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ABSTRACT
The Canadian Food Inspection Agency implements the Nuclear Stock Certification
Program to ensure the production of high-quality and disease-free seed potatoes.
Currently, this program employs double and triple antibody sandwich enzyme-linked
immunosorbent assays (DAS- or TAS-ELISA) and return-polyacrylamide gel
electrophoresis (R-PAGE) for detecting the targeted viruses and PSTVd (Potato spindle
tuber viroid), respectively. Pathogen-specific antibodies for ELISA are commercially
available for detecting PVM (Potato virus M), PMTV (Potato mop-top virus), PotLV
(Potato latent virus), PLRV (Potato leafroll virus), PVY (Potato virus Y), PVS (Potato
virus S), PVA (Potato virus A), and PVX (Potato virus X). However, the aforementioned
methods are highly labour-intensive and time-consuming procedures with low sensitivity
that require large sample inputs for screening. Moreover, both methods are involved with
extensive experimental procedures and only allow for the screening of one pathogen each
time, which further prolongs and complicates the overall diagnosing process.
In this study, multiplex PCR-based procedures were developed and validated to index the
potato nuclear stock materials simultaneously in a qualitative way (“positive” or
“negative”). Two mxRT-PCR (multiplex RT-PCR) and three mxRT-qPCR (multiplex
real-time quantitative RT-PCR) procedures were developed for primary screening and
confirmatory testing of all targeted pathogens under this program, respectively. As little
as 1.0 µl of tissue sap from a microplant (in vitro plantlet) or 1.0 pg of total RNA extract
was sufficient for reliable RT-PCR detection. Additionally, virus-specific RNA could be
detected in RNA extracts with almost no non-specific amplification in the presence of
other viral RNAs. The use of potato genome-specific primer set as an internal control
iv

provided a reference for assessing the quality of the RNA extracts and the amplification
of the targeted RNAs. Furthermore, the genomes of virus and viroid isolates or strains
used in this research were verified using the next-generation sequencing (NGS)
technology to ensure the accuracy of the RT-PCR primers employed. All tests conducted
using the mxRT-PCR and mxRT-qPCR procedures were validated using another
diagnostic assay and known/unknown microplants.
Overall, the developed and validated standard multiplex PCR-based procedures in this
study profoundly improved the sensitivity, specificity, efficiency, and feasibility with
reductions in time and labour expenses for routine diagnostic testing of the nine targeted
pathogens under the Nuclear Stock Certification Program compared to that of the
currently employed ELISA and R-PAGE methods. Subsequently, the multiplex
RCR-based procedures involved in this study are ready for implementation into the
Nuclear Stock Certification Program. With the accurate and reliable diagnostic results
generated by the multiplex PCR-based procedures, CFIA’s reputation and credibility for
certifying potato nuclear stock materials will be further enhanced. Ultimately, this study
promotes the trade of potato nuclear stock materials and collaboration between CFIA and
the potato industries.
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW
1.1

A brief introduction to the potato

Potato (Solanum tuberosum) is a herbaceous annual that belongs to the family
Solanaceae, a nightshade family for flowering plants (Dodds 1962). Solanum is further
classified into about 2000 other species, including tomato (S. lycopersicum) and eggplant
(S. melongena), as the most commonly cultivated domesticated food crops (FAO 2008;
Machida-Hirano 2015). As S. tuberosum grows, up to 20 tubers form as nutrient storage
for the plant's survival and reproduction. Potato tubers are rich in carbohydrates for
energy supplies and high-quality protein with amino-acid patterns well-matched to
human requirements (FAO 2008). In addition to its extraordinary adaptability to different
environments and relative ease of cultivation, potatoes have been a staple grown and
contributed to poverty reduction in the developing and least developed countries (De
Jong 2016). In fact, potatoes have the most favourable overall nutrient-to-price ratio
compared to many other vegetables (Beals 2019; Drewnowski 2013; Drewnowski and
Rehm 2013). The nutrition values of potatoes vary based on different preparation
methods. If the potato is boiled in the skin and peeled before consumption, it serves
87 kcal per 100 g, with micronutrients including vitamins (such as 13.0 mg of vitamin C,
1.44 mg of niacin, and 0.30 mg vitamin B-6) and minerals (such as 379 mg of potassium,
44 mg phosphorus, and 22 mg of magnesium) that are essential to human health (USDA
2019). Globally, potato is reputed as a source of sustainable food security because potato
prices are usually determined by local production costs instead of international markets.
Thus, potato production contributes to poverty reduction by increasing local farmers'
income and ensuring food availability and affordability for vulnerable consumers (Scott
1

2002; Thiele et al. 2010). Therefore, potatoes have been ranked as the fourth most
important food crop in the world after rice, wheat, and maize (Devaux et al. 2014; FAO
2008).
1.1.1

The history of the potato

Potatoes are thought to have originated about 8000 years ago in the Andes mountains of
South America, on the border between Northern Bolivia and Southern Peru (Brown 1993;
Hawkes 1994). There are 199 wild potato species found in the Americas in addition to the
seven cultivated potato species. Among the seven cultivated potato species, S. tuberosum
became popular worldwide, whereas the six other cultivated species remain in the Andes
(Hijmans and Spooner 2001). It was believed that all cultivated potatoes originated from
S. stenotomum, which was selectively bred for non-bitterness (De Jong 2016). The
bitterness of most wild potatoes came from glycoalkaloids, which are naturally produced
by potatoes to protect against insects and pathogens. However, high doses of
glycoalkaloids are toxic to humans that may induce adverse health effects or death
(Friedman et al. 1997).
The cultivated S. tuberosum was first introduced to the Canary Islands in Spain around
1562, and from there to mainland Europe between 1588 and 1593 (Hawkes and
Francisco-Ortega 1992; Hawkes and Francisco-Ortega 1993). The potato became an
important food crop in Ireland in the 17th to 18th centuries because of Ireland's suitable
climate and socioeconomic conditions for potato production. Potatoes supplied 80% of
calorie intake for the Irish and contributed to population growth from 2 million in 1700 to
8.5 million in 1845 (FAO 2008; Reader 2009). However, the Irish potato famine (1844–
1848) resulted from the late blight epidemics caused the death of about one million
2

people, which stimulated potato cultivation practices for developing disease-resistant
varieties (Burton 1966). Meanwhile, potatoes were brought to the rest of the world during
Europe's "Age of Discovery" in the 1700s (Bradshaw and Ramsay 2009; Pandey and
Kaushik 2003).
Potato production expanded worldwide and emerged as a truly global food in the 20th
century. During World War I, American soldiers named the snack sold in Belgium as
"french fries" (Willard 1993). Potato chips or crisps were also invented in the 1920s that
became Amerca's top-selling snack. In 1957, the McDonald brothers from the United
States invested in making the "perfect French fry" and McCain Foods from Canada
dominated the international market for frozen french fries (FAO 2008). As urbanization
became a global trend, demands for fast food, snacks, and convenience foods increased
dramatically. Potato consumption gradually shifted from fresh-preparations towards
frozen or processed potato products (Guenthner 2010).
Currently, China is the world's biggest potato producer that accounts for about 30% of
world production (90,259,155 tonnes), followed by India (48,529,000 tonnes) and
Ukraine (22,503,970 tonnes) (FAOSTAT 2018). For Canada, around 36% of all
vegetable consumptions are potatoes, which is well ahead of other popular vegetables,
including lettuce, onions, and tomatoes. Prince Edward Island (PEI) alone accounts for
around 25% of Canada's potato acreage. Approximately 60% of PEI potatoes are destined
for processing, 30% are used as table stocks, and 10% are grown as seed potatoes. In
2004, over one-half of the potatoes produced in Canada were exported, mainly to the
United States, as frozen potato products (Trant 2005). In general, potato is not only an
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essential part of Canadian cuisine but also has a remarkable economic value to the
Canadian export market.
1.1.2

The genetics of the potato

The late blight epidemics during the Irish potato famine was induced by the fungus
Phytophthora infestans that ravaged potato fields across Europe. Due to limited potato
germplasm was introduced to Europe, the narrow genetic base of the cultivated potato
induced acute inbreeding depression that made cultivated potato susceptible to pests and
pathogens, which resulted in massive destruction of potato crop productions (Xu et al.
2011c). Fortunately, many different wild potato species provide a rich genetic resource
for breeding potato cultivars with favourable traits (Hawkes 1994). The polyploidy of
potatoes allows them to be produced asexually by vegetative propagations for agricultural
purposes (Comai 2005; Machida-Hirano 2015). Various potato cultivars have been bred
to meet market needs, from packaged potato chips, starch production, to potatoes for
table use. For example, french fries and potato chip manufacturers require potato
cultivars to have high dry matter content for dehydration, low reducing-sugar, sucrose,
and ascorbic acid levels to avoid unfavourable browning colour during the frying process
(Mazza et al. 1983). In addition to the specialized properties for utilization, breeding for
pest and disease resistance, increasing yields, and withstanding biotic or abiotic stressors
are common goals for potato breeding (Mori et al. 2015). The availability of complete
potato genome sequences enables the identification of genes affecting agronomically
essential traits, which are possible to be used as molecular markers for breeding purposes
(Bradshaw 2007; Xu et al. 2011c).
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1.2

The virus and virus-like diseases of the potato

Potatoes are one of the plant species susceptible to the largest number of viruses, as over
40 virus and virus-like species are found to infect cultivated potato plants naturally in the
field (Lawson and Stace-Smith 2001; Valkonen 2007). The Andes has the highest
variability in potato viruses because it was where potatoes originated (Hawkes 1990).
With the movement of virus-infected cultivars and wild potato germplasm for breeding
purposes, potato viruses have been gradually disseminated to other parts of the world.
Since potatoes are produced by vegetative propagation, and essentially all viruses are
tuber-perpetuated, the viruses tend to persist in the crop (Crosslin and Hamlin 2011). The
increase in globalization and trading of seed potatoes and potato germplasms further aid
in the spreading of potato viruses. Moreover, new pathogens have been adapted to
potatoes outside of their center of origin. For example, the common PSTVd (Potato
spindle tuber viroid), PVM (Potato virus M) and PVA (Potato virus A) in North America
and Europe are either never been found, or are uncommon in the native Andes potato
species (Lawson and Stace-Smith 2001).
Globally, the most economically important potato viruses are found in the genus
Potyvirus, Polerovirus, Potexvirus, and Carlavirus (Salazar 1990). According to a
national survey done by Dr. Huimin Xu (2003) regarding the status of potato viruses in
Canada, 12 common viral and virus-like agents have been confirmed to infect potatoes in
the field naturally (Table 1.1). Among them, PLRV, PVS, PVX, PVA, and PVYO are the
five most prevalent viruses found in all potato growing regions, which are also common
in seed potatoes. Moreover, it is also possible for PVM, PMTV, PotLV, and PSTVd to
present themselves in the seed potatoes. Thus, all nine aforementioned viral and
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virus-like pathogens are currently regulated under the Seed Potato Certification Program
in Canada. The eradication of PSTVd from Canadian seed potato lots started in the 1960s
due to its severe damage to potato yield and quality. Fortunately, the infection rate of
PSTVd infested seed potatoes has decreased from 25-50% to zero for over 30 years (De
Boer and DeHaan 2005; Singh 2014). The incidences of PVA, PVM, and PVYN (necrosis
strain) have also decreased and may gradually disappear from commercial potato lots. In
contrast, incidences of PVX, AMV, TRV, and PMTV are emerging and becoming a
concern for potato production. For AMV, there is no recent official report to show that
this virus is present in the seed potato production system. However, an up-to-date
national disease survey might be needed to understand the current status of AMV (Xu
2003). Moreover, PVY has always been a stable in Canada, with PVYO (ordinary strain)
commonly found in all potato growing regions (Xu 2003). Other recombinant PVY
strains such as PVYNTN have been found in BC, NB, and PE, which is the causal agent for
the potato tuber necrotic ringspot disease (PTNRD); PVYN:O has been detected in MB
and is also referred to as PVYN:Wi. Because PVY is highly susceptible to genome
recombination events, new PVY strain types or variants are likely to emerge, which may
cause problems in viral detection and management in the future.
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Table 1.1 Viral and virus-like agents naturally infect potatoes in Canadaa
Genus
Alfamovirus
Carlavirus

Polerovirus

Species
Alfalfa mosaic virus
Potato virus M
Potato virus S
Potato latent virus
Potato leafroll virus

Abbrev.
AMV
PVM
PVS
PotLV
PLRV

Pomovirus

Potato mop-top virus

PMTV

Potexvirus

Potato virus X
Potato aucuba mosaic virus
Potato virus A
Potato virus Y
Tobacco rattle virus
Potato spindle tuber viroid

PVX
PAMV
PVA
PVY
TRV
PSTVd

Potyvirus
Tobravirus
Pospiviroid

Distributions
AB, NB, ON
All provinces
All provinces
Unknown
All provinces
AB, MB, NB, NS,
NL, ON, PE, QC
All provinces
NB
All provinces
All provinces
AB, BC
Absent

a

This table was modified based on national surveys of potato viruses, potato post-harvest
virus testing, virus testing in the Seed Potato Certification Program and seed potato
export, and published data of potato viruses detected in Canada (Xu 2003).

1.2.1

Virus versus viroid

Viroids used to be misconceived as viruses during past studies because both induce
similar pathological effects and proceed with similar transmission modes among plants
(Singh et al. 2006). Adolf Mayer and Dimitri Ivanovsky discovered Tobacco mosaic
virus (TMV) towards the end of the 19th century and described it as a non-bacterial
infectious disease. In 1898, Martinus Beijerinck categorized TMV as a virus (Astier et al.
2001). In contrast, PSTVd was the first discovered plant viroid during the 1960s. As a
novel class of pathogen, viroids were studied and reviewed extensively in the early 1970s
to 1980s (Singh 1984).
Viruses are infectious and potentially pathogenic parasites. Since the energy viruses need
is provided by cellular metabolites, the survival, replication and spread of viruses are
entirely dependent on cellular life forms (Koonin et al. 2006). For example, viruses use
the host's cellular machinery to translate viral RNA into functional proteins. This
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relationship can be described as an "integrated biological system" (King et al. 2000).
Viruses exist in different shapes, and each viral particle has a capsid to enclose its genetic
material. The viral genome can be either DNA or RNA, single-stranded or
double-stranded, and positive sense or negative sense depending on the type of the virus
(Astier et al. 2001).
Conversely, viroids are the smallest known plant pathogen. Viroids are unencapsidated,
circular, and single-stranded RNA molecules (Owens 2007). Unlike viruses, viroids
neither have a capsid nor contain the machinery for protein synthesis. Conveniently,
viroids can manipulate host enzymes for self-replication without synthesizing structural
or functional proteins, which is considered one of the most efficient and sophisticated
"molecular plant parasites" (Hadidi et al. 2003). Without the presence of coat protein,
viroids cannot be detected by serological methods, such as ELISA. Thus, only molecular
methods for detecting the viroid RNA genome could be applied for screening purposes.
Under native conditions, a viroid resembles a double-stranded RNA with a rod-like
structure due to the presence of extensive intra-molecular complementarity. In contrast,
under denaturing conditions, a viroid becomes a circular and single-stranded RNA
molecule (Singh 2014). Based on the feature of changing confirmation during native and
denatured conditions, R-PAGE was initially developed and successfully applied to
separate and detect the PSTVd RNA genome among the presence of host RNA (Morris
and Wright 1975).
1.2.2

Virion architecture

Viral particles (virions) are composed of nucleic acids (DNA or RNA) that are
surrounded by the capsids and sometimes enveloped by an outer lipoprotein membrane
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(Matthews 2012). Virions are very small, which are measured in nanometres (10-9 m)
compared to micrometres (10-6 m) for fungi and bacteria (Astier et al. 2001). Thus,
viruses are not visible under the light microscope with a resolution of approximately
0.2 µm. The use of an electron microscope (EM) can reveal virions in a variety of sizes
and shapes. The viral genome organization can be monopartite or multipartite, depending
on the packaging of genetic information into one or multiple nucleic acid molecules,
respectively. For example, Potyvirus has a monopartite genome with all genomic
information packaged into a single nucleic acid strand. Conversely, Pomovirus has a
tripartite genome with genetic information packaged into three segmented RNA
molecules.
Since viruses are very small, the most efficient and economical way to make the
relatively large protein shell for protecting the genetic information is to directly
synthesize a large number of identical small protein subunits with a symmetrical
arrangement (Crick and Watson 1956). Therefore, plant viruses generally have capsids
that are composed of one (Potexvirus), two (Comovirus) or three (Phytoreovirus) type(s)
of capsid proteins. The capsid is formed by the repetition of capsid protein subunits
arranged with either helical or icosahedral symmetry. Many plant viruses with helical
symmetry have rigid rod-shaped structures, such as Tombamovirus and Pomovirus, or
have flexible filamentous structures, such as Potexvirus, Carlavirus, and Potyvirus
(Francki et al. 2012). Various types of isometric virions exist with icosahedral symmetry
depending on the number of protein subunits. For example, Polerovirus's capsid is
composed of three types of capsid protein (T=3) for a total of 180 protein subunits
(Terradot et al. 2001).
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1.2.3

Viral cycle

Despite the diversity in shape and structure of virions, all plant viruses with (+)RNA
genome follow a general mode of replication in the cytoplasm of the infected cells with
four overlapping steps: penetration, translation, replication, and encapsidation (Astier et
al. 2001; Bustamante and Hull 1998).
Upon viral penetration to the host, the virus uncoats itself to expose the nucleic acid for
replication. During the translation step, the (+)RNA genome can directly serve as mRNA
for synthesizing structural (such as the coat protein (CP)) and non-structural (such as the
RNA-dependent RNA polymerase (RdRp)) viral proteins. The order for the translation of
different types of protein is based on priority. For example, the RdRp protein would be
primarily synthesized for replication purposes, followed by the CP for later functions.
The replication of the viral genome involves several viral proteins and cellular
machinery, and the mode of replication differs for different viruses. Generally, the viral
RdRp protein catalyzes the formation of complementary RNA ((-)RNA) molecules that
can be used as templates for making subgenomic RNAs (sgRNA) for translation and
progeny (+)RNAs for final encapsidation. Since viruses take up the host's resources for
self-replication, their presence is often manifested as external symptoms on the host, such
as yellowing, discoloration, and stunting of growth.
1.2.4

The viral genome

Most plant viruses have (+)ssRNA genome, including Potexvirus, Carlavirus,
Polerovirus, Pomovirus, and Potyvirus. The positive-sense nature enables the genome to
function directly as mRNA for translation or entering the host cell for infection. Although
the ssRNA genome is unstable and easily degradable by ribonucleases, the formation of
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secondary structures and interaction of associated proteins could counterbalance this
weakness (Davies and Hull 1982). The genomes for plant viruses are generally small,
ranging from 4 kb(p) to 15 kb(p) that code for four to 12 proteins. The common proteins
for RNA viruses include the RdRp, capsid or coat protein (CP), and movement protein
(MP) (Drugeon et al. 1999).
Many plant viruses with ssRNA genome have terminal structures toward the 5' and 3'
ends for regulation or recognition purposes. In the 5' end, the presence of the 5' cap
(m7G: methylated guanosine in position 7) or 5' VPgs (genome-linked viral protein) is
most common. The 5' cap structure is believed to associate with the initiation factors on
the 40S small ribosomal subunit to initiate the translation process, protect RNAs from
exonuclease activities, and enhance infectivity for some viruses (Sonenberg et al. 1978).
In contrast, the VPg is a small viral-coded and intrinsically disordered protein (IDP)
covalently linked to the RNA (Jiang and Laliberté 2011). The high structural flexibility of
VPg enables it to interact with many other protein partners for different purposes. For
example, the 5' VPg can function as an alternative cap-like structure by forming a ternary
complex with the initiation factors on ribosomal subunit for translational initiation
(Miyoshi et al. 2006); or in some plant viruses such as the Potyvirus, the VPg also
contribute to virus-host interaction for systemic infections (Rajamäki and Valkonen
2002).
In the 3' end, the poly(A) tail or tRNA-like structure is the most common. Viruses with
both the 5' cap and 3' poly(A) tail, such as the Potexvirus and Carlavirus, imitate the
eukaryotic translation strategy by forming a closed loop (Hentze 1997). The loop
involves the binding between the poly(A) binding protein (PABP) and the 3' poly(A) tail,
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the interaction between the initiation factors on the 40S ribosomal subunit and the 5' cap,
and stabilized by the inter-protein interactions (Le et al. 1997; Pestova et al. 2001).
However, more than 80% of plant viruses with (+)ssRNA genome do not have mRNAs
structured as the host mRNAs (King et al. 2000). For example, PLRV is a Polerovirus
that has a 5' VPg without a 3' poly(A) tail. Instead, PLRV incorporates a 3' adenosine (A)
stretches that function as a poly(A) tail (Syller 1996). On the other hand, PMTV is a
Pomovirus that has a 5' cap with a 3' tRNA-like structure that resembles a tRNA for
aminoacylation to accept specific amino acids (Matsuda and Dreher 2004). The
tRNA-like structure is believed to act as a translational enhancer that directly recruits
translation factors for bridging between the 5'- and 3'- ends (Dreher and Miller 2006).
1.2.5

Viral gene expression strategies

The small size of the viral genome reflects the extreme compactness and efficient use of
viral genetic information. The coding sequences are usually tightly packed or even
overlapped in different reading frames without separation by intergenic regions.
Although some non-coding regions exist, they generally have regulatory functions
involving genome replication, transcription, or translation (Matthews 2012). Even if viral
mRNAs often code for several genes, the host's protein-synthesis system only reads the
first of them because all eukaryotic cells employ monocistronic mRNAs. In order to
overcome this constraint, plant viruses incorporate several gene expression strategies to
ensure the synthesis and regulation of all viral proteins (Bustamante and Hull 1998).
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Figure 1.1. Schematic representation of the tripartite genome organization of Pomovirus
(Hulo et al. 2011). The RNA1 encodes the replicase complex. The RNA2 encodes the
triple-gene block (TGB1-3) that functions as movement proteins, and the cysteine-rich
protein functions as a VSR (virus suppressor of RNA silencing). The RNA3 encodes the
coat protein (CP) and readthrough protein (RT).
Plant viruses with multipartite genomes contain one or more ORFs on each segment. For
example, PMTV is the type species for Pomovirus that has a tripartite genome with three
RNA segments (Santala et al. 2010) (Figure 1.1). The RNA1 encodes a replicase protein
that contains the RdRp (Savenkov et al. 1999). The RNA2 encodes for the triple-gene
block (TGB) with three partially overlapped ORFs that encodes for the MPs essential for
viral cell-to-cell and long-distance movements (Cowan et al. 2002; Xu et al. 2004), and
the 8 kDa cysteine-rich protein for enhancing PMTV virulence by acting as a host RNA
silencing suppressor (Beuch et al. 2015; Lukhovitskaya et al. 2005). The RNA3 encodes
for the CP and readthrough protein for transmission and symptom expression
(Kashiwazaki et al. 1995; McGeachy and Barker 2000).
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Figure 1.2. Schematic representation of the monopartite genome organization of
Polerovirus (Hulo et al. 2011). The Polerovirus employs seven open reading frames
(ORFs). The ORF0 encodes a 28 kDa P0 protein that is expressed by leaky scanning. The
ORF1 encodes for the protease (Pro) and protein 1 (P1), whereas both ORF1 and ORF2
encodes for the RNA-dependent RNA polymerase (P1-P2 RdRp) that is expressed by the
ribosomal frameshift. The P3a and the movement protein (MP) are expressed by leaking
scanning of the subgenomic RNA (sgRNA). The coat protein readthrough domain
(CP-RTD) is expressed by ribosomal readthrough via suppression of the CP stop codon.
For plants with a monopartite RNA genome, the modulation mechanism during gene
expression at the transcription level is the production of sgRNA from the genomic RNA
template (Figure 1.2). About 40% of genera produce sgRNA to express internal genes
such as CP, including Potexvirus, Carlavirus, and Polerovirus. The generation of sgRNA
is mostly accompanied by gene expression regulation at the translational level, including
initiation bypass (or leaky scanning), frameshift, and stop-codon suppression (or
readthrough) (Astier et al. 2001; Drugeon et al. 1999). These methods enable the
expression of overlapped reading frames or ORFs. The leaky scanning and readthrough
involve the suppression of start-codon during initiation and stop-codon during the
termination of the translational process, respectively. The frameshift happens during the
elongation stage, leading to the synthesis of a frame and a transframe protein, both with
identical N-terminal regions up to the frameshift point (Drugeon et al. 1999). Most
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viruses employ multiple strategies at the translational level for expression regulation, and
different combinations are used based on viruses from different genera or families
(Zaccomer et al. 1995).

Figure 1.3. Schematic representation of the monopartite genome organization of
Potyvirus (Hulo et al. 2011). The Potyvirus genome encodes a large polyprotein that is
cleaved into ten smaller functional proteins by the protein 1 protease (P1-Pro), helper
component-protease (HC-Pro), and nuclear inclusion A-protease (NIa-Pro) through
post-translational gene expression regulation mechanism. The P1-Pro and HC-Pro
liberate themselves via self-cleavage (represent by the curved black arrow), and the
NIa-Pro functions as the major protease, which catalyzes the rest of the polyprotein
cleavages (cleavage sites are marked with the small reversed triangles).

In contrast, Potyvirus such as PVY and PVA employs gene expression regulation at the
post-translational level by proteolytic cleavage of precursor polyprotein (Kekarainen et
al. 2002). The Potyvirus genome encodes for a large polyprotein that is cleaved into ten
smaller functional proteins via three viral proteases: protein 1 (P1-Pro), helper
component-protease (HC-Pro), and nuclear inclusion A-protease (NIa-Pro) (Hämäläinen
et al. 2000). The P1-Pro catalyzes the autoproteolytic cleavage between itself and
HC-Pro and stimulates HC-Pro to enhance viral pathogenicity and multiplications
(Urcuqui-Inchima 2001; Yang et al. 1998). In addition to the protease activity, HC-Pro is
also a gene silencing suppressor with multiple functions, involving vector
transmissibility, viral propagation, genome amplification, and symptom expression on the
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host (Blanc et al. 1998). Among all three proteases, NIa-Pro is the one that catalyzes the
majority of polyprotein cleavages (Kekarainen et al. 2002).
1.2.6

Route of viral transmission

Plant viruses can be transmitted in two major routines. One is the internal or vertical
transmission routine, meaning the transmission through generations of the initially
infected plant (Astier et al. 2001). This mode of transmission is common for the
worldwide dissemination of viruses via international seed trade. With emerging
globalization, vertical transmission leads to the introduction and outbreak of foreign
viruses into new geographic locations. Since potato production is mainly through
vegetative propagation and potato viruses are essentially all tuber-perpetuated, the viruses
tend to persist in seed potatoes (Crosslin and Hamlin 2011). Therefore, all parts
(including potato tubers and plantlets) from systematically infected mother plants used
for vegetative propagation have the potential to pass on the viruses to their progeny.
However, only a limited number of viruses or viroids can transmit through the true potato
seeds (TPS), such as PVT (Potato virus T), PSTVd, AMV (Alfalfa mosaic virus), APLV
(Andean potato latent virus), and TSV (Tobacco streak virus) (Xu 2013).
The other is the external or horizontal transmission routine that involves a third agent,
meaning the transmission between different plants via vectors or mechanical ways.
Mechanical transmission via grafting and inoculation are standard practices used in the
laboratory for research. In the field, highly stable viruses can be transmitted from infected
to healthy plants via direct or indirect contact through foliage or roots (Lico et al. 2015),
especially for Potexvirus (such as PVX), which is exclusively transmitted in nature via
mechanical means due to its high concentration in infected plants. Thus, unsanitary field
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equipment and practices may accelerate PVX dissemination among high-density potato
crops.
Furthermore, vector transmission via fungi, nematodes, insects, and other animals are
most common for other plant viruses, including Carlavirus, Polerovirus, Pomovirus, and
Potyvirus. For example, PMTV as a Pomovirus is naturally transmitted by zoospores of
the fungus Spngospora subterranean through soil-contamination. S. subterranean is the
causal agent of potato powdery scab lesion on tubers, which can persist in the soil as
resting spores and remain infective for up to 18 years (Beuch et al. 2015; Xu et al. 2004).
High levels of soil moisture and cool soil temperature stimulate the germination of
resting spores, which releases the infective zoospores for introducing PMTV in the field
(Santala et al. 2010). Common insect vectors are aphids, whiteflies, leafhoppers and
thrips. Aphids are the most important ones, which account for the transmission of
approximately 80% of known plant viruses, especially the green peach aphids (Myzus
persicae) (Nault 1997; Radcliffe and Ragsdale 2002). Plant viruses can be classified as
circulative or non-circulative viruses based on whether the virus circulates within the
aphid's body upon acquisition, which depends on the aphid's feeding behaviour (Astier et
al. 2001). Before actual feeding, aphids would probe the foliage superficially in a fast and
repetitive way to "taste" the plant. This short-term probing behaviour contributes to the
transmission of non-circulative viruses. If the host provides appropriate cues for feeding,
the aphid then inserts its stylet all the way to the phloem, where the circulative viruses
would be acquired.
Most plant viruses are transmitted by aphids in a non-circulative manner (Fereres and
Moreno 2009). For example, the Carlavirus (such as PVM, PVS, and PotLV) and
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Potyvirus (such as PVY and PVA) are mainly transmitted by aphids in a non-circulative
and nonpersistent manner in nature (Radcliffe and Ragsdale 2002). One of the
consequences of this mode of transmission is acquiring and transmitting the viral
particles in a few seconds without any latent period, which leads to fast and efficient viral
dissemination in the field (Ng and Falk 2006). Through time, the aphid would rapidly
lose its viruliferous capacity. During non-circulative transmission, the viral particles stay
in the aphid's stylet by the specific interaction between viral proteins and vector
receptors. In the case of Potyvirus, HC-Pro mediates the interaction between viral CP and
the receptor in the cuticle of the aphid stylet tip (Syller 2005). Generally, non-circulative
viruses can be mechanically inoculated under experimental settings and systematically
infect the host plant for research purposes (Astier et al. 2001).
In contrast, viruses transmitted by the circulative manner are often linked to phloem
tissues, which cannot be transmitted mechanically (such as inoculation) (Astier et al.
2001). For example, PLRV is the type species of Polerovirus, a phloem-limited virus that
is exclusively transmitted by aphids in a circulative, persistent, and non-propagative
manner in nature (Lee et al. 2005; Mondal et al. 2017). At least 11 aphid species are
known to transmit PLRV, whereas M. persicae is the most effective (Radcliffe and
Ragsdale 2002). Once aphids acquire PLRV during feeding on the plants' phloem, PLRV
particles pass from the digestive tube into the hemolymph of the aphid for circulation
(Syller 1996). After circulating for around two days, PLRV particles enter the salivary
glands to infect new hosts during feeding (Syller 1996). Hemolymph functions as a
reservoir for the viral particles to ensure PLRV's infectivity during aphid's lifespan
without replication (Hogenhout et al. 1998). The protein symbionin (produced by a
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primary endosymbiotic bacterium of the aphid) is responsible for the longevity of
infective PLRV particles inside the aphid's hemolymph, where the symbionin-PLRV
complex is protected from proteolysis (Hogenhout et al. 1998; van den Heuvel et al.
1994). Transmission of PLRV by aphids can be enhanced by elevated temperature
because of the shortened latent period between viral ingestion and egestion, and the
higher accumulation rate of viral particles in the aphids (Syller 1996).
Aphids have high reproduction potential as 97% of aphid species can reproduce in both
sexual and asexual (parthenogenesis) ways for generating both winged and apterous
progenies (Blackman 1981). Although most aphids species have restricted host ranges,
the aphid species that colonize potato crops show annual alternation of host plants from
the primary (overwinter) host (such as a tree or woody shrub) to secondary (summer)
hosts (such as herbaceous plants) (Eastop 1986; Radcliffe and Ragsdale 2002). Typically,
the secondary hosts cover a broader range of species, from common weeds to
economically important crops. For example, the M. persicae is known to have more than
875 secondary hosts, such as potato, tomato, corn, eggplant, and abundant weed species
(Leonard et al. 1970; Tamaki 1981). Additionally, the migrations within and across fields
of winged progeny enable the spatial dissemination of aphid's population and viruses.
1.2.7

Synergetic effect of co-infection

Sometimes, singly infected plants only produce mild symptoms or are symptomless.
However, the synergetic effect from mixed infections commonly magnifies the disease
symptoms with the increasing accumulation of one or both viruses, which induce severe
yield loss of potato crops. For example, PVS mostly induces a very mild symptom on
infected potatoes depending on the PVS strain type and potato varieties (MacLeod 1962).
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However, the co-infection of PVS with PVY, PVM, PVA, or PVX can induce worsened
symptoms, leading to an 80% yield reduction in potato tubers (Duan et al. 2018). Many
such synergistic diseases in potato crops involve Potyvirus and Carlavirus with viruses
from the same or a different genus (Pruss et al. 1997).
One of the best-studied plant viral synergisms is the co-infection of PVX and PVY. The
synergetic disease symptom is characterized by severe vein clearing and necrosis,
resulting in a 3- to 10-fold increase in PVX concentration compared to singly infected
plants (Pruss et al. 1997). Several factors contribute to the increase in PVX concentration
upon double infection with PVY, the sequence of inoculation, strains of PVX involved,
and the temperature or season involved during double-infection (Rochow & Ross, 1954).
In the case of inoculation sequences, only plants infected with PVX first or plants
simultaneously infected with PVX and PVY can increase the overall PVX concentration.
That is induced by the rapid multiplication of PVY (Rochow and Ross 1955), where the
HC-Pro of PVY is believed to enhance the pathogenicity and accumulation of PVX
(Pruss et al. 1997). In the case of the strain types involved, common PVY strains have the
same effect on PVX multiplication. However, mild strains of PVX showed a more
considerable increase in double infection than severe strain types (Ross 1950). In the case
of seasonal factors, spring (April, May, or June) or sometimes the fall results in the
highest relative increase of PVX concentration that produces the most severe symptoms,
and this is because the proper balance of high and low temperatures is essential for the
multiplication of PVX and PVY. During spring, the warm days would favour the
multiplication of PVY, and the cool nights would enhance the multiplication of PVX
(Rochow and Ross 1955). Due to PVX synergism with other viruses showing worsened
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symptoms that lead to more severe yield loss than either virus alone, PVX becomes one
of the common pathogens with important economic impact (Lico et al. 2015).
Another classic example of co-infection from a transmission point of view is the
co-infection of PLRV and PSTVd, contributing to the transmission of PSTVd by
M. persicae (Singh and Kurz 1997). Generally, PSTVd is rarely transmissible by insect
vectors like aphids, which made the eradication of PSTVd in the field possible (Singh
2014). However, when the plants are co-infected with PLRV and PSTVd, PSTVd can be
transmitted by M. persicae to potato plants with a 100% success rate (Salazar 1995). One
possible explanation for this phenomenon is the heterologous encapsidation of PSTVd
into the PLRV virion during double infection, which protected PSTVd from degradation
by the ribonucleases in the aphid body (Querci et al. 1997). Crops and weeds co-infected
with multiple viruses and viroids are abundant in nature. This transmission route enables
the long-distance dissemination of PSTVd, which substantially facilitates the spread and
reduces the control possibilities of the viroid.
1.3

Management of potato viral and virus-like diseases

The epidemics of potato late blight illustrated the devastating consequences of plant
disease outbreaks, which stimulated the development of disease management strategies
(Burton 1966). With the emerging globalization of the seed trade and continuous
monoculture of genetically similar plants, economically important crops become
susceptible to destructive pathogens. Thus, the three main features of the disease
management strategies are producing virus-free seed lots through international
legislation, disturbing the activity or efficiency of vectors, and breeding for resistant
cultivars (Astier et al. 2001).
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Viral infections for plants are incurable. Once a plant is systematically infected, it will
either die or remain infected for its lifetime. With the presence of vectors, or possible
human disposal in the field, diseased plants can potentially infect other healthy
individuals in the field. Thus, one of the most efficient viral control strategies is to ensure
the production and use of high-quality and disease-free seed. The virus-free seed lots
include potato nuclear stocks, TPS, and vegetative propagules. Based on legislation from
different countries, the seeds need to be commercialized with a contamination rate that is
guaranteed to be below a defined or regulatory threshold. In Canada, the Seed Potato
Certification Program is employed to produce disease-free seed in a controlled and
sanitary environment (Xu 2013). Otherwise, disease-free vegetative propagules can also
be produced from healthy or infected plants, through sanitary selection with
thermotherapy or meristem tip culture (Astier et al. 2001). Thermotherapy involves the
use of high temperatures to eliminate diseases or recover infected plants because
temperatures close to 40 ºC can reduce or completely stop viral multiplication but still
keep the plant alive (Dawson 1976; Faccioli 2001). On the other hand, since the shoot
apical meristem of an infected plant is free from viruses, meristem tips for tissue culture
enable the regeneration of a healthy version of the mother plant (Grout 1999).
Management strategies from the vector control perspective are mostly taken at the field
level. The use of sanitary field equipment and incorporation of standard field practices
can reduce the dissemination of mechanically transmissible viruses such as PVX and
PVS. Since weeds can act as virus reservoirs for crop infections, frequent weed control
with careful weeding or appropriate use of herbicides can help eliminate virus sources in
the environment (Harker and O'Donovan 2013). Periodic crop-rotation can preserve soil
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nutrition and break the viral cycle, contributing to the reduction of soilborne viruses such
as PMTV (Bullock 1992). Furthermore, insecticides or pesticides can help eliminate viral
transmissions by reducing the population density of insect vectors in the field. However,
the application frequency should be limited because insecticide-resistant could be
developed for certain vectors, and some insecticides could be harmful to human or animal
health (Mohamed et al. 2009). For viruses transmitted by aphids in a nonpersistent
manner (such as PVY and PVA), foliar spray of mineral oil could be an ideal control
method by disturbing vector efficiency, as up to 65% reduction of PVY can be
accomplished with the use of both mineral oil spray and border crop strategies (Nie et al.
2013).
From the perspective of genetics, the management strategy is breeding for resistant
cultivars, including the mild strain cross-protection (MSCP) and the production of
genetically modified crops (GMO/GM crops). Infecting a susceptible plant with a viral
strain showing only the mild symptom could prevent it from getting infected by the
severe strain of that virus, which in turn would limit yield and quality losses. However,
the biggest concern for this strategy is the synergetic response of co-infections. For
example, double infection of PVY with mild PVX strains shows a greater relative
increase in PVX concentration than that with severe PVX strain types (Ross 1950).
Conversely, genetic engineering for GMO crops can rapidly transfer desired resistance
genes into a genotype with high specificity (Astier et al. 2001). Currently, this becomes
the most popular breeding method, not only for producing resistant cultivars but also for
generating cultivars with desired phenotypic traits (Mori et al. 2015).

