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Abstract

This thesis focused on the development of molecular tools to characterize the
biogeographical distribution of two cryptic Lemna species suspected to be present in
Alberta, Lemna turionifera and L. minor. | developed eight species-specific primers for
five morphologically similar Lemna species. Our preliminary data show L. minor is
present in multiple wetlands in southern Alberta. Subsequently, I used genotyping-by-
sequencing technology to study the population diversity of these cryptic Lemna species.
Based on analyses of 103 samples at 16,007 single nucleotide polymorphism loci, |
provide strong support for genetic diversity existing between L. minor and L. turionifera
growing in Alberta. | found significant population differentiation in L. minor but no
genetically distinct populations within L. turionifera. In summary, DNA barcoding
allowed us to exclusively identify unknown specimens to species level. This study
provides an example of using next generation sequencing methods to identify significant

fine-scale population genetic variations.
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Chapter One
General Introduction

1.1 Thesis organization

This thesis reports the results of a series of studies that investigated the genetic
properties of two cryptic duckweed species in Alberta, Canada: Lemna minor L. and L.
turionifera Landolt. Specifically, while the Alberta Biodiversity Monitoring Institute
(ABMI) indicates the presence of two Lemna species in Alberta, L. trisulca and L.
turionifera, (ABMI, 2020) Preliminary DNA barcoding data indicate a third species, L.
minor, which bears a very close morphological resemblance to L. turionifera, is also
present (Barks et al., 2018). In 2014, ABMI stated that L. minor was more common than
L. turionifera in Alberta (i.e., L. minor identified at 210 sites versus L. turionifera at only
four sites). However, current ABMI records (ABMI, 2020) no longer recognize the
presence of L. minor in the province; their most recent data report (26" October 2020)
lists L. turionifera at 500 sites and no sites with L. minor. It is unknown whether L. minor
is rare and/or geographically restricted within Alberta or simply ‘camouflaged’ by its
resemblance to L. turionifera.

To answer questions related to the biodiversity of Lemna in Alberta, it is necessary
to use genetic data. Molecular systematic approaches are a common tool to ascertain
accurate intra- and inter-species diagnoses,especially between cryptic species (Xiao et al.,
2010, Wang et al., 2010, Abdelaziz et al., 2011). Molecular tools, specifically DNA
barcoding, have improved our ability to detect cryptic species (Hollingsworth et al.,

2011). Moreover, DNA barcoding techniques provide a universal framework to identify



species. They allow us to exclusively identify an unknown specimen to species level
using a short section of DNA from a specific gene or genes (Hebert et al., 2003).

There is a need for the development of molecular techniques to identify Lemna
species. To understand the importance of duckweed in Alberta’s ecosystems and their
economic and recreational benefits, it is clearly necessary to know what species are
present, but even this basic question is in doubt. Thus, in the present study, | developed
molecular tools for the rapid identification of cryptic duckweed species to determine the
biogeographical distribution of L. turionifera and L. minor in Alberta. Hence, this thesis
focuses on the following three objectives:

(1) Development of molecular tools to identify cryptic Lemna species suspected to

be present in Alberta, L. turionifera and L. minor.

(2) Analyses of the biogeographical distribution of the two cryptic Lemna species

suspected to be present in Alberta, L. turionifera, and L. minor; and,

(3) Assessment of population level and species level genetic diversity of L.

turionifera and L. minor throughout Alberta.

In this chapter, | provide background information by reviewing cryptic species and
DNA barcoding. | then give a brief introduction on gene flow, population genetics, next
generation sequencing (NGS) and the natural history of my study species. | used
barcoding to answer objectives 1 and 2. | used Population genetics and NGS to answer
objective 3. Here | study genetic differences within and among populations and
investigate variation in the allele frequencies in populations over space and time.

Chapter 2 focuses on determining the presence of L. turionifera and L. minor in
Alberta, and their biogeographical distribution. Moreover, Chapter 2 elaborates on the

development of molecular tools (species-specific PCR primers) for the rapid



identification of Lemna species and the use of these PCR primers to distinguish five
morphologically similar duckweed species.

Chapter 3 focuses on the genetic diversity and population structure of L. minor and
L. turionifera and their evolutionary and taxonomical relationships. In order to perform
population diversity studies, | used Genotyping by Sequencing (GBS), which allows the
discovery of single nucleotide polymorphisms (SNPs) in order to identify fine-scale
population differences.

The final chapter provides a general discussion and synthesis about the studies,
describes and infers the importance of my findings, details limitations, and explains new

insights that arise as a result of my study.

1.2 Biodiversity and cryptic species

Climate change, habitat destruction and other anthropogenic disturbances of
natural ecosystems are triggering extinctions of species (Thomas et al., 2004)(Van De
Wiel et al., 2009). The extraordinary rates of species extinction have focused high
attention on biodiversity (Arponen, 2012)(Tokeshi and Arakaki, 2012). Many species and
their taxonomic relationships remain understudied. Therefore, it is important to prioritize
efforts to identify and describe biodiversity (Arponen, 2012)(Tokeshi and Arakaki, 2012).

Both regional and global biodiversity may be underestimated because of the
presence of “cryptic species”, species that are morphologically similar but genetically
different (Chenuil et al., 2019). The term “cryptic species” can be defined in several ways.
Some scientists consider the term cryptic species to be the equivalent of “sibling species”
(Séez and Lozano, 2005, Bickford et al., 2007), but some assert that the term “sibling

species” implies more recent common ancestry than “cryptic”. Since there is no universal



agreement on these terms, in this thesis | use “cryptic species” if two or more species are
or have been catalogued as a single species or they cannot be easily identified using
morphological characteristics.

Cryptic species make it difficult to clarify taxonomic relationships, an issue that
scientists have struggled with for more than three centuries (Bickford et al., 2007). After
the introduction of the Linnaean classification system, most species descriptions adopted
the morphological or typological species concept (Winker, 2005). However, since the
Modern Synthesis in the mid-1900s, we mainly used the Evolutionary Species Concept or
the Biological Species Concept. In the Biological Species Concept, a group of organisms
that can interbreed and produce fertile progeny are considered a “species” (Wright, 1940,
Dobzhansky, 1950, Mayr, 1999). In the Evolutionary Species Concept, a species is a
group of organisms whose members are descended from a common ancestor and who all
have a unique evolutionary role and tendencies (De Queiroz, 2007 #290;Simpson, 1951
#377). It is highly important to understand species concepts as it is vital to identify
species in an ecosystem separately. This clear identification of species allows us to
recognize fundamental units which govern the biodiversity in that ecosystem and to focus
on their conservation. However, this is difficult as cryptic species can lead to either
conceptual or terminological problems. With the development of new DNA technology
and molecular tools, such as DNA barcoding, distinguishing cryptic species is less of an
issue than in the past, and our understanding of cryptic species has increased as a result.
The discovery of cryptic species has direct effects on biogeography, conservation
strategies, and evolutionary theory (Bickford et al., 2007). For example, knowledge of
cryptic species helps us to include cryptic species in conservation plans, which in turn

helps biodiversity protection and management. Lack of knowledge about cryptic species



could lead to taxonomic uncertainties (Cardoso et al., 2011, Deli¢ et al., 2017). Therefore,
correct identification of cryptic species focuses the attention of scientists on accurately

evaluating their value for conservation (Pearman, 2001).

1.3 DNA barcoding

DNA barcoding allows the identification of unknown specimens to the species
level using short, standardized DNA sequences (400-800 bp) (Hebert et al., 2003). Since
its inception in 2003, 8.5 million barcoding sequences have been completed and
published online (Ratnasingham and Hebert, 2007, BOLDSYSTEMS, 2020). These data
are widely used in biodiversity studies, species identification, population genetics and
forensic analyses.

DNA barcoding is a universal framework for identifying species. Barcoding
sequences need to have a distinct threshold to differentiate inter- and intra-specific
genetic variation (Lahaye et al., 2008). For a DNA fragment to function as a barcode, it
must simultaneously contain enough variation across distinct species, be short enough to
sequence in a single reaction (minimalism), include conserved regions (standardisation)
that can be used to build universal primers and be informative for identification
(scalability) (Sass et al., 2007).

Defining a single, ubiquitous barcode for every life form on earth is challenging.
The mitochondrial gene COZ, which codes for subunit 1 of cytochrome oxidase, is the
most frequently used barcoding gene for animals (Hebert et al., 2003). The low
substitution rates of the mitochondrial DNA in plants (Chase et al., 2005) required us to
use different candidate barcoding genes (Kress et al., 2005, Presting, 2006, Chase et al.,

2007, Hollingsworth et al., 2011). Many of these markers are contained in plastid



genomes. Some include coding genes such as matK (maturase K), rbcL (ribulose
bisphosphate carboxylase large chain), rpoB (beta subunit of the plastid-encoded RNA
polymerase), and rpoC1 (DNA-directed RNA polymerase subunit beta) while others are
noncoding spacers like atpF—atpH (ATP synthase subunit c), , trnH—psbA (Intergenic
spacer (photosystem Il protein D1), and psbK—psbl (photosystem Il reaction center
protein K). Another commonly sequenced region for land plant phylogenetic studies is
nuclear ribosomal ITS, the internal transcribed spacers, of the large subunit of ribosomal
DNA (Chase et al., 2007, CBOL Plant Working Group et al., 2009) All of these plant
barcoding markers have their strengths and weaknesses due to trade-offs among
scalability, minimalism, and standardisation. For example, rbcL has high universality (the
ability to use as a common marker across the land plants), but less discriminating ability
(the ability to distinguish two or more species); trnH—psbA and matK consist of higher
resolution power (the ability to differentiate between samples) but result in lower-quality
sequences requiring more time editing sequence traces (CBOL Plant Working Group et
al., 2009). Even though ITS is used for most phylogenetic and population studies, it has
some limitations. ITS has less variability at the species level (Baldwin et al., 1995,
Alvarez and Wendel, 2003). Also, sometimes -I1TS amplifies the DNA from
contaminating fungal species (Kress et al., 2005). Therefore, researchers have focused on
using a “two-locus” approach combining matK and rbcL to design a universal plant
barcode. This approach facilitates building a combined plant barcode database to be used
for population genetics, taxonomy, conservation, and a large number of other objectives
that need identification of plant material (CBOL Plant Working Group et al., 2009).
Since its initial publication in 2009, the Consortium for the Barcode of Life

(COBL) Plant Working Group paper has been cited approximately 1400 times (26"



October 2020) showing the impact of this paper on the scientific community. With the
new knowledge about plant genomes and genetics, there will be more robust and unique

DNA barcodes in the future.

1.4 Gene flow

When studying population genetics, taxonomy, or conservation, it is necessary to
understand gene flow. Gene flow is an umbrella term used for all the phenomena that
result in the movement of genes from one population to another. Gene flow can result
from the movement of individuals, gametes, or even movement of extra-nuclear segments
of DNA, such as mitochondria, plasmids, and viruses (Slarkin, 1985, Petit and Excoffier,
2009). Gene flow can also influence evolution by distributing new alleles and gene
combinations throughout a population or a species’ range (Slatkin, 1987).

Two main methods can be applied to estimate the amount of gene flow: direct and
indirect methods. Direct methods are used to screen current gene flow; e.g., direct
observation of the movements of individuals between populations (Wright, 1943).
Typically, the degree of gene flow is higher among — populations that are near each other
geographically. Similarly, gene flow is assumed to be low or negligible among
populations that are separated by long distances (Ereshefsky, 1992, Villablanca, 1994). In
contrast, indirect methods use allele frequencies to quantify levels and patterns of gene
flow with the aid of molecular techniques (Slatkin, 1987). Applying this concept, we can
carry out mark-recapture methodology to measure the number of migrating individuals in
a study area via indirect methods by using spatial dispersion of gene frequencies to infer
gene flow patterns. Here allele frequencies are used to quantify levels and patterns of

gene flow with the aid of molecular techniques (Slatkin, 1987).



1.5 Next-generation sequencing

The field of population biology recently has undergone significant advances as a
result of the development of next-generation sequencing (NGS). NGS is a high-
throughput sequencing technology that generates millions of sequences simultaneously
(Elshire et al., 2011). This technology is based on massively parallel sequencing and
advanced imaging strategies (e.g., fluorescently labelled nucleotides combined by a
polymerase) (Shendure and Ji, 2008). Genotyping by Sequencing (GBS) makes an
excellent platform to perform genotyping studies, such as in the analysis of population
dynamics (Morris et al., 2013) and the construction of high-density genetic maps
(International Cassava Genetic Map Consortium, 2015, Soto et al., 2015). GBS is a robust
and powerful tool that allows researchers to screen and genotype thousands of loci for
single nucleotide polymorphisms (SNPs). In plant genomics and plant breeding, GBS is
used for the assessment of breeding values (expected phenotypic value of an individual's
offspring), in genomic selection (Crossa et al., 2013, Glaubitz et al., 2014, He et al.,
2014), and in genome-wide association studies (GWAS) (Romay et al., 2013). In this
study, I use NGS to study the population genetics of Lemna and assess population

differentiation within and among L. minor and L. turionifera (Figure 1.1).

