-IgG 26-coupled
than RV-2KD1-coupled magnetic bead, there was no statistical difference between both
antibodies in detecting the whole virus. Finally, the SEM images confirmed the attachment
of the virus on the surface of both RV-IgG 26-coupled and RV-2KD1-couple beads
whereas no virus attachment was observed on the antibody free-bead. This system is
easy and rapid to perform although it is limited to the volume of the sample, concentration
of the antibody on the beads and cost of the test. Increasing the volume of the sample
would require adding more beads, which is expensive in compare to the antibodycellulose filter system.
The use of antibody-based technology to measure the very specific binding
capacity between an antibody and its associated target (antigen) continue to grow. In
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such technology, antibodies are adsorbed on the surface of a sensor (e.g., plate, paper
and/or gold) or covalently coupled via amino and carboxyl groups (Vikholm-Lundin, 2005).
Subsequently, blocking, several incubation and washing steps and detection are required
to obtain results. The most difficult part of engineering surfaces suitable for bio-sensing
is the minimization of other molecules that non-specifically bind to the surface. Nonspecific binding may involve hydrogen bonds, ionic and hydrophobic interactions (or a
combination of all) and may be affected by various factors such as salts, pH, temperature
and agents (Houen, 2019). Various agents such as Tween 20, bovine serum albumin,
casein and fat-free milk have been employed in an attempt to prevent non-specific binding
and restrict conformational changes of the immobilized antibody on the sensor surface
(Jeyachandran et al., 2010). However, neither of these agents was found to provide
advantage in terms of preventing non-specifically bound molecules. In this study, both
antibody-based systems encounter non-specific binding, which is a common issue with
such technologies (e.g., ELISA and biosensors). In this study, non-specific binding was
not observed by SEM on the surface of cellulose and/or beads. Perhaps the process to
prepare the samples for SEM cause the virus to be released from the bead surface,
unless more tightly bounds such as by the antibodies. This suggests that additional
optimization could reduce the impact of non-specific binding on detection of EVs with the
2 technologies tested in this study.
In summary, the results from this study indicated that (1) all mAbs produced in this
study were able to specifically bind to RV-VP6 capsid protein and whole virus, (2) the
VHHs were not functionally affected by linkage with CBM2a, (3) the detection limit of RV
by all mAbs was 102 and 103 virus particle by Western blot and ELISA, respectively, (4)

178

there was no difference in detecting the virus when different linkers were used to link the
VHH to CBM2a, (5) although both orientations of the VHH-CBM2a fusion protein were able
to detect RV, detecting RV with CBM2a at the VHH C-terminus was significantly higher
than with CBM2a at the VHH N-terminus, (6) the fusion protein was successfully
immobilized on cellulose filter paper and RV was specifically detected by the antibodycellulose filter (7) both full-length IgG 26 and VHH were successfully conjugated onto
magnetic beads and able to detect RV, and (8) the developed antibody-cellulose filter
system was able to retain much higher numbers of RV on the filter material (taken into
account the non-specific binding on to the filter) in a primary step in comparison to the
virus retention after secondary concentration step using other filter types (used in other
studies) and the antibody-coupled beads system (used in this study). However, both
antibody-based systems in this study were difficult to evaluate for the removal of the virus
in water samples because of the non-specific binding thus more optimization steps are
required.
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6

CONCLUSIONS AND RECOMMENDATIONS

6.1

Conclusions

Given the limitations for current capture (e.g., filtration) and detection (e.g., cell culture
and qPCR) technologies outlined in this Ph.D. thesis (Chapter 1), the demand for
developing a novel technology for the capturing and the removal of viruses from water
environment is increasing. To address those challenges, in this study, we developed a
novel capturing technology that is specific, sensitive, and rapid for the direct isolation of
RV from environmental water samples. This technology involves the immobilization of
recombinant antibody fragments (sdAb “VHH” and/or full-length IgG), which targeted a
specific viral antigen, on a support surface (cellulose filter and/or magnetic bead).
Throughout this Ph.D. thesis, the capabilities of these recombinant antibody
fragments to specifically detect RV were explored. These antibody fragments were further
engineered for 2 capturing systems: antibody-cellulose filter using recombinant antibody
and CBM-fusion technologies and antibody-magnetic bead using recombinant antibody
engineering technology. The capability of these antibody-based systems to specifically
capture RV in environmental water sources under different conditions was evaluated
using qPCR assay.
Assessment of VHH-CBM fusion protein activity found the protein capable of
specifically binding human and bovine strains of RV group A by Western blot, ELISA, and
on cellulose filter paper. This capturing system utilized a cellulose filter paper as a support
surface and was shown to effectively attach antibody and specifically remove RV from
water samples even under competitive conditions. The system was able to specifically
remove RV by 27.44 ± 22.93% and 26.72 ± 19.66% from tap and river waters,
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respectively, when the virus was present alone. When RV was present with 1000-fold
more hAdenoV, the system was able to remove RV by 29.18 ± 2.38% and 32.66 ± 8.74%
from tap and river waters, respectively. The system also was found to produce a visual
colour on the cellulose filter paper in the presence of RV when a detecting antibody
against the viral antigen (RV-IgG 26) was used. This system provides a good test for
developing a rapid and an economical bioactive paper (biosensor) to capture a target in
an environment.
On the other hand, assessment of RV-IgG 26-coupled and RV-VHH-coupled beads
were also found capable of specifically binding to RV-VP6 and whole virus by SDS-PAGE
and qPCR analyses. This capturing system utilized an expensive magnetic bead as a
support surface and was shown to effectively capture and remove RV from water samples
with competitive conditions. The RV-IgG 26-coupled bead system was able to specifically
remove RV from river water by 1.85 ± 1.46% while RV-2KD1-couple bead system
removed RV by 0.87 ± 0.4%. This system was difficult to evaluate because of the nonspecific binding of the virus. This may be due to the low volume of the beads or
concentration of the antibody used in this study.
The ability of the developed capturing technology (antibody-cellulose filter “i.e.,
bioactive-cellulose filter or paper” and antibody-coupled magnetic beads) to selectively
remove RV from water samples was compared. The results from these developed
capturing technologies indicated that both systems were rapid and selective for capturing
the virus in complex water environments. Removal of RV from river water was higher with
RV-HA-2KD1-(G4S)3x-CBM2a-cellulose filter system (32.66 ± 8.74%) than RV-IgG 26coupled bead (1.85 ± 1.46%) and RV-2KD1-coupled bead (0.87 ± 0.4%). However, these
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data were impacted by the non-specific binding which was the main challenge in this
study, and it is a common problem in antibody-based assays. Also, RV-HA-2KD1-(G4S)3xCBM2a-cellulose filter system is more economical and convenient than antibody-coupled
bead system. Therefore, and based on the success of the VHH-cellulose filter capturing
system, several directions for future research can be considered.

