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The Natural Health Product (NHP) market has been on an upward trajectory in
growth over the past several years. Unfortunately, a parallel trend has been observed
with increased cases of fraud, driven by economically motivated efforts to adulterate
with off-label ingredients. Fraud can happen at any stage of the supply chain; thus,
accountability of authenticity lies with every manufacturer. Unfortunately, minimal
requirements exist for product testing, with finished product manufactures being
responsible for conducting one scientifically valid test to determine quality. This line of
defense should ensure consumer confidence, financially and health-wise. That
confidence is threatened when quality control programs do not address all relevant
fraud vulnerabilities. Molecular authentication techniques are a recent venture in NHP
quality testing, with analytical chemistry being the conventional practice. These DNAbased techniques bring value in their superior ability to make direct taxonomic
identifications of ingredients. The greatest concern around these methods is uncertainty
around the presence of DNA analyte in processed products, due to degradation. Until
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now, a lack of empirical investigation into this concept has fueled skepticism about the
application of molecular methods to processed NHPs. I sought to document the
dynamics of DNA quality and quantity through production of a highly processed green
tea extract. I observed degradation and removal of DNA, but also remainder of
sufficiently intact and abundant DNA for identification. This finding encouraged an
exploration of molecular authentication application in other highly processed botanical
products, namely, plant-based protein powders. Conventional protein powder quality
control pipelines are lacking and in need of alternative methods. I demonstrated
success of two DNA-based techniques — polymerase chain reaction and nextgeneration sequencing — and compared them to an advanced analytical chemical
method (LC-MS/MS). Success begged the question: can molecular techniques be used
for more than identification? Next, I designed and validated a multiplex qPCR assay to
detect and quantify pea and soy DNA in mixtures. Good quantitative linearity suggested
applicability of this tool to industry and highlighted important considerations for
implementation. This thesis serves as a demonstration of the utility of molecular
techniques in NHP authentication, and justification for investigation of application with
all processed botanicals.
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1 General Introduction
1.1 Food fraud and NHPs
Food fraud, commonly described more specifically as economically motivated
adulteration, is an ever-present threat that has challenged the food industry for
generations (Accum, 1820; Spink & Moyer, 2011; Everstine et al., 2013). The U.S. Food
and Drug Administration (FDA) defines economically motivated adulteration as the
‘‘fraudulent, intentional substitution or addition of a substance for the purpose of
increasing the apparent value of the product or reducing the cost of its production’’
(FDA, 2011). While these deceptive practices are not necessarily intended to be harmful
to consumers, they can turn into a public health crisis if adulterants are toxic or
allergenic in nature (Everstine et al., 2013). In 2008, the addition of melamine, a
compound used in production of plastics, in milk formula sickened 300 000 children in
China and was connected to six deaths (Gossner et al., 2009). Though the compound
was added to formula for the purpose of artificially boosting nitrogen content —
exploiting the indirect analytical test used to measure protein content via nitrogen — the
result had grave implications for consumer health (Gossner et al., 2009). Even if
misrepresentation of contents is not a direct threat to health, consumers expect and
deserve honesty on a product label, especially when they are paying a premium for
more expensive ingredients.
Unfortunately, adulteration is a growing danger in a wide range of food
categories (Hong et al., 2017, Everstine et al., 2013). The responsibility of quality
control largely lies in the hands of companies who must develop robust assurance
programs to vet their ingredients. There has been extensive review in literature of
instances of fraud and the potential mitigating strategies that companies can take at
each point of the supply chain (Everstine et al., 2013, Spink & Moyer, 2011, Marvin et
al., 2016; Hong et al., 2017, van Ruth et al., 2017, Manning & Soon, 2016). In the
United States, organizations like United States Pharmacopeia (USP) seek to provide
guidance in quality control by developing public standards and programs for testing
(USP, 2016). USP and other groups like the European Parliamentary Research Service
1

and FoodDrinkEurope recommend similar stages of program development to
companies, including the incorporation of fraud risk management systems within
existing quality control programs; assessment of vulnerabilities along the supply chain
with organization of material traceability; and design, validation, and execution of fraud
mitigation measures, including analytical tests (Esteki et al., 2019). In the United States,
the Food & Drug Administration also outlines good manufacturing practices (GMPs) for
manufacturers to follow in their production systems (FDA, 2019).
A rapidly growing food category that is not exempt from fraud risk is dietary
supplements, or natural health products (NHPs). NHPs have been defined by some
legislative bodies, such as the European Commission (public health branch), as “any
medicinal product exclusively containing, as active ingredients, one or more herbal
substances or one or more herbal preparations, [or a combination of both]” (European
Commission, 2018). Other definitions have encompassed a broader range of products,
such as Health Canada’s, stating that NHPs can include vitamins and minerals, herbal
remedies, homeopathic medicines, traditional medicines such as traditional Chinese
medicines (TCM), probiotics, and other products like amino acids and essential fatty
acids (Health Canada, 2018). For the purpose of my work and this dissertation, I refer to
NHPs as it pertains to herbal products — that is, products containing or derived from
one or more botanicals.
Over three quarters of the world’s population is believed to use herbs in some
health capacity, and the popularity of botanical products has skyrocketed in large
markets like the United States’ (Rivera et al., 2013). The Natural Products Foundation
funded a study in 2009 that estimated the total economic contribution of the dietary
supplement industry to the United States economy to be USD 61 billion — over three
times the annual consumer sales (Natural Products Foundation, 2009). They estimated
that the production and sales infrastructure that makes up the industry was expansive
enough to support 450 000 jobs (Natural Products Foundation, 2009). A promising
market brings economic benefits, but also provides economic incentive for adulteration
(Everstine et al., 2013). In 1994 the United States brought the Dietary Supplements
Health and Education Act (DSHEA) into effect (Public Law 103-417, October 25, 1994)
2

in order to provide a regulatory framework for dietary supplements and differentiate
them from conventional foods (NIH, 1994). DSHEA outlines safety requirements for
companies that manufacture or distribute dietary supplements, including restriction on
purported health claims to those that are substantiated by sufficient evidence. In
concordance with the act, the FDA outlines current good manufacturing practices
(cGMPs) for those who manufacture, package or hold these types of products (a rule
under Code of Federal Regulations (CFR) in 21 CFR Part 111 — Current Good
Manufacturing Practice in Manufacturing, Packaging, Labeling, or Holding Operations
for Dietary Supplements) (FDA, 2019). cGMPs dictate that companies establish their
own quality criteria for identity, purity, strength, composition, and absence of
contaminants (Sarma et al., 2016). Responsibility of authentication also lies with the
manufacturer who is only obliged to use one established testing method to verify quality
attributes of finished product (21 CFR 111.75) (Sarma et al., 2016). This analytical
method should be fit for purpose and scientifically valid, but formal validation of
protocols is not an official requirement (Sarma et al., 2016). Allowance of companies to
set their own quality specifications, and the relatively low rigour required in testing, has
opened the door for non-compliance; such has unfortunately been observed (Long,
2015). With increased reports of fraud, the World Health Organization declared the
safety of NHPs a public health concern (WHO, 2004).

1.2 Quality control techniques
A key line of defense against food fraud is appropriate authentication methods in
industry. In 2017 Hong et al., surveyed 2614 publications discussing fraud and
analytical techniques used in quality control. Surveyed food categories included meat
and meat products, milk and dairy products, fish and sea food, oils and fats, fruit juice,
coffee and tea, alcoholic beverages, spices, sweeteners, grain-based foods, organic
foods and dietary supplements. Within the publications, many different techniques were
represented including: chromatographic methods — thin layer chromatography (TLC),
high-performance liquid chromatography (HPLC), gas chromatography (GC); mass
spectrometry (MS)-based methods — liquid chromatography(LC)-MS/MS, GC/MS;
electrophoretic methods — polymerase chain reaction (PCR), PCR-restriction fragment
3

length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), amplified
fragment length polymorphism (AFLP), simple sequence repeats (SSR), sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE); spectroscopic
methods — infrared (IR), near infrared (NIR), mid-infrared (MIR), Fourier transform
infrared (FTIR), Raman, nuclear magnetic resonance (NMR), site-specific natural
isotope fractionation (SNIF)-NMR, inductively coupled plasma-atomic emission
spectrometer (ICP-AES); and immunoassays — enzyme-linked immunosorbent assay
(ELISA) (Hong et al., 2017; Esteki et al., 2019). In addition, more advanced molecular
techniques are quickly gaining popularity that don’t require electrophoretic steps,
including quantitative PCR (qPCR), digital PCR (dPCR), and next-generation
sequencing (NGS) methods (Hübner et al., 2001; Ivanova et al., 2016; Seethapathy et
al., 2019).
Molecular techniques count on amplifying residual DNA extracted from finished
NHPs, and they have been successfully employed for a variety of botanical products
(Newmaster et al., 2013; Gao et al., 2017; Seethapathy et al., 2019; Little & Gulik, 2014;
Stoeckle et al., 2011; Villa et al., 2016). Simple targeted PCR followed by Sanger
sequencing has become a common method of identification (Newmaster et al., 2013).
This process involves designing primers that flank a target genetic marker with sufficient
interspecies sequence resolution to allow species identification. This process is
commonly referred to as DNA barcoding — the process coined by Hebert et al. in 2003
(Hebert et al., 2003a; Hebert et al., 2003b). However, DNA barcoding was first
presented as a technique to identify fauna via sequencing of the mitochondrial CO1
gene. This sequence is variable enough among animals to distinguish over 90% of
species (Hebert et al., 2003a). When it comes to plants, a challenge is presented in the
fact that mitochondrial evolution moves at a glacial rate compared to animals (Kress et
al., 2005). To date, no single, universal “barcode” has been found for plants
(Hollingsworth et al., 2011). Several nuclear and chloroplastic candidates have been
explored, with varying levels of success in species discrimination (Hollingsworth et al.,
2011). In some cases, a tiered approach can be taken, using more than one sequence
to achieve the desired taxonomic resolution (Newmaster et al., 2006). In 2009, the
CBOL Plant Working Group investigated seven leading candidate regions, including the
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protein coding matK, rbcL, rpoB, and rpoC1, and the noncoding spacers atpF–atpH,
trnH–psbA, and psbK–psbI (CBOL, 2009). They settled on rbcL + matK as the most
effective tiered approach (CBOL, 2009). Additional regions, like the nuclear ITS2, have
been used as standalone sequences for species level discrimination, but success is
clade-specific (Chen et al., 2010; Gao et al., 2017). Advantages of molecular methods
will be discussed in detail in future chapters, but in summary, using DNA as an
authenticating analyte allows for direct, taxonomic identification of a botanical species.
Chemical techniques measure levels of chemical analytes that are matched to
monograph standards to make indirect identifications (USP, 2019). With this approach,
they can be sensitive to influence of chemical variation among conspecific individuals of
different geographic populations (Gao et al., 2019). This is not to say that DNA methods
should replace chemical methods, but rather molecular methods should be added to
quality control repertoires as an effective way to identify ingredients by a different route.
Regulatory literature routinely discusses the benefits of orthogonal testing (i.e., the use
of multiple ingredient authentication tools for one product, that use different approaches
to measurement) as a way to increase confidence in product verification or adulterant
identification (Sarma et al., 2016).
1.2.1 Molecular technique application and challenges
Immense improvements have been made in advanced molecular techniques like
quantitative PCR (qPCR), digital PCR (dPCR), and next-generation sequencing (NGS)
to develop sensitive assays that can detect, and in some cases quantify, food
ingredients and adulterants in products (Hübner et al., 2001; Ivanova et al., 2016;
Shehata et al., 2017). These methods can be quick and cost effective as compared to
some of the advanced chemical methods (e.g., LC-MS, GC-MS, and LC-nuclear
magnetic resonance (NMR)) that may involve prohibitively expensive equipment in
some cases (Seethapathy et al., 2019).
These approaches do come with their challenges, and all assays must be
optimized to be fit for their intended purpose. For example, DNA amplification bias has
been understood for some time now, proving to be an obstacle in quantitative assay
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data interpretation (von Wintzingerode et al., 1997; Kanagawa, 2003). Variation in the
sequence-dependent efficiency by which primers can anneal to a target, or availability
of target DNA to primers, can lead to biased quantitative metrics following a PCR or
sequencing protocol. Numerous studies of PCR technologies have demonstrated that
primer affinity to a corresponding DNA target is variable based on factors like GC
content (the GC bond is stronger than an AT bond, so more GC bonds in a primer
template pair will equate to a stronger affinity) (Kanagawa, 2003; Polz & Cavanaugh,
1998). Additionally, rehybridization of PCR product toward the later cycles of
amplification can be an issue. A study by Suzuki and Giovannoni (1996) reported a
convergent bias toward 1:1 final-PCR-product ratios when they multiplex amplified two
groups of 16s rDNA fragments at 1:4, 2:3, 3:2, and 4:1 starting ratio. This issue may be
resolved by reducing the number of PCR cycles; however, cycles must still be high
enough to render sufficient product for downstream applications (Kanagawa, 2003).
Interestingly, in NGS technologies where quantitative estimates rely on fragment count
(read coverage), a significant underrepresentation of high AT or GC content regions of a
given genome is common (Benjamini & Speed, 2012; Oyola et al., 2012; Stein et al.,
2010). Ultimately, awareness of different sources of bias as they pertain to each
technological platform is the only way that they can be minimized and that testing
corrections can be designed in an attempt to normalize data.
In order to properly implement any molecular authentication protocols into quality
control programs, appropriate reference sequence libraries must be constructed.
Comprehensive reference libraries should be comprised of vouchered herbaria
specimens with known provenance, prepared and archived by specific criteria (such as
required certification by a licensed botanist) (Newmaster et al., 2019). Multiple
specimens for each species, representing different geographic origin, should be
collected in order to capture haplotype diversity (Culley, 2013). Sufficient coverage of
intraspecific variation within genetic markers can be verified by means of haplotype
saturation curve methods (Phillips et al., 2019). With an extensive reference library,
unknown sequences can be reliably identified in methods like PCR with Sangar
sequencing and robust primer and probe sets can be designed for techniques like
qPCR.
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Though seemingly trivial, the most fundamental challenge and uncertainty in
industry is the quality and quantity of DNA that can be reliably extracted from processed
botanicals. It is understood that DNA template is degraded over the course of NHP
processing, but a lack of empirical studies has led to unsupported assertions that DNA
is absent from most processed products (Reynaud et al., 2015). My goal in this thesis is
to use scientifically sound methodology to explore the quality of quantity of residual
DNA in processed NHPs, and to use that information to assess appropriate molecular
methods by which these botanical products can be reliably detected, and even
quantified. There are several rapidly growing sub-markets within the expansive world of
dietary supplements where, 1) molecular techniques have not been applied, and 2)
such techniques could be of great benefit in minimizing fraud vulnerabilities via
orthogonal testing, given sufficient quality and quantity of DNA. One of these key
markets is plant-based protein powders.

1.3 Plant-based protein powders
Humans require an array of nutrients in sufficient quantities to ensure regular
bodily function, including fibre, carbohydrates, vitamins, minerals, and proteins (Nehete
et al., 2013). Proteins, nitrogen rich compounds comprised of amino acids, are the basis
of body physiology, serving as enzymes, hormones, the structural components of
tissues (e.g., muscle), hemoglobin and even as a potential energy source (though not
intended to be relied upon for this purpose) (Hoffman & Falvo, 2004). For proper
absorption and use by the body, these ingested proteins must first be broken down into
their amino acid constituents. Only then can the body use these materials to build its
own proteins. Twenty amino acids have been identified as necessary constituents for
human growth and maintenance, but only nine are termed “essential amino acids” —
amino acids not synthesized by the body itself and thus required from external sources
(Hoffman & Falvo, 2004).
While constructing a diet that provides the body with these essential amino acids,
protein sources are routinely characterized as being “complete” or “incomplete”. Foods
falling into either category would typically include all essential amino acids as part of
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their protein components, but only “complete” protein sources include amino acids in the
correct proportions thought to be sufficient for protein synthesis in the body (Nehete et
al., 2013). To note, these specific proportions are up for interpretation; the FDA does
not have a set standard and many organizations (e.g., World Health Organization) have
their own values (WHO, 2007). Conventionally, animal products were viewed as the
gold standard for consumption of adequate protein since animal-sourced proteins are
“complete” (Nehete et al., 2013). While many plant-based proteins are incomplete,
exceptions do exist (e.g., soy) and complete protein mixtures can be created by multisourcing (e.g., mixed rice and pea) (Montgomery, 2003; Woolfe, et al., 2011; Kalman,
2014; Joy et al., 2013). Ultimately, today’s sustainability-wary, yet health-aware
consumer is faced with the challenge of taking in enough protein with a balanced amino
acid profile. And when it comes to protein supplementation, they must be able to trust
the authenticity and quality of the many different products available to them.
The first protein powder products appeared on the market in the early 1950s,
tightly linked to the budding popularity of the sport of bodybuilding (Hall & Fair, 2011).
As rudimentary milk and egg-based creations, these products remained niche from a
public market standpoint. Through the following decades, protein powders gradually
increased in availability, first marked by the addition of other dairy based sources like
casein and whey (Hall & Fair, 2011). By the 1980s, these products were mainstream,
with whey protein powders emerging as the most popular product. Fast forward to
today, and protein powder consumption is no longer confined to athletes and
bodybuilders, with the global protein supplements market valued at USD 12.4 billion in
2016 with a projected CAGR of 6.3% from 2017 to 2025 (Grand View Research,
2017a). Within this supplement market, plant-based proteins are experiencing the
quickest growth (Grand View Research, 2017a; Persistence Market Research, 2017a;
Mordor Intelligence, 2018). An estimated 57% of globally consumed protein is from
plants (FAO, 2010). Trends toward more vegetarian or vegan diets are driving this
increase, and awareness of the benefits of meal supplementation has led to increase in
popularity of protein powders (Grand View Research, 2017a). This growing market,
coupled with limited current quality tests, leaves these products open to adulteration.
Currently, analytical techniques for protein powders are largely focused on estimating
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protein content (Moore et al., 2010). Quality control of these products could greatly
benefit from the addition of methods that verify protein source identity.
Analytical chemical approaches to authentication are still the most developed in
industry and provide a valuable tool for ingredient analysis. Protein powders are
nutritionally described in terms of their amino acid composition, though in reality these
amino acids are not free-form single acids, but rather intact full proteins (Jäger et al.,
2017; Tipton, 2007). Products do exist that are comprised of certain individual amino
acids — particularly the branched chain amino acids (BCAAs) Leucine, Isoleucine and
Valine — and differ in the sense that they are “pre-digested” and do not need to be
broken down by the body for use, as is the case for full proteins. Debate over the
comparative benefits of these different supplements has been captured in the literature
and is centered around the quick absorption benefits of free-amino acids versus the
potential greater overall absorption of amino acids that were ingested as full proteins
(Jäger et al., 2017; Tipton, 2007; van Loon et al., 2007). To note, an intermediate
product of partially digested proteins — protein “hydrolysates” — also exists (van Loon
et al., 2007). Regardless, full protein products can be an effective way to help reach the
recommended daily intake of essential amino acids. Consumable protein can be
isolated from many botanicals, but few sources dominate the plant-based protein
powder market. These are yellow pea protein (Pisum sativum), brown rice protein
(Oryza sativa), soybean protein (Glycine max), hemp seed protein (Cannabis sativa),
quinoa protein (Chenopodium quinoa), chia seed protein (Salvia hispanica), and
pumpkin seed protein (Cucurbita pepo) (Grand View Research, 2017; Persistence
Market Research, 2017; Mordor Intelligence, 2018; Technavio, 2016). Based on the
botanical source, unique proteins exist that can be used as a discriminatory tool to
determine source. For example, the storage proteins glycinin and B-Conglycinin are
unique to soybean (Koshiyama & Fukushima, 1976; Badley et al., 1975). Table 1.1
gives an overview of the main plant-based protein powders and potential diagnostic
proteins that may be used for ingredient identification. LC-MS/MS is a chemical tool that
can determine amino acid sequences for these proteins, and thus be used to confirm
ingredients (Nehete et al., 2013). On the other hand, molecular approaches to protein
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source identification are solely dependent upon the presence of residual DNA, postprocessing.
As previously mentioned, economically motivated adulteration of products is of
risk when quality assurance programs are insufficient, and in rapidly growing markets
where supply may be struggling to meet demand (Everstine et al., 2013; Johnson,
2014). The greater plant-based protein market is comprised of several protein source
markets growing at their own rate. Understanding the trends and differences in these
markets can help predict the risk of economically motivated adulteration in products.
The following points summarize main plant-protein sources as they pertain to
supplements:
Soy — Persistence Market Research reports that soy will represent the largest segment
of the plant-protein market through projections to 2025 (valued at USD 6.8 billion in
2017 — expected to grow to USD 10.4 billion by 2025) (Persistence Market Research,
2017b). The World Agricultural Supply and Demand Estimates report (WASDE) from
the USDA states that world soybean production in 2016/2017 was an estimated 348
million tons. Similar final production number projections exist for the 2017/2018 year,
resulting in a large 10.1% increase in production over two years (USDA, 2018).
A caveat of soy protein involves public trends away from GMO products — an
issue for the soy market. According to recent studies, over 80% of the global soybean
crop is of the GMO variety (Perry et al., 2016). Specifically, within the USA, 94% of
planted soybean crop is currently GMO (data including 2018) and has been since 2015
(USDA, 2018). Understandably, this makes it more difficult for manufacturers to find a
reliable non-GMO soy producer if they are to provide products with a non-GMO claim.
Another important note is an increased public awareness of phytoestrogen content of
soy and the possible hormone-influencing effects it has, especially on men. Some
studies have found evidence of minor effects of soy protein on hormonal levels — i.e.,
lower testosterone and higher estrogen (Dillingham et al., 2005). With soy dominating
the plant-protein market, reasons to look for alternatives will drive market growth of
other plant-based sources.
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Pea — Pea protein is becoming increasingly popular as a plant-based protein and is
projected to experience the fastest market growth, estimated at 7.7% CAGR from 20172025 (Grand View Research, 2017a). The pea protein market value is expected to pass
USD 200 million by 2023 (Global Market Insights, 2018). The global production of dry
peas in 2016 is reported as 15.5 million tons by the United Nations’ Food and
Agriculture Organization; Canada leads this production, and the majority of peas
production is yellow peas (used for protein manufacture) (FAO, 2016; Watts, 2011).
Rice — By 2025, the global rice protein market is expected to reach USD 198 million
(CAGR 8.2%). The specific global demand of rice protein in 2015 was 11.3 kilo tons,
and demand is expected to increase greatly (Grand View Research, 2017b).
Hemp — The global industrial hemp market is expected to reach USD 10.6 billion by
2025 with a 14% CAGR. To note, this refers to the larger hemp market, for which
protein-containing seeds is only a part. However, protein-containing seeds represented
42.3% of the volume in 2017 (Grand View Research, 2018).
Pumpkin — The global pumpkin seed market is on a smaller scale than protein sources
discussed thus far, expected to reach USD 1.029 billion by 2021 (protein for
supplements is only a part of this). However, it is also expected to experience rapid
growth, with a projected CAGR of 15% (Technavio, 2017). A March 2018 market report
suggested that a low point in demand that occurred in 2016 (when production volume
may have dropped as much as 40%) was likely the cause of a current short supply
issue that sees producers struggling to meet a rapidly growing demand (Sleaford
Quality Foods, 2018).
Quinoa — The United Nations’ Food and Agriculture Organization reports a global
production of 148 720 tons of quinoa in 2016. The market expects to see a large CAGR
of 26.18% until 2020 (Technavio, 2016).
Chia — Another smaller but rapidly growing market is that of chia seeds. Though
valued at 194 million in 2015, the market is projected to reach USD 1.5 billion by 2021,
with a very large CAGR of 40.62% (Mordor Intelligence, 2016).
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The following items note relevant information on products that could be potential
adulterants:
Whey — Whey is the largest market of the protein powders, accounting for 56.6% of the
global revenue in 2016 for the protein supplements market. It reached a valuation of
USD 9.4 billion in 2017 and expected to follow a CAGR of 7.5% from 2018-2023
(Hypercube Insights, 2018). As a cheap protein powder product, produced in the largest
quantity, there is a risk of unscrupulous industry members using it as adulterant in
products that are intended to contain more expensive protein sources from rapidly
growing markets.
Wheat — Though not a main product in the health supplement market, protein derived
from wheat gluten is a formidable market of its own. The global market is valued at USD
2.3 billion (2017) and is expected to experience a 6.1% CAGR to reach a valuation of
USC 3.6 billion by 2025 (Persistence Market Research, 2017a). The availability of
wheat amid several other smaller protein source markets with a rapidly rising demand
highlights it as a possible adulterant to boost protein content in other products.
Insect — The insect protein market (edible insects) has been on a steep growth incline,
expected to exhibit a 23.8% CAGR from now until 2023 when the market is expected to
be valued at USD 1.18 billion. Crickets, a fixture of edible insects, contain twice as
much protein as chicken (Meticulous Market Research, 2018). The availability of cricket
protein amid several other smaller protein source markets with a rapidly rising demand,
highlights it as a possible adulterant to boost protein content.
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1.4 Tables
Table 1.1: Unique proteins in plant-based protein powder sources.
COMMON NAME

SPECIES

EXAMPLES OF

CITATION

DIAGNOSTIC PROTEINS

YELLOW PEA
PROTEIN

Pisum sativum

BROWN RICE
PROTEIN

Oryza sativa

Glutenin, albumin, prolamin

SOYBEAN
PROTEIN

Glycine max

B-Conglycinin (7S globulin), Koshiyama &

a and b pisavins, convicilin

Lam et al., 1998;
Croy et al., 1980

Glycinin (11S globulin)

Mawal et al., 1990

Fukushima, 1976;
Badley, 1975

HEMP SEED
PROTEIN

Cannabis

QUINOA
PROTEIN

Chenopodium

Edestin

Docimo et al., 2014

Chenopodin (11S Globulin)