1.6 Study Species

The duckweed subfamily (Araceae: Lemnoideae) comprises a group of perennial
aquatic plants (Sree et al., 2016). They are floating or submersed, have extremely reduced
morphology and a small number of organs (Landolt, 1986). Moreover, they have a

cosmopolitan distribution. These -characteristics lead to difficulties in their taxonomy and



systematics as they are difficult to identify based on morphological features (Landolt,
1986, Les et al., 2002).

Duckweeds originated approximately140 Ma in the early Cretaceous (Nauheimer
et al., 2012). Currently the duckweed subfamily contains 36 species (Bog et al., 2020)
which belong to five genera (Landoltia Les & D. J. Crawford, Lemna L., Spirodela
Schleid, Wolffia Horkel ex Schleid, and Wolffiella Hegelm) (Azer, 2013, Sree et al., 2016,
Bog et al., 2019). The genera Spirodela, Landoltia, and Lemna are more closely related,
while Wolffia and Wolffiella are sister genera. The newly named genus Landoltia has only
one species (L. punctata) that is morphologically intermediate between Lemna and
Spirodela (Azer, 2013, Sree et al., 2016).

Duckweeds play important ecological roles as a vital food source for numerous
species such as wood ducks (Aix sponsa), mallard ducks (Anas platyrhynchos), Canada
geese (Branta canadensis), and beavers (Castor spp.) (Van der Spiegel et al., 2013). They
are economically useful in environmental biotechnology as a feedstock for biofuels
(Cheng and Stomp, 2009, Van De Wiel et al., 2009, Xu et al., 2012). Further, duckweeds
are used for biomonitoring, phytoremediation, phytohormone biosynthesis, and
photosynthesis studies (Bog et al., 2010, Ziegler et al., 2015).

The genus Lemna (Greek name of a water plant) includes species with one root
per frond. Fronds are free-floating or submersed. The fronds are lanceolate-ovate, flat or
gibbous, and 1 to 15 mm in size (Flora of North America, 2020). Their margins are entire
or denticulate and the upper surfaces sometimes have small conic papillae along veins. In
addition, at the base of the frond are two reproductive pouches on the lateral sides called
‘meristematic pockets’, where daughter fronds and flowers originate (Landolt, 1986).

Lemna species are widely used as model organisms in biochemistry, evolution, and



ecology (Bottcher and Schroll, 2007, Aliferis et al., 2009, Kielak et al., 2011, Laird and
Barks, 2018), and are candidates for quantitative analytical studies in toxicology (Jansen
etal., 1996, Cayuela et al., 2007).

The genus Lemna contains thirteen species including L. turionifera and L. minor.
Lemna turionifera forms small, olive to brown, rootless turions, which are overwintering
vegetative plantlets that sink to bottom of the water bodies (Landolt, 1975, Sree et al.,
2016). They have root systems < 15 cm and the root tip is mostly rounded (Flora of North
America, 2020). Lemna turionifera have single to few fronds. Fronds are free-floating
and coherent in groups. Fronds are 1-4 mm in width, 1-1.5 times as long as wide,
obovate, scarcely gibbous, and have a flat leaf blade. They have papillae, which are
distinct on midline of the upper surface (apical papilla scarcely larger than others)
(Landolt, 1975, Flora of North America, 2020). In addition, the lower surface is often red
in colour (more intensely so than on the upper surface). Flowering in L. turionifera is rare
as they mainly reproduce through clonal reproduction. This genus inhabits mesotrophic to
eutrophic water bodies. They grow mainly in still waters in temperate regions from sea
level up to 3700 m (Flora of North America, 2020) (Table 1.1).

Lemna minor has roots with rounded tips which can grow up to 15 cm in length.
They contain single to few free-floating fronds. The fronds are coherent in groups and
obovate. Lemna minor fronds often have a gibbous shape, 1-8 mm wide, and 1.2-3 times
as long as wide. L. minor is distinguishable from L. turionifera due to a lack reddish on
lower surface or at least much less so than on upper (Landolt, 1975, Flora of North
America, 2020). Flowering is rare and occurs in late spring to early fall. They inhabit

mesotrophic to eutrophic, quiet water bodies. Also, they are more frequent in cool to

10



temperate regions with relatively mild winters. This species is frequently seen at 0 to
2000 m elevation (Flora of North America, 2020).

There are few morphological characters used to distinguish L. turionifera and L.
minor. Though Dudley (1987) found that strains of both L. minor and L. turionifera
(identified as such by Landolt) can produce turions, while others state that L. turionifera
produces turions and L. minor does not (Sinkevi¢ien¢, 2011, Halder and Venu, 2012). In
addition, L. turionifera has more distinct reddish anthocyanin pigmentation, particularly
on the lower surface, but according to Chester et al. (2007) reddish anthocyanin
pigmentation is not always present in L. turionifera, so we must rely on the row of
papules along the midline of dorsal surface that are more distinct than those in L. minor
(Landolt, 1986, Flora of North America, 2020). Still, this is not a very distinct character
and can be difficult to see (Chester et al., 2007). Therefore, it appears that these main
diagnostic differences between L. minor and L. turionifera are weak (Dudley, 1987). The
distinguishing characteristics between L. minor and L. turionifera mostly vary
continuously rather than discretely, and there are published exceptions to these
characteristics (Landolt, 1986, Dudley, 1987, Chester et al., 2007, Flora of North
America, 2020). Therefore, it is doubtful that these are truly distinguishing
characteristics. In conclusion, genotyping is necessary to settle the conflict. This indicates

the importance of molecular tools for accurate identification of Lemna species.
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Table 1.1 General comparison of habitat diversity and distribution of five morphologically similar duckweed species used in
this study (Hilty, 2019, GO BOTANY, 2020, CABI, 2020, Flora of North America, 2020). Photo credits for L. minor L.

turionifera and L. gibba; Kanishka Senevirathna, for L. minuta; ©Barry Rice/Sarracenia.com/via CalPhotos - CC BY-NC-SA
3.0, and for S. polyrhiza; John Crellin/ Floralimages Distribution maps from Flora of North America (2020).

L. minor

Still waters,
Mesotrophic to - eutrophic,
moist climates,
being rare or absent in more

arid regions
6.5-8
6-33°C
Flowering Rare (late spring - early fall)
0-2000m
World North America,
Distribution Europe and western Asia

Similar habitats to L.
minor, Mesotrophic to
- eutrophic, quiet
waters, minimum
water depth of 1 foot
(30 cm) temperate
regions
Acceptable 5-9,
optimal 6.5-7.5
20°C-28°C

Occasional (summer)
0-3700 m
Mainly found in North

America, occasionally
in Eurasia

Still or slow-flowing
water, mud or damp
rocks, Eutrophic,
temperate regions with
mild winter

7.4-9.8

Rather frequent
(spring - fall)
0-1900 m

Mediterranean climate
(dry, mild) and tropical
mountains, except
Australia

L. minuta

Ty
7 i)

gt

(4,08

Stagnant or slow-moving, calm,

eutrophic water, relatively hard-
water conditions and high

phosphorus levels, temperate to

subtropical regions with
relatively mild winters

715

Very rare (late spring - early fall)
0-2600 m

Mediterranean climate, North
America and South America

S. polyrhiza

AR

Stagnant or slow-
moving water, mildly
acidic to alkaline

7-79

Very rare (early
summer- early fall)
0-2500m
North America, South
America, Eurasia, and
other parts of the
world, nearly
worldwide.
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Chapter Two

HIDE AND SEEK: USING MOLECULAR TOOLS TO
INVESTIGATE BIODIVERSITY AND DISTRIBUTION OF
CRYPTIC DUCKWEED SPECIES IN ALBERTA

14



2.1 Abstract

Both regional and global biodiversity may be underestimated because of the presence of
cryptic species: species that are morphologically similar, but genetically distinct. Due to
their cryptic nature, two duckweed species (Lemna minor and L. turionifera) have been
the focus of discussion in the scientific community. Specifically, while the Alberta
Biodiversity Monitoring Institute indicates the presence of two Lemna species in Alberta,
L. trisulca and L. turionifera, my DNA barcoding data indicate a third species, L. minor,
is also present. Molecular tools, specifically DNA barcoding, have improved our ability
to detect cryptic species. Thus, in the present study, I developed molecular tools for the
rapid identification of monomorphic Lemna species allowing us to determine the
biogeographical distribution of L. turionifera and L. minor in Alberta. My data suggest

the presence of L. minor in the southern part of the province.
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2.2 Introduction

Biodiversity studies enrich our understanding for estimating the integrity of
different ecosystems, their responses to natural and anthropogenic disturbances, and the
set of measures required to conserve or re-establish biodiversity. Both regional and global
biodiversity may be underestimated because of the presence of “cryptic species”, species
that are morphologically identical, but genetically distinct (Chenuil et al., 2019).
Molecular tools, specifically DNA barcoding, have improved our ability to identify
cryptic species (Hollingsworth et al., 2011). DNA barcoding techniques provide a
universal framework to identify species and allow for exclusive identification of unknown
specimens to the species level (Lahaye et al., 2008) allowing us to assess biodiversity
(Hollingsworth et al., 2011).

Recent climate changes and other anthropogenic events have increased the rate of
loss of the world’s biodiversity (Midgley et al., 2002). For example, the species richness
of some aquatic systems is threatened by global warming and the presence of invasive,
exotic species (Van De Wiel et al., 2009). The extraordinary rates of species extinction in
aquatic systems have focused attention towards studying aquatic biodiversity (Tokeshi
and Arakaki, 2012). Approximately eight million DNA barcodes have been reported from
all over the world (Ratnasingham and Hebert, 2007, BOLDSYSTEMS, 2020). Among
them, barcodes for aquatic plants have gained a lot of attention due to the significant roles
plants play in aquatic ecosystems (Wang et al., 2010). Aquatic plants are vital ecological
components of both fresh water and marine ecosystems, maintaining the structure and

function of these environments (Lacoul and Freedman, 2006).
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Duckweeds (Family Araceae, Subfamily Lemnoideae) are the smallest aquatic
monocots. They have extremely simple morphology, being composed of a single frond
and zero to several roots, depending on the species (Landolt, 1975, Lemon and Posluszny,
2000). These fast-growing, free-floating plants are widespread throughout freshwater
bodies across the world (Keddy, 1976, Landolt, 1986). There are 36 species of
Lemnoideae belonging to five genera (Spirodela Schleid, Landoltia, Les & Crawford,
Lemna L., Wolffiella Hegelm, and Wolffia Horkel ex Schleid) (Bog et al., 2020). The
genus Lemna is found on every continent except Antarctica and is most diverse in North
America and Southeast Asia (Landolt, 1975). Recently, species in the genus Lemna have
attracted attention due to their ecological and economic significance (Xu et al., 2012,
Tang et al., 2014, Barks et al., 2018). Lemna plays an important ecological role as a
fundamental food source for various waterfowl and fish species (Goopy and Murray,
2003) and is economically important for different aspects of environmental
biotechnology, such as feedstock and biofuels (Cheng and Stomp, 2009, Xu et al., 2012,
Van der Spiegel et al., 2013). Further, these plants are used for biomonitoring,
phytoremediation, phytohormone biosynthesis and photosynthesis studies (Bog et al.,
2010, Ziegler et al., 2015). Another important aspect of Lemna species is their capability
of acting as a model organism. Lemna species are widely used as a model organism for
comparative studies (Bottcher and Schroll, 2007), ecotoxicological studies (Hulsen et al.,
2002, Aliferis et al., 2009), and studies of pathogenesis (Zhang et al., 2010). According to
Jansen et al. (1996) and Laird and Barks (2018), Lemna species are candidate plants for
studies based on quantitative analysis because of their simple morphology, rapid and

mainly clonal reproduction, and widespread distribution.
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Lemna species are widespread across Alberta (VASCAN, 2019, ABMI, 2020,
Flora of North America, 2020). They are an important food source for many of Alberta’s
species that are of interest to hunters, anglers, and trappers (e.g., beavers) (Van der
Spiegel et al., 2013). Therefore, it is important to quantify the duckweed species that are
present and their biogeographical distribution in the province. To date, the most basic
biodiversity question “How many Lemna species are there in Alberta?” has not yet been
answered conclusively (Barks et al., 2018). According to the Alberta Biodiversity
Monitoring Institute (ABMI, 2020) and other databases (VASCAN, 2019, Flora of North
America, 2020), Alberta hosts two Lemna species: L. trisulca and L. turionifera (ABMI,
2020). These two species are morphologically distinct and easy to differentiate. However,
DNA barcoding data suggest the presence of a third Lemna species, L. minor, at a single
site in southeast Alberta (Crow Indian Lake, Skiff, AB; 49.370 °N, 111.800 °W) (Barks et
al., 2018). Lemna turionifera and L. minor have extremely similar morphologies and are
cryptic species (Landolt, 1986, Wang et al., 2010). Morphological studies claim that L.
turionifera and L. minor can be differentiated due to having red pigmentation on the
abaxial surface and papules along the midline of the adaxial surface of L. turionifera
(Chester et al., 2007). In addition, L. turionifera produces starchy overwintering buds
called “turions” (Chester et al., 2007, Flora of North America, 2020). However, Dudley
(1987), Chester et al. (2007), and Wang et al. (2010) reported that these features are also
present in L. minor; therefore, it is unknown whether L. minor is rare and/or
geographically restricted within Alberta or simply ‘camouflaged’ by its resemblance to L.

turionifera.
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In this present study, | developed molecular tools to differentiate between strains
of Lemna found in Alberta and used these markers to assess the biogeographical
distribution of the cryptic species L. turionifera and L. minor. This will allow us to
determine whether L. minor is rare in Alberta or simply less known due to its
morphological similarity to L. turionifera. Development of species-specific primers will
allow for rapid screening of large numbers of samples without resorting to expensive and

time-consuming DNA sequencing.