6.2

Recommendations

Potential directions for future research on this work, based on the experiences gained
from this thesis and from recent published literature may include:

6.2.1 Broader Use of Cellulose Filter Paper Capture System
This system can be used as a biosensor to detect a target in less time. Similarly to the
direct labelling technique described above, RV-mAbs can be directly conjugated with an
enzyme to reduce the detection time of the virus and/or to improve the signal on the
antibody-cellulose filter paper for visual detection. Conjugation of RV-VHHs and RV-IgG
26 with a HRP can be performed to reduce the detection time of the virus in ELISA and
no-specific binding. Conjugation of RV-VHHs and RV-IgG 26 with an AP, on the other
hand, would be usable with visual detection of the virus on an antibody-cellulose paper
(biosensor) by ELISA and on PVDF membrane by Western blot (i.e., improve the signal).
A color in wells of ELISA plate and/or on the papers will be produced in the presence of
the target virus in less time when a detecting antibody-coupled enzyme against specific
antigen (e.g., RV-VHH-conjugated or RV-IgG 26-conjugated HRP and RV-VHHconjugated or RV-IgG 26-conjugated AP) is further used, whereas no signal should be
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produced in the absence of the virus. This assay can be used as a rapid screening method
to evaluate water on-site. Furthermore, the filter can be used to extract the virus since the
virus would remain attached on the filter materials for quantification in qPCR.
Although the antibody-cellulose filter developed in this study showed efficient
removal of RV in water samples, the tests were conducted on a small scale to detect a
specific target. Conducting the tests on a large scale (10 to 1000s L) to evaluate matrix
affect, such as high turbidity and alkaline surface water (most natural waters for Ontario
are often between 6.5 to 9.0 for pH) would give a better insight on the binding ability of
the VHH to capture the virus on an antibody-cellulose filter paper. This will also require
scaling up the size of the filter (e.g., 79 mm2 filter suits to filter up to 3 L sample) and
optimization step for best fusion protein concentration to coat the filter. As the non-specific
binding was the main issue with this antibody-filtration system, different optimization steps
of buffers (e.g., blocking and washing) including, but not limited to, pH, components,
temperature and conditions (i.e., exposure time) are essential to reduce the level of nonspecific binding.
Another thought would be to develop a VHH-cellulose filter that can capture
multiple EVs. The wide antigenic variation among viruses is presently an obstacle to the
effective use of antibodies in the detection of these viruses. If common antigen epitopes
were to be revealed, then the use of high affinity antibodies against these epitopes could
facilitate the capture of different antigenic variants. This can be accomplished by
producing a fusion protein that consists of different VHHs in which each VHH targets a
common protein for common viral gastroenteritis (e.g., RV-VHH, NoroV-VHH, AdenoVVHH and AstroV-VHH (Cunliffe et al., 2010)). Each VHH can be linked to CBM2a to create
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5 fusion proteins which then can be linked together to create a pentameric, bispecific
molecule. The final product (pentameric bispecific protein) can bind these viruses through
5 copies of VHHs and cellulose through 5 CBM2a. Similar pentameric protein has been
developed by Hussack et al. (2009) toward one pathogen (S. aureus). However, the
suggested fusion protein with 5 different VHHs (each VHH against specific virus group)
would be usable in diverse locations of the world to target different strains within a group
of multiple EVs. In this regard, a multiplex-qPCR would be considered to simultaneously
quantify the strain of the viruses.

6.2.2 Visualizing and Determining the Binding of RV-mAbs on the Virus
The use of antibodies to mark specific molecules or cells has been widely applied in
electron microscopy. Visualization of the antibody-binding molecules by the electron
microscopy, typically, requires labelling the antibody with an electron-dense particle.
Colloidal gold nanoparticles with a diameter ranging between 15 to 30 nm are often used
for this purpose because of their high electron density, which increases electron scatter
to provide high contrast “black dots” in an EM image. The principle of this technique is
very similar to the principle of ELISA. In this indirect labelling technique, gold
nanoparticles are attached to secondary antibody which is ordinary attached to primary
antibody designed to specifically bind a target (e.g., antigen or cell component). In this
work, 3 RV-mAbs (produced in this work, RV-2KD1, RV-3B2 and RV-IgG 26) were used
in ELISA as primary antibodies followed by commercial tagged antibodies as secondary
antibodies to detect the recombinant RV-VP6 or the whole virus. However, indirect
labelling is not possible with these RV-mAbs as free-tagged secondary antibodies,
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targeting RV-mAbs, that can be conjugated with gold nanoparticles is not available. In
this regard, RV-mAbs can be directly labelled with gold nanoparticles to visualize the
binding of these antibodies to their antigen (RV-VP6) on the whole virus by electron
microscopy.
Also, the results in this study indicated that RV-2KD1 was higher in binding to RVVP6 and RV particles than RV-3B2 (at concentrations of 10 and 100 ng). As it was
mentioned previously (Chapter 5), this may be due to differences in the affinity of these
VHHs and differences of their binding patterns to VP6-capside protein. Since the
recognition sites of these VHHs are unknown yet, a crystallography study can be
performed to determine the structure of the peptide epitopes. This study will improve our
understanding of antibody-antigen recognition and aid in the design of a fusion protein
consisting of both VHHs that can be immobilized on a cellulose filter paper to capture RV
from water more efficiently. We are considering a collaborative work for this trial and
publication. To initiate co-crystallization studies of RV-2KD1 and RV-3B2 in complex with
RV-VP6 capsid protein, both VHHs and RV-VP6 (produced by pETSUMO expression
system) will produced as mentioned previously (Chapter 3) and provided at required
concentration (usually preferred concentration ranges between 10 to 20 mg/ml, personal
contact) to collaborators for x-ray crystallization trials.
In conclusion, currently access to clean drinking water is one of the greatest global
challenges. This Ph.D. thesis was proposed to develop paper-based technology for the
capture and rapid detection of human EVs in water sources. The results obtained from
this thesis provide an antibody-cellulose filter capturing technology that was able to
specifically detect RV by by 29.18 ± 2.38% in tap water and by 32.66 ± 8.74% in river
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samples. This technology can help improving EVs monitoring and protection of drinking
water. We anticipate that such development provides a powerful tool for scientists willing
to use paper-based biosensors and would be suitable for analyzing samples from different
environments thus ensuring safety of the consumers.
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APPENDICES
APPENDIX 1. COMPOSITION AND PREPARATION OF REAGENTS
1. Antibiotics and Solutions
-

Kanamycin (50 mg/ml)
• Dissolve 0.5 g of kanamycin into 9.5 ml of distilled water. Tap up the volume to 10
ml with distilled water and filter-sterilize using a 0.22-µm syringe filter. Store in 1ml aliquots at −20°C.

-

Ampicillin (100 mg/ml)

• Dissolve 1 g of ampicillin into 9.5 ml of distilled water. Tap up the volume to 10 ml
with distilled water and filter-sterilize using a 0.22-µm syringe filter. Store in 1-ml
aliquots at −20°C.