23

1.4

The Seed Potato Certification Program in Canada

The Seed Potato Certification Program was initially introduced in Prince Edward Island
and New Brunswick in 1918 and became effective in all Canadian provinces by 1924
(CFIA 2013). One of the most recognizable pioneers for establishing the framework for
this program was Dr. H. T. Gussow, and the initial framework (including isolation,
exclusion, treatment, and regulation) is still in practice. The current program falls under
the Seed Act's legislative authority and the Seeds Regulations Part II to ensure the supply
of certified (high-quality and disease-free) seed potatoes with high varietal integrity to
Canadian growers.

There are eight classes of seed potatoes under this program, classified based on the
number of generations in the field. This program employs a flush-through system with a
fixed number of generations of seedstocks to limit pathogens' exposure over time. The
initial input is the nuclear stock class produced by in vitro tissue culture grown under
aseptic and protected environmental conditions. The subsequent seven classes are all field
generations, from Pre-Elite (1st generation) to Certified (7th generation) class. Moreover,
there are four sub-programs under the Seed Potato Certification Program that target
different sources or stages of seed potato production for a complete pathogen control
from all aspects. The Potato Post Entry Quarantine (PPEQ) Program focuses on testing
potato germplants (in vitro plantlets and mini tubers) imported to Canada. The Nuclear
Stock Production and Certification Program emphasizes the production and certification
of high-quality and disease-free potato nuclear stock materials, which is the main focus of
this research. The Field Inspection and Certification of Seed Potato Program focuses on
visual inspections and sampling in the field during the growing season, which involves
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the interaction between CFIA inspectors and potato growers for the actual certification
processes. The Post-harvest Testing Program is responsible for exporting Canadian seed
potatoes to foreign markets (except for the mainland of the United States) since the other
countries require laboratory testing reports for the pathogens of their respective interests.
In terms of the laboratory testing of virus and virus-like agents, there are eight viruses
(including PVA, PVM, PVS, PVX, PVY (all strain types), PLRV, PMTV and PotLV)
and PSTVd targeted under this program. All classes of seed potatoes are required to be
free from PSTVd contamination. There is zero-tolerance for any targeted viruses for the
Nuclear Stock, Pre-Elite, and Elite I classes, while the subsequent classes have increased
tolerance for total viruses throughout generations.
1.4.1

Nuclear Stock Certification Program

Since the seed potato production is solely based on the continuous input of qualified
potato nuclear stock materials, the certification process of the nuclear stock class seed
potatoes is strictly controlled (CFIA 2015; CFIA 2018). The in vitro plantlets need to be
visibly free from any diseases that could affect the quality of the material. Negative
laboratory testing for the eight targeted viruses and PSTVd within the past 12 months is
also required to maintain the nuclear stock status.
There are three phases involved in producing nuclear stock materials: initiation,
maintenance, and multiplication, followed by the final certification phase. All production
phases need to be carried out in an aseptic environment free from contaminations (for
example, in vitro tissue culture in test tubes) or a protected environment. The protected
environment needs to be aphid-proof, such as the growth chamber or greenhouse
(biocontamination level II). Additionally, all nuclear stock materials must be planted in a
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soil-free medium that has not been previously used. Materials from each phase need to be
clearly labelled and physically separated.
In order to be certified as nuclear stock class seed potatoes, the grower must apply for an
inspection and pay the applicable fees. All testings need to be conducted by CFIA
accredited laboratories. The testing results for all targeted viruses and PSTVd must be
negative for each plantlet, and the results are valid for 12 months. For plantlets that are
positive for any targeted viruses, the crop may be downgraded to another class of seed
potato depending on the percentage of plantlets infested within a variety or clone (crop).
However, for plantlets positive for PSTVd, or with a percentage of plantlets infested
higher than the regulatory threshold for seed potatoes, the infected variety or clone will
not be eligible for the certification, or the certification will be revoked. The infected
material should also be immediately discarded from the facility, followed by an
investigation of possible causes.
1.4.2

Regulatory testing of potato viruses and viroids

Currently, the Nuclear Stock Certification Program employs double and triple antibody
sandwich enzyme-linked immunosorbent assays (DAS- or TAS-ELISA) and
return-polyacrylamide gel electrophoresis (R-PAGE) for detecting the targeted viruses
and PSTVd, respectively (CFIA 2018).
Serological methods like ELISA have been used quite extensively for the diagnostics of
well-studied viruses based on the availability of pathogen-specific antibodies (Clark and
Adams 1977). ELISA is relatively inexpensive and straightforward, which enables the
detection of a large number of samples on a single plate. However, due to its lower
sensitivity, at least 200 µl to 400 µl (TAS-ELISA for PMTV detection) or 400 µl to
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800 µl (DAS-ELISA for other viral targets) of plant sap is required for duplicated to
quadruplicated testing under diagnostic conditions. In terms of specificity, ELISA often
fails to distinguish between closely related strain types with distinct phenotypic
characteristics because the strain-specific characteristics are mostly not reflected within
the coat protein region (Boonham et al. 2014). Additionally, ELISA has no multiplex
option as only one type of virus can be examined in one plate. Thus, the overall testing of
all eight targeted viruses would be time-consuming.
The R-PAGE is employed for screening PSTVd because viroids are not protein-coated as
they lack machinery for protein synthesis. Therefore, the serological detection methods
targeting the coat protein of viruses do not apply to viroids. R-PAGE is a molecular
method that detects PSTVd based on the difference in viroid confirmation under native
and denaturing conditions (Singh et al. 1991). R-PAGE is slightly more sensitive than
ELISA, as up to 25 potato microplants could be bundled together for each testing (Singh
et al. 1991). However, R-PAGE is relatively more complicated to perform, as it takes at
least three days to complete. The R-PAGE experiment is associated with various
hazardous chemicals, such as silver nitrate, formaldehyde, and acrylamide, that have
acute toxicity to human health (possible mutagens and/or carcinogens) and the
environment (silver nitrate waste leads to silver contamination in water).
1.5

Virus and viroid detection technologies

Bioassays are one of the traditional diagnostic methods based on morphological
characteristics to detect mechanically transmissible viruses and viroids. Bioassays
involve using grounded-saps from the accession plants for inoculating the specified
indicator plants to observe the symptoms developed. There are currently 19 indicator
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species employed within the PPEQ program, such as Nicotiana spp., Datura metel,
Solanum lycopersicum, and Capsicum annum. The observation period requires several
knowledgeable technicians to continuously monitor the plants to differentiate and record
the symptoms developed on the indicator species. The bioassay process is frequently
laborious and time-consuming, which lasts up to weeks or months from planting to obtain
the final results (Capote et al. 2012).
Molecular methods based on nucleic acid hybridization technologies have been explored
in the past to diagnose plant viruses and viroids, such as the dot-blot hybridization and
the DNA microarray. However, the DNA microarray is not commonly considered in
diagnosis from the cost-effectiveness and feasibility for routine-use perspectives. In
contrast, the detection of pathogen's genetic material has been used extensively in recent
years for studying plant viruses, including PCR-based methods and NGS
(next-generation sequencing) (Pallás et al. 2018). PCR-based procedures have high
sensitivity from in vitro amplification of targeted DNA fragments and high specificity
from the use of target-specific primers (Henson and French 1993; Singh and Nie 2003).
On the other hand, NGS is one of the most influential technologies on the market that has
evolved rapidly in recent years. As a high-throughput and unbiased technology, NGS
enables the de novo detection of pathogens in the host without prior knowledge of their
existence (Adams et al. 2009; Barzon et al. 2011).
Generally, molecular-based methods provide more reliable and highly reproducible
results compared to traditional diagnostic methods, which facilitate plant disease
management by accurate and early detection (Martin et al. 2004). In particular, early
detection effectively stopped further spreading and introducing new pathogens into
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foreign areas (Mirmajlessi et al. 2015). However, one of the most notable disadvantages
of molecular-based diagnostic methods is the requirement of expensive equipment and
reagents. Even so, by accounting for the additional costs for labour and antibody
developments, molecular-based methods may have long-term saving benefits compared
to the serological-based methods. For example, PCR-based procedures are time-saving
(more straightforward experimental setup and faster to obtain the results) and enable
high-throughput testing (higher sensitivity and option for multiplexing), which will likely
result in a relatively lower per-sample cost (Boonham et al. 2014). Furthermore,
molecular-based methods have more extensive applications (for detecting viruses, fungi,
nematodes, bacteria) and are quicker to establish during an outbreak, whereas developing
antibodies for novel viruses is time-consuming and expensive (Boonham et al. 2014).
1.5.1

RT-PCR based diagnostic methods

Conventional PCR diagnostic methods for viral detection were first published in the early
1990s (Vunsh et al. 1990) and have been used extensively in recent years for plant
diagnostics. Unlike ELISA, PCR only requires a very small amount of DNA input to
create millions of copies of targeted DNA through the exponential amplification process,
in which as little as 1µl of tissue sap from a microplant or 1pg of total RNA extract was
sufficient for reliable RT-PCR detection. Since all the targeted viruses and PSTVd have
RNA genomes, reverse transcription (RT) reaction is required prior to the PCR reaction
to convert the extracted RNA into cDNA (complementary DNA) templates. Thus,
RT-PCR based methods are used for diagnosing pathogenic species with RNA genomes.
The key ingredients for successful PCR amplification are DNA template, Taq (Taq
polymerase), MgCl2 (magnesium chloride), dNTPs (deoxynucleotide triphosphates), PCR
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reaction buffer, and primer pairs. The Taq is a thermostable DNA polymerase that
originated from the bacterium Thermus aquaticus, which lives in hot springs and
hydrothermal vents (Chien et al. 1976). The addition of MgCl2 functions as a Taq
enhancer, which promotes Taq's enzymatic activity. With the favourable reaction
conditions provided by the PCR reaction buffer, Taq adds complementary nucleotides to
the ssDNA template targeted by the primer pairs.
During PCR amplification, the primer-targeted region on the DNA template would be
made into millions of copies to detect the existence of the targeted pathogen. There are
four stages involved in the PCR reaction: initial denaturation, thermal cycling, final
extension, and an indefinite hold. The thermal cycling stage comprises three repeated
steps (denaturation-annealing-extension), which is when the amplifications occur. The
short initial denaturation stage helps fully denature the dsDNA templates into ssDNA.
During the annealing step, the primers anneal to the ssDNA template. The optimum
annealing temperature (Ta) is primer-dependent, which can be calculated based on the
melting temperature (Tm) of the primer pair and optimized by gradient PCR. After the
forward and reverse primers anneal to the targeted region on the ssDNA template, the
Taq adds the complementary bases based on the template during the extension step.
Different commercially available Taq polymerases require different extension
temperatures and time, based on the manufacture techniques and extension rate. The
thermal cycling stage is generally composed of 25 to 35 cycles based on the quality and
quantity of DNA inputs. The final extension stage ensures that all ssDNA are fully
elongated, followed by an indefinite hold stage for the short-term storage of the PCR
products in the thermal cycler.
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After obtaining the PCR products, agarose gel electrophoresis is commonly used for postPCR analysis. During the electrophoresis process, the negatively charged DNA fragments
migrate to the positive electrode, where the migration rate is size-dependent (smaller
fragments move faster compare to the larger fragments). With the addition of
DNA-binding dye when making the agarose gel, the amplified DNA fragments can be
visualized as PCR bands. For example, EtBr (ethidium bromide) is a commonly used
fluorescent tag for staining PCR bands to be visualized under UV.
1.5.2

One-step versus two-step RT-PCR

Since both RT reaction and PCR are involved in the RT-PCR process, both reactions can
be performed in one step or two steps. One-step RT-PCR obtains the RNA input and
directly produces the PCR product, which is convenient to perform with minimal
handling. The bench time is highly reduced by combining both reactions, which
profoundly reduces the contamination rate and human errors. However, one-step RT-PCR
commonly requires RNA with higher quality and quantity due to its full dependency on
the initial RNA input. Under diagnostic conditions, one-step RT-PCR is more
complicated to troubleshoot without cDNA stock for future examinations.
In contrast, the two-step RT-PCR is more controlled and flexible. Although more bench
time is required to produce cDNA stock by a separated RT reaction before PCR
amplification, the two-step RT-PCR is potentially more efficient due to the production of
cDNA stock with a higher yield for downstream applications or future uses. Furthermore,
using cDNA stock from one RT reaction for multiple PCR reactions makes it easier for
result comparisons because the reaction variability and failure are solely limited to the
PCR step, which simplifies any required troubleshooting.
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1.5.3

Multiplex RT-PCR

Uniplex RT-PCR procedures only enable the detection of one target at a time, which
could be time-consuming and laborious to perform for all nine targets under the Nuclear
Stock Certification Program. Conversely, these limitations can be overcome by multiplex
RT-PCR (mxRT-PCR) based procedures that allow simultaneous detection of multiple
targets in a single assay. Multiplex RT-PCR further reduces the timeframe and cost for
diagnostic testing, with improvement in the detection efficiency and feasibility for routine
use (James et al. 2006).
One of the limitations of the mxRT-PCR based procedure is that its sensitivity is
influenced by the number of targets, which is the number of different primer pairs present
in the cocktail (Pallás et al. 2018). Since 2005, 91.4% of the published mxRT-PCR based
procedures target two to five pathogens (Pallás et al. 2018), and the presence of less than
five different primer pairs in a cocktail does not affect the detection limit, but seven does
(Sanchez-Navarro et al. 2005). Moreover, the presence of more primers increases the risk
of forming primer-dimers and non-specific PCR amplicons. Additionally, the inclusion of
too many targets would make it hard to differentiate the size-specific amplicons during
post-PCR analysis. Depending on the amplicons' size and electrophoretic mobility during
agarose gel electrophoresis, a minimum size difference of 50 bp is preferred to clearly
separate amplicons between 100 bp and 500 bp on a 1% to 2% agarose gel (Shen et al.
2010). Electrophoresis performed with a higher concentration agarose gel and newly
made running buffer under lower voltage may improve the separation of close amplicons.
Furthermore, the use of high-resolution capillary electrophoresis, such as the QIAcel,
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enables the discrimination of amplicons that are very similar in size (1 to 20 bp) (Sint et
al. 2012).
One of the most critical factors in mxRT-PCR design is to balance the primer efficiency
for even amplification of targeted PCR products. Primers with annealing temperatures of
55 ºC or higher are preferred because higher Ta yields less non-specific amplicons
(Henegariu et al. 1997). Theoretically, in order for the primers to work together in one
reaction to evenly amplify the targeted products, they need to have primer length (18 to
24 bp), GC content (35% to 60%), and optimum Ta in similar ranges. Although the
produced PCR amplicons need to vary in size for differentiation purposes, this variation
should be in a reasonable range to avoid over-amplification of the shorter fragments
(< 100 bp) and insufficient amplification of the longer fragments (> 600 bp). However,
with all the conditions met, it is still very likely that the primers would vary in efficiency
under realistic scenarios. Therefore, the concentrations for each primer pair in the
cocktail need to be adjusted carefully to compensate for this variation (Sint et al. 2012).
Overall, there are many variations and uncontrollable factors that need to be considered
interactively for successful multiplex RT-PCR amplification under practical conditions.
For example, total RNA extractions from different plantlets contain target RNAs in
different yields, which produce template cDNA in various copy numbers during the RT
reaction. Thus, the variation in the initial input for mxPCR amplification would result in
over- or under-representation of certain products. However, the primer concentrations can
be adjusted based on viral properties to make up for this variation. Since PVX typically
exist in higher copy numbers in infected plantlets, the PVX primer concentration can be
lowered to avoid over-amplification of PVX products. Conversely, total RNA extraction
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often yields lower copy numbers of PSTVd due to its dsRNA-like nature. A higher
PSTVd primer concentration is required to increase primer binding efficiency for even
amplification during multiplexing.
1.5.4

RT-qPCR based diagnostic methods

Real-time quantitative RT-PCR (RT-qPCR) is a one-step up from qualitative RT-PCR.
The addition of sequence-specific probes introduces an additional level of specificity
because a fluorescent signal is only generated when the probe hybridizes to its target
(Bustin and Nolan 2004). As for higher sensitivity, RT-qPCR enables the detection of
targets that are hard to extract or are present at low inoculum load in the host. The
detection limit of RT-qPCR is lowered to as little as a few molecules (Mirmajlessi et al.
2015; Pallás et al. 2018). One of the best advantages of RT-qPCR is its ability to quantify
product amplification in real-time by measuring the change in fluorescence level. During
the elongation process of the probe-based RT-qPCR for the detection of targeted
pathogens, the polymerase would degrade the probe to release the fluorescent reporter
from the quencher. The emitted fluorescence from this process would be measured for
nucleic acid quantification purposes. This property enables RT-qPCR not only to be used
to diagnose specific pathogens but also quantify gene expression.
The availability of various fluorescent dyes with different emission wavelengths makes
the multiplexing option possible for RT-qPCR, which further reduces the time and cost
for the analysis (Mirmajlessi et al. 2015). However, the number of detection channels
employed by the chosen qPCR equipment limits the number of pathogens that could be
multiplexed together in one reaction (Nikitin et al. 2018). Moreover, the ability to
accurately differentiate several targets in one reaction highly depends on the potential of
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the qPCR equipment to discriminate between fluorescent dyes with overlapping or
closely related excitation/emission spectra. For example, the Rotorgene-Q cycler
(Qiagen, Hilden, Germany) employs five detection channels. However, it still has a
pronounced cross-talking problem with the orange and red channels. Thus, during
multiplex RT-qPCR design with this equipment, targets labelled with Texas Red, Cy5 or
Quasar® 670 fluorophores should avoid putting together in one reaction. The number of
pathogens for multiplexing in RT-qPCR is generally limited to two to four pathogens to
ensure detection specificity and sensitivity at the sample time (Agindotan et al. 2007).
Furthermore, RT-qPCR eliminates the post-PCR analysis stage, which lowers the risk of
contamination and time required by decreasing the amount of sample handling (Nikitin et
al. 2018; Okubara et al. 2005). During RT-qPCR amplification, the amount of PCR
product in each cycle is reflected by the measured fluorescence. After accumulating
enough amplified products, the cycle at which the emitted fluorescence exceeds the
background fluorescence level is assigned as the threshold cycle (Ct) or quantification
cycle (Cq), where a lower Ct value correlates with higher target expression in a sample.
Therefore, RT-qPCR enables the use of extracted total RNA to directly provide the
quantitative result as Ct values for predicting the relative copy number of the
targeted-RNA. However, the requirement of a certain level of expertise for result
interpretation, the initial investment for the expensive qPCR equipment, and the higher
reagent cost (especially for the fluorescent-labelled probes) limit the use of RT-qPCR for
the diagnostics of pathogens targeted under the Nuclear Stock Certification Program in
accredited private laboratories.
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1.5.5

Next-generation sequencing (NGS)

Next-generation sequencing (NGS) is also known as massively parallel sequencing or
deep sequencing, which is a powerful and highly sensitive tool that allows for the de novo
detection and identification of known and unknown pathogens without prior knowledge
of their existence (Barzon et al. 2011; Buermans and Den Dunnen 2014). For example,
NGS can detect and identify novel plant pathogens that are not detectable with standard
diagnostic methods based on biological, serological, or molecular means (Villamor et al.
2016). Furthermore, NGS's multiplexing potential allows for the simultaneous
identification of all pathogens infecting the host plant, such as viruses, viroids, bacteria,
or fungi. Overall, the broad-spectrum and unbiased nature of the high throughput NGS
technology makes it a valuable tool for conducting genome-based research, such as
whole-genome sequencing, gene expression analysis, and metagenomics (Adams et al.
2009; Barzon et al. 2011). Nowadays, there are numerous commercially available NGS
platforms developed based on different underlying biochemistries with different
throughput, sequencing-depth and read length for various applications. Unlike the
first-generation sequencing (Sanger sequencing) that would roughly take ten years and
three billion dollars to sequence a human genome, commercial NGS platforms advance in
producing enormous amounts of data in a single instrument with high accuracy and
efficiency at a much lower cost (Schadt et al. 2010). However, the current NGS cost of
approximately USD 7500 per genome (around USD 0.07 per megabase of a DNA
sequence) (Hammill 2019) is still considered extremely high for routine diagnostics
compared to the other aforementioned methods. Fortunately, the rapid development of
NGS technology has outpaced Moore's Law with the potential for dramatically longer
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read lengths produced with shorter time and lower overall cost in the future (Barba and
Hadidi 2015; Schadt et al. 2010).
Among all commercially available NGS tools, the Illumina (USA) sequencing platform is
responsible for generating more than 90% of the world's sequencing data (Illumina 2017).
Illumina employs the sequencing by synthesis (SBS) technology to provide data suitable
for de novo assembly with applications in microbial and viral metagenomics (Barzon et
al. 2011). The SBS technology determines DNA sequences by synthesizing the cDNA
with fluorescently labelled dNTPs, enabling the sequencing of numerous clusters in a
massively parallel fashion (Schadt et al. 2010). There are four steps involved in the
Illumina NGS workflow, including library preparation, cluster amplification, sequencing,
and data analysis (Illumina 2017). During the sample preparation period for detecting
plant pathogen with RNA genomes, the host ribosomal RNA (rRNA: 25S and 18S in
plants) that accounts for approximately 80-90% of total RNA extraction need to be
depleted before converting other RNA molecules (such as mRNA that might contain
pathogenic RNA) into cDNA copies for library preparation. Each enriched and purified
cDNA library consists of cDNA with adapters linked to the ends. The adapters chosen for
cDNA libraries contain unique indices for the sequencing software to identify and
differentiate between multiple libraries. Other common motifs in the adapters are the
sequencing binding sites (bind to the cDNA) and regions complementary to the flow cell
oligos (locate toward the ends of the adapters for attachment to the flow cell for
sequencing).
Both cluster amplification and sequencing happen on the flow cell, a small glass slide
with lanes containing surface-binding oligos where the cDNA libraries are captured and
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amplified. During the cluster amplification step, the DNA fragments that hybridized to
the flow cell surface are clonally-amplified into clusters through the bridge amplification
process, which results in the formation of millions of copies of the original fragment in
the forward (original or template) and reverse (complementary) forms. After
simultaneous generation of all fragments into clusters, the reverse strands are cleaved and
washed off, leaving the forward strands tethered on the flow cell for sequencing the first
read. The Illumina SBS technology employs a typical "wash-and-scan" paradigm for
sequencing numerous DNA molecules in parallel. Each cycle starts with a flood of
sequencing reagents that are necessary for extending the ssDNA template. The binding of
the sequencing primer to the tethered template enables the DNA polymerase to
incorporate the fluorescently-tagged nucleotides into the growing chain based on
sequence complementarity. The addition of each nucleotide emits the corresponding
fluorescent signal (emission wavelength and intensity) for determining the base call.
After completion of the first read, the read products are washed off for generating the
second read in a similar manner, with the reverse strands tethered on the flow cell as the
templates. Eventually, the entire process generates millions of reads that represent all
fragments. During the data analysis step, sequences are identified and separated based on
the unique indices incorporated. Reads with similar stretches of base calls for each
sequence are locally clustered. The paired forward and reverse reads create longer
contiguous sequences (contigs), which can be aligned back to the reference genome for
identification purposes.
In the plant-pathogen diagnostics perspective, only the minority sequences that do not
align back to the host reference genome are the targets of interest. Thus, sequence
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trimming is required to eliminate short and low quality reads (Q score < 20) and adapter
sequences while preserving long and high quality reads for de novo assembly (Del
Fabbro et al. 2013). There are several commercially available software packages and
algorithms available for both trimming and assembly of contigs. For example, the CLC
Genomics Workbench (Qiagen, Hilden, Germany) is one of the most popular software for
sequence analysis with a user-friendly interface. A general bioinformatic workflow for
identifying pathogenic sequences can be designed using this software without a
background in computer science based languages such as Linux. Overall, NGS provides
robust and promising results in the form of genome sequences. However, a successful
NGS project requires expertise in both wet-lab and bioinformatics analysis to warrant
high-quality sequence data production and interpretation (Buermans and Den Dunnen
2014). For example, it is crucial to start with intact RNA molecules (RIN (RNA integrity
number) > 6 for plant samples) as initial inputs for cDNA library preparation because
degraded RNA input would negatively impact the quality and reliability of NGS output
(Nadiya et al. 2015). Furthermore, the cDNA library concentration needs to be strictly
controlled for generating optimum cluster density to avoid underclustering (not enough
reads would be generated for de novo assembly) or overclustering (image analysis
problem) during the sequencing step because both would lead to lower data output and
poor quality data for analysis (Illumina 2016). Nevertheless, the cost, complexity, and
level of expertise required for sample preparation and sequence-data analysis made NGS
less commonly used for routine diagnostics (James et al. 2006; Martin et al. 2000; Pallás
et al. 2018).
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1.6

Objectives and aims of this study

The Nuclear Stock Certification Program is employed under the Seed Potato Certification
Program to ensure the production and certification of pathogen-free and disease-free
potato nuclear stock materials (including the potato microplants and micro- or
mini-tubers). This program requires the nuclear stock class seed potato potatoes to be
absolutely free from the targeted eight viruses and one viroid, namely the PLRV, PVY
(all strain types), PVS, PVA, PVX, PVM, PotLV, PMTV, and PSTVd. However, the
currently employed ELISA (for viral screening) and R-PAGE (for PSTVd screening)
diagnostic methods under this program have low sensitivity and specificity, and require
large sample inputs for screening and are time-consuming to perform. Additionally, both
methods are involved with extensive experimental procedures and only allow for the
screening of one pathogen each time, which further prolongs and complicates the overall
diagnosing process. Conversely, these limitations can be overcome by multiplex RT-PCR
based diagnostic methods that allow for the simultaneous detection of multiple targets in
a single assay. The PCR-based experimental procedures are straightforward to perform,
and the use of target-specific primers and probes makes PCR-based diagnostic methods
highly sensitive and specific to produce promising and reliable results. Ultimately, the
multiplexing potential enables high-throughput screening that further reduces the
timeframe and cost for diagnostic testing to improve the detection efficiency and
feasibility for routine use.
There are several published mxRT-PCR and mxRT-qPCR based procedures that target
various potato viruses (Agindotan et al. 2007; Crosslin and Hamlin 2011; Khawsak et al.
2008; Nie and Singh 2001; Nikitin et al. 2018; Zhang et al. 2017). Even so, there is no
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current published procedure tailored to the eight viruses and PSTVd targeted under the
Nuclear Stock Certification Program. Therefore, the main objective of this study is to
develop, evaluate, and validate multiplex PCR-based procedures for indexing the nine
targeted pathogens in potato nuclear stock materials to improve the specificity,
sensitivity, efficiency, and feasibility for routine use. There are three specific aims under
this objective. The first aim is to evaluate various total RNA extraction procedures for
potato in vitro plantlets based on RNA quality (RIN value) analysis, RNA yield
(concentration), estimated cost, approximate time expenses, user-friendliness, and
hazardous chemicals involved. The second aim is to develop, optimize, and validate two
mxRT-PCR based procedures for screening all nine pathogens targeted under the Nuclear
Stock Certification Program. The hexaplex mxRT-PCR (6-plex mxRT-PCR or
(6X)mxRT-PCR) procedure targets the five common potato viruses, including PLRV,
PVY (all strain types), PVS, PVA, and PVX. The pentaplex mxRT-PCR (5-plex mxRTPCR or (5X)mxRT-PCR) procedure targets the four relatively uncommon pathogens,
including PVM, PotLV, PMTV, and PSTVd. Since RT-qPCR is associated with
expensive reagents and equipment, instead of using RT-qPCR for indexing potato nuclear
stocks in accredited private laboratories, the third aim is to develop and optimize three
mxRT-qPCR based procedures for confirmatory testing within the agency. In order to
ensure the accuracy of the results obtained and the primers employed in the mxRT-PCR
procedures, a secondary objective is proposed to use NGS technology for verifying the
genomic sequences of the isolates or strains used in this research and to understand strain
variations of the targeted pathogens for improving primer designs in the future.
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CHAPTER 2: MATERIALS AND METHODS
2.1

Virus and viroid isolates

The in vitro plantlets (infected and healthy) from the CFIA Charlottetown Laboratory
tissue culture inventory were mainly used for the total RNA extraction procedure
evaluations and the development and optimization of the mxRT-PCR and mxRT-qPCR
based procedures. The plantlets were obtained and maintained from previous studies or
PPEQ submissions, which had worldwide origins, including Canada, Peru, Bangladesh,
South Korea, and the United States (Table 2.1). The infected plantlets were chosen to
include as many pathogenetic strain types and isolates as possible to ensure protocols'
effectiveness. Since no PMTV infected plantlet was available in the agency, frozen
PMTV saps under -80 ˚C from tobacco plants were used instead. All in vitro plantlets
were previously screened and validated with DAS- and TAS-ELISA, R-PAGE, and
uniplex RT-PCR for viral identification purposes.
Table 2.1 Samples from the CFIA Charlottetown Laboratory inventory
Sample ID
DIA00-2260
DIA00-2261
DIA01-012
Russet Burbank
Shepody
Yukon Gold
PVA-1
PVA-2
PVA-3
PVM-1
PVM-2
PVM-4
PVS-2
PVS-5
PVX-1