2.3 Materials and Methods

2.3.1 Sampling of Lemna

To determine the species distribution and assess population genetics of Lemna
species, | sampled 126 waterbodies throughout Alberta, targeting plants that were either
L. minor or L. turionifera. Sampling was done in collaboration with the Royal Alberta
Museum/Alberta Biodiversity Monitoring Institute (ABMI). ABMI provided 57 samples
of Lemna collected from 2016 to 2018. Another 77 Lemna samples were collected at 27
sites in 2013 and initially used in (Barks et al., 2018). In the summer of 2019, I collected
another 100 samples from 42 additional sites. Altogether, 234 different Lemna samples

from 126 sites across the province were used in this study (Supplementary Table 1.1).

In addition, I used seven reference strains originally obtained for the study
described in Barks et al. (2018): three from the Rutgers Duckweed Stock Cooperative

(RDSC: L. minor RDSC 7123, S. polyrhiza RDSC 8790, L. minuta RDSC 6752) and four
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from the Canadian Phycological Culture Centre (CPCC: L. gibba CPCC 310, L. minor

CPCC 490, and CPCC 492, and L. trisulca CPCC 399) (Supplementary Table 1.1).

2.3.2 Development of atpF-atpH and psbK-psbl species-specific primers

| used atpF-atpH and psbK-psbl sequences from Wang et al. (2010), Tang et al.
(2014) and Barks et al. (2018) to create species-specific primers for five duckweed
species with varying degrees of morphological similarity, all found in North America (L.
turionifera, L. minor, S. polyrhiza, L. minuta and L. gibba). Although L. trisulca is
present throughout Alberta, I did not design any primers for this species because it is
morphologically distinct, even when examining dried or damaged specimens. |
downloaded 33 sequences from NCBI (Wang et al., 2010, Tang et al., 2014, Barks et al.,
2018), 17 for atpF-atpH (MG000358, MG000413, MG000505, MG000371-373,
MGO00416, MG000397, MG000405, MG000406, GU454232, GU454233, GU454206-
208, KP017659, and KP017648) and 16 for psbK-pshbl (MG000432, MG000487,
MGO000479, MG000480, MG000471, MG000490, MG000445-447, GU454338,
GU454328-330, and GU454300-302) from the five duckweed species. | aligned
sequences using MEGA 6.0 (Tamura et al., 2013) and identified species-specific target
sites (Supplementary Figure 1.1, 1.2). | designed eight species-specific primers for Lemna
species that would allow us to screen large numbers of samples at both loci, without the

need to sequence every individual.
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2.3.3 Screening Lemna species using atpF-atpH and psbK-psbl species-specific
primers

First, | tested the species-specific primers against the reference strains to
demonstrate they amplified only the target species (Figure 2.1). For screening and
identification, | extracted total DNA from one frond for each sample using a Geneaid
Genomic DNA Mini Kit (Plant: GP100; FroggaBio Inc., North York, ON, Canada). |
extracted DNA from five individuals for each waterbody and screened them to increase
the accuracy of the screening process. | tested each primer on five different duckweed
species (L. turionifera, L. minor, as well as L. gibba, L. minuta, and S. polyrhiza). |
performed PCR amplification using an Eppendorf master cycler thermal cycle using the
eight species-specific primers. PCRs were performed in 10 ul reactions, with 1x Truin
buffer, 0.2 mM dNTP, 0.2 mM of each primer and 1 Unit tru taq (Barks et al., 2018).

All samples were initially screened with an L. turionifera specific psbK-psbl
primer (LemnaTpsb208_F) as L. turionifera was likely to be the most common species
based on previous data (Barks et al., 2018). Any sample that did not amplify with L.
turionifera primers was screened with L. minor specific atpF-atpH and psbK-psbl primers
(LemnaMrpsh97_F and Lemna_Mratp152_R), as L. minor is the other morphologically
similar species believed to be present in Alberta. If a sample did not amplify with either
of those primers, it was reamplified with all eight species-specific primers to determine if

the initial PCR failed or if it was another species.
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2.3.4 Identifying the relationship between surface water quality variables and
distribution of two Lemna species

After identifying which species were present in each sample, | carried out a pilot
study to identify the relationship between surface water quality variables and distribution
of two Lemna species. | obtained surface water-quality data for 17 sites from “The
Surface Water Quality Data and Online Tool” webpage of the Government of Alberta

(https://www.alberta.ca/surface-water-quality-data.aspx). Surface water quality samples

in rivers, lakes, and other water bodies across the province of Alberta have been collected
by Alberta Environment and Parks, and its partners. Most of the physical and chemical
data from the monitoring program are stored in Water Data System, but from the 126
sample sites | used in this study, only 17 sites overlapped with sites in the Surface Water
Quality Data and Online Tool (Supplementary Table 1.2). Of the 17 sites, nine contained
L. turionifera, four contained L. minor and four contained both L. turionifera and L.
minor. Twenty-one different surface water-quality variables were used in the data
analyses (Supplementary Table 1.2). All the data were subjected to normality testing
followed by Principal Component Analysis (PCA) using PAST: Paleontological statistics
software package for education and data analysis (Paleontological Statistics) (Hammer et
al., 2001). Principal component axes PC1 and PC2 were used to draw an ordination plot.
PCA loadings were used to identify the magnitude of the contribution of each surface

water-quality variable for the distribution of the sample sites in the ordination.

2.4 Results
2.4.1 Development of atpF-atpH and psbK-psbl species-specific primers

Nucleotide sequence differences in both atpF-atpH and psbK-psbl allowed us to develop

eight species-specific primers for five morphologically similar North American duckweed
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species: L. turionifera, L. minor, L. gibba, L. minuta, and S. polyrhiza (Supplementary

Figure 1.1 and 1.2) each with unique species-specific banding profiles (Figure 2.1).

2.4.2 Screening Lemna spp. using atpF-atpH and psbK-psbl species-specific primers
Of the 126 sites, 91.3% (115) contained L. turionifera only- 3.2% (4) contained L. minor
only and 5.5 % (7) contained both L. turionifera and L. minor. All but one of the sites

containing L. minor were in the southern part of the province (the exception being found

at 57.243 °N, -115.912 °W) (Figure 2.2).

2.4.3 Identifying the relationship between surface water quality and distribution of
Lemna turionifera and L. minor

The sites that contained L. minor formed two distinct clusters in the PCA, one comprising
the Keho Lake and Park Lake sites, and the other comprising the other sites (Figure 2.3).
Sites that had L. turionifera exhibited a more scattered distribution (Figure 2.3). The
percentage of variation explained by PC1 and PC2 was 29.72% and 20.37%, respectively.
Variables such as Secchi disk transparency, amount of chlorophyll-a, total phosphorus,
total dissolved phosphorus, pH, total hardness, bicarbonate content, and carbonate content
had the highest PCA loadings among the water quality variables (Figure 2.4). L. minor
only tended to be on the left side of the ordination in lakes with lower overall hardness,

bicarbonate content, and carbonate content.
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2.5 Discussion

Due to the morphological similarity and overlapping ranges of Lemna turionifera and
Lemna minor, the identities of Lemna species in Alberta has been an open question. |
successfully used DNA barcoding to differentiate five morphologically similar Lemna
species. These primers allowed us to screen large numbers of samples across Alberta and
outline the provincial distributions of L. minor and L. turionifera. My data show L. minor
is present in multiple wetlands in southern Alberta (see Supplementary Table 1.1) and a
single site in the far north of the province (57.243 °N, -115.912 °W). All the southern L.
minor sites in Alberta are in the South Saskatchewan River Basin, which includes the Red
Deer, Bow, and Oldman Rivers.

My finding of the overlapping distribution of L. minor and L. turionifera in
Alberta raises several questions. For example, why do some sites have only one Lemna
species? In this study | report co-existence of L. minor and L. turionifera at seven of the
126 water bodies. It is possible that many candidate sites have both Lemna species but
that one species is more common than the other, such that I only detected one despite
screening five individuals for each water body. Alternatively, perhaps differences in
water quality are present in ponds and restrict the distribution of one species, such that
overlap is rare, or one species is better adapted conferring a fitness advantage.
Environmental traits related to water quality (e.g., pH, conductivity, nutrient
concentrations), and interspecific competition between species of duckweed can affect
their distributions (Landolt, 1975, Armitage and Jones, 2020). According to Landolt

(1975) the range of pH for L. minor is 5.0-7.5 and for L. turionifera it is 3.5-8.2, and the
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range for water conductivity for L. minor is 70-700 (mS/cm) and 185-1,300 (mS/cm) for
L. turionifera.

| identified a potential relationship between surface water quality and distribution
of L. minor. The limited number of Lemna collection sites with surface water quality data
may adversely affect the PCA analysis. Intensive sampling and collection of a wide range
of surface water-quality data will help to determine the underlying factors that limit
Lemna distribution. However, contrary to this research program, Xu et al. (2015) found
no significant relationship between the occurrence of duckweed and the nitrate or
phosphate concentration of water bodies, nor their pH. Also, they claim that the presence
or absence of a Lemna species in a water body is mainly determined by the environmental
conditions of the particular water body (e.g., flora, fauna, and soil), but not just the
chemical structure of the water body.

At large geographic scales, the distribution of Lemna species is limited by climatic
boundaries and precipitation (Landolt, 1975). Lemna turionifera inhabits the majority of
the continental areas of Eastern Asia and North America characterized by lower
temperatures and low amounts of precipitation. In contrast, L. minor grows abundantly in
moister climates, being rare or absent in more arid regions (Landolt, 1975). My results
suggest that the geographic distribution of the two Lemna species is quite different in
Alberta with L. minor primarily restricted to the southern part of the province. Climate
data collected over past three decades (Daly et al., 2010) show the average annual
precipitation in Alberta is generally higher in the northwest and lowest in the southeast.
The pattern is reversed for average annual temperatures. Thus, the overall geographic

pattern of Lemna in Alberta runs counter to that expected based on Landolt (1975).
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The DNA barcoding method used in this study allowed for species identification
and large-scale screening. The same barcoding techniques in this study can be used to
reassess the taxonomic status and herbarium specimens of Lemna. In herbaria, most
Lemna classification has been done by morphological determination alone (Marconi et
al., 2019). These assessments will be important to determine whether and how these

cryptic species affect regional species richness and range size.
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2.6 Conclusions

Biodiversity of Lemna in Alberta has been underestimated because of the cryptic nature
of L. minor and L. turionifera. Molecular tools, specifically DNA barcoding, ares a robust
and feasible method to detect cryptic species. The molecular tools developed in this study
can be used for the rapid identification of five monomorphic Lemna. My preliminary data
suggest the presence of L. minor in the southern part of the province. While L. turionifera
is widespread in Alberta, L. minor is more geographically restricted in the province and
probably less known due to its morphological similarity to L. turionifera. Lemna
turionifera appears to be present in a larger number of lakes in contrast, L. minor

distribution is much more restricted.
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2.7 Figures and Tables

Table 2.1 Species-specific Lemna PCR primers and length of PCR product (bp) designed
for this study. Universal reverse primers were used for each locus: psbK-psbl_R (5’
AAACTTTGAGAGTAAGCAT 3’) or atpF-atpH_R
(5’GCTTTTATGGAAGCTTTAACAAT 3’) with the exception of LemnaMratp152 R
which was amplified using atpF-atpH_F (5 ACTCGCACACACTCCCTTTCC 3°).
Some mismatches (bold) were introduced to increase PCR specificity for the target
species in addition to natural mismatches (underlined). Each primer name contains the
species it amplifies, the locus, and location of the primer-binding site.