-

Rifampicin (50 mg/ml)

• Dissolve 0.5 g of rifampicin into 9.5 ml of 100% methanol. Tap up the volume to
10 ml with 100% methanol and filter-sterilize using a 0.22-µm syringe filter. Store
in 1-ml aliquots at −20°C.

-

Carbenicillin (50 mg/ml)

• Dissolve 0.5 g of disodium carbenicillin into 9.5 ml of distilled water. Top up the
volume to 10 ml with distilled water and filter-sterilize using a 0.22-μm filter. Store
in 1-ml aliquots at −20°C.
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-

IPTG (1 M)

• Dissolve 2.38 g of IPTG into into 8 ml of distilled water. Top up the volume to 10
ml with distilled water and filter-sterilize using a 0.22-μm filter. Store in 1-ml
aliquots at −20°C.

-

Sodium Dodecyl Sulfate (SDS, 10%)

• Dissolve 5 g of SDS into 40 ml of distilled water. Top up the volume to 50 ml with
distilled water. Filter-sterilize and store at 24°C.

-

Ammonium Presulfate (APS, 10%)

• Dissolve 50 mg of ammonium presulfate into 3 ml of distilled water. Top up the
volume to 5 ml with distilled water. Filter-sterilize and store in 1-ml aliquots at
−20°C.

-

SDS-PAGE Non-Reducing Solution (5x, 10 ml)

• Combine 0.6 ml of Tris-HCl (1 M, pH 6.8), 5 ml of glycerol (50%), 2 ml of SDS
(10%) and 1 ml of bromophenol blue (1%, 10 mg into 1 ml of distilled water). Top
up the volume to 10 ml with distilled water. Store in 1-ml aliquots at −20°C.
-

SDS-PAGE Reducing Solution (5x, 10 ml)

• Combine 0.6 ml of Tris-HCl (1 M, pH 6.8), 5 ml of glycerol (50%), 2 ml of SDS
(10%) and 1 ml of bromophenol blue (1%, 10 mg into 1 ml of distilled water). Add
500 µl beta-mercaptoethanol then top up the volume to 10 ml with distilled water.
Store in 1-ml aliquots at −20°C.
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-

Coomassie Blue Staining Solution

• First, prepare Coomassie stock by dissolving 24 g of Coomassie brilliant blue R250 into 600 ml of 100% methanol and 120 ml of acetic acid. Store at RT.
• Second, make Coomassie blue staining solution (2x) by combining 60 ml of
Coomassie stock with 500 ml methanol, 100 ml acetic acid and 400 ml of distilled
water. Store at RT.

-

Stop Solution (H2SO4, 1 M)

• Combine 28 ml of 95% sulfuric acid and 972 ml of distilled water. Store at RT.

2. Buffers
-

TAE Agarose Electrophoresis Buffer

• First, prepare a 50x TAE buffer stock by dissolving 242 g of Tris-base into 57.1 ml
acetic acid and 100 ml of 0.5 M EDTA (pH 8). Adjust pH to 7.4 with 10% HCl. Top
up the volume to 1 L with distilled water. Filter-sterilize and store at RT.
• Second, make 1x TAE buffer by combining 20 ml of 50x TAE buffer with 980 ml of
distilled water. Filter-sterilize and store at RT.

-

Phosphate Buffered Saline (PBS, pH 7.6)

•

First, prepare a 10x PBS stock concentration by dissolving 80 g of sodium chloride
(NaCl), 2 g of potassium chloride (KCl), 14.2 g of disodium phosphate (Na2HPO4)
and 2.4 g of monopotassium phosphate (KH2PO4) into 500 ml of distilled water.
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Adjust pH to 7.6 with 10% HCl and top up the volume to 1 L with distilled water.
Filter-sterilize and store at RT.
•

Second, make 1x PBS buffer by combining 100 ml of 10x PBS with 900 ml of
distilled water. Filter-sterilize and store at RT.

-

Phosphate Buffered Saline with Tween (PBST)

•

Add 500 µl of Tween 20 to 1 L of 1x PBS (i.e., 0.05% v/v). Filter-sterilize and store
at RT.

-

Tris-HCl (0.5 M, pH 6.8, 250 ml)

•

Dissolve 15.143 g of Tris-base into 100 ml of distilled water. Adjust to pH 6.8 with
10% HCl and top up the volume to 250 ml with distilled water. Filter-sterilize and
store at RT.

-

Tris-HCL (1 M, pH 6.8, 200 ml)

•

Dissolve 24.1 g of Tris-base into 100 ml of distilled water. Adjust to pH 8.8 with
10% HCl and top up the volume to 200 ml with distilled water. Filter-sterilize and
store at RT.

-

Tris-HCl (1.5 M, pH 8.8, 500 ml)

•

Dissolve 90.855 g of Tris-base into 100 ml of distilled water. Adjust to pH 8.8 with
10% HCl and top up the volume to 500 ml with distilled water. Filter-sterilize and
store at RT.
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-

SDS-PAGE Running Buffer

•

First, prepare a 10x running buffer stock concentration by dissolving 30.2 g of Trisbase, 10 g of SDS and 144 g of glycine into 500 ml of distilled water. Top up the
volume to 1 L with distilled water. Store at RT.

•

Second, make 10x running buffer by combining 100 ml of 10x running buffer with
900 ml of distilled water. Store at RT.

-

Western Blotting Transfer buffer

•

Dissolve 3.03 g of Tris-base and 14.42 g of glycine into 40 ml of methanol and 200
ml of distilled water. Top up the volume to 1 L with distilled water. Store at 4°C.

-

Skim Milk Blocking Buffer (4%)

•

Dissolve 2 g of skim milk into 50 ml of 1 x PBST buffer. Use immediately.

-

De-staining Buffer

•

Combine 100 ml of methanol, 50 ml of acetic acid and 350 ml of distilled water.
Store at RT.

3. Gels
-

Agarose Gel (1%) for Electrophoresis

•

Add 0.5 g agarose powder and 50 ml 1x TAE buffer to a conical flask. Microwave
for ~1 min with regular swirling until melted; no solid should be visible. Cool conical
flask and swirling the contents until the flask can be held comfortably. Add 10 µl of
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cyber-safe dye to the flask and swirl to mix. Pour the gel into the gel tray with
combo with care not not produce bubbles. Leave until set (solid).

-

Polyacrylamide Resolving Gel (12%) for SDS-PAGE

•

Combine 3.2 ml of 30% acrylamide (Cat. #1610158, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), 2 ml of 1.5 M Tris-HCl (pH 8.8), 2.6 ml of distilled water, 80
µl of 10% SDS solution, 80 µl of 10% APS solution and 8 µl of
Tetramethylethylenediamine (TEMED; Cat. #161-0801, Bio-Rad Laboratories,
Inc., Hercules, CA, USA). Mix gently and pipette 7.5 ml of the gel solution between
the glass plates. Top up with 70% ethanol and leave until set (solid).