Brinegar et al.,

sativa

1993; Abugoch et

quinoa

al., 2008

CHIA SEED
PROTEIN

Salvia

11S and 7S globulin

Sandoval-Oliveros,

hispanica

(homology to Sesamum

et al., 2013

indicum)

PUMPKIN SEED
PROTEIN

Cucurbita

Cucurbitin (11S globulin)

Popovic et al.,
2013; Ozuna et al.,

pepo

2017
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2 DNA Quality and Quantity Analysis of Camellia sinensis
Through Processing from Fresh Leaves to a Green Tea
Extract Product1
2.1 Abstract
Although there has been some success using DNA barcoding to authenticate raw
natural health product (NHP) botanical ingredients, there are many gaps in our
understanding of DNA degradation, which may explain low PCR and sequencing
success in processed NHPs. In this study, I measured multiple DNA variables after
each step in the processing of a green tea extract (GTE), in order to document DNA
quality and quantity. I sampled plant material after each step of GTE processing: five at
a Chinese tea farm (n=10) and five at an NHP processing facility (n=3). I hypothesized
that processing treatments degrade and remove DNA from GTE, reflected by
decreasing quantities of extractable genomic DNA, increasing proportion of small DNA
fragments in genomic extracts, and decreasing qPCR efficiency (higher Ct values). DNA
from end-production GTE was sequenced in order to try to validate material as the
botanical of interest. I saw a 41.1% decrease in mean extractable genomic DNA
through farm processing (p<0.01) and a 99.7% decrease through facility processing
(p<0.05). There was a 26.3% decrease in mean DNA fragment size through farm
processing (p<0.001) and an 82.0% decrease through facility processing (p<0.05).
qPCR efficiency was reduced through processing, marked by significant increases in Ct
values with 100bp and 200bp PCR targets (p<0.05), and inability to amplify 300bp
targets when using DNA template from end-production GTE. While there was significant
degradation and removal of DNA through processing, sufficiently intact DNA was able to
be recovered from highly processed GTE, for further sequencing and identification.
_________________________
1

An edited version of this chapter has been published in the Journal of AOAC International with the
following authors: Faller AC, Ragupathy S, Shanmughanandhan D, Zhang Y, Lu Z, Chang P,
Swanson G, Newmaster SG.
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2.2 Introduction
Natural Health Products (NHPs) have been on a continuous rise in popularity, with
an estimated 80% of the worldwide population using herbs in some health capacity
(Rivera et al., 2013). Health Canada reported 73% of Canadians taking NHPs in 2010
and the most recent study of American complementary and alternative medicine use
reported USD 14.8 billion out-of-pocket spending by American adults on NHPs (Health
Canada, 2016; Barnes et al., 2008). In 2004, the World Health Organization deemed the
safety of NHPs a concern and with increasing use and reports of adverse reactions,
regulation standards warrant inspection and critique (WHO, 2004). Numerous studies
have investigated adulteration of products, including that of tea and other globally
important botanicals (Stoeckle et al., 2011; De Castro et al., 2017; Little, 2014;
Newmaster et al., 2013; Wang & Zhang, 2018; Shanmughanandhan et al., 2016;
Urumarudappa et al., 2016). Rapid market growth (~7%/year; global market worth
expected to reach USD 86.74 billion by 2022) has intensified adulteration concerns and
prompted a call to attention for both industry and the consumer, regarding prevalence of
product safety infractions (Zion Market Research, 2017). Issues plaguing NHP
production include substitution and adulteration of plant materials, inconsistency with
nomenclature, and disparities in chemical composition standardization (de Boer et al.,
2015). Without knowledge of actual NHP composition, consumers cannot be certain that
they are getting what they are paying for from a manufacturer — and likewise for a
manufacturer from their supplier. Additionally, consumers may be unable to avoid
adverse allergic reactions if they cannot trust accuracy of product ingredient labels
(Rivera et al., 2013; de Boer et al., 2015).
Current species ingredient identification methods are limiting quality assurance
programs. Taxonomic approaches are often unsuitable, as extensive processing of raw
plant materials leaves little or no unique physical characteristics upon which to make an
identification (Wang & Zhang, 2018). Several analytical chemistry techniques are
commonly used in industry for identity of plant materials, including HPLC, TLC, NMR,
and MS (de Boer et al., 2015). Though precise in measurement, these techniques
simply detect chemical composition in NHPs; thus, only inferences can be made
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regarding possible species identity (by matching measured chemical profiles to known
standards) (Palhares et al., 2015). Consequently, analytical chemistry is often not fit for
purpose in species identity because specific metabolites may be found in several
species, and there is often considerable variation in chemical composition among plants
of the same species (Scora, 1966). Published research has demonstrated that chemical
levels of an individual plant are dependent on factors such as the environment (climatic
and edaphic) in which a plant is grown (Scora, 1966, Zewdie & Bosland, 2001). This
drawback has been understood for some time, leaving the industry open to adulteration.
Recently, molecular diagnostic approaches have shown promise in identifying
botanical ingredients. Several studies have found suitable regions in the plant nuclear
and chloroplast genome, marked by exceptional intraspecies conservation and
significant interspecies variation (Kress et al., 2005). Using such regions, amplification
with primers and further sequencing of adequately large amplicons can provide enough
genetic information to identify a plant at the species level (Wang & Zhang, 2018; Kress
et al., 2005). The challenge lies in obtaining enough variable sequence data to make a
species level identification. As of now, typical plant “barcodes” are limited to rbcL and
matK regions of the chloroplast genome (Kress et al., 2005; CBOL, 2009). To help with
alignment issues or issues of primer binding with some taxa, taking a tiered approach to
barcoding has been suggested — the trnH-psbA intergenic spacer (chloroplast genome)
and ITS (nuclear ribosomal DNA marker) are good candidates for supplementary
sequences that can be used in combination to make precise identifications (de Boer et
al., 2015; Kress et al., 2005; Seethapathy et al., 2015; Newmaster et al., 2006). Many
lab groups are searching for alternative gene regions that allow for broad taxonomic
coverage, while also amplifying genomic targets with high taxonomic resolution; some
have recently found success within ITS2 (second internal transcribed spacer of nuclear
ribosomal DNA) (Moorhouse-Gann et al., 2018).
Despite demonstrated success in identifying fresh botanical materials molecularly,
issues arise when attempting to authenticate processed NHPs. Template genomic DNA
(gDNA) that is extracted from products must be intact, in large enough pieces, and
sufficiently abundant to be successfully amplified and render enough sequence
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information for identification at the species level (Kress et al., 2005; Novak et al., 2006).
During NHP production, botanical ingredients go through various processes including
heat treatments, ultraviolent light exposure, filtration, and fluid extraction (de Boer et al.,
2015). Understandably, these mechanical methods are physically impactful, certainly on
DNA. Namely, high heat (>100°C) procedures are routinely part of NHP processing
regimes for the purpose of drying or sterilization (Woolfe & Primrose, 2004). It has been
previously demonstrated that high temperatures like this are sufficient to break covalent
bonds in DNA (Karni et al., 2013). With continued exposure to temperatures above
100°C, DNA can degrade completely (Karni et al., 2013). This would understandably be
an impediment to DNA authentication, given the inability to amplify and sequence DNA
targets.
There is a lack of scientific research on the quality and quantity of DNA through
processing from raw plant materials to extracts. More specifically, there has been no
detailed investigation into the dynamic quality of target DNA through NHP processing
regimes that was able to both visualize dsDNA and verify its identity as the botanical
species ingredient of interest. A recent study by Lu et al. (2018) sought to visualize DNA
fragments from a wide variety of processed botanical materials via adaptor ligation
followed by PCR amplification. This method suggested that the size of DNA fragments
in sterilized botanical powder was around 600 bp and 20-220 bp in most of the botanical
extracts (Lu et al., 2018). However, the same study only evaluated DNA at the
beginning and end of common manufacturing processes, thus further insights on the
dynamic changes in integrity of DNA through manufacturing process are needed. The
study also did not further validate visualized DNA as belonging to the botanical of
interest (Lu et al., 2018). Throughout the literature, claims have been made suggesting
that useful DNA is absent from processed products (Harnly et al., 2016; Parveen et al.,
2016; Reynaud et al., 2015). However, this assertion is not founded on scientific
evidence. This work addresses this gap in scientific knowledge by investigating how the
integrity of DNA is compromised through processing. I was interested in answering the
industry-posed question asking how quality and quantity of DNA from botanical material
compares from the beginning to end of industrial processing: raw plant materials to
finished extracts. I further explored this concept by asking the same question of each
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step within processing of a botanical sample. Full production included five steps taking
place at a farm and five steps at an NHP production facility. More specifically, I
conducted tests to answer the following for each of the industrial processing steps: 1)
What quantity of gDNA can be extracted (ng/µL)? 2) Quality – What is the distribution of
DNA fragment size (bp)? 3) Quality – How efficient is PCR amplification (Ct)? As a final
quality validation step, I asked if the DNA from the botanical extract at the end of
production could be sequenced and matched to the target botanical ingredient using a
vouchered reference sample DNA sequence library. I hypothesized that processing
treatments degrade and remove DNA from tea botanical material. I predicted that this
would result in lower quantities of extractable gDNA, smaller fragment sizes, and
reduced efficiency in PCR (higher Ct values).
I selected green tea as a suitable botanical model for my research because of its
global importance, use as both an NHP and beverage, and because I had access to the
full industrial production of a green tea from raw plant materials to finished extract. Tea
is the second most consumed beverage in the world; the first is water (Macfarlane &
Macfarlane, 2004). Though hundreds of varieties and styles of the drink exist, true tea
leaves come from the evergreen bush known as Camellia sinensis, the tea plant (Heiss
& Heiss, 2007). The top exporter of tea is the country of the tea plant’s origin, China,
contributing to a global tea market expected to reach a value of USD 47.2 billion by
2020 (Wei et al., 2012; Transparency Market Research, 2015a). Green tea makes up
about 75% of the full Chinese tea export (Heiss & Heiss, 2007). Adulteration concerns
and resulting risks have been highlighted by previous work, including adding fillers to
tea products such as powdered nut husk or bark (Dhiman & Singh, 2003). This is just
one example of a valuable botanical in a growing NHP industry that requires
development of robust authentication practices supported by good science.

2.3 Methods
2.3.1 Sampling
I collected botanical material from each step of green tea processing; collection
and further analysis were split into two groups: farm processing and facility processing. At
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each farm processing step, ten individual leaf samples were collected (originating from
different plants). At each facility processing step, four subsamples were taken from each
of three batches of plant material (Table 2.1). Farm samples were collected at a tea farm
in Yuanling, Hunan, China and facility samples were collected at the Herbalife processing
facilty in Changsha, Hunan, China.
Leaf samples were immediately placed in archival quality coin envelopes, and
then in bags full of ~100 g of 3-5 mm silica gel beads (one bag per sampling step) to
remove moisture. For the first few days of storage, silica gel beads were removed and
redried in a 100°C oven when the blue dye indicator in the beads turned pink (indicating
moisture absorbtion). This process was repeated until beads remained blue (three or four
times). All prepared samples were stored in sealed, plastic bags in a -20°C freezer until
ready for shipping. Samples remained in coin envelopes/silica gel within sealed bags for
four weeks until DNA extraction.
Three intermediate steps of facility processing compose a liquid extraction of
green tea leaf. In order to use the equivalent amount of solid material for DNA
extractions, liquid in samples was evaporated using a Speedvac® Concentrator
SPD1010 (Thermo Fisher Scientific, Waltham, MA). SPD1010 parameters were set as
follows: “R/C” ON/ 45°C/ 2:30 h Heat Time/ “Level” Vacuum Set/ 5.1 torr Vacuum
Pressure. Two millitres of tea extract liquid at 4.5% solid content renders ~65 mg of dry
solid material (sufficient for DNA extraction) after a 2.5 h run. Dried samples in 10 mL
tubes were immediately removed from the Speedvac, sealed with a cap and parafilm,
and placed in bags. All samples were stored in bags in a -20°C freezer until ready for
shipping.
2.3.2 DNA Extraction
DNA was extracted using the NucleoSpin® Plant II “Genomic DNA from Plant”
Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany). Extractions were performed
using 60 mg of dry starting material for each sample. Botanical material was ground
using a pestle and mortar that was cleaned with an RNA/ RNase/ DNase eliminator in
between uses. Aside from three reagent volume amendments (i.e., 1 mL of lysis buffer,
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1 mL PC Buffer, 60 mL elution buffer), protocol was followed as according to the
manufacturer’s instructions. A negative extraction control was included with samples.
2.3.3 Extractable DNA Quantity
DNA extracted using the above procedure was quantified using a Qubit™ 3.0
Fluorometer with a Qubit® dsDNA HS assay kit, according to the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA). Fluorometric quantifications were
expressed in “ng/µL”. All concentrations were based on DNA extracts eluted in 60 µL of
buffer.
2.3.4 Fragment Size Distribution
Fragment size distributions were analyzed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). Farm processing leaf samples were analyzed
using a DNA 7500 chip; 25 ng were loaded into wells and analysis was carried out
according to the manufacturer’s instructions. Average base pair size was measured
from 1000 bp to the end of detection for the DNA 7500 chip (note: this included the
10380 bp DNA marker). Facility processing samples were run on the HS (High
Sensitivity) DNA chip using 1 µL of DNA extract (regardless of concentration if below 25
ng/µL). Average base pair size was measured from 90 bp to 9500 bp (calculation did
not include DNA markers).
2.3.5 Real-Time PCR
Real-time PCR was carried out for each sample using a Roche LightCycler® 480
System (Roche Holding AG, Basel, Switzerland). Three sets of primers (in rbcL region)
were designed to render 100 bp, 200 bp and 300 bp target amplicon sizes (Table 2.2).
Reactions were optimized for each amplicon target. All reactions were 20 µL with 10 µL
Bioline SYBR® master mix (Bioline GmbH, London, England) combined with 4 µL of
each primer and 2 µL of DNA + H2O. All reactions involved in further calculations used 1
ng of DNA template (i.e., 2 µL of 0.5 ng/µL DNA). Reactions using 100 bp and 300 bp
target primers used a 1 nM concentration of primer and 200bp target primer reactions
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used a 10 nM concentration of primer. Six technical replicates were run for each sample
(and for each subsample of facility samples) and averaged for calculations.
The third sample (batch) from “UHT” and “Spray Dry” facility processing steps
used 2 µL of DNA extract template without correction to 1 ng (not enough DNA) for realtime PCR reactions. Results from these reactions were not included in further Ct
calculations.
2.3.6 DNA Extract Purity
Extract purity was measured with a NanoDrop™ 8000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA), giving absorbtion values for 260 nm (A260nm),
280nm (A280nm) and 230 nm (A230nm), as well as 260 nm/280 nm (A260nm/280nm) and 260
nm/230 nm (A260nm/230nm) ratios. These metrics were observed for general trends in
values.
2.3.7 Sequencing & Alignment
Following real-time PCR work, three DNA extract samples of spray dried material
were used as template for a conventional PCR regime using an Eppendorf Mastercycler
Pro (Eppendorf, Hamburg, Germany) — three 100 bp amplicon target reactions, three
200 bp. Protocols were as follows: 100 bp — one cycle incubation (3 min at 95°C), 35
cycles of denaturation, annealing and elongation (1 min at 95°C, 1 min at 55°C, 1 min at
72°C), one cycle hold (5 min at 72°C), hold at 4°C; 200 bp — one cycle incubation (3 min
at 95°C), 35 cycles of denaturation, annealing and elongation (1 min at 95°C, 1 min at
57°C, 1 min at 72°C), one cycle hold (5 min at 72°C), hold at 4°C. PCR products were
used as template for a BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific, Waltham, MA) reaction, and further sent for sequencing at the AAC Genomics
facility at the University of Guelph. BigDye™ Terminator PCR protocol was as follows:
one cycle (2 min at 96°C), 30 cycles (30 s at 96°C, 15 s at 55°C, 4 min at 60°C), hold at
4°C. Samples were sequenced using an Applied Biosystems 3730xl DNA Analyzer
(Applied Biosystems, Foster City, CA). Sequence data were edited using the software
CodonCode Aligner V3.7.1.2 (CodonCode Corporation, Centerville, MA). Resulting
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consensus sequences were aligned with known herbarium vouchers and reference
material sequences curated at the NHP Research Alliance, University of Guelph.
Statistical phylogentic analysis was completed using Geneious software (Biomatters Ltd,
Aukland, New Zealand).
2.3.8 Statistical Analysis
Data were assesed for normality and equality of variance using the Shapiro-Wilk
test and the Levene’s test, respectively. Violation of these assumption prompted the
need for non-parametric statistical testing. Kruskal-Wallis pairwise comparisons were
carried out between all relevant sample groups, with a Bonferroni correction being
applied where multiple comparisons were made. All analysis was performed in R
statistical software (R Core Team, 2019).

2.4 Results & Discussion
2.4.1 Visualizing DNA quality and quantity across and within processing
Difficulty extracting and amplifying DNA from processed materials has been
discussed previously in the literature (Parveen et al., 2016; Reynaud et al., 2015).
However, assertions that DNA is removed from most processed NHPs have not been
based on empirical evidence, but rather theorized as an explanation for PCR difficulties.
To date, there has not been a comprehensive study investigating the quality and
quantity of DNA through production of a highly processed botanical extract that sought
to visualize DNA with precise tools while also verifying presence of target species DNA
with further PCR and sequencing.
I was interested in first answering the industry-posed question asking if DNA
exists in highly processed botanical extracts that is sufficiently intact for use in
molecular authentication techniques. I achieved this goal by exploring the differences
that exist in DNA quality and quantity from the beginning to end of farm and facility
processing regimes of green tea extract. Green tea was a suitable model for this
purpose, as material could be sampled at each step within processing with relative
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ease, and the intense production regime involving five high heat (>100°C) steps and a
liquid extraction was a good example of the type of processing thought to remove and
destroy DNA in botanical material (Woolfe & Primrose, 2004).
I viewed the farm and facility processing regimes as fundamentally different
because they are two separate entities in the green tea production pipeline and have
clear points of “starting fresh material” and “finished product.” Thus, these two sets of
groups were studied separately. Fresh tea leaves are the obvious raw material in farm
production and further become a distinct type of tea based on farm production methods
(Heiss & Heiss, 2007). Interestingly, there are variations in farm handling techniques
that will result in the same type of tea. My tea leaves were subject to a common regime
of treatment to ultimately result in green tea leaves. This final product is what is sent to
industry facilities as green tea leaf “starting material” to be used to make tea extract
products. Even in this preliminary farm-production regime, where leaves remained
largely intact, the quantity of extractable DNA and quality of those DNA extracts were
significantly reduced. At the facility, I was able to study the production of a green tea
extract product, where green tea leaves were considered starting material, and the
resulting powder following the final spray dry step was considered the end material.
There are limitations to my study, as I was restricted in the number of samples
that I could collect through facility processing. While I was able to sample individual
leaves from different plants during farm production, facility production involved a liquid
extraction with material being sampled from homogeneous liquids or powders. Thus,
experimenters collected four subsamples from each of three batches of material that
were run through facility production. These subsamples were analyzed separately, and
each group of four was averaged for mathematical calculations to represent one true
sample. For this reason, limited sampling resulted in a loss of statistical power, possibly
precluding detection of some significant differences between groups.
2.4.2 Extractable DNA Quantity
As raw botanical materials are processed, I predicted a decrease in extractable
genomic DNA. There was a significant decrease in extractable DNA (expressed in an
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ng/µL concentration, based on a 60 µL elution) across the full farm processing regime
(p<0.01) (Figure 2.1). Qubit-read concentrations decreased from 108.55 ± 2.27 (± SEM)
ng/µL in fresh tea leaves to 63.99 ± 7.14 ng/µL in “green tea” leaves (post-farm
production) (p<0.01). Extractable DNA decreased significantly (p<0.05) from the
beginning to end of facilty processing; mean concentrations dropped from 64.36 ± 2.87
ng/uL in green tea leaf starting material to 0.22 ± 0.11 ng/µL in the powdered, green tea
extract. To note, during liquid extraction in facilty production, only a portion of the solid
material (and thus DNA) is extracted into the water solvent. In order to be able to
compare extractable DNA quantities between pre and post liquid extraction steps, all
DNA concentration values from post liquid extraction steps were multiplied by a factor of
0.365 (reflecting the 36.5% of solid material extracted by the water).
I chose a fluorometric detection method, as my research question was not simply
focused on the presence of nucleic acid, but mainly the presence of DNA useful for
molecular authentication — i.e., intact dsDNA. The Qubit™ 3.0 Fluorometer works by
measuring fluorescence of a dye that binds exclusively to dsDNA (Thermo Fisher
Scientific, 2014). Not only did this tool satisfy my goal of measuring useful DNA, but for
low concentrations of nucleic acid (>10 ng/µL) it is superior to spectrophotometric
analysis, which is based on UV light absorption. Spectrophotometric tools such as the
NanoDrop™ indiscriminately measure nucleic acid absorbance (A260nm) and can be
influenced by presence of degraded nucleic acid or RNA (Thermo Fisher Scientific,
2012). The spectrophotometric tool also has trouble precisely measuring low
concentrations of nucleic acids (>10 ng/µL), which is problematic since highly
processed extract products routinely render very low concentrations of DNA based on
common extraction kit elution volumes (Nielsen et al., 2008; Matlock, 2015).
I explored the trends within processing regimes as a logical progression from
beginning-end comparisons of extractable DNA quantity. A significant downward trend
was identifiable in extractable DNA quantity through farm processing (Figure 2.1).
Significant differences existed within two pairs of sequential processing steps: Fresh to
Fixed (p<0.05), and Rolled to Dried x1 (p<0.01) (n=10). Interestingly, these observations
coincided with high-heat treatment steps: 300°C oven for 30 s, and 150°C oven for 10
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min, respectively. This is consistant with the understanding that such high temperatures
can break covalent bonds in the backbone of DNA molecules, thus breaking down and
degrading DNA (Karni et al., 2013). Understandably, this suggests that the routine high
heat treatments in NHP production are among the most physically impactful on DNA, and
thus pose a high risk of impeding downstream analysis.
Within facilty processing, no step-to-step statistical differences were detected
(p<0.05). This was thought to be largely due to the lack of sampling (n=3). During the
time that sample collection took place in China, only three batches of green tea leaf
material were seperately run through facility production to create a green tea extract
(using identical mechanical parameters). Thus, sampling was designed to collect four
subsamples from each batch of material. Nevertheless, when looked at as a whole, the
facilty processing regime involving the liquid extraction and two heat steps (exposing
material to temperatures over 120°C and as high as 170°C) clearly contributed to the
degredation and removal of DNA from materials.
2.4.3 DNA Fragment Size
Previous studies seeking to identify botanicals via DNA barcoding have run into
difficulties with amplification of large amplicon targets, proposing that degraded or
absent DNA is the cause (Wallace et al., 2012). Introduction of the mini-barcoding
approach, seeking to amplify smaller targets ~200bp as opposed to the conventional
DNA barcoding approach with larger targets >600 bp, sheds some light on the probable
fragmentation of DNA in processed products, based on greater success rates with
smaller targets (Little, 2014; Little & Jeanson, 2013). Given these results, I sought to
explore the dynamics of DNA fragment distribution as materials moved through
processing. As expected, DNA became more fragmented through both processing
regimes.
There was a significant (p<0.001) decrease in average fragment size (bp), across
the full farm processing regime, from 11753.6 ± 163.71 (± SEM) bp in fresh tea leaves to
8664.7 ± 169.13 bp in “green tea” leaves (post-farm production) (Figure 2.2). Note, bp
values are influenced by presence of a 10 380 bp DNA marker that needed to be
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included in the calculation (DNA in bioanalyzer overlapped marker), but values are
comparable for calculation purposes. Across facilty processing, average fragment size
dropped from 3756.5 ± 26.16 bp in green tea leaf starting material to 677.33 ± 170.26 bp
in green tea extract (p<0.05) (values accurate — no inclusion of DNA markers).
A significant (p<0.001) downward trend was identifiable in extractable DNA
quantity through farm processing (Figure 2.3). A sharp drop in average fragment size
existed within one pair of sequential processing steps: Fresh to Fixed. This coincided
with the highest heat step (300°C oven for 30 s) — the same step that showed a
significant decrease in extractable DNA from fresh material. Clearly, even short
exposure time (under 1 min) at this heat was sufficient to induce double stranded
breakages in the DNA molecular backbone, resulting in shorter fragments.
Facility processing revealed a significant decrease in average fragment size,
though no sigificant differences (p<0.05) were identified between sequential steps of
facility processing — understandably influenced by low sampling that was discussed
above. Important to note, visualizing the DNA within materials was completed within a
reliable range of detection with the Agilent 2100 Bioanlayzer. Fragment analysis was
visualized in the 90 bp – 9500 bp range in order to avoid inclusion of the low DNA
marker and thus be able to compare average fragment size among samples,
independent of how much gDNA was loaded into the Bioananlyzer. The spray dry
material electropherograms revealed a clear bulge at ~200bp, though since some of the
distribution (<90 bp) was not captured in the measured range, average fragment size
was likely lower than the reported 677.33 ± 170.26 (±SEM) bp. Nevertheless, recorded
average fragment sizes within the measured range were useful for DNA size dynamics
analysis. Considering the level of fragmentation in the DNA from the green tea extract, I
recommend short sequence libraries and multiple SNP based probes as the most ideal
approach to identification of processed materials.
2.4.4 Real-Time PCR Efficiency
Real-time PCR efficiency was the culminating investigation within this study, as
implications of this work most importantly relate to confidence in the ability to amplify
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target regions of genomic DNA. The goal of this experiment was to estimate the quality
of DNA template that was recovered from each step of green tea processing. Based on
the idea that increased degradation of DNA would lead to less efficient amplification, I
predicted increased Ct values with DNA template from more processed materials (Furda
et al., 2014). Jointly, by attempting to amplify amplicons of different sizes, I was able to
investigate a threshold in real-time PCR efficacy with degraded template from a
botanical extract product.
I used Ct values as a metric indicating real-time PCR efficiency, thus suggesting
the quality of DNA template. Since Ct values exist on an exponential scale, data were
linearized and compared based on the 2-Ct method outlined by Livak & Schmittgen in
2001 (Livak & Schmittgen, 2001).
Throughout farm processing, bioanalyzer data indicated that the average
fragment sizes remained in the multi-thousand base pairs range. This was predicted by
experimenters; thus, I did not expect large differences in amplification efficiency across
farm processing. However, I did observe a considerable decrease in real-time PCR
efficiency (expressed in 2-Ct — linearized form of Ct value data) from the beginning to
end of farm processing, for each of the target amplicon sizes: 100 bp (p<0.001), 200 bp
(p<0.01), 300 bp (p<0.001) (Figure 2.4). A considerable overall downward trend in realtime PCR efficiency was identifiable through farm processing as well, for each target
amplicon size (Figure 2.5A). Within the 100 bp amplicon target groups, significant
differences were detectable within two pairs of sequential processing steps: Fixed to
Rolled (p<0.01), and Dried x1 to Dried x2 (p<0.01) (n=10). Within the 200 bp amplicon
target groups, there were no detectable significant differences (p<0.05) within pairs of
sequential steps, and within the 300 bp amplicon target groups, significant differences
(p<0.05) were detectable within one pair of sequential steps: Fixed to Rolled. This
decrease in real-time PCR efficiency could be explained by DNA template breaking
down into smaller pieces due to damage via processing treatment, but impediment to
PCR can also be caused by presence of nicks in the backbone of the DNA molecule
that are not complete double stranded breaks (Golenburg et al., 1996).
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Conversely, there were no identifiable sigificant differences (p<0.05) in real-time
PCR efficiency across facility processing for 100 bp and 200 bp target amplicon sizes
(green tea leaf starting material, n=3; green tea extract final product, n=2) (Figure 2.4).
A comparison was not able to be made for the 300 bp target amplicon size, as the
qPCR reactions were inconsistant and unsuccessful for most samples. No significant
differences (p<0.05) were detected throughout facility processing for amplified 100 bp,
200 bp and 300 bp targets (Figure 2.5B). As previously discussed, this is
understandably influenced by lack of sampling. The third batch of green tea leaves run
though facility processing rendered insufficient DNA to be able to carry out reactions
satisfying the 1 ng DNA per reaction parameter (below the limit of fluorometric
detection). For this reason, only two batches were able to be included in calculations for
UHT and Spray Dry steps. However, though not included in calculations, reactions
using 2 µL of the unquantifiable template from the third batch samples did result in
amplification, suggesting presence of target DNA. Additionally, it is meaningful to note
that each sample was an average of six technical replicate reactions per four
subsample reactions (24 reactions). Thus, mechanical variation was well controlled.
Despite inability to confidently determine quantitative differences in real-time
PCR efficiency for facility processing samples, important qualitative results were
observed. Of the three target amplicon sizes, the 100 bp and 200 bp targets were
reliably amplified for all samples. A 300 bp amplicon was amplified for all samples
except for those from the last two steps of green tea extract processing. This universal
success in 100 bp and 200 bp amplifications, and inability to reliably amplify 300 bp
amplicons near the end of processing supports the observation that DNA had been
broken down into smaller pieces.
Though the Qubit™ 3.0 Fluorometer was used for quantification, it does not
render any DNA extract purity estimations. The trends in NanoDrop™ 8000
Spectrophotometer data were analyzed in an exploratory capacity. A260nm/280nm and
A260nm/230nm ratios within respective ranges of 1.7 – 1.9 and 2.0 – 2.2 are understood to
indicate pure DNA template (Matlock, 2015). A260nm/280nm ratios remained within 1.7 –
1.9 for farm processing steps, and the first two facilty processing steps, but decreased
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slightly for the last three facilty processing steps, the average dipping below 1.6.
A260nm/230nm ratios remained ~2.0 for farm processing and the first step of facilty
processing, but dipped below 2.0 through facilty processing, reaching as low as <1.0 by
the last step. A260nm decreased with DNA concentrations, as did A280nm, A230nm values.
Though apparent downward trends were observed toward the end of the processing
steps, spectrophotometric tools like the NanoDrop™ have been reported to be
unreliable when DNA quantities are low ~10ng/uL, possibly resulting in unreliable purity
ratios; low DNA quantity can be the reason for low purity ratios due to reduction of
A260nm (Matlock, 2015). Nevertheless, if increased presence of PCR inhibitors was an
issue, the conclusion remains unchanged — PCR efficiency is reduced through industry
processing. I predicted this as a product of DNA damage, but in practice I am mainly
concerned with quality of a DNA extract as a whole. Further work looking into possible
chemical influence on PCR from different NHP-derived DNA extracts would be useful.
2.4.5 Sequencing and Industry Impact
The purpose of investigating DNA integrity through processing was to highlight
the influences on authentication success. The logical last step to a quality analysis was
to demonstrate the efficacy of sequencing and validation to a known (herbarium
voucher) standard reference sequence. As mentioned, an important goal of this study
was to analyze the quality of “useful” dsDNA template. Sequence data received from
100 bp target amplicon samples did not render sufficient data to make base calls and
create a consensus sequence. All 200 bp target amplicon samples rendered sufficient
sequence information that matched to Camellia sinensis voucher specimen reference
sequences in a local library of rbcL sequences curated at the University of Guelph (630
sequences from 139 species, covering 114 genera) (100% identity match). Following
successful amplification, I succeeded in verifying presence of Camellia sinensis using
sequence data from the 200bp amplicon target. This important result supported the
conclusion that sufficiently intact Camellia sinensis DNA existed in green tea extract,
post-production, that could be used for identification. It also reaffirmed the
recommended refocus of DNA-based authentication work from conventional
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“barcoding”, using large amplicon targets (>600 bp), to “mini-barcoding”, focusing on
smaller targets (~200 bp) (Parveen et al., 2016).
Importantly, I demonstrated that sufficiently intact DNA can indeed be recovered
from green tea extract, a highly processed botanical extract product. It is important to
realize that even small quantities of intact DNA (sometimes below the detection limit of
precise tools like the Qubit® 3.0 Fluorometer) are enough to carry out amplification,
sequencing and identification. I suggest framing discussions of botanical extract DNA as
pertaining to presence of “useful” DNA — dsDNA that can be recovered, visualized and
used for the purpose of ingredient identification.
Any insight into green tea is valuable for the purpose of improving approaches to
product authentication. With such a large market, quality control must keep up with
greater incidence of adulteration. Only a few studies have investigated adulteration and
contamination in tea, but all have demonstrated ability to use molecular tools to identify
Camellia sinensis and relevant unexpected ingredients (Stoeckle et al., 2011; De Castro
et al., 2017; Wang & Zhang, 2018; Dhiman & Singh, 2003). However, most investigation
involved either fresh or minimally processed botanical material, highlighting the need for
appropriate quality assurance tools and protocols that are designed for highly
processed products. The global tea extract market is growing; thus, work like this,
demonstrating ability to make use of molecular authentication techniques with botanical
extracts, is encouraging (Transparency Market Research, 2015b).
A multitude of different processing regimes exist for different NHPs, as well as an
array of production options for individual NHPs. Due to the variety of processing
techniques, botanical material may be subject to vastly different intensities of
production; thus, DNA within these materials will be exposed to different degrees of
potentially damaging treatments. Though ease in authentication may vary on a case-bycase basis, the stability of the DNA molecule should not be discounted, and simple
presence of high-heat processing steps should not warrant a conclusion that useful
dsDNA is unable to be recovered from botanical material.
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2.5 Conclusions
Though there was indeed significant degredation and removal of DNA through
processing, after an intensive green tea extract regime, sufficiently intact DNA was able
to be recovered for the purpose of PCR amplification and further sequencing, giving the
ability to make a botanical identification. This work is the first detailed exploration of DNA
integrity dynamics in NHPs through processing, and the highly encouraging results based
on the quality of DNA found in green tea extract shows cause for more investigation into
application of DNA-based molecular authentication in botanical extracts.
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2.7 Tables