Variety
Frontier Russet
Jemseg
Kennebec
Russet Burbank
Shepody
Yukon Gold
Jemseg
Shepody
Russet Burbank
A82705-1
Russet Burbank
LP90703-3
Yukon Gold
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Origin
Newfoundland
Newfoundland
Newfoundland
Elite Seed Farm
Elite Seed Farm
Elite Seed Farm
CPHL Nepean
Peru
Peru
CPHL Nepean
CPHL Nepean
Idaho Crop Improvement
CPHL Nepean
Virus Freeing
CPHL Nepean
(Continued on page 43)

PVX-3
PVX-4
PLRV-1
PLRV-2
PLRV-3
PotLV
PSTVd
PSTVd
PSTVd
PSTV-2
PSTV-3
PSTV-4
PVYn-1
PVYn-2
PYHX1
PVY-4
17-1
211a
32a
PNYN-3
23b
2a
326a
254b
PVY3-2
39-6A
PVYB strain 97BC-047
PVY3-1
PVT
PVV-2
AMV-1
APLV
APMoV
PMTV-Deb
PMTV-C.Field
PMTV-Brath
PMTV-S.Tub
TRV
TRSV
STV
PepMV

N69-478-3
HT97-006-3
Russet Burbank
LP-90729
N1653-7
Jemseg
Frontier Russet
Kennebec
40-5A
40-7A
40-8A
Scottish
Atlantic 2
Saco
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Yukon Gold
Shepody
Shepody
Shepody
Nocotiana tabacum
Nocotiana tabacum
Nocotiana tabacum
Nocotiana tabacum
Nocotiana tabacum
Nocotiana tabacum
Solanum lycopersicum
Solanum lycopersicum

(Continued from page 42)
Virus Freeing
Virus Freeing
CPHL Nepean
Virus Freeing
Virus Freeing
CPHL Nepean
Inoculated 2006 PSTVd
Inoculated 2006 PSTVd
Inoculated 2006 PSTVd
PPEQ Batch 40
PPEQ Batch 40
PPEQ Batch 40
CPHL Nepean
CPHL Nepean
New Brunswick
New Brunswick
Bangladesh
Canada
Canada
New Brunswick
Canada
Canada
Canada
Canada
New Brunswick
Canada
British Columbia
New Brunswick
United Kingdom
Peru DIA00-0017-A1
DIA03-175-1
United Kingdom
United Kingdom
DIA16-12-06
DIA16-12-06
DIA16-12-06
DIA16-12-06
Alberta
Alberta

A total of 334 samples, including 34 potato in vitro plantlets from the Agriculture
Certification Services, New Brunswick (NB-ACS), 43 RNA extracts from the Potato
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Quality Institute, PE (PE-PQI), 57 lyophilized panel samples (Challenge check samples
(CCS) and control samples) from the CFIA Charlottetown Laboratory reference unit, and
200 potato in vitro plantlets from the Fox Island Elite Seed Farm, PE (PE-FIESF) were
kindly offered for protocol validation and verification purposes.
2.2

Maintenance of in vitro plantlets

All in vitro plantlets used in this study were maintained by aseptic micropropagation on a
six to eight-week basis under the Plant Pest Containment level 2 (PPC-2) Standard. The
tissue culture event is comprised of two parts: the preparation of growth media, followed
by the aseptic micropropagation. The growth media is composed of the Murashige and
Skoog Agar (MS agar), a nutrient-based medium for growing in vitro plantlets. The MS
agar was made by combining 17.6 g of MS basal salts (Sigma Aldrich, St. Louis, USA),
120.0 g of Sucrose (Grade II) (BioShop, Burlington, Canada), 4.4 g of NaH2PO4.H2O
(sodium phosphate monobasic monohydrate) (Sigma Aldrich), 4.0 ml of thiamine-HCl
solution (100 mg of thiamine-HCl (Sigma Aldrich) dissolved in 25 ml of Milli-Q water),
36.0 g of agar (Sigma Aldrich), and 4000 ml of Milli-Q water, where the pH was adjusted
with 1N NaOH to 5.7 (Thermo Fisher Scientific, Waltham, USA). Then, the mixture was
heated until the agar was fully dissolved. Eventually, the prepared MS agar was equally
dispensed (approximately 5 ml of MS agar in each tube) into sterilized 25 mm x 150 mm
Kimax® Tissue Culture Tubes (Kimble-Chase, Milville, USA) with 25 mm transparent
plastic Magenta™ two-way caps (Sigma Aldrich) and autoclaved on liquid cycle for
15 min at 121 ºC under 17 psi. The autoclaved tube with MS agar was left to cool at room
temperature for at least 24 hours before use.
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The micropropagation event was carried out in the biosafety cabinet. The in vitro plantlet
was cut into three intermodal segments consisting of a single node with a subtending leaf.
Each segment was inserted vertically into the prepared tissue culture tube and enclosed
with the autoclaved cap. After performing micropropagation for all chosen isolates, the
resulted cuttings were placed in the Caron Diurnal Incubator (Caron, Marietta, USA) for
maintenance. The temperature and lighting were applied on a diurnal cycle with 22 ˚C for
16 hours (during daytime) and 18 ˚C for 8 hours (during nighttime).
2.3

RNA extractions

All samples were extracted in duplicates or triplicates to ensure the consistency of the
results obtained. Several factors were considered for evaluating the total RNA extraction
procedures, including the RNA quality, yield, estimated cost, approximate time expenses,
user-friendliness, and hazardous chemicals involved. The data for analyzing and
comparing the factors above were acquired in the following ways. The estimated cost per
sample was calculated based on the price indicated on the product's website or the
Product Order (PO) forms within the agency. The price was solely based on the cost of
the kits and other core reagents (such as ethanol and isopropanol) involved, excluding the
cost for 1.5 ml nuclease-free tubes, pipette tips, shipping fee, tax amount, and possible
promotions or discounts. The spin cartridge, collection tube, and recovery tube costs
involved in the column-based extraction procedures were also excluded from the price
calculation because the kits or sample kits supplied them. The minimum time required for
each sample extraction was estimated based on the manufacturer’s protocol by adding up
each required incubation period, centrifuging time, and estimated hands-on time based on
experience. The user-friendliness was graded from 0-5 (not user-friendly at all to
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extremely user-friendly) based on the number of steps involved, the level of automation,
distinctive odours involved, and ease of operation. The hazardous chemicals involved in
each extraction method were chosen based on the toxicity and hazardousness, and only
unique chemicals were identified. For example, ethanol is required in almost all RNA
extractions, which was not included in the hazardous analysis. The information on
hazardous chemicals involved in each extraction procedure was obtained from the SDS
(Safety Data Sheet). The hazardousness was graded based on the WHMIS (Workplace
Hazardous Materials Information System) standards.
In order to maximize RNA integrity, the prepared total RNA solution was placed on ice
and immediately subjected to the reverse transcription reaction or the RNA quality and
yield assessment, and the remaining was kept frozen at the -20 ºC freezer for short-term
storage (up to three months) or at the -80 ºC freezer for long-term storage (up to years).
The RNase inhibitory reagents can also be added to the RNA extract for long-term
storage.
2.3.1

Tri-Reagent extraction

For individual extractions, each plantlet was placed in the backside of a universal
extraction bag (Bioreba AG, Reinach, Switzerland). For combined extractions with five
plantlets in each composite, approximately 100 mg of each plantlet was placed in the
backside of a universal extraction bag. The sap was obtained on the extraction bag's front
side by mechanical homogenization with the Homex 6 (Bioreba AG). After sample
preparations, all extraction bags were placed on ice and immediately subjected to RNA
extraction to minimize RNA degradation.
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During the homogenization step, 100 µl of sap was well-mixed with 1 ml of Tri-Reagent
(Molecular Research Center, Cincinnati, USA) solution in a nuclease-free 1.5 ml
microcentrifuge tube by vortexing and incubated at room temperature for 5 min. The
mixture was then centrifuged at 12000 x g for 10 min at 4 ºC using a Micromax RF
refrigerated centrifuge (Thermo Fisher Scientific) to precipitate the plant material debris
(bottom phase). The supernatant was then pipetted into a fresh tube for the phase
separation step by adding 200 µl chloroform (Sigma Aldrich) and well-mixed by
vigorous vortexing for 15 seconds. After 5-15 min of incubation at room temperature
(until phase separation was observed), the sample was centrifuged at 12000 x g for
15 min to separate into an aqueous RNA phase (top), thin interphase with DNA (middle),
and an organic phase (bottom) with proteins and lipids. The top aqueous phase was then
carefully pipetted into a fresh tube without disturbing the interphase. During the RNA
precipitation step, 500 µl of cold isopropanol (Sigma Aldrich) was added and gently
mixed with the sample by inverting the tube three times. The tube was incubated at room
temperature for 10 min, then centrifuged at 16000 x g for 10 min at 4 ºC to pellet the
RNA. After carefully removing the supernatant, 1 ml of 75% ethanol (Commercial
Alcohols, Toronto, Canada) (diluted with nuclease-free water) was added to the tube and
vortexed vigorously to wash the RNA by resuspending the pellet. The sample was then
centrifuged at 12000 x g for 10 min to re-pellet the RNA, and the supernatant was
discarded. This ethanol washing step was repeated a second time to ensure maximum
removal of the isopropanol residue to minimize the final drying time of the RNA pellet.
Eventually, the RNA pellet was left to air dry for 5-10 min to evaporate ethanol residue
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and reconstituted with 100 µl or 25 µl of UltraPure™ nuclease-free ddH2O (Thermo
Fisher Scientific) for leaf or tuber samples, respectively.
2.3.2

Macherey-Nagel: NucleoSpin® RNA Plus

Each plantlet was placed in an extraction bag containing 500 µl of the Lysis Buffer LBP
and immediately subjected to mechanical homogenization with the Homex 6 to lyse the
plant cells. Subsequently, approximately 500 µl of the lysate was transferred to a 1.5 ml
nuclease-free tube and centrifuged at 12000 x g for 1 min at room temperature to
precipitate the plant debris. The supernatant was then pipetted into the NucleoSpin®
gDNA Removal Column with a collection tube and centrifuged at 11000 x g at room
temperature for 30 sec to filter the lysate. The column was then discarded, and 100 µl of
Binding Solution was added to the flow-through and mixed by pipetting up and down
five times. The mixture was transferred entirely to the NucleoSpin® RNA Plus Column
(with the collection tube) and centrifuged at 11000 x g for 15 sec at room temperature,
where the flow-through was discarded. During the RNA wash phase, 200 µl of Buffer
WB1 was added to the column and centrifuged at 11000 x g for 15 sec at room
temperature. The column was then placed in a new collection tube to add 600 µl of
Buffer WB2 and centrifuged again at 11000 x g for 15 sec at room temperature. After
discarding the flow-through, the second wash was repeated with 250 µl Buffer WB2 and
centrifuged at 11000 x g for 2 min at room temperature to dry the membrane with the
attached RNA. The column was then placed into a nuclease-free collection tube, and the
RNA was eluted with 60 µl of RNase-free H2O (supplied) by adding 30 µl of the water to
the center of the column membrane and centrifuged at 11000 x g for 1 min at room
temperature each time.
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2.3.3

New England Biolabs (NEB): Monarch® Total RNA Miniprep Kit

Each plantlet was placed in an extraction bag containing 800 µl of the RNA Lysis Buffer
and immediately proceeded to mechanical homogenization with the Homex 6 to lyse the
plant cells. Subsequently, up to 800 µl of the lysate was transferred to a 1.5 ml nucleasefree tube and centrifuged at 16000 x g for 2 min at room temperature to pellet the plant
debris. The supernatant (up to 800 µl) was then pipetted into a gDNA Removal Column
fitted with a collection tube and centrifuged at 16000 x g at room temperature for 30 sec
to remove most of the gDNA. The gDNA Removal Column was then discarded. An equal
volume of 100% ethanol was added to the homogenized lysate (the flow-through from
the previous step) and mixed thoroughly by pipetting. The mixture was transferred
entirely to the RNA Purification Column (fitted with a collection tube) and centrifuged at
16000 x g for 30 sec at room temperature in two trials (up to 800 µl each time, including
any remaining precipitate), where the flow-through in the collection tube was discarded
between the trails. During the RNA wash phase, 500 µl of RNA Priming Buffer was
added to the column and centrifuged at 16000 x g for 30 sec at room temperature. The
column was then placed in a new collection tube to add 500 µl of RNA Wash Buffer and
centrifuged again at 16000 x g for 30 sec at room temperature. After discarding the flowthrough, the wash was repeated with another 500 µl of RNA Wash Buffer and
centrifuged at 16000 x g for 2 min at room temperature to ensure no ethanol carried over.
The column was then placed into a 1.5 ml nuclease-free tube, and the RNA was eluted
with 100 µl of RNase-free Water (supplied) by adding the water directly to the center of
the column matrix and centrifuged at 16000 x g for 30 sec at room temperature.
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2.3.4

Omega Bio-Tek: E.Z.N.A.® Plant RNA Kit

Since the reagents in this sample kit (R6827-00) were not pre-prepared, the supplied
reagents were prepared according to the instruction immediately before proceeding to the
actual experiment: 1.) The RNA Wash Buffer II was diluted with 20 ml of 100% ethanol;
2.) 20 µl of β-mercaptoethanol (Sigma Aldrich) was added to per 1 ml of RB Buffer; 3.)
20 µl of β-mercaptoethanol was added to per 1 ml of NTL Lysis Buffer.
Each plantlet was placed in an extraction bag containing 500 µl of the RB Buffer (with
β-mercaptoethanol) and immediately subjected to mechanical homogenization with the
Homex 6 to lyse the plant cells. Subsequently, the lysate (the possible maximum volume)
was transferred to a 1.5 ml nuclease-free tube and centrifuged at 12000 x g for 2 min at
room temperature to pellet the plant debris. The supernatant was then pipetted into a
Homogenizer Mini Column fitted with a collection tube and centrifuged at 14000 x g at
room temperature for 5 min. The Homogenizer Mini Column was discarded, and the
cleared lysate (the flow-through) was transferred to a fresh 1.5 ml nuclease-free tube. An
equal volume of 70% ethanol was added to the cleared lysate and mixed thoroughly by
vortexing for 20 sec. The mixture was transferred entirely to the HiBind® RNA Mini
Column (fitted with a collection tube) and centrifuged at 12000 x g for 1 min at room
temperature in two trials (up to 700 µl each time, including any remaining precipitate),
where the flow-through in the collection tube was discarded between the trails. During
the RNA wash phase, 500 µl of RNA Wash Buffer I was added to the column and
centrifuged at 10000 x g for 30 sec at room temperature. The column was then placed in a
new collection tube to add 700 µl of RNA Wash Buffer II (with 100% ethanol) and
centrifuged at 10000 x g for 30 sec at room temperature. After discarding the
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flow-through, the second wash was repeated with 500 µl of RNA Wash Buffer II (with
100% ethanol). Before the final elution step, the column was centrifuged at 12000 x g for
2 min at room temperature to dry the column with the attached RNA. The column was
then placed into a 1.5ml nuclease-free tube. The RNA was eluted with 100 µl of
Nuclease-free Water (supplied) by adding the water directly to the center of the column
matrix and centrifuged at 12000 x g for 1 min at room temperature.
2.3.5

Thermo Fisher Scientific: PureLink™ RNA Mini Kit

The lysis buffer provided within the PureLink RNA Mini Kit (Thermo Fisher Scientific)
was pre-prepared to contain 1% β-mercaptoethanol (1 ml of β-mercaptoethanol per
100 ml of Lysis Buffer). Each plantlet was then placed in an extraction bag containing
2 ml of the prepared lysis buffer and immediately subjected to mechanical
homogenization with the Homex 6 to lyse the plant cells. Subsequently, 800 µl of the
lysate was transferred to a 1.5 ml nuclease-free tube and centrifuged at 12000 x g for
2 min at room temperature to precipitate the plant debris. The supernatant (up to 700 µl)
was then pipetted into a fresh 1.5 ml nuclease-free tube with an equal volume of 75%
ethanol and vortexed vigorously to bind the RNA molecules. The mixture was transferred
entirely to the Spin Cartridge (with the collection tube) and centrifuged at 12000 x g for
15 sec at room temperature in two trials (up to 700 µl each time, including any remaining
precipitate), where the flow-through in the collection tube was discarded between the
trails. During the RNA wash phase, 700 µl of Wash Buffer I was added to the Spin
Cartridge and centrifuged at 12000 x g for 15 sec at room temperature. The Spin
Cartridge was then placed in a new collection tube to add 500 µl of Wash Buffer II and
centrifuged again at 12000 x g for 15 sec at room temperature. After discarding the
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flow-through, the second wash was repeated. Before the final elution step, the Spin
Cartridge was centrifuged at 12000 x g for 1 min at room temperature to dry the
membrane with the attached RNA. The Spin Cartridge was then placed into a Recovery
Tube. The RNA was eluted with 100 µl of RNase-free Water (supplied) by adding the
water to the center of the spin cartridge membrane and centrifuged at 12000 x g for 2 min
at room temperature.
2.3.6

RNA extraction kits from ZymoResearch

2.3.6.1 RNA Clean & Concentrator™ -5
The sample source for proceeding to the RNA recovery with the RNA Clean &
Concentrator™ -5 kit was obtained from the aqueous phase of Tri-Reagent/chloroform
extraction.
Each plantlet was placed in an extraction bag and immediately subjected to mechanical
homogenization with the Homex 6 to obtain plant sap. All extraction bags were placed on
ice and immediately subjected to RNA extraction to minimize RNA degradation. During
the homogenization phase, 100 µl of sap was well-mixed with 1 ml of Tri-Reagent
solution in a nuclease-free 1.5 ml tube by vortexing and incubated at room temperature
for 5 min. The mixture was then centrifuged at 12000 x g for 10 min at 4 ºC to precipitate
the plant material debris. Afterwards, the supernatant was pipetted into a fresh tube for
the phase separation step by adding 200 µl chloroform and well-mixed by vigorous
vortexing for 15 seconds. After 5-15 min of incubation at room temperature (until phase
separation was observed), the sample was centrifuged at 12000 x g for 15 min. For the
RNA binding phase, 300 µl of the top aqueous phase was transferred into a fresh
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nuclease-free 1.5 ml tube with 600 µl of the RNA Binding Buffer and well-mixed by
vortexing. The mixture was equally divided into two nuclease-free 1.5 ml tubes with
450 µl of the mixture in each tube due to volume restriction. An equal volume of 100%
ethanol (450 µl in each tube) was added to each tube and mix by vortexing. The sample
(up to 800 µl each time) was then transferred to the Zymo-Spin™ IC Column fitted with
a collection tube and centrifuged at 12000 x g for 30 sec. This step was repeated until all
remaining sample was transferred, and the flow-through was discarded between trials.
During the RNA wash phase, 400 µl of RNA Prep Buffer was added to the column and
centrifuged at 12000 x g for 30 sec at room temperature. The column was then placed in a
new collection tube to add 700 µl of Wash Buffer and centrifuged again at 12000 x g for
30 sec at room temperature. After discarding the flow-through, the wash was repeated
with 400 µl of RNA Wash Buffer and centrifuged at 12000 x g for 2 min at room
temperature to ensure complete removal of the wash buffer. The column was then placed
into a 1.5 ml nuclease-free tube, and 10 µl of DNase/RNase-Free Water (supplied) was
added directly to the center of the column matrix and centrifuged at 12000 x g for 30 sec
at room temperature to elute the RNA.
2.3.6.2 Direct-zol™ RNA Miniprep Plus
Each plantlet was placed in an extraction bag and immediately subjected to mechanical
homogenization with the Homex 6 to obtain plant sap. All extraction bags were placed on
ice and immediately subjected to RNA extraction to minimize RNA degradation. During
the homogenization phase, 50 µl of sap was well-mixed with 500 µl of Tri-Reagent
solution in a nuclease-free 1.5 ml tube by vortexing. An equal volume of 100% ethanol
(550 µl) was then added to the lysate and mixed again by vortexing. The mixture was
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transferred entirely to the Zymo-Spin™ IIICG Column fitted with a collection tube and
centrifuged at 12000 x g for 30 sec at room temperature in two trials (up to 700 µl each
time, including any remaining precipitate), where the flow-through in the collection tube
was discarded between the trails. During the RNA wash phase, 400 µl of Direct-zol™
RNA PrepWash was added to the column and centrifuged at 12000 x g for 30 sec at room
temperature. The column was then placed in a new collection tube to add 700 µl of Wash
Buffer and centrifuged at 12000 x g for 2 min at room temperature to ensure complete
removal of the wash buffer. The column was then placed into a 1.5ml nuclease-free tube,
and 100 µl of DNase/RNase-Free Water (supplied) was added directly to the center of the
column matrix and centrifuged at 12000 x g for 30 sec at room temperature to elute the
RNA.
2.3.6.3 Quick-RNA™ Miniprep Kit
Each plantlet was placed in an extraction bag containing 2 ml of the RNA Lysis Buffer
and immediately subjected to mechanical homogenization with the Homex 6 to lyse the
plant cells. Subsequently, the lysate (maximum possible volume) was transferred to a 1.5
ml nuclease-free tube and centrifuged at 10000 x g for 1 min at room temperature to clear
the lysate. The supernatant (up to 700 µl) was then pipetted into a Spin-Away™ filter
fitted with a collection tube and centrifuged at 12000 x g at room temperature for 1 min
to remove the majority of gDNA. The filter was then discarded, and an equal volume of
100% ethanol was added to the lysate (the flow-through from the previous step) and
mixed thoroughly by pipetting. The mixture was transferred entirely to the Zymo-Spin™
IIICG Column (fitted with a collection tube) and centrifuged at 12000 x g for 30 sec at
room temperature in two trials (up to 700 µl each time, including any remaining
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precipitate), where the flow-through in the collection tube was discarded between the
trails. During the RNA wash phase, 400 µl of RNA Prep Buffer was added to the column
and centrifuged at 12000 x g for 30 sec at room temperature. The column was then placed
in a new collection tube to add 700 µl of RNA Wash Buffer and centrifuged again at
12000 x g for 30 sec at room temperature. After discarding the flow-through, the wash
was repeated with 400 µl of RNA Wash Buffer and centrifuged at 12000 x g for 2 min at
room temperature to ensure complete removal of the wash buffer. The column was then
placed into a 1.5 ml nuclease-free tube, and 100 µl of DNase/RNase-Free Water
(supplied) was added directly to the center of the column matrix and centrifuged at
12000 x g for 30 sec at room temperature to elute the RNA.
2.4

RNA quality and yield assessment

The Agilent Bioanalyzer 2100 capillary electrophoresis system (Agilent, Santa Clara,
USA) was used for the RNA quality and quantity assessments. The system integrates
microfluidics-based automated electrophoresis for the quality control of biomolecules
based on the ratio of the 28 S and 18 S ribosomal subunits, in which the RNA integrity is
expressed as a RIN value on a scale of 1 (most degraded) to 10 (most intact). The gel
matrix preparation and loading of the microfluidic chip were performed strictly following
the manufacturer's instruction within the RNA Plant Nano kit (Agilent). The RNA Plant
Nano protocol was selected on the Agilent software for assessing RNA quality and
quantity.
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2.5

Reverse transcription (RT) reaction

In order to have a continuous supply of cDNA for future use and easier troubleshooting
during the analysis, a two-step mxRT-PCR procedure was employed with a separate RT
reaction. The RNA was transcribed into cDNA with Moloney murine leukemia virus
(M-MLV) reverse transcriptase (Thermo Fisher Scientific). For the (5X)mxRT-PCR
protocol targeting PVM, PMTV, PotLV, and PSTVd, random hexamer was used for the
primer annealing phase of the RT reaction due to the lack of poly-A tail on these
pathogens. On the other hand, Oligo-dT12-18 was used for the (6X)mxRT-PCR protocol to
better amplify target with a poly A-tail (PVY, PVS, PVA, and PVX) or a 3' A-stretches
(PLRV). A reaction containing no RNA template was included in all RT reactions as a
blank control, named negative RT (–RT). The RT reaction was performed using an
Eppendorf Mastercycler Nexus GSX1 (Eppendorf, Hamburg, Germany). The annealing
phase of the RT reaction is as follows: incubation of a 10 µl reaction mixture containing
0.8 µl of 2.5 uM random hexamer (Thermo Fisher Scientific) or 2.0 µl of 0.1 µg/µl
Oligo-Dt12-28 (Thermo Fisher Scientific), 1.0 µl of 10 mM of each dNTP (Thermo Fisher
Scientific), and 7.2 µl or 6.0 µl of nuclease-free ddH2O (Thermo Fisher Scientific) at
65 ˚C for 5 min. Then, another 10 µl mixture containing 3.9 µl of ddH2O, 4.0 µl of 5X
first strand buffer (Thermo Fisher Scientific), 1.0 µl of 0.1M dithiothreitol (DTT)
(Thermo Fisher Scientific), 1.0 µl of M-MLV reverse transcriptase, and 0.1 µl RNase
OUT (Thermo Fisher Scientific) was added. The sample was incubated at 37 ˚C for
60 min of reverse transcription and subsequently at 70 ˚C for 15 min of enzyme
inactivation to make a 20 µl cDNA stock. The cDNA stocks were stored at 4 ˚C until use.
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2.6

Oligonucleotide primer and probe design

Several primer pairs or primers/probe sets were acquired for each target from published
literature or designed within the agency. Only the most suitable ones were chosen for
mxRT-PCR or mxRT-qPCR optimizations (Table 2.2 and Table 2.3). Primers were
designed based on multiple sequence alignment of complete genomic sequences
published in NCBI GenBank (http://www.ncbi.nlm.nih.gov). Consensus region (for
example, the coat protein (CP) region for most viruses) within the genome for each viral
species with distinction among different species were chosen for alignment to ensure the
primer/probe designed could detect all strains of a particular virus without ambiguity.
Multiple sequences from different isolates with varying geographical origins and
collection dates were aligned using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/)
and displayed with ESPript 3.0 (http://espript.ibcp.fr). Since PVY exists in different
strain types with relatively lower sequence similarity among different strains, several
sequences from each PVY strain (PVYO, PVYN, PVYNTN, PVYN:O, PVYC) were selected;
and all sequences for PVY were aligned together for the design of PVY universal primer
sets. Only highly conserved regions were chosen for primer/probe designs. The regions
were further assessed for percentage GC content, PCR product size, and optimum
annealing temperature (Ta) to increase the likelihood for the primers to work in a
multiplex format. OligoCalc (http://biotools.nubic.northwestern.edu/OligoCalc.html) was
used to ensure there would be no intra- and inter-complementarity within and between
the primer pairs. The sequences of oligonucleotide primers and probes obtained from
other publications were reviewed in a similar fashion, as indicated above.
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The sequences of all primer pairs were transferred to Integrated DNA Technologies
(IDT) (Coralville, USA) and returned as lyophilized products. Each primer was then
resuspended with nuclease-free ddH2O into 100 µM or 50 µM (lyophilized yield
dependent) storing concentration and kept at -80 ˚C. For convenience, the sense and
antisense primers were further combined and made into 5.0 µM or 10 µM working stocks
for RT-PCR or RT-qPCR, respectively, and kept at -30 ˚C. The sequences of all probes
were transferred to Biosearch Technologies (Novato, USA) and returned as lyophilized
products. Each probe was then resuspended with nuclease-free ddH2O into 50 µM storing
concentration and kept at -80 ˚C. For convenience, the probe was further diluted into a
5.0 µM working stock and kept at -30 ˚C.
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Table 2.2 Pathogen-specific oligonucleotide primers used in the multiplex RT-PCR procedures
Target
PVM
PMTV
PotLV
PSTVd
PLRV
PVY
PVS
PVA
PVX
Internal
control

Primer namea

Primer sequence (5' to 3')

Pm6
Pm5
PmtF4
PmtR4
PLVF4
PLVR4
PVD3
PVD4
US1m
DS1m
PY2-ON-D
PY1
PVS3-F1
PVS3-R1
PVA-F
PVA-R
PX117-006F
PX117-160R
Elf-F
Elf-R

ACATCTGAGGACATGATGCGC
TGAGCTCGGGACCATTCATAC
CAGCAACCACAAACAGACAGG
AAGCCACTAACAAAACATACTGC
GAAATCAGCAGGAATTTCCG
CAATGCCCGGATAACAAGTCAC
ATCCCCGGGGAAACCTGGAGCG
CCCTGAAGCGCTCCTCCGAGC
AAGAAGGCGAAGAAGGCAATC
CACTGATCCTCAGAAGAATCG
GAGCATTTYACTGAKGCRGA
TGTGCTTCTGATGGTGAGAA
GCAGGGACTGTDGAGTTCC
GCCAATCGCTCATTTCYGTTCG
GATGTCGATTTAGGTACTGCTG
TCCATTCTCAATGCACCATAC
AAGCCTGAGCACAAATTCGC
GGCAAAGTCGTTGGATTGTG
ATTGGAAACGGATATGCTCCA
TCCTTACCTGAACGCCTGTCA

a

Product size (bp)

Target geneb

Reference

520

CP

(Xu et al. 2010)

417

TGB1-3

(Xu et al. 2004)

263

CP + NABP

This study

359

entire genome

(Shamloul et al. 1997)

486

CP

(Schoen et al. 1996)c

389

NIb

(Xu et al. 2005)c
(Singh and Singh 1997)

338

CP

(Xu et al. 2011a)

273

CP

(Xu and Nie 2006)

174

CP

Xu 2009, unpublished

101

Elongation
factor1α (Ef1α)

(Nicot et al. 2005)

F: sense primer; R: antisense primer.
CP: coat protein; TGB: triple gene block; NABP: nucleic acid binding protein; NIb: nuclear inclusion protein b.
c
Primer sequences were modified from the original published articles.
b
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Table 2.3 Pathogen-specific oligonucleotide primers and probes used in the multiplex RT-qPCR procedures
Primer & probe
name
Pot TaqF1
Pot TaqR1
Pot TaqP1
PLRV TaqF3
PLRV TaqR3
PLRV TaqP3
PVX TaqF1
PVX TaqR2
PVX TaqP2
PVS TaqF1
PVS TaqR1
PVS TaqP1
PSTVd TaqF
PSTVd TaqR
PSTVd TaqP
PVA TaqF4
PVA TaqR3
PVA TaqP3
PMTV-1948F
PMTV-2017R
PMTV-1970P
PVYu F
PVYu R
PVYu P
COX F
COX R
COXsol 1511T

Primer & probe sequence
(5' to 3')
CAAGTAGCTCCGTGTATCTGG
ACCCGGCATCCCTTTTG
CTGCTCCCCCTGTGTACTCAATTGT
ATCGCTTATGAGTTGGACCC
CCGCGCTTGATAAGTTTTGG
TGTTGACGTAGGACTGGAGGGATGA
TGGAAGGACATGAARGTGC
CGAATTTGTGCTCAGGCTTG
AACAGTCCACCTGCTAACTGGCAA
GGAAACAATAGCTCACAACGC
CATTGGTTGATCGCATTACG
TTGAGTACACTGGAGGGATGCTTGGC
CCTTGGAACCGCAGTTGGT
TTTCCCCGGGGATCCC
TCCTGTGGTTCACACCTGACCTCCTGA
GCTTGACCATGCAAAGCC
TGCGYTGAAGACCATACCTG
AAGTCGTGAGAAACCATACATGCCCAG
GTGATCAGATCCGCGTCCTT
CCACTGCAAAAGAACCGATTTC
ACCAGAACTACGGTGCCGCGTCG
CATAGGAGAAACTGAGATGCCAACT
TGGCGAGGTTCCATTTTCA
TGATGAATGGGCTTATGGTTTGGTGCA
CGTCGCATTCCAGATTATCCA
CAACTACGGATATATAAGAGCCAAAACTG
TGCTTACGCTGGATGGAATGCCCT
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Product
size (bp)

Fluorophore (channel)

Reference

100

TET (yellow)

This study

102

Quasar® 670 (red)

This study

282

TET (yellow)

This study

147

Quasar® 705 (crimson)

This study

123

FAM (green)

(Bertolini et al. 2010)

122

Quasar® 670 (red)

This study

70

FAM (green)

(Mumford et al.
2000)

73

TET (yellow)

(Kogovšek et al.
2008)

79

FAM (green), TEX
(orange), Quasar® 705
(crimson)

(Weller et al. 2000)

2.7

RT-PCR

A reaction containing no cDNA template was included in all RT-PCR reactions as the
no-template control (NTC). Each reaction was carried out in a 25 µl reaction volume
containing 2.5 µl of 10X Taq buffer (Qiagen, Hilden, Germany), 1.0 µl of 25 mM MgCl2
(Qiagen), 1.0 µl of 10 mM dNTP mix (Qiagen), 0.5 µl of 10% blotto (Thermo Fisher
Scientific), 1.0 µl to 2.0 µl of 5.0 µM forward and reverse primer mix (IDT), 0.5 µl of
Taq polymerase (New England Biolabs (NEB), Ipswich, USA), 2.0 µl of cDNA, and an
adequate volume of nuclease-free ddH2O to make up the 25 µl reaction volume. The
RT-PCR was performed for each target using an Eppendorf Mastercycler Nexus GSX1
under the following cycling condition: initial denaturation at 95 ˚C for 5 min; 35 cycles
of denaturation at 95 ˚C for 45 sec, annealing at 55 ˚C to 65 ˚C for 45 sec, extension at
68 ˚C for 45 sec; and a final extension at 68 ˚C for 7 min with an indefinite hold at 20 ˚C.
Each uniplex RT-PCR product was subjected to restriction digestion with corresponding
restriction endonucleases to ensure the obtained product's specificity. Only the primers
produce specifically targeted PCR amplicons with similar Ta range were chosen for
mxRT-PCR optimizations.
2.7.1