-

Polyacrylamide Stacking Gel (6%) for SDS-PAGE

•

Combine 1 ml of 30% acrylamide, 1.25 ml of 0.5 M Tris-HCl (pH 6.8), 2.6 ml of
distilled water, 50 µl of 10% SDS solution, 50 µl of 10% APS solution and 6 µl of
TEMED. Mix gently and pour on the top of resolving gel after discarding the
ethanol. Add a combo and leave until set (solid).
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4. Bacterial Culture Media
Note: add the same number of µl of antibiotic stock as the ml volume of media.

-

Luria-Bertani (LB)

• For LB broth, dissolve 10 g tryptone, 5 g yeast extract and 10 g NaCl in distilled
water and adjust pH to 7.0 with sodium hydroxide (NaOH). Make up to a final
volume of 1,000 ml with distilled water. Autoclave for 15 min at 121°C.
• For LB agar plates, add 15 g agar to 1 L of LB broth (adjusted pH to 7.0 with NaOH)
and autoclave. Allow the medium to cool to 45°C before adding a suitable antibody
at a required concentration (e.g., 50 μg/ml for Kan and 100 μg/ml for Amp). Pour
30-35 ml of medium into 85 mm petri dishes. Let the agar harden. Store at 4°C for
up to a month.
• For LB agar plates with ampicillin/IPTG/X-Gal, make the LB plates with ampicillin
as above; then supplement with 0.5 mM IPTG and 80 μg/ml X-Gal (Cat. #V394A,
Promega, Madison, WI, USA) and pour the plates. Alternatively, 100 μl of 100 mM
IPTG and 20 μl of 50 mg/ml X-Gal may be spread over the surface of an LB-Amp
plate and allowed to absorb for 30 min at 37°C prior to use.

-

SuperBroth Medium

• Dissolve 35 g of tryptone, 20 g of yeast extract and 5 g of 0.5% NaCl into 500 ml
of distilled water. Add 1 ml of 1 N NaOH and top up the volume to 1 L with distilled
water. Autoclave to sterilize.
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-

2x YT medium

• Dissolve 16 g of tryptone, 10 g of yeast extract and 5 g of 0.5% NaCl into a final
volume of 1 L distilled water. Autoclave to sterilize.

-

Terrific Broth Nutrient (TB, 10x)

• Dissolve 12 g of tryptone, 24 g of yeast extract and 5 ml of glycerol into a final
volume of 100 ml distilled water or 10x TB salts. Autoclave to sterilize.
• For 10x TB salts (100 ml), prepare phosphate buffer by dissolving 2.31 g of
monopotassium phosphate (KH2PO4) and 12.54 g of dipotassium phosphate
(K2HPO4) into a final volume of 100 ml distilled water. Autoclave to sterilize.
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APPENDIX 2. CLONING AND TRANSFORMATION OF EXPRESSION
CASSETTES
In the following pages, the results from gene cloning and DNA analysis experiments are
presented. Specifically, RV-VHHs, RV-CBM2a-VHHs, RV-VHH-CBM2a, RV-IgG 26 and
RV-VP6 were all introduced in bacteria.

1. Competent Bacterial Cells
After transforming 100 μl of competent cells with 0.1 ng of uncut plasmid DNA, the
transformation reaction was added to 900 μl of LB medium. From that volume, a 1:10
dilution with LB medium (0.01 ng DNA/μl) was made and 100 μl plated on 2 plates (0.001
ng DNA/100μl). An average of around 80-120 colonies were obtained and the
transformation efficiency was calculated to be about 15x106 cfu/ng DNA.

2. Recombinant RV-VHHs and RV-VHHs with CBM2a
The nucleotide sequences encoding 2KD1 and 3B2 VHH genes as well as VHHs linked to
a native CBM2a were all synthesized for prokaryotic (E. coli) expression system by
GeneWiz. The restriction enzyme sites NcoI and NotI were added at the 5’ and 3’ ends,
respectively, to facilitate cloning into the pITKan expression vector. However, to prevent
the expression of the 6x-His tag hence avoiding cross reactivity with anti-his antibody in
ELISAs, templates of HA-2KD1-([PT]3T)3xS-CBM2a, HA-CBM2a-(G4S)3x-2KD1 and HA2KD1-(G4S)3x-CBM2a were designed to contain a stop codon before the 6x-His and NotI
site at the C-terminal of pITKan vector.
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After synthesis of the genes for 2KD1 (382 bp), 3B2 (385 bp), HA-CBM2a([PT]3T)3xS-2KD1-His (802 bp), HA-CBM2a-([PT]3T)3xS-3B2-His (805 bp), HA-2KD1([PT]3T)3xS-CBM2a (805 bp), HA-CBM2a-(G4S)3x-2KD1 (787 bp) and HA-2KD1-(G4S)3xCBM2a (787 bp), each DNA was subcloned into the pITKan expression vector (4,453 bp)
via NcoI and NotI restriction enzyme sites. This resulted in seven vectors 2KD1 (4,838
bp), 3B2 (4,835 bp), HA-CBM2a-([PT]3T)3xS-2KD1-His (5,255 bp), HA-CBM2a([PT]3T)3xS-3B2-His (5,258 bp), HA-2KD1-([PT]3T)3xS-CBM2a (5,258 bp), HA-CBM2a(G4S)3x-2KD1 (5,240 bp) and HA-2KD1-(G4S)3x-CBM2a (5,240 bp). The cloning of these
seven genes into pITKan vector was performed by GeneWis while transformation was
successfully done into a home-made electro-competent E. coli HB2151 using a
MicroPulser™ electroporator by the researcher of this project. Several colonies appeared
on LB agar plates containing Kan antibiotic while six clones from each transformation
were screened by colony PCR using each primer set and reaction conditions indicated
previously (Methods Chapter) and found to contain the constructs. The expected sizes
for PCR products of pITKan comprising 2KD1 (584 bp), 3B2 (587 bp), HA-CBM2a([PT]3T)3xS-2KD1-His (1,004 bp) and HA-CBM2a-([PT]3T)3xS-3B2-His (1,007 bp), HA2KD1-([PT]3T)3xS-CBM2a (1,004 bp), HA-CBM2a-(G4S)3x-2KD1 (986 bp) and HA-2KD1(G4S)3x-CBM2a (986 bp) (Appendices 2.1-2.3).
Once positive clones were confirmed, only one colony was selected for plasmid
DNA extraction, digestion and sequence analysis. The expected sizes of 2KD1 (382 bp),
3B2 (385 bp), HA-CBM2a-([PT]3T)3xS-2KD1-His (802 bp), HA-CBM2a-([PT]3T)3xS-3B2His (805 bp), HA-2KD1-([PT]3T)3xS-CBM2a (805 bp), HA-CBM2a-(G4S)3x-2KD1 (787 bp)
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Appendix 2.1. Colony PCR of anti-rotavirus group A single domain antibody “VHH” into the pITKan
bacterial expression vector to confirm putative transformants using vector specific primers. (A) A
1% DNA agarose gel showing the PCR amplification of six selected colonies containing 2KD1 (584
bp). (B) A 1% DNA agarose gel showing the PCR amplification of six selected colonies containing
3B2 (587 bp). Selected colonies of the transformants grown on LB with kanamycin agar plate.
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Appendix 2.2. Colony PCR of anti-rotavirus group A single domain antibody “VHH” linked to CBM2a
at C-terminal via a proline-threonine linker into the pITKan bacterial expression vector on a 1%
agarose gel to confirm putative transformants using vector specific primers. Selected colonies of
the transformants grown on LB with kanamycin agar plate. Lane 1, 1 Kb DNA standard. NC: negative
control.
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Appendix 2.3. Colony PCR of anti-rotavirus group A single domain antibody “VHH” linked at C and
N-terminals to CBM2a via two flexible linkers into the pITKan bacterial expression vector. (A) A 1%
DNA agarose gel showing the PCR amplification of selected colonies containing HA-CBM2a-(G4S)3x2KD1 (986 bp) and HA-2KD1-(G4S)3x-CBM2a (986 bp), respectively. (B) A 1% DNA agarose gel
showing the PCR amplification of selected colonies containing HA-2KD1-([PT]3T)3xS-CBM2a (1,004
bp). Selected colonies of the transformants grown on LB with kanamycin agar plate. NC: negative
control.
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and HA-2KD1-(G4S)3x-CBM2a (787 bp) and vector (4,453 bp) after digestion with NcoI
and NotI are shown in Appendix 2.4. The DNA sequencing results indicated a 100%
match to the predicted nucleotide sequences.