Table 1: Mechanical and sampling details of the five farm and five facility processing
steps.

Processing step

Mechanical Process

Material Type

Sample
Size

Additional
Sampling
Specifications

Fresh Tea Leaves

n/a

Whole leaves

n=10

n/a

Fixing (oxidative
enzyme
deactivation)

300°C oven, ~ 30 s

Whole leaves

n=10

n/a

Rolling

Mechanical grinding ~ 15 min

Whole leaves

n=10

n/a

Whole leaves

n=10

n/a

Whole leaves

n=10

n/a

Crushed
leaves

n=3

n/a

n=3

Four
subsamples
taken from each
of three batches

150°C oven ~ 10 min

First Oven Dry

(conveyer belt)

110°C oven ~ 10 min

Second Oven Dry

Extraction Starting
material

(conveyer belt)

n/a

3 step extraction:

Native Extract

1. Add 12x water, 40℃ for 15 min,
then rinsed by 2x water

Solid
suspended in
water
2. Add 8x water, 40℃ for 15 min.
3. Add 8x water, 80℃ for 15 min.

Concentration

Extraction solution through 100
mesh duplex filter, then cool to
30-40℃
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Solid
suspended in
liquid

n=3

Four
subsamples

Single effect concentration after
centrifuge, temperature ranges
from 55℃ to 60℃, discharge
when solid content is 40-45%.
Continuous concentration time
less than 5 h.

Ultra High Heat
Sterilization (UHT)

High heat exposure, 120°C –
130°C

Spray Dry

Spray drying parameter: inlet air
temperature is 160-170℃, outlet
air temperature is 80-90℃,
atomizer frequency is 43-48Hz,
screw pump frequency is 20-40Hz
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taken from each
of three batches

Solid
suspended in
liquid

Powder

n=3

Four
subsamples
taken from each
of three batches

n=3

Four
subsamples
taken from each
of three batches

Table 2: Primer design and PCR regimes for respective amplicon targets.
Amplicon
Size
100 bp

Primers

PCR Regime

Forward:

1 cycle (incubation):

5′-GACAGAAGAATCATGGTATG-3′

95°C – 5 min

Reverse:

40 cycles:

5′-CTTCAAGTTTACCTACTACAG-3′

95°C – 10 s, 55°C – 10 s, 72°C – 10 s
Melt curve generation

200 bp

Forward:

1 cycle (incubation):

5′-GTCACCACAAACAGAAACTAAAGC-3′

95°C – 5 min

Reverse:

40 cycles:

5′-GTCCATGTACCAGTAGAAGATTCG -3′ 95°C – 10 s, 57°C – 10 s, 72°C – 20 s
Melt curve generation
300 bp

Forward:

1 cycle (incubation):

5′-GTATTTGCCAGAGAATTAGG-3′

95°C – 5 min

Reverse:

40 cycles:

5′- CATAATCATCACGCAGTAAA-3′

95°C – 10 s, 59°C – 10 s, 72°C – 10 s
Melt curve generation
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2.8 Figures
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Figure 2.1: A) Mean DNA concentrations (± SEM) (ng/µL) for the first and last steps of farm processing
(left) and for all stages of farm processing (right). B) Mean DNA concentrations (± SEM) (ng/µL) for the
first and last steps of facility processing (left) and for all stages of facility processing (right).
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Figure 2.2: A) Mean fragment size (± SEM) (bp) for the first and last steps of farm processing (left). Bioanalyzer electropherogram
for first and last steps of farm processing (right). B) Mean fragment size (± SEM) (bp) for the first and last steps of facility
processing (left). Bioanalyzer electropherogram for first and last steps of farm processing (right).
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Figure 2.3: Mean fragment size (± SEM) (bp) for all stages of farm processing (left) and for all stages of facility processing (right).
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Figure 2.4: A) Mean 2^(-Ct) (± SEM) (bp) for the first and last steps of farm processing; 100bp target (left), 200bp target
(middle), 300bp target (right). B) Mean 2^(-Ct) (± SEM) (bp) for the first and last steps of facility processing ; 100bp target
(left), 200bp target (middle).
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Figure 2.5: A) Mean 2^(-Ct) (± SEM) (bp) for all stages of farm processing; 100bp target (left), 200bp target (middle), 300bp target
(right). B) Mean 2^(-Ct) (± SEM) (bp) for all stages of facility processing; 100bp target (left), 200bp target (middle), 300bp target
(right).
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3 Investigating Appropriate Molecular and Chemical
Methods for Ingredient Identity Testing of Plant-Based
Protein Powder Dietary Supplements2
3.1 Abstract
Plant-based protein powders are rapidly growing in popularity, and outdated
quality assurance tools expose vulnerabilities to adulteration via different methods of
“protein spiking”. Adequate diagnostic tools are urgently needed to be able to
authenticate protein source ingredients and screen for potential adulterants. I explored
the application of three diagnostic tools for ingredient identification: targeted PCR with
Sanger sequencing, NGS, and LC-MS/MS. I collected 33 samples of common
commercial products from the plant-based protein powder market and sought to identify
botanical components using the three technologies. I found success in detection with all
approaches, with at least one main protein source being identified by at least one
approach in all samples. The investigation uncovered challenges to data collection or
result interpretation with each technology including but not limited to amplification
biases with PCR technologies, potential influence of DNA degradation, and issues with
protein solubility during isolation. Ultimately, each platform demonstrated utility along
with certain caveats, which epitomized the importance of orthogonality of testing.

_________________________
2

An edited version of this chapter has been published in Scientific Reports with the following authors:
Faller, AC., Arunachalam, T., Shanmughanandhan, D., Kesanakurti, P., Shehata, HR., Ragupathy, S
& Newmaster, SG.
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3.2 Introduction
In a rapidly growing global dietary supplement industry (valued at USD 133.1
billion in 2016), development of regulatory policy must not be outpaced by emerging
risks (Grand View Research, 2018). Dietary supplements may differ from
pharmaceutical drugs in their exclusion from products able to claim ability to diagnose,
cure, mitigate, or prevent a disease, but risk of unregulated, inauthentic, or adulterated
supplements is equally as dangerous and concerning to a consumer (NIH, 2019).
Supplements pass fewer regulatory checkpoints than their pharmaceutical drug
counterparts before they become commercially available, which makes it all the more
important that efficient, precise, and accurate technology is used for quality testing
(Starr, 2015). In the United States, the dietary supplement industry has thrived, and the
Food and Drug Administration’s (FDA) 1994 Dietary Supplement Health and Education
Act is still the standard by which these products are defined and regulated (FDA, 2019).
Though constantly evolving, regulatory standards are struggling to efficiently address
industry innovation, including new products or formulations. This has progressed to the
point of the FDA commissioner recommending a complete overhaul of dietary
supplement regulation (Bursztynski, 2019).
On the technical side of quality control, scientists must continue to develop new
authentication protocols to contribute to comprehensive testing regimes for all different
types of products. The amount of different dietary supplements on the market has
increased by over twenty times, with over 90 000 sold in the United States in 2014
(Starr, 2015). Evaluating quality and identity testing options for this overwhelming figure
calls for initiation of explorative studies designed to assess techniques as they apply to
specific ingredients and products. Thus, I propose methodology such as that followed in
this paper, where I compare multiple techniques — targeted PCR, Next Generation
Sequencing (NGS), and Liquid Chromatography with tandem Mass Spectrometry (LCMS/MS) — in the context of a case study. I chose to explore protein powders with a
focus on the rapidly growing assortment of plant-based options.
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The global movement to popularize plant-based diets for sustainability,
economic, or health reasons is consistently expanding, with many consumers seeking
plant-based alternatives to satisfy their dietary needs (Jallinoja et al., 2018). When
adopting a restrictive diet such as veganism or vegetarianism, it can be difficult to
maintain a balanced nutrient intake. For this reason, many turn to meal supplementation
with products such as protein powders. The global protein supplement market was
valued at USD 12.4 billion in 2016 with a projected CAGR of 6.3% from 2017 to 2025
(Grand View Research, 2017). Within this market, protein powders alone contributed to
64.5% of overall revenue in 2016 (Grand View Research, 2017). Though animal-based
proteins still command the largest portion of the supplement market, multiple sources
predict plant-based proteins to experience the quickest growth, with CAGR projections
reaching as high as 7.9%, leading to market valuations as high as USD 16.3 billion by
2026 (Grand View Research, 2017; Mordor Intelligence, 2018; Persistence Market
Research, 2017).
In any growing market with supply racing to meet demand, there is a risk of
economically motivated adulteration (Everstine et al., 2013). The plant-based protein
powder market is clearly on a path of rapid growth, thus highlighting an imperative need
for adequate quality assurance programs. Current protein quality testing is largely
concerned with protein content measurement. Though outside the scope of ingredient
identification, it is important to note that current methods to estimate protein content are
outdated and indirect (Moore et al., 2010; Marinangeli, 2017). The Kjeldahl and
combustion (Dumas) methods for measuring total protein content are based on
measuring nitrogen content of a sample. These indirect methods leave products open
for adulteration with any substance intended to artificially increase nitrogen content, as
has already been identified in multiple cases (Everstine et al., 2013). Some of these
events may be relatively harmless, like in the case of “spiking” powders with free amino
acids, but others can be dangerous, such as the addition of compounds like melamine
— a toxic compound used to boost nitrogen that has led to fatalities in some cases
(Gossner et al., 2016). These instances of economically motivated adulteration reveal
the current susceptibility of this market. Rapid growth only behooves industry to race to
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develop fit for purpose quality testing tools that address all possible sources of
adulteration. From a safety standpoint, consumers should be able to trust ingredient
labels on all protein powder products and make decisions based on their health goals
and avoidance of potential allergic reactions. As with the rest of the NHP industry,
premium botanical-based products can come with a substantial price tag, and
consumers deserve to have confidence in quality and authenticity of products they
purchase.
My lab has recently demonstrated the ability to extract DNA from processed
plant-based protein powders and use that template DNA for ingredient identification via
targeted PCR and sequencing (unpublished). This is consistent with demonstrated
success in using DNA extracted from processed NHPs to identify botanical material.
Protein powders go through various intensities of production, depending on what protein
source is being used or what product type is being created (e.g., concentrates, isolates,
hydrolysates etc.) (Hoffman & Falvo, 2004). Procedures are focused around
concentrating the protein component of a starting organic material. As long as DNA of
sufficient quantity and template integrity is retained through processing, molecular
approaches can be applied to ingredient authentication. Better tools are urgently
needed to address vulnerabilities in quality control programs that can be exploited for
the purpose of adulteration.
The objective of this study is to evaluate the efficacy of different technologies
applied to ingredient identification in protein powders, guided by three main lines of
questioning: 1) Can targeted PCR, NGS, and LC-MS/MS be used for protein ingredient
identification in plant-based protein powders, and how do results compare? 2) Can
powders be screened for whey presence and GMO-soy presence using hydrolysis
probe based assays? 3) Can any unlisted ingredients be detected using PCR, NGS,
and LC-MS/MS, and how do results compare?
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3.3 Methods
3.3.1 Sample Collection & Organization
Thirty-three samples of commercial plant-based protein powders were purchased
either from amazon.ca or store shelves (supermarket/ health/ drug stores), representing
an array of the main sources of protein — yellow pea protein (Pisum sativum), brown
rice protein (Oryza sativa), soybean protein (Glycine max), hemp seed protein
(Cannabis sativa), quinoa protein (Chenopodium quinoa), chia seed protein (Salvia
hispanica), and pumpkin seed protein (Cucurbita sp.) — in both single and multiingredient products, from multiple companies. About 60 g of each powder was placed
into a sterile plastic bag and assigned a random sample number before conducting a
blind experiment for the following reported analyses. Thirteen voucher specimens
representing the main protein sources as well as potential adulterants were obtained
and morphologically identified by a botanist to serve as reference samples. An
additional Bos taurus protein reference (milk) was obtained from the Elora Research
Farms Rso (University of Guelph affiliated). All references are listed in Table 3.1.
3.3.2 DNA Extraction & Quantification
DNA was extracted using the NucleoSpin® Plant II “Genomic DNA from Plant” Kit
(Macherey-Nagel GmbH & Co. KG, Düren, Germany). Extractions were performed
using 60 mg of dry starting material for each sample. Aside from two reagent volume
amendments (i.e., 600 µL of lysis buffer and 60 µL elution buffer), protocol was followed
as according to the manufacturer’s instructions. Fluorometric quantification was carried
out using a Qubit™ 3.0 Fluorometer with a Qubit™ dsDNA HS assay kit, according to
the manufacturer’s instructions (Life Technologies, Carlsbad, CA).
3.3.3 Conventional PCR and Sanger Sequencing for Thirteen Target Species
Each sample was first run on a PCR assay: singleplex reactions using each of
thirteen primer sets, carried out in triplicate. Primers were designed and optimized by
the Natural Health Product Research Alliance (NHPRA) (University of Guelph, Canada)
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for the seven main protein sources — Pisum sativum, Oryza sativa, Glycine max,
Cannabis sativa, Chenopodium quinoa, Salvia hispanica, and Cucurbita sp. — and six
other botanicals that were explored as possible adulterants to powders — Zea mays
(maize), Triticum aestivum (wheat), Vica faba (fava bean), Cicer arietinum (chickpea),
Cyamopsis sp. (guar or cluster bean) and Medicago sativa (alfalfa grass) (Table 3.1).
PCR regimes using an Eppendorf Mastercycler Pro (Eppendorf, Hamburg, Germany)
were carried out using protocol: one cycle incubation (3 min at 95°C), 35 cycles of
denaturation, annealing and elongation (1 min at 95°C, 1 min at unique temperature, 1
min at 72°C), one cycle hold (5 min at 72°C), and hold at 4°C.
PCR products were used as template for a BigDye™ Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific, Waltham, MA) reaction, and sent for
sequencing at the Advanced Analysis Centre (AAC) Genomics facility at the University
of Guelph, Canada. The BigDye™ Terminator PCR protocol was as follows: one cycle
(2 min at 96°C), 30 cycles (30 s at 96°C, 15 s at 55°C, 4 min at 60°C), and hold at 4°C.
Sequencing was carried out using an Applied Biosystems 3730xl DNA Analyzer
(Applied Biosystems, Foster City, CA). Sequence data were edited using the software
CodonCode Aligner V3.7.1.2 (CodonCode Corporation, Centerville, MA). Consensus
sequences were aligned with known herbarium voucher and reference material
sequences curated at the NHPRA, University of Guelph. Statistical phylogenetic
analysis was completed using Geneious software (Biomatters Ltd, Auckland, New
Zealand).
3.3.4 Hydrolysis Probe Based Real Time PCR for GMO Soy and Whey Protein
A hydrolysis probe based test for GMO-soy was carried out for all samples on a
LightCycler® 480 Instrument (Roche Diagnostics, Rotkreuz, Switzerland), investigating
the presence of GMO soy. The probe targeted the CP4 gene (glyphosate tolerance in
GMO soy) (primers and probe available from NHPRA, University of Guelph — Table
3.1). Furthermore, another probe-based screen was run on all samples investigating the
presence of whey; the probe targeted a sequence unique to Bos taurus (primers and
probe available from NHPRA, University of Guelph — Table 3.1). Each reaction was run
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in quadruplicate. All samples were screened using the two probes to investigate plantonly claims of products and level of GMO presence (products either claimed non-GMO
or did not note GMO inclusion).
3.3.5 Next Generation Sequencing
Next Generation Sequencing (NGS) was carried out by targeted amplicon
sequencing with universal plant ITS primers on an Illumina Miseq Desktop Sequencer
(Illumina, San Diego, CA) at AAC Genomics, University of Guelph. In the case of
unsuccessful identification of main protein ingredients, NGS was carried out using
universal rbcL primers (primers available from NHPRA, University of Guelph — Table
3.1). NGS workflow was based on the 16S Metagenomic Sequencing Library
Preparation protocol from Illumina, with the amendment of primer selection (Illumina,
2013). Workflow is summarized as follows: 1. Extract, purify and normalize DNA from
samples; 2. Amplify DNA target region using universal primers and KAPA HiFi HotStart
ReadyMix (25 cycles) (Kapa Biosystems, Wilmington, MA); 3. Carry out PCR cleanup
with AMPure XP beads to size select the correct amplicon by removing excess primers
and nucleotides; 4. Run index PCR to attach dual indices and Illumina sequencing
adapters (8 cycles); 5. Carry out second PCR cleanup with AMPure XP beads
(Beckman Coulter, Brea, CA); 6. Quantify each sample library using Qubit™ 3.0
Fluorometer and normalize library concentration to 4 nM with ddH20 and pool the
samples attached with dual indices; 7. Carry out sequencing on Illumina Miseq Desktop
Sequencer; 8. Use CLC Genomics Workbench (Qiagen, Hilden, Germany) for data
analysis to get the individual sequences of Operational Taxonomic Units (OTU) with the
quantitative metrics of read count. The resulting sequences were manually searched on
GenBank to get taxonomic classifications of individual sequences.
3.3.6 Protein Isolation and Digestion, and LC-MS/MS Amino Acid Sequencing
and Analysis
Two LC-MS/MS runs were carried out: one completing the trypsin digestion on
protein powder without a prior protein isolation and one preceded by a protein isolation.
Proteins were isolated using the TRIzol® reagent according to the user guide.
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All protocols involved in the LC-MS/MS sample preparation and analysis were
provided by the AAC Mass Spectrometry Facilities, University of Guelph. The trypsin
digestion protocol was completed as follows: 10 mg of sample was dissolved in 1 mL of
50 mM sodium bicarbonate. Next, 100 µL of that dissolved sample was resuspended in
900 µL of 50 mM sodium bicarbonate. Then, 15 µL of dithiothreitol (DTT) was added to
150 µL of that sample and incubated for one hour at 60°C. Samples were digested with
lysine C for three hours, followed by a 20 µL addition of trypsin (Princeton Separations
Adelphia, NJ) and incubation overnight at 37°C. Digestion was stopped via addition of
trifluoroacetic acid, and solutions were dried under vacuum.
Protein identification was carried out for each sample via amino acid sequencing
on an Agilent 1200 HPLC liquid chromatograph interfaced with an Agilent UHD 6530 QTof mass spectrometer (Agilent Technologies, Santa Clara, CA) (at AAC Mass
Spectrometry Facilities, University of Guelph). A C18 column (Agilent Advance Bio
Peptide Map, 100 mm x 2.1 mm 2.7 µm) was used for chromatographic separation with
solvents A and B (Solvent A: dH2O with 0.1% formic acid; Solvent B: acetonitrile with
0.1% formic acid). Procedure for the mobile phase gradient included: initial conditions,
2% B, increasing to 45% B in 40 min and then to 55% B in next 10 min, followed by
column wash at 95% B and 10 min re-equilibration. The first two and last five minutes of
the gradient were sent to waste (not the spectrometer). A 0.2 mL/min flow rate was
maintained. Mass spectrometer electrospray capillary voltage was maintained at 4.0 kV
and the drying gas temperature at 350°C with a flow rate of 13 L/min. Nebulizer
pressure was 40 psi and the fragmentor was set to 150. Nitrogen was used as
nebulizing, drying gas, and collision-induced dissociation gas. Mass-to-charge ratio was
scanned across the m/z range of 300-2000 m/z in 4 GHz (extended dynamic range
positive-ion auto MS/MS mode). In each cycle, three precursor ions were selected for
fragmentation. External calibration of the instrument was carried out with the ESI
TuneMix (Agilent, Mississauga, ON). The sample injection volume was 100 µL.
Gathered raw data of amino acid sequences were loaded into PEAKS 8 software
(Bioinformatic Solutions Inc., Waterloo, Canada). Data refinement was carried out in two
steps. Amino acid sequence data were subjected to deNovo sequencing, as well as
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database searching of Swiss-Prot (database searching using a 1% FDR). Methionine
oxidation and carbamidomethylation of cysteine residues were considered within the
search parameters. Other instrument parameters were set as follows in PEAKS.
Precursor Mass Error Tolerance (for parent ions): 15ppm, Fragment Mass Error
Tolerance (for fragment ions): 0.05 Da, Digest: Trypsin, Oxidation: 15.99, Deamination:
0.98, Variable Post Translational Modification Per Peptide: 3, Report Number of
Peptides: 5, Data Refine Dependencies: 1. An ingredient identification was included in
this first set of data if there were at least two protein hits for a given species. From this
initial compiled list of proteins, a second manual curation was carried out where each
protein was researched and only retained as a positive ingredient identification if the
protein was unique to that species. A protein that was found to be ubiquitous among
multiple species (i.e., matched to multiple species entries in Swiss-Prot) was eliminated;
thus, only unique, diagnostic proteins were retained.