. ie . s s PCR
Locus Primer Name Amplifies Primer Sequence (5°—3°) Product (bp)

= LemnaMrpsh97_F L. minor GATTCTAATAAAAATTCATAACGAAG 437

‘f-. LemnaTpshb208_F L turionifera TCCATTTCGCCATATTCA 326

é LemnaMapsb178_F L minuta GTATCTTCATTAAAAACAGCAC 356

= LemnaGpsh241_F L gibba GTGAGGAACTAGTTTAATTT 293

T LemnaMratpl52_R L. minor GGGCGAAGTAATAGAATAG 523

= LemnaMaatp236_F L. minuta GATTTTTAATGGAATAGAAGGAATTTT 439

%_ LemnaPatp309_F S. polyrhiza ATTTATTATTTTAGGCTAATTAAATTAAAGT 366

® LemnaGatp394_F L. gibba GTTACAACGAATACGCT 281
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Figure 2.1. Specificity tests. Electrophoresis of DNA extracted from single individuals of
S. polyrhiza, L. minuta. L. gibba, L. turionifera, L. minor, and L. trisulca using the
species-specific primer (listed on far right). Each species has a unique banding profile
with sizes of PCR products on the left. A) Banding profiles for atpF-atpH species-
specific primers. B) Banding profiles for psbK-psbl species-specific primers.
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Figure 2.2 Sampling locations for Lemna species used in this study. Of the 126 sites, 115
sites contained L. turionifera but not L. minor (red), four contained L. minor but not L.

turionifera (blue), and seven contained both species (black). Full details of sites are in the

Supplementary Table 1.1.
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Figure 2.3 Scatter plot of the PCA conducted to identify the relationship between surface water quality and distribution of two
Lemna species using PAST. Red colour dot represents lakes only have L. turionifera, Blue colour dots represent lakes with
only L. minor and black colour dots represent lakes with both species.

31



2, &
< S S\ _o?
,O\ ° F ')o' e’b 0? : o
o0 q‘(‘ 08 $ 1 a
) % g

Q * o Na- _—~poC Carbonate
~ — N3N ., NO3+NOZ-N

=N __ & )
e ° \‘ pH——==——e Hardness
e \ Hcog
o
a
g TN:TP
Q ° SDT

244 o

NO3-N

324

@
404

Componentl (29.72%)

Figure 2.4 Graphical representation of PCA loading for the scatter plot in Figure 2.3. Red
colour dots represent lakes that only have L. turionifera, blue colour dots represent lakes
with only L. minor, and black colour dots represent lakes with both species. Green colour
lines represent the vectors on the ordination and that show how the different variables are
related to the two main ordination axes. The angles between the vectors tell us how
characteristics correlate with one another. Abbreviations represent following variables
SDT (Secchi Disk Transparency) , Ch-a (Chlorophyll-a content), TP (Total Phosphorus),
TDP (Total Dissolved Phosphorus), NH3-N (Ammonia), NO3+NO-N (Nitrate+Nitrite),
NO2-N (Nitrite), TKN (Total Kjeldahl Nitrogen), TN(Total Nitrogen ), TN:TP (TN:TP
Ratio), SCon (Specific Conductance), TDS (Total Dissolved Solid), pH, CaCO3
(Phenolphthalein Alkalinity), Hardness (Total Hardness), HCOs (Bicarbonate),

Carbonate, Ca ( Dissolved Calcium), Na (Dissolved Sodium), F (Dissolved Fluoride), and
DOC (Dissolved Organic Carbon).
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Chapter Three

ANALYZING THE POPULATION GENETIC STRUCTURE OF
TWO CRYPTIC DUCKWEED SPECIES (Lemna minor & L.
turionifera) IN ALBERTA USING A GENOTYPING BY
SEQUENCING APPROACH
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3.1 Abstract

Identifying population genetic structure of different species is important for the
development of species-specific management plans. Investigating the population genetics
of cryptic species is even more critical with respect to conservation. Results from Chapter
2 suggest that there are two cryptic duckweed species in Alberta: Lemna minor and L.
turionifera. However, their population differences have not been assessed. To address
this, 1 used genotyping by sequencing (GBS), a novel and effective molecular technique
to outline and describe phylogenetically distinct groups. Based on analyses of 103
samples at 16,007 single nucleotide polymorphism (SNP) loci, | supply evidence for
genetic diversity between L. minor and L. turionifera growing in Alberta. Taking a
within-species perspective, | found no genetically distinct populations within L.
turionifera. In contrast, significant population differentiation in L. minor. This study may
provide information for conservation and management strategies for Lemna species in

Alberta in the future.
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3.2 Introduction

Understanding the genetic structure of different populations across their natural
geographical ranges is vital to execute species-specific management plans (Allendorf and
Luikart, 2009). Population genetic structure can explain how different populations are
linked by gene flow (Slatkin, 1987, Manel et al., 2003, Segelbacher et al., 2010), provide
insight on the evolutionary relationship between species (Avise et al., 1987), and help
identify local adaptations which govern ecological differences (Kawecki and Ebert,
2004). Another vital role of understanding genetic structure is to define boundaries
around evolutionarily and demographically distinct populations by describing
intraspecific conservation units, such as evolutionarily significant units (Abdelaziz et al.,
2011), and therefore identify suitable groups below the species level to which to apply
conservation management methods (Funk et al., 2012).

Next-generation sequencing (NGS), a high-throughput, short-read sequencing
approach, has improved the capacities of population genomic studies over the last few
decades (Kulski, 2016). These recent advances in NGS approaches have led to the
development of novel molecular tools to study population genetics, such as genotyping-
by-sequencing (GBS) and restriction site-associated DNA sequencing (RAD-seq). GBS is
one example of NGS that reduces genome complexity by using restriction enzymes to
obtain large number of SNP markers (Elshire et al., 2011). Molecular markers are key in
animal and plant genetics and genomics as they allow us to identify genetic differences
within and between species. Single nucleotide polymorphisms (SNP) are extremely useful
for population genetics, as large SNP datasets can be used increase our ability to resolve
fine-scale population structure (Malenfant et al., 2015, Vendrami et al., 2017, Ferchaud et

al., 2018).
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Recently, GBS approaches have been used as a cost-effective platform for SNP
discovery and genotyping (Sonah et al., 2013). These SNP markers can be used for
different types of studies, for example genome-wide association studies (GWAS)
(Sakiroglu and Brummer, 2017), genetic diversity studies (Lu et al., 2013), genome
assembly based studies, and genetic map construction (Ward et al., 2013). GBS provides
a platform where marker discovery and genotyping can be performed simultaneously for
large numbers of samples, and thereby reduce the cost per sample (He et al., 2014). Since
GBS is a cost-effective protocol, it is feasible to use GBS as a tool to support plant
breeding programs as well as to study population structure in plants (Kupper et al., 2018,
Li et al., 2020, Liu et al., 2020).

Detection of fine-scale population structure of plant species may be challenging
due to clonal reproduction (Brzosko et al., 2002, Eckert et al., 2003) as clonally
reproducing populations exhibit low genotypic diversity and clonal reproduction produces
progeny that are genetically identical to their parent (Jackson et al., 1985). In general,
when genetic differentiation is low among populations, greater numbers of samples and
genetic markers are required to identify and resolve fine-scale genetic structure (Patterson
et al., 2006). Therefore, careful selection of NGS protocols is extremely important as
these choices may lead to unfavorably lengthy computational times and higher analytical
costs (Shendure and Aiden, 2012).

Duckweeds (Family Araceae, Subfamily Lemnoideae) are the smallest aquatic
monocots. Lemnoideae consists of five genera, Spirodela, Landoltia, Lemna, Wolffia, and
Wolffiella (Landolt, 1975, Lemon and Posluszny, 2000). These fast-growing, free-floating
aquatic plants are widespread throughout freshwater bodies of North America and

worldwide (Keddy, 1976, Landolt, 1986). Duckweeds have been used as a model
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organism in numerous fields such as ecology, physiology, and biochemistry (Hillman,
1961, Landolt, 1986, Landolt and Kandeler, 1987).

Duckweeds are predominantly clonally reproducing plants. In theory, duckweeds
should have lower genetic diversity than sexually reproducing plants, as clonal
reproduction may reduce genetic differentiation between populations (Ashton, 1989,
Starfinger and Stocklin, 1996). However, distinct population genetic variation among
different duckweed strains was found from different geographic regions (Bog et al., 2010,
Xue et al., 2012, Bog et al., 2013). Studying natural populations is useful for
understanding evolutionary processes at the population level (Tang et al., 2014).
However, despite the fact that scientists have studied duckweeds for many years,
information about their population genetic structure remains limited.

To understand the importance of duckweed in Alberta’s ecosystems as well as
the economic and recreational values they contain, it is necessary to know their
biodiversity within the province. Further, to answer questions related to the biodiversity
and conservation of Lemna in Alberta, it is necessary to understand their population
genomics. A molecular systematic approach is a common tool to ascertain accurate intra-
and inter-species differentiations (Xiao et al., 2010, Abdelaziz et al., 2011). Therefore, in
this study, | used GBS to determine the biogeographical distribution and population
genetic structure of two cryptic Lemna species in Alberta; L. minor and L. turionifera.
Specifically, 1 used SNP data to investigate the population genetic structure of these two

cryptic Lemna species.
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3.3 Materials and Methods

3.3.1 Genetic Materials

| conducted a study to identify gene sequences that differed from each other by one or
more sequence polymorphisms within L. turionifera and L. minor using 12 chloroplast
genetic markers; atpF—atpH, psbK—psbl, matK, rbcL, trnH—psbA, ITS, trnL-trnF spacer,
trnSGCU-trnGUUC, atpB-rbcL spacer, atpB gene, matK-trnT spacer, and trnL (tRNA-leu
gene). | generated chloroplast DNA sequences using polymerase chain reaction (PCR) for
samples collected across Alberta. Sequences were aligned and manually edited using
MEGAG6 (Tamura et al., 2013). | determined that L. minor and L. turionifera are
genetically different from each other, but I failed to detect intraspecific differences.
Therefore, | used GBS, a robust and efficient NGS technology to find out intraspecific
differences within L. minor and L. turionifera. I include samples from different points
along the watersheds in Alberta (supplementary Figure 2.1) to determine correlations
between the population structure of Lemna populations and geographical factors. | chose
samples along the major watersheds, as | hypothesized, | might see a pattern of
population genetic differences along water flow. A total of 192 Lemna DNA samples
(Supplementary Figure 2.1) from Chapter 2 were used for NGS (48 L. minor, 144 L.

turionifera).

3.3.2 DNA extraction and GBS

| extracted DNA from dry fronds of L. minor and L. turionifera individuals for GBS using

the Geneaid Genomic DNA Mini Kit (Plant: GP100; FroggaBio Inc.). | sent the extracted
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DNA to Laval University Genomic Analysis Platform for library preparation (Pstl and

Mspl) and sequencing on an lon Torrent sequencer.

3.3.3 SNP discovery using the Fast-GBS pipeline and SNP filtering
SNPs were called using the Fast-GBS pipeline (Torkamaneh et al., 2017). Fast-GBS uses
the Sabre programming tool to demultiplex barcoded reads. After demultiplexing, | used
the Cutadapt tool to find and remove adapter sequences, primers, and other unwanted
sequences from high-throughput sequencing reads (Martin, 2011) prior to sequence
alignment using Burrows-Wheeler Aligner tool (BWA) (Li and Durbin, 2010). Three
reference genomes (L. minor 5500 Genome, L. minor 8627 and L. gibba 7742a Genome)
were available and | ran my data with all three and obtained similar results (An et al.,
2018). As such, I did all subsequent analyses using the L. minor 8627 (800 Mb) genome
sequence from Ernst and Martienssen (2016) as the reference genome. I used SAMtools
for file conversion and indexing (Li, 2011), and post-processing of mapped reads,
haplotype construction and variant calling were done using Platypus (Rimmer et al.,
2014).

I produced filtered SNPs files using VCFtools (Danecek et al., 2011). |
constructed the final dataset by removing SNPs with more than 50% missing data (max-
missing option of vcftools (—-max-missing 0.5)), and individuals with more than 40%

missing SNPs.
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3.3.4 Data Analyses

3.3.4.1 Discriminant Analysis of Principal Components (DAPC)

For the data analysis, first | investigated a dataset containing both L. minor and L.
turionifera (see supplementary table 2.1). Subsequently, to identify finer-level clusters, |
created two additional datasets, containing either L. minor or L. turionifera. After the
SNP detection, | used a Discriminant Analysis of Principal Components (DAPC)
(Jombart et al., 2010) to identify and describe the genetic clusters within and between the
two target Lemna species. To obtain the different genetic clusters from the data set, | used
Bayesian information criterion (BIC) model along with the K-means clustering algorithm.
Then, as recommended by Jombart et al. (2010), the optimal K-mean was chosen based

on the lowest BIC.