3. Recombinant RV-HA-CBM2a
Similarly, to prevent the expression of the 6x-His tag hence avoiding cross reactivity with
anti-His antibody in ELISAs, a stop codon was created before the linker region followed
by NotI at the C-terminal of HA-CBM2a-([PT]3T)3xS-2KD1-His (1004 bp) template. The
resulting construct named HA-CBM2a was used as a negative control antibody
throughout experiments in this research. The plasmid pITKan HA-CBM2a (376 bp) was
prepared using a PCR product amplified from DNA extracted from a 25% glycerol stocks
of HA-CBM2a-([PT]3T)3xS-2KD1-His (1,004 bp) using each primer set and reaction
conditions indicated previously (Appendix 2.5 A). The PCR product was cloned into the
®

pGEM -T Easy vector (3,000 bp) and transformed into competent E. coli DH5α cells, as
per the manufacturer’s instructions. Putative transformants were selected on LB agar
plates containing 100 μg/ml Amp, 0.5 mM IPTG, and 80 μg/ml X-Gal. Successful cloning
of an insert into the pGEM®-T vector interrupts the coding sequence of β-galactosidase;
recombinant clones can be identified by color screening on a plate. Usually clones
containing the gene produce white colonies, but blue colonies can result from inserted
fragments that are cloned in-frame with the lac Z gene within the vector. Such fragments
are usually a multiple of 3 base pairs long (including the 3’-A overhangs) and do not
contain in-frame stop codons. The plasmid was screened for presence of the target gene
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Appendix 2.4. Linearization of pITKan/VHHs constructs with and without CBM2a by restriction
enzymes NcoI and NotI for E. coli HB2151 transformants. (A) A 1% DNA agarose gel illustrating a
diagnostic double-digest of 2KD1 (383 bp), 3B2 (385 bp) and HA-CBM2a-([PT]3T)3xS-2KD1-His (802
bp) clones. Letter a, undigested DNA. Letter b, digested DNA with NocI and NotI restriction enzymes.
(B) A 1% DNA agarose gel illustrating a diagnostic double-digest of HA-CBM2a-(G4S)3x-2KD1 (787
bp), HA-2KD1-(G4S)3x-CBM2a (787 bp) and HA-2KD1-([PT]3T)3xS-CBM2a (805 bp). NC: negative
control.

245

Appendix 2.5. A 1% DNA agarose gel showing cloning and transformation procedure of HA-CBM2a
®
into pGEM -T and pITKan vectors to createe pITKan/HA-CBM2a. (A) Gene HA-CBMa amplification
(376 bp) from HA-CBM2a-([PT]3T)3xS-2KD1 (802 bp) template. (B) Colony PCR of selected colonies
®
®
containing pGEM -T-HA-CBM2a. (C) Diagnostic double-digest of pGEM -T-HA-CBM2a (376 bp) with
restriction enzymes NcoI and NotI for transformation into E. coli DH5α cloning cells. (D) Colony PCR
of selected colonies containing pITKan/HA-CBM2a (578 bp). (E) Diagnostic double-digest of
pITKan/HA-CBM2a (376 bp) with restriction enzymes NcoI and NotI for transformation into E. coli
HB2151 expression cells. Lane 1: 1 Kb DNA standard. NC: negative control.
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by colony PCR. Positive clones that found to have the target gene, resulted in vector
pGEM®-T- HA-CBM2a (Appendix 2.5 B). Transformed E. coli cells were then propagated
in LB broth with Amp, plasmids were extracted using the Gene JET Plasmid Miniprep and
were sent for sequencing. Plasmid DNA concentrations were determined at 260 nm using
a Nanodrop spectrophotometer and digested with NcoI and NotI restriction enzymes for
overnight at 37ºC. The expected size of pGEM®-T comprising HA-CBM2a (376 bp) for
PCR product and after digestion with NcoI and NotI is shown in Appendix 2.5 C.
Once the sequence of the gene confirmed, the gene was gel purified using the
Gene JET gel extraction kit and subcloned into a linearized pITKan digested with NcoI
and NotI. The gene was then successfully transformed into electro competent E. coli
HB2151 and plated on selective LB plates with 50 µg/ml kan antibiotic. Putative
transformants were confirmed by colony PCR using each primer set and reaction
conditions indicated previously. The expected sizes for PCR product of pITKan
comprising HA-CBM2a and for DNA after digestion with NcoI and NotI are 578 and 376
bp, respectively (Appendix 2.5 D-E).
The DNA sequencing results indicated a 100% match to the predicted nucleotide
sequences.