3.4 Results
The purpose of this study was to investigate the ability of three technologies to
identify ingredients within common plant-based protein powder products. I divided this
focus into three main goals, including: 1) an attempt to identify main protein source
ingredients listed on label, 2) a hydrolysis probe screen of all products for whey protein
and GMO-soy presence, and 3) an attempt to detect possible adulterants. With a trifold
ingredient screen using each method, results from any given technology could be
verified against the other two.
3.4.1 Identification of Protein Sources Within Products
Thirty-three protein powder samples featuring one to four main protein source
ingredients were investigated using three approaches: targeted PCR with Sanger
sequencing, NGS of the ITS or rbcL region, and LC-MS/MS amino acid sequencing.
Results indicating success of detection for main protein sources are summarized in
Table 3.2.
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I was able to detect at least one main protein source for each of the 33 samples
using at least one of the detection methods. In 16 out of 33 samples, I was able to
detect the main protein sources using all three methods. To note, those 16 samples
each had only one main protein source. The full 33 samples included a total of 51 tested
ingredients. Six out of 51 tested ingredients in a total of four samples were not detected
using any of the three detection methods. These four samples (P25, P28, P29 & P30)
included a mixture of protein sources.
With regards to the coverage of each method, of the 45 detected ingredients,
targeted PCR with Sanger sequencing was able to detect a total of 40 ingredients
(89%), NGS a total of 35 ingredients (78%), and LC-MS/MS a total of 33 ingredients
(73%).
3.4.2 Hydrolysis Probe Based Real Time PCR for GMO Soy and Whey Protein
All 33 samples were screened for GMO-soy using a CP4 gene based probe, as
well as for whey adulteration using a probe targeting Bos taurus. Six of the 33 samples
showed positive signals for GMO-soy while none of the samples showed positive hits
for whey (Table 3.2).
3.4.3 Investigation of Possible Adulterants
Further to seeking confirmation of main protein source ingredients for each
product, I explored a handful of common adulterants. Those included secondary
ingredients listed on some of the product labels as well as a few unlisted species that
researchers considered likely to be a protein boosting adulterant: Zea mays (maize)
(Garrido et al., 2016), Triticum aestivum (wheat) (Garrido et al., 2016), Vica faba (fava
bean) (Multari et al., 2015), Cicer arietinum (chickpea) (Sánchez-Vioque et al., 1999),
Cyamopsis sp. (guar or cluster bean) (Sandhu et al., 2019) and Medicago sativa (alfalfa
grass) (Hojilla-Evangelista, 2017). The seven main protein sources explored in this
study were also noted as adulterants if present in a product without being listed.
Using targeted PCR, I screened for the above-mentioned adulterants and
detected one or two unlisted species in 15/33 products (Table 3.3). NGS identified a
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variety of non-listed species, but all represented under 1% of the read count (Table 3.3).
In the LC-MS/MS run that was preceded by a TRIzol® based protein isolation (before
trypsin digestion), no adulterants were detected for any products; however, a host of
potential adulterants for 25 products were revealed via the round of samples that did not
undergo a protein isolation prior to trypsin digestion (Table 3.3). Overall, two samples
(P1 and P4) revealed an adulterant detected with all three methods, and seven samples
revealed an adulterant detected using two of the three methods (Table 3.4).
3.4.4 Reference Samples
Up to fourteen vouchered reference samples were tested alongside test samples
in each technique to ensure detectability (Table 3.1). All references were successfully
identified using targeted PCR and NGS, and 11/14 were identified using LC-MS/MS.
DNA was extracted and protein was isolated from the protein containing portion of the
reference botanical sample. The samples not identified using LC-MS/MS included
Salvia hispanica, Cannabis sativa and Cyamopsis sp.

3.5 Discussion
Plant-based protein powders are an important example of a dietary supplement
that is rapidly growing in popularity and has shown key vulnerabilities in quality and
safety (Cavin et al., 2016). In order to design comprehensive quality assurance
protocols, the efficacy of multiple approaches must be investigated as they pertain to
different ingredients and products.
The first goal of this study was to evaluate the ability of the three technologies to
detect presence of listed main protein sources. Positive results were supported via
simultaneous testing of reference samples for each ingredient. DNA based approaches
to botanical authentication have been accepted by regulatory bodies as a promising
addition to quality assurance programs, worthy of validated method development
(Bayley, 2019). Recent literature has importantly outlined the proper considerations in
molecular assay methods development, discussing protocol considerations like DNA
extraction strategy, genomic region selection, primer design, amplicon size, PCR
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optimization, and appropriate voucher reference libraries; this comprehensive approach
ultimately leads to validated methods (Bayley, 2019; Parveen et al., 2016; Newmaster
et al., 2019; Hübner et al., 2001; Handy et al., 2011; Lu et al., 2019). It is imperative that
assay development adheres to universal analytical development guidelines, such as
those of AOAC, in order to properly evaluate applicability and allow for reproducible
global implementation (AOAC, 2012).
To date, there has not been any detailed investigation into the application of
molecular authentication methods to protein powder supplements. Like many
supplements, these products are heavily processed — in this case, for the goal of
dietary protein isolation and concentration — and residual DNA within products may be
degraded or lost (Faller et al., 2019). However, this understanding should only be
viewed as a caution in considering negative molecular detection results as true
negatives. Past work has demonstrated that useful DNA (used for the purpose of
identification) can remain in highly processed products (Faller et al., 2019). Thus, DNA
based techniques should be considered for all processed supplements. In this study,
targeted PCR (with Sanger sequencing) was able to identify at least one ingredient in
100% of the samples, and NGS, 94%. Considering ingredients regardless of sample, in
the 45 ingredients detected by at least one method, targeted PCR and NGS were able
to detect 89% and 78%, respectively. Furthermore, both techniques were able to detect
all different types of protein sources. This high success of detection demonstrates the
utility of residual DNA for identification. There are plenty of examples in literature of
ongoing development and application of DNA based identification applied to the protein
source botanicals included in this study: soy, pea, rice, hemp, quinoa, chia, pumpkin
(Vural, 2010; Sohn et al., 2017; Ramos-Gómez et al., 2008; Satturu, 2018; Roy, 2015;
Lightfoot et al., 2016; Palma-Rojas et al., 2017; Jarvis et al., 2017; Sim et al., 2016;
Newmaster et al., 2013). Interestingly, in five cases in my study, NGS could not detect
an ingredient where targeted PCR could. This exemplifies the trade-off between use of
universal vs specific primers. While design of universal primers around a barcoding
region may avoid time consuming development and optimization of multiple primer sets,
species specific primer set development may lead to overall greater and more reliable
success in detection.
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All main protein ingredients’ presence was confirmed via at least one method, but
interestingly, the main protein sources were able to be detected with all three methods
in only half of the samples. This suggests the importance of considering method and
protocol suitability for different ingredients. For example, I found that I was never able to
identify Cannabis sativa or Salvia hispanica proteins in the product samples or the
reference samples using LC-MS/MS. Regardless of sample, Cannabis sativa protein
was never able to be detected using LC-MS/MS (in 11 instances) when comparatively it
was detected by PCR with Sanger sequencing 82% of the time and NGS 73% of the
time. A previous study by Tang et al. (2006) investigated the physiochemical and
functional properties of the protein isolate from hempseed and determined that edestin,
the main storage protein component of hemp seeds, had poor solubility in sub 7.0 pH
solutions. They suggested that a high cystine and methionine residue content within
edestin encouraged covalent disulfide bond formation among molecules, especially at a
low pH, leading to aggregation (Goring & Johnson, 1955). Additionally, a study
conducted in 2012 by Park et al. sought to profile hempseed proteins via twodimensional gel electrophoresis and LC-MS/MS; they also could not identify edestin.
They attempted to suspend a crude protein extract in a buffer and visualize it via 2D
SDS-PAGE (8–16% gradient polyacrylamide gels) and identify proteins (excised from
the gel and digested with trypsin) via LC-MS/MS. They cited reasons for unidentifiability
as insolubility of edestin in the homogenation buffer (pH 7.5) used in their 2-DE protein
extraction (Park et al., 2012). I encountered similar difficulty with Salvia hispanica.
Previous studies investigating the chemical properties of chia seed proteins uncovered
a strong effect of pH on solubility, revealing poor solubility of chia seed globulins at a
low pH and better solubility in alkaline conditions (Timilsena et al., 2016).
Nevertheless, LC-MS/MS appears to be a tool gaining popularity for the purpose
of protein identification via amino acid sequencing. Validated methods are beginning to
be published, even in the protein space with ESI HPLC-MS/MS protocols for pea, rice,
soy, whey and casein proteins in raw materials and finished goods (AOAC 2017.11 and
AOAC 2017.12) (AOAC, 2017a; AOAC, 2017b). Successful application of these
protocols to quality testing was recently published in a 2018 industry report by Dyad
Labs. They focused on the five protein sources for which AOAC validated methods
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existed and were able to confirm the presence of the main source in 25 tested samples,
using LC-MS/MS. The limited number of ingredients studied shows that there is still
plenty of development required to validate protocols for all other main protein sources,
namely those that are plant derived.
The secondary focus of this study was to evaluate application of molecular and
chemical technologies to screen for potential adulterants. The hydrolysis probe assay
for whey (Bos taurus) detection as well as the one for GMO soy detection both
successfully rendered positive signals for reference samples. The Bos taurus probe did
not detect whey presence in any of the 33 samples, suggesting absence of whey, or at
least absence of Bos taurus DNA. This is a prime example of the importance of
correctly interpreting molecular diagnostic results. Though presence of Bos taurus DNA
should be viewed as a suggestion of whey presence (and indication to seek
confirmation using another technology), a negative result may be due to absence of
whey, or simply degraded DNA. Thus, results should be considered subject to possible
false negatives when DNA presence is being used as a proxy for protein presence.
GMO-soy presence was also investigated via hydrolysis probe, revealing six samples
with positive hits (four with non-GMO product claims). Detailed product authentication
was not the main focus of this study, as such investigations should be carried out with
validated methods available for all tested ingredients. However, in an explorative
capacity, some of this work’s results suggest possible avenues for further research and
market surveys. GMO-soy presence in non-GMO soy claiming products is a violation of
consumer trust and falsely advertises a premium feature of what is a typically more
expensive product. Ninety-four percent of the soy crop in the United States is GMO soy
(and 80% of the global soy crop); thus, adherence to non-GMO claims should be a
fixture of authenticity testing in such products (USDA, 2018; Perry et al., 2016).
In this study, I also used the three main technologies (PCR with Sanger
sequencing, NGS, and LC-MS/MS) to investigate adulterants. Interestingly, specific
adulterants were detected by more than one method in only 9/33 samples, despite
estimates of potential adulteration reaching as high as 76% with LC-MS/MS. Full lists
are included in Table 3.3.
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The shortcoming of positive PCR or NGS results is that we are unable to
distinguish positive signals as being the result of substantial presence of an organic
adulterant, or that of incidental DNA due to minor contamination during production.
Since its advent, next generation sequencing has captured great excitement in the
scientific community as an attractive research tool, prime in its sensitivity, ability to
generate reads from multiple DNA sources in one run, and wide variety of applications
(Voelkerding et al., 2009). As demonstrated in this study, it can be applied to botanical
detection in finished dietary supplements, though potential biases may complicate data
interpretation. It is common for food and dietary supplements to include at least trace
amounts of other botanical species that may have been inadvertently introduced to the
supply or production chain at points such as raw material harvest if species were
growing in the same location, or processing if different botanical products were
produced in the same factory (Ivanova et al., 2016). These trace contaminants are
acknowledged in regulatory guidelines (low acceptable thresholds are sometimes
outlined), and negligible amounts should not be considered true adulteration (Ivanova et
al., 2016). However, the sensitivity of NGS, coupled with potential inflation of read count
due to primer bias, can easily lead to false positive tests for adulterants (Ivanova et al.,
2016; Pawluczyk et al., 2015). In fact, NGS is open to a wide variety of biases that can
lead to false positives, false negatives and incorrect estimates of relative read quantity
(Coissac et al., 2015). NGS is particularly sensitive to bias in the early steps of library
preparation — an essential enrichment step in many pipelines that uses PCR to amplify
target DNA starting template (Aird et al., 2011). Differences in universal primer affinity,
GC content of an amplicon, DNA secondary structure, and imprecise amplification at
high cycle numbers (i.e., rehybridization of PCR products) can result in substantial
differences in amplification efficiency (Mallona et al., 2011; D’haene et al., 2010;
Kanagawa, 2003). Universal primers may be of such low affinity to some species’
priming sites that they don’t bind in any appreciable amount, resulting in false negatives.
Conversely, they may be of an exceptionally high affinity to other species, whose
sequences may outcompete others during annealing of primers, and thus will ultimately
render misleadingly high read counts — this is especially a problem at a high cycle
number when reagents are a limiting factor (Pawluczyk et al., 2015; Robin et al., 2016).
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It is understood that variability increases with increased PCR cycles and could be
mitigated by reduction, but since DNA libraries need to be large enough to be quantified
(and for NGS workflow to be successful), a sufficient number of cycles must be carried
out (Robin et al., 2016). This is a significant impediment, though many labs are
searching for alternate methods of DNA library quantification that come with less bias
and are developing PCR-free NGS pipelines (Robin et al., 2016). Another type of error
that may lead to false positives in NGS results is introduction of erroneous sequences.
This can be a result of point mutations, chimeric molecule or heteroduplex formation
during PCR, or errors during sequencing (Pawluczyk et al., 2015; Kanagawa, 2003;
Acinas et al., 2005; Kunin et al., 2010). These PCR artifacts, which may correspond to
other species’ sequences, may then be amplified to the extent that they appear a
positive hit for an adulterant (Acinas et al., 2005). Some of these PCR bias and
bioinformatic issues have the ability to be addressed by corrective algorithms, but they
must be designed for exhaustive DNA sequence libraries, complete in inclusion of all
relevant species and species haplotypes (Reinecke et al., 2015). Though efforts to
address bias are ongoing, genetic identification is an important first step to purity
screening of supplements. Quick identification tools can be used to flag samples for
further quantitative analysis and assessment of potential risk. For example, trace
amounts of allergens from botanical materials can elicit severe reaction in some people,
thus sensitivity in detection tools is advantageous (Hourihane et al., 1997; Cordle,
2004).
LC-MS/MS is the most relevant tool to protein source identification, as amino
acid sequencing allowed me to test for presence of actual protein instead of using DNA
as a proxy. However, I observed very different results between the LC-MS/MS run
where I first performed a TRIzol® protein isolation on protein powders compared to
when I did not. Absence of protein identification other than the main protein ingredients
suggested that the protein isolation acted as sieve for what could be potentially low
concentration additional ingredients. Interestingly, in five cases, a main protein source
that was detected in the non-isolated batch was not detected in the TRIzol® isolated
one. This may also suggest a loss of protein during isolation due to something like the
poor solubility I encountered with some materials (Park et al., 2012). These contrasting
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results exemplify the multiple instances in a methodological pipeline that can dictate
success in detection. Nevertheless, recent application-oriented research is
demonstrating the utility and sensitivity of LC-MS/MS (Ruhland et al., 2019; Stahl-Zeng
et al., 2019). Idiosyncrasies of any given ingredient must be understood as they apply to
a given analysis method, and analytical tests should be both fit for purpose and
supported by reference materials to minimize false negatives.
Ultimately, orthogonality in testing of dietary supplements is the most
comprehensive approach to authentication (i.e., the use of multiple ingredient identity
testing tools that use different approaches to measurement). As mentioned, the protein
supplement industry is plagued by “protein spiking” tactics designed to exploit the
inaptitude of indirect protein measurement assays currently in use. The addition of
protein source identification to protein supplement quality testing is the first step to more
effective quality assurance programs.

3.6 Conclusion
Plant-based protein powders are a rapidly growing section of the dietary
supplement industry, and fit for purpose authentication tools are required to address all
possible risks to product quality. Molecular diagnostic tools like targeted PCR and NGS
show promise in being able to identify main ingredients as well as possible adulterants,
bearing in mind that certain biases may make quantitative judgements difficult. The
sensitivity of these tools makes them a good starting point to screen for ingredients and
use data to make decisions about further investigation. LC-MS/MS has also been
demonstrated to be a useful tool in protein identification and has the added advantage
of measuring the target of interest directly (actual protein from the source) as opposed
to using DNA as a proxy. However, I demonstrate that other parts of the methodological
pipeline such as protein isolation may influence ability to detect lower concentration
adulterants.
This study was not meant to be a market survey leading to a decisive judgement
of product authenticity in the industry, but rather an assessment of the applicability of
certain diagnostic approaches to plant-based protein powders. I believe this is
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effectively achieved in the form of a case study. I understandably capture variation in
processing of similar ingredients from different companies, as well as different
combinations of the most popular plant-based protein ingredients. As a result of this, we
can gain insight into the general utility of different authentication technologies and begin
to understand the nuances of different products and ingredients that may make one
approach more effective than another. With orthogonality of testing using multiple fit for
purpose diagnostic tools, a comprehensive profile of any protein powder product can be
constructed that will serve as an effective safeguard against sub-par quality products
being sold to consumers.
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3.8 Tables
Table 3.1: List of reference samples and associated primer design.
Testing
Method

Targeted
PCR,
NGS,
LCMS/MS

Reference
Sample
Pisum
sativum
Oryza
sativa
Glycine
max
Cannabis
sativa
Chenopodiu
m quinoa
Salvia
hispanica
Cucurbita
sp.
Zea mays
Triticum
aestivum
Vicia faba
Cicer
arietinum
Cyamopsis
sp.
Medicago
sativa

NGS

Hydrolys
is Probe
qPCR,
LCMS/MS

Hydrolys
is Probe
qPCR

All
reference
samples
above

Primer sequence
F- 5’ GCGTTCTCTTCTGTGCCAAA 3’
R- 5’ TATCCGTTGCCGAGAGTCAT 3’
F- 5’ CGTCAAGGAACACAGCGATAC 3’
R- 5’ GATTCTGCAATTCACACCAGGTA 3’
F- 5’ GCAGAATCCCGTGAACCATC 3’
R- 5’ GAACCCAGATTTCAACCAACCA 3’
F- 5’ GTATGGTCTCAAGCAGGAAGTATT 3’
R- 5’ TTAGCCAACGATCCAATCAGAG 3’
F- 5’ CGAGTCTTTGAACGCAAGTTG 3’
R- 5’ CCTTGTCTACCACCTATTGC 3’
F- 5’ AACCAAACGAAGCATCCTCCC 3’
R- 5’ GCAATTCACACCAAGTATCGCATT 3’
F- 5’ CGACCCGTGAACGTGTTTAC 3’
R- 5’ TGCCGAGAGTCGTTGTGAAT 3’
F- 5’ CTTCCATTGTGGGTAACGTATTTG 3’
R- 5’ AAGGACGACCGTACTTGTTCA 3’
F- 5’ CGAAGGCGTCAAGGAACA 3’
R- 5’ ATTCACACCAGGTATCGCA 3’
F- 5’ TGGCAGCATTCCGAGTAACT 3’
R- 5’ TTCTCCAGGAACAGGCTCTATC 3’
F- 5’ TTCTTCAAGGATCCTCTCATTC 3’
R- 5’ TGAATGTTGGGATAATTGGTTT 3’
F- 5’ CCTTTGGTTGGGAGTTGTCTG 3’
R- 5’ CGATGCGAGAGCCGAGATAT 3’
F- 5’ GTTCAGAGGAAGACGACATAGTG 3’
R- 5’ GTTGCCGAGAGTCATTCTATATCA 3’
F-5’TCGTCGGCAGCGTCAGATGTGTATAA
GAGACAGATGCGATACTTGGTGTGAAT 3’
R-5’GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAGTCCTCCGCTTATTGATATGC 3’
F- 5’TCGTCGGCAGCGTCAGATGTGTATAA
GAGACAGCGAGGGAATTAGGGGTTCCT 3’
F-5’GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAGTTGCTCGGTGAATGTGAAGA 3’
F- 5’ GATAACAGCGCAATCCTATTCAAG 3’

Primer
Design
Region

Amplicon
Length (bp)

ITS

152

ITS

171

ITS

184

matK

200

ITS

200

ITS

153

ITS

185

rbcL

153

ITS

160

rbcL

170

matK

180

ITS

191

ITS

168

ITS

400

rbcL

120

F- 5’ GAACTCAGATCACGTAGGACTTT 3’

Bos taurus

P- 5’ /56-FAM/TGATCCAAC /ZEN/ATCGA
GGTC GTAAACCC/3IABkFQ/ 3’

F- 5’ TCCCGCTCTAGCGCTTCAAT 3’
R- 5’ TCGAGCAGGACCTGCAGAA 3’
Glycine
max (GMO)

P- 5’ CTGAAGGCGGGAAACGACAATCTG 3’
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qPCR:
16S region, 140 bp
amplicon

qPCR:
CP4 region, 139 bp
amplicon

Sample notes

From
reference
library
curated at
University of
Guelph

Milk sample
obtained from
Dairy Cow
#4316 and
#4634
(pooled) from
the Elora
Research
Farms Rso (U
of G Affiliate)
From
reference
library
curated at
University of
Guelph

Table 3.2: Summary of detection success for main protein ingredient screen and probe screen.
Main Ingredient Detection
PCR + Seq
NGS
LC-MS/MS
•
•
•

Sample Code

Ingredients

P1

Glycine max

P2

Glycine max

•

•

P3

Salvia hispanica

•

•

P4

Cucurbita sp.

•

•

P5

Cannabis sativa

•

•

P6

Cannabis sativa

•

•

Cannabis sativa

•

•

P8

Cannabis sativa

•

•

P9

Cannabis sativa

•

•

P10

Cannabis sativa

•

•

P11

Cucurbita sp.

•

•

•

P12

Cucurbita sp.

•

•

•

Oryza sativa

•

•

•

Oryza sativa

•

•

•

P15

Oryza sativa

•

•

•

P16

Oryza sativa

•

•

•

P17

Oryza sativa

•

•

•

P18

Oryza sativa

•

•

•

P19

Oryza sativa
Chenopodium quinoa
Pisum sativum

•
•
•

•

P20

•
•
•

P21

Pisum sativum

•

•

•

P22

Pisum sativum

•

•

•

Pisum sativum

•

•

•

P24

Pisum sativum

•

•

•

P25

Pisum sativum
Oryza sativa
Cannabis sativa
Chenopodium quinoa

•

•

•
•

Pisum sativum
Cannabis sativa
Oryza sativa
Salvia hispanica

•
•
•
•
•

P7

P13
P14

P23

P26

•
•

•
•

•
•
•
•

Oryza sativa
Pisum sativum
Cannabis sativa

•
•

P29

Pisum sativum
Cucurbita sp.
Oryza sativa

•

•

•

P30

Pisum sativum
Cannabis sativa
Salvia hispanica
Chenopodium quinoa

•
•

•

•
•

Pisum sativum
Oryza sativa
Cannabis sativa

•

•

•

•

•
•

•

P33

Glycine max

•

•
•
•

P28

Oryza sativa
Pisum sativum

•

•

Pisum sativum
Oryza sativa

P32

•

•

P27

P31

GMO Soy

•

Note: “•” refers to a positive detection
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•
•

•

•
•
•

•

Probe Screen
Whey (Bos taurus)

Table 3.3: Individual adulterant detection results for PCR with Sanger Sequencing, NGS and LC-MS/MS
SAMPLE

PCR + SEQ
Targeted amplification results
(adulterant)

P1

Pisum sativum, Cucurbita sp.