3.3.4.2 Inference of individual admixture coefficients

I used individual SNPs to estimate individual admixture coefficients from the genotypic
matrix using the LEA package (Frichot and Frangois, 2015) in R 4.0.0 (R Core Team,
2019). I included individual admixture coefficients by the function snmf(). I set all
parameters to default values recommended by Frichot and Frangois (2015). | used the
entropy criterion to identify the number of ancestral populations that best explained the
dataset. | selected the results for K = 4 as higher values of K were not biologically

meaningful.
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3.4 Results

After the final filtering process, the dataset with both species yielded 16007 SNPs for 103
individuals (L. minor 29; L. turionifera 74) (see supplementary table 2.1). The L. minor
dataset contained 16294 SNPs from 30 individuals from eight ponds (see supplement
table 2.2) while the L. turionifera dataset had 11640 SNPs from 67 individuals from 43
ponds (data not shown). | did not observe population genetic differences among

watersheds.

3.4.1 Discriminant Analysis of Principal Components
Lemna minor and L. turionifera are genetically different from each other (Figure 3.1). All
L. turionifera individuals formed one cluster, while L. minor individuals grouped into at
least two distinct clusters (Figure 3.1). Within L. minor, the individuals from Keho Lake
(KehB, KehF, KehC, KehD) separated from the other L. minor individuals. Interestingly,
the four other individuals from the Circle E wetland complex, Lost Lake, and Enchant are
in another cluster (CirD, CirE5, LosC2, EncB3). Thus, there are at least two different
genetic clusters within the Circle E wetland complex, Lost Lake, and Enchant. | then
looked at the SNPs coverage and number of reads of the individuals that clustered in
different lineages to check whether they are different because they lack data, or they are
indeed genetically different from the rest of the individuals. For each individual the
number of sequencing reads are between 400K -700K and contain 12K-15K SNPs.
Therefore, this clustering is likely due to genetic variation within the population.

The DAPC generated using only L. minor individuals (Figure 3.2) shows a

similar pattern as the combined dataset (Figure 3.1). This confirms the presence of at least
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two different clusters within the L. minor individuals of the Circle E wetland complex,
Lost Lake, and Enchant and those from Taber Lake, Skiff, and Bassano. Also, individuals
from Keho Lake (KehB, KehF, KehC, KehD) separate into another distinct cluster (Figure
3.2). When L. turionifera samples were analyzed on their own, only a single cluster was

found (results not shown).

3.4.2 Inference of individual admixture coefficients

The ancestry coefficients matrix (Figure 3.3) shows similar patterns to those observed in
the DAPC (Figures 3.1 and 3.2). The genetic structure of individuals from Keho Lake
(KehB, KehF, KehC, KehD) and individuals in cluster 2 from the Circle E wetland
complex, Lost Lake, and Enchant (CirD, CirE5, LosC2, EncB3) are different from rest of

the L. minor individuals and from each other.

3.5 Discussion

In this study, |1 examined intraspecific population differentiation of two cryptic
duckweed species in Alberta. To my knowledge this is the first study to identify
population genetic differences of L. minor and L. turionifera in Alberta using NGS
methods. All analyses, regardless of dataset and method, confirmed that L. minor and L.
turionifera within Alberta are genetically different from each other. No evidence of
genetically different populations within L. turionifera were found; however, within L.
minor, | found evidence of three distinct genetic groups from my samples. In general,

duckweed species show extremely low SNP mutation rates per generation leading to
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lower genetic variations among species at population level. Compared to other
multicellular eukaryotes, L. minor and Spirodela polyrhiza show the lowest mutation
rates per generation (Xu et al., 2019, Sandler et al., 2020).

One distinct cluster formed by L. minor included samples from Keho Lake (KehB,
KehF, KehC, KehD) (49.931°N, 112.993°W). Keho Lake is a large, shallow pond in
northwest Lethbridge County. With its extreme wind conditions, Keho Lake is a popular
spot for recreational. activities such as canoeing, kayaking, windsurfing, golfing, and
swimming. This anthropogenic disturbance could have led to possible contaminations of
distinct strains and their subsequent spread. However, the obvious question is where this
new strain came from. One possibility is from nearby lakes, but the genetic makeup of
Keho Lake individuals (Figure 3.3) is completely different from nearby sampled
populations. Therefore, another explanation for this distinct cluster is due to the founder
effect. The founder effect is a phenomenon where a new colony is established from a
small number of founder individuals (Provine, 2004). The founder effect may be a reason
for reduction in genetic variation and cause the new population to be genetically different
from others. Human activities or natural events like migratory animals may have brought
genetically different L. minor individuals to Keho Lake and these individuals may have
had characteristics that allowed them to adapt to conditions in the lake leading to them
suppressing the growth of other L. minor groups in the lake.

Another possible explanation is the occurrence of a population bottleneck.
Population bottlenecks occur due to steep reductions in population size due to a natural or
anthropogenic event. As with founder effects, bottlenecks may cause allele frequencies of
a population to change, and may reduce genetic variation (Catton Jr, 2009). After this

reduction in population size, the remaining individuals establish as a new colony with
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new genetic characteristics. With the high number of anthropogenic events that occur in
Keho Lake, there is a high probability of reduction of the population size of L. minor and

occurrence of distinct cluster from those who survive from those disturbances.

Some analyses detected finer-scale structure within the Circle E wetland
complex, Lost Lake, and Enchant. One of the significant findings of this study is the co-
existence of multiple lineages of L. minor in the same water body. For example, there
were two different genetic clusters present within the Circle E wetland complex, Lost
Lake, and Enchant. Sandler et al. (2020) stated that, L. minor showed marginally high, but
non-significant, mutation rates per generation compared to S. polyrhiza. Nonetheless,
several other studies show L. minor outcrosses more frequently in its natural habitats than
S. polyrhiza (Vasseur et al., 1993, Ho, 2017, Ho et al., 2019, Xu et al., 2019). This may
explain why | observed more intraspecific genetic differences among L. minor
populations, as well as the existence of multiple lineages of L. minor in the same water
body.

Initially I used three reference genomes (L. minor 5500, L. minor 8627, and L.
gibba 7742a reference genome) for SNPs calling (An et al., 2018). The results were
similar regardless of the reference genome used. Thereafter, | used the L. minor 8627
(800 Mb) genome sequence from Ernst and Martienssen (2016) as the reference genome
to align the sequences. Gene annotation for this reference genome is still in progress (An
et al., 2018). During the SNPs calling, I did not have a reference genome for L.
turionifera. Therefore, | used the same L. minor 8627 genome as the reference sequence

for L. turionifera because according to the Galla et al. (2019), congeneric and con-
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familial references genomes for SNPs calling from closely related species provide high
similarity of nucleotide diversity, correlation, and relatedness.

A more thorough and extensive study of L. minor in Alberta will be needed to
identify different populations or natural strains that are distinct enough to be considered
as Evolutionarily Significant Units (Abdelaziz et al., 2011). However, as discussed in
Chapter 2, L. minor in Alberta is mostly confined to the southern region of the province.
As well as in the context of genetics, L. minor has greater within-species population
diversity than L. turionifera in Alberta. As such, there is a timely need to document and
carefully monitor L. minor within the province, in particular to assess its vulnerability to
changes in climate and anthropogenic disturbances in the near future. This study provides
evidence of population differences even within clonally reproducing plants. Founder
effects or population bottlenecks could be candidate reasons for population differences
within species. GBS data are extremely useful for identifying intraspecific genetic
differences. Discovering these intraspecific differences will be important to understand

their evolution as a species.
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3.6 Conclusions

The duckweed species L. minor and L. turionifera are genetically different from each
other in Alberta. From the samples | used in this study | detected no genetically different
populations within L. turionifera. However, within L. minor there are three different
genetic groups from the samples collected from the southeastern part of the province.
Individuals from the Keho Lake population are genetically different from the other L.
minor populations. There are two different genetic groups within the individuals from the
Circle E wetland complex, Lost Lake, and Enchant populations. The restricted
distribution and the high genetic diversity indicate the importance of documentation and
careful monitoring of L. minor within the province. Finally, GBS is one of the best

approaches to determine fine-scale genetic differences within plant species.
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3.7 Figures and Tables
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Figure 3.1 Discriminant analysis of principal components (DAPC) based on 16007 SNPs
from L. turionifera and L. minor. Colours represent the different clusters identified by the
DAPC. Each point is an individual. The large circle with a dashed line contains the L.
minor individuals. The solid red circle contains the individuals from Keho Lake (KehB,
KehF, KehC, KehD). The solid pink circles depict four individuals from the Circle E
wetland complex, Lost Lake, and Enchant (CirD, CirE5, LosC2, Enc B3). Blue squares
represent the L. turionifera individuals.
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Figure 3.2 DAPC based on 16294 SNPs of L. minor. Colours represent the different

clusters identified by the DAPC. Each point is an indiv

idual. The solid red circle contains

the individuals from Keho Lake (KehB, KehC, KehD, KehF). The large circle with a
dashed line (cluster 1) contains all of the individuals belonging to the Circle E wetland
complex, Lost Lake, and Enchant. The solid pink circle (cluster 2) depicts four diverged
individuals from the Circle E wetland complex, Lost Lake, and Enchant (CirD, CirE5,
LosC2, EncB3). Maroon color dots (top left) represent the individuals from Taber Lake,

Skiff, and Bassano.
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Chapter Four
General Discussion

4.1 Major findings and limitations

Based on DNA barcoding data, three Lemna species are found in Alberta, namely L.
minor, L. turionifera, and L. trisulca. Out of the three species L. minor is morphologically
similar to L. turionifera and the former’s biogeographical distribution is mostly restricted
to the southern part of the province. In addition, based on the NGS data, report three
genetically different clusters of L. minor within waterbodies of southern Alberta.

Lemna is a small plant with enormous potential. The duckweed family contains
some of the oldest model plants. This is in part due to their ease of culturing in laboratory
conditions and their simple morphology. A great deal of research has been dedicated to
understanding the physiology within the subfamily Lemnoideae (Landolt and Kandeler,
1987). Duckweed also plays a crucial role in food production. In southern Asia, small-
scale farmers feed duckweed to farm animals. Duckweed is also used to treat and help
convert urban, agricultural, and even industrial sewer water streams into clean water
(Fourounjian et al., 2020). Moreover, duckweeds are one of the best candidates for
biofuel production (Cheng and Stomp, 2009, Fourounjian et al., 2020).

Traditional morphological diagnostics and DNA technology are key players
when it comes to identifying organisms at the species level. With the recent development
of DNA barcoding and genomic sequencing, the discovery of cryptic species will likely
increase. According to current data, 10-20% of species diagnosed morphologically may
be two or more species (Janzen et al., 2017). When considering cryptic species, studying

their roles in ecosystems, and their impact on environment and biodiversity is important.
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Discovery of cryptic species and their biogeography helps identify their true distributions
within ecosystems. This study is an example of how morphological similarity can affect
our understanding of biodiversity in an ecosystem. Alberta hosts three Lemna species but
the morphological resemblance of L. turionifera and L. minor masked the presence of the
latter. Using DNA barcoding, | was able to fill several knowledge gaps about Alberta’s
Lemna diversity.

In this study | saw that L. turionifera is distributed throughout the province.
However, in the case of L. minor, | observed that its distribution is mostly restricted to the
southern part of the province. | attempted to understand these distribution patterns with
respect to climate and water quality differences in the natural habitats of the two species.
However, | do not have exact answers for the observed patterns of biogeographical
distribution among Lemna. To answer this, 1 will need more information on the ecological
variables that influence Lemna species’ distributions. These study species are aquatic
free-floating plants. Thus, I speculate that their distribution is mostly determined by the
surface water quality. | investigated the correlation of surface water quality data with the
distribution of Lemna species within Alberta and | found that the sites that contained L.
minor formed two distinct clusters: one comprising the Keho Lake and Park Lake sites,
and the other comprising the other sites (Figure 2.3). However, sites containing L.
turionifera exhibited a more scattered distribution. One of the significant limitations of
this study is not having surface water quality data for all of the sampling sites. Out of 126
sites | studied, only 17 sites had surface water quality data. Therefore, collecting water
quality data from all those other sites is critical.

According to the GBS data analyses, there are no genetically distinct populations

within L. turionifera in the Alberta. However, within L. minor three distinct genetic
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groups were identified. In general, duckweed species show extremely low SNP mutation
rate per generation leading to have lower population genetic variation among species.
Compared to other multicellular eukaryotes, L. minor and Spirodela polyrhiza show the
lowest mutation rate per generation (Xu et al., 2019, Sandler et al., 2020). Xu et al. (2019)
analysed 68 different S. polyrhiza whole-genome sequences from all around the world
and observed low genetic variation among those individuals, which is associated with low
mutation rates. Sandler et al. (2020) compared L. minor and S. polyrhiza and found low
mutation rates per generation for both species. Therefore, | propose that L. turionifera
might also have low genetic variation due its low mutation rate. Unfortunately, there have
been no studies to identify or compare the mutation rate of L. turionifera with other
duckweed species. In addition, Sandler et al. (2020) stated that, L. minor showed
marginally high, but non-significant, mutation rate per generation compared to S.
polyrhiza. Other studies show L. minor outcrosses more frequently in their natural
habitats than S. polyrhiza (Vasseur et al., 1993, Ho, 2017, Ho et al., 2019, Xu et al.,
2019). This may explain why | observed more intraspecific genetic differences among L.
minor populations. Following mutation, any better-adapted individuals can disperse
across geographical range.