4. Recombinant RV-IgG 26
The codon optimized HC (1,433 bp) and LC (725 bp) fragments for expression in plant
were synthesized and subcloned into a plant expression vector (pPFC0205) via SacI and
BamHI restriction enzymes. This resulted into plasmid named pPFC0205-RV-IgG (11,110
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bp), known as RV-VP6-IgG 26 RV-IgG. Genes synthesis and subcloning was performed
by GeneWiz.
In plant research, usually, an A. tumefaciens-mediated transformation procedure
is used to generate transgenic plants. In this procedure, the bacteria (A. tumefaciens)
carries an engineered binary plasmid harboring the gene of interest for integration into
the plant genome. To confirm the Agrobacterium harboring the expression plasmid,
miniprep plasmid extraction was performed. However, due to the low plasmid copy
number in Agrobacterium and the recalcitrance of the bacteria strain to cell lysis, the
extraction of the binary plasmid from A. tumefaciens is extremely problematic. Therefore,
to verify the correct construct prior to plant transformation, the pPFC0205-RV-IgG 26
plasmid was first transformed into a chemical competent cells of E. coil DH5a cell to
propagate. Several colonies appeared on LB agar plates containing 50 µg/ml Carb or
Amp antibiotic from transformation and few colonies were selected for DNA analysis.
Then DNA was extracted from a 5 ml overnight culture supplemented with Carb or Amp
using the Gene JET Plasmid Miniprep and subjected to restriction digestion verification
by SacI and BamHI restriction enzymes (Appendix 2.6). The DNA was linearized with
SacI and BamHI and separated on 1% 1x TA EDTA agarose gel resulted in four fragments
at expected size of whole plasmid cut from onset of BamHI-HC to the end of SacI-LC sites
(9,662 bp), cut between SacI-HC and BamHI-LC genes (7,530 bp), cut of BamHI-HC to
SacI-HC (1,433 bp) and cut of BamHI-LC to SacI-LC (725 bp) (Appendix 2.6). Single DNA
digestion with either SacI or BamHI, however, showed two fragments in which one
fragment represents a cut of whole plasmid containing HC and LC (9,662 bp) while the
other fragment represents a cut from SacI-HC to SacI-LC (2,868 bp) or a cut from BamHI-
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Appendix 2.6. Diagnostic digest of pPFC0205-IgG 26 (11,110 bp) with restriction enzymes SacI and
BamHI from transformation into E. coli DH5α cloning cells. Lane 1: 1 Kb DNA standard. Lane labelled
“a” present undigested DNA. Lane labelled “b” represent double digested DNA with SacI and
BamHI. Lane labelled “c” represent single digest DNA with SacI. Lane labelled “d” represent single
digest DNA with BamHI. Arrows on the left of picture represent size of each fragment in bp.
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HC to BamHI-LC (2,160 bp), respectively. Once correct size was confirmed, the RV-IgG
26 plasmid was then transformed into into A. tumefaciens for expression in plant’s leaves
(N. benthamiana) without a need to confirm the sequence of the gene.

5. Recombinant Protein RV-VP6
The nucleotides encoding the VP6 gene was optimized and synthesized for prokaryotic
(E. coli) expression system by GeneWiz. The restriction enzyme sites NcoI and NotI were
added at the 5’ and 3’ ends, respectively, to facilitate cloning into the pITKan expression
vector. After synthesis, the DNA (1,201 bp) was subcloned into the pITKan expression
vector (4,453 bp) via NcoI and NotI restriction enzyme sites resulted in vector pITKan/VP6
(5,654 bp). Cloning of RV-VP6 gene into pITKan vector (4,453 bp) was performed by
GeneWis while subcloning of RV-VP6 gene into pET22b(+) (5,493 bp) and pET-SUMO
(5,628 bp) vectors were done by PCR amplification using gene specific primers from the
template pITKan/VP6. The expected sizes of amplified VP6 were 1,205 and 1,225 bp for
pET22b(+)/VP6 and pET-SUMO/VP6, respectively (Appendix 2.7 A). Upon transformation
of a suitable E. coli cloning host with each corresponding vector, several clones appeared
on LB agar plates supplemented with suitable antibiotic. Clones from each transformation
were screened by colony PCR, using primers reported in previous chapter, and found to
express VP6 in E. coli. The expected sizes of pET22b(+)/VP6 and pET-SUMO/VP6 from
colony PCR are 1,205 and 1,446 bp, respectively (Appendix 2.7 B-E). Once positive
clones were confirmed, only one clone from the expression host of the E. coli HB 2125
and LB21 was selected for plasmid DNA extraction, digestion and sequence analysis.
The expected size of RV-VP6 within pITKan and pET22b(+) after digestion with NcoI and
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Appendix 2.7. A 1% DNA agarose gel showing cloning and transformation procedure of RV-VP6
(+)
(+)
capsid protein into pET22b and pET-SUMO vectors to create pET22b /VP6 and pET-SUMO/VP6.
(+)
(A) Gene VP6 amplification from pITKan/VP6 template (1,201 bp) for (1) pET22b (1,205 bp) and (2)
pET-SUMO (1,225 bp). (B-C) Colony PCR of selected colonies of E. coli DH5α containing
(+)
pET22b /VP6 (B; 1,205 bp) and E. coli 10 beta containing pET-SUMO/VP6 (C; 1,446 bp). (D-E) Colony
(+)
PCR of selected colonies of E. coli LB21 containing pET22b /VP6 (D; 1,205 bp) and pET-SUMO/VP6
(C; 1,446 bp). Lane 1: 1 Kb DNA standard. Lanes labelled “a” and “b” represent PCR product. NC:
negative control.
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NotI is 1,201 bp (Appendix 2.8). The DNA sequence results indicated a 100% match to
the predicted nucleotide sequences for all plasmids.

252

Appendix 2.8. A 1% DNA agarose gel illustrating a diagnostic double digest of VP6 gene cloned into
(+)
pITKan (4,453 bp) and pET22b (5,493 bp) with restriction enzyme/s NcoI and NotI whereas BsaI
digestion of pET-SUMO vector (5,628 bp). The size of VP6 gene (1,200 bp) is noted. Lane 1: 1 Kb
DNA standard. Lane labelled “a” represent undigested DNA. Lane labelled “b” represent digested
DNA with restriction enzyme/s.
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APPENDIX 3. PURIFICATION OF RV-VHHS FROM LONG EXPRESSION
PROTOCOL