Region

ITS

# of reads
used for
building
OTU clusters
192577

P2

ITS

P3

ITS

Major species identified

NGS
Other plant species (less than 1% reads)

LC-MS/MS
Amino acid sequencing results (adulterant)
(species in brackets indicate a peptide with multiple hits)

Glycine max (99.8% reads)

Phaseolus vulgaris; Pisum sativum; Cannabis sativa; Salvia sp.

Atriplex nummularia, Pseudomonas aeruginosa, (Canavalia ensiformis /
Canavalia gladiata), (Daucus carota / Oryza sativa), Pisum sativum,
Paracoccidioides lutzii / Schizosaccharomyces pombe

234474

Glycine max (99.7% reads)

Phaseolus vulgaris; Cannabis sativa; Xanthium sp.; Salvia sp.;

(Canavalia ensiformis / Canavalia gladiata)

139119

Salvia sp. (99.7% reads)

Malvastrum sp.; Brassica sp.; Amaranthus sp.; Sida sp.; Nicandra
physalodes; Conyza sumatrensis; Boerhavia sp.

Glycine max

ITS

161524

Cucurbita sp. (99.5% reads)

Cannabis sativa; Secale cereale; Glycine max; Pisum sativum;
Helianthus sp.; Hordeum vulgare; Triticum aestivum; Vaccinium sp.

Glycine max

P5

ITS

177328

Cannabis sativa (99.9% reads)

Pisum sativum; Lavandula angustifolia; Salvia sp.

P6

ITS

236001

Cannabis sativa (99.9% reads)

Pisum sativum; Salvia sp.; Medicago sp.

P4

Glycine max

P7

Triticum sp.

ITS

117891

Cannabis sativa (98.8% reads)

Brassica sp.; Linum usitatissimum; Borago officinalis; Phaseolus
vulgaris; Malva sp; Helianthus sp.; Amaranthus sp.; Pisum sativum;
Erodium sp.; Sonchus sp.; Fragopyrum esculentum;Bassia scoparia

P8

Chenopodium sp.

ITS

112721

Cannabis sativa (99.9% reads)

Pisum sativum; Sonchu sp.; Salvia sp.;

P9

Cucurbita sp.

ITS

163450

Cannabis sativa (99.9% reads)

Pisum sativum; Sinapis alba; Medicago sativa; Lotus sp.;

P10

Glycine max

ITS

143609

Cannabis sativa (99.9% reads)

Linum usitatissimum; Pisum sativum; Borago officinalis; Vicia sp.;
Lathyrus sp.; Brassica sp.; Lens sp.; Raphanus sativus; Coriandrum
sativum

P11

Pisum sativum / Arabidopsis thaliana / Atriplex nummularia / Oryza sativa
subsp.
(Pisum sativum / Arabidopsis thaliana), (Glycine max / Pisum sativum / Oryza
sativa)

ITS

154966

Cucurbita sp. (99.3% reads)

Cannabis sativa; Pisum sativum; Cyamopsis sp.; Salvia sp.;

P12

Cyamopsis sp.

ITS

184765

Cucurbita sp. (99.2% reads)

Pisum sativum; Citrullus sp.; Glycine max;

Glycine max / Daucus carota

P13

Cucurbita sp.

rbcL

8653

Oryza sativa (99.8% reads)

Echinochloa sp.

Cucurbita maxima, Arabidopsis thaliana, Mus musculus

rbcL

6195

Oryza sativa (99.8% reads)

Echinochloa sp., Indigofera tinctoria

Zea mays, Arabidopsis thaliana

104114

Oryza sativa (99.8% reads)

Echinochloa sp.

P14
P15

Cyamopsis sp.

rbcL

P16

Cucurbita sp., Chenopodium sp.

rbcL

608

Oryza sativa (100% reads)

P17

Pisum sativum, Cucurbita sp.

rbcL

106421

Oryza sativa (99.8% reads)

Echinochloa sp., Euphorbia sp.,

Zea mays, Atriplex nummularia, Pisum sativum

P18

Pisum sativum

rbcL

95899

Oryza sativa (99.6% reads)

Echinochloa sp.,

Zea mays

P19

rbcL

8305

Oryza sativa (99.7% reads)

P20

ITS

169077

Pisum sativum (99.9% reads)

Citrus sp.; Brassica sp.

Vicia faba

P21

ITS

164473

Pisum sativum (99.9% reads)

Cirsium arvense

Cicer arietinum, Arabidopsis thaliana, Glycine max

P22

ITS

207613

Pisum sativum (99.9% reads)

P23

ITS

215580

Pisum sativum (99.9% reads)

ITS

144217

Pisum sativum (99.9% reads)

Vicia sp.; Glycine sp.

Vicia faba, Glycine max

P25

ITS

233779

Pisum sativum (99.9% reads)

Glycine sp.

Vicia faba, Myrmica ruginodi, Arabidopsis thaliana

P26

ITS

206237

Pisum sativum(67.2% 138414reads); Cannabis sativa
(26.2% - 53984 reads); Salvia sp.
(6.4% - 13180 reads);

Linum usitatissimum; Cyamopsis sp.; Taraxacum sp.; Vaccinium sp.;
Beta vulgaris; Malva pusilla;

Vicia faba, Arabidopsis thaliana, Petroselinum crispum

P27

ITS

253886

Pisum sativum (99.8% reads)

Linum usitatissimum; Spinacia sp.; Brassica oleraceae; Vaccinium
sp.; Cicer arietinum; Cyamopsis sp.

Vicia faba, Cicer arietinum, Arabidopsis thaliana

P28

ITS

P29

ITS

297917

Pisum sativum (99.9% reads)

P24

Triticum sp.

Hordeum vulgare, Zea mays

Vicia faba, Cicer arietinum, Arabidopsis thaliana, Glycine max, Medicago sativa
Vicia faba, Cicer arietinum, Arabidopsis thaliana

Unsuccessful Reaction
Moringa sp.; Brassica sp.; Medicago sp.
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Vicia faba, Cicer arietinum, Arabidopsis thaliana

P30

P31

Triticum sp.

P32
P33

Pisum sativum

ITS

241455

Pisum sativum (98% reads);
Medicago sativa (1.6% reads);

Salvia sp.; Brassica sp.; Capsilla bursa-pastoris; Descurainia
sophia; Rubus sp.; Rosa sp.; Spinacia sp.; Tripleurospermum;
Cotesia sp.; Lamium sp.; Amaranthus sp.

Arabidopsis thaliana

ITS

122966

Pisum sativum (99% reads);
Medicago (0.9% reads)

Medicago sp.; Brassica sp.; Plukenetia sp.; Spinacea sp.; Taraxacum
sp.; Cicer arietinum; Cannabis sp.; Stellaria sp.; Lens sp.

Cicer arietinum, Arabidopsis thaliana

ITS

133003

Pisum sativum (99.6% reads)

Cannabis sativa

Vicia faba

ITS

Unsuccessful Reaction
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Pisum sativum, (Canavalia ensiformis / Canavalia gladiata), Oryza sativa

Table 3.4. Summary of adulterant detection for botanicals detected by at least two techniques.

Samples
P1
P4
P9
P12
P13
P17
P24
P31
P33

Adulterants
Pisum sativum
Glycine max
Pisum sativum
Glycine max
Cucurbita sp.
Pisum sativum
Glycine max, Vicia faba
Cicer arietinum
Pisum sativum

PCR
•
•

NGS
•
•
•
•

•
•
•
•
•

Note: “•” refers to a positive detection
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LC-MS/MS
•
•
•
•
•
•
•
•
•
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4 Optimization and Validation of a Triplex qPCR Assay for
Pisum sativum and Glycine max Protein Powder Mixtures
4.1 Abstract
The utility of molecular tools for plant-based protein powder authentication is
gaining traction, but few validated tools exist. Industry requires techniques that can
quickly identify protein source in a product, many of which include multiple sources.
Multiplex qPCR can provide an economical means by which sources can be identified
and relative proportions quantified. I followed established guidelines for the design,
optimization, and validation of qPCR assay, and developed a triplex qPCR assay that
can amplify and quantify pea and soy DNA targets, normalized by a calibrator. The
assay was evaluated for analytical specificity, analytical sensitivity, efficiency, precision,
dynamic range, repeatability, and reproducibility. I tested the quantitative ability of the
assay using pea and soy DNA mixtures, finding exceptional quantitative linearity for
both targets — 0.9983 (p<0.0001) for soy and 0.9915 (p<0.0001) for pea. Ratios based
on mass of protein powder were also tested, resulting in non-linear patterns in data that
suggested the requirement of further sample preparation optimization or algorithmic
correction. Variation in fragment size within different lots of commercial protein powder
samples was also analyzed, revealing low standard deviation among lots. Ultimately,
this study demonstrated the utility of qPCR in the context of protein powder mixtures
and highlighted key considerations to take into account for commercial implementation.

4.2 Introduction
A plethora of new dietary supplements are annually introduced in the United
States, with over 90 000 different products being sold in 2014 (Starr, 2015). Plant based
protein powders are one of the rapidly growing markets with valuations as high as USD
16.3 billion by 2026 with a CAGR close to 8% (Grand View Research, 2017; Mordor
Intelligence, 2018; Persistence Market Research, 2017). Consumers looking for
alternative sources of protein to supplement their diets, especially those who follow a
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restrictive diet like veganism, make up a growing population that continues to drive up
demand for these products (Jallinoja et al., 2018). The common argument for the
superiority of animal-based proteins lies in their “complete” profile of the nine essential
amino acids, in the proportions required for human physiology (Hoffman & Falvo, 2004).
While many plant-based proteins are “incomplete”, some (such as soy) do include a
complete amino acid profile, and many products make use of multi-protein mixtures to
achieve appropriate levels (Montgomery, 2003; Woolfe, et al., 2011; Kalman, 2014; Joy
et al., 2013). Soy protein, derived from the grain of Glycine max, and pea protein,
derived from the grain of Pisum sativum, are among the most popular plant-based
protein sources. Soy is expected to represent the largest segment of the plant-protein
market through projections to 2025 (valued at USD 6.8 billion in 2017 — expected to
grow to USD 10.4 billion by 2025) (Persistence Market Research, 2017). Pea protein is
experiencing the fastest market growth, with value expected to pass USD 200 million by
2023 (Global Market Insights, 2018). Both sources are being heavily investigated in an
athletics context as a suitable alternative to whey protein, with the bulk of studies
observing similar strength and muscular size gains in response to resistance training in
conjunction with protein supplementation (Banaszek et al., 2019).
Plant-based protein powders are clearly on a steep, upward trajectory in
popularity, and in rapidly growing markets where supply is racing to meet demand, there
is a clear risk of economically motivated adulteration of products (Everstine et al., 2013;
Johnson, 2014). Insufficient quality control programs further expose the industry to
vulnerability (Everstine et al., 2013; Johnson, 2014). As discussed in Chapter 3,
common quality control techniques are outdated and indirect (Moore et al., 2010;
Marinangeli et al., 2017). Crude techniques centered around estimation of protein
content (via nitrogen measurement) are exploitable and do not provide any identity
information of ingredients. In Chapter 3, I proposed DNA-based techniques as an
alternative to the standard analytical chemistry approaches. Orthogonality in testing is
the path to comprehensive accountability for all market fraud vulnerabilities, and
ingredient identification is the missing, most critical requirement for protein powders at
the moment. Furthermore, the increase in multi-source protein powder products
highlights a need for testing that can, 1) identify different protein-source ingredients in a
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mixture, and 2) quantify the proportion of those ingredients. Different plant-based
protein sources have different market values, and those market dynamics dictate the
economic incentive to short-change consumers by purposefully skewing mixture
proportions toward the less expensive ingredients. For example, pea protein price is
higher than soy, and while difficult to generalize, overall market pricing would be 50%80% higher for pea compared to soy on the same or similar grade levels (H. RohSchmidt, personal communication, September 8, 2020). Thus, there is an economic
incentive to liberally proportion soy protein in a mixture and a reciprocal need for
analytical tools that can estimate those proportions. To date, no quantitative molecular
tests for protein powder mixtures have been developed.
Any authentication strategy that is to be introduced into commercial quality control
programs must go through a rigorous validation process that will ensure sufficient
performance, as well as reproducibility of results. While general guidelines for analytical
technique validation are established by associations like AOAC, outlines for specific
approaches and analytes of interest are also required (AOAC, 2012). For example,
some of the considerations that apply to analytical chemistry may not apply to molecular
testing and vice versa. Guidelines for the validation of real-time PCR methods for
molecular identification of botanicals have been proposed, some by me and my
colleagues (Newmaster et al., 2019). This involves proposed evaluation of applicability,
analytical specificity, analytical sensitivity, efficiency, precision, dynamic range,
repeatability, and reproducibility (Newmaster et al., 2019). For quantitative assays that
are intended to be used for more than detection, other considerations may be required,
and acceptable ranges of performance parameters may be tighter, as to ensure
sufficient precision (Broeders et al., 2014).
An additional common recommendation in validation guideline literature for qPCR
assays is the evaluation of assay “practicability” (Newmaster et al., 2019; Broeders et
al., 2014). When designing any assay for eventual commercial applications,
consideration must be given to cost of testing, required training of staff, affordability of
equipment, and complexity of operations (Newmaster et al., 2019). Minimal resource
cost and maximal testing efficiency are hallmarks of a successful design (Newmaster et
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al., 2019). In this study, I seek to design a triplex assay for the detection and
quantification of two botanical targets — soy and pea — as well as a calibrator
oligonucleotide. Multiplex molecular assays clearly highlight the ideal qualities of
“practical” analytical tools. Multiplex reactions hold the benefit of higher throughput of
testing, less reagent consumption, and less sample consumption (Life Technologies,
2014). Three reactions take place in one well in my triplex assay, using 1/3 of the wells
if all reactions were run in singleplex. Advantage of this 3x increase in throughput can
be significant in the setting of a quality control laboratory that tests hundreds of samples
a day. The more abundant the number of different target amplifications in a multiplex
reaction, the greater the resulting resource savings, compared to singleplex.
Additionally, inclusion of the calibrator assay in the multiplex equates to an increase in
pipette precision and minimization of error (Life Technologies, 2014). Any type of
pipetting errors will affect the calibrator and target assay in the same way, as the same
aliquot of sample serves as template for both assays, and reaction conditions are the
same.
Appropriate standards are a necessity of any analytical system that seeks to
confidently correlate analyte detection with identification (Sarma et al., 2016). In
molecular authentication of botanicals, this means proper botanical reference material
libraries with corresponding sequence data, and appropriate physical DNA standards
that represent the expected quality of DNA analytes (the latter necessary for
quantification). Comprehensive reference libraries (comprised of vouchered herbaria
specimens with known provenance) are essential for the design of qPCR assays
(Newmaster et al., 2019). Primers and probes must be designed with intraspecific
diversity in mind; SNPs must not prevent amplification of certain haplotypes of a target
species, given the consequence of false negatives (Phillips et al., 2019). Even if a minor
SNP variant still allows annealing of a primer, thermodynamic efficiency could be
reduced, affecting quantitative results of an assay. Additionally, reference sequences of
non-targets will provide information about variable regions where primers and probes
should be designed. Superior specificity is paramount in molecular assay design, but
quantitative assays also require contextual design with regards to DNA quality. This
triplex assay is designed for protein powders that undergo processing, which can lead
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to DNA damage and degradation (Ragupathy et al., 2019). Assay design with amplicons
<200 bp usually allows amplification success for expected positives of processed
material, but success at different levels of degradation has to be empirically tested
(Parveen et al., 2016; Faller et al., 2019). For this reason, DNA standards that reflect
the expected quality and average fragment size must be used to optimize the assay and
estimate relevant parameters, like efficiency and precision. DNA quality, along with
other idiosyncrasies of a given matrix, must be standardized as to ensure reproducible
quantitative results (Cankar et al., 2006).
Quantification can be achieved in real-time, fluorescent based assays by two
methods: absolute or relative quantification. Absolute quantification involves generating
a standard dilution curve using target DNA, to which unknown samples’ PCR signals
can be compared. Unknown sample quantities can be interpolated from either an
external standard curve (that was previously run), or an internal standard curve (run
alongside test samples on the same qPCR plate) (Life Technologies, 2014). Though
running a new internal standard curve with each run consumes more resources, it will
capture and control for more sources of technical variation that can introduce error in
quantification. Relative quantification does not rely on a standard curve and measures
template quantity as a fold change compared to a control. An important requirement in
relative quantification is a calibrator, used to normalize fold-change estimation of the
target sequence. Relative quantification is typically used to measure expression
changes of a target gene, using reverse transcribed mRNA, normalized by a nonregulated reference gene. I use this method in a unique application of measuring the
proportion of soy and pea targets, normalized by a synthetic calibrator. By including
synthetic calibrator DNA, I can control for variation among reactions and from run-to-run
(Pfaffl, 2006).
Methods of protein powder authentication that provide direct identification of
ingredients would address a gap in current quality control programs. Molecular tools
that can both differentiate and quantify ingredients in mixtures will further address the
need for verification of mixture products. Quantitative techniques need to be precise
enough to be able to distinguish typical thresholds of 2-5% organic material, set by
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industry standards and botanical pharmacopeial monographs, that separates the
designation between minor acceptable contaminant and adulterant (Moreton, 2015;
Sarma et al., 2015).
The main goals of this study are to, 1) optimize and validate a triplex qPCR assay
for the amplification of a synthetic calibrator DNA oligo, as well as target DNA that is
extracted from Glycine max and Pisum sativum botanical material; 2) evaluate the
ability of the assay to make quantitative estimates of material ratios using raw, pulsederived DNA mass mixtures, protein powder-derived DNA mass mixtures, and dry
protein powder mass mixtures. A subsidiary objective is to explore the variation that
exists in fragment size among different lots of raw materials, processed into protein
powder via the same procedure. I will further compare groups of lots of the same
material that were processed in different years, driven by the hypothesis that years-long
storage may equate to differences in DNA quality. Given an understanding of DNA
degradation, I predict equal, or slightly lower average fragment size in the older material
that was processed earlier. In this study, I will be able to explore the influence of DNA
quality on the design of a reliable, industry-applicable molecular authentication tool.