Multiplex RT-PCR for PVY-strain typing

The oligonucleotide primes involved in the mxRT-PCR for PVY-strain typing were
indicated in Table 2.4 (Lorenzen et al. 2006), where the 5.0 µM working primer stock
was created by combing all eight primers. The result interpretation of PVY-strain typing
was based on the observed PCR-product-combination on the gel (Table 2.5 and Table
2.6) (Lorenzen et al. 2006). Each reaction was carried out in a 25 µl reaction volume
containing 14.2 µl of nuclease-free ddH2O, 2.5 µl of 10X Taq buffer, 0.3 µl of 25 mM
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MgCl2, 0.5 µl of 10 mM dNTP mix, 0.5 µl of 10% blotto, 4.8 µl of 5.0 µM
PVY-multiplex primer mix (Table 2.4), 0.2 µl of Taq polymerase, and 2.0 µl of cDNA.
The PVY mxRT-PCR was performed using an Eppendorf Mastercycler Nexus GSX1 via
touchdown PCR under the following cycling condition: initial denaturation at 94 ˚C for
2 min; 12 cycles of denaturation at 94 ˚C for 10 sec, annealing from 66 ˚C to 60 ˚C with
0.5 ˚C decreases for each 30-sec cycle, extension at 72 ˚C for 1 min; 20 cycles of
denaturation at 94 ˚C for 10 sec, annealing at 60 ˚C for 30 sec, extension at 72 ˚C for
1 min; and a final extension at 72 ˚C for 7 min with an indefinite hold at 20 ˚C.
Table 2.4 Oligonucleotide primers used in PVY-strain typing multiplex assay
Primer name
o2172
n2258
o2439c
n2650c
n5707
o6266c
S5585m
A6032m

Primer sequence (5' to 3')
CAACTATGATGGATTTGGCGACC
GTCGATCACGAAACGCAGACAT
CCCAAGTTCAGGGCATGCAT
TGATCCACAACTTCACCGCTAACT
GTGTCTCACCAGGGCAAGAAC
CTCCTGTGCTGGTATGTCCT
GGATCTCAAGTTGAAGGGGAC
CTTGCGGACATCACTAAAGCG

Table 2.5 Oligonucleotide primers used in PVY-strain typing multiplex assay
Primer combination
n2258 + o2439c
o2012 + o2439c
n2258 + n2650c
n5707 + A6032m
S5585m + A6032m
S5585m + o6266c

Product size (bp)
181
267
398
328
452
689

Table 2.6 Expected PVY strain types of the amplicon combinations in the multiplex assay
PVY strain type
O
N
NTN
N:O
N/NTN-North America
N-Europe

PCR product combination (bp)
267 + 689
267 + 328
181 + 452
181 + 689
328
328 + 398
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2.7.2

Multiplex RT-PCR optimization template

A reaction containing no cDNA template was included in all RT-PCR reactions as the
NTC. The (5X)mxRT-PCR was designed to target PVM, PMTV, PSTVd, and PotLV
(Table 2.2). The (6X)mxRT-PCR was designed to target PLRV, PVY (all strain types),
PVS, PVA, and PVX (Table 2.2). Both multiplex protocols also targeted the potato
house-keeping gene elongation factor 1 α as the internal control (Table 2.2). As a
protocol template for optimizing the mxRT-PCR reaction conditions, each reaction was
carried out in a 25 µl reaction volume containing 2.5 µl of 10X Taq buffer, 2.0 µl of
25 mM MgCl2, 1.5 µl of 10 mM dNTP mix, 0.5 µl of 10% blotto, 2.0 µl of each 5.0 µM
forward and reverse primer mix (Table 2.2), 1.0 µl of Taq polymerase, 2.0 µl of cDNA,
and an adequate volume of nuclease-free ddH2O to make up the 25 µl reaction volume.
The mxRT-PCR was optimized using an Eppendorf Mastercycler Nexus GSX1 under the
following cycling condition: initial denaturation at 95 ˚C for 1-5 min; 25-45 cycles of
denaturation at 95 ˚C for 25-45 sec, annealing at 55-65 ˚C for 45 sec, extension at 68 ˚C
for 30-45 sec; a final extension at 68 ˚C for 5 min; and an indefinite hold at 10 ˚C.
2.7.3

Restriction fragment length polymorphism (RFLP)

The restriction enzyme for each primer set (Table 2.7) was chosen based on the PCR
product sequence via the RestrictionMapper (http://www.restrictionmapper.org/), where
the enzyme along with the corresponding reaction buffer (Reaction NEBuffer™) were
ordered from NEB (Table 2.8). The restriction digestion of a PCR product was performed
in a 20 µl reaction volume with 5.0 to 7.0 µl of restriction enzyme (approximately
100,000 unit) (Table 2.7), 2.0 µl of corresponding NEBuffer™ (Table 2.8), 4.0 µl of PCR
product, and an adequate volume of nuclease-free ddH2O to make up the 20 µl reaction
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volume. The treated PCR product was then incubated under the optimum incubation
temperature for 90 min, and the enzyme was heat-inactivated at the corresponding
temperature for 20 min (Table 2.8).
Table 2.7 Restriction enzymes and expected fragment sizes for oligonucleotide primers
Primer name
(combined)
Pm5/6
PmtF4/R4
PVD3/4
PLVF4/R4
US1m/DS1m
PY1/2-ON-D
PVS3-F1/ R1
PVA-F/ R
PX117-006F/160R
Elf-F/R

Product size (bp)

Restriction enzyme

520
417
359
263
486
389
338
273
174
101

MscI
BamHI
AluI
FauI
HincII
SspI
BsrI
HincII
PvuII
BsrI

Expected fragment
size (bp)
370 + 150
239 + 178
173 + 186
109 + 154
394 + 92
204 + 186
103 + 235
175 + 98
119 + 55
19 + 82

Table 2.8 Specifications of the restriction enzymes from the New England Biolabs
Restriction
enzyme
MscI
BamHI
FauI
AluI
HincII
SspI
PvuII
BsrI

Optimum incubation
temperature (ºC)
37
37
55
37
37
37
37
65

Heat inactivation
temperature (ºC)
80
-b
65
80
65
65
-b
80

Reaction
NEBuffer™a
CutSmart®
3.1
CutSmart®
CutSmart®
3.1
SspI
3.1
3.1

Reaction NEBuffer™: selected reaction buffer with optimum activity for the specified
enzyme.
a

b

"-": Enzyme with no heat inactivation temperature; 80 ºC was used during the reaction.

2.7.4

Agarose gel electrophoresis

All PCR products were visualized by electrophoresis on a 2% agarose gel in 0.5X TBE
Running Buffer (Thermo Fisher Scientific). The gel was prepared by dissolving 1.60 g of
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Agarose RA™ powder (Avantor VWR, Franklin, USA) in 80 ml of 0.5X TBE Running
Buffer with microwaving (for approximately 80 sec with swirling in between). After the
solution became clear, 8.0 µl of ethidium bromide solution (Thermo Fisher Scientific)
was added and mixed by swirling. The prepared gel was then poured into a gel box with a
comb to cast for approximately 30 min. After the gel solidified, the comb was carefully
removed. The gel was loaded with 5.0 µl of DNA 100 bp Marker (BioBasic, Toronto,
Canada) on each end, 5.0 µl of each PCR product mixed with 1.0 µl of (6X) loading dye
in between. For electrophoretic evaluation of restriction digested PCR products, the gel
was prepared by dissolving 2.00 g of Agarose RA™ powder in 100 ml of 0.5X TBE
Running Buffer with microwaving (for approximately 80 sec with swirling in between).
After the solution became clear, 10 µl of ethidium bromide solution was added and mixed
by swirling. The prepared gel was then poured into a gel box with a comb to cast for
approximately 30 min. After the gel solidified, the comb was carefully removed, and the
gel was loaded with 5.0 µl of DNA 100 bp Marker on each end, 5.0 µl of the undigested
PCR product mixed with 1.0 µl of (6X) loading dye, and 20 µl of the digested PCR
product mixed with 4.0 µl of (6X) loading dye next to the corresponding undigested
product for easy comparison. Each gel was run under 100 V to 120 V for approximately
70 min to 90 min until the dye-front migrated to the bottom of the gel. Eventually, the
Azure Biosystem c200 (Thermo Fisher Scientific) gel imaging workstation was used to
visualize the gel under UV light.
2.8

RT-qPCR

Uniplex RT-qPCR was performed for each target under identical reaction conditions with
a fixed primer and probe concentration of 0.2 µM and 0.1 µM, respectively. A reaction
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containing no RNA template was included in all RT-qPCR reactions as the NTC. The
SensiFASTTM Probe One-Step kit (Bioline, London, UK) was used to determine the
optimum Ta of each primers-and-probe set. The Rotor-Gene® Multiplex RT-PCR kit
(Qiagen) and Luna® Universal Probe One-Step RT-qPCR kit (NEB) were also applied for
comparison purposes based on the reaction sensitivity and efficiency.
2.8.1

SensiFASTTM Probe No-ROX One-Step

Each reaction was carried out in a 25 µl reaction volume containing 12.5 µl of (2X)
SensiFAST Probe No-ROX One-Step Mix (Bioline), 0.25 µl to 0.75 µl of forward and
reverse primer mix (10 µM) (IDT), 0.25 µl to 0.75 µl of the probe (5.0 µM) (Biosearch
Technologies), 0.25 µl of Reverse Transcriptase (Bioline), 0.50 µl of RiboSafe RNase
Inhibitor, 1.0 µl of RNA, and an adequate volume of DEPC-treated Water (Bioline) to
make up the 25 µl of reaction volume. The cycling condition was as following: reverse
transcription at 45 ˚C for 10 min, denaturation at 95 ˚C for 2 min, 35 cycles of
denaturation at 95 ˚C for 20 sec and annealing/extension at 60 ˚C for 20 sec. Data were
acquired on different channels during the annealing/extension phase based on the
fluorophores employed on different probes (Table 2.3).
For the high resolution melting (HRM) analysis, 2.5 µl of (10X) Eva Green was added to
the existing protocol, where the volume of the RNase-Free Water was adjusted to
maintain the 25 µl reaction volume. The ramping temperature was set to be from 50 ˚C to
99 ˚C with 1 ˚C rising for each step, where each temperature was maintained for 4 sec.
The melting data was acquired to Melt A on the green channel within the Rotor-Gene
software.
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2.8.2

Rotor-Gene® Multiplex RT-PCR

Each reaction was carried out in a 25 µl reaction volume containing 12.5 µl of (2X)
Rotor-Gene Multiplex RT-PCR Master Mix (Qiagen), 0.25 µl to 0.75 µl of forward and
reverse primer mix (10 µM), 0.25 µl to 0.75 µl of the probe (5.0 µM), 0.25 µl of (20X)
Rotor-Gene RT Mix (Qiagen), 1.0 µl of RNA, and an adequate volume of RNase-Free
Water (Qiagen) to make up the 25 µl of reaction volume. The cycling condition was as
following: reverse transcription at 50 ˚C for 15 min, denaturation at 95 ˚C for 5 min, 30
cycles of denaturation at 95 ˚C for 15 sec and annealing/extension at 65 ˚C for 15 sec.
Data were acquired on different channels during the annealing/extension phase based on
the fluorophores employed on different probes (Table 2.3).
2.8.3

Luna® Universal Probe One-Step RT-qPCR

Each reaction was carried out in a 25 µl reaction volume containing 12.5 µl of (2X) Luna
Universal Probe One-Step Reaction Mix (NEB), 0.25 µl to 0.75 µl of forward and reverse
primer mix (10 µM), 0.25 µl to 0.75 µl of the probe (5.0 µM), 1.25 µl of (20X) Luna
WarmStart RT Enzyme Mix (NEB), 1.0 µl of RNA, and an adequate volume of
nuclease-free ddH2O (NEB) to make up the 25 µl of reaction volume. The cycling
condition was as following: reverse transcription at 55 ˚C for 10 min, denaturation at
95 ˚C for 1 min, 35 cycles of denaturation at 95 ˚C for 10 sec and annealing/extension at
65 ˚C for 30 sec. Data were acquired on different channels during the annealing/extension
phase based on the fluorophores employed on different probes (Table 2.3).
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2.8.4

Multiplex RT-qPCR optimization template

Primers-and-probe sets with similar optimum Ta were chosen for the mxRT-qPCR
development. The grouping of primers-and-probe sets into different mxRT-qPCR
reactions was based on the fluorophores incorporated on the currently available probes.
Since the Rotorgene-Q qPCR cycler (Qiagen) has a cross-talking problem with the
orange and red channels, probes with Texas Red, Cy5 or Quasar® 670 fluorophores were
avoided putting together in one mxRT-qPCR procedure. Three mxRT-qPCR protocols
were developed for all the targeted pathogens under the Nuclear Stock Certification
Program except for PVM because its primers-and-probe set requires further modification
in future studies. Each mxRT-qPCR includes an internal control targeting the cytochrome
oxidase (COX) of S. tuberosum. The Rotor-Gene® Multiplex RT-PCR kit was chosen for
the mxRT-qPCR optimization. The reaction was carried out in a 25 µl reaction volume
containing 12.5 µl of (2X) Rotor-Gene Multiplex RT-PCR Master Mix, 0.25 µl to 0.5 µl
of each forward and reverse primer mix (10 µM), 0.25 µl to 0.5 µl of the probe (5.0 µM),
0.25 µl of (20X) Rotor-Gene RT Mix, 1.0 µl of RNA, and an adequate volume of
RNase-Free H2O to make up the 25 µl reaction volume. The cycling condition was as
following: reverse transcription at 50 ˚C for 15 min, denaturation at 95 ˚C for 5 min, 30
to 40 cycles of denaturation at 95 ˚C for 15 sec and annealing/extension at 65 ˚C for
15 sec. Data were acquired on different channels during the annealing/extension phase
based on the fluorophores employed on different probes (Table 2.3).
2.9

The sensitivity of the mxRT-PCR and mxRT-qPCR

Both RNA dilutions in nuclease-free ddH2O and dilutions in composites were generated
to determine the detection limit of the mxRT-PCR procedures. Each dilution contained
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all the targets under the Nuclear Stock Certification Program to apply one dilution set to
all designed procedures. The parental non-recombinant PVYO strain was included in the
dilution set to represent all PVY strain types. A separated dilution set exclusively for
PVY was also created containing PVYO, PVYN, PVYNTN, PVYN:O, and PVYN/NTN-NA. All
experiments were performed in triplicates to ensure the repeatability of the sensitivity
results. For RNA dilutions in nuclease-free ddH2O, a 10-fold dilution series from 100 to
10-7 was generated. For dilutions in composites, infected saps were combined and diluted
with healthy saps. Instead of serial dilution, this dilution set was generated as 1:10, 1:20,
1:25, 1:50, 1:100, 1:200, 1:500, 1:1000, 1:2000, and 1:4000 (infected tissue sap:healthy
tissue sap, v/v) to imitate realistic diagnostic conditions. For example, 1:10 dilution
indicated the dilution of 10 µl of infected plant sap with 90 µl of healthy plant sap to
make up the 100 µl total volume.
2.10 Next-generation sequencing (NGS)
Only NB-ACS samples in the form of in vitro plantlets were subjected to NGS testing.
2.10.1 Construction of cDNA library
The cDNA library was constructed based on the TruSeq® Stranded Total RNA Sample
Preparation Guide (Illumina, San Diego, USA), where the Low Sample (LS) Protocol
was employed. All samples were extracted individually with the PureLink RNA Mini Kit
(for this research) as instructed previously. The quality and quantity of the extracted total
RNA were analyzed with the Agilent Bioanalyzer 2100 capillary electrophoresis system
with the RNA Plant Nano following the manufacturer's instruction. Only RNA with a
RIN value above six would be chosen for further processing. Before proceeding to RNA
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purification, isolates with different viral identities were grouped as a composite for
identification purposes, and each composite contained up to five isolates.
2.10.1.1 Ribosomal RNA depletion
The TruSeq Stranded Total RNA Library Preparation Kit with Ribo-Zero Depletion
(Illumina) was applied for depleting rRNA from the total RNA. For each sample, 10 µl of
each RNA composite was added to a well of the 96-well plate along with 5.0 µl of RNA
Binding Buffer and 5.0 µl of rRNA Removal Mix Plant and gently mixed by pipetting.
The plate was then sealed and incubated in the Mastercycler Nexus GSX1 thermal cycler
at 68 ºC for 5 minutes for binding the rRNA in the sample. Subsequently, 35 µl rRNA
Removal Beads was added to a new plate. The sample was then added to the beads and
mixed by pipetting for binding the rRNA to the complementary rRNA sequences in the
rRNA removal Mix bound to the beads. The plate was then placed on a magnetic stand
(Thermo Fisher Scientific) to allow the beads to fully pellet against the well-side
(attracted by the magnetic force). Afterwards, the supernatant (approximately 45 µl) was
carefully transferred to a new plate without disturbing the pelleted beads.
2.10.1.2 RNA purification and fragmentation
For RNA purification, 99 µl of RNA Clean XP beads (Beckman Coulter, Brea, USA) was
added to the rRNA-depleted sample and incubated at room temperature for 15 min to
bind the RNA. The plate was then placed on the magnetic stand for 5 min to pellet the
RNA-bounded beads, and the cleared supernatant was carefully removed and discarded.
With the plate remaining on the magnetic stand, 200 µl of fresh 70% ethanol was added
without disturbing the beads. The plate was incubated for 30 sec to wash the beads, and
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the supernatant was removed entirely. Another 15 min incubation allowed the
washed-beads to air dry. After taking the plate off the magnetic stand, the RNA was
eluted off the beads by mixing with 11 µl of Elution Buffer. The plate was placed back
on the magnetic stand and incubated for 5 min to pellet the beads. For RNA
fragmentation, 8.5 µl of the cleared supernatant was transferred to a new plate to add 8.5
µl of Elute, Prime, Fragment High Mix. The plate was sealed and incubated in the
thermal cycler at 94 ºC for 8 min to fragment the RNA and primed with random
hexamers.
2.10.1.3 cDNA synthesis and purification
The first strand of the cDNA was synthesized by reverse transcribing the cleaved RNA
fragments with reverse transcriptase and random primers. The First-Strand Synthesis Mix
Act D was pre-mixed with the SuperScript II Reverse Transcriptase (Thermo Fisher
Scientific), and 8.0 µl of that was added to the sample in the plate. The plate was sealed
and incubated again in the thermal cycler for synthesizing the first-strand cDNA in the
following cycling condition: random priming at 25 ºC for 10 min, reverse transcription at
45 ºC for 15 min, enzyme inactivation at 70 ºC for 15 min, and an indefinite hold at 4 ºC.
The second strand cDNA was synthesized by adding 5.0 µl of Resuspension Buffer and
20 µl of Second Strand Marking Master Mix to the sample. The plate was then sealed and
incubated at 16 ºC for an hour in the thermal cycler.
Afterwards, the synthesized cDNA was purified by adding 90 µl of AMPure XP beads
(Beckman) to the sample and incubated at room temperature for 15 min to bind the
cDNA to the beads. The plate was placed on the magnetic stand to pellet the beads, where
the cleared supernatant (approximately 135 µl) was carefully removed and discarded.
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Subsequently, the beads were washed twice by adding 200 µl of freshly prepared 80%
ethanol to the well, incubating for 30 sec, and carefully removing and discarding all the
supernatant. The plate was then left to air dry for 15 min to evaporate ethanol residue
before it was removed from the magnetic stand. For taking the bounded-cDNA off the
beads, 17.5 µl of Resuspension Buffer was added and well-mixed with the beads by
pipetting. After 2 min of incubation at room temperature, the plate was placed back on
the magnetic stand for re-pelleting the beads. Then 15 µl of the supernatant containing
the double-stranded cDNA (ds-cDNA) was extracted and transferred to a new plate.
2.10.1.4 3'-adenylation and adapter ligation
Before ligating the adapters, a single 'A' nucleotide was added to the 3' ends of the
blunt-ended ds-cDNA fragments to prevent them from ligating to one another during the
adapter ligation process. For the 3'-adenylation, 2.5 µl of Resuspension Buffer and
12.5 µl of A-Tailing Mix was mixed with the sample. Then the plate was sealed and
incubated in the thermal cycler with the following cycling condition: 3'-adenylation at
37 ºC for 30 min, enzyme inactivation at 70 ºC for 5 min, and an indefinite hold at 4º C.
During the adapter ligation process, multiple adapters were added to the ends of the
ds-cDNA, preparing them for hybridization onto the flow cell. The sample was wellmixed with 3.5 µl of Resuspension Buffer, 2.5 µl of Ligation Mix, and 1.5 µl of selected
RNA Adapter Index and incubated in the thermal cycler at 30 ºC for 10 min. Adapters
with unique indices that differ from the previous NGS session needed to be selected for
sample differentiation purposes and to avoid residue contamination from the previous
results.
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For purifying the adapter-ligated cDNA, 42 µl of AMPure XP Beads was well-mixed
with each sample and incubated at room temperature for 15 min to bind the cDNA to the
bead. The plate was then placed on the magnetic stand to pellet the beads, where the
cleared supernatant was carefully removed and discarded. While the plate remained on
the magnetic stand, the beads were washed twice by adding 200 µl of freshly prepared
80% ethanol to the well, incubating for 30 sec, and carefully removing and discarding all
the supernatant. The plate was then left to air dry for 15 min to evaporate ethanol residue
before it was removed from the magnetic stand. For taking the bounded-cDNA off the
beads, 52.5 µl of Resuspension Buffer was added and well-mixed with the beads by
pipetting. After 2 min of incubation at room temperature, the plate was placed back on
the magnetic stand for re-pelleting the beads, where 50 µl of supernatant was extracted
and transferred to a new plate. The entire purification process was then repeated with
50 µl of AMPure XP Beads and 22.5 µl of Resuspension Buffer to ensure maximum
removal of free-adapters and reagents. Eventually, 20 µl of supernatant containing
purified adapter-ligated cDNA was extracted and transferred to a new plate for
processing to the cDNA library enrichment.
2.10.1.5 cDNA library enrichment
The cDNA library enrichment process incorporated the PCR technique to amplify cDNA
fragments with adapter indices on both ends selectively. The previous step's extensive
purification process substantially minimized the likelihood of adapter-dimer formation
during this PCR process. The PCR cocktail was prepared by mixing the sample with
5.0 µl of PCR Primer Cocktail and 25 µl of PCR Master mix. The plate was then sealed
and incubated in the thermal cycler with the following cycling condition: initial
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denaturation at 98ºC for 10 sec; 15 cycles of denaturation at 98 ºC for 10 sec, annealing at
60 ºC for 30 sec, extension at 72 ºC for 30 sec; and a final extension at 72 ºC for 5 min
followed by an indefinite hold at 4 ºC. For purifying the enriched cDNA library, 50 µl of
AMPure XP Beads was well-mixed with each sample and incubated at room temperature
for 15 min to bind the cDNA to the bead. The plate was then placed on the magnetic
stand to pellet the beads, where the cleared supernatant (approximately 95 µl) was
carefully removed and discarded. While the plate remained on the magnetic stand, the
beads were washed twice by adding 200 µl of freshly prepared 80% ethanol to the well,
incubating for 30 sec, and carefully removing and discarding all the supernatant. The
plate was then left to air dry for 15 min to evaporate ethanol residue before it was
removed from the magnetic stand. For taking the bounded-cDNA off the beads, 32.5 µl
of Resuspension Buffer was added and well-mixed with the beads by pipetting. After
2 min of incubation at room temperature, the plate was placed back on the magnetic stand
for re-pelleting the beads, where 30 µl of supernatant was extracted and transferred to a
new plate.
2.10.1.6 cDNA library validation and quantification
The generated cDNA library was validated to ensure its existence. The cDNA library was
diluted in a 1:5 ratio (1.0 µl of cDNA library in 4.0 µl nuclease-free ddH2O) for
validation with the Agilent Bioanalyzer capillary electrophoresis system while the
remaining cDNA library was kept frozen at 30 ºC. The preparation of the gel matrix and
loading of the microfluidic chip was performed strictly following the manufacturer's
instruction provided within the High Sensitivity DNA kit (Agilent), where 1.0 µl of the
diluted cDNA library was used for validation. The High Sensitivity DNA protocol was
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selected in the Agilent software for validating the presence of the cDNA library. The size
and purity of the cDNA library were assessed by identifying a band at approximately
300 bp. This step could not be skipped because the results directly from cDNA library
quantification might be skewed with the presence of adapter dimers or other
contaminants such as the bead residues.
After ensuring the cDNA library's presence, the concentration of the cDNA library could
be determined by qPCR with the KAPA Biosystem Library Quantification Kit (KAPA
Biosystems, Wilmington, USA). The qPCR master mix was prepared by mixing 10 µl of
2X Master Mix, 2.0 µl of 10X Primer Premix, 4.0 µl of nuclease-free ddH2O, with 4.0 µl
of DNA Standards (supplied, 1-6 with fixed concentration) or 4.0 µl of cDNA library in a
1:100000 dilution (1.0 µl of cDNA library in 99999 µl of nuclease-free ddH2O). The
qPCR cycling condition was as follows: initial denaturation at 95 ˚C for 5 min, 35 cycles
of denaturation at 95 ˚C for 30 sec and annealing/extension at 60 ˚C for 45 sec, where
data was acquired on the green channel during the annealing/extension phase. The
reaction was performed in triplicate (for each diluted cDNA library sample and DNA
Standard) to minimize bias, such as pipetting errors. The calculation for cDNA library
concentration was performed based on the KAPA Data Analysis Template (KAPA
Biosystems), a spreadsheet designed explicitly for analyzing NGS library quantification
data generated with the KAPA Library Quantification Kit for Illumina platforms. The
standard curve (y = mx + b) was generated based on the Ct value (mean Ct value
calculated from each triplicated set) of each DNA Standard. The reliability of the
standards was assessed based on the spacing between any two adjacent standards. Since
there was a 10-fold difference between each adjacent standard, there should be a
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difference of approximately 3.3 Ct (delta Ct) in between. Thus, a delta Ct value between
3.1 to 3.6 was acceptable; where data points that fell beyond this difference were not
highly reliable. If the generated standard curve was visibly skewed (not a straight line)
with several unreliable data points, or the R2 value (should be between 0.99 to 1.00) was
out of range, the qPCR should be repeated. After ensuring the reliability of the standards,
the cDNA library concentration could be determined based on the standards. Based on
the quality of the inputted RNA and cDNA library generated, the average fragment length
of 300 bp was entered for library concentration calculation.
2.10.1.7 cDNA library normalization
After determining the concentration, each cDNA library was diluted with nuclease-free
ddH2O, and all generated libraries were pooled together to a final concentration of 4 nM.
Subsequently, 5.0 µl of the normalized pool was denatured with 5.0 µl of 0.2 N NaOH
(Bioshop) by mixing and incubating at room temperature for 5 min. Then 1.0 ml of
20 pM denatured library was made by adding 990 µl of pre-chilled HT1 (Hybridization
Buffer). The 20 pM denatured library was further diluted to 10 pM by combining 300 µl
of pre-chilled HT1 with 300 µl of 20 pM denatured library. Finally, 600 µl of the 10 pM
cDNA library was loaded into the MiSeq Reagent Kit v.3 (150 cycles) (Illumina) and
placed into the Illumina MiSeq (Illumina) sequencing system for sequencing.
2.10.2 Sequence analysis
The bioinformatics workflow used for sequence analysis was based on the CLC
Genomics Workbench v.12. (Qiagen). The forward and reverse reads from Illumina
sequence data were paired and put into the bioinformatics workflow directly. The
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workflow was designed and used internally within the agency for PPEQ samples'
pathogen identification purposes (Hammill 2019). The workflow started with mapping
the paired reads to the S. tuberosum reference genome acquired from the FTP database in
GenBank (http://ftp.ncbi.nlm.nih.gov) using no reference masking and default scoring
matrix to trim off the host sequences. All unmapped reads were maintained for
downstream de novo assembly, in which the consensus sequences were extracted and
BLAST through the NCBI database with BLASTn (https://blast.ncbi.nlm.nih.gov/) for
pathogen identifications.
2.10.3 Sequence-based primer evaluation
All current primer sequences (Table 2.2) were analyzed similarly as they were designed
to ensure effectiveness. Complete genome sequences from NGS were also included as the
most up-to-date viral sequences available for certain targets. Multiple sequence
alignments were undertaken using Clustal Omega (https://ebi.ac.uk/Tools/msa/clustalo/)
and displayed with ESPript 3.0 (http://espript.ibcp.fr). The colouring schematics of
ESPript 3.0 for multiplex sequence alignment visualization could be manually adjusted
based on needs. In this study, the similarity score was calculated based on the percentage
of equivalent residues, considering physio-chemical properties. If the similarity score
assigned to a column was greater than or equal to 0.7, residues were considered highly
similar and boxed in yellow. Below this threshold, residues were marked as weakly
similar, which were boxed in white. For consensus sequences within the alignment,
residues were boxed in red (Robert and Gouet 2014). The regions where the forward and
reverse primers were designed were boxed in pink and blue, respectively, for
visualization purposes, which would not interfere with the similarity-score-based
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colouring schematics. Selected complete sequences generated from the NGS within this
study were included in some multiple sequence alignment analyses with the names
labelled in red. Moreover, selected sequences were also subjected to nucleotide BLAST
within regions where the primers were designed. Nucleotide BLAST could automatically
align hundreds of published sequences to the query sequence to give a complete picture
of the region of choice for primer design.
2.10.4 Sequences involved in the multiple sequence alignments
Different numbers of sequences were chosen for multiple sequence alignments based on
the availability of published sequences in the NCBI GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) for each target (Table 2.9 and Table 2.10).
Since PSTVd has a circular RNA genome, the published sequence data were manually
manipulated for better alignment (Table 2.9). In the case of PVY, about three sequences
were chosen within each PVY strain type for alignment based on the availability of
complete PVY polyprotein sequences published with the indication of strain type (Table
2.10). Sequences with the wrong strain type indicated based on the Clustal-W
phylogenetic analysis (neighbour-joining) results (data not shown) were excluded from
this alignment.
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Table 2.9 Sequences from NCBI GenBank for multiple sequence alignment
Target

PVX

PSTVd

PotLV

Accession number
MK558273.1
MK587458.1
MK387315.1
MH069212.1
MF682526.1
KR605335.1
MF405302.1
X55802.1
EU021215.1
AB451181.2
FJ461343.1
KY490355.1
KT923123.1
HQ450387.1
KJ534604.1
MK948524.1
MK330994.1
MK303579.1
KY936874.1
LC388852.1
MF140252.1
KM204317.1
EU879914.1
AF454395.1
KR611338.1
EU433397.2
MF990287.1
AY007728.3

PLRV

KP090166.1
MK613996.1
MH937415.1
MG356503.1
MF062487.1
KY856831.1
KX073467.2
EU313202.2
AF453388.1
AF453389.1
AF453390.1
AF453392.1
AF453393.1

Geographical origin
Colombia
Bangladesh
China
Canada
Tunisia
India
Switzerland
South America
Russia
Japan
Iran
Saudi Arabia
Brazil
USA
Peru
Germany
Kenya
Pakistan
Netherlands
Japan
Poland
Croatia
Russia
Canada
China
Canada
Canada
Edinburgh
(1st discovery)
USA
Colombia
Germany
Bangladesh
China
Argentina
Egypt
Czech Republic
Zimbabwe
Spain
France
Peru
Cuba
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Collection date
2018
2018
2018
2005
2013
2012
2013
1990
2007
2008
2004
2017
1993
2006
2011
2017
2016
2015
2017
2018
2009
2013
2008
2001
2013
2008
2003
2000
2014
2018
2013
2015
2016
2013
2014
2007
2001
2001
2001
2001
2001
(Continued on page 80)

PMTV

PVA

PVM

PVS

KY284862.1
KR857351.1
AJ277556.1
MH069209.1
KM822704.2
KM822706.1
KM822707.1
KM822708.1
MH069210.1
KF977085.1
GU144321.1
AJ131400.1
AJ131401.1
KM365067.1
AJ296311.1
MH558035.1
MG356508.1
KY364848.1
JX678982.1
KJ473992.1
JN835299.1
HM854296.1
EU604672.1
D14449.2
EF063383.1
EF063386.1
MN095414.1
MF033144.1
MH937416.1
MF418022.1
MF418023.1
MF418027.1
MF418028.1
MF418031.1
MF418032.1
MF418033.1
MF418035.1
LC375227.1
MG356510.1
FJ813512.1

USA
Colombia
Sweden
Canada
China
Canada
Canada
Canada
Canada
China
UK Shetland
Sweden
Finland
New Zealand
Hungary
Slovakia
Bangladesh
China
Iran
India
China
Czech Republic
Germany
Russian
Canada
Canada
Kazakhstan
China
Germany
Netherlands
Bolivia
Chile
Ecuador
Kenya
Peru
UK Scotland
Columbia
Japan
Bangladesh
USA
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(Continued from page 79)
2015
2010
2000
2001
2012
2012
2012
2012
2005
2010
2008
1998
1999
1989
2001
2018
2015
2016
2011
2013
2011
1985
2008
1989
2006
2006
2016
2016
2013
1985
1977
1977
1977
2013
1977
1977
1977
1995
2015
2007

Table 2.10 PVY sequences from NCBI GenBank for multiple sequence alignment
PVY strain type
PVY-O

PVY-N

PVY-N:O (PVY-N:Wi)

PVY-NTN
PVY-C

Accession number
EF026074.1
JQ663997.1
HM367075.1
JQ673517.1
AF522296.1
AY166867.1
KX356070.1
AY745492.1
JQ924286.1
KX856986.1
MF440322.1
JQ924287.1
EU563512.1
AJ890348.1

Geographical origin
USA
China
Canada
China
Egypt
Canada
Poland
Canada
Brazil
Slovenia
Italy
Brazil
Netherlands
France