Appendix 3.1. Expression and purification of RV-VHHs expressed with long protocol (E. coli HB2151
0
(pITKan/2KD1) culture induced with 0.1 mM IPTG at 24 C for 60 h). The periplasmic protein was
2
extracted via sucrose shock protocol and applied to Ni -resin. After column washing, RV-VHH was
eluted over 500 mM imidazole in 1 ml fractions. (A) Affinity 6x-His tag chromatography purification
profile illustrating the absorbance at 280 nm and collection of eluted fractions (blue line). (B) A 12%
SDS-PAGE gel indicating expression and purification of RV-3B2 (1.5 µl of protein observed at about
16.4 kDa). (C) A 12% SDS-PAGE gel indicating expression and purification of RV-2KD1 (1.5 µl of
protein observed at about 16 kDa). Lane 1: protein standard. Lane 2: Total soluble protein (TSP)
from un-induced E. coli HB2151 (pITKan/2KD1) culture. Lane 3: TSP from induced E. coli HB2151
(pITKan/2KD1) culture, Lane 4: column wash. Lanes 5-10: eluted fractions of RV-2KD1.
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Appendix 3.2. Western blot analysis of expressed and purified RV-3B2 and RV-2KD1 as presented
in Appendix 3.1. Total soluble proteins (TSP) and pooled purified proteins were run on 12% SDSPAGE gel before transferring to PVDF membrane and probed with a polyclonal anti-His antibody
conjugated to alkaline phosphate. Lane 1: protein standard. Lanes labeled “a” represent TSP of RVVHHs (diluted to 1:10). Lanes labeled “b” represent pooled purified of RV-VHHs (diluted to 1:5). Lanes
labeled “c” represent pooled purified of RV-VHHs (diluted to 1:3)
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APPENDIX 4. ANALYSIS OF RV-VP6 EXPRESSION AND
PURIFICATION
1. Analysis of Recombinant RV-VP6
The fusion protein VP6 was expressed in two strains of E. coli using 3 different vectors.
The E. coli HB2151 strain was used with pITKan vector while E. coli BL21 (DE3) strain
was used with pET22b(+) and pET-SUMO vectors. The pITKan and pET22b(+) vectors
contain a C-terminal 6x-His tag while pET-SUMO vector contains an N-terminal 6x-His
tag followed by a SUMO tag. The expression levels of VP6 from 2 different E. coli strains
transformed with corresponding plasmid were subjected to a pilot expression test. The
proteins were expressed in a small scale of 250 ml LB broth with 1 mM of IPTG for 3 h at
37°C and with 0.25 mM of IPTG for 12 h at 24°C. The expression conditions that were
tested included inducer concentration of IPTG in both expression cells (E. coli HB2151
and E. coli BL21) using different His-tag expression vectors, post-induction growth
temperature and time. The cell cultures were harvested and bacterial masses were
estimated. Bacterial biomasses from 250 ml cultures transformed with pITKan/VP6,
pET22b(+)/VP6 and pET-SUMO/VP6 plasmids and induced cultures at 1 mM IPTG for 3
h were estimated to be 9.20, 6.30 and 7.68 mg, respectively. On the other hand, bacterial
masses from 250 ml cultures transformed with pITKan/VP6, pET22b(+)/VP6 and pETSUMO/VP6 and induced cultures at 0.25 mM IPTG for 12 h were estimated to be 10.12,
7.36 and 8, respectively.
The fusion proteins were extracted using lysozyme and sonication protocols.
Soluble and inclusion body fractions of un-induced and induced bacteria with IPTG were
assessed by SDS-PAGE (Appendix 4.1). The expected sizes of the His-tag fusion protein
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VP6 were estimated to be 47.5 kDa for pITKan and pET22b(+) and 60 kDa for pET-SUMO
with a theoretical pI of 5.83. The high molecular weight of SUMO/VP6 was due to the
presence of histidine residues along with extra amino acids from SUMO tag. The SDSPAGE gels for soluble and insoluble RV-VP6 fusion protein (Appendix 4.1) showed no big
difference in the expression among different induction conditions (e.g., IPTG
concentration, induction- growth temperature and time). As SDS-PAGE gel for soluble
RV-VP6 (Appendix 4.1 A) shown, RV-VP6 was slightly expressed by E. coli HB2151
transformed with pITKan/VP6 plasmid and reasonably by well E. coli BL 21 (DE3)
transformed with pET-SUMO/VP6 while no expression was observed when E. coli BL 21
(DE3) transformed with pET22b(+)/VP6 was used. However, total amount of VP6 fusion
protein production was insoluble (Appendix 4.1 B). A better expression of RV-VP6 in the
whole cell lysates was observed when lower concentration of IPTG used in the induction
and growth at lower temperature for longer time. Also, there was a degradation of soluble
RV-VP6 fusion protein produced by E. coli HB2151 transformed with pITKan/VP6
(Appendix 4.2 A) and complete loss of the fusion protein after purification “very unpure”
(Appendix 4.2 B-C).
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Appendix 4.1. A 12% Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
Coomassie blue staining) analysis of RV-VP6 fusion proteins expression in Escherichia coli. (A)
Soluble cell extract of the induced culture transformed with pITKan/VP6 (E. coli HB2151),
(+)
pET22b /VP6 (E. coli BL21) and pETSUMO/VP6 (E. coli BL21). (B) Insoluble cell extract of the
(+)
induced culture transformed with pITKan/VP6, pET22b /VP6 and pETSUMO/VP6. Note: protein
sample loaded on SDS gel in figure B was diluted. Lane 1: protein standard. Lanes labelled “a”
represent cell extract from un-induced culture. lanes labelled “b” represent cell extract from
induced culture with 1mM IPTG grown at 37ºC for 3 h. Lanes labelled “c” represent cell extract from
induced culture with 0.25 mM IPTG grown at 24ºC for 12 h. Arrows refer to RV-VP6 fusion protein
(47.5 kDa and 60 kDa).
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Appendix 4.2. Analysis of RV-VP6 fusion proteins expression in E. coli and purification. (A) Soluble
(+)
cell extract of the induced culture transformed with pITKan/VP6 (E. coli HB2151), pET22b /VP6 (E.
coli BL21) and pETSUMO/VP6 (E. coli BL21). (B) Purification trail for soluble RV-VP6 extracted from
induced culture transformed with pITKan/VP6 (E. coli HB2151). (C) Purification trail for soluble RV(+)
VP6 extracted from induced culture transformed with pET22b /VP6 (E. coli BL21). Lane 1: protein
standard. Lanes labelled “a” present cell extract from uninduced culture. Lanes labelled “b”
represent cell extract from induced culture with 1mM IPTG grown at 37ºC for 3 h. Lanes labelled “c”
represent cell extract from induced culture with 0.25 mM IPTG grown at 24ºC for 12 h. Lane 2: total
soluble protein. Lane 3: flow through. Lane 4: wash. Lanes 5-7: eluted fractions. Arrows refer to the
expected molecular size of detected bands.
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2. Discussion
To ensure that these mAb fragments (RV-VHHs and RV-IgG 26) are not cross reactive
with other proteins or other EVs, RV-VP6 was synthesized for expression in E. coli and
was aimed to be used as a positive control. The RV-VP6 plays an important role in the
replication cycle of the virus in which makes VP6 an appropriate vaccine candidate
(Bertolotti-Ciarlet et al. 2003). In this regards, different expression systems have been
used to produce this protein in a cost-effective manner as a vaccine nevertheless there
was no success in the protein production. For example, a study by Pêra et al. (2015)
failed to observe VP6 using a plant expression system (N. benthamiana). Bacterial
expression systems have also been used as an easy and inexpensive system for the
production of RV-VP6 although recombinant protein was repeatedly found to be insoluble.
This result was reported when a gram negative bacterium (E. coli BL21 strain) was used
as an expression host with pETL (Zhao et al., 2011), pET15-b and pTRX (Bugli et al.,
2014) bacterial expression vectors. Esteban et al. (2013b), on the other hand, reported
an efficient expression of VP6 on the surface of a gram positive bacterium (Lactococcus
lactis) with nisin-controlled expression system. Also, a successful expression of soluble
VP6 fusion protein (although most of the VP6 was insoluble) was reported by Bugli et al.
(2014) when an E. coli BL21 strain with pET-SUMO was used. In this study, the
expression of RV-VP6 was compared in E. coli BH2151 using pIT vector and in E. coli
BL21 using pET22b(+) and pET-SUMO. Although all these vectors have a His-tag affinity,
they differ in a few points. The pIT system has an N-terminal pelB leader sequence, which
directs expression of fusion protein to the periplasm, and a His-tag followed by a M-cyctag at the C-terminus. The pET22b(+) system also has a His-tag at the C-terminus, but
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does not contain a pelB sequence. Although pET-SUMO is compatible with the pET
system, it contains an N-terminus His-tag followed by SUMO-tag (cleavage site) that
enhances the expression and solubility of fusion proteins. Some of the VP6 was observed
to be degraded on Western blot when pIT was used whereas no soluble protein was
observed when pET22b(+) was used. However, pET-SUMO was the only system
produced high yield of RV-VP6. Despite of the expression system, most of the RV-VP6
fusion protein was insoluble. The practical success of producing a soluble VP6 with the
pIT vector may be due to the pelB leader sequence in the vector or to the E. coil strain.
The results obtained from pET22b(+) system was in agreement with Kashani and Moniri
(2015) who could not produce lysins (phage-encoded peptidoglycan hydrolases) by using
this system. However, the result obtained from pET-SUMO was in agreement with the
findings reported by Bugli et al. (2014).
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APPENDIX 5. EXPRESSION AND PURIFICATION OF SUMOPROTEASE
The SUMO-protease was expressed in E. coli Rosetta. The culture was grown for 3 h at
37°C after induction with final concentration of 1 mM IPTG. The bacterial biomass of
SUMO-protease was 9.19 g/L. Total soluble protein was extracted in a lysis buffer by
sonication then purified using HisTrap™ Chelating HP IMAC column on FPLC (Appendix
5.1 A). The purity of the protein was analyzed by SDS-PAGE with expected molecular
weight of about 25 kDa (Appendix 5.1 B) and theoretical pI of 5.76 for SUMO-protease.
The pure enzyme was dialyzed against 20 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT,
5% glycerol at 4ºC, concentrated on PEG to 1 mg/ml, diluted to 0.5 mg/ml, aliquoted into
200 µl and stored at -80ºC until needed.