4.3 Methods
4.3.1 Sample collection
This triplex assay was designed to amplify a DNA marker from two target
species, Glycine max and Pisum sativum, as well as an exogenous calibrator. Two
matrices, fresh pulse and processed protein powder, of each target were used for assay
development. All optimization and testing made use of a total of 33 samples of G. max,
21 samples of P. sativum, and 13 samples of non-target botanicals and organisms
(Vicia faba, Zea mays, Triticum aestivum, Cicer arietinum, Cannabis sativa, Cyamopsis
tetragonoloba, Chenopodium quinoa, Medicago sativa, Salvia hispanica, Cucurbita
pepo, Oryza sativa, Bos taurus, and Acheta domesticus; Table 4.1). Reference material
for botanical species had minimum one certified herbarium voucher from the NHP
Research Alliance OAC Herbarium located at the University of Guelph (Figure 4.1). G.
max material used for assay optimization was sourced from the United States, and P.
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sativum material was sourced from China. Acheta domesticus reference was procured
from a pet store and identified with a dichotomous key. The Bos taurus reference (same
as Chapter 3) was obtained from the Elora Research Farms Rso (University of Guelph
affiliated).
4.3.2 Primer and probe design
Design of G. max and P. sativum primer and probe sets began with in silico
comparison of these two target reference sequences to non-target reference sequences
in the NCBI GenBank database using the BLAST algorithm. The search for suitable
discriminatory sequences was guided by previous studies that sought to find efficient
“barcode” regions for plants (CBOL, 2009; Hollingsworth et al., 2011). Sequences were
compared and aligned using Clustal Omega (Madeira et al., 2019) for nuclear ITS15.8S-ITS2 regions as well as the chloroplastic rbcL, matK, trnH–psbA spacer, psbK–
psbI spacer, atpF–atpH spacer, rpoB, rpoC1, rpoC2, rpoA, and accD. A sequence was
first evaluated for divergence from non-target species, and further screened for internal
regions that both included discriminatory SNPs and areas where primers and probes
could be designed to satisfy set thermodynamic parameters. The PrimerQuest tool by
Integrated DNA technologies was used to design primer and probe sets based on the
sequence input into the software (Integrated DNA Technologies, Coralville, IA). Several
guidelines for effective primer and probe design were followed (Wang & Seed, 2006;
Coyne et al., 2001). Forward and reverse primers should have similar melting
temperatures (Tm) (±2°C), be designed 18-30 bases, lack mononucleotide guanine
repeats of more than four bases, and have a 35-65% GC content. The Tm of the probe
should be 4-6°C higher than that of the primers, with similar size criteria. Annealing
temperatures (Ta) of oligos should be ≤5°C below Tm. GC content should be 40-60%
and the 5’ end of the probe should not be a guanine. The size of the amplicon should be
designed within a 70-150bp range. Additionally, criteria around thermodynamic factors
were taken into account such as avoidance of internal hairpin structures or homodimers
(those with a ∆G value less than -9.0 Kcal/mole), as well as heterodimers between other
oligos that are to be a part of the assay (Prediger, 2013). The OligoAnalyzer Tool by
IDT was used to estimate possible homo and hetero secondary structure formation, in
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silico (Integrated DNA Technologies, Coralville, IA). Any unavoidable secondary
structures below the -9.0 Kcal/mole ∆G threshold may be permissible if they are nonextendable heterodimers.
Once designed, PrimerQuest was used to designate fluorophores and quenchers
to sequences. The assay uses hydrolysis probe-based chemistry, in which probes are
designed with bound fluorescent reporters and quenchers that emit low fluorescence
via fluorescence resonance energy transfer (FRET) (Life Technologies, 2014). During
PCR, 5’ nuclease activity of the Taq DNA polymerase cleaves bound probe, separating
the quencher and reporter, allowing the reporter to fluoresce (Life Technologies, 2014).
This signals amplification. The soy probe was designed with the 5’ 6-FAM™ fluorophore
and was dual quenched with the 3’ Iowa Black® FQ and internal ZEN™. The pea probe
was designed with the 5’ HEX™ fluorophore and was dual quenched with the 3’ Iowa
Black® FQ and internal ZEN™. The calibrator probe was designed with the 5’ Cy5™
fluorophore and was dual quenched with the 3’ Iowa Black® RQ-Sp and internal TAO™.
Primers and probes were ordered in separated vials for each set and, following
reconstruction with nuclease-free ddH20, were diluted into 10uM stocks. All oligos were
stored at -20°C. See Table 4.2 for primer and probe sequences.
4.3.3 DNA extraction and quantification
All DNA extractions were carried out with the NucleoSpin® Plant II “Genomic
DNA from Plant” Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany). The cetyl
trimethylammonium bromide (CTAB) based PL1 lysis buffer extraction was used in all
cases except in limit of detection (LOD) determination (where an SDS based PL2/PL3
buffer extraction was carried out in addition to CTAB to fulfill proper LOD evaluation
criteria — see “Analytical sensitivity” section) (Newmaster et al., 2019). Most extractions
were performed using 80 mg of dry material for each sample in the “Mini” version of the
kit (60 mg for fragment size analysis experiments – see next section). Fresh pulse
materials — soybeans and peas — were first ground using a pestle and mortar that was
cleaned with an RNA/ RNase/ DNase eliminator in between uses. DNA extraction
protocol was followed according to the manufacturer’s instructions except for small
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amendments in CTAB (1 mL of PL1 lysis buffer, 20 µL RNAse, 1 mL PC Buffer, 60 mL
elution buffer) and SDS (600 µL of PL2/ 150 µL PL3 lysis buffer, 20 µL RNAse, 1 mL PC
Buffer, 60 mL elution buffer) methods. Incubation during lysis for all methods was
increased to 1 hr with vortexing every 10 min. For mixture experiments based on dry
mass ratios of powders, 1 g of material was used for extraction in the larger “Midi” Kit
with a CTAB protocol (amendments: 5.25 mL PL1, 62.5 µL RNAse, 4.6 mL PC, 200 µL).
DNA concentration in all eluates was fluorometrically measured using a Qubit™ 3.0
Fluorometer with a Qubit® dsDNA High Sensitivity assay kit, according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA).
4.3.4 Assay optimization
Three different sets of primers and probes were optimized for amplification
performance using a Roche LightCycler® 480 System (Roche Holding AG, Basel,
Switzerland). All reactions used white-bottom, 96-well PCR plates and were run for 45
cycles. Optimized parameters included primer concentrations, probe concentrations,
reaction volume, annealing temperature, and annealing time. The calibrator assay was
previously designed by the NHPRA using these criteria. To allow multiplex capability,
oligo sets were optimized around the same Ta. The assay was also designed with a
shortened “two-step” amplification protocol, with annealing and elongation combined
into one temperature step. Optimization began with testing forward and reverse primer
concentrations at 100 nM, 200 nM, 500 nM and 800 nM in a matrix format (all
combinations were run in duplicate) and selecting the curve that displayed the earliest
Ct while retaining a high amplitude, sigmoidal shape. Probe concentrations (50 nM, 100
nM, 200 nM, 250 nM, 300 nM) were evaluated in the same way. Next, different reaction
volumes (30 µL and 40 µL, based on proportional increase or decrease of master mix),
annealing temperature (58°C, 59°C, 60°C) and annealing time (20 s, 25 s, 30 s) were
assessed by running standard curves (six 10x dilutions each) and determining the
combinations that resulted in maximal amplification efficiency. The final triplex assay
mixture included 15 µL 2X SensiFAST™ Probe No-ROX Master Mix (Bioline, London,
United Kingdom), 9 µL oligos (250 nM soy probe, 500 nM each soy forward and reverse
primer, 250 nM pea probe, 500 nM each pea forward and reverse primer, 100 nM
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calibrator probe, 200 nM each calibrator forward and reverse primer), and 6 µL space
for template, for a total volume of 30 µL (Table 4.3). The thermocycling protocol
consisted of an initial 2 min incubation at 95°C followed by 45 cycles of 10 s
denaturation at 95°C, 20 s annealing/elongation at 58°C (then 30 s cooling at 40°C).
The calibrator portion of the assay was further optimized to determine the quantity of
gBlock target to include as to give a reliable Ct among replicate reactions without
interfering with amplification of pea or soy target (Integrated DNA Technologies,
Coralville, IA). Higher amounts of calibrator (>0.05 ng) caused competitive amplification
with the target DNA, while low concentrations were observed to be highly variable and
not stable upon repeated freeze/thaw cycles. The optimal quantity of calibrator that
showed consistent results with minimal influence on multiplex amplification was
determined to be 0.026 ng of gBlock DNA in each reaction (Table 4.3).
4.3.5 Colour compensation
Multiplex assay that make use of fluorescent channels with overlapping emission
spectra may experience “crosstalk”: a bleeding over of fluorescent signal from one
channel into one adjacent (Roche, 2004). The LightCycler® 480 Instrument measures
the FAM fluorophore in a spectral range of 483-533 nm, the HEX fluorophore 523-568
nm, and the Cy5 fluorophore 615-670 nm. The Cy5 spectral emmision lies sufficiently
far from the end of the HEX range; thus, no crosstalk is expected. However, FAM and
HEX spectral emission ranges overlap, and the overlapping region must be
algorithmically excluded as to prevent false positive signals in one channel from the
incorrect fluorophore. Using a Colour Compensation HexaplexPLUS LightMix® Kit (TIB
MOLBIOL, Berlin, Germany), calibration colour compensation experiments according to
manufacturers instructions, and a “colour compensation object” was created in the
LightCycler® for the FAM-HEX channels. This object must be applied to each qPCR
experiment file during data analysis, before Cts are calculated.
4.3.6 Data acquisition
Data were analyzed using the LightCycler® 480 Version 1.5 software (Roche
Holding AG, Basel, Switzerland). The software allows for selection of “Fit Points” or
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“Second Derivative Maximum” methods to measure the Ct of curves. Fit points allows
for manual determination of noiseband and horizontal threshold line (Cts are determined
based on where the curve crosses the line while in exponential phase). The Second
Derivative Maximum (SDM) method calls Cts at the “maximum acceleration” point of the
exponential phase of the curve. The process is automated, removing subjective
determination of a threshold level (Roche Diagnostics GmbH, 2008).
Additionally, the “High Confidence” algorithm was used for Ct value
determination. This algorithm focusses on sample curves with a notable rise and a high
signal-to-noise ratio, in order to only call highly realiable Cts and reduce the risk of false
positives. This algorithm is recommended for all experiments using colour
compensation (Roche Diagnostics GmbH, 2008).
4.3.7 Analytical specificity
Empirical validation of the triplex assay’s analytical specificity involves screening
a panel of known positive samples, as well as known negatives, and expressing results
in the following percentage formats (Codex Alimentarius Commission, 2010):
% True Positive = 100 x number of correctly classified known samples
the total number of known positive samples
% False Positive = 100 x number of misclassified known negative samples
total number of known negative samples
% True Negative = 100 x number of classified known negative samples
total number of known negative samples
% False Negative = 100 x number of misclassified known positive samples
total number of known positive samples
The number of false positive and false negative samples should be zero, and
true positive and negative samples should both be 100%.
The soy assay was tested with 33 known positive targets consisting of different
matrices (whole dry soybean, soy protein powder isolate, and soy isoflavones). The pea
assay was tested with 21 known positive targets, also comprised of different matrices
(whole dry pea, pea protein, pea starch, and pea fiber). Both assays were tested with 13
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non-targets, representing closely related species (4/13 family level) and industryrelevant, possible adulterants (13/13) (Table 4.1). No-template controls were included in
all runs according to validation guidelines (Bustin et al., 2009). Two microliters of each
sample’s DNA extract were used in each reaction.
4.3.8 Assay performance
Assay performance includes evaluation of PCR efficiency, analytical sensitivity,
linear dynamic range, and precision. High PCR efficiencies are typically a hallmark of
robust assays, especially in relative quantification scenarios where calibrator Cts are
directly compared to sample Cts (Pfaffl, 2001; Pfaffl, 2006; Bustin et al., 2009).
Efficiencies are calculated using calibration curves, consisting of six, 10-fold dilutions of
target DNA (guidelines recommend at least five dilutions) (Bustin et al., 2009).
Logarithms of template concentration are plotted on the x-axis and Cts on the y-axis.
Typically, the slope of the log-linear portion of the calibration curve is used in the
efficiency equation (PCR efficiency = 10–1/slope – 1). This process is slightly different if
using the SDM method of Ct acquisition in the LightCycler® software, where a
polynomial model determines assay specifications. An efficiency of 1.00 represents a
theoretical doubling of target each cycle and a 100% efficiency of amplification (Bustin
et al., 2009). Analytical sensitivity is validated by empirical measurement of the lower
limit of target detection, known as LOD. The Clinical Laboratory Standards Institute
(CSLI) defines LOD as “the lowest amount of analyte (measurand) in a sample that can
be detected with (stated) probability, although perhaps not quantified as an exact value”
(CSLI, 2020; Forootan et al., 2017). Linear dynamic range describes the upper and
lower limits of detection and quantification within acceptable thresholds of linearity and
efficiency. Linearity of a standard curve is expressed as a correlation coefficient (R2).
Minimum performance thresholds for all triplex assay calibration were set to R2 ≥ 0.98
(linearity) and 80-120% efficiency (Bustin et al., 2009). For quantification purposes
assay efficiency is recommended to fall within a narrower, 90-110% range (Broeders et
al., 2014). Material matrix type and DNA extraction methods can affect the dynamic
range; thus, assay performance parameters are evaluated using target DNA extracted
using two different methods, from two different matrices, at two different concentrations.
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Pea and soy DNA were extracted from dry pulse and protein powder, using both a
CTAB and an SDS approach. Six-point, 10-fold dilution calibration curves using a high
(~100ng) and low (~25ng) target amount were created. All dilutions were run in
triplicate, for a total of 144 reactions for each pea and soy.
In addition to LOD sensitivity measurements, quantitative assays should include
a limit of quantification (LOQ) sensitivity determination (Broeders et al., 2014). LOQ is
defined by CSLI as “the lowest amount of measurand in a sample that can be
quantitatively determined with (stated) acceptable precision and stated, acceptable
accuracy, under stated experimental conditions” (CSLI, 2020). No general guidelines
about precision thresholds for LOQ determination exist; thus, a threshold must be
selected that is appropriate for each unique test. Some literature proposes the lowest
quantifiable concentration with a CV < 35% representing the LOQ, but more
conservative guidelines suggest that CV ≤ 25% for quantitative assays (Forootan et al.,
2017; Broeders et al., 2014).
Estimates of precision are expressed as SD or relative standard deviation (RSD)
values of reaction replicates. Guidelines recommend at least triplicate reactions
(Newmaster et al., 2019).
4.3.9 Repeatability and reproducibility
Repeatability of the assay is expressed as a percent agreement of true positive
and negative results from samples analyzed over two days by the same operator on the
same device. Validation guidelines recommend testing a minimum of seven targets and
three non-targets so that samples sizes suffice for 95% confidence according to the
simplified Cochran approach (Newmaster et al., 2019). All samples should be run in
triplicate for a total of 60 reactions over two days. Reproducibility is assessed with the
same protocol, except that the two days of testing should take place in two different labs
or by two different operators. In this case, reproducibility was evaluated by two different
operators.
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4.3.10 Mixture testing
Three sets of mixtures were created based on the following mass ratios of pea to
soy — 1:99, 5:95, 10:90, 25:75, 50:50, 75:25, 90:10, 95:5, 99:1. The first set is based
on DNA mass ratios (%wt/wt) using DNA extracted from raw pea and soy (dry pulse)
material. The second is based on DNA mass ratios using the DNA extracted from pea
and soy protein powders. The third set is based on dry weight mass ratios of the pea
soy protein powder. The first two sets of mixtures involved first extracting DNA from pea
and soy material separately, then mixing in DNA mass ratios. The third set of mixtures
involved mixing protein powders in ratios by powder weight, then extracting DNA from
the combined pea/soy material (Figure 4.2).
Mixture testing also required optimization of template concentration for reactions.
Each set of fresh and processed DNA mass mixture ratios were tested for a total of
10ng, 5ng, and 1ng. For example, a 50:50 pea to soy ratio by DNA mass would include
5 ng of pea and 5 ng of soy in a 10 ng reaction, 2.5 ng pea and 2.5 ng soy in a 5 ng
reaction, and 0.5 ng of pea and 0.5 ng of soy in a 1ng reaction. Calibrator DNA was not
factored into the template total and a total mass of 0.026 ng calibrator was added into
every reaction.

92

4.3.10.1

Data analysis

Following collection of Ct value raw data, a relative quantification method was
used to quantify soy and pea DNA in samples. This method involves comparison of
sample Ct values to calibrator values. A delta-delta Ct efficiency model by Pfaffl (2001)
was used to determine relative quantification of soy and pea:
(Etarget)DCttarget (control-sample)
Ratio =
(Ecalibrator)DCtcalibrator (control-sample)
Where,
Etarget

= Efficiency of target sample reaction

Ecalibrator

= Efficiency of the calibrator sample reaction

DCttarget

= threshold cycle of target control – threshold cycle of the
treated test sample

DCtcalibrator test sample = threshold cycle of calibrator control – threshold cycle of the
treated calibrator
To note, “treated” samples in my application were simply test samples of any
proportion of target that would be compared to the 100% “control”.
4.3.11 Fragment size analysis
An analysis of variance in fragment size of extractable DNA from soy and protein
powders was conducted using an Agilent TapeStation® 4150 (Agilent, Santa Clara,
CA), with samples run at the Genomics Advanced Analysis Centre at the University of
Guelph, ON. A total of ten soy protein powder samples were collected that were
processed in 2019, ten soy protein powder samples that were processed in 2017, and
13 pea protein powder samples that were processed in 2019. DNA was extracted, and 5
ng of genomic DNA from each sample was run on a TapeStation® DNA5000
ScreenTape® chip (measures fragment size distribution in the 100 bp – 5000 bp range),
with data were analyzed in TapeStation® Analysis Software 3.1 (Agilent, Santa Clara,
CA). Data were assesed for normality and equality of variance using the Shapiro-Wilk
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test and the Levene’s test, respectively. Violation of equal variance prompted the use of
the Welch’s t-test to assess differences in average fragment size between the 2019 and
2017 soy powder lots. Analysis was performed in the software R (R Core Team, 2020).

4.4 Results and Discussion
4.4.1 Primer and probe design for Glycine max and Pisum sativum targets
The purpose of this study was to demonstrate the utility of a triplex assay for the
detection and relative quantification of pea and soy botanical material. An important
feature of successful assays are specific primers and probes that allow sufficient
taxonomic resolution for identification of a target among non-target adulterants or
closely related species (Newmaster et al., 2019). Design of suitable genetic markers for
both soy and pea were confined within the bounds of several of the most documented
and researched “barcode” regions for plants (see Methods). Using these regions holds
an advantage in practice since more comprehensive libraries of certified reference
sequences exist for more taxa than for alternative areas of the nuclear and plastid
genomes. As time goes on, and the number of full reference genomes increases, this
argument will lose relevance. For the purpose of designing an assay for current
implementation, typical barcode-markers will better serve industry partners who have
started to develop sequence libraries for vouchered reference material libraries.
Markers for both pea and soy had to be sufficiently divergent from homologous
sequences of industry-relevant, potential adulterants (Newmaster et al., 2019). This
assay is designed as a tool for identification of pea and soy protein powders, thus
relevant non-target species include common plant-based protein powder sources.
Similar to pea and soy, many of these sources come from the Fabaceae family; thus, at
minimum, generic level resolution is required to distinguish targets from non-targets
(Table 4.1). In this case, congeneric species are not common adulterants.
In the case of G. max, the nuclear ITS2 exhibited sufficient taxonomic resolution,
while providing appropriate sequence options to design a primer and probe set that
94

satisfied size criteria and thermodynamic requirements. Primers were designed that
flanked a suitable 81 bp region. Since this qPCR molecular authentication pipeline does
not include sequencing, a caveat is that unique SNPs must occur within the probe
annealing region of the amplicon for the probe to differentiate the target from closely
related species with similar homologs (Newmaster et al., 2019; Life Technologies,
2014). Specificity of primers is also important in order to exclusively allow amplification
of targets. Oligos for P. sativum were designed within the chloroplastic accD, with
suitable primers flanking a 131 bp region of the gene. Evaluation of thermodynamic
criteria is summarized in Table 4.4, detailing likelihood of secondary structure formation
within each oligo and between each pair among the nine oligos that make up the triplex
assay. Risk of interactions was deemed permissible for the assay according to this
analysis.
4.4.1.1 ITS2 and accD congeneric resolution
Finding an appropriate region for taxonomic discrimination in plant models
routinely comes with challenges, due to clade-specific success with some markers and
lack of a universal barcode akin to CO1 for animals (Hollingsworth et al., 2011; Kress et
al., 2005). When selecting appropriate targets for an assay, superior specificity is the
goal, but minimal required resolution is determined by the relevant non-targets to the
application. Congeneric amplification may be permissible in some cases where
discrimination from more distantly related species is the focus. In this application, the
main concern lay in differentiation of targets from non-targets that were, at closest,
confamilial (Fabaceae).
Superior resolution has been documented for nuclear ITS2 in some medicinal
plants; here, it appeared a suitable marker for G. max (Chen et al., 2010; Gao et al.,
2017). The International Legume Database & Information Service (ILDIS) includes 162
names within the genus Glycine, most synonymous with others for a total of 14 or 15
accepted species, based on designation of domestic and wild soybean (Roskov et al.,
2006). Glycine subgenus Glycine contains 13 species with low global coverage (mostly
in Australia), whereas subgenus Soja contains the important, domesticated Glycine max
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(L.) Merr. (native to East Asia) and its wild relative Glycine max subsp. soja (Siebold &
Zucc.) H.Ohashi, which is routinely treated in literature as a separate species: Glycine
soja (Roskov et al., 2006). Whole genome sequencing studies revealed only 2.35%
sequence difference between Glycine max and Glycine soja (Kim et al., 2010). The 81
bp ITS2 amplicon did not differ in G. max and G. soja, but other congeneric species did
diverge (according to BLAST results in Genbank). G. tomentella had a minimum 2.74%
sequence divergence from G. max, and G. microphylla, a 4.05% divergence.
Pisum is a smaller genus native to southwest Asia and northeast Africa, with only
three species accepted by ILDIS (one with two subspecies). Pisum sativum is the
cultivated field pea that is a major human food crop. The 131 bp region of accD did not
differentiate P. fulvum from P. sativum but had a 0.76% divergence in between P.
abyssinicum and P. sativum. Interestingly, accD emerged as one of the few regions with
sufficient variability to discriminate among closely related species. Previous work has
documented high variability due to insertions of tandem repeats and has linked the
region to nuclear-cytoplasmic conflict in the wild and domesticated pea (Nováková et
al., 2019). Additionally, fragmentation and deletion of this region has been documented
in several plant plastid genomes, with accD being completely deleted in the maize and
wheat plastomes, and partially in rice (Maier et al., 1995; Harris et al., 2013).
4.4.2 Analytical Specificity
The panel used to evaluate the specificity of pea and soy primer/probe sets
performed as expected for a successful, specific assay. 33/33 (100%) true positive soy
samples gave positive signals, and 13/13 (100%) of non-targets existed as negatives
below a determined threshold, for both soy and pea samples (Figure 4.3).
Consequently, this meant that the false positive and false negative rates for soy and
pea assays were 0%. Concentration of DNA extraction elutes of true positive soy
samples ranged from 0.66 ng/µL to 59 ng/µL. Target sample Cts (average of triplicates)
ranged from 11.02 to 18.83. Concentration of DNA extraction elutes of true positive pea
samples ranged from “Out of Range – Low” (<0.01 ng/µL) to 33.8 ng/µL. Target sample
Cts ranged from 15.57 to 25.44. Figure 4.4 summarizes the range of Ct values for each
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target matrix and shows the low RSD of each target sample’s set of triplicate reactions.
Soy sample replicates had an RSD ≤ 0.673%, and pea samples an RSD of ≤ 0.257%,
suggesting exceptional technical precision.
BLAST searches and other in silico tools for specificity screening of potential
oligos for an assay are useful, but empirical testing for specificity with true positive
samples and a vouchered non-target reference library is always required (Bustin et al.,
2009; Hübner et al., 2001). A common occurrence in some assays is positive
amplification curves being visible at very late Ct values for non-targets (Newmaster et
al., 2019). This issue may be addressed by setting a Ct threshold, where any apparent
positive curves with a later Ct value are disregarded as off target-amplification. This only
works if there is a considerable gap between the earliest non-target Cts at a given
concentration and the latest target Cts that are part of the intended linear dynamic range
for the purpose of the assay. In my laboratory, we use the general rule that a threshold
Ct should represent a minimum of one order of magnitude away from off target signals,
based on back calculated concentrations. One ten-fold dilution of an assay with an
efficiency close to 100% translates to a ~3.3 cycle difference (Life Technologies, 2014).
Non-target Cts were tested in triplicate at 5 ng DNA and were ≥33.8 in the FAM
fluorescence channel and ≥33.5 in the HEX channel. A Ct threshold of 30.5 cycles was
determined for soy and a threshold of 30 cycles for pea. Any apparent positive
amplification curves that come after these values are to be disregarded. These cutoffs
were sufficiently far from non-targets and still supported the intended linear dynamic
range of the assay. To note, no off-target amplification was observed in the Cy5
fluorescent channel, corresponding to the calibrator portion of the assay.
4.4.3 Assay performance
Efficiency calculations were performed for eight different standard curves for both
pea and soy (all comprised of six, 10-fold dilutions). Both assays exhibited exceptional
efficiency for both extraction methods (CTAB and SDS) and both matrices (fresh and
processed), at high and low starting concentrations. Efficiencies were as follows: Soy
Fresh CTAB high/low – 106.5%/98.1%, Soy Fresh SDS high/low – 100.8%/102.3%, Soy
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Processed CTAB high/low – 96.3%/97.3%, Soy Processed SDS high/low –
97.4%/98.9%, Pea Fresh CTAB high/low – 93%/99.2%, Pea Fresh SDS high/low –
104.2%/99.9%, Pea Processed CTAB high/low – 99.2%/99.9%, and Pea Processed
SDS high/low – 102.3%/103.8%. Efficiency calculations are summarized in Table 4.5 for
CTAB-extracted, fresh soy DNA at high and low starting quantities, and in Table 4.6 for
CTAB-extracted, fresh pea DNA at high and low starting quantities. Efficiency
calculations are summarized in Table 4.7 for CTAB-extracted, processed soy DNA at
high and low starting quantities, and in Table 4.8 for CTAB-extracted, processed pea
DNA at high and low starting quantities.
Analytical sensitivity, expressed as the LOD, is typically identified as the lowest
concentration that is detectable with reasonable certainty (typically 95% confidence)
(Newmaster et al., 2019). Both pea and soy assays displayed 100% positive
amplification in all replicates at the calibration curves’ lowest concentrations (with low
RSD). This would suggest LODs as low as 0.15 pg for processed pea protein powder,
0.25 pg for fresh pea, 0.25 pg for processed soy, and 0.25 pg for fresh soy. RSDs were
low; thus, these values could be also be acceptable as the assay LOQs. However,
comprehensive optimization of the triplex assay involves setting a sensitivity threshold if
late Ct amplification is observed for any non-targets (as in this case for pea and soy).
The Ct cutoff of 30 for pea and 30.5 for soy restricts the linear dynamic range of the
assay. Using series of three two-fold dilutions, I determined the smallest amount of
target DNA template that resulted in Ct values just before the determined threshold.
With this strategy, the LOD/LOQ of the soy assay was determined to be 2.5 pg for fresh
material, and 0.625 pg for processed protein powder. The LOD/LOQ of the pea assay
was determined to be 1.25 pg for fresh material and 7.5 pg for processed protein
powder (Table 4.9). Thus, the experimentally validated linear dynamic ranges for each
assay were 100 ng – 0.0025 ng and 100 ng – 0.000625 ng for fresh and processed soy
material, respectively, and 100 ng – 0.00125 ng and 100 ng – 0.0075 ng for fresh and
processed pea material, respectively.
Precision is expressed as SD and calculated over a minimum of three technical
replicates. In order to discriminate a two-fold change of target concentration with a 95%
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confidence interval (CI), an SD of ≤0.250 cycles must be observed, and an SD of
≤0.167 cycles to discriminate with a 99.7% CI (Zhao et al., 2016; Applied Biosystems,
2016). Exceptional precision was observed for fresh soy (SD = 0.139 cycles), processed
soy (SD = 0.0321 cycles), fresh pea, (SD = 0.0451 cycles) and processed pea (SD =
0.0833 cycles).
4.4.4 Repeatability and reproducibility
Both soy and pea assay portions showed good repeatability and reproducibility.
100% of the 42 target material reactions, conducted over two days by the same
operator revealed positive amplification curves for both pea and soy. 100% of the 18
non-target reactions were negative (no amplification or late curves after the
predetermined Ct specificity threshold) for both soy and pea. Reproducibility tests over
two days with two different operators revealed the same results.
4.4.5 Mixture testing
The goal of this study was to investigate the utility of a multiplex qPCR assay for
mixtures of processed protein powders. The first challenge was to design an assay with
appropriate specificity, sensitivity, efficiency, and precision, that could retain superior
analytical capability with degraded DNA template. Following my successful design and
evaluation of assay performance using only one target at a time as template, came the
challenge of testing multiplex capability.
The total quantity of template (pea and soy DNA targets) in reactions can affect
quantitative estimates and overall quantitative linearity (the agreement between
expected values and assay measurements) and must be optimized. Bulk qPCR
reactions can be influence by amplification bias within a reaction, based on the
thermodynamic properties of the assay components and spatial constraints of the
reaction (Zhao et al., 2016). For example, a target that is in very low concentration
compared to other targets in the multiplex reaction may experience a decrease in
amplification efficiency due to reduced probability of stochastically binding primers and
probe together with polymerase in the target sequence (Zhao et al., 2016). Upon testing
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three different target quantities (1 ng, 5 ng, 10 ng) the optimal amount of total template
DNA was found to be 5 ng.
All mixtures were quantified using the Pfaffl method for relative quantification,
with efficiency correction capability (Pfaffl, 2001). Without efficiency correction,
equations assume a 100% assay efficiency (i.e., a perfect doubling of targets every
cycle), which may not reflect reality. Including efficiency correction provides more
reliable and accurate quantitative estimations, hence the selection of the Pfaffl method
of data analysis (Pfaffl, 2006). Pfaffl (2006) discussed that small difference in qPCR
efficiency (∆E) of 3% (∆E = 0.03) between a low copy target sequence and a medium
copy calibrator would result in an incorrectly calculated difference of expression ratio of
242% (Etarget > Ecalibrator) after 30 PCR cycles. Greater differences in efficiency would
result in more dramatic discrepancies — ∆E = 0.05 (432% gap), ∆E = 0.10 (1744% gap)
— highlighting the advantage of efficiency correction (Pfaffl, 2006).
4.4.5.1 Quantification of fresh, pulse-derived DNA mixtures
Eleven mass ratios of soy and pea DNA were tested using the assay, equating to
single ingredient proportion estimates of 100%, 99%, 95%, 90%, 75%, 50%, 25%, 10%,
5%, 1% and 0% (note that 100% and 0% values served as controls off of which other
values were calculated, using the Pfaffl method). The expected composition of soy DNA
in the mixtures — 99%, 95%, 90%, 75%, 50%, 25%, 10%, 5%, 1% — were calculated
using the Ct output of the PCR run to be 113.23%, 115.93%, 99.23%, 86.23%, 48.29%,
20.00%, 6.69%, 2.37%, and 0.22%, respectively. The quantitative linearity of the assay
using fresh, pulse-derived soy DNA had a coefficient of variation (R2) of 0.9922
(p<0.0001) (Figure 4.5). For pea, the same known percent compositions were
determined via qPCR as 96.56%, 113.39%, 111.50%, 85.84%, 63.33%, 21.38%,
0.96%, 0.049% and 6.82E-05%, respectively. R2 of the linear regression analysis of
known pea concentration vs measurement agreement was 0.9731 (p<0.0001) (Figure
4.5). Tables 4.10 and 4.11 shows the raw data (Ct values) of soy and pea targets and
calibrator that were used to calculate quantity estimates using the Pfaffl equation for
relative quantification with efficiency correction (see Methods for equation).
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4.4.5.2 Quantification of processed, protein powder-derived DNA mixtures
The same experimental design as the fresh-derived DNA mixtures was used for
the protein powder derived DNA mixtures. The known composition of soy DNA in the
mixtures — 99%, 95%, 90%, 75%, 50%, 25%, 10%, 5%, 1% — were calculated using
the Ct output of the PCR to be 103.62%, 96.82%, 92.76%, 82.20%, 51.95%, 24.75%,
8.47%, 3.27%, and 0.20%, respectively. This resulted in a quantitative linearity R2 of
0.9983 (p<0.0001). For pea, the same known percent compositions were determined
via qPCR as 115.91%, 109.30%, 105.65%, 95.05%, 62.44%, 21.55%, 0.30%, 0.029%,
and 1.58157E-05%, respectively. R2 of the linear regression analysis of known pea
concentration vs measurement agreement was 0.9915 (p<0.0001) (Figure 4.6). Tables
4.12 and 4.13 shows the raw data (Ct values) of soy and pea targets and calibrator that
were used to calculate quantity estimates using the Pfaffl equation.
The exceptional linearity and minimal bias for the estimated percent composition
values of pea and soy from the assay serves as a proof of concept for the utility of
quantitative assays in processed protein powder mixtures. The similarity of the linearity
among raw materials and processed materials is an encouraging result that suggests
versatility of the assay with different matrices. This isn’t always the case, as matrix
effects can have significant influence on key PCR parameters like efficiency (Cankar et
al., 2006). Inhibitory or faciliatory compounds in the DNA elute following extraction may
have a different composition in fresh material as opposed to processed, underlining the
importance of assay validation for each unique matrix. It is also worth noting that, while
both target assays produced similar linearity, the raw soy assay measurements had
greater accuracy than the pea. The difference in the estimated percent DNA proportion
vs expected proportions for soy was at most 7.2%, with an average of 2.5%; and for pea
was at most 20%, with an average of 10.9%. However, the high R2 suggests a strong
relationship that can be used to make an algorithmic correction for pea measurements.
More replication will further elucidate the stability of this relationship.
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4.4.5.3 Quantification of protein powder dry-mass mixtures
The final set of mixture ratios tested using the assay were mass ratios based on
dry weight of protein powders. A unique challenge presented itself with correlation of
quantitative estimates from the assay with expected proportions of powder. The assay
is optimized for a total template quantity of 5 ng and estimates the proportion of target
soy or pea DNA by comparison to its corresponding 100% control. Soy and pea protein
powder were empirically determined to render different quantities of DNA in an
extraction with the same parameters. Soy (n=5) rendered an average DNA
concentration (60 µL elution) of 20 ng/µL ± 0.757 (±SD) and pea (n=5) rendered an
average of 3 ng/µL ± 0.436. The difference in extractable DNA quality from the same
quantity of protein powder between the two sources meant that expected proportions of
sources based on molecular weight of DNA needed to be adjusted to reflect protein
powder ratios. Thus, proportions of 99%, 95%, 90%, 75%, 50%, 25%, 10%, 5%, and
1% protein powder dry mass, were reweighted for soy to be expected DNA mass
proportions of 99.85%, 99.22%, 98.36%, 95.24% 86.95%, 68.97%, 42.55%, 25.97%
and 6.31%, respectively; and for pea to be 93.69%, 74.03%, 57.45%, 31.03%, 13.04%,
4.76%, 1.639%, 0.78% and 0.15%, respectively. The lower percent compositions for
pea had to be adjusted downward, but even the smallest quantity (0.15% of 5 ng total
template = 7.5 pg) still falls within the dynamic range supported by the assay. Soy
proportions were measured by the assay (in order of decreasing expected percent) to
be 95.51%, 70.82%, 55.55%, 25.13%, 15.66%, 9.40%, 3.78%, 1.17%, and 0.166%.
These results were non-linear but exhibited a pattern that could be modelled by an
exponential function (R2 = 0.9541) (p<0.0001) (Figure 4.7). Quantitative results
suggested an underrepresentation of soy DNA in several mixtures, with an increasing
percent negative bias as the proportion of pea increases. Replication of the procedure
with a higher amount of template revealed a similar relationship. Pea results also did not
reflect a linear relationship (polynomial fit R2= 0.9781) (p<0.0001), with general
overestimation of proportions (estimates in order of decreasing proportions: 169.04%,
156.38%, 194.16%, 335.43%, 243.16%, 134.08% 30.21%, 1.05%, 0.005394%). To
note, estimations theoretically should not exceed 100%, thus there may have been an
issue with low pea template in the 100% control, or high template in the sample.
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There are several possible explanations for the obfuscation of quantitative
estimates that may involve sample preparation, upstream of PCR. Given the
exceptional quantitative linearity of the assay with engineered DNA mass mixtures, that
relationship should have been reflected with the adjusted DNA mass proportions of the
protein powder mixtures. One potential introduction of bias involved a difference in the
physical dynamics of the extraction procedure. During extraction, I observed the pea
protein powder to absorb the lysis buffer more readily than the soy protein powder, with
soy-dominant mixtures appearing more liquid than pea-dominant solutions. If exposure
to lysis buffer was biased toward the more absorbent pea powder, further collection of
lysate and DNA extraction would inflate the presence of pea DNA in the mixture. This
would be consistent with the observed underestimation of soy presence, and
overestimation of pea presence in quantitative results. This introduction of bias when
mixtures are extracted underlines the importance of optimization of all steps in a
molecular authentication and quantification pipeline. Further work should manipulate
lysis buffer volumes and mass of powder used in extraction to find optimums. Several
biological replicate mixtures should be created and assessed with the assay for linearity
of quantitative estimates. If linearity does not improve but is consistent within an
acceptable range or polynomial relationship, an algorithmic correction can be applied to
achieve quantification.
4.4.6 Fragment size analysis and proposition of standard evaluation
Average fragment size within a range of 100 bp – 5000 bp was measured for two
groups of ten soy protein powder samples, and 13 pea protein powder samples. The
first goal of this analysis was to estimate the variability of template quality lot-to-lot,
among samples that were processed in the same year, with the same protocol. The
group of soy protein lots that were processed in 2019 (n=10) had an average fragment
size of 1071 ± 44.287 bp (±SD) and the soy lots that were processed in 2017 (n=10)
had an average fragment size of 1166.3 ± 70.528 bp (±SD). The lots of pea protein
powder (n=13), that were all processed in 2019, had an average fragment size of
1807.2 ± 126.59 bp (±SD).
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Pairwise comparison of the 2017 and 2019 soy protein powder group means
identified a significant difference in average fragment length (p<0.05) (Figure 4.8). This
was an unexpected result, seeing as I predicted an equal or slightly lower average
fragment size in the lots processed in 2017 as compared to 2019, driven by a gradual
degradation of DNA in stored material. Possible explanations involve different storage
practices or processing parameters. I procured material from a supplement company
who purchased the material from a protein powder manufacturer. The understanding
was that the 2017 and 2019 lots of soy protein were processed using the same protocol.
However, it is not common practice for raw material processing firms to notify
downstream product manufacturers of minor procedure changes, so long as quality
specifications remain constant (typically chemical measurements). Thus, even minor
changes to volume, temperature, or time parameters during protein isolation could have
resulted in the difference in average fragment size. In my second chapter, I
demonstrated the impact that several different processing steps could have on DNA
quality and quantity, thus differences in DNA fragment size can be attributed to
alterations in processing parameters (Faller et al., 2019). Influence from storage was
unlikely, seeing as the lots were traceable — 2017 lots were immediately sampled into
opaque bags and stored in a room temperature warehouse, and 2019 lots were
sampled the same way and soon tested by me.
Regardless of the mechanism behind the difference in average fragment size
between the two groups, implications of such variations include potential impact on the
reproducibility of quantitative estimations. Reliable relative quantification requires
representative standards or at least an understanding of all relevant standard
parameters. Unknown samples that differ in average fragment size compared to the
standard can result in obfuscation of quantification, depending on the magnitude of
deviation from the standard. However, if an estimation of average fragment size is
conducted on unknown material before analysis using the assay, the appropriateness of
the standard can be assessed, and results can be algorithmically adjusted to reflect an
accurate comparison to the standard. This can be a very simple process, centered
around observation of amplification success of different sized genomic targets, using a
SYBR green, real-time PCR approach (similar to the testing of PCR success in Chapter
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2, with 100 bp, 200 bp, and 300 bp targets for Camellia sinensis). Estimation of average
fragment size can be determined for both the standard and unknown, and any
difference that falls within an acceptable range can serve as evidence that the assay
can be used with the given unknown. The tolerable level of deviation in fragment size
between an unknown and a standard depends on the required precision of the assay
and must first be empirically tested with replicate standard curves. With this approach, a
threshold in deviation can be identified that will judge an unknown compatible with the
standard or requiring of an algorithmic correction post-PCR. Other methods have also
been explored. Brisco et al. (2010) created a protocol by which DNA integrity could be
measured and incorporated into qPCR assay data analysis. They assume that lesions
in DNA (caused by degradative processes) occur randomly and can be described by the
Poisson distribution. Their goal was to create a model simple enough to enable use in
routine PCR, intended for application in quantification of minimal residual disease in
human leukemia. In that application, degraded DNA also presents a challenge of
judging what fraction of extracted target DNA is actually amplifiable by PCR. They
determined that the integrity of a DNA sample (r – mean number of lesions per base in
the sequence) can be modelled using PCR efficiency (a) and the slope of the linear
relationship between Ct and the length of the amplicon (Equation: r = slope • logea). The
determined amplifiable fraction of target DNA in unknowns compared to a references
can then be used to decide upon the data analysis pipeline (Brisco et al., 2010).
Another important metric to comment on is the standard deviation among lots of
protein powder that were verified to be processed by the same procedure, in the same
relative time frame. The relative standard deviation of each group reflects the clustering
of data around the mean. The low RSD of the 2017 soy lots, 2019 soy lots, and 2019
pea lots — 6.05%, 4.14%, and 7.00% — suggest tight clustering around the mean and
limited variation in fragment size. This provides important evidence for the reliability and
reproducibility of the assay used with different lots of material, processed temporally
close together. Importantly, this reflects the rapid testing pipeline of companies in
industry, who receive many lots of material from the same manufacturer, daily.
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4.4.7 Challenges and Implementation
There is an increasing demand for orthogonal analytical techniques that can form
comprehensive quality control pipelines to address all relevant modern analytes for
product authenticity and quality verification (AOAC, 2012). Having cheap methods with
high throughput, that can act as an initial screening tool for identity and proportionality of
ingredients, offers a significant benefit to companies. The observed success in using
this assay to discern percent composition of soy and pea DNA in mixtures suggests
potential use for judging presence of a target as being a minor contaminant or
significant adulterant. Identifying this threshold is dependent upon understanding the
expected DNA quality and quantity that is extractable from a given amount of protein.
This way, expected percent composition of target DNA in a mixture can be weighted
based on its source, and PCR Ct values can be corrected based on DNA integrity of a
sample.
There are many sources of variation that can have influence on the quantity,
quality, and amplifiable fraction of target DNA, many of which should be estimated for
unknown samples, pre-PCR. Matrix effects in the context of DNA elutes can be
described as the composition of secondary metabolites and grade of DNA integrity of a
target, unique to a specific type of sample material (Rossen et al., 1992; Wilson, 1997;
Holden et al., 2003; Cankar et al., 2006). I carried out assay validation using fresh pulse
and protein powder matrices that are distinct, even to the naked eye. However, different
types of protein powder from different manufacturers can also be considered different
matrices that will have their own matrix effects. I have discussed methods of judging
DNA integrity, but secondary metabolites can also be evaluated by measurement with a
spectrophotometer of 260 nm/280 nm (A260nm/280nm) and 260 nm/230 nm (A260nm/230nm)
ratios. Differences in protein powder processing techniques of manufactures result in
unique composition of secondary metabolites, which may influence PCR efficiency via
enhancement or inhibition (Wilson, 1997; Kubista et al., 2006; Cankar et al., 2006). In
this study I used a synthetic calibration, which controlled for variation among different
reactions. Another avenue to explore, is use of botanical calibrators that can be run
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through a DNA extraction process with sample material. This way, variation introduced
during this process could also be controlled for.
Finding a suitable genetic marker for an assay requires appropriate taxonomic
resolution, but other physical features of the sequences should be considered. Variation
in copy number can exist based on sequence or sequence location. For example, ITS2
— the marker selected for discrimination of Glycine max from non-targets — is typically
present in multiple copies in the plant genome, with variability in copy number being
observed among different populations of a species (Hřibová et al., 2011; Rogers &
Bendich, 1987). For pea, abundance of the chloroplastic accD marker in a volume of
extracted genomic DNA can be variable, due to tissue-dependent abundance (Birky,
1983; Possingham & Lawrence, 1983). Additionally, differences in cell size and genome
size in between targets will further complicate the association between measured
powder weight or genomic DNA mass and the actual copy number of target sequences.
For example, pea has a larger genome than soybean (Arumuganathan & Earle, 1991).
All of these sources of variation underline the absolute necessity of empirical validation
of the assay using representative standards. With an understanding of variation, and
estimation of quality parameters where possible, qPCR can be a robust tool for the
identification and quantification of different protein sources in a mixture.