2.11 PSTVd detection with the standard method (R-PAGE)
The undiluted PSTVd sap and the diluted saps from the mxRT-PCR sensitivity test were
applied to the R-PAGE detection of PSTVd to compare the results obtained from the
R-PAGE (standard method) to that of the designed (5X)mxRT-PCR protocol. The
undiluted PSTVd sap and one vial of the lyophilized PSTVd leaves (from the reference
unit) was used as positive PSTVd controls, where one vial of lyophilized PSTVd negative
((-)PSTVd) leaves (from the reference unit) was used as negative PSTVd control. The
extraction and R-PAGE for PSTVd were carried out as instructed in the
SOP-CL-DIA-DIA-081-01 (current version) and its supporting documents (CFIA 2020).
2.11.1 PSTVd extraction buffer
The extraction buffer contains two essential ingredients that need to be prepared ahead of
time (at least nine days). Firstly, the bentonite needed to be purified by suspending 1.0 g
of bentonite (Sigma Aldrich) in 20 ml of Milli-Q water and centrifuged in the Sorvall®
RC-5B Plus (Thermo Fisher Scientific) at 750 x g for 10 min at room temperature. After
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centrifuging, the supernatant was added to a 30 ml glass test tube (pre-weighed) and
centrifuged again at 8600 x g for 20 min at room temperature, where the supernatant was
then discarded. The obtained pellet was resuspended in 2.5 ml of 0.1M EDTA (pH 7.0)
(Ethylenediaminetetraacetic acid) (Sigma Aldrich) and incubated at room temperature for
48 hours. After incubation, the solution was centrifuged again at 8600 x g for 20 min at
room temperature. Subsequently, the supernatant was discarded, and the pellet was left to
air dry, which may take up to seven days. The weight for the dried pellet was then
obtained, and the pellet was dissolved in an adequate volume of 0.1M sodium acetate
(pH 6.0) (BioShop) to yield a 6% bentonite solution (6.0 g of bentonite pellet per 100 ml
of sodium acetate). Then an adequate volume of 10% sodium azide (Sigma Aldrich) was
added to the bentonite solution to make a final concentration of 0.05% purified bentonite.
The prepared bentonite could be stored at 4 ºC for up to six months. Secondly,
10M lithium chloride (LiCl) was prepared by dissolving 85.0 g of LiCl (BioShop) in
200 ml of Milli-Q water and stored at 4 ºC.
After obtaining the purified bentonite and the 10M LiCl solution, 250 ml of PSTVd
extraction buffer could be prepared by combining 33.33 ml of 4M NH4OH (Thomas
Scientific, Swedesboro, USA), 33.33 ml of 0.1M EDTA (pH 7.0), 100 ml of 10M LiCl,
0.655 ml of purified bentonite, and an adequate volume of Milli-Q water. The obtained
extraction buffer was then stored at 4 ºC with a shelf life of 60 days from preparation.
2.11.2 LiCl extraction for PSTVd
The TBE (10X Tris-Borate acid-EDTA) buffer was prepared before performing sample
extraction by dissolving 215.6 g of Tris (tris(hydroxymethyl)aminomethane) (BioShop),
110.0 g of boric acid (Sigma Aldrich), and 18.6 g of EDTA in 2000 ml of Milli-Q water.
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The pH of the prepared TBE buffer needed to be 8.3 ± 0.1. The prepared TBE had a shelf
life of 60 days, where the 0.1X TBE buffer required in sample extraction needed to be
freshly made in every trial.
For sample extraction, 1.5 ml of extraction buffer and 2.0 ml of tris-saturated phenol
buffer (Sigma Aldrich) was added to every 500 µl of plant sap or 0.50 g of lyophilized
leaves. Then each sample was ground with the Polytron® homogenizer (assembled with
the Kinematica generator 12mm) (Kinematica, Bohemia, USA) at medium to high speed
for 20 to 30 sec. Subsequently, the processed sample was centrifuged for 15 min at 4 ºC.
Meanwhile, 4.0 ml of cold 95 % ethanol was mixed with 3 drops of 4 M sodium acetate
(BioShop) in a 15 ml test tube (covered with parafilm) and pre-chilled in the freezer.
Once the centrifuge came to a full stop, the supernatant from the processed sample was
carefully extracted (avoid the phenol layer) and added to the pre-chilled mixture. The
tube was then re-covered with the parafilm to mix by inverting and incubated in
the -20 ºC freezer for at least 2 hours or overnight. After incubation, the sample was
removed from the freezer and centrifuged again at 7710 x g for 15 min at 4 ºC. The
supernatant was then discarded, and the pellet was washed twice with 70% ethanol (avoid
direct spray on the pellet). Subsequently, the pellet was left to air dry for approximately 2
to 3 hours. Afterwards, the pellet was resuspended in 100 µl of freshly prepared 0.1X
TBE buffer. The obtained PSTVd RNA extract was transferred to a 1.5 ml
microcentrifuge tube and stored at 4 ºC for immediate use (up to 7 hours).
2.11.3 PSTVd R-PAGE
The gel solution was prepared with 72.8 ml of Milli-Q water, 16.6 ml of 30% acrylamide
(Bio-Rad, Montreal, Canada), 10.0 ml of 10X TBE buffer, 80 µl of TEMED
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(tetramethylethylenediamine) (Bio-Rad), and 700 µl of 10% ammonium peroxydisulfate
(Bio-Rad). After assembling the SE600 standard vertical electrophoresis apparatus
(Hoefer, Holliston, USA), the prepared gel solution was carefully filled into the apparatus
and left to polymerize for approximately an hour.
In the meanwhile, 10 ml of sample tracking dye was prepared by dissolving 0.10 g of
bromophenol blue (Sigma Aldrich), 0.10 g of xylene cyanole FF (Sigma Aldrich), and
4.0 ml of glycerol (Sigma Aldrich) in Milli-Q water. After the gel solidified, 10 µl of the
RNA sample and dye mix (20 µl of the sample with 2.0 µl sample tracking dye) was
loaded into each of the duplicated gel wells.
Subsequently, the apparatus chambers were filled with 1X TBE buffer and the gel was
run under 43 mA ± 3 mA per gel until the dye front reached the bottom of the gel. During
this moment, approximately 5600 ml of the prepared 1/8X TBE buffer was heated to
boiling. After the first run, the 1X TBE buffer was removed from the apparatus
chambers, and the boiling 1/8 TBE buffer was added instead. For the second run, the
power supply was attached to supply reverse polarity so that the gel would run from the
bottom back to the top. Once the dye front reached the bottom of the wells, the two
completed gels were transferred to two separate plastic containers.
2.11.4 R-PAGE gel imaging
Four core reagents need to be freshly prepared to stain the gel. The nucleic acid fixation
solution was made by mixing 859 ml of Milli-Q water, 100 ml of ethanol, and 5 ml of
acetic acid glacial (BioShop). The 20% silver nitrate solution was made by dissolving
10.0 g of silver nitrate (Sigma Aldrich) in 50 ml of Milli-Q water, and 500 ml of 0.2%
silver nitrate solution (working concentration) was made from the 20% stock. The
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reduction solution (500 ml) was made by dissolving 0.043 g of sodium borohydride
(Sigma Aldrich) and 7.5 g of sodium hydroxide pellets (BioShop) in 1.88 ml of
formaldehyde (Thermo Fisher Scientific) solution and Milli-Q water. The conservation
solution was made by dissolving 3.75 g of sodium carbonate (Sigma Aldrich) in 500 ml
of Milli-Q water.
For staining the gel, 250 ml of the prepared nucleic acid fixation solution was added to
each container with gel and mixed gently with the multi-mixer (Thermo Fisher Scientific)
for 5 min. The above step was repeated before adding 250 ml of the prepared 0.2% silver
nitrate solution and mixed again with the multi-mixer for 15 min to stain the gel. After
staining, each gel was washed with approximately 200 ml of Milli-Q water four times,
with 15 sec for each washing trail. After washing, 250 ml of the prepared reduction
solution was added and mixed gently for 15 min to 20 min until clear bands developed.
Eventually, the reduction solution was replaced with the conservation solution and mixed
gently for 2 min to 3 min to complete the gel staining process. The stained gel was then
conserved in plastic sleeves for imaging on the E-BOX gel documentation system with
fluorescent light (Vilber, Collégien, France).
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CHAPTER 3: RESULTS
3.1

Evaluation of total RNA extraction procedures

Seven commercially available total RNA extraction kits were evaluated based on the
extractions from the potato in vitro plantlets for comparison to the standard Tri-Reagent
extraction method, where isolates singly infected with PSTVd, PLRV, or PVX were
chosen for this evaluation. This evaluation mainly focused on two aspects. The first one
emphasized the quality (RIN) and quantity (concentration) of the extracted total RNA
(Table 3.1, Appendix A). The second one emphasized other practical properties that were
crucial under the diagnostic testing condition for screening a massive amount of samples,
including the estimated cost, approximate time expenses, user-friendliness, and hazardous
chemicals involved (Table 3.2).
Table 3.1 Extraction method evaluations based on RNA quality and quantity
a

Extraction method
Clean &
Concentrator™
Direct-zol™
Tri-Reagent
Quick-RNA™
Monarch®
NucleoSpin®
PureLink™
E.Z.N.A.® Plant

PSTVd

RINb
PLRV

PVX

1.7

1.7

1.7

230

452

125

2.2
4.2
7.6
8.5
9.1
9.2
10

2.3
3.6
7.9
7.8
8.3
9.3
9.2

2.3
4.3
8.9
7.3
9.4
9.5
9.2

753
552
956
775
2253
1241
792

852
274
2093
951
2332
564
771

584
563
908
2031
1075
1277
821

a

Concentrationc (ng/µl)
PSTVd
PLRV
PVX

Names were listed in abbreviated form.
Averaged RIN (RNA Integrity Number) from the triplicated or duplicated extractions.
The RIN value is expressed on a scale of 1 (most degraded) to 10 (most intact).
c
Averaged concentration from the triplicated or duplicated extractions.
b
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Table 3.2 Extraction method evaluations based on properties other than RNA
Extraction methoda

Estimated cost per
sample ($)

Estimated time
expense (min)

User-friendliness (0-5)b

Hazardous chemicalc

Tri-Reagent

1.30

90

2

Phenol, chloroform

E.Z.N.A.® Plant

4.22

10

3

β-mercaptoethanol

RNA Clean &
Concentrator™ -5

5.02

50

2

Phenol, chloroform

Quick-RNA™

5.24

13

4

N-Lauroylsarcosine, guanidinium
hydrochloride

Direct-zol™

5.55

20

5

Phenol

Monarch®

5.61

13

3

Guanidinium hydrochloride

PureLink™

5.61

12

5

β-mercaptoethanol

NucleoSpin®

7.07

7

3

Guanidine hydrochloride

a

Names were listed in abbreviated form.
The user-friendliness is graded from 0-5: not user-friendly at all to extremely user-friendly.
c
Only chemicals unique to the method that contain a certain level of hazardousness were listed.
b
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In terms of the extracted total RNA properties, the data in Table 3.1 were listed in
ascending order based on the RIN value. Similar RIN values were obtained for the
subjected isolates within each extraction method. Extraction methods that generate total
RNA with RIN value below 6.0 were separated with that with RIN value above 6.0 by a
horizontal ruler since only intact RNA molecules (RIN > 6.0 for plant samples) can be
applied for NGS to generate high quality and reliable output (Nadiya et al. 2015). In
terms of the total RNA concentration, phenol-based extraction methods yielded lower
total RNA concentration (above the horizontal ruler) than the other column-based RNA
extraction methods. The total RNA concentration appeared much higher from the
NucleoSpin® extraction because only 60 µl of ddH2O was used for the final reconstitution
as instructed. However, it worth noting that the total RNA concentration indicated in the
table did not represent the concentration of the targeted RNA (viral or viroid RNA)
because approximately 80-90% of the extracted total RNA was rRNA from the host.
Thus, the presence of the targeted pathogenic RNA within the total RNA extract was
estimated based on the produced electrophoresis gel diagrams from the Agilent 2100
Bioanalyzer, whereby all the column-based RNA extraction methods involved in this
study produced a comparable amount of the targeted RNA molecules.
In terms of the properties based on aspects other than RNA, the data in Table 3.2 were
listed in ascending order based on the estimated cost per sample. The standard
Tri-Reagent based extraction method had the lowest cost of around $1 per sample, and all
other column-based extraction methods cost approximately $4 to $7. The column-based
extraction methods (ranging from 7-20 min) took much less time than the Tri-Reagent or
phenol-chloroform-based extraction methods (approximately 90 min). In terms of
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user-friendliness, both Tri-Reagent and RNA Clean & Concentrator™ -5 extraction
methods had the lowest scoring of 2, due to the long extraction time, dedication involved
during the extraction of the RNA aqueous phase, and involvement of several hazardous
chemicals (Phenol and chloroform) with acute toxicity that would impose severe health
problems. Additionally, the problem of foaming arose with the Quick-RNA™ Miniprep,
E.Z.N.A.® Plant RNA, Monarch® Total RNA Miniprep, and the Macherey-Nagel
NucleoSpin® RNA Plus when performing the mechanical homogenization with the
Homex 6. Foaming is a common problem with detergent-based total RNA isolation,
which might result from the inclusion of SDS (sodium dodecyl sulphate) in the lysis
buffer. Since the formation of excessive foam complicated sample handling (hard to
pipette), a user-friendliness score of 3 to 4 was graded to the above extraction kits.
All extraction methods utilized guanidinium thiocyanate (GITC) in the lysis buffer and
75% to 100% ethanol during the RNA washing phase, which were not shown in Table
3.2. Both E.Z.N.A.® Plant RNA and PureLink™ RNA Mini utilized the reducing agent
β-mercaptoethanol to irreversibly denature the RNases released during the lysis step
(Table 3.2). The inclusion of the β-mercaptoethanol highly enhanced the quality of the
extracted total RNA, as the highest RIN values (9 to 10) were obtained from the
E.Z.N.A.® Plant RNA and PureLink™ RNA Mini kits compared to that of the other
subjected extraction methods (Table 3.1). Although β-mercaptoethanol had a strong and
unpleasant odour, its low concentration within the lysis buffer helped diminish the smell.
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3.2

Uniplex RT-PCR evaluations

Uniplex RT-PCR was performed for each target under identical reaction conditions with
a fixed primer concentration of 0.2 µM to determine the optimum Ta range of each
RT-PCR reaction. Only primers with similar optimum annealing temperatures that
produce PCR products with at least 50 bp differences were selected for proceeding to the
multiplex RT-PCR development (Table 2.2) because bands with similar sizes would be
hard to differentiate on the gel.
3.2.1

Restriction fragment length polymorphism (RFLP)

Restriction fragment length polymorphism (RFLP) determines the accuracy of each
selected primer set by restriction enzyme digestion of the obtained PCR product, and the
sizes of the digested PCR bands were compared to the expected sizes (Table 2.7) to
determine whether the obtained PCR product was as expected.
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Figure 3.1. Restriction enzyme digestions of the PCR products obtained by the selected
primer sets via uniplex RT-PCR. The assay was performed in duplicates using PCR
products of singly-infected or healthy plantlets: (A) PVM, (B) PMTV, (C) PSTVd, (D)
PotLV, (E) PLRV, (F) PVYO, (G) PVS, (H) PVA, (I) PVX, and (J) Healthy. The
expected fragment size was labelled on each side, followed by an arrow for each gel
image. M, DNA 100 bp Marker (BioBasic). Lane 1–6 indicate the PCR products of the
target in each gel image (pathogenic target for A to I and internal control target for J) and
the corresponding digested PCR products: (1) no-template control (NTC) PCR product,
(2) NTC digested product, (3) target PCR product, (4) target digested product, (5) target
PCR product, (6) target digested product.
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The estimated band sizes of the digested PCR products (Figure 3.1) were matched back
and confirmed with the expected sizes from Table 2.7. For PCR products that were not
completely digested, fainted PCR bands appeared in the digested products, such as
PVYO (F) and PVA (H). Further increases in digestive enzyme concentration and
incubation period or decreases in PCR product input may help with the complete
digestion of the PCR product. The digested bands were not visible for band sizes smaller
than 100 bp, including the 55 bp band in PVX (I) digestion and the 19 bp band in healthy
digestion (J). The increase in agarose gel concentration (up to 5%), use of DNA marker
with lower size range, decreasing the applied voltage, and longer run time may help
reveal smaller DNA fragments. Furthermore, some digested bands with smaller sizes
(≤ 200 bp) may appear larger than expected (Table 2.7, Figure 3.1) since the positive
charge of ethidium bromide may induce overall DNA fragments' migration delay.
Additionally, the overload of the digested product (20 µl) compared to the PCR product
(5 µl) in the gel can increase the band intensity of the small digested bands. However, the
overloading can also contribute to the migration delay of the digested bands. In order to
overcome the complications involved with restriction enzyme digestion analysis for
determining the accuracy of the subjected primer sets, the obtained PCR products can
also be purified and sequenced, which would further enhance result confidence.
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3.2.2

Optimum annealing temperature determination

The annealing temperature for performing the gradient RT-PCR was set to be from 55 ˚C
to 65 ˚C to determine the optimum annealing temperature (Ta) of each selected primer set
(Table 3.3, Appendix B).
Table 3.3 The optimum annealing temperatures of the oligonucleotide primers
Target
PVM
PMTV
PotLV
PSTVd
PLRV
PVY
PVS
PVA
PVX
Internal control

Primer name (combined)
Pm5/6
PmtF4/R4
PLVF4/R4
PVD3/4
US1m/DS1m
PY1/2-ON-D
PVS3-F1/ R1
PVA-F/ R
PX117-006F/160R
Elf-F/R

Optimum annealing temperature (ºC)
60
63
60
62
58
61
60
60
61
58

The optimum Ta for the mxRT-PCR based procedures were determined by considering
the amplification efficiency, sensitivity, and specificity for the targeted viruses. Uniplex
RT-PCR with temperature gradient from 55 ˚C to 65 ˚C showed that all targets could be
consistently amplified from 57 ˚C to 63 ˚C (Appendix B). Therefore, a 10-fold RNA
dilution series in ddH2O (100 – 10-7) was applied to determine the optimum Ta in the
multiplex format with a fixed primer concentration of 0.4 µM. In the (5X)mxRT-PCR
(PVM-PMTV-PSTVd-PotLV-Elf), 10-1 and 10-2 dilutions had increased amplification
efficiency and more balanced amplification with the increased Ta. Overrepresentation of
PotLV was observed with Ta below 60 ˚C, and nonspecific amplification around 245 bp
arose with Ta beyond 62 ˚C. The optimum Ta was determined to be 61 ˚C after applying
Ta of 60 ˚C, 60.5 ˚C, 61 ˚C, 61.5 ˚C, and 62 ˚C to the entire dilution series.
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The selection of optimum Ta had a much stronger influence on the (6X) mxRT-PCR
(PLRV-PVY-PVS-PVA-PVX-Elf) compared to the (5X)mxRT-PCR. From the Ta
gradient result in the multiplex format, a Ta of 60 ˚C to 60.5 ˚C yields PCR bands with
relatively even intensity; a Ta beyond 61 ˚C failed to amplify PVY, and a Ta beyond
64 ˚C failed to amplify PVA and the internal control. Thus, the optimum Ta was chosen
to be 60.5 ˚C to ensure relatively even amplification efficiency without nonspecific
amplification.
In summary, the determined optimum annealing temperatures for the (5X) mxRT-PCR
and (6X) mxRT-PCR procedures were 61.0 ºC and 60.5 ºC, respectively.
3.3

Optimization of the multiplex RT-PCR procedures

The designed multiplex RT-PCR procedures were optimized based on the sensitivity and
specificity testing results, where both 10-fold RNA dilution series in nuclease-free ddH2O
(100 – 10-7) and dilutions in composites were applied.
3.3.1

Optimization of the (5X) mxRT-PCR (PVM-PMTV-PotLV-PSTVd-Elf)

Initially, 0.4 µM of primer concentration was applied to each target, where competitive
inhibition of PSTVd amplification was observed. The results revealed that the
amplification of PSTVd recovered as the concentration of PVM, PotLV, and internal
control primer sets dropped to 0.2 µM and below with the increase in PSTVd primer
concentration to 0.5 µM and above. Moreover, PVM and PMTV achieved similar
amplification efficiency when the primer concentrations were 0.1 µM for PVM and
0.3 µM for PMTV. Additionally, the concentrations for PotLV and internal control
primer sets were tested, ranging from 0.1 µM to 0.4 µM. Eventually, the approximately
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balanced amplification was achieved when the primer concentrations were 0.1 µM for
PVM, 0.2 µM for PotLV, 0.3 µM for PMTV and internal control, and 0.5 µM for PSTVd.
The concentration of the MgCl2 was also decreased to 3.75 mM to ensure the reaction
specificity.
In terms of the cycling condition, the length of denaturation at 95 ˚C from 1-5 min (initial
denaturation) or 25-45 sec (within PCR cycling) had limited influence on the
amplification efficiencies of the targets. Thus, 1 min and 30 sec were chosen for the
initial and within cycling denaturation, respectively, to minimize the reaction time. The
extension time of 33 sec was calculated based on the Taq polymerase extension rate of
1 kb/min from NEB. Since the longest PCR amplicon was 520 bp for PVM (Table 2.2),
the chosen 33 sec was able to create a 550 bp amplicon that ensured the specificity and
efficiency of the designed procedure. The number of PCR cycles tested was 25, 30, 35,
40, and 45 cycles, in which 25 cycles lowered overall testing sensitivity and 40-45 cycles
resulted in some nonspecific amplifications. Both 30 and 35 cycles gave similar testing
sensitivity and specificity. Since a longer reaction time was associated with 35 cycles, 30
was chosen as the cycling number for the PCR amplification.
In summary, the reaction condition for the (5X) mxRT-PCR assay was optimized to be
carried out in a 25 µl reaction volume containing 9.0 µl of nuclease-free ddH2O, 2.5 µl of
10X Taq buffer, 1.5 µl of 25 mM MgCl2, 1.5 µl of 10 mM dNTP mix, 0.5 µl of 10%
blotto, 2.5 µl of PVD34, 1.5 µl of PmtF4R4, 1.5 µl of Elf-F/R, 1.0 µl of PLVF4R4, 0.5 µl
of Pm56, 1.0 µl of Taq polymerase, and 2.0 µl of cDNA (Appendix M, Table M.1). The
cycling condition was optimized to be as following: initial denaturation at 95 ˚C for
1 min; 30 cycles of denaturation at 95 ˚C for 30 sec, annealing at 61 ˚C for 45 sec,
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extension at 68 ˚C for 33 sec; a final extension at 68 ˚C for 5 min; and an indefinite hold
at 10 ˚C.
3.3.2

Optimization of the (6X) mxRT-PCR (PLRV-PVY-PVS-PVA-PVX-Elf)

Initially, 0.2 µM of primer concentration was applied to each target. The PVS and PVX
were preferentially amplified, and the other targets drastically masked the amplification
of PVY. The results revealed that the amplification of PVY recovered with the increase
in PVY primer concentration to 0.4 µM and above. The primer concentration for PLRV
was tested, ranging from 0.2 µM to 0.4 µM. The amplification efficiency was much
higher for PLRV with cDNA made from the random-hexamer-based RT reaction
compared to the Oligo-dT-based RT reaction. Since all other targets within the assay
amplified better with Oligo-dT-based cDNA, the primer concentration for PLRV was
increased to 0.4 µM to compensate for this situation. The second least amplified target
was PVA, in which the obtained band intensities for PVA were much weaker than that of
the other targeted viruses. The primer concentration for PVA was gradually increased
from 0.2 µM to 0.4 µM to balance the amplification efficiencies of the targeted viruses.
Eventually, the approximately equal amplification was achieved when the primer
concentrations were 0.1 µM for PVS, 0.2 µM for PVX, 0.3 µM for the internal control,
0.4 µM for PLRV and PVA, and 0.5 µM for PVY.
In terms of the cycling condition, the length of denaturation at 95 ˚C from 1-5 min (initial
denaturation) or 25-45 sec (within PCR cycling) had limited influence on the
amplification efficiencies of the targets. Thus, 1 min and 30 sec were chosen for the
initial and within cycling denaturation, respectively, to minimize the reaction time. The
extension time of 30 sec was calculated based on the Taq polymerase extension rate of
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1 kb/min from NEB since the longest PCR amplicon was 486 bp for PLRV (Table 2.2).
The number of PCR cycles tested was 25, 30, 35, 40, and 45 cycles, in which 25 cycles
lowered overall testing sensitivity and 40-45 cycles resulted in some nonspecific
amplifications. Both 30 and 35 cycles gave similar testing sensitivity and specificity.
Since a longer reaction time was associated with 35 cycles, 30 was chosen as the cycling
number for the PCR amplification.
In summary, the reaction condition for the (6X) mxRT-PCR assay was optimized to be
carried out in a 25 µl reaction volume containing 6.0 µl of nuclease-free ddH2O, 2.5 µl of
10X Taq buffer, 2.0 µl of 25 mM MgCl2, 1.5 µl of 10 mM dNTP mix, 0.5 µl of 10%
blotto, 2.5 µl of PY1/2-ON-D, 2.0 µl OF PVA-F/R, 2.0 µl of US1m/DS1m, 1.5 µl of
Elf-FR, 1.0 µl of PX117-006F/160R, 0.5 µl of PVS3-F1/R1, 1.0 µl of Taq polymerase,
and 2.0 µl of cDNA (Appendix M, Table M.2). The cycling condition was optimized to
be as following: initial denaturation at 95 ˚C for 1 min; 30 cycles of denaturation at 95 ˚C
for 30 sec, annealing at 60.5 ˚C for 45 sec, extension at 68 ˚C for 30 sec; a final extension
at 68 ˚C for 5 min; and an indefinite hold at 10 ˚C.
3.3.3

The specificity of the multiplex RT-PCR procedures

Each PCR run contained a positive multiplex control, a negative control made with
healthy RNA, an NTC made with ddH2O, and an internal control of 101 bp amplified by
the Elf-FR primer set (Table 2.2). Moreover, all other viral isolates (including plantlets,
RNA, tubers, frozen sap, and mature plants' leaves) available in the CFIA Charlottetown
Laboratory inventory were collected to test the specificity of the optimized protocols. The
non-targeted viral isolates were less commonly found in seed potatoes but quite prevalent
in the potato or tomato fields, including PVT (Potato virus T), PVV (Potato virus V),
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AMV (Alfalfa mosaic virus), APLV (Andean potato latent virus), APMoV (Andean
potato mottle virus), TRV (Tobacco rattle virus), TRSV (Tobacco ringspot virus), STV
(Southern tomato virus), and PepMV (Pepino mosaic virus). The TRV, PMTV, TRSV,
STV, and PepMV isolates were hosted in the N. tabacum (TRV, PMTV, and TRSV) and
the S. lycopersicum species (STV and PepMV) (Table 2.1). All other isolates included in
this study were hosted in the S. tuberosum species.

Figure 3.2. The specificity testing of the optimized multiplex RT-PCR procedures. The
assay was performed using the optimized multiplex RT-PCR procedures, including the
(5X)mxRT-PCR (PVM-PMTV-PSTVd-PotLV-Elf) (A) and the (6X)mxRT-PCR (PLRVPVY-PVS-PVA-PVX-Elf) (B). The expected PCR fragment size was labelled on the
right, followed by an arrow for each gel image. M, DNA 100 bp Marker (BioBasic).
Lane 1, no-template control (NTC). Lane 2, positive controls (contain all targeted
pathogens) for each assay. Lane 3, healthy negative control. Lane 4–18 indicate the
involved non-targeted viruses within the specificity test. Lane 4–18 for A: (4) PLRV,
(5) PVYO, (6) PVYNTN, (7) PVS, (8) PVA, (9) PVX, (10) PVT, (11) PVV, (12) AMV,
(13) APLV, (14) APMoV, (15) TRV, (16) TRSV, (17) STV, (18) PepMV. Lane 4–16 for
B: (4) PVM, (5) PSTVd, (6) PotLV, (7) PVT, (8) PVV, (9) AMV, (10) APLV,
(11) APMoV, (12) TRV, (13) PMTV, (14) TRSV, (15) STV, (16) PepMV. Lane 17 of B
indicates the DNA 100 bp Marker.
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All specificity evaluations were performed in triplicates to ensure the result repeatability.
The specificity testing result for the (5X)mxRT-PCR and (6X)mxRT-PCR were shown in
Figure 3.2. The positive control for each procedure was extracted from a combination of
an equal volume of infected plant sap for each target, which was successfully amplified
with PCR products of expected sizes, and the NTC remained negative (Figure 3.2,
lanes 1, 2). The potato internal control bands of 101 bp were shown for all potato isolates
with no nonspecific amplification in other areas (Figure 3.2A, lanes 3-14; Figure 3.2B,
lanes 3-11). No or fainted internal control bands were shown for non-potato species
(Figure 3.2A, lanes 15-18; Figure 3.2B, lanes 12-16). The other two repeated testing yield
the same results. Overall, both multiplex RT-PCR procedures solely amplified the
targeted pathogens in the presence of the non-targets, which ensured the specificity of the
optimized procedures.
3.3.4

The sensitivity of the multiplex RT-PCR procedures

The sensitivities for both optimized multiplex RT-PCR procedures were determined
using dilutions in composite to imitate realistic diagnostic conditions. Since the dilutions
were created by diluting the infected saps with healthy sap, the potato internal control
band intensity remained steady (Figure 3.3). Three individual sets of dilutions in
composite were generated to perform the sensitivity tests in triplicates to ensure result
repeatability. The sensitivity testing result for the (5X)mxRT-PCR was shown in Figure
3.3A. The detection limits for PVM, PMTV, and PotLV were up to 1:4000, and the
detection limit for PSTVd was up to 1:500. In the case of the (6X)mxRT-PCR, the
detection limits for all targets were up to 1:4000 with weaker band intensities for PLRV
(Figure 3.3B). The cDNAs made with random hexamer based RT reaction were also
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applied to the (6X)mxRT-PCR, which resulted in a much stronger amplification for
PLRV with slightly weaker amplification for all other targets, which created a more
uniform amplification among all targeted viruses (Figure 3.3D). In the PVY dilutions for
all common PVY strain types, the PVY detection limit was up to 1:4000, with all PVY
strains amplified at the expected size of 389 bp (Figure 3.3C). The PVS bands were also
present due to isolates for PVYN, PVYN:O, PVYN/NTN-NA were co-infected with PVS, as
singly infected plantlets were not available (Figure 3.3C). The typical extension
temperature of 72 ˚C was also applied to both mxRT-PCR procedures. The results
obtained were similar to that of the 68 ˚C extension temperature. So both extension
temperatures could be applied to the developed procedures.
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Figure 3.3. The sensitivity testing of the optimized multiplex RT-PCR procedures. The
assay was performed using the optimized multiplex RT-PCR procedures, including the
(5X)mxRT-PCR (PVM-PMTV-PSTVd-PotLV-Elf) (A) and the (6X)mxRT-PCR
(PLRV-PVY-PVS-PVA-PVX-Elf) (B, C, and D), whereby cDNA made with both
Oligo-dT12-18 (B) and random hexamer (D) based reverse transcription reactions were
used. The expected PCR fragment size was labelled on the right, followed by an arrow
for each gel image. M, DNA 100 bp Marker (BioBasic). Lane 1–8 in A: (1) negative
control of the reverse transcription reaction (-RT), (2) no-template control (NTC),
(3) healthy negative control, (4) positive control for all targets, (5) Undiluted PVM
control (PVM-UD), (6) PMTV-UD, (7) PSTVd-UD, (8) PotLV-UD. Lane 1-8 for B:
(1) NTC, (2) positive control for (6X)mxRT-PCR targets, (3) healthy negative control,
(4) PLRV-UD, (5) PVY-UD, (6) PVS-UD, (7) PVA-UD, (8) PVX-UD. Lane 1–8 for C:
(1) NTC, (2) positive control for (6X)mxRT-PCR targets, (3) PVYO, (4) PVYN,
(5) PVYNTN, (6) PVYN:O, (7) PVYN/NTN-NA, (8) 1:5 dilution for PVYs. Lane 1–8 for D:
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(1) positive control for all targets, (2) NTC, (3) healthy negative control, (4) PLRV-UD,
(5) PVY-UD, (6) PVS-UD, (7) PVA-UD, (8) PVX-UD. Lane 9–18 indicate the dilutions
in composites applied for the sensitivity test. Same dilution set was applied to A, B, and
D, while PVY-inclusive dilution set was applied to C: (9) 1:10, (10) 1:20, (11) 1:25,
(12) 1:50, (13) 1:100, (14) 1:200, (15) 1:500, (16) 1:1000, (17) 1:2000, (18) 1:4000.

