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Abstract

The impact of intensive agriculture on the environment is immense. This is especially dire
with regard to the natural nitrogen (N) cycle, where the human driven interference, primarily
associated with industrial fertilization, has reached unsustainable levels. Unlike cereals, legumes,
such as soybean, alfalfa and common bean, have the ability to use atmospheric nitrogen, which
limits the need for industrial fertilization. A more wide-spread use of legumes could alleviate some
of the negative impacts on the biogeochemical cycle while also providing a useful alternative to
meat consumption, an important factor in sustainability. To reach this goal, further