4.5 Conclusion
This study served as a successful proof of concept for the utility of qPCR assays
in identification and quantification of protein powders. Performance was validated
according to common guidelines, and the importance of evaluating DNA integrity for
reliable standard creation was emphasized. It is important to understand that empirical
validation is necessary for any unique matrix intended for use with the assay, and that
stringent performance specifications should be met. Here, I developed a robust assay
for the quantification of soy and pea target DNA in a mixture and discussed the
necessary optimization for commercial implementation with protein powder mixtures.
Methods need to be fit for purpose, and multiplex qPCR assays can achieve reliable
identification of protein powders and quantification, given the required level of precision.
107

4.6 Acknowledgements
I would like to thank Herbalife Ltd., for their help in procuring pea and soy samples
used in the assay validation process, and Dr. Dhiyva Shanmughanandhan for her help
with technical consultation for qPCR.

108

4.7 Tables
Table 4.1: Target and non-target materials used for assay design and analytical specificity evaluation.
Latin Botanical
Name

Family

Sample
Designation

Material Matrix

Sample
Code

Glycine max

Fabaceae

Target

Dry Whole Soybean

43599

Glycine max

Fabaceae

Target

Dry Whole Soybean

GM-HL-F1

Glycine max

Fabaceae

Target

Dry Whole Soybean

FC367

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Powder – Soy
Protein Isolate 90%
Powder – 3% Soy
Isoflavone
Powder – 3% Soy
Isoflavone
Powder – 3% Soy
Isoflavone
Powder – 3% Soy
Isoflavone
Powder – 3% Soy
Isoflavone
Powder – 40% Soy
Isoflavone
Powder – 40% Soy
Isoflavone
Powder – 40% Soy
Isoflavone
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
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186BI
1228 NW
360 NW
955 NW
NW 53
609 NW
194 NW
1177 NW
818 NW
S4.1
S4.2

Reference Library
NHPRA-OAC Herbarium
Collection
NHPRA BRM Collection
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Glycine max

Fabaceae

Target

Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Soy Protein Powder
Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
Powder – Soy
Protein Isolate
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S4.3
S4.4
S4.5
S4.6
S4.7
S4.8
S4.9
S4.10
S4.11
S5.1
S5.2
S5.3
S5.4
S5.5
S5.6
S5.7
S5.8
S5.9

NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample

Glycine max

Fabaceae

Target

Powder – Soy
Protein Isolate

S5.10

Pisum sativum

Fabaceae

Target

Dry Whole Pea

10378

Pisum sativum

Fabaceae

Target

Dry Whole Pea

PS-HF-F1

Pisum sativum

Fabaceae

Target

Powder – Pea Fibre

R7576

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Powder – Pea
Protein 84%
Powder – Pea
Protein 80%
Powder – Pea Starch
Powder – Pea
Protein 84%
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
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933NW
114BI
FC232
872NW
P1.1
P1.2
P1.3
P1.4
P1.5
P1.6
P1.7
P1.8
P1.9
P1.10

NHPRA BRM Collection
– Industry Reference Sample
NHPRA-OAC Herbarium
Collection
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample

Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate
Powder – Pea
Protein Isolate

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Pisum sativum

Fabaceae

Target

Vicia faba

Fabaceae

Non-Target

Leaf

10.275

Zea mays

Poaceae

Non-Target

Leaf

4143

Triticum aestivum

Poaceae

Non-Target

Leaf

97062

Cicer arietinum

Fabaceae

Non-Target

Leaf

10.252

Cannabis sativa

Cannabaceae

Non-Target

Leaf

730687

Fabaceae

Non-Target

Leaf

CT1

Amaranthaceae

Non-Target

Leaf

76930

Medicago sativa

Fabaceae

Non-Target

Leaf

18041

Salvia hispanica

Lamiaceae

Non-Target

Leaf

99494

Cucurbita pepo

Cucurbitaceae

Non-Target

Leaf

15.280

Oryza sativa

Poaceae

Non-Target

Leaf

3995

Bos taurus

Bovidae

Non-Target

Milk

BTM1

Acheta domesticus

Gryllidae

Non-Target

Leg

AD1

Cyamopsis
tetragonoloba
Chenopodium
quinoa
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P1.11
P1.12
P1.13
P1.14

NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA BRM Collection
– Industry Reference Sample
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA-OAC Herbarium
Collection
NHPRA- Elora Research
Farms Rso
NHPRA BRM Collection

Table 4.2: Sequences for primers and probes of the soy, pea and calibrator portions of
the triplex assay. Quencher and fluorophore information is also noted in probe
sequences.

G. max ITS2 F
G. max ITS2 R

Oligo
Type
Primer
Primer

G. max ITS2

Probe

Oligo

P. sativum accD
F
P. sativum accD
R

Sequence
5’- CCG ACT TCG CCG TGA TAA A -3’
5’- TCG ATG GGT CCA GAA CTG A -3’
5’-/56-FAM/ATG AGC CAC /ZEN/ GCT CGA
GAC CAA TC/3IABkFQ/-3’

Size
(bp)
19
19
23

Primer

5’- CTC CGG ACG CAC ATA CTA TAA -3’

21

Primer

5’- AGC ACT AGC TGT TAT GGA TTC T -3’

22

P. sativum accD

Probe

Calibrator F
Calibrator R

Primer
Primer

Calibrator

Probe

5’-/5HEX/ATG GGA TGC /ZEN/GTA GTG GGT
GAG AAA /3IABkFQ/-3’
5’- TCA GGT AGT CAT TTG TCC -3’
5’- GAT AGG CAT ATC TCA TCT TAA C -3’
5’-/5Cy5/ACA CCA TTT /TAO/ CAT TTC TTC
CAC TGT C/3IAbRQsp/-3’

F = Forward Primer; R = Reverse primer; P = Probe
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24
18
22
25

Table 4.3: Master mix for all reactions run during data acquisition.
Component
SensiFAST™
Probe No-ROX
Master Mix
G. max ITS2 F
G. max ITS2 R
G. max ITS2 P
P. sativum accD F
P. sativum accD R
P. sativum accD P
Calibrator F
Calibrator R
Calibrator P
Calibrator DNA
Template
Total

Stock
Concentration

Volume (µL)

Final
Concentration

2x

15

1x

10 µM
10 µM
10 µM
10 µM
10 µM
10 µM
10 µM
10 µM
10 µM
0.013 ng/µL
-

1.5
1.5
0.75
1.5
1.5
0.75
0.6
0.6
0.3
2
4
30

500 nM
500 nM
250 nM
500 nM
500 nM
250 nM
200 nM
200 nM
100 nM
Quantity: 0.026 ng
-

F = Forward Primer; R = Reverse primer; P = Probe
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Table 4.4: Summary of thermodynamic parameters (likelihood of secondary structure
formation). Oligos were designed to keep interactions ∆G ≤ -9.0 Kcal/mole. If lower ∆G was
unavoidable, interactions were judged permissible if dimers were not 3’ extendable.
Oligo or Interacting Pair
2° Structure Evaluation
Maximum ∆G (Kcal/mol)
SF
Homodimer
-5.19
SR
Homodimer
-6.76
SP
Homodimer
-9.96
PF
Homodimer
-12.9
PR
Homodimer
-6.34
PP
Homodimer
-3.61
CF
Homodimer
-3.07
CR
Homodimer
-4.85
CP
Homodimer
-3.3
SF-SR
Heterodimer
-5.19
SF-SP
Heterodimer
-6.91
SR-SP
Heterodimer
-6.76
PF-PR
Heterodimer
-4.64
PF-PP
Heterodimer
-10.05
PR-PP
Heterodimer
-5.86
CF-CR
Heterodimer
-3.07
CF-CP
Heterodimer
-4.41
CR-CP
Heterodimer
-3.07
PF-SF
Heterodimer
-6.68
PF-SP
Heterodimer
-3.61
PF-SR
Heterodimer
-5.99
PP-SF
Heterodimer
-6.75
PP-SP
Heterodimer
-8.09
PP-SR
Heterodimer
-5.02
PR-SF
Heterodimer
-4.38
PR-SP
Heterodimer
-5.02
PR-SR
Heterodimer
-6.6
CF-SF
Heterodimer
-4.52
CF-SP
Heterodimer
-5
CF-SR
Heterodimer
-5.13
CF-PF
Heterodimer
-5.99
CF-PP
Heterodimer
-4.64
CF-PR
Heterodimer
-4.64
CP-SF
Heterodimer
-6.21
CP-SP
Heterodimer
-6.6
CP-SR
Heterodimer
-5
CP-PF
Heterodimer
-4.03
CP-PP
Heterodimer
-6.7
CP-PR
Heterodimer
-4.39
CR-SF
Heterodimer
-3.89
CR-SP
Heterodimer
-5
CR-SR
Heterodimer
-6.5
CR-PF
Heterodimer
-4.64
CR-PP
Heterodimer
-7.96
CR-PR
Heterodimer
-6.6
SF – Soy Forward (Primer); SR – Soy Reverse; SP – Soy Probe; PF – Pea Forward; PR – Pea
Reverse; PP – Pea Probe; CF – Calibrator Forward; CR – Calibrator Reverse; CP – Calibrator Probe
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Table 4.5: DNA dilutions and corresponding Cts for efficiency and linearity calculations.
Extractions were complete using the CTAB protocol. A) Fresh soy DNA, high starting
quantity. B) Fresh soy DNA, low starting quantity.
A)

Sample

DNA
Template
Quantity
(ng)

Dilution

100

GM-HLF1 Whole
Soybean

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

13.03

13.22

13.13

13.13

0.095

10

10-1

16.37

16.31

16.12

16.27

0.13

1

10-2

19.72

19.76

19.71

19.73

0.026

0.1

-3

10

23.38

23.33

23.35

23.35

0.025

0.01

10-4

27.54

27.38

27.31

27.41

0.12

0.001

10-5

31.15

31.18

31.34

31.22

0.10

Efficiency

R2

106.5%

0.9998

B)

Sample

GM-HLF1
Whole
Soybean

DNA
Template
Quantity
(ng)

Dilution

25

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

15.41

15.31

15.31

15.34

0.058

2.5

10-1

18.68

18.72

18.63

18.68

0.045

0.25

10-2

22.07

21.99

22

22.02

0.044

0.025

10-3

25.91

25.9

25.86

25.89

0.026

0.0025

10-4

29.75

29.64

29.71

29.7

0.056

0.00025

10-5

33.24

32.92

32.82

32.99

0.22

Efficiency

98.1%
89.3%

Avg = Average
SD = Standard Deviation
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R2

0.9993

Table 4.6: DNA dilutions and corresponding Cts for efficiency and linearity calculations.
Extractions were complete using the CTAB protocol. A) Fresh pea DNA, high starting
quantity. B) Fresh pea DNA, low starting quantity.
A)

Sample

PS-HLF1
Whole
Pea

DNA
Template
Quantity
(ng)

Dilution

114

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

14.76

14.76

14.75

14.76

0.0058

11.4

10-1

18.26

18.32

18.03

18.2

0.15

1.14

10-2

21.78

21.69

21.76

21.74

0.047

0.114

-3

10

25.1

25.14

25.55

25.26

0.25

0.0114

10-4

29.2

29.23

29.2

29.21

0.017

0.00114

10-5

32.82

32.96

33.56

33.11

0.39

DNA
Template
Quantity
(ng)

Dilution

25

Efficiency

R2

93.0%

0.9999

B)

Sample

PS-HLF1
Whole
Pea

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

16.97

16.99

16.98

16.98

0.01

2.5

10-1

20.32

20.32

20.35

20.33

0.017

0.25

10-2

23.79

23.75

23.79

23.78

0.023

0.025

10-3

27.74

27.83

27.88

27.82

0.071

0.0025

10-4

31.48

31.26

31.47

31.4

0.12

0.00025

10-5

34.74

34.79

34.57

34.7

0.12

Efficiency

99.2%
87.8%

Avg = Average
SD = Standard Deviation
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R2

0.9992

Table 4.7: DNA dilutions and corresponding Cts for efficiency and linearity calculations.
Extractions were complete using the CTAB protocol. A) Processed soy DNA, high
starting quantity. B) Processed soy DNA, low starting quantity.
A)

Sample

S4.1
Soy
Protein
Powder
Isolate

DNA
Template
Quantity
(ng)

Dilution

100

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

11.22

11.18

11.14

11.18

0.04

10

10-1

14.59

14.57

14.62

14.59

0.025

1

10-2

17.94

17.95

17.94

17.94

0.0058

0.1

10-3

21.63

21.56

21.53

21.57

0.051

0.01

10-4

26.15

26.15

26.09

26.13

0.035

0.001

10-5

29.79

29.89

29.9

29.86

0.061

Efficiency

R2

96.3%

0.9992

Efficiency

R2

97.3%

0.9997

B)

Sample

S4.1
Soy
Protein
Powder
Isolate

DNA
Template
Quantity
(ng)

Dilution

25

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

13.23

13.25

13.23

13.24

0.012

2.5

10-1

16.71

16.64

16.69

16.68

0.036

0.25

10-2

20.01

20.02

20

20.01

0.01

0.025

10-3

23.62

23.66

23.62

23.63

0.023

0.0025

10-4

27.9

27.93

27.94

27.92

0.021

0.00025

10-5

32.26

32.83

32.68

32.59

0.29

Avg = Average
SD = Standard Deviation
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Table 4.8: DNA dilutions and corresponding Cts for efficiency and linearity calculations.
Extractions were complete using the CTAB protocol. A) Processed pea DNA, high
starting quantity. B) Processed pea DNA, low starting quantity.
A)

Sample

P1.1
Soy
Protein
Powder
Isolate

DNA
Template
Quantity
(ng)

Dilution

35

Ct values

Avg

SD

Rep1

Rep2

Rep3

100

16.2

16.18

16.2

16.19

0.012

3.5

10-1

19.53

19.54

19.58

19.55

0.026

0.35

10-2

22.98

22.98

22.98

22.98

0

0.035

10-3

27.23

27.01

27.32

27.19

0.16

0.0035

10-4

31.28

31.3

31.13

31.24

0.093

0.00035

10-5

34.26

34.44

34.03

34.24

0.21

DNA
Template
Quantity
(ng)

Dilution

Avg

SD

15

Efficiency

R2

99.2%
83.4%

0.998

B)

Sample

P1.1
Soy
Protein
Powder
Isolate

Ct values
Rep1

Rep2

Rep3

100

16.51

16.55

16.51

16.52

0.023

1.5

10-1

19.84

19.84

19.84

19.84

0

0.15

10-2

23.07

23.08

23.1

23.08

0.015

0.015

-3

10

27.17

27.26

27.22

27.22

0.045

0.0015

10-4

30.92

30.95

30.96

30.94

0.021

0.00015

10-5

35.56

36.5

35.11

35.72

0.71

Avg = Average
SD = Standard Deviation
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Efficiency

R2

99.9%

0.9995

Table 4.9: LOD/LOQ for fresh and processed matrices of pea and soy DNA.