3.4

Detection sensitivity comparison for PSTVd

The sensitivity of the optimized (5X)mxRT-PCR was compared to that of the standard
R-PAGE procedure for PSTVd detection (Table 3.4 and Appendix C). The same dilutions
in composite set was applied to both R-PAGE and (5X)mxRT-PCR to maintain sample
consistency. The "+" sign represented levels of band intensities: "+++" stood for a very
strong band that was super easy to identify; "++" stood for a moderately strong band that
could be easily identified; "+" stood for a slightly weaker band that could be identified
after manually adjusting the lighting and contrast of the gel image. The "+/-" sign stood
for a band with a debatable presence, and the "-" sign indicated the absolute absence of a
band.
Table 3.4 Sensitivity comparison of R-PAGE and (5X)mxRT-PCR for PSTVd
Dilutions
(in composites)
1:10
1:20
1:25
1:50
1:100
1:200
1:500
1:1000
1:2000
1:4000
Negative control

Sensitivity for PSTVd detection
R-PAGE
mxRT-PCR
++
+++
++
+++
+
+++
++
++
++
+
+/-
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Both procedures were specific for PSTVd detection as the PSTVd negative control
remained negative in both assays (Table 3.4). The PSTVd detection sensitivity of the
optimized (5X)mxRT-PCR procedure (up to 1:500) was 20X higher than that of the
standard R-PAGE (up to 1:25) (Table 3.4, highlighted in light grey). Furthermore, the
produced R-PAGE gel (Appendix C) was much more challenging to read than the
agarose gel result of the PCR-based procedures (Figure 3.3). The procedures involved in
an R-PAGE experiment which was much more complicated (required pre-planning for
preparing the reagents) and time-consuming (at least three days from sample handling to
obtain the gel result) compared to that of the PCR-based experiment (could be completed
within a day).
3.5

Detection sensitivity comparison for viral targets

The sensitivity of the optimized multiplex RT-PCR based procedures was compared to
that of the standard ELISA for screening all the targeted viruses (Table 3.5 and Table
3.6). The sensitivity results for ELISA were obtained from previous studies within the
agency, where "+" stood for the positive detection of the subjected virus and "-" indicated
that the detected result for the subjected virus was a negative result. Most assays were
completed with DAS-ELISA, which were labelled as ELISA for convenience (Table 3.5
and Table 3.6). The same schematics were applied in terms of the mxRT-PCR sensitivity
evaluation, as previously described in section 3.4.
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Table 3.5 Comparison of the detection sensitivity of ELISA and (5X)mxRT-PCR for viruses
Dilutions
(composites)
1:10
1:20
1:25
1:50
1:100
1:200
1:500
1:1000
1:2000
1:4000
Neg tissue sap

PVM
DAS-ELISA
+
+
+
+
+
+
-

mxRT-PCR
+++
+++
+++
+++
+++
+++
+++
++
++
++
-

PMTV
TAS-ELISA
mxRT-PCR
+
+++
+
+++
+/+++
+++
+++
+++
+++
++
++
+
-

PotLV
DAS-ELISA
mxRT-PCR
+
+++
+
+++
+
+++
+
+++
+
+++
+
+++
+++
++
++
++
-

Table 3.6 Comparison of the detection sensitivity of ELISA and (6X)mxRT-PCR for viruses
Dilutions
(composites)
1:10
1:20
1:25
1:50
1:100
1:200
1:500
1:1000
1:2000
1:4000
Neg tissue sap

PLRV
ELISA
PCR
+
++
+
++
+
++
++
++
++
+
+
+
+
-

PVY
ELISA
+
+
+
+
+
+
+
-

PCR
+++
+++
+++
+++
+++
+++
++
++
++
++
-

PVS
ELISA
+
+
+
+
+
+
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PCR
+++
+++
+++
+++
+++
+++
++
++
++
++
-

PVA
ELISA
+
+
+
+
+
+
-

PCR
+++
+++
+++
+++
++
++
+
+
+
+
-

PVX
ELISA
+
+
+
-

PCR
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
-

Both procedures were specific for detecting the subjected virus as the negative tissue sap
control remained negative in both assays (Table 3.5 and Table 3.6). The detection
sensitivity of the optimized multiplex RT-PCR procedures (up to 1:4000) was 20X higher
than that of the standard ELISA for most viruses (up to 1:200) (Table 3.5 and Table 3.6).
For PMTV detection, the sensitivity of TAS-ELISA was only up to 1:20, which was
1/200 compared to that of the (5X)mxRT-PCR assay (up to 1:4000) (Table 3.5). For
PLRV and PVX detections, the sensitivity of DAS-ELISA was only up to 1:25, which
was 1/160 compared to that of the (6X)mxRT-PCR assay (up to 1:4000) (Table 3.6). In
contrast, the detection sensitivity for PVY with DAS-ELISA was much higher, as up to
1:500 could be achieved. However, the optimized (6X)mxRT-PCR assay was still more
sensitive (up to 1:4000) (Table 3.6).
3.6

Uniplex RT-qPCR evaluations

All available RT-qPCR primers-and-probe sets (internally designed within the agency or
obtained from the published literature) were subjected to uniplex RT-qPCR evaluations
against the targeted pathogens. Since the Rotorgene-Q cycler employed five channels,
there were a total of three mxRT-qPCR procedures designed (to include the internal
control within each procedure) that covered eight of the nine targeted pathogens. The
virus PVM was omitted from the RT-qPCR assay because there were not yet any
published qPCR primers and probe sequences for PVM, and the internally designed
sequences still required further modifications. A threshold of 0.05 was applied to all
RT-qPCR assays to ensure the consistency and comparability of the Ct values obtained.
The individual primers-and-probe set was evaluated with primers and probe
concentrations of 0.10 µM to 0.30 µM and 0.05 µM to 0.15 µM, respectively, with an
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annealing temperature of 60 ºC to 65 ºC and cycling number of 30 and 35 cycles to
ensure the specificity and sensitivity of each assay. Only primers-and-probe sets that
produced specific results with relatively high sensitivity and which were compatible with
one another were selected for the multiplex RT-qPCR developments (Table 2.3).
Table 3.7 Determined melting point and channel for the selected primers-and-probe set
Primer name
PVX-F1/R2
PVS-F1/R1
PSTVd-F/R
PVY-F/R
PVA-F4/R3
PMTV1948F/2017R
PotLV-F1/R1
PLRV-F3/R3
COX-F/R

Probe name
P2-TET
P1-Q705
P-FAM
P-TET
P3-Q670

Melting point (ºC)
86.5
84.5
85.0
79.7
82.2

Channel
Yellow
Crimson
Green
Yellow
Red

1970P-FAM

81.5

Green

P1-TET
P3-Q670
1511T

84.5
83.5
79.5

Yellow
Red
Orange, Crimson, Green*

* Three different channels for COX internal control with different selected fluorophores.
The melting temperature for each primers-and-probe set was determined with the
SensiFASTTM Probe No-ROX One-Step kit. Primers-and-probe sets with similar
determined melting temperatures, cycling numbers, sensitivities, and distinct probe
fluorophores were grouped as one multiplex assay (Table 2.3 and Table 3.7). Since there
was a cross-talking problem with the orange and red channels on the Rotorgene-Q cycler,
targets with probes that contained Q670 (red) and Texas Red (orange) fluorophores were
avoided grouping as one assay.
3.7

Optimization of the multiplex RT-qPCR procedures

The mxRT-qPCR procedures were initially optimized with the SensiFASTTM Probe
No-ROX One-Step kit in the form of a duplex RT-qPCR by combining the
primers-and-probe set of each target with the COX-F/R-1511T. Therefore, COX would
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act as an internal control to ensure the result confidence of each performed qPCR assay.
The annealing temperature had a limited influence on the amplifications of the virus
when both 60 ºC and 65 ºC were applied. However, PotLV, PVY, and PVS showed much
earlier Ct values (higher amplification efficiency) with a 65 ºC annealing temperature.
Thus, all mxRT-qPCR assays employed the 65 ºC annealing temperature for
convenience. As previously mentioned, the individual primers-and-probe set was
evaluated with primers and probe concentrations of 0.10 µM to 0.30 µM and 0.05 µM to
0.15 µM, respectively. All primers-and-probe sets amplified the targeted pathogens
within a Ct range of 15 to 20 with a primer and probe concentration of 0.10 µM and
0.05 µM, respectively, except for the PVX, PSTVd, and PVS primers-and-probe sets,
where the concentrations of 0.2 µM (primers) and 0.1 µM (probe) were utilized.
Moreover, cycling numbers of 30, 35, and 40 were applied, in which 30 cycles were
enough to amplify the targeted pathogens, and ≥ 35 cycles may produce very
low-intensity nonspecific amplification (such as primer dimers or low amplification of
the non-targeted products) towards the later cycles. Thus, a cycling number of 30 was
chosen for all assays to shorten the overall reaction time while ensuring specificity.
Ultimately, there were three mxRT-qPCR procedures designed, namely the
(4X)mxRT-qPCR (PVX-PVS-PSTVd-COX), the (4X)mxRT-qPCR
(PVY-PVA-PMTV-COX), and the (3X)mxRT-qPCR (PotLV-PLRV-COX).
Furthermore, SensiFASTTM Probe No-ROX One-Step, Rotor-Gene® Multiplex RT-PCR,
and Luna® Universal Probe One-Step RT-qPCR kits were applied to all designed
mxRT-qPCR procedures. Regarding cost-efficiency, the Luna® kit had the lowest cost of
$1.52 /25 µl-reaction, followed by the SensiFASTTM kit of $1.88 /25 µl-reaction, and the
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Rotor-Gene® kit of $2.63 /25 µl-reaction. The viral target PVY was chosen for evaluating
the amplification efficiencies of the subjected kits (data not shown), in which the Luna®
kit had the lowest efficiency value of 66% (R = 0.99), followed by the SensiFASTTM kit
of 78% (R = 0.99), and the Rotor-Gene® kit of 93% (R = 0.99). Additionally, both Luna®
and SensiFASTTM kits amplified the PVYC isolate in the early 40th and 30th cycle,
respectively. Conversely, the Rotor-Gene® kit amplified PVYC in the early 20th cycle,
which was within the chosen cycling number of 30 for the multiplex RT-qPCR
procedures. A similar pattern was observed for other targets where the use of the RotorGene® kit resulted in better amplification efficiency and sensitivity, plus shorter overall
reaction time. Therefore, the Rotor-Gene® kit was chosen for performing all mxRT-qPCR
procedures.
In summary, each optimized mxRT-qPCR procedure was carried out in a 25 µl reaction
volume containing 12.5 µl of (2X) Rotor-Gene Multiplex RT-PCR Master Mix, 0.25 µl
of the forward and reverse primer mix (10 µM) and the corresponding probe (5.0 µM) for
PVY, PVA, PMTV, PotLV, PLRV, and COX, or 0.50 µl of the forward and reverse
primer mix (10 µM) and the corresponding probe (5.0 µM) for PVX, PVS, and PSTVd;
0.25 µl of (20X) Rotor-Gene RT Mix, 1.0 µl of RNA, and an adequate volume of
RNase-Free Water to make up the 25 µl of reaction volume (Appendix M, Table M.3-5).
The cycling condition was as following: reverse transcription at 50 ˚C for 15 min,
denaturation at 95 ˚C for 5 min, 30 cycles of denaturation at 95 ˚C for 15 sec and
annealing/extension at 65 ˚C for 15 sec. Data were acquired on different channels during
the annealing/extension phase based on the fluorophores employed on different probes
(Table 2.3 and Table 3.7).
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3.7.1

The specificity, efficiency, and sensitivity of the multiplex RT-qPCR

The specificities of the optimized mxRT-qPCR procedures were evaluated against all the
targeted pathogens within the Nuclear Stock Certification Program, in which the targeted
pathogens within each assay were loaded in triplicates (Appendix D). A no-template
control (NTC) and healthy negative control were also included in each assay to ensure
result confidence. Within each optimized mxRT-qPCR assay, only the targeted pathogens
were amplified within the corresponding channels, and there was no observed
amplification of any non-targets. The COX internal control was successfully amplified
for all samples with RNA templates and remained negative for the NTC, which indicated
that the obtained specificity results were valid.
Table 3.8 Specificity, efficiency, and sensitivity of the multiplex RT-qPCR procedures
Target
PVX
PVS
PSTVd
COX
PVY
PVA
PMTV
COX
PotLV
PLRV
COX

Primer-probe
name
F1/R2-P2 (TET)
F1/R1-P1 (Q705)
F/R-P (FAM)
F/R-1511T (TEX)
F/R-P (TET)
F4/R3-P3 (Q670)
1948F/2017R1970P (FAM)
F/R-1511T (Q705)
F1/R1-P1 (TET)
F3/R3-P3 (Q670)
F/R-1511T (FAM)

Sensitivity
RNA dilution Composite
1:100000
1:4000
1:100000
1:4000
1:10000
1:500
1:100000
1:10000
1:4000
1:10000
1:4000

Specificity

Efficiency

Yes
Yes
Yes
Yes
Yes
Yes

100%
88%
106%
103%
100%
107%

Yes

104%

1:10000

1:500

Yes
Yes
Yes
Yes

98%
138%
155%
176%

1:10000
1:100000
1:100000
1:100000

1:4000
1:4000
-

The sensitivities of the optimized mxRT-qPCR procedures were evaluated with the same
10-fold RNA dilution series in nuclease-free ddH2O (100 – 10-7) and dilutions in
composites as in the mxRT-PCR procedures to ensure result comparability. In terms of
the sensitivity testing with the dilutions in composites, each dilution and targeted
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pathogen within the subjected mxRT-qPCR assay was loaded in duplicates, along with an
NTC (Appendix E). The sensitivities for PSTVd (1:500) and PMTV (1:500) were much
lower compared to all other targets with the threshold of 0.05 (Table 3.8 and Appendix
E). However, if the threshold was lowered to 0.01, the sensitivities for PSTVd and PMTV
would be increased up to 1:4000 with an ensured specificity (no nonspecific
amplification or no observed Ct value for any non-targeted pathogens within each
channel).
The sensitivity testing with the 10-fold RNA dilution series in nuclease-free
ddH2O (100 - 10-7) was evaluated along with the amplification efficiency (Appendix F).
Each dilution was loaded in triplicates to ensure the accuracy of the data for generating
the standard curve, and an NTC was also included in each assay. The recommended
auto-threshold function was applied when determining the Ct values and generating the
standard curve because the auto-threshold was determined based on the optimum
R-value. After several repeated trials, the R-value of the standard curve was maintained
to be as close to 0.99 as possible to ensure result validity. To be considered an efficient
mxRT-qPCR procedure, each target's amplification efficiency should be between 85% to
100%. The obtained efficiency values for all targets were greater or equal to 88%, which
indicated that the optimized assays were efficient enough for amplifying the targeted
pathogens. However, targets such as the PotLV, PLRV, and PVA had efficiency value
above 100% (Table 3.8), which suggested that there might be carry-over materials within
the RNA extracts that induced the polymerase inhibition, such as salt, ethanol, and phenol
residues from the Tri-Reagent based RNA extractions. Overall, the optimized
mxRT-qPCR procedures had sensitivity values ranging from 1:10000 to 1:100000 with
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the RNA dilutions in nuclease-free ddH2O when the auto-threshold was applied (Table
3.8).
3.8

Validation of the designed procedures

The optimized procedures were used in practical application for diagnosing 334 samples,
including 34 potato in vitro plantlets from the NB-ACS (Agriculture Certification
Services, NB), 43 RNA extracts from the PE-PQI (Potato Quality Institute, PE), 57
lyophilized panel samples from the reference unit within the agency, and 200 potato
in vitro plantlets from the PE-FIESF (Fox Island Elite Seed Farm, PE).
3.8.1

Validation of the optimized multiplex RT-(q)PCR based procedures

The sample RNA was extracted with the standard Tri-Reagent based method. Two sets of
cDNA were made from the random-hexamer-based and Oligo-dT-based RT reactions.
The random-hexamer-based cDNAs were subjected to the (5X)mxRT-PCR
(PVM-PMTV-PSTVd-PotLV-Elf) testing, and the Oligo-dT-based cDNAs were
subjected to the (6X)mxRT-PCR (PLRV-PVY-PVS-PVA-PVX-Elf) testing. The
PVY-positive isolates were also subjected to the mxRT-PCR for PVY-strain typing to
determine the specific PVY strain types. Furthermore, the primary screening results
obtained with the two optimized mxRT-PCR procedures were confirmed with the three
optimized mxRT-qPCR procedures with the same extracted RNA. If conflict results arose
between the mxRT-PCR and mxRT- qPCR testing, the associated isolates would be
subjected to re-testing from the PCR stage, RT reaction stage, or RNA extraction stage
based on the circumstances. For samples in the form of in vitro plantlets, a final result
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verification with the NGS technique was also applied to increase the confidence level of
the obtained results from the optimized mxRT-(q)PCR procedures.
Table 3.9 Analysis of 334 samples with the mxRT-PCR and mxRT-qPCR procedures
Sources
NB-ACS
PE-PQI
CFIA-CL
PE-FIESF

Multiplex RT-PCR
(primary screening)
5-Plexa
6-Plexb
6/34d
26/34
0/43
0/43
36/57
22/57
0/200
0/200

Multiplex RT-qPCR
(confirmatory testing)
Y-A-PMTVc
X-S-PSTVdc
PotLV-PLRV
18/34
15/34
11/34
0/43
0/43
0/43
27/57
21/57
18/57
0/200
0/200
0/200

a

5-Plex: (5X)mxRT-PCR (PVM-PMTV-PSTVd-PotLV-Elf)
6-Plex: (6X)mxRT-PCR (PLRV-PVY-PVS-PVA-PVX-Elf)
c
Y-A-PMTV: PVY-PVA-PMTV; X-S-PSTVd: PVX-PVS-PSTVd
d
Number of pathogen-positive /total number of samples from the specified source.
b

3.8.1.1 In vitro plantlets from the Agriculture Certification Services
The 34 in vitro plantlets samples from the NB-ACS were tested around late September
until early October in 2019. Initially, the samples were tested in a composite of five
(random-combination of five isolates into one composite). The composites that were
positive for the targeted pathogens were subjected to individual screenings, which were
all the composites in this case. From the testing results, 91% of samples (31/34) were
infected with at least one targeted pathogen, among which 29% of samples (10/34) were
co-infected with multiple targeted pathogens (Appendix G). The (5X)mxRT-PCR and
(6X)mxRT-PCR procedures were designed by grouping less-commonly and commonly
found pathogens in the potato nuclear stocks, as 18% (6/34) (Appendix G: Figure G.1 and
Figure G.3) and 76% (26/34) (Appendix G: Figure G.2 and Figure G.3) of samples were
positive for the targeted pathogens, respectively (Table 3.9). From the (6X)mxRT-PCR
testing result, 16 isolates were found to be positive for PVY. Those isolates were then
subjected to the mxRT-PCR for PVY-strain typing (Appendix G: Figure G.4 and Table
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G.1). The isolate U and isolate M had a single band present at 267 bp (Appendix G:
Figure G.4), which could not be mapped to any specified PVY strain type (Table 2.6).
Thus, both isolates were labelled as unidentified (UD) (Appendix G: Table G.1).
However, the associated PVY strain type could be determined via NGS in the later
verification stage.
After the primary screening with the optimized mxRT-PCR procedures, all NB-ACS
samples were subjected to the secondary confirmation test with the three optimized
mxRT-qPCR procedures and the obtained Ct values were listed in Appendix G (Table
G.2) with the threshold of 0.05. The Ct values for positive isolates approximately ranged
from 10 to 25, which were considered acceptable. Within the mxRT-qPCR testing, the
included NTC remained negative in all channels. Additionally, all other samples
(including the healthy negative control) were positive in the corresponding COX internal
control channel regardless of viral identity, which implied the validity of the obtained
results. Overall, the results from the mxRT-qPCR well-matched the results from the
mxRT-PCR for all NB-ACS samples that suggested the determined viral identities for the
subjected isolates were valid. Furthermore, those results were confirmed with ACS
laboratory's testing results based on the standard ELISA and/or R-PAGE techniques.
3.8.1.2 RNA extracts from the Potato Quality Institute
The 43 RNA samples (named as 1-43) from the PE-PQI were tested around early October
in 2019. The RNA samples were initially extracted with the LiCl extraction method for
performing R-PAGE. Nevertheless, the RNA could also be applied for performing
RT-PCR. The samples were grouped into nine composites with five samples in each
composite by combining 2.0 µl of each RNA extract. All composites were named from
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1 to 9 for convenience, where composite number 9 was composed of three samples only
(sample 41-43). After the primary screening with the mxRT-PCR procedures, all
composites tested negative for the targeted pathogens, and the results were confirmed by
the mxRT-qPCR procedures (Table 3.9 and Appendix H). Thus, five spiked samples
were made by randomly selecting sample number 1, 7, 17, 27, and 37 to spike with
randomly selected targeted pathogens PotLV, PSTVd, PVS, PVA, and PVX,
respectively. Each spiked sample was composed of 3.0 µl of healthy RNA, 2.0 µl of
undiluted pathogenic RNA, and 3.0 µl of selected sample RNA. The spiked samples
successfully showed PCR bands in the mxRT-PCR gels with the expected sizes
(Appendix H). Within the mxRT-qPCR confirmation testing, the spiked samples showed
positive in the corresponding channels, including the 1-PotLV (Ct = 12.44), 7-PSTVd
(Ct = 28.21), 17-PVS (Ct = 15.24), 27-PVA (Ct = 21.93), and 37-PVX (Ct = 17.04) with
the threshold of 0.05, which confirmed the mxRT-PCR testing results. The inclusion of
the 56% spiked samples (5 spiked samples per 9 composites tested) further enhanced the
level of confidence on top of the inclusion of internal control (ruled out possible
false-negative results) by ensuring the preciseness and accuracy of the RT reaction stage.
Furthermore, the testing result obtained within the agency based on the optimized
procedures were confirmed with the results obtained from the PE-PQI based on the
standard ELISA and R-PAGE, whereby all provided RNA samples were free from the
targeted pathogens.
3.8.1.3 Lyophilized samples from the CFIA Charlottetown Laboratory
The 57 lyophilized samples (with pre-determined sample identities on records) were
obtained from Ms. Christina Fields in the reference unit within the agency in early
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November of 2019. Upon reception, the samples were packaged into four labelled Ziploc
bags and a box. The positive and negative reference controls (seven samples) had sample
identities labelled on the vails, including two healthy negative controls, PSTVd negative
and positive controls, PotLV and PVM positive control (Pot-M), PMTV positive control,
and a multiplex positive control for PLRV, PVY, PVS, PVA and PVX (X-Y-LR-S-A).
The single-blinded panels contained the CL PSTVD Challenge Check Samples
(CL-CCS-PSTVD 2015-6 #19) with samples labelled from #1 to #8 in the form of
lyophilized leaves in small pieces, CL-PH RT-PCR Challenge Check Samples
(CL-CCS-PH RT-PCR 2016-14 #14) with samples labelled from 1 to 6 in the form of
lyophilized tubers (powder), CL PH RT-PCR Challenge Check Samples (CL-CCS-PH
RT-PCR 2011-9 #11) with samples labelled from #1 to #6 in the form of lyophilized
tubers (powder), and 30 randomly selected panel samples with random labelling in the
form of either lyophilized leaves (powder) or tubers (powder). For samples in a powdery
format, an adequate volume of nuclease-free ddH2O was added to each vial as instructed
on the label, where 100 µl of this solution was used for the Tri-Reagent based extraction
method. Conversely, the CL-CCS-PSTVD samples in the form of leaf pieces were
macerated into a powdery format with beads, and 2.0 ml of Tri-Reagent was directly
added into the original vial, followed by the regular Tri-Reagent extraction routine.
All samples were initially subjected to the mxRT-PCR evaluations, where approximately
63% (36/57) and 39% (22/57) of the samples were positive for the less-commonly and
commonly found pathogens in the potato nuclear stocks, respectively (Table 3.9).
Subsequently, the mxRT-PCR testing results were confirmed with the mxRT-qPCR
testing results (Appendix I: the Ct values for the reference samples were excluded). The
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CL-CCS-PH RT-PCR 2016-14 #14 and the CL-CCS-PH RT-PCR 2011-9 #11 sample
sets were found to be specifically targeting the (6X)mxRT-PCR procedure, whereas the
randomly selected sample set contained samples that were positive for targets in both
procedures (Appendix I). Approximately 25% (14/57) of the samples were positive for
more than two pathogens, excluding the Pot-M and X-Y-LR-S-A positive controls
(Appendix I).
Notably, except for the PSTVd-positive samples, the obtained PCR product bands for all
other targets were fainted, which required the adjustment of lighting and contrast of the
gel images for the bands to be observed. This problem was further investigated by
performing uniplex RT-PCR for randomly selected RNA extracts of the positive samples,
where the same phenomenon was observed. The most likely explanation was that the
freeze-drying procedure during the lyophilization process had broken down most of the
RNA, which highly decreased the quantity and quality of the extractable RNA.
Moreover, the addition of nuclease-free ddH2O to the lyophilized samples further diluted
the overall RNA concentration. Thus, the addition of Tri-Reagent directly to the
lyophilized samples could improve the PCR band intensity as observed in the PSTVd gel
images (Figure I).
Furthermore, an extra PCR band was observed around 410 bp for the PSTVd testing with
the (5X)mxRT-PCR procedure for PSTVd sample #4, #6, #7 and #8 (Appendix I:
Figure I.F). Subsequently, uniplex RT-PCR was performed with the PVD3/4 primer set
(incorporated within the multiplex procedure), where the same phenomenon was
observed (Appendix I: Figure I.A). Afterwards, the PSTVd panel samples were tested
with all other PSTVd PCR primer sets in house, where the extra PCR band around 410 bp
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was observed in all testing within these samples (Appendix I: Figure I, B.E). A few other
lyophilized PSTVd positive controls were selected from the reference unit and tested,
where the extra PCR band was observed in a few of the selected samples. The subjected
PSTVd primer sequences were then BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
through the NCBI database. It was found that the sequences did not match to any part of
the potato genome, but they do perfectly match to the genome sequences of the TCDVd
(Tomato chlorotic dwarf viroid, MK848324.1) and MPVd (Mexican papita viroid,
KP863711.1). However, the PCR amplicon size of around 410 bp was bigger than the
genome size of the TCDVd (359 nt) and MPVd (361 nt). Thus, the degradation of RNA
during the freeze-drying procedure could be one of the main contributors to this problem,
in which the observed PCR band (around 410 bp) was due to nonspecific amplification.
Unfortunately, the origin of the subjected PSTVd panel samples could not be traced back,
so it was impossible to perform NGS (due to the lyophilized nature) for further
investigations.
3.8.1.4 In vitro plantlets from the Fox Island Elite Seed Farm
The 200 in vitro plantlets from the PE-FIESF were tested around mid-August in 2020,
under the diagnostic testing circumstances. There were five sets of samples received with
40 isolates in each sample set that were categorized based on cultivars, namely the
SUP-90 (12-06-3) (Superior), NRED-40 (12-06-3) (Norland Dark Red), GUSH 42
(12-06-3) (Goldrush), RUS 102 (12-06-3) (Russet Burbank), and SHEP 59 (12-06-3)
(Shepody), where the isolates in each sample set were named as A1-A40, B1-B40,
C1-C40, D1-D40, and E1-E40, respectively. Although the detection sensitivity for the
optimized mxRT-PCR procedures was at least 1:500 (1 infected sap in 499 healthy sap)
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as previously determined, 25 isolates per composite was used considering from a
practical aspect. Since there were 40 isolates in each sample set, two composites were
created with 25 and 15 isolates in each composite for validating the chosen sensitivity of
1:25 of the optimized mxRT-PCR procedures. Additionally, two spiked samples were
made by combining 90 µl of positive plant sap with 10 µl of composite plant sap. The
SUP-90 Comp1 (composite #1) and the GUSH 42 Comp2 (composite #2) were spiked
with PVM and PVS, respectively, based on random selection. Minimum sample handling
would be preferred for time-saving and cross-contamination limitation purposes from a
diagnostic testing perspective. Thus, unlike the preparation of the NB-ACS composites
by weighing out approximately 100 mg of each isolate, a much-simplified preparation
approach was used for processing the PE-FIESF samples. After the height of the in vitro
plantlets reached the top of the test-tubes, each plantlet was cut approximately in the
middle, whereby the upper-half was used for screening.
After the primary screening with the mxRT-PCR procedures, all composites showed
negative for the targeted pathogens, and the results were confirmed by the mxRT-qPCR
procedures (Table 3.9 and Appendix J). The spiked samples successfully showed PCR
bands in the mxRT-PCR gels with the expected sizes (Appendix J). Within the
mxRT-qPCR confirmation testing, the spiked GUSH 42 Comp2 with PVS showed a Ct
value of 14.34 with the threshold of 0.05, which confirmed the mxRT-PCR testing
results. Since PVM was not included in the mxRT-qPCR design, the spiked
SUP-90 Comp1 with PVM remained negative in all channels except COX internal
control. The inclusion of the 20% spiked samples (2 spiked samples per 10 composites
tested) further enhanced the level of confidence on top of the inclusion of internal control
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(ruled out possible false-negative results) by ensuring the preciseness and accuracy of the
RNA extraction and RT reaction stages. Furthermore, the testing results obtained within
the agency based on the optimized procedures were confirmed with the results obtained
from the PE-FIESF, whereby all provided in vitro plantlets were free from the targeted
pathogens.
3.8.2

Result verification with NGS

Only the potato in vitro plantlets from the NB-ACS were subjected to the NGS result
verification because the total RNA needed to be re-extracted (the PureLink Total RNA
Mini Kit was used for this study) to obtain high-quality RNA for sequencing. Sample AF,
AA, and A were omitted from the NGS verification stage due to the death of the
subjected isolates. The total RNA of each isolate was extracted individually. Then the
RNA extracts with RIN value above seven were chosen, in which isolates with different
viral identities were grouped as a composite for further processing. There were two NGS
trials performed for the NB-ACS samples, depending on the growth stage of the in vitro
plantlets. The first trial contained 11 samples with five samples in each composite. The
isolate R stood-alone due to its unknown identity at the testing time (Appendix K). The
second trial contained 18 samples, with three samples in each composite (Appendix K).
The last three composites of the second trail contained isolates with overlapped viral
identities due to the limited probability of rearranging the isolates (Appendix K).
The first NGS trial was carried out in early November of 2019. Initially, there were four
composites plus isolate R (20 samples) within the first trial. However, two composites
(C3 and C4) were not included in the final sequencing stage due to insufficient cDNA
library concentration and volume for generating the 4.0 nM pooled library (Appendix K).
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During the cDNA library quantification stage, the obtained standard curve from the
averaged Ct values generated via qPCR was y = -3.4236x + 8.9174 (R2 = 0.9997). The
calculated cDNA library concentration with fragment-size-based adjustment was
22.64 nM for composite 1 (C1) with isolates C, I, N, H, and D; 11.97 nM for C2 with
isolates U, S, T, AG, and AB; and 6.84 mM for isolate R (Appendix K: Figure K.1 and
J.2). Ultimately, 4.42 µl of C1, 8.35 µl of C2, and 14.62 µl of isolate R were combined to
make a 4.0 nM pooled cDNA library with a final volume of 25 µl.
Since the cDNA library concentrations obtained from the first NGS trial were all on the
lower side, the second NGS trial was carried out in early January of 2020 when the
remaining in vitro plantlets reached an optimum height for total RNA extractions.
Additionally, a new TruSeq Stranded Total RNA Library Prep Kit (with Plant rRNA
Depletion) was used because the previous trails (for this study and studies performed by
another technician) generated cDNA libraries with overall lower concentrations than
expected. During the cDNA library quantification stage, the obtained standard curve from
the averaged Ct values generated via qPCR was y = -3.3462x + 8.9075 (R2 = 0.9989),
where the calculated cDNA library concentration with fragment-size-based adjustment
was 1746.24 nM, 1123.85 nM, 1965.86 nM, 2140.90 nM, 3446.87 nM, and 7569.24 nM
for C1 to C6, respectively (Appendix K: Figure K.3 and J.4). Ultimately, 2.29 µl of C1,
3.56 µl of C2, 2.03 µl of C3, 1.86 µl of C4, 1.16 µl of C5, 0.53 µl of C6 and 988.57 µl of
nuclease-free ddH2O were combined to make a 4.0 nM pooled cDNA library with a final
volume of 1000 µl.
Within each trial, the normalized 4.0 nM cDNA library pool was further denatured with
NaOH and diluted with the provided hybridization buffer to make a final concentration of
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10 pM before loading into the MiSeq Reagent Kit v.3 (150 cycles) for sequencing. After
mapping all sequenced data to the host genome, the unmapped reads were subjected to
de novo assembly and BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) through the
NCBI database for identification purposes. Since individual RNA extract was grouped
into composites for cDNA library preparations, the pathogenic identities for each
composite were displayed as the final results (Table 3.10).
Table 3.10 The NGS results for the NB-ACS in vitro plantlets
Composite name (sample name)
C1 (C, I, N, H, D)
C2 (U, S, T, AG, AB)
Isolate R
C1 (S, O, AJ)
C2 (AI, G, AH)
C3 (V, P, Q)
C4 (m, Z, B)
C5 (AE, X, E)
C6 (M, Y, K)

Pathogens detected via NGS
PVYNTN, PVYN:O, PVA, PVX, PSTVd
PVM, PSTVd, PotLV, PLRV, PVYO, PVX
PVS
PVM, PLRV, PVYO, PVS, PVA, PVX
PSTVd, PLRV, PVYNTN, PVYO, PVS, PVX
PotLV, PLRV, PVYNTN, PVYO, PVS, PVX
PLRV, PVYN:O, PVYO, PVS
PLRV, PVYO, PVS
PVYO, PVS, PVX, PVM

The isolate R within the first NGS trail was determined to be infected with PVS. The
result was further confirmed with the optimized mxRT-PCR and mxRT-qPCR procedures
when the sub-cultured plantlet reached an optimum size for RNA extractions (Appendix
G: Figure G.3 and Table G.2). The sample U and M previously had undetermined PVY
strain type via the multiplex RT-PCR for PVY strain typing, which were confirmed to be
infected with PVYO via NGS (Appendix G, Appendix K, and Table 3.10). No additional
viruses that were not covered under the Nuclear Stock Certification Program were
detected within the subjected NB-ACS samples. Moreover, the final verification results
from NGS completely matched up with the mxRT-PCR and mxRT-qPCR results that
further ensured the effectiveness and accuracy of the optimized procedures (Table 3.10
and Appendix K: Table K.1). The 21 complete genome sequences obtained from the two
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NGS trails were submitted to the NCBI GenBank database via BankIt
(https://www.ncbi.nlm.nih.gov/genbank/) submission portal for publication (Table 3.11).
Table 3.11 The accession numbers of the submitted complete sequences to GenBank
Accession number
MN950785
MN950786
MN950788
MN950789
MN688138
MN688139
MN694919
MN950792
MN950793
MN950794
MN966671
MN966672
MN694918
MN950791
MN950790
MN694920
MT114148
MT114149
MT114150
MT114151
3.9

Target
PVX
PVX
PVX
PVX
PVX
PVX
PSTVd
PVS
PVS
PVS
PVS
PVS
PLRV
PLRV
PotLV
PotLV
PVM
PVM
PVA
PVYO

Source
NB-ACS-O
NB-ACS-AH
NB-ACS-M
NB-ACS-V
NB-ACS-N
NB-ACS-AG
NB-ACS-D
NB-ACS-AH
NB-ACS-V
NB-ACS-B
NB-ACS-AE
NB-ACS-M
NB-ACS-AB
NB-ACS-V
NB-ACS-P
NB-ACS-T
NB-ACS-S
NB-ACS-K
NB-ACS-AJ
NB-ACS-M