A possible explanation for the genetically different L. minor strains within the
province is anthropogenic dispersal events. For example, human activities may have
resulted in recent spreading of some duckweed species into non-native habitats such as L.
minor cultures from outside of the province or from unsampled lakes. The native range of
Lemna minuta is the Americas, but according to the current records L. minuta has
expanded to Japan and Europe (Ceschin et al., 2018, Landolt, 2000). Correspondingly,

Landoltia punctata has invaded North America and Europe from its native habitat range
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(Landolt, 1986, Les et al., 1997, Jacono, 2018). According to the records, L. minor
dispersal in Australasia and L. gibba dispersal in Japan were also triggered by
anthropogenetic activities (Landolt, 1986).

4.2 Future directions

Building on this study, it would be valuable to investigate the diversity of the
entire duckweed family within the province and estimate the distribution of its component
species. Furthermore, | will be able to better understand their importance in the
ecosystem, recreational interest and genetic variation they contain. In addition, 1
employed barcoding markers to identify only five morphologically similar species. | can
apply the same methodology to employ species-specific markers for all 36 species of
duckweed to aid in identification of herbarium samples and reduce the risk of
mislabelling plants samples in large culture stocks.

Another essential investigation will be to study transcriptomes, karyotypes, and
genome sizes. These analyses are important for identifying how the genome and gene
expression changes in different organisms. There is no existing information on the
genome size, genome sequences, or annotation of the L. turionifera genome. This
information will serve as the primary source for gene ontology studies. Gene ontology
mainly focuses on functions of genes and gene products and it is important to organize
information and develop specific vocabulary of gene and gene products. In the terms of
gene ontology, L. turionifera is an under-studied species compared to L. gibba and L.
minor. As Alberta has a widespread L. turionifera population, it is important to document
and report its physiological and genetic characters. Also, studying the phylogenetic
relationship and evolutionary history of the entire family would be important. It will be

interesting to see the common ancestors, where they originated and to predict the time

53



and the mode of dispersal to Alberta. This information will help uncover the relationship
between Alberta’s duckweeds and other duckweed populations around the world.

If we want to build conservation strategies for certain populations, we must have
the knowledge of their genetic structure along with their abundance and ecology. The
field of conservation genetics incorporates the phylogeographical distribution of species.
Furthermore, niche size, location, biogeographical distribution, and evolutionary
coherence are also considered during the process. A conservation plan should be
established for all Lemna species in Alberta by evaluating the above criteria to ensure
genetic diversity is maintained for all species and populations. Overall, this work provides
essential genomic resources for future researchers working on Lemna species or on
different strains of certain species with conservation concern. In general, this study
provides an example of using next generation sequencing methods to identify potentially
important population genetic virions and assist in the development of species-specific

management plans.

4.3 Closing Statement

Based on DNA barcoding data, | confirmed the presence of three Lemna species
(L. minor, L. turionifera and L. trisulca) in Alberta, and L. minor is rarer and/or
geographically restricted to the southern part of Alberta and ‘camouflaged’ by L.
turionifera. NGS studies suggest the presence of significant population differentiation in

L. minor. In contrast, | found no genetically distinct populations within L. turionifera.
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Appendix 1: Supplementary documents for Chapter 2

atpF-atpH

MGO000385_Anz_A_L_turionifera
MGO000413 Tay_A L_turionifera

MG000317_CPCC_310_L_gibba
MG000416_RDSC_6573_L_gibba

MG000372_CPCC_490_L_minor
MG000405_Skf_B_L_minor

GU454232_L_minuta
GU454233 L_minuta

GU454208_S_polyrhiza
GU454207_S_polyrhiza

11111111
5602344568
6367734261
GGGAAACTTG
..... GA
A......H. .
AL
....... C.
....... C.
CT.GC C
CT.GC C
cC. T.C. BCT
T.T.C...CT

1112222222
8991112333
6244569045

ACTTTATTTA

2222222222
3456667888
6380131134

ATGGAC-TTT

TGTTTTTAA.
TGTTTTTAA.

2233333333
8900000134
9925789962

AAGTTAACAG
.C.H.G.
.C...G.
.C...G.
.C...G.

TT. .C .GA

TT. .C .GA

..A T-AAAGTGG.

T-AAAGTGG .

CAGAAGTGCA

4455555555
1223357778
8880327891
AGAACGGTCA
N GCRYE
.G
.G
.G
AG.G. .. ..
AG.G. .. ..

.AG.GAAAAT
GAGCG . AAA.

55555666
88899000
25869036

TTGT - ACG

A..ATC.A
.-TC. .

Supplementary Figure 1.1 Variable sites targeted to design primers for the five target Lemna species used in this
study. The primers designed on the atpF-atpH sequences are shown in Figure 2.1. The positions of the Lemna-
specific primers are shown above the sequence. NCBI accession numbers are included in the name of the Lemna
species. Non-variable sites are indicated using dots and insertion-deletions are indicated using dashes.
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psbK-psbl

0 O w
NP W
Wk W
AR w

=
O
®
®

- =

1111111 1111111111 1112222222 2222222222 222233

111225568 9990000112 2344566777 9990001112 3345555678 889900

9479051643 3470138065 7819614278 0451480137 6710125242 382646
MGO000432_Anz_A_L_turionifera -----AAC-T CGAGCAATCC TAAGAAGAGA CCCGAAGCGG TAAAGCTATA TGAAAC
MGO000487_Tay_A L_turionifera B
MG000479_Skf_B_L_minor - - - --..A-A .G . N . GIT . T.
MGO000397_RDSC_7123 L_minor - - - - - . . A - A .G . LT .G T . .TAT . . - T .
MG000446_CPCC_490_L_minor - - - - - . . A - A G B .G T . T
MG000445_CPCC_310_L_gibba - - - - - A - A A T AGT . A LT T ACTT.G.
MGO000490_RDSC_6573_L_gibba - - - - - A - A A T AGT . A T T ACTT.G
GU454338_L_minuta CACAA. .AA . T......C..A A.C.TCC.AC GT. .GT . A G . A TT.C.
GU454330__L_minuta == == === == T./... . .C..A A.C.TCC.AC GT. .GT. A G . A TT.C.
GU454301_S_polyrhiza TGGTCTTAG . .A . TGG CA .G . AT G ACGCTA . C © AT - - - -
GU454300_S_polyrhiza TGGTCTTAG . .A. TGG CA .G . AT G ACGCTA C © AT - - - -

3333333333 3334444444 4444444444 4444444444 444

1224444457 8990111112 2222333444 4445555667 777

8570367887 8120235795 6789259026 78903 9080 6 89

MG000432_Anz_A_L_turionifera CGCTATGCGG CTTTTAAT-A AGTAGCCTTC ATAGTTCTCC AAC

MGO000487_Tay_A_L_turionifera e e e L

MG000479_Skf_B_L_minor LA L = AL . LA

MG000397_RDSC_7123_L_minor LA . A AL . LA

MG000446_CPCC_490_L_minor A . = AL . LA

MG000445_CPCC_310_L_gibba T . A GA .G - - .G . A .C-..A T
MG000490_RDSC_6573_L_gibba T . A GA .G - - .G . A cC-..A T
GUA454338_L_minuta T.TC.AAAAC .GG-.T.A-. .CA. -- .. .CT...A.TA cCC
GU454330__L_minuta T.TC.AAAAC .GG-.T.A-. .CA. -- .. .CT...A.TA cCcC
GUA454301_S_polyrhiza . A. . GAAAAT .. .-A...TG TTCTAT.AAT T.TTG.GGTA
GU454300_S_polyrhiza A . .GAAAAT . -A...TG TTCTAT.AAT T.TTG.GGTA

Supplementary Figure 1.2 Variable sites targeted to design primers for the five target Lemna species used in this
study. The primers designed on the psbK-psbl sequences are shown in Figure 2.1. The positions of the Lemna-
specific primers are shown above the sequence. NCBI accession numbers are included in the name of the Lemna
species. Non variable sites are indicated using dots and insertion-deletions are indicated using dashes.
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Supplementary Table 1.1 Location, Sample ID, coordinates, collection dates and source for each individual
used in this study. (A) strains collected by Barks et al., 2018, (B) additional strains supplied by ABMI; each

sample was treated as a separate site as they are at least 50 km away from each other, (C) strains collected in
southern Alberta as part of this study, and (D) strains provided by reference collections.

(A) Location Name Sample ID  Species ID Museum Reference  Latitudes Longitudes
Anzac Anz A LT N/A 56.45 -111.04
Anzac Anz B LT N/A 56.45 -111.04
Anzac Anz C LT N/A 56.45 -111.04
Barrhead Bar A LT N/A 54.15 -114.46
Barrhead Bar B LT N/A 54.15 -114.46
Barrhead Bar C LT N/A 54.15 -114.46
Camrose Cam A LT N/A 52.89 -112.71
Camrose Cam B LT N/A 52.89 -112.71
Camrose Cam C LT N/A 52.89 -112.71
Caslan Cas A LT N/A 54.66 -112.51
Caslan Cas B LT N/A 54.66 -112.51
Caslan Cas C LT N/A 54.66 -112.51
Coaldale Cld A LT N/A 49.73 -112.62
Coaldale CldB LT N/A 49.73 -112.62
Coaldale cldc LT N/A 49.73 -112.62
Del Bonita Dbn A LT N/A 49.03 -112.75
Del Bonita Dbn B LT N/A 49.03 -112.75
Del Bonita Dbn C LT N/A 49.03 -112.75
Denwood Dwd A LT N/A 52.86 -110.76
Denwood Dwd B LT N/A 52.86 -110.76
Denwood Dwd C LT N/A 52.86 -110.76
Edson Eds A LT N/A 53.61 -115.95
Edson Eds B LT N/A 53.61 -115.95
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Edson

Elkwater
Elkwater
Elkwater

Hairy Hill

Hairy Hill

Hairy Hill
Hanna

Hanna

Hanna

Hwy 28

Hwy 28

Hwy 28
Kehiwin
Kehiwin
Kehiwin
Michelsen Marsh
Michelsen Marsh
Michelsen Marsh
Park Lake

Park Lake

Park Lake
Patricia

Patricia

Patricia
Saskatoon Island
Saskatoon Island
Saskatoon Island
Skiff

Skiff

Skiff

Slave Lake

Eds C
Elk A
ElkB
Elk C
Hhl A
Hhl B
Hhl C
Han A
Han B
Han C
Hwy A
Hwy B
Hwy C
Khw A
Khw B
Khw C
Mch A
Mch B
Mch C
Prk A
Prk B
Prk C
Pat A
PatB
Pat C
Stn A
Stn B
StnC
Skf A
Skf B
SkfC
Slv A
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LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT

LM

LM
LT

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

53.61
49.66
49.66
49.66
53.74
53.74
53.74
51.50
51.50
51.50
54.01
54.01
54.01
54.12
54.12
54.12
49.54
49.54
49.54
49.81
49.81
49.81
50.69
50.69
50.69
55.20
55.20
55.20
49.37
49.37
49.37
55.41

-115.95
-110.27
-110.27
-110.27
-112.07
-112.07
-112.07
-112.06
-112.06
-112.06
-113.15
-113.15
-113.15
-110.82
-110.82
-110.82
-112.56
-112.56
-112.56
-112.92
-112.92
-112.92
-111.67
-111.67
-111.67
-119.06
-119.06
-119.06
-111.80
-111.80
-111.80
-114.80