Sample

LOD/LOQ

SD of Reps

Soybean
Pea
Soy Protein
Powder
Pea Protein
Powder

2.5 pg
1.25 pg

0.139
0.0451

Ct
Specificity
threshold
30.5
30

0.625 pg

0.0321

30.5

7.5 pg

0.0833

30
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Table 4.10: Raw data (Ct values) of soy target (fresh-derived DNA) and calibrator, with
assay-estimated proportion of DNA using the Pfaffl method. Reactions included total
template quantity of 5 ng.

Expected
Sample
Percentage
100%
99%
95%
90%
75%
50%
25%
10%
5%
1%

G. max Probe
Ct
Values
17.52
17.52
17.31
17.18
17.25
17.22
17.32
17.18
17.09
17.35
17.33
17.45
17.55
17.58
17.6
18.55
18.39
18.32
19.66
19.64
19.55
21.29
21.27
21.15
22.63
22.59
22.46
25.85
25.87
25.9

Calibrator Probe

Avg

SD

17.38

0.121

17.22

0.0351

17.2

0.116

17.38

0.0643

17.58

0.0252

18.42

0.118

19.62

0.0586

21.24

0.0757

22.56

0.0889

25.87

0.0252

Ct
Values
13
12.89
12.94
13
13.07
12.85
12.98
12.94
13.04
13.17
12.67
13.01
12.95
12.93
12.99
13.11
13.02
12.88
13.06
12.9
12.99
13.05
13.01
13.12
13.06
13.16
13.26
12.95
13.11
13.08

SD = Standard Deviation
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Proportion

Empirical
Assay
Estimation
(%)

0.066

1

100

12.97

0.112

1.132

113.2

12.99

0.0503

1.159

115.9

12.95

0.255

0.9923

99.23

12.96

0.0306

0.8623

86.23

13.00

0.116

0.4829

48.29

12.98

0.0802

0.2000

20

13.06

0.0557

0.06691

6.691

13.16

0.1

0.02372

2.372

13.05

0.085

0.002236

0.2236

Average

SD

12.97

Table 4.11: Raw data (Ct values) of pea target (fresh-derived DNA) and calibrator, with
assay-estimated proportion of DNA using the Pfaffl method. Reactions included total
template quantity of 5 ng.

Sample
Percentage
100%
99%
95%
90%
75%
50%
25%
10%
5%
1%

P. sativum Probe
Ct
Avg
SD
Values
18.59
18.56
18.57 0.0245
18.59
18.53
18.56
18.54 0.0208
18.52
18.41
18.43
18.41
0.02
18.39
18.35
18.35
18.37 0.0404
18.42
18.65
18.65
18.65
0
18.65
19.12
19.16
19.13 0.0231
19.12
20.73
20.72
20.74 0.0208
20.76
25.22
27.48
25.45 1.916
23.67
29.97
30.33
30.02 0.279
29.78
40
40
40*
0*
40

Calibrator Probe
Ct
Avg
SD
Values
13.03
13.07
13.13 0.106
13.15
12.95
13.11
13.05 0.085
13.08
13.06
13.16
13.16
0.1
13.26
13.05
13.01
13.06 0.0557
13.12
13.06
12.9
12.98 0.0802
12.99
13.11
13.02
13.00 0.116
12.88
12.95
12.93
12.96 0.0306
12.99
13.17
12.67
12.95 0.255
13.01
12.98
12.94
12.99 0.0503
13.04
13
13.07
12.97 0.112
12.85

Proportion

Empirical
Assay
Estimation (%)

1

100

0.9656

96.56

1.134

113.4

1.115

111.5

0.8584

85.84

0.6333

63.33

0.2138

21.38

0.009552

0.9552

0.0004852

0.04852

6.824E-7

6.824E-5

SD = Standard Deviation
*Ct values of 40 are not precise measurements. The LightCycler software assigns a Ct value of 40 if
Ct ≥ 40.
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Table 4.12: Raw data (Ct values) of soy target (powder-derived DNA) and calibrator,
with assay-estimated proportion of DNA using the Pfaffl method. Reactions included
total template quantity of 5 ng.

G. max Probe
Sample
Percentage
100%
99%
95%
90%
75%
50%
25%
10%
5%
1%

Ct
Values
15.62
15.63
15.63
15.63
15.68
15.63
15.68
15.69
15.72
15.74
15.75
15.74
15.94
16.01
16
16.63
16.67
16.65
17.77
17.71
17.86
19.37
19.43
19.28
20.64
20.75
20.77
25.05
25.08
25.25

Calibrator Probe

Average

SD

15.61

0.0337

15.65

0.0289

15.7

0.0208

15.74

0.00577

15.98

0.0379

16.65

0.02

17.78

0.0755

19.36

0.0755

20.72

0.07

25.13

0.108

Ct
Values
11.89
12
11.88
12
11.99
12.05
12.04
11.94
11.91
11.92
11.92
12
11.99
11.98
12.05
11.99
11.97
12.02
12.01
12
12.06
12.15
12.03
12.09
12.11
12.09
12.09
12.26
12.27
12.22

SD = Standard Deviation
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Proportion

Empirical
Assay
Estimation
(%)

0.0545

1

100

12.01

0.0321

1.036

103.6

11.96

0.0681

0.9682

96.82

11.95

0.0462

0.9276

92.76

12.01

0.0379

0.8220

82.2

11.99

0.0252

0.5195

51.95

12.02

0.0321

0.2475

24.75

12.09

0.06

0.08467

8.467

12.1

0.0115

0.03270

3.27

12.25

0.0264

0.002036

0.2036

Average

SD

11.93

Table 4.13: Raw data (Ct values) of pea target (powder-derived DNA) and calibrator,
with assay-estimated proportion of DNA using the Pfaffl method. Reactions included
total template quantity of 5 ng.
P. sativum Probe
Sample
Percentage
100%
99%
95%
90%
75%
50%
25%
10%
5%
1%

Ct
Values
17.39
17.4
17.29
17.31
17.26
17.32
17.22
17.25
17.22
17.21
17.2
17.18
17.35
17.35
17.38
17.92
17.95
17.95
19.35
19.64
19.5
25.48
25.44
25.96
28.82
28.94
29.29
40
40
40

Calibrator Probe

Average

SD

17.34

0.0608

17.3

0.0321

17.23

0.0173

17.2

0.0153

17.36

0.0173

17.94

0.0173

19.5

0.145

25.62

0.289

29.02

0.244

40*

0*

Ct
Values
12.16
12.03
12.06
12.26
12.27
12.22
12.11
12.09
12.09
12.15
12.03
12.09
12.01
12
12.06
11.99
11.97
12.02
11.99
11.98
12.05
11.92
11.92
12
12.04
11.94
11.91
12
11.99
12.05

Proportion

Empirical
Assay
Estimation
(%)

0.0560

1

100

12.25

0.0264

1.159

115.9

12.1

0.0115

1.093

109.3

12.09

0.06

1.057

105.7

12.02

0.0321

0.9505

95.05

11.99

0.0252

0.6244

62.44

12.01

0.0379

0.2155

21.55

11.95

0.0462

0.003028

0.3028

11.96

0.0681

0.0002961

0.02961

12.01

0.0321

1.582E-07

1.582E-05

Average

SD

12.08

SD = Standard Deviation
*Ct values of 40 are not precise measurements. The LightCycler software assigns a Ct value of 40 if
Ct ≥ 40.
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4.8 Figures

Glycine max

Pisum sativum

Zea mays

Vicia faba

Cicer arietinum

Medicago sativa

Cannabis sativa

Cucurbita
maxima
Cucurbita
pepo

Chenopodium quinoa

Salvia hispanica

pepo

Triticum aestivum

Oryza sativa

Cyamopsis tetragonoloba

Acheta domesticus

Bos taurus

Figure 4.1: OAC Herbarium voucher specimens and NHPRA reference material
(University of Guelph).
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Extract

Scenario 1

DNA
Mix in ratios

Extract

Scenario 2

DNA
Mix in ratios

Scenario 3
Extract DNA
Mix in ratios

Whole Pea

Whole
Soybean

Pea
DNA

Soy DNA

Pea Protein Soy Protein
Powder
Powder

Figure 4.2: Methodology for mixture preparation of pea and rice materials. Scenario 1
and 2 describe DNA mass ratios created after extraction from starting materials,
whereas scenario 3 described creation of ratios by starting material mass, followed by
DNA extraction.
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A

B

Figure 4.3: Evaluation of analytical specificity for both Glycine max (soy) and Pisum
sativum (pea) portions of the triplex assay using a variety of sample matrices. Ct values
are noted on the x-axis and fluorescent signal on the y-axis. A) 33 target samples of soy
and 13 non-targets, all run in triplicate. Two separate runs were complete since all
samples could not fit in 96-well PCR plate. B) 21 target samples of pea and 13 nontargets, all run in triplicate. Note: Three samples with a later signal that departs from
other targets are positive targets from a matrix that rendered low DNA quantity in
extraction.
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Ct Threshold = 30.5

A)

Ct Threshold = 30

B)

Figure 4.4: Technical precision of Glycine max (A) and Pisum sativum (B) triplicate
reaction sets for all target samples run in the assessment of analytical specificity of the
assay. Ct thresholds are denoted by vertical lines on each graph that represent the
distinction between positive samples and off-target amplification.
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A)

B)

Figure 4.5: Quantitative linearity of the soy (A) and pea (B) portions of the triplex assay
using DNA extracted from fresh materials (dry pulse). Agreement between expected
proportions and measured proportions is plotted for expected DNA mass proportions of
99%, 95%, 90%, 75%, 50%, 25%, 10%, 5%, and 1%.
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A)

B)

Figure 4.6: Quantitative linearity of the soy (A) and pea (B) portions of the triplex assay
using DNA extracted from processed materials (protein powder). Agreement between
expected proportions and measured proportions is plotted for expected DNA mass
proportions of 99%, 95%, 90%, 75%, 50%, 25%, 10%, 5%, and 1%.
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A)

B)

Figure 4.7: Quantitative linearity of the soy (A) and pea (B) portions of the triplex assay
using DNA extracted from processed materials (protein powder). Ratios of mass
mixtures were created using powders, and DNA was extracted as one elute. Thus,
expected DNA mass proportions were adjusted. Agreement between expected
proportions and measured proportions is plotted for expected DNA mass proportions of
99.85%, 99.22%, 98.36%, 95.24% 86.95%, 68.97%, 42.55%, 25.97% and 6.31% for
soy and 93.69%, 74.03%, 57.45%, 31.03%, 13.04%, 4.76%, 1.639%, 0.78% and 0.15%
for pea.
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Average Fragment Size (bp)

*

Protein Powder Lot Year
Figure 4.8: Comparison of soy protein powder lots processed in 2017 (n=10) and 2019
(n=10). The mean ± SD is plotted in red for each group of lots. A significant difference
exists in between group means (Welch’s t-test, p<0.05).
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5 Summary and General Discussion
5.1 Introduction
The aim of this thesis was to investigate the process of DNA degradation and the
influence it might have on the ability to effectively design and employ molecular
authentication techniques in NHP quality control programs. Prior to studies like my
exploration of DNA quality and quantity dynamics throughout the processing of a green
tea extract, a gap in empirically supported understanding of residual DNA in NHPs led
to assertions of destroyed DNA precluding molecular testing (Reynaud et al., 2015).
While a logical suspicion (given the understood process of DNA damage accrual as a
result of heat and other physically strenuous processes), evidence from frontier
molecular authentication lab work suggested otherwise, as highly processed extracts
and oils routinely contained amplifiable DNA (Karni et al., 2013; Woolfe & Primrose,
2004; Costa et al., 2012; Ragupathy et al., 2019). Despite demonstrations of end-point
success in molecular authentication applications, an in-depth analysis of DNA quality
changes through processing provided valuable insight into the impact of certain
processing techniques typical of many NHP manufacturing procedures. This
fundamental analysis served as a launching pad, off of which I could embark on an
exploration of molecular technique application in the rapidly growing market of protein
powder supplements.
There is a dire need in the NHP industry for orthogonal analytical techniques by
which the many quality-relevant analytes in modern products can be identified and,
where appropriate, quantified (AOAC, 2012). Plant-based protein powders were a
perfect example of a rapidly expanding market where conventional analytical techniques
were limited, indirect, and outdated, leaving the industry open to adulteration (Gossner
et al., 2009). Identity testing of protein sources in powders is not a common feature in
many quality control programs that are instead focused on protein content
measurement (Moore et al., 2010). I argue that in a market like plant-based protein
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powders, where multi-source mixtures are very common, methods of identity testing are
essential. The vast range of protein sources also comes with a vast range of ingredient
price, providing incentive for economically motivated adulteration (Everstine et al.,
2013). Comparison of different methods, molecular and chemical, by which protein
sources can be identified is important because the different matrix effects that each new
species and material type presents adds complexity to authentication that sometimes
reveals a certain approach as better suited to a product than another (Cankar et al.,
2006). We are then presented with questions of practicability: if there are many methods
by which analytes can be measured in products to verify quality and identity, which one
do we use? That answer is simple when authentication is only possible via one
validated approach, but in any real-world industry setting, minimizing cost and
maximizing efficiency are paramount goals. DNA-based approaches may fit well into
quality control programs as cheap, high-throughput, initial screening tools. They can
provide quick identification and quantitative estimation of ingredients and potential
adulterants, and ultimately flag samples of concern to be followed up by orthogonal
approaches.
Popular plant-based protein powders like pea and soy are NHP models with
quality testing programs that could be improved by molecular authentication techniques.
Crude electrophoresis techniques have been tested on some sources, like soy, but no
multiplex qPCR approaches have been designed and validated (Thompson et al.,
2020). qPCR is a rapid and cheap method, made more efficient by multiplexing of
sample reactions (Life Technologies, 2014). In a market with disparities among protein
source cost, having a tool that can quickly verify ingredient identity, and make a
quantitative estimate of ingredient proportion, would address a testing gap in quality
control programs. Having a comprehensive panel of orthogonal testing methods that are
fit for purpose will save industry great sums of money in the long run, as efficient quality
screening of samples optimizes testing cost, as well as identifies instances of fraud from
deceptive manufacturers.
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5.2 DNA degradation in NHPs
I selected green tea as a model for DNA quality and quantity analysis through
production because it represented a particularly intensive processing regime, involving
steps like high heat exposure and liquid extraction. Driven by the hypothesis that
processing treatments degrade and remove DNA from NHPs, I predicted a negative
relationship between quantity of DNA extractable from botanical material and degree of
processing. I also predicted a decrease in fragment size through processing and an
impaired ability to amplify large amplicons via PCR. I observed the predicted results;
importantly, sufficiently intact DNA was able to be recovered for the purpose of PCR
amplification and further sequencing, despite the significant degradation and removal of
DNA that occurred through processing.
In-depth analysis of the influence that processing steps had on DNA integrity
provided insight into what procedures might be the most impactful. For example, a
significant decrease in extractable DNA quantity was observed within two pairs of
sequential processing steps: Fresh to Fixed (p<0.05) and Rolled to Dried x1 (p<0.01)
(n=10). These steps both involved high-heat treatments: 300°C oven for 30 s, and
150°C oven for 10 min, respectively. Results supported the perspective that high-heat
exposure leads to DNA fragment breakdown (Brisco et al., 2010; Karni et al., 2013).
Another consequential result was the inability to amplify the 300 bp fragment using the
post-processing, most degraded DNA template. Observation of a drop-off of
amplification success after 200 bp (with the understanding that only 100 bp increments
were tested) was consistent with literature that proposes the use of “mini-barcodes” in
targeted molecular authentication to improve amplification success, with design ≤ 200
bp as a general rule of thumb (Parveen et al., 2016). These types of results are
encouraging as a demonstration of the presence of DNA fragments with sufficient length
to be amplified by PCR, sequenced, and mined for enough information to achieve
taxonomic resolution at least to the genus level (Newmaster et al., 2006). They also
begin to uncover potential strategies for DNA integrity evaluation that are vital additions
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to analysis pipelines if molecular authentication techniques are to be employed in
industry.
This study provided a clear understanding of the degree of damage that
processing steps can have on DNA, and how one might predict quality of template
molecular material from production regime. To note, this was just one example of an
NHP production pipeline. Other materials may go through more intense or less intense
processing when it comes to impact on DNA. Even post-processing methods of storage
may have an impact on DNA integrity in materials and is something that would be worth
exploring in greater detail. Another interesting route for further study would involve an
investigation into the use of ultraviolet irradiation in food production and its impact on
extractable DNA (Koutchma, 2008). UV light has been demonstrated to considerably
damage DNA in a positive relationship with exposure time, via single and double
stranded breaks, and dimer-forming mutation (Brisco et al., 2010; Gršković et al., 2013;
Friedberg et al., 2006).
The plethora of different processing strategies and their associated impacts on
DNA template highlight the complexity of determining fit for purpose uses of molecular
authentication. From a standpoint of simple identification, these techniques can be quite
robust given an information rich sequence, and sufficiently intact DNA. Though when
considering advanced uses, like quantification, DNA quality needs to be something that
can be predicted and estimated in order to have confidence in analysis. Nevertheless,
these techniques offer a valuable, orthogonal approach to NHP authentication and
should be assessed for appropriateness for use with all supplement products.

5.3 Protein powder identification is valuable in a plant-based market
Equipped with an understanding of the variation that exists in DNA quality and
quantity of NHPs, I was left with questions about the applicability of different
authentication techniques in different products. Plant-based protein powders were a
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logical model to explore, given the wide range of common ingredients and
corresponding range of different matrices that must be accommodated by analytical
techniques. Finding fit for purpose methods that give reliable ingredient identifications is
critical for protein powder quality assurance, and both chemical and molecular analytical
methods should be assessed. I sought to compare targeted PCR, NGS, and LC-MS/MS
techniques for use in detection of the several common plant-based protein powders and
common adulterants. Both molecular approaches have been demonstrated to be
successful tools for identifying NHPs, and my lab has established reliable pipelines for
sample preparation, amplification, and data analysis (Newmaster et al., 2013; Ivanova
et al., 2016). In the analytical chemical space, tandem mass spectrometry — which can
be easily interfaced with liquid chromatography — has become a valuable tool for the
characterization of biomolecules in botanicals, including proteins in protein powder (Sun
et al., 2016; AOAC, 2017a; AOAC, 2017b; Dyad Labs, 2018). Validated methods have
been published describing ESI HPLC-MS/MS protocols for pea, rice, soy, whey, and
casein proteins in raw materials and finished goods (AOAC 2017.11 and AOAC
2017.12) (AOAC, 2017a; AOAC, 2017b).
The results of my study revealed a high success of detection using the different
techniques. Of the 45 ingredients detected by at least one method, targeted PCR, NGS,
and LC-MS/MS were able to detect 89%, 78%, and 73%, respectively. Additionally,
superior proficiency of molecular identification over chemical analyte detection, and vice
versa, was revealed for certain targets. For example, LC-MS/MS was not able to detect
diagnostic proteins for Cannabis sativa or Salvia hispanica, suggesting potential
insolubility of proteins during sample preparation and protein purification (Goring &
Johnson, 1955). Regarding molecular techniques, PCR and NGS had difficulty picking
up Oryza sativa DNA when the source was present in a mixture product. This result
suggests issues with low presence of amplifiable DNA, which is consistent with my lab’s
experience with typically low extractable DNA quantities from rice samples (even using
fresh material) (Ragupathy et al., 2019). Interestingly, in all samples with a single
protein source listed on the label, that source was able to be detected by at least two of
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the three analytical methods, whereas the only instances of unsuccessful or unreliable
detection (detection by one or zero of the methods) arose in mixture products. This
finding begs the question of what types of quantities of ingredients are included in
mixture products. In the instances of no detection using the methods, a complete
absence of ingredient is a possible explanation (though this result would need to be
further verified using validated methods). Regardless, the techniques used in this study
only render information on positive and negative detection. They do not give information
on the proportionality of protein sources. Products rarely list the percent composition of
ingredients on the label, so an advertised protein mixture could theoretically include a
minute proportion of more expensive protein sources as compared to cheaper sources.
This sheds light on the potential benefit of quantitative analytical methods being
validated for testing of protein products.
Further evidence for the worth in exploring quantitative methods for protein powder
testing was the detection of possible adulterants in products. Unlisted botanicals were
detected by at least two of three methods in nine products. Low threshold of minor
contamination (2-5%) are permissible in many cases, so judging proportion of nontarget presence is useful to make the distinction between adulterant and contaminant
(Sarma et al., 2016; Hourihane et al., 1997).
This study proved a useful demonstration of the utility of analytical ingredient
identification techniques for protein powders. By comparing three methods — two
molecular, one chemical — results could be verified against each other. This helped to
discern possible explanations for failed detection of certain techniques when other
techniques suggested presence of a target. The use of orthogonal testing was also
demonstrated by the superior detection ability of multi-technique approaches versus the
success rate of any given approach, alone.
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5.4 Multiplex qPCR can be an effective identification and
quantification tool for protein powders
Following a clear demonstration of the ability to detect protein sources in powders
using molecular techniques, a logical concluding investigation was design and
optimization of a quantitative molecular assay for popular protein powder sources. The
rapidly growing plant-based protein powder market is dominated by soy protein, but
includes several other sources gaining rapid popularity, like the prominent pea protein
(Persistence Market Research, 2017). Economically motivated adulteration is a problem
in any growing market that negatively impacts consumers financially, and even healthwise in the case of allergenic concerns (Everstine et al., 2013). The ability to quantify
ingredient composition is a valuable tool to judge presence of unlisted botanicals as
minor contaminants or adulterants, based on a threshold.
I was able to successfully design a triplex assay that amplified pea, soy, and
calibrator DNA. Proportions of pea and soy DNA can then be estimated compared to
controls and normalized by the calibrator. I evaluated the assay using common
validation procedure recommendations in literature (Newmaster et al., 2019; Broeders
et al., 2014). The assay demonstrated superior analytical specificity, analytical
sensitivity, efficiency, precision, dynamic range, repeatability, and reproducibility, all
appropriate for its intended purpose. When tested with DNA mass mixtures, the assay
demonstrated superior quantitative linearity — 0.9983 (p<0.0001) for soy protein
powder and 0.9915 (p<0.0001) for pea protein powder — suggesting reliable
estimations using DNA from a processed powder matrix. Linearity broke down when
testing ratios based on mass of protein powder, highlighting important considerations
that must be taken into account in order to understand the relationship between DNA
quantity and quality, and unique matrices. DNA that was extracted from each NHP
ingredient proved to be its own unique matrix with unique parameters of DNA quality
and secondary metabolite composition (Cankar et al., 2006). These parameters can be
influenced by processing techniques, storage method, starting material provenance,
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extraction method, and many more factors that can have a physical impact on the final
DNA elute (Cankar et al., 2006). These several sources of variation seem challenging to
overcome in order to ensure reproducible results from an assay with unknown samples,
but determination of relevant parameters prior to assay use can allow for creation of
representative standards and understanding of necessary algorithmic corrections in
downstream data analysis that will make quantification possible. For example,
promising data were collected of average fragment size of DNA extracts from groups of
ten lots of processed protein powder (same source and production in each group),
revealing low (≤ 7%) RSD. This understanding of expectedly similar DNA quality lot to
lot suggests reliability of the assay sample to sample during commercial use.
Furthermore, I demonstrated an easy way that DNA quality could be judged in
unknowns in order to estimate a DNA integrity parameter before the sample is run on
the assay.
This project underlined the importance of understanding the quality and quantity of
DNA that should be expected from specific target matrices and identified this as a
parameter that should be routinely evaluated in a qPCR pipeline. Accurate quantitative
estimates of pea and soy DNA composition in a mixture were achievable with the assay,
and patterns in estimates with powder mass ratios suggest quantification ability with
further optimization of factors like extraction method. Furthermore, this assay took into
account the considerations of practicability when designing for commercial applications
(Newmaster et al., 2019). Multiplex assays save resources and increase throughput by
completing multiple reactions in the same PCR plate well, using the same sample
template (Life Technologies, 2014). Efficient tests like this, at a low cost per sample, are
attractive options for companies looking to implement high throughput screening
techniques into quality control programs.
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5.5 Conclusion
Molecular techniques offer a valuable perspective on NHP quality control, with
robust identification of botanical ingredients. An expanding industry must be equipped
with comprehensive authentication strategies that address all vulnerabilities to fraud.
But, inherent to any flourishing market exists an arms race between firms trying to
develop analytical techniques for quality assurance and dishonest industry players
seeking to adulterate products for financial gain, in new ways that are undetectable by
said techniques. This behooves industry to invest in the continual development of
orthogonal methods of quality assessment, especially those that can provide a more
detailed profile of information about a sample. Molecular techniques have been
conventionally used as ingredient identification tools but have been surrounded by
uncertainty about reliable use with different types of processed NHPs due to degraded
DNA. In this thesis, I took an empirical approach to document the degree of damage
that DNA incurs over the course of NHP processing, revealing that template of sufficient
quality and quantity remains after treatment. In the growing market of plant-based
protein powders, molecular techniques could be readily employed, with great success in
in detection of processed targets. This would help address a need for source
identification in quality control programs. Furthermore, qPCR assays could be a
valuable analytical tool for protein powders, that would not only identify source, but
make an estimate of the proportion of target in a sample. Evidence that template
integrity can be evaluated for use as a parameter supports the idea that quantitative
molecular techniques could be implemented in a commercial setting, with appropriate
standards. The NHP industry is in a state of rapid expansion and requires a complete
toolbox of analytical resources to ensure that its standard of quality remains high.
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