Sequence-based primer evaluation

Different numbers of sequences were chosen for multiple sequence alignments using the
Clustal Omega (https://ebi.ac.uk/Tools/msa/clustalo/) based on the availability of the
published sequences in NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) for
each target (Table 2.9 and Table 2.10). For well-studied targets with a massive amount of
published sequences, only complete genome sequences published with details in the
geographical origin and collection date of the subjected isolate being sequenced were
included in the multiple sequence alignments. For targets with a limited amount of
published sequences, only complete sequences within the targeted region where the PCR
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products locate were included in the multiple sequence alignments to ensure the use of
high-quality data input. Selected published sequences from the NGS in this study were
also included for some targets as the most up-to-date sequences. The multiple sequence
alignment results were visually displayed by ESPript 3.0 (http://espript.ibcp.fr) with
colouring schematics based on the calculated similarity scores. In this study, consensus
bases had red backgrounds, highly-conserved (similarity score ≥ 0.7) bases had yellow
backgrounds, and weakly-conserved (similarity score < 0.7) bases had white
backgrounds. The regions where the forward and reverse primers were designed were
boxed in pink and blue, respectively, without masking the similarity score based
colouring schematics. Only a section of the multiple sequence alignment was displayed,
starting with the forward primer design region (pink) and ending with the reverse primer
design region (blue). For targets with PCR products longer than 200 bp, only regions
where the primers were located were displayed.
According to the sequence-based primer analysis, primer sequences for PotLV, PSTVd,
PMTV, PLRV, PVA, and PVX were designed in well-conserved (PotLV and PSTVd) or
highly-conserved (PMTV, PLRV, PVA, and PVX) regions (Appendix L). However, there
were less than ten sequences involved in the multiple sequence alignments of PotLV,
PMTV, and PVA due to the lack of published sequences (Table 2.9 and Appendix L). For
example, PotLV was a relatively newer virus discovered in 2000 in Edinburgh, so there
were only five sequences involved in the multiple sequence alignment with two
sequences obtained from the NGS in this study. The forward primer for PotLV targeted
the tail of the CP region, and the reverse primer targeted the head of the NABP region.
Although those regions appeared to be well-conserved from the alignment, only five
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sequences were not enough to tell the entire story (Appendix L: Figure L.1). Moreover,
the nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) results with PotLV
isolate T (MN694920) as the query sequence showed a similar result as this multiple
sequence alignment (data not shown). Thus, it is crucial for researchers to continue
publishing sequences obtained from various sequencing methods to keep building up the
Genbank database for future studies.
In PMTV, PLRV, PVA, and PVX alignments, there were 1-2 base variations at some
locations within the primer design regions. For example, the PMTV sequence from
Colombia/2010 (KR857351.1) had base C instead of base T at position 2029 (Appendix
L: Figure L.6). Since this position located roughly in the middle of the primer design,
kept it as base A in the current primer design had a limited impact on the primer
performance (Table 2.2). However, for base variation locates close to the 3' end of the
primer design, such as position 477 within the PVX forward primer design region, there
might be a certain degree of impact on the primer performance (Appendix L: Figure L.6).
From nucleotide BLAST result (data not shown) with PVX isolate AG (MN688139) and
isolate N (MN688138) as query sequences, the residue at position 477 had a relatively
even distribution of base C and base T among hundreds of different isolates. Thus,
changing the base C to the degenerate base Y in the corresponding position within the
current primer design or shifting the PVX forward primer to a region with well-conserved
sequences towards the 3' end of the primer (Table 2.2) might improve primer
performance. As the starting point of the primer annealing and extension by the DNA
polymerase during the PCR process, the exact-match of the 3' end of the primer to the
template DNA would highly improve the primer binding potential and specificity.
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Weakly-conserved bases (white) were found within the primer design regions of PVM,
PVS and PVY. For PVM and PVS, the coat protein genomes were less well-conserved as
lots of columns showed similarity scores below the 0.7 thresholds. Conversely, the triple
gene block (TGB 1-3) region of PVM had much higher sequence conservation among
different isolates (data not shown), which might be a better area to consider for the primer
design. Since there were many PVY strain types with distinct genome sequences, around
two or three sequences were chosen from each PVY strain type for alignment, based on
the availability of complete PVY polyprotein sequences published in NCBI GenBank
with the correct indication of PVY strain types. Some sequences had the wrong strain
types published based on the Clustal-W phylogenetic analysis (neighbour-joining) results
(data not shown), which were excluded from the final multiple sequence alignment.
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Figure 3.4. Multiple sequence alignment for the PVM coat protein. Since the PCR
amplicon for PVM is 520bp (Table 2.2), only regions where the primers locate were
displayed. Two regions highlighted in pink and blue are locations for PVM forward and
reverse primer designs, respectively. PVM sequences obtained from the NGS in this
study have the title in red colour.
Within the PVM forward primer region at position 375, both base C and base T could
exist, suggested the incorporation of degenerate base Y in the primer design (Figure 3.4).
Since position 375 was located in the middle of the primer design, keeping it as base C in
the current primer design had limited influences on the primer performance (Table 2.2).
Within the PVM reverse primer design region, four positions appeared to be
weakly-conserved. For position 879, both base A and base G were potential residues
(Figure 3.4). Since this position was close to the 3' end within the primer sequence,
instead of base C used in the current primer design, changing it to the degenerate base Y
might improve PVM primer performance (Table 2.2).
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Figure 3.5. Multiple sequence alignment for the PVS coat protein. Since the PCR
amplicon for PVS is 417bp (Table 2.2), only regions where the primers are locate were
displayed. Two regions highlighted in pink and blue are locations for PVS forward and
reverse primer designs, respectively.
The primer design for PVS imposed a similar problem as PVM (Figure 3.4). There were
seven weakly-conserved and seven highly-conserved bases within the primer design
regions (Figure 3.5). Especially for the reverse primer at position 786, all four bases
could be potential residues with the highest probability for base G (Figure 3.5), whereas
the current primer employed base C at this position (Table 2.2). Since position 786 was
located right at the 3' end of the reverse primer design, it was essential to ensure its
complementarity to the template DNA so elongation could proceed properly (Figure 3.5).
Supposedly, another region with higher sequence conservation should be selected for the
reverse primer design, for example, shifting the primer design slightly upstream from
position 763 to position 784. Fortunately, there have not been any practical problems
associated with using the current PVS primer set in both uniplex and multiplex RT-PCR
formats. However, according to the sequence-based PVS primer analysis, PVS primer
modifications might be required if complications arose in the future.
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Figure 3.6. Multiple sequence alignment for the PVY polyprotein. Since the PCR
amplicon for PVY is 389bp (Table 2.2), only regions where the primers locate were
displayed. Two regions highlighted in pink and blue are locations for PVY forward and
reverse primer designs, respectively.
The current PVY primer set was designed at the moderately conserved NIb (nuclear
inclusion protein b) region. Since there was low sequence similarity among different
PVY strains, many locations had similarity scores below the 0.7 thresholds in this
alignment (Figure 3.6). As the goal was to design a universal PVY primer for all PVY
strain types, modifications were made to the forward primer (based on the previous
design that failed to pick up several PVY strains) by degeneration at three bases to ensure
universality, including the degenerate base Y (C or T) at position 181, K (T or G) at
position 187, and R (A or G) at position 190 (Figure 3.6). After this modification, the
performance of the PVY primer was highly improved. Within the reverse primer region
at position 549, both base T and base C could be potential residues with relatively even
distribution in this alignment (Figure 3.6). However, base G was incorporated in the
current design at this position (Table 2.2). Consideration of changing the base G to the
degenerate base R at position 549 could be made if any problems arose in future testing.
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CHAPTER 4: DISCUSSION
4.1

Sample preparation under diagnostic testing conditions

Although the detection sensitivity of the optimized mxRT-PCR procedures was at least
1:500 (able to detect the one infected plantlet within 499 healthy plantlets of relatively
similar sizes), it would be almost impossible to macerate 500 tissue samples altogether to
obtain a well-mixed plant sap. Thus, up to 25 plantlets per composite was set as the
optimum sample size by considering from a practical aspect. Upon sample reception, the
integrity of each plantlet submitted by the inspector should be carefully examined. For
example, plantlets that are badly damaged, frozen, or dead should be reported, rejected,
and ask for re-submission if possible. During sample preparation, extra caution should be
exercised for grinding the samples with the Homex 6 homogenizer to prevent the plant
sap from spilling outside of the Bioreba bags. After macerating the plantlets into plant
sap, the RNA (from the host or potentially from pathogens) content would be exposed,
which may be rapidly digested by the presence of ubiquitous RNases that are commonly
present in the environment. So the macerated plant sap should be immediately placed on
ice and subjected to RNA extraction to minimize the potential RNA degradations. In
contrast, the inclusion of lysis buffer with added RNase denaturing reagents (such as the
β-mercaptoethanol) would also highly enhance RNA integrity during the macerating
process. However, due to the foul-odour of β-mercaptoethanol and extra-expenses
involved with the additional lysis buffer, this step is often not considered during sample
extraction for PCR-based downstream applications.
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From a diagnostic testing perspective, minimum sample handling and steps involved
would be preferred for time-saving, cross-contamination limitation, and minimizing the
chances of making mistakes. Thus, when uniformizing the amount of tissue required from
each isolate, the amount of tissue was estimated based on the plantlet's height instead of
weighing out approximately 100 mg of tissue from each isolate as performed under
research conditions. After the height of the in vitro plantlets reached the top of the
test-tubes, each plantlet was cut approximately in the middle, whereby the upper-half was
used for screening. Since some viruses cannot be evenly distributed within the host plant,
the inclusion of only the tip of the plantlet might induce false-negative results.
4.2

The impact of extraction methods on downstream applications

Seven commercially available column-based total RNA extraction kits were evaluated
based on the extractions from the potato in vitro plantlets for comparison to the standard
Tri-Reagent (or phenol-chloroform) based extraction method. Generally, all RNA
extraction methods utilize a type of denaturant to break the plant cells for releasing the
RNA contents and simultaneously denature the RNases present in the environment
(Chirgwin et al. 1979). Examples of the common denaturants include the acidic GITC
(guanidinium thiocyanate), its derivative Tri-Reagent, and the alkaline SDS (sodium
dodecyl sulphate). During the classic Tri-Reagent extraction, the nucleic acids are
retained in the top aqueous phase, while the protein and other impurities are removed to
the phenol phase. Notably, the concentration of guanidinium cations present in
Tri-Reagent needs to be limited during phenol-based extractions because high guanidium
concentration might promote the partition of the nucleic acids into the phenol phase,
which leads to the loss of extractable genomic materials (Xu et al. 2011b). Alternatively,
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during the column-based extractions, the formation of hydrogen bonds between nucleic
acids and silica by the absorbed water molecules was believed to be the primary force for
absorbing the nucleic acids into the mesoporous silica filter (Fujiwara et al. 2005; Pastré
et al. 2003). Additionally, the presence of the guanidinium cations may also aid in the
bridging between nucleic acids and silica solid phase via positive charge resonance.
However, the strong repulsion force between the negatively-charged phosphate groups of
the nucleic acids and the hydroxyl groups of silica might hamper the interactions, which
lead to the loss of extractable genomic materials (Xu et al. 2011b).
Isolates singly infected with PSTVd, PLRV, or PVX were chosen for this evaluation. In
terms of RNA quantity, Tri-Reagent based extraction method often yields low copy
numbers of PSTVd and PLRV due to the dsRNA-like nature of PSTVd (Owens 2007)
and phloem-limited characteristic of PLRV (Lee et al. 2005). Conversely, a high yield of
PVX RNA molecules is often obtained because PVX typically exists in high copy
numbers in infected isolates (Lico et al. 2015). In terms of RNA quality, Tri-Reagent
based method combined with the homogenization-by-maceration procedure for sample
preparation generally failed to produce RNA with high integrity, where the extracted
RNA was often present as shorter fragments compared to the originally transcribed RNA
(Portillo et al. 2006). Additionally, the prolonged extraction process and the potential for
carrying-over of PCR inhibitors, such as phenol, ethanol, and gDNA contaminants, may
compromise downstream results and applications (Schrader et al. 2012).
The RNA quality in terms of the presence of a high-level of insoluble polysaccharides
and a diverse array of metabolites in plant tissue further impose challenges for RNA
extractions (Nadiya et al. 2015; Portillo et al. 2006). Therefore, most RNA extraction kits
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come with modifications for extracting from plant tissue or specific kits are designed
exclusively for plant materials, such as the E.Z.N.A.® Plant RNA Kit from Omega
Bio-Tek examined in this study. Due to the unavailability of liquid nitrogen, gauge
syringe needles, or other sample preparation tools acquired in some RNA extraction kits,
all samples were prepared by macerating within the Bioreba bag with the Homex 6
homogenizer under room temperature. The macerated plant sap was then immediately
placed on ice, as mentioned in the previous section. Overall, the quantity and quality of
the extracted total RNA do not solely depend on the choice of RNA extraction method
but also highly rely on the sample preparation technique (e.g. pulverization vs.
maceration with homogenizer), plant tissue type (e.g. in vitro plantlet vs. leaf/stem tissue
vs. tuber), species (e.g. tomato vs. potato), and sample integrity (e.g. highly stressed
plants vs. unstressed plants) (Schrader et al. 2012).
The quality in terms of the total RNA integrity was evaluated with the Agilent 2100
Bioanalyzer. Traditionally, the estimated ratio of the size of 28 S and 18 S rRNA
molecules from the agarose gel analysis is used as a reference for RNA degradation,
whereby a 2:1 ratio is considered fully intact RNA (Portillo et al. 2006). However, the
traditional method is subjective, low-throughput, and requires significant amounts of
precious RNA (Bustin and Nolan 2004). Alternatively, the Agilent 2100 Bioanalyzer
incorporated a comprehensive algorithm on top of the traditional method to express RNA
integrity as a RIN value on a scale of 1 (most degraded) to 10 (most intact), which further
standardize the RNA integrity assessment in an automatic, objective, and unambiguous
way that is better suited for routinely analyzing large numbers of RNA preparations
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(Bustin and Nolan 2004; Schroeder et al. 2006). Additionally, the estimation of the total
RNA quantity can also be achieved at the same time during the RNA integrity analysis.
For total RNA extracted from plant samples, a RIN value above 6.0 could be considered
intact RNA for highly sensitive downstream applications, such as the gene expression
analysis or the NGS (Nadiya et al. 2015). From the evaluated total RNA extraction kits
within this study, the three Tri-Reagent (phenol or phenol-chloroform) based extraction
methods yielded RNA with RIN values below 6.0 and the longest extraction time
(20-90 min). In contrast, the other column-based extraction methods yielded intact RNA
molecules (RIN > 6) that were potentially suitable for highly sensitive downstream
applications (Table 3.1 and Table 3.2). For the column-based extraction kits, the
incorporation of the silica matrix within the columns acted as a barrier to better remove
contaminants that may aid in RNA degradation or present as PCR inhibitors during
downstream applications. Based on the SDS (safety data sheet) provided by the
manufacturers, all kits incorporated the strong denaturant GITC in the lysis buffer for
denaturing RNases and proteins (Portillo et al. 2006). The presence of phenol or
guanidinium hydrochloride in some kits acted as additional protein and RNase
denaturants (Table 3.2). However, the guanidinium-based salts and phenol failed to
eliminate secondary metabolites (such as polyphenols in plants). Conversely, the
incorporation of the strong reducing agent β-mercaptoethanol in the E.Z.N.A.® Plant
RNA and PureLink™ RNA Mini kits can irreversibly denature the RNases and the
proteins by disrupting the disulphide bonds between the cysteine residues and acting as
an antioxidant to prevent the oxidization of phenolic compounds present in the crude
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plant extract, which profoundly enhanced the extracted RNA integrity (RIN value of 9 to
10) (Table 3.1) (Wang et al. 2005).
The NucleoSpin® RNA Plus, Monarch® Total RNA Miniprep, and Quick-RNA™
Miniprep kits incorporated a gDNA removal step in the form of a gDNA removal
column. However, few commercial kits could guarantee the complete removal of gDNA
due to the similar properties of DNA and RNA molecules (Xu et al. 2011b). Especially
during quantitative analysis (e.g. gene expression analysis with RT-qPCR), it is crucial to
eliminate the gDNA contamination in an RNA extract because the presence of gDNA
might decrease the accuracy of RT-qPCR and result in false-positive signals with lower
Ct values compared to the true positives (Chomczynski and Sacchi 2006). Fortunately,
the extracted RNA is destined for qualitative measurements, in which the level of gDNA
contamination control was not highly stressed. In the case of PSTVd, its detection limit
was much lower (up to 1:500) compared to the other targets within the (5X)mxRT-PCR
(PVM-PMTV-PSTVd-PotLV-Elf) procedure (Figure 3.3A and Table 3.4). Thus, a small
side-project was performed for extracting PSTVd (with the Tri-Reagent based extraction
method) with an additional gDNA removal step because a possible explanation for the
lowered detection limit of PSTVd could be the lower extraction yield. Since PSTVd has a
circular RNA genome that behaves as a double-stranded RNA, unlike other
single-stranded linear RNA molecules, most of its RNA content might accumulate
towards the bottom of the aqueous phase and within the interphase that contained the
majority of gDNA (Crosslin and Hamlin 2011). The initial thought was to extract both
the top aqueous phase and the interphase after the phenol-chloroform treatment, whereby
the extract would be subjected to gDNA removal with RNase-free DNase to eliminate the
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presence of gDNA while maximizing the content of extractable circular RNA molecules
of the PSTVd. However, with the rise in the costs of time and expense of this enzymatic
treatment, similar-sized PCR bands and Ct values were obtained compared to the
traditional Tri-Reagent based RNA extractions. Moreover, the risk of RNA degradation
and difficulties in monitoring the efficiency of DNA digestion can further increase the
uncertainties of the experiments (Matthews et al. 2002). Thus, this side-project was
pre-terminated, and the original Tri-Reagent extraction procedure was retained for
extracting PSTVd. Notably, the detection sensitivity of up to 1:500 is considered
sensitive enough for producing reliable screening results under diagnostic testing
conditions, so the lower detection limit of PSTVd is unlikely to propose any future
complications.
In terms of the total RNA quantity, phenol-based extraction methods yielded lower total
RNA concentration (above the horizontal ruler) than that of the other column-based RNA
extraction methods (Table 3.1). Since the size and condition of the in vitro plantlets were
not standardized, it was tough to determine whether this variation resulted from the
difference in extraction methods, isolates used, or differences in sample sizes. Moreover,
the total RNA extractions from the PSTVd isolates were subjected to the uniplex
RT-qPCR analysis, in which similar Ct values (around the early 20s) were produced for
all RNA extraction methods with the defined threshold of 0.05, except for the RNA Clean
& Concentrator™ where no Ct value was produced (data not shown). Overall, the
extraction kit that yields a higher total RNA concentration does not imply that a higher
pathogenic RNA concentration would result simultaneously (Table 3.1). Thus, the
appeared higher total RNA concentration might result from an increase in the host rRNA
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quantity because approximately 80-90% of the extracted total RNA was rRNA from the
host.
Since the goal was to use the extracted RNA for mxRT-(q)PCR applications to detect the
presence of the targeted pathogens qualitatively (as "present" or "not present") under the
diagnostic condition for a massive amount of samples, the standard for the extracted
RNA quality could be sacrificed a little to comprise the cost of extraction kits. By far, the
traditional Tri-Reagent extraction method (phenol-chloroform based) featured the lowest
price point ($1.30 per sample) and moderate RNA quality (RIN value of 3.5 to 4.5)
(Table 3.1 and Table 3.2). Additionally, the Tri-Reagent extraction method has been
employed for extracting potato plant tissues (regardless of tissue type) for decades within
the agency (or the accredited private laboratories) and for related researches, which is
considered as a very mature technique to yield RNA that is satisfactory for PCR-related
downstream applications (Abad et al. 2005; Bilal et al. 2019; Shahriari and Tahmasebi
2018; Xu et al. 2010; Xu et al. 2004). However, the prolonged time expense
(approximately 90 min) involved with the Tri-Reagent RNA extraction may increase the
likelihood of contamination, human error, and delay in the experimental process during
an emergency testing event (e.g. viral breakout). Therefore, the inclusion of an alternative
RNA extraction procedure (e.g. E.Z.N.A.® Plant RNA with approximately 10 min
extraction time that cost $4.22 per sample) within the Nuclear Stock Certification
Program could be beneficial for particular circumstances (Table 3.2).
Furthermore, for quantitative and highly sensitive downstream applications, such as the
gene-expression analysis and the NGS, the use of RNA extraction kits that produce
high-quality and intact RNA is mandatory to ensure the successful production of valid
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and reliable output (Nadiya et al. 2015; Pallás et al. 2018). For example, the PureLink™
RNA Mini kit ($5.61/sample) was used to extract high-quality RNA for NGS within this
study, in which several complete genome sequences for the targeted pathogens were
obtained. The E.Z.N.A.® Plant RNA kit could also be tried for NGS applications in the
future as it featured a lower price point and reduced time expenses compared to the
PureLink™ RNA Mini kit. The magnetic-bead-based RNA extraction kits utilizing an
automated and high-through robot (e.g. KingFisher Flex Magnetic Particle Processor,
Thermo Fisher Scientific) should also be explored in the future for minimizing sample
handling to eliminate human-error and possible cross-contamination with automation.
4.3

Reverse transcription reaction: random hexamers vs. oligo-dT

Reverse transcription is the initial step in RT-PCR for producing the cDNA copies
required for PCR amplification from the extracted RNA templates, which is potentially
the richest source of variability in an RT-PCR experiment (Freeman et al. 1999). The
initial cDNA priming stage can be carried out with random primers, oligo-dT, or
target-specific primers. Based on the choice of different priming techniques, marked
variation would result in cDNA yield, variety, and specificity (Zhang and Byrne 1999).
After the primer successfully anneals to the RNA template, the cDNA is made by
extending toward the 5' end of the RNA template through the RNA-dependent DNA
polymerase activity of the RT enzyme. There are two main types of commercially
available RT enzymes, namely the MMLV-RT and the AMV-RT, whereby the choice
depends mostly on the size of the RNA template, degree of secondary structure, personal
preference, or cost (Brooks et al. 1995). Notably, most reverse transcriptases are sensitive
to phenol, salts, or alcohol carryovers from the RNA extraction stage (Brooks et al.
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1995). Therefore, strict quality control during the RNA extraction stage is mandatory to
minimize contamination sources that may introduce variations and inconsistencies in the
downstream RT reaction.
During the initial phase of the mxRT-PCR procedure developments, the RT reaction was
performed with random hexamers for all the subjected pathogenic targets because it
would be ideal if only one set of cDNA could be applied to both of the optimized
procedures. Because random primers can prime at multiple points along the RNA
transcripts in a nonspecific and relatively-unbiased manner, the highest cDNA yield can
be obtained compared to the other two priming techniques. For example,
much-uniformed band intensities were achieved from a more balanced amplification
efficiency among the targeted viruses within the sensitivity testing result of the optimized
(6X)mxRT-PCR (PLRV-PVY-PVS-PVA-PVX-Elf) procedure with cDNA produced
from the random-hexamers-based RT reaction (Figure 3.3D). However, one of the major
pitfalls of the random hexamer priming technique is that the majority of the synthesized
cDNA is derived from the host rRNA, which can potentially hinder the transcription of
the targeted pathogenic mRNA that present at a very low level within the total RNA
extract (Bustin and Nolan 2004). Moreover, the use of random hexamers introduces
another layer of inconsistency and uncertainty on top of the existing variability involved
with the RT reaction.
Alternatively, the deoxythymidine residues on the oligo-dT primer can selectively anneal
to the 3' poly(A)-tails found on most mRNAs. Thus, the use of oligo-dT primers
increases the binding specificity to the mRNA targets to eliminate the transcription of the
host rRNA. However, not all pathogenic RNA contains a 3' poly(A)-tail, such as the
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PVM, PMTV, PSTVd, PotLV, and PLRV targeted in this study. Although the PLRV
RNA genome has 3' A-stretches that can anneal to the oligo-dT, the other co-existing
viral target with a 3' poly(A)-tail will be preferably amplified. This phenomenon was
well-represented within the sensitivity testing of the optimized (6X)mxRT-PCR
procedure with cDNA produced from the oligo-dT-based RT reaction. Even though the
detection sensitivity of all targets remained the same (up to 1:4000), the amplification
efficiency (band intensities) of PLRV was much lower compared to that of the other
targets within both the dilutions (Figure 3.3B, lane 9-18) and the positive control
(Figure 3.3B, lane 2).
Nevertheless, target-specific primers have the highest specificity and lowest background,
whereby this primer can then be used as the anti-sense primer in the subsequent PCR
amplification to amplify only the product of interest (Pfeffer et al. 1995). However, the
use of a target-specific primer requires a separate priming reaction for each target. Since
the aim is to discover the multiplexing potential for detecting the nine targeted pathogens
to increase the feasibility and convenience for routine diagnostic use, the target-specific
priming technique was not considered to complicate the overall experimental procedure.
In summary, the lower cDNA yield of PLRV from oligo-dT-based RT reaction resulted
in its weaker amplification during the sensitivity testing of the (6X)mxRT-PCR
procedure. Since there is no profound sacrifice in the overall detection sensitivity of
PLRV and the grouping of the targeted pathogens need to be based on the prevalence in
seed potatoes, oligo-dT will be employed for the RT stage of the (6X)mxRT-PCR
procedure. Regardless, it is worth noting that from the experiments conducted within this
study, random hexamers based priming techniques can be potentially applied to all RNA
139

extracts despite the genomic features of the targeted RNA since only qualitative results
(as "present" or "not present") are of concern. However, the potential for generating
nonspecific amplification is increased with the additional layer of randomness introduced
by the use of random-hexamers-based RT reaction.
4.4

Quality control in PCR-based procedures

Taking into consideration the variability and uncertainty associated with the PCR-based
techniques, standardization, strict quality control, and quality assurance are mandatory
for producing reliable screening results, especially for routine diagnostic testing because
the production of false-positive or false-negative results may induce commercial
consequences or legal implications in case of a possible liability (Burkardt 2000). The
integrity of PCR testing results is commonly affected in three ways, including human
error, nonspecific amplifications associated with poorly designed procedures, and
contaminations. Human error can be minimized with good laboratory practices and
regular training in both wet-lab performances and result-interpretations. Thus, only
technicians certified in performing PCR-based procedures are qualified to conduct the
related tests, and the certification status needs to be renewed at least twice a year with
appropriate panels to ensure competency and proficiency (CFIA 2019). Additionally,
nonspecific amplification can also be drastically minimized with a properly optimized,
validated, and executed assay. Thus, the protocols within the current SOPs are reviewed
at least every two years and updated based on the review as required (CFIA 2019).
In contrast, various contamination sources indeed are the primary issue associated with
the PCR-based techniques (Burkardt 2000). In order to minimize environmental
contamination, it is recommended that a PCR test should be performed in at least three
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different rooms under diagnostic settings. Within the agency, four isolated rooms are
involved in PCR-based procedures. Firstly, a "clean room" for reagent setup (no
RNA/DNA templates allowed), followed by a room solely for sample preparations
including nucleic acid extractions, then a "dirty room" for template addition /storage and
RT reaction, ending with the PCR amplification room. For minimizing possible
contaminations associated with the experiments, it is essential to ensure the proper
performance and frequent calibrations of laboratory instruments and pipettes. Moreover,
the inclusion of amplification controls is especially crucial for both quality control
purposes and troubleshooting if complications arise. The quality of the RNA extract
should be monitored with the inclusion of a blank negative control (referred to as WE
(water extract) in this study), in which 100 µl of ddH2O was added instead of the plant
sap during the RNA extraction phase. If WE showed up positive, the associated samples
should be re-extracted due to contamination. During the RT reaction stage of a two-step
procedure, a "-RT" control with 1.0 µl of ddH2O instead of the RNA template was
included. If WE remained negative with –RT showed up positive, the cDNA should be
re-made from the original extracted RNA. During the final PCR stage, several levels of
control are involved. A negative NTC with 2.0 µl of ddH2O instead of the cDNA
template was used to monitor possible false-positive amplification and a negative
"healthy" control with cDNA made from RNA extract of a healthy isolate.
The included positive control types depend on the targets of the subjected PCR protocol.
For example, the combined and separated positive controls showed in Figure 3.3A
(lane 4-8). Additionally, an internal control was an absolute must for all procedures
(Hoorfar et al. 2003). In this study, the internal control targets the housekeeping gene of
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S. tuberosum to rule-out possible false-negative results. The Ef1α (elongation-factor 1 α)
gene is targeted in all mxRT-PCR based procedures that produce a 101 bp amplicon
presents at the bottom of the gel, and the COX (cytochrome oxidase) gene is targeted in
all mxRT-qPCR procedures in the corresponding channels. Initially, the COX internal
control was applied to both RT-PCR and RT-qPCR based procedures performed within
the agency. However, the selected primers for COX produce a 79 bp amplicon (Weller et
al. 2000), which is smaller than the lower threshold of the utilized 100 bp DNA marker.
Hence, the PCR band tends to run-off the gel if not carefully monitored or appears fainted
in the gel image. Some other primers targeting the potato genome were also designed and
evaluated within the agency. However, none was suitable to be included in this study due
to the size of the amplicons and the incompatibility within multiplex formats. The
discovered Ef1α internal control was initially destined for quantitative gene expression
analysis because the expression of the Ef1α housekeeping gene has a relatively
high-tolerance for fluctuation in stressed plants (Nicot et al. 2005). Since the 101 bp
amplicon produced with the Ef1α primers is ideal for the gel electrophoresis settings and
band-position requirement in this study, this primer set was used to substitute COX
primers for internal control purposes with the RT-PCR procedures. Suppose any
S. tuberosum sample (except for WE, NTC, and –RT) failed to show the internal control
band; the subjected sample might be misloaded, in which the produced negative result is
considered false-negative.
Additional strategies should also be selectively applied in combination with the
aforementioned amplification controls to overcome the presence of false-positive or
false-negative results. The simplest way is to perform the PCR test in replicates (e.g.
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triplicates or duplicates) to ensure the consistency, repeatability, and reproducibility of
the obtained results. For example, all sensitivity and specificity testing of the optimized
procedures in this study were performed in triplicates from three separate sets of RNA
extractions of the same isolates. The presence of any questionable and positive samples
should be re-confirmed with another type of testing technique. For example, the
mxRT-qPCR procedures were designed to confirm the results obtained from the
mxRT-PCR procedures in this study. An HRM analysis can also be included within any
RT-qPCR procedures to provide additional confirmation of the amplified product (Bustin
and Nolan 2004). Moreover, the inclusion of at least 10% of spiked samples gives extra
confidence to the extracted RNA quality or the transcribed cDNA on top of the inclusion
of the mandatory internal control (Saulnier et al. 2009). Thus, the spiking of negative
samples with positive reference materials can help assess the presence of possible PCR
inhibitors to rule-out false-negative results. Nevertheless, the standardization and strict
control in template quality, protocol validity, variability in laboratory practices, and
subjectivity in data analysis are critical for obtaining consistent inter- and intra-laboratory
results, which is the key to routine diagnostic testing (Burkardt 2000; Bustin and Nolan
2004). With the potential to accumulate contaminations throughout a PCR workflow,
extra caution should be exercised in every associated step to produce accurate and
reliable qualitative results.
4.5

Potential and pitfall of PCR-based procedures

The RT-PCR based procedures have been implemented for a long time to screen plant
pathogens with high sensitivity and specificity at an affordable price point. During the
last decades, considerable progress has been made to reduce the time and cost of
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diagnostic testing while increasing the efficiency and feasibility for routine use (Pallás
et al. 2018). For example, several multiplex RT-PCR procedures have been designed for
simultaneous detections of multiple targets, and the RT-qPCR technique has also been
incorporated for its even lower detection limit and the ability to produce real-time and
quantitative results (Agindotan et al. 2007; Crosslin and Hamlin 2011; Khawsak et al.
2008; Nie and Singh 2001; Nikitin et al. 2018; Zhang et al. 2017). However, with the
increase in the number of targets within one assay and increased detection sensitivity,
a higher degree of randomness, inconsistency, and variability are also introduced
simultaneously to preclude accurate and reliable results (Freeman et al. 1999).
One of the most pronounced inherent limitations of the PCR-based technique is referred
to as the "Monte Carlo" effect, which is very difficult to resolve (Bustin and Nolan 2004).
Theoretically, PCR assumes that each cDNA molecule is reliably duplicated once per
cycle if excess amounts of reagents are present, such as the primers and templates.
However, an abrupt increase in amplification efficiency variation can arise if the cDNA
templates are present at very low abundance. Since the successful annealing of primers to
individual templates for replication is considered a random event, templates at very low
concentration rely less on the features of the optimized procedure (e.g. primer design and
annealing temperature) but more governed by the probability of being amplified or being
lost (Karrer et al. 1995). Thus, the lower cDNA template concentration leads to higher
chances for producing false-negative results, especially in multiplexing assays.
Fortunately, the "Monte Carlo" effect is much more pronounced when quantifying
samples with very low target mRNAs. In the case of producing qualitative results,
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carrying the reaction in triplicates should be considered to enhance result reproducibility
and reliability, especially for samples with low target concentrations.
Validation and standardization of qPCR measurements by assessing the amplification
efficiency with a standard curve is a commonly employed quality benchmark (Bustin
et al. 2009). The efficiency of an RT-qPCR assay depends on the efficiency of both the
RT reaction and the qPCR amplification phases. The efficiency of the RT reaction largely
relies on the percentage of mRNA transcribed into cDNA, which is highly susceptible to
contamination (Freeman et al. 1999). For example, in this study, targets such as the
PotLV, PLRV, and PVA had efficiency value above 100% (Table 3.8), which suggested
that there might be carryover materials within the RNA extracts that induced the
polymerase inhibition, such as the salt, ethanol, and phenol residues from the Tri-Reagent
based RNA extraction. The qPCR efficiency describes the fraction of targeted cDNA
copied in one PCR cycle, which should be at least 85% in a well-designed assay without
interfering substances in the sample matrix (Lalam 2006). Notably, the determined
RT-qPCR efficiencies are still highly variable depending on various factors, such as the
employed qPCR instruments, associated-reagents, and targeted mRNA template
concentration within the total RNA extract (Svec et al. 2015). Since there was only one
type of qPCR cycler (Rotorgene-Q qPCR cycler) available in the agency, three different
qPCR kits (SensiFASTTM Probe No-ROX One-Step, Rotor-Gene® Multiplex RT-PCR,
and Luna® Universal Probe) were applied to the optimized procedures for efficiency
analysis. Despite the highest cost of the Rotor-Gene® kit, it has the highest sensitivity
(earliest Ct values produced from the same RNA extract at the defined threshold of 0.05),
amplification efficiency, and the shortest reaction time. It is also the only kit that can
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successfully amplify PVYC. Thus, the Rotor-Gene® kit should be chosen, especially for
analyzing samples that are potentially infected with PVY. However, the SensiFASTTM kit
can be applied for screening targets other than PVY from a cost-efficient perspective, as
it is sensitive enough to produce reliable qualitative results.
In terms of result analysis, one of the major limitations of traditional RT-PCR comes
from the use of agarose gel electrophoresis for band visualization. For example, the
presence of putative optical error can impact the discrimination of the size-specific
amplicons, especially in mxRT-PCR with similar PCR product-length produced (Pallás
et al. 2018). Thus, the mxRT-PCR procedures in this study were designed to incorporate
primer sets that produce PCR amplicons with at least 50 bp differences. Moreover, it is
also hard to confirm that the displayed amplicons are the targeted sequences. Thus, RFLP
was carried out in this study to determine the accuracy of the selected primer set for
mxRT-PCR developments (Figure 3.1). However, the identity of the observed
nonspecific PCR band during the sample testing for the lyophilized PSTVd samples was
still not determined, as discussed in result section 3.8.1.3 (Appendix I). Other methods
could also be applied for verifying the PCR amplicon identity with enhanced sensitivity,
including the direct sequencing of the purified PCR product with the same primer set,
nested-PCR, or real-time PCR with HRM analysis.
Alternatively, RT-qPCR allows for the observation of PCR amplification in real-time, in
which quantitative results can be obtained simultaneously during the run. However, a
higher level of expertise is required for the accurate interpretation of RT-qPCR results.
Although the Ct value is most frequently quoted for reporting RT-qPCR results, the
reported Ct value is only valid with the associated "chosen" threshold. In this study, a
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manually selected threshold of 0.05 was set as the standard for all RT-qPCR based
experiments except during the reaction efficiency analysis, in which the "auto-threshold"
function on the Rotorgene-Q qPCR cycler was applied. If an RT-qPCR is performed for
more than 30 cycles, arbitrary cut-off points need to be selected for deciding whether a
sample is positive. There are no defined rules for cut-off point selection (highly
case-dependent, e.g. depending on the fluorescence level, number of cycles, or expression
of NTC), so in-depth knowledge of qPCR and experiences are required to provide
reasonable rationale for result interpretations (Bustin and Nolan 2004).
4.6