Slave Lake SlvB LT N/A 55.41 -114.80

Slave Lake Slvc LT N/A 55.41 -114.80
Taylorville Tay A LT N/A 49.03 -113.12
Taylorville Tay B LT N/A 49.03 -113.12
Taylorville Tay C LT N/A 49.03 -113.12
Valleyview Val A LT N/A 55.17 -117.16
Valleyview val B LT N/A 55.17 -117.16
Valleyview val C LT N/A 55.17 -117.16
Wandering River Wan A LT N/A 55.20 -112.54
Wandering River Wan B LT N/A 55.20 -112.54
Wandering River Wan C LT N/A 55.20 -112.54
Whitecourt Wht A LT N/A 54.06 -115.83
Whitecourt Wht B LT N/A 54.06 -115.83
Whitecourt Wht C LT N/A 54.06 -115.83
Winagami Win A LT N/A 55.61 -116.76
Winagami Win B LT N/A 55.61 -116.76
Winagami Win C LT N/A 55.61 -116.76
Young's point Yng A LT N/A 55.13 -117.57
Young's point Yng B LT N/A 55.13 -117.57
Young's point Yng C LT N/A 55.13 -117.57
Parkway Services, University of Lethbridge Pws A LT N/A 49.67 -112.86
Water Building, University of Lethbridge Wat A LT N/A 49.68 -112.87
(8) Chipewyan Lake-Wood Buffalo Chi A LT VS-382-LEMNMIN 57.57 -113.39
Chipewyan Lake-Wood Buffalo chiB LT VS-T382-LEMNMIN 57.57 -113.39
Fort Chipewyan- Wood Buffalo NP Fot A LT VS-236-LEMNMIN 58.37 -112.44
Fort Chipewyan- Wood Buffalo Fot B LT VS-240-LEMNMIN 58.25 -111.05
Fort Mackay-Wood Buffalo Fom A LT V/S-354-LEMNMIN 57.69 -112.63
Garden Creek-Wood Buffalo NP Gar A LT V/S-234-LEMNMIN 58.42 -113.05
Grimshaw- Northern Lights Gri A LT V/S-649-LEMNMIN 56.25 -117.34
Loon Lake- Northern Sunrise Loo A LT V/S-593-LEMNMIN 56.39 -114.75
Ryley-Beaver Ryl A LT UIS-1120-28 53.28 -112.54
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St. Isidore- Northern Sunrise
Trout Lake-Opportunity

Blackfoot
Cadotte Lake
Calling Lake
Chipewyan Lake
Chipewyan Lake
Chipewyan Lake
Chipewyan Lake
Cochrane
Conklin

Conklin

Fox Lake

Fox Lake

Fox Lake

Fox Lake

Fox Lake
Gordondale
Gordondale
Grimshaw
Hythe

Hythe

Hythe

John D'Or Prairie
John D'Or Prairie
Kikino

La Créte

La Créte

La Créte

La Créte

La Créte

Sti A
Tro A

BIf A
Cad A
Cal A
Chi C
ChiD
ChiE
ChiF
Coc A
Con A
ConB
Fox A
Fox B
Fox C
Fox D
Fox E
Gor A
Gor B
GriB
Hyt A
Hyt B
Hyt C
Joh A
Joh B
Kik A
Lac A
Lac B
Lac C
Lac D
Lac E
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LT
LT

LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT

VS-652-LEMNMIN
VS-626-LEMNMIN

UIS-1062-15
VS-W464-LEMNATUR
uUlISs-727-14
VS-W534-LEMNATUR
VS-W380-LEMNATUR
VS-W5S03-LEMNATUR
VS-W566-LEMNATUR
VS-W1449LEMNATUR
UIS-607-16
UIS-669-7
UIS-W319-8
UIS-W322-LEMNTUR
UIS-W348-5
VS-W320-LEMNATUR
VS-W378-LEMNATUR
VS-W767-LEMNATUR
VS-W768-LEMNATUR
UIS-680-5
VS-W799-LEMNATUR
VS-W800-LEMNATUR
VS-W831-LEMNATUR
UIS-317-25
VS-W377-LEMNATUR
UlS-920-17
VS-W433-LEMNATUR
VS-404-LEMNATUR
VS-W376-LEMNATUR
VS-W434-LEMNATUR
VS-433-LEMNATUR

56.17
56.22

53.29
57.23
55.44
56.69
57.64
56.83
56.44
51.28
55.95
55.64
58.03
57.92
57.82
58.02
57.66
55.68
55.63
56.06
55.45
55.46
55.29
58.09
57.72
54.36
57.47
57.59
57.75
57.45
57.47

-116.44
-114.48

-110.14
-116.16
-112.50
-113.69
-114.06
-113.63
-113.39
-114.58
-110.32
-111.13
-114.65
-113.58
-114.62
-114.33
-114.75
-119.74
-119.44
-117.45
-119.77
-119.42
-119.81
-115.24
-115.02
-112.47
-116.42
-116.12
-115.41
-116.18
-116.42



©

La Glace
Little Smoky
Longview
Loon Lake
Loon Lake
Loon Lake
Loon Lake
Loon Lake
Loon Lake
Manning
Slave Lake
Slave Lake
Slave Lake
Trout Lake
Vilna
Widewater
Woking

Bassano

Bassano

Bassano

Bassano

Bow City

Brooks

Buck Lake

Carseland

Circle E Wetland Complex
Circle E Wetland Complex
Circle E Wetland Complex
Circle E Wetland Complex
Circle E Wetland Complex
Circle E Wetland Complex

Lag A
LitA
Lon A
Loo B
Loo C
Loo D
Loo E
Loo F
Loo G
Man A
SlvD
Slv E
SIvF
TroB
Vil A
Wid A
Wok A

Bas A
Bas B
Bas C
Bas D
Bow A
Bro A
Buc A
Car A
CirA
CirB
CirC
CirD
CirE
CirF
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LT
LT
LT
LT
LT
LT
LM
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT

LT
LT
LM
LT
LT
LT
LT
LT
LM
LT
LT

LM
LM
LM

VS-W801-LEMNATUR
UIS-W905-7
UIS-W1547-20
UIS-622-LEMNTUR
VS-622-SPIRPOL
VS-623-LEMNATUR
VS-W465-LEMNATUR
VS-W622-LEMNATUR
VS-W623-LEMNATUR
VS-W463-LEMNATUR
UIS-848-20
VS-W816-LEMNATUR
VS-W848-LEMNATUR
VS-W565-LEMNATUR
UIS-T955-15
VS-W782-DUCKWEED
VS-W769-LEMNATUR

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

55.47
54.79
50.39
56.32
56.32
56.25
57.24
56.32
56.25
57.30
54.90
55.09
54.90
56.47
54.13
55.36
55.63

50.81
50.81
50.80
50.78
50.43
50.55
52.95
50.85
50.63
50.63
50.64
50.37
50.37
50.36

-119.18
-117.14
-114.59
-115.82
-115.82
-115.46
-115.91
-115.82
-115.46
-116.48
-114.57
-114.52
-114.57
-113.76
-111.97
-115.05
-119.09

-112.38
-112.38
-112.40
-112.41
-112.32
-111.87
-114.78
-113.49
-112.20
-112.20
-112.20
-112.21
-112.21
-112.23



Deer Creek Ranch
Eight Mile Lake
Enchant
Enchant
Enchant
Fincastle Lake
Fincastle Lake
Fincastle Lake
Foremost
Forestvill
Forestvill
Frank Lake
Frank Lake
Frank Lake
Frank Lake
Frank Lake
Hays

Hays Transfer Station
Hill Spring
Jefferson
Keho Lake
Keho Lake
Keho Lake
Keho Lake
Keho Lake
Keho Lake
Kimball
Lethbridge
Lost Lake
Lost Lake
Lost Lake
Marr Lake

Dee A
Eig A
Enc A
Enc B
Enc C
Fin A
FinB
FinC
For A
Fov A
Fov B
Fnk A
Fnk B
Fnk C
Fnk D
Fnk E
Hay A
Hts A
Hil A
Jef A
Keh A
Keh B
Keh C
Keh D
Keh E
Keh F
Kim A
Lth A
Los A
Los B
Los C
Mrr A
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LT
LT
LT
LM
LM
LM

LT

LM
LT

LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LT
LM
LM
LM
LM
LM
LM
LT
LT
LT
LM
LM
LT

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

49.09
49.78
50.16
50.17
50.17
49.82
49.82
49.82
49.48
50.43
50.44
50.57
50.57
50.57
50.57
50.57
50.09
50.12
49.29
49.06
49.93
49.93
49.93
49.92
49.93
49.95
49.07
49.69
50.16
50.16
50.15
49.32

-111.52
-112.69
-112.34
-112.34
-112.34
-111.97
-111.97
-111.98
-111.46
-112.34
-112.41
-113.73
-113.73
-113.73
-113.73
-113.73
-111.72
-111.79
-113.62
-113.08
-112.99
-112.99
-113.00
-113.01
-113.03
-113.05
-113.16
-112.89
-112.30
-112.30
-112.30
-113.85



Marsh Lake South

Mary Lake

Mary Lake

Mary Lake

Medicine Wheel

Medicine Wheel

Medicine Wheel

Medicine Wheel

Park Lake

Park Lake

Park Lake

Park Lake

Prouty Lake

Prouty Lake

Prouty Lake

Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Purple Springs Wetland Complex
Range Road 243-Taylorville
Range Road 243-Taylorville
Range Road 243-Taylorville
Raymond Reservoir West
Raymond Reservoir East

Rock Lake

Rolling Hills

Scope Lake

Msh A
Mar A
Mar B
Mar C
Med A
Med B
Med C
Med D
Prk D
Prk E
Prk F
Prk G
Pro A
ProB
ProC
Pur A
Pur B
Pur C
Pur D
Pur E
Pur F
Pur G
Pur H
Purl

RGE 243 A
RGE 243 B
RGE 243 C

Ray A
Ray B
Roc A
Rol A
Sco A

73

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

49.38
49.03
49.03
49.03
50.48
50.48
50.48
50.50
49.82
49.81
49.81
49.82
50.25
50.25
50.25
49.87
49.87
49.87
49.87
49.82
49.84
49.84
49.84
49.83
49.06
49.06
49.06
49.41
49.41
50.68
50.22
50.06

-112.21
-113.21
-113.21
-113.21
-112.41
-112.41
-112.40
-112.41
-112.92
-112.93
-112.93
-112.93
-112.42
-112.43
-112.43
-111.90
-111.90
-111.90
-111.90
-111.83
-111.86
-111.86
-111.86
-111.86
-113.14
-113.14
-113.14
-112.65
-112.69
-111.97
-111.78
-111.80



(D)

Skiff

Skiff

Skiff

Skiff

Spring Coulee
Spring Coulee
Sugar Factory Pond
Taber Lake
Taber Lake
Taber Lake
Taylorville
Taylorville
Taylorville
Township Rd 114
Township Road 12
Tyrrell Lake
Tyrrell Lake
Tyrrell Lake
Vauxhall

Verger

Vernon Pond
Waterton River

. gibba CPCC 310
. minor CPCC 490
. minor CPCC 492

. minor RDSC 7123
. turionifera RDSC 6573

rorOrrOrHOr-r-

. trisulca CPCC 399
. polyrhiza RDSC 8790
. minuta RDSC 6752

Skf D
SkfE
Skf F
Skf G
Spc A
Spc B
Sug A
Tab A
Tab B
Tab C
Tay D
Tay E
Tay F
Twp 114 A
TWP 12 A
Tyr A
TyrB
TyrC
Vau A
Vrg A
Ver A
Witr A

RDSC 7123
RDSC 6573
CPCC 310
CPCC 490
CPCC 492
CPCC 399
RDSC 8790
RDSC 6752

L. minor
***see note
L. gibba

L. minor

L. minor

L. trisulca
S. polyrhiza
L. minuta

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

49.37
49.37
49.37
49.37
49.34
49.33
49.49
49.80
49.80
49.80
49.04
49.04
49.03
49.93
49.03
49.37
49.37
49.37
49.95
50.92
49.39
49.12

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

-111.79
-111.80
-111.79
-111.79
-113.02
-112.97
-112.65
-112.12
-112.12
-112.12
-113.01
-113.01
-113.12
-113.18
-113.18
-112.23
-112.23
-112.23
-112.10
-112.03
-111.44
-113.85

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Sample ID gives the abbreviated name of each study site

LT = L. turionifera and LM = L. minor

*** L. turionifera RDSC 6573; provided by the Rutgers Duckweed Stock Cooperative was identified as
L. gibba after the molecular analyses done a) by Barks et al., 2018 and b) by the screening process of