262

Appendix 5.1. Affinity 6x-His tag chromatography purification of SUMO-Protease. (A) Elution
chromatographic profile illustrating the absorbance at 280 nm (blue line) and SUMO-Protease eluted
fractions collected with a 250 mM imidazole. (B) A 12% SDS-PAGE gel run under reducing condition
indicating the expression and the purity of SUMO-Protease (2 µl loaded) at a molecular weight of
about 25 kDa. The fusion protein was expressed in super broth medium and induced with 1 mM
º
IPTG at 37 C for 3 h. The periplasmic protein was extracted via lysozyme protocol and further
purified via IMAC. Lane 1: protein standard. Lane 2: eluted fraction of SUMO-Protease.
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APPENDIX 6. QUANTIFICATION OF ENTERIC VIRUSES
The results to quantify the virus from molecular methods (qPCR) provide an estimation
of both infectious and non infectious particles whereas cell culture-based methods
provide an estimation of infectious particles. Cell culture-based methods may be carried
out in either solid culture (plaque assay) or liquid culture (tissue culture infective dose
TCID 50%; known also as endpoint dilution assay) in which several dilutions of the virus
are used for inoculation of the cell culture. After few days of incubation, the quantification
of the virus is calculated as pfu in plaque assay and as the logarithm of the dilution of the
virus producing CPE of the cultures in the TCID50% assay.

1. Plaque Assay
This test was conducted with all RV strains and mNV only. In this study, it was challenging
for RV to form clear and countable plaques with all overlays ((1) SFM supplemented
with0.8% agarose, (2) MEM supplemented with 4% sephadex G-75, 200 mM glutamine
and 2.5% pancreatin and (3) SFM supplemented with 1% methyl cellulose) that were
used. The sizes of the plaques for RV were extremely small to observe and to count by
eye at 5 days post-infection. However, mNV was successfully quantified using methyl
cellulose overlay at 1.5x108 pfu/ml (Appendix 6.1). Plaque formation was noted at 6 days
of post-infection with the virus (RV and mNV).
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Appendix 6.1. A Plaque assay result using 0.5 mL of mNV strain at 10 , 10 and 10 dilutions on
BV2 monolayer at 6-days post infection. Clear zones represent plaques for the virus calculated at
8
1.5x10 pfu/ml.
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2. Tissue Culture Infective Dose (TCID) 50%
This test was done on RV strains only. The virus was quantified based on the traditional
TCID 50% method, where visible cell rounding, shrinking or floating were considered
symptoms of CPE. The CPE were observed in all wells in a virus dilution-dependent
manner. The microscopic analysis clearly showed damage to the monolayers due to viral
infection. The amount of damage to the monolayer in any sample corresponded to the
amount of virus present (0.025 ml). Analysis after removing the supernatant and staining
wells with crystal violet showed greatest damage to the monolayer with few or no adhered
cells due to viral infection, while the uninfected control displayed healthy monolayers
(Appendix 6.2). The estimated TCID 50% for each RV strain are presented in Appendix
6.3.
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Appendix 6.2. Estimation the titer of bovine rotaviruses strain bRV-C486 by TCID 50%. The MA-104
monolayers were infected with serial dilutions of the virus. After 6-days of post infection, cytopathic
effect was visualized under light microscopy. Monolayers were stained with crystal violet, however,
monolayers were often washed off. The virus calculated a 9.70E+05 pfu/ml. Left and right columns
(C) represent healthy cells.
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Appendix 6.3. Quantification of rotavirus strains and murine norovirus by plaque assay and tissue
culture infective does in 50% (TCID 50%). Pfu: plaque forming unit. NA: not applied. ND: not
determined.
TCID50%
Plaque Assay

Virus

(pfu/ml)
8

Log of the
dilution in 50%
NA

(pfu/ml)

Murine norovirus

1.5x10

NA

Bovine rotavirus-B223

ND

9.58x10

4

6.61x10

Bovine rotavirus-C486

ND

1.41x10

6

9.7x10

5

Human rotavirus-Wa

ND

9.57x10

7

6.6x10

7

4
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