Conclusion and future directions

There are several published mxRT-PCR and mxRT-qPCR based procedures that target
various potato viruses (Agindotan et al. 2007; Crosslin and Hamlin 2011; Khawsak et al.
2008; Nie and Singh 2001; Nikitin et al. 2018; Zhang et al. 2017). Even so, no published
procedure is explicitly tailored to the Nuclear Stock Certification Program. Within this
study, two mxRT-PCR and three mxRT-qPCR procedures have been developed and
optimized for screening the eight viruses and PSTVd targeted under this program. A
workflow of primary screening with the mxRT-PCR procedures followed by
confirmatory testing with the mxRT-qPCR procedures (for the positive or questionable
samples) provides accurate and reliable screening results.
During the developmental and evaluation stage, the sensitivity and specificity of the
optimized procedures were determined and compared to that of the ELISA and R-PAGE
methods currently employed under this program. It was determined that the optimized
multiplex RT-PCR based assays are substantially more sensitive (at least an 8-fold
increase in sensitivity) compared to the current methods. The specificity for detection
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was also highly enhanced with the incorporation of sequence-specific primers or
primers-and-probe set. As little as 1.0 µl of tissue sap from a microplant (in vitro plantlet)
or 1.0 pg of total RNA extract was sufficient for reliable RT-PCR detection. Despite the
lower overall time consumption from sample preparation to result-determination, the
ability to screen at least 25 in vitro plantlets in a composite further enhanced the
diagnosing efficiency. Additionally, the overall experimental procedure involved with
RT-PCR based techniques is much less comprehensive than that of the current methods,
which further increased the feasibility for routine use.
During the validation stage, the optimized procedures were used to screen 334 samples
from four different sources, including 34 potato in vitro plantlets from the NB-ACS, 43
LiCl-based RNA extracts from the PE-PQI, 57 lyophilized panel samples from the
reference unit within the agency, and 200 potato in vitro plantlets from the PE-FIESF, in
which the primary screening results from mxRT-PCRs matched perfectly with the
confirmatory testing results from mxRT-qPCRs. The identities of the NB-ACS samples
were further verified with NGS, and the produced complete sequences of the selected
targets were submitted to the NCBI GenBank database. For samples from the other
sources, each isolate's identity was further verified with testing results from the
associated private laboratories.
Since the Nuclear Stock Certification Program has a zero-tolerance for the targeted
pathogens, only "positive" or "negative" testing results are of concern regardless of the
level of presence. It was determined that the standard Tri-Reagent extraction method
could produce RNA with acceptable quality and quantity for the downstream PCR-based
applications. However, RNA extraction kits that produce high-quality and intact RNA
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(RIN > 6.0) should be considered for highly sensitive downstream applications (e.g.
gene-expression analysis and NGS) to ensure the successful production of valid and
reliable output. Moreover, future research should be carried out to enrich targeted mRNA
(especially for PSTVd) within a total RNA extract for better PCR amplification. The
primers-and-probe set for PVM should also be modified and validated to be included in
the mxRT-qPCR procedure.
According to the sequence-based primer analysis, primer sets for PotLV, PSTVd, PMTV,
PLRV, PVA, and PVX currently do not require any modifications. Still, primer sets for
PotLV, PMTV, and PVA require modifications at various positions or preferably a
re-selection of the primer design regions. Although no complication occurred with the
use of current primer designs, the throughout sequence-based primer analysis in this
study can be used as a reference for future primer modifications if any problems arise
during future diagnostic testing in both uniplex and multiplex formats.
In conclusion, indexing potato nuclear stock with mxRT-PCR followed by confirmation
with mxRT-qPCR can significantly reduce the time and labour expenses while enhancing
the efficiency and feasibility of the potato nuclear stock certification process. The
developed and optimized multiplex RT-PCR procedures are ready for implementation
into the Nuclear Stock Certification Program. With the accurate and reliable diagnostic
results generated by the multiplex PCR-based procedures, CFIA's reputation and
credibility for certifying potato nuclear stock materials will be further enhanced.
Ultimately, this study promotes the trade of potato nuclear stock materials and
collaboration between CFIA and the potato industries.
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Moreover, the developed procedures can be applied for other regulatory testing purposes,
such as the import surveillance and export certification of plant commodities, plant
quarantine testing, and national or regional surveys of plant diseases caused by the
subjected pathogens. Additionally, private sectors can also apply the developed
procedures for conducting researches related to the targeted pathogens for identification
purposes.
Last but not least, all optimized procedures within this study are only destined for
qualitative analysis to determine whether the targeted pathogens are "present" or "not
present" in the subjected isolate(s). Any quantitative aspects, such as the RNA copy
numbers, relative target mRNA concentrations, or level of gene expression, are not of
concern for this study.
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APPENDICES
APPENDIX A: Agilent Bioanalyzer Electropherograms

Figure A.1. Total RNA extractions with the Tri-Reagent-chloroform-based extraction.

Figure A.2. Total RNA extractions with the Macherey-Nagel NucleoSpin® RNA Plus.

163

Figure A.3. Total RNA extractions with the Monarch® Total RNA Miniprep Kit. Each
sample was extracted in duplicates and loaded on to the microfluidic chip in duplicates.

Figure A.4. Total RNA extractions with the Omega Bio-Tek: E.Z.N.A.® Plant RNA Kit.
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Figure A.5. Total RNA extractions with the PureLink™ RNA Mini Kit.

Figure A.6. Total RNA extractions with the RNA Clean & Concentrator™ -5. Samples
on the last column were extracted with the reagents provided in the RNA Clean &
Concentrator™ -5 sample kit and the extraction columns from the PureLink™ RNA Mini
Kit (PL column) due to not enough extraction columns supplied in the sample kit.
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Figure A.7. Total RNA extractions with the Direct-zol™ RNA Miniprep Plus.

Figure A.8. Total RNA extractions with the Quick-RNA™ Miniprep Kit.
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APPENDIX B: Gradient RT-PCR Gel Images for Uniplex RT-PCR

Figure B.1. Uniplex RT-PCR with an annealing temperature gradient from 55 ˚C to
65 ˚C. The assay was performed using total RNA extractions from in vitro plantlets
previously confirmed to be healthy (E) and singly-infected with (A) PVM, (B) PMTV,
(C) PSTVd, and (D) PotLV to determine the optimum annealing temperature for the
uniplex and multiplex RT-PCR procedures. The expected and obtained PCR fragment
size was labelled on the right, followed by an arrow for each gel image. M, DNA 100 bp
Marker (BioBasic). Lane 1, no-template control (NTC). Lanes 2–13 indicate each defined
temperature within the annealing temperature gradient: (2) 55.0 ˚C, (3) 55.3 ˚C,
(4) 55.9 ˚C, (5) 56.8 ˚C, (6) 58.1 ˚C, (7) 59.4 ˚C, (8) 60.6 ˚C, (9) 61.9 ˚C, (10) 63.2 ˚C,
(11) 64.1 ˚C, (12) 64.7 ˚C, (13) 65.0 ˚C.
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Figure B.2. Uniplex RT-PCR with an annealing temperature gradient from 55 ˚C to
65 ˚C. The assay was performed using total RNA extractions from in vitro plantlets
previously confirmed to be singly-infected with (A) PLRV, (B) PVYO, (C) PVS,
(D) PVA, and (E) PVX to determine the optimum annealing temperature for the uniplex
and multiplex RT-PCR procedures. The expected and obtained PCR fragment size was
labelled on the right, followed by an arrow for each gel image. M, DNA 100 bp Marker
(BioBasic). Lane 1, no-template control (NTC). Lanes 2–13 indicate each defined
temperature within the annealing temperature gradient: (2) 55.0 ˚C, (3) 55.3 ˚C,
(4) 55.9 ˚C, (5) 56.8 ˚C, (6) 58.1 ˚C, (7) 59.4 ˚C, (8) 60.6 ˚C, (9) 61.9 ˚C, (10) 63.2 ˚C,
(11) 64.1 ˚C, (12) 64.7 ˚C, (13) 65.0 ˚C.
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APPENDIX C: Detection Sensitivity of PSTVd with R-PAGE

Figure C. The sensitivity testing of PSTVd with the standard R-PAGE procedure. The
assay was performed with the same dilution set for the sensitivity testing of the optimized
(5X)mxRT-PCR (PVM-PMTV-PSTVd-PotLV-Elf) procedure. The obtained band for
PSTVd was pointed with an arrow. The double bands in lane 3 indicate the severe strain
type of PSTVd, whereas the other single bands indicated the ordinary strain of PSTVd.
Lane 1–2 indicate the lyophilized controls for PSTVd detection with R-PAGE: positive
PSTVd control (1) and negative PSTVd control (2). Lane 3, positive PSTVd control as
plant sap. Lane 4–13 indicate the dilution set in composite: (4) 1:10, (5) 1:20, (6) 1:25,
(7) 1:50, (8) 1:100, (9) 1:200, (10) 1:500, (11) 1:1000, (12) 1:2000, (13) 1:4000.

169

APPENDIX D: Specificity of the Multiplex RT-qPCR Procedures

A

B

C

D

Figure D.1. The specificity testing of the optimized (4X)mxRT-qPCR
(PVX-PVS-PSTVd-COX). A, PVS (Qua705-crimson); B, PSTVd (FAM-green); C, COX
(TexasRed-orange); D, PVX (TET-yellow).
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B

C

Figure D.2. The specificity testing of the optimized (3X)mxRT-qPCR (PotLV-PLRVCOX). A, PLRV (Qua670-red); B, PotLV (TET-yellow); C, COX (FAM-green).
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D

Figure D.3. The specificity testing of the optimized (4X)mxRT-qPCR (PVY-PVAPMTV-COX). A, COX (Qua705-crimson); B, PMTV (FAM-green); C, PVA
(Qua670-red); D, PVY (TET-yellow).
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APPENDIX E: Sensitivity of the Multiplex RT-qPCR Procedures

A

B

C

D

Figure E.1. The sensitivity testing of the optimized (4X)mxRT-qPCR (PVX-PVS-PSTVd-COX). A, PVS (Qua705-crimson);
B, PSTVd (FAM-green); C, PVX (TET-yellow); D, COX (TexasRed-orange).
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A

B

C

Figure E.2. The sensitivity testing of the optimized (3X)mxRT-qPCR (PotLV-PLRVCOX). A, PLRV (Qua670-red); B, PotLV (TET-yellow); C, COX (FAM-green).
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Figure E.3. The sensitivity testing of the optimized (4X)mxRT-qPCR (PVY-PVA-PMTV-COX). A, PMTV (FAM-green); B, PVA
(Qua670-red); C, PVY (TET-yellow); D, COX (Qua705-crimson).
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APPENDIX F: Efficiency of the Multiplex RT-qPCR Procedures

A

B

C

D

Figure F.1. The efficiency testing of the optimized (4X)mxRT-qPCR (PVX-PVS-PSTVdCOX). A, PVS (Qua705-crimson); B, PSTVd (FAM-green); C, PVX (TET-yellow);
D, COX (TexasRed-orange).
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Figure F.2. The efficiency testing of the optimized (3X)mxRT-qPCR (PotLV-PLRVCOX). A, PLRV (Qua670-red); B, PotLV (TET-yellow); C, COX (FAM-green).
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Figure F.3. The efficiency testing of the optimized (4X)mxRT-qPCR (PVY-PVA-PMTVCOX).A, PMTV (FAM-green); B, PVA (Qua670-red); C, PVY (TET-yellow); D, COX
(Qua705-crimson).
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APPENDIX G: Validation Results for the NB-ACS in vitro Plantlets

Figure G.1. The (5X)mxRT-PCR gel result for NB-ACS samples. The “4-plex +” stands
for the positive control for the four targeted pathogens (PVM-PMTV-PSTVd-PotLV)
within this assay.

179

Figure G.2. The (6X)mxRT-PCR gel result for NB-ACS samples. The “5-plex +” stands
for the positive control for the five targeted viruses (PLRV-PVY-PVS-PVA-PVX) within
this assay.
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Figure G.3. The (5X)mxRT-PCR (on the left) and (6X)mxRT-PCR (on the right) gel
results for the remaining NB-ACS samples. The testing for isolates M, V, R, and Y was
delayed until January of 2020 because the plantlets were allowed to grow bigger to
provide enough material for RNA extractions.
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Figure G.4. Gel results of the multiplex RT-PCR for PVY strain typing. The expected PVY strain type of the subjected isolate could
be determined by the PCR product combinations indicated in Table 2.6, where the interpreted results were indicated in the following
table (Table G.1).
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Table G.1 The interpreted PVY-strain type of subjected isolates according to the gel result
C
H
AF
U
G
689bp


452bp

328bp

267bp


181bp


PVY strain type
NTN
N:O
O
UD
NTN-NA
O
AH
AE
Q
X
689bp




452bp
328bp

267bp




181bp
PVY strain type
O
O
O
NTN-NA
O
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B


E


M







O
AA


O
Z


UD
V



N:O


N:O


O

Table G.2 The Ct values obtained from the multiplex RT-qPCR testing of the NB-ACS samples
PVY
PVA
PMTV
PVX
PSTVd
PVS
C
21.38
I
20.22
L
N
12.58
H
15.52
AF
24.73
19.52
20.31
U
16.36
D
21.04
S
G
25.24
25.30
B
22.26
18.66
m
E
16.39
O
18.67
16.51
15.29
T
20.28
AH
19.51
14.26
12.54
P
AE
18.76
15.04
A
13.44
AG
20.22
K
AI
Q
18.74
F
X
18.04

PotLV

PLRV

25.12

20.52
16.88
16.14
10.19
15.52
9.51
16.50

13.39
(Continued on page 184)
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(Continued from page 183)
AJ
AA
Z
AD
AB
M
V
R
Y

21.82
16.74
16.13
11.58
14.88
15.87

185

9.55
14.42
11.54
18.22

14.79

APPENDIX H: Validation Results for the PE-PQI RNA Samples

A

B
Figure H.1. The (5X)mxRT-PCR gel result for PE-PQI samples. The “4-plex +” stands
for the positive control for the four targeted pathogens (PVM-PMTV-PSTVd-PotLV)
within this assay. Sample 1–9 were loaded into two separate gels due to space limitation.
Each gel contained the negative RNA template control (-RT), no-template control (NTC)
with no cDNA template, negative healthy control, positive control for all targets, and
positive controls for the individual target. In gel B, the last five lanes contained the
spiked samples. For example, the “#1 PotLV” stood for sample number 1 spiked with
PotLV.
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A

B
Figure H.2. The (6X)mxRT-PCR gel result for PE-PQI samples. The “5-plex +” stands
for the positive control for the five targeted viruses (PLRV-PVY-PVS-PVA-PVX) within
this assay. Sample 1–9 were loaded into two separate gels due to space limitation. Each
gel contained the negative RNA template control (-RT), no-template control (NTC) with
no cDNA template, negative healthy control, positive control for all targets, and positive
controls for the individual target. In gel B, the last five lanes contained the spiked
samples. For example, the “#17 PVS” stood for the sample number 17 spiked with PVS.
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APPENDIX I: Validation Results for the CFIA-CL Lyophilized Samples
Table I. The Ct values obtained from the multiplex RT-qPCR testing of the CFIA-CL samples
Category
Sample name
PVY
PVA
PMTV
PVX
PSTVd
PSTVd #1
21.41
PSTVd #2
24.78
PSTVd #3
CL CCS
PSTVd #4
22.78
PSTVD
PSTVd #5
2015-6 #19
PSTVd #6
16.46
PSTVd #7
22.07
PSTVd #8
16.63
1
20.45
23.07
2
CL CCS PH
3
22.97
23.67
RT-PCR
4
26.79
2016-14 #14
5
26.71
6
22.28
#1
#2
CL CCS PH
#3
22.08
27.14
RT-PCR
#4
21.32
18.89
2011-9 #11
#5
21.27
28.30
#6
25.08
1-2 (1999)
21.07
19.70
Randomly
2-3 (1999)
19.76
22.25
Selected
Panel
2-4 (1999)
20.53
25.54
Samples
1-1 (2003)
17.69
19.78
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PVS

PotLV

PLRV

17.26
21.75
26.99
16.37
19.96
20.65
17.53
16.46

19.71
23.85

28.67

17.17
19.34
20.16

21.66

16.50
(Continued on page 188)

Randomly
Selected
Panel
Samples

3-2 (2003)
3-3 (2003)
05-10 Lot #3
05-13
08-09
09-16
10-27
11-25
11-26
12-01
12-06
12-10
13-01
13-08
13-10
13-15
13-16
14-19
14-20
16-10
16-11
16-12
16-25
16-26
18-08
18-12

(Continued from page 187)
18.80
18.45

19.69
19.84
26.06

26.46
28.86
25.66
25.97

17.56
19.42

25.83
25.51

18.71

29.95
27.06

24.23

23.59
14.44
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Figure I. Gel images for PSTVd panel sample testing. The lyophilized PSTVd panel samples were tested with the uniplex RT-PCR
with PVD3/4 primer set (A), 3H1F/2H1R primer set (B), 3m/4m primer set (C), P1/P2 primer set (D), P3/P4 primer set (E), and the
optimized (5X)mxRT-PCR (PVM-PMTV-PSTVd-PotLV-Elf) procedure (F). An extra PCR band of approximately 410 bp was
observed in PSTVd sample #4, #6, #7 and #8 in all testing.
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APPENDIX J: Validation Results for the PE-FIESF in vitro Plantlets

Figure J.1. The multiplex RT-PCR gel results for the PE-FIESF composite samples. The
(5X)mxRT-PCR gel (A) and the (6X)mxRT-PCR gel (B) both contained the negative
extraction control (WE: water extract) (lane 1), negative RNA template control (-RT)
(lane 2), no-template control (NTC) with no cDNA template (lane 3), and the positive
control for all targets with the expected band sizes labelled on the left (lane 4). M, DNA
100 bp Marker (BioBasic). Lane 5–14 contained the composite samples: (5) SUP-90
Comp1 (composite #1), (6) SUP-90 Comp2, (7) NRED-40 Comp1, (8) NRED-40
Comp2, (9) GUSH 42 Comp1, (10) GUSH 42 Comp2, (11) RUS 102 Comp1,
(12) RUS 102 Comp2, (13) SHEP 59 Comp1, and (14) SHEP 59 Comp2. Lane 15 and
lane 16 contain the two spiked samples. Image A had SUP-90 Comp1 with PVM and the
GUSH 42 Comp2 with PVS in lane 15 and lane 16, respectively. In contrast, image B had
the two spiked samples loaded in reversed order compared to image A.
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APPENDIX K: Verification Tests with the NGS Technology

PVX

+

Trial #1

Table K.1 The composition of NB-ACS RNA samples for NGS testing (Trial #1) (continued on page 192)
(4X)mxRT-PCR
(5X)mxRT-PCR
Sample
name
PVM
PMTV
PSTVd
PotLV
PLRV
PVY
PVS
PVA
C
NTN
I
+
N
H
N:O
D
+
U
UDa
S
+
T
+
+
AG
AB
+
R
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+

PVX
+

+
+

Trial #2

Table K.2 The composition of NB-ACS RNA samples for NGS testing (Trial #2) (continued from page 191)
(4X)mxRT-PCR
(5X)mxRT-PCR
Sample
name
PVM
PMTV
PSTVd
PotLV
PLRV
PVY
PVS
PVA
S
+
O
+
O
+
AJ
+
AI
G
+
NTN-NA
AH
+
O
+
V
+
O
+
P
+
Q
NTN-NA
m
+
Z
N:O
B
+
O
+
AE
+
O
+
X
O
E
O
M
UDa
+
Y
+
K
+
a

+

UD: undetermined; the identities of sample U and M were undetermined through the multiplex RT-PCR assay for PVY strain typing.
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Figure K.2. The cDNA library quantification of the NB-ACS samples within the first trial
via real-time PCR. Each sample was performed in triplicates, and the cDNA libraries
were diluted in 1:100000 for giving reasonable Ct values. Sample 1–6 stand for the six
concentration standards used to generate the standard curve, namely the 20 pM, 2.0 pM,
0.2 pM, 0.02 pM, 0.002 pM, 0.0002 pM. Sample C1–C5 stands for the five diluted cDNA
libraries made from the RNA composites using the TruSeq Stranded Total RNA Library
Prep Kit with Plant rRNA Depletion. The standard curve generated within the
RotorGene-Q cycler would only be used as a reference. The Ct values for the
concentration standards and the cDNA libraries would be applied to the KAPA cDNA
library quantitation data analysis template for re-creating the standard curve to obtain the
size-adjusted concentration of the generated cDNA libraries.
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Figure K.3. The standard curve generated from the amplification standards for the first
NGS trail of NB-ACS samples. The X-axis stands for the six concentration standards of
20 pM, 2.0 pM, 0.2 pM, 0.02 pM, 0.002 pM, and 0.0002 pM. The Y-axis stands for the
averaged Ct values (obtained via qPCR in Figure K.1) calculated for each concentration
standards. The equation for the stand curve is y = -3.4236x + 8.9174 (R2= 0.9997). From
the standard curve equation and the averaged Ct value of each cDNA library, the
calculated size-adjusted concentration of each undiluted library was 22.64 nM, 11.97 nM,
4.31 nM, 3.79 nM, and 6.84 nM.
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Figure K.4. The cDNA library quantification of the NB-ACS samples within the second trial via qPCR. Each sample was performed
in triplicates, and the cDNA libraries were diluted in 1:100000 for giving reasonable Ct values. Sample Std1–Std6 stand for the six
concentration standards used to generate the standard curve, namely the 20 pM, 2.0 pM, 0.2 pM, 0.02 pM, 0.002 pM, 0.0002 pM.
Sample C1–C6 stands for the six diluted cDNA libraries made from the RNA composites using the TruSeq Stranded Total RNA
Library Prep Kit with Plant rRNA Depletion. The standard curve generated within the RotorGene-Q cycler would only be used as a
reference. The Ct values for the concentration standards and the cDNA libraries would be applied to the KAPA cDNA library
quantitation data analysis template for re-creating the standard curve to obtain the size-adjusted concentration of the generated cDNA
libraries.
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Figure K.5. The standard curve generated from the amplification standards for the second
NGS trail of NB-ACS samples. The X-axis stands for the six concentration standards of
20 pM, 2.0 pM, 0.2 pM, 0.02 pM, 0.002 pM, and 0.0002 pM. The Y-axis stands for the
averaged Ct values (obtained via qPCR in Figure K.1) calculated for each concentration
standards. The equation for the stand curve is y = -3.3462x + 8.9075 (R2= 0.9989). From
the standard curve equation and the averaged Ct value of each cDNA library, the
calculated size-adjusted concentration of each undiluted library was 1746.24 nM,
1123.85 nM, 1965.86 nM, 2140.90 nM, 3446.87 nM, and 7569.24 nM.
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APPENDIX L: Sequence-based Primer Evaluations

Figure L.1. Multiple sequence alignment for the PotLV coat protein and nuclear acid
binding protein. The PCR amplicon region was selected for display. Two regions
highlighted in pink and blue are locations for PotLV forward and reverse primer designs,
respectively. The PotLV sequences obtained from the NGS in this study have the title in
red colour.

Figure L.2. Multiple sequence alignment for the entire PSTVd genome sequences. Only a
section of the entire alignment was shown. Two regions highlighted in pink and blue are
locations for PSTVd forward and reverse primer designs, respectively. The PSTVd
sequence obtained from the NGS in this study has the title in red colour. Since PSTVd
has a circular positive-sense single-stranded RNA genome, the forward and reverse
primers were designed back-to-back to cover the entire genome length of 359 bp or
360 bp.
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Figure L.3. Multiple sequence alignment for the PMTV triple-gene block proteins. Since
the PCR amplicon for PMTV is 338 bp (Table 2.2), only regions where the primers locate
were displayed. Two regions highlighted in pink and blue are locations for PMTV
forward and reverse primer designs, respectively.

Figure L.4. Multiple sequence alignment for the PLRV coat protein. Since the PCR
amplicon for PLRV is 486 bp (Table 2.2), only regions where the primers locate were
displayed. Two regions highlighted in pink and blue are locations for PLRV forward and
reverse primer designs, respectively. PLRV sequences obtained from the NGS in this
study has the title in red colour.
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Figure L.5. Multiple sequence alignment for the PVA polyprotein. Due to the PCR
amplicon for PVA is 273 bp (Table 2.2), only regions where the primers locate were
displayed. Two regions highlighted in pink and blue are locations for PVA forward and
reverse primer designs, respectively.

Figure L.6. Multiple sequence alignment for the PVX coat protein. The PCR amplicon
region was selected for display. Two regions highlighted in pink and blue are locations
for PVX forward and reverse primer designs, respectively. The PVX sequences obtained
from the NGS in this study have the title in red colour.
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APPENDIX M: Protocols for the Multiplex PCR-based Procedures
Table M.1 The (5X)mxRT-PCR (PVM-PMTV-PSTVd-PotLV-Elf) protocol template
Master mix
component

Volume for
1Xc

Volume for
__X

Nuclease-free ddH2O

9.0 µl

-

10X Taq buffer

2.5 µl

1X

25mM MgCl2

1.5 µl

UDd

10mM dNTP mix

1.5 µl

0.6 mM

PVD34a

2.5 µl

0.5 µM

PmtF4R4a

1.5 µl

0.3 µM

Elf-FRa

1.5 µl

0.3 µM

PLVF4R4a

1.0 µl

0.2 µM

Pm56a

0.5 µl

0.1 µM

10% Blotto

0.5 µl

0.2%

Taq Polymerase

1.0 µl

5 units

cDNAb

2.0 µl

-

a

Final
Conc.c

Lot number

-

The sense and antisense primers are combined to make a 5.0 µM working stock for each
target.
b
Each sample has a reaction volume of 25 µl that is composed of 23 µl of the master mix
cocktail plus 2.0 µl of subjected cDNA.
c
1X: the reaction volume of each reagent required for each sample; Conc.: concentration.
d
UD: undetermined; since the 10X Taq buffer also contains MgCl2, the total MgCl2
concentration within the master mix cocktail was undetermined.
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Table M.2 The (6X)mxRT-PCR (PLRV-PVY-PVS-PVA-PVX-Elf) protocol template
Master mix
component

Volume for
1Xc

Volume for
__X

Nuclease-free ddH2O

6.0 µl

-

10X Taq buffer

2.5 µl

1X

25mM MgCl2

2.0 µl

UDd

10mM dNTP mix

1.5 µl

0.6 mM

PY1/2-ON-Da

2.5 µl

0.5 µM

PVA-F/Ra

2.0 µl

0.4 µM

US1m/DS1ma

2.0 µl

0.4 µM

Elf-FRa

1.5 µl

0.3 µM

PX117-006F/160Ra

1.0 µl

0.2 µM

PVS3-F1/R1a

0.5 µl

0.1 µM

10% Blotto

0.5 µl

0.2%

Taq Polymerase

1.0 µl

5 units

cDNAb

2.0 µl

-

a

Final
Conc.c

Lot number

-

The sense and antisense primers are combined to make a 5.0 µM working stock for each
target.
b
Each sample has a reaction volume of 25 µl that is composed of 23 µl of the master mix
cocktail plus 2.0 µl of subjected cDNA.
c
1X: the reaction volume of each reagent required for each sample; Conc.: concentration.
d
UD: undetermined; since the 10X Taq buffer also contains MgCl2, the total MgCl2
concentration within the master mix cocktail was undetermined.
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Table M.3 The (4X)mxRT-PCR (PVY-PVA-PMTV-COX) protocol template
Master mix
component

Volume for
1Xd

Volume for
__X

RNase-Free H2O

9.25 µl

-

Rotor-Gene Master
Mix (2X)

12.5 µl

1X

PVYu F/Ra

0.25 µl

0.1 µM

PVYu P-TETb

0.25 µl

0.05 µM

PVA TaqF4/R3a

0.25 µl

0.1 µM

PVA TaqP3-Q670b

0.25 µl

0.05 µM

PMTV-1948F/2017Ra

0.25 µl

0.1 µM

PMTV-1970P-FAMb

0.25 µl

0.05 µM

COX F/Ra

0.25 µl

0.1 µM

COXsol 1511T-Q705b

0.25 µl

0.05 µM

RotorGene RT Mix
(20X)

0.25 µl

1X

RNA extractc

1.0 µl

-

a

Final
Conc.d

Lot number

-

The sense and antisense primers are combined to make a 10 µM working stock for each
target.
b
The working stock of each probe is 5.0 µM for convenience pipetting; the
correspondence fluorophore was labelled after the “-”.
c
Each sample has a reaction volume of 25 µl that is composed of 24 µl of the master mix
cocktail plus 1.0 µl of the subjected RNA extract.
d
1X: the reaction volume of each reagent required for each sample; Conc.: concentration.
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Table M.4 The (4X)mxRT-PCR (PVX-PVS-PSTVd-COX) protocol template
Master mix
component

Volume for
1Xd

Volume for
__X

RNase-Free H2O

7.75 µl

-

Rotor-Gene Master
Mix (2X)

12.5 µl

1X

PVX TaqF1/R2a

0.5 µl

0.2 µM

PVX TaqP2-TETb

0.5 µl

0.1 µM

PVS TaqF1/R1a

0.5 µl

0.2 µM

PVS TaqP1-Q705b

0.5 µl

0.1 µM

PSTVd TaqF/Ra

0.5 µl

0.2 µM

PSTVd TaqP-FAMb

0.5 µl

0.1 µM

COX F/Ra

0.25 µl

0.1 µM

COXsol 1511T-TEXb

0.25 µl

0.05 µM

RotorGene RT Mix
(20X)

0.25 µl

1X

RNA extractc

1.0 µl

-

a

Final
Conc.d

Lot number

-

The sense and antisense primers are combined to make a 10 µM working stock for each
target.
b
The working stock of each probe is 5.0 µM for convenience pipetting; the
correspondence fluorophore was labelled after the “-”.
c
Each sample has a reaction volume of 25 µl that is composed of 24 µl of the master mix
cocktail plus 1.0 µl of the subjected RNA extract.
d
1X: the reaction volume of each reagent required for each sample; Conc.: concentration.
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Table M.5 The (3X)mxRT-PCR (PotLV-PLRV -COX) reaction template
Master mix component

Volume for
1Xd

Volume for
__X

RNase-Free H2O

9.75 µl

-

Rotor-Gene Master
Mix (2X)

12.5 µl

1X

Pot TaqF1/R1a

0.25 µl

0.1 µM

Pot TaqP1-TETb

0.25 µl

0.05 µM

PLRV TaqF3/R3a

0.25 µl

0.1 µM

PLRV TaqP3-Q670b

0.25 µl

0.05 µM

COX F/Ra

0.25 µl

0.1 µM

COXsol 1511T-FAMb

0.25 µl

0.05 µM

RotorGene RT Mix
(20X)

0.25 µl

1X

RNA extractc

1.0 µl

-

a

Final
Conc.d

Lot number

-

The sense and antisense primers are combined to make a 10 µM working stock for each
target.
b
The working stock of each probe is 5.0 µM for convenience pipetting; the
correspondence fluorophore was labelled after the “-”.
c
Each sample has a reaction volume of 25 µl that is composed of 24 µl of the master mix
cocktail plus 1.0 µl of the subjected RNA extract.
d
1X: the reaction volume of each reagent required for each sample; Conc.: concentration.
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