Lemna species using atpF-atpH and psbK-psbl species-specific primers developed in this study.
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Supplementary Table 1.2 Surface water quality samples obtained from The Surface Water Quality Data and Online Tool webpage of The Alberta Government
(https://www.alberta.ca/surface-water-quality-data.aspx). Sites with missing data are noted (-) and unless otherwise stated, all units are mg/L.
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Anzac LT 5644 -111.10 1.8 3.8 0.03 - - - - - 113 60 68 01 545 58 05 152 26 0.15 207
Caslan LT 5468 -11257 13 9.8 0.03 - - - - - - 386 222 838 7.9 190 226 95 361 15 0.28 -
Elkwater LT 49.67 -11029 14 84 0.05 - - 0.02 0.005 - - - 462 254 8.6 - 229 225 15 26 17 0.27 -
Slave Lake LT 55.44 -115.02 24 6.4 0.02 001 001 0.005 0002 059 059 27 200 112 819 1 817 110 1 - 76 0.1 96
Winagami LT 55.62 -116.73 1 1075 0.42 - - 0.02 0.001 - - - 450 273 882 - 219 229 17 43 13 0.19 -
Young's point LT 55.10 -11754 1.2 885 0.11 - - 0.02 0.002 - - - 172 92 764 - 63 93 - 17 9 0.07 -
Cadotte Lake LT 57.20 -116.17 0.3 1854 0.41 0.08 0.03 0.006 0.003 4.13 4.136 10 273 158 838 - 132 140 2 38 9 012 29.2
Frank Lake LT 50.57 -113.71 - - 0.69 - 0.28 0.016 0.016 9 9.016 13 5510 3539 8.85 60 - - - 44 860 0.13 -
Rock Lake LT 50.68 -111.97 - - 0.07 - 0.02 0.003 0.003 0.76 0.763 10 223 123 821 0.1 - - - 214 7.1 031 -
Taber Lake LM 4980 -112.08 - - 0.07 - 0.01 0.003 0.003 1 1003 14 35 211 758 0.1 - - - 211 27 0.16 -
Keho Lake LM 4995 -11298 12 73 0.01 0.01 005 0.005 0.003 024 0245 22 280 180 845 22 140 140 26 35 20 - 2.3
Scope Lake LM 50.07 -112.08 - - 0.07 - 0.01 0.003 0.003 054 0543 8 330 206 829 0.1 - - - 31 17 0.8 -
Park Lake LM+LT 4981 -11293 22 57 0.02 001 0.05 0.005 0003 025 0.255 13 270 150 845 21 120 120 25 30 7.2 - 1.9
Skiff LM+LT 49.37 -111.80 - - 0.18 - 0.09 0.003 0.003 1.28 1283 7 2570 1917 756 0.1 - - - 88 400 0.24 -
Fincastle Lake LM+LT 49.83 -111.98 - - 0.05 - 0.01 0.008 0.003 0.74 0.748 15 297 144 17.76 0.1 - - - 222 13 011 -
Lost Lake LM+LT 50.13 -112.30 - - 0.06 - 0.01 0.003 0.003 0.68 0.683 12 434 263 7.84 0.1 - - - 274 30 0.29 -

LT = L. turionifera and LM = L. minor
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Appendix 2: Supplementary documents for Chapter 3
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Supplementary Figure 2.1 Sampling localities for Lemna species used in chapter 3. A
total of 192 Lemna DNA samples were used in this study (48 belong to L. minor and 144
belong to L. turionifera). This design included sampling points along the watersheds in
Alberta.
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Supplementary Table 2.1 Samples included in the analyses from both L. minor and L. turionifera
with major watersheds, river basins, location, sample ID and coordinates (latitude and longitude).

Major Watersheds  River Basins Location Name Sample ID  Latitude Longitude
L. minor

South Saskatchewan Pakowki Lake Skiff SkfB 49.37 -111.80
South Saskatchewan Pakowki Lake Skiff SkfC 49.37 -111.80
South Saskatchewan Pakowki Lake Skiff SkfG1 49.37 -111.80
South Saskatchewan Red Deer River Circle E Wetland Complex ~ CirA 50.63 -112.20
South Saskatchewan  Red Deer River Circle E Wetland Complex  CirD 50.63 -112.20
South Saskatchewan ~Red Deer River Circle E Wetland Complex  CirEl 50.63 -112.20
South Saskatchewan Red Deer River Circle E Wetland Complex  CirE5 50.63 -112.20
South Saskatchewan Red Deer River Circle E Wetland Complex  CirF 50.63 -112.20
South Saskatchewan Red Deer River Bassano BasC2 50.81 -112.38
South Saskatchewan Oldman River Enchant EncB1 50.17 -112.34
South Saskatchewan —Oldman River Enchant EncB3 50.17 -112.34
South Saskatchewan ~Oldman River Lost Lake LosB1 50.16 -112.30
South Saskatchewan Oldman River Lost Lake LosB4 50.16 -112.30
South Saskatchewan Oldman River Lost Lake LosB5 50.16 -112.30
South Saskatchewan —Oldman River Lost Lake LosC1 50.16 -112.30
South Saskatchewan Oldman River Lost Lake LosC2 50.16 -112.30
South Saskatchewan —Oldman River Taber Lake TabA 49.80 -112.12
South Saskatchewan —Oldman River Taber Lake TabB1 49.80 -112.12
South Saskatchewan —Oldman River Taber Lake TabB2 49.80 -112.12
South Saskatchewan —Oldman River Taber Lake TabC 49.80 -112.12
South Saskatchewan —Oldman River Keho Lake KehB 49.93 -112.99
South Saskatchewan Oldman River Keho Lake KehC 49.93 -112.99
South Saskatchewan —Oldman River Keho Lake KehD 49.93 -112.99
South Saskatchewan —Oldman River Keho Lake KehF 49.93 -112.99
South Saskatchewan Oldman River Taber Lake TabC2 49.82 -112.92
South Saskatchewan Oldman River Taber Lake TabC3 49.82 -112.92
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South Saskatchewan
South Saskatchewan
South Saskatchewan
Milk River

Milk River

Milk River

Milk River

Milk River

Beaver river

Beaver river

Beaver river

Beaver river

North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
North Saskatchewan
Athabasca
Athabasca
Athabasca
Athabasca
Athabasca
Athabasca
Athabasca
Athabasca

Bow River

Bow River

Bow River

Milk River

Milk River

Milk River

Milk River

Milk River

Beaver River

Beaver River

Beaver River

Beaver River

Battle River

Battle River

Battle River

Battle River

Battle River

North Saskatchewan River
North Saskatchewan River
North Saskatchewan River
North Saskatchewan River
North Saskatchewan River
North Saskatchewan River
North Saskatchewan River
Athabasca River
Athabasca River
Athabasca River
Athabasca River
Athabasca River
Athabasca River

Lesser Slave

Lesser Slave

Scope Lake
Scope Lake
Scope Lake

Del Bonita

Del Bonita

Deer Creek Ranch
Deer Creek Ranch
Deer Creek Ranch
Caslan

Caslan

Kehiwin
Kehiwin
Denwood
Denwood
Denwood
Camrose
Camrose
Blackfoot

Vilna

Hairy Hill

Hairy Hill
Kikino

Kikino

Hwy 28

Edson

Edson

Barrhead
Wandering River
Wandering River
Anzac

Slave Lake
Widewater
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ScoAl
SCcoA2
ScoA3
DbnC
DbnA
DeeAl
DeeA2
DeeA3
CasA
CasB
KhwA
KhwC
DwdA
DwdB
DwdC
CamA
CamB
BIfAl
VilA2
HhIA
HhIB
KikAl
KikA3
HwyC
EdsA
EdsB
BarA
WanB
WanC
AnzC
SIVE
WidA1l

50.06
50.06
50.06
49.03
49.03
49.09
49.09
49.09
54.66
54.66
54.12
54.12
52.86
52.86
52.86
52.89
52.89
53.29
54.13
53.74
53.74
54.36
54.36
54.01
53.61
53.61
54.15
55.20
55.20
56.45
55.09
55.36

-111.80
-111.80
-111.80
-112.75
-112.75
-111.52
-111.52
-111.52
-112.51
-112.51
-110.82
-110.82
-110.76
-110.76
-110.76
-112.71
-112.71
-110.14
-111.97
-112.07
-112.07
-112.47
-112.47
-113.15
-115.95
-115.95
-114.46
-112.54
-112.54
-111.04
-114.52
-115.05



Athabasca
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Athabasca

Peace River

Peace River
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Peace River
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Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

Peace River

South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan

Lesser Slave
Lesser Slave
Lesser Slave
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Peace River
Bow River
Bow River
Bow River

Red Deer River
Red Deer River
Red Deer River
Red Deer River

Widewater
Widewater
Winagami

Fort Mackay-Wood Buffalo

Loon Lake
Loon Lake
Chipewyan Lake
Chipewyan Lake
Grimshaw
Grimshaw
Young's point
Gordondale
Hythe

Hythe

Hythe
Cadotte Lake
Cadotte Lake
Manning
Manning
Manning
Manning
Manning
Conklin
Conklin

Little Smoky
Bow City
Carseland
Cochrane
Brooks
Patricia
Hanna

Hanna

80

WidA2
WidA3
WinA
FomA3
LooB
LooG
ChiE
ChiF
GriB2
GriB
YngA
GorB
HytA
HytB
HytC
CadA2
CadA3
ManAl
ManA2
ManA3
ManA4
ManA5
ConA
ConB
Lit A
BowA
CarA
CocA2
BroA
PatA
HanA
HanB

55.36
55.36
55.61
57.69
56.32
56.25
56.83
56.44
56.06
56.06
55.13
55.68
55.46
55.46
55.46
57.23
57.23
57.30
57.30
57.30
57.30
57.30
55.95
55.64
54.79
50.43
50.85
51.28
50.55
50.69
51.50
51.50

-115.05
-115.05
-116.76
-112.63
-115.82
-115.46
-113.64
-113.39
-117.45
-117.45
-117.57
-119.74
-119.77
-119.77
-119.77
-116.16
-116.16
-116.48
-116.48
-116.48
-116.48
-116.48
-110.32
-111.13
-117.14
-112.32
-113.49
-114.58
-111.87
-111.67
-112.06
-112.06



South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan
South Saskatchewan

Red Deer River
Oldman River
Oldman River
Oldman River
Oldman River
Oldman River
Oldman River
Oldman River
Oldman River
Oldman River
Pakowki Lake
South Saskatchewan
South Saskatchewan

Circle E Wetland Complex
Foremost

Tyrrell Lake

Waterton River

Hill Spring

Range Road 243-Taylorville
Enchant

Park Lake

Park Lake

Prouty Lake

Skiff

Elkwater

Elkwater

CirE4
ForA
TyrB
WtrA
HilA
RGE243B
EncAl
PrkD
Prkg
ProA
SkfE
EIKA
EIkB

50.63
49.48
49.37
49.12
49.29
49.06
50.17
49.82
49.82
50.25
49.37
49.66
49.66

-112.20
-111.46
-112.23
-113.85
-113.62
-113.14
-112.34
-112.92
-112.92
-112.42
-111.80
-110.27
-110.27
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Supplementary Table 2.2 1 Samples included in the analyses from L. minor with Major
watersheds, River Basins, Location, Sample ID and Coordinates.

Major Watersheds  River Basins Location Name Sample ID Latitude Longitude
South Saskatchewan Pakowki Lake  Skiff SkfB 49.37 -111.80
South Saskatchewan Pakowki Lake  Skiff SkfC 49.37 -111.80
South Saskatchewan Pakowki Lake  Skiff SkfG1 49.37 -111.80
South Saskatchewan Red Deer River  Circle E Wetland Complex  CirA 50.63 -112.20
South Saskatchewan Red Deer River  Circle E Wetland Complex CirD 50.63 -112.20
South Saskatchewan Red Deer River  Circle E Wetland Complex CirEl 50.63 -112.20
South Saskatchewan Red Deer River  Circle E Wetland Complex CirE5 50.63 -112.20
South Saskatchewan Red Deer River  Circle E Wetland Complex CirF 50.63 -112.20
South Saskatchewan Red Deer River Bassano BasC2 50.81 -112.38
South Saskatchewan Red Deer River Bassano BasC3 50.81 -112.38
South Saskatchewan  Oldman River Enchant EncB1 50.17 -112.34
South Saskatchewan  Oldman River Enchant EncC 50.17 -112.34
South Saskatchewan  Oldman River Lost Lake LosB1 50.16 -112.30
South Saskatchewan  Oldman River Lost Lake LosB4 50.16 -112.30
South Saskatchewan  Oldman River Lost Lake LosB5 50.16 -112.30
South Saskatchewan Oldman River Lost Lake LosC1 50.16 -112.30
South Saskatchewan  Oldman River Lost Lake LosC2 50.16 -112.30
South Saskatchewan Oldman River ~ Taber Lake TabA 49.80 -112.12
South Saskatchewan Oldman River ~ Taber Lake TabB1 49.80 -112.12
South Saskatchewan Oldman River ~ Taber Lake TabB2 49.80 -112.12
South Saskatchewan Oldman River ~ Taber Lake TabC 49.80 -112.12
South Saskatchewan Oldman River ~ Taber Lake TabC2 49.82 -112.92
South Saskatchewan Oldman River ~ Taber Lake TabC3 49.82 -112.92
South Saskatchewan Oldman River Keho Lake KehB 49.93 -112.99
South Saskatchewan Oldman River Keho Lake KehC 49.93 -112.99
South Saskatchewan Oldman River Keho Lake KehD 49.93 -112.99
South Saskatchewan  Oldman River Keho Lake KehF 49.93 -112.99
South Saskatchewan Bow River Scope Lake ScoAl 50.06 -111.80
South Saskatchewan Bow River Scope Lake ScoA2 50.06 -111.80
South Saskatchewan Bow River Scope Lake ScoA3 50.06 -111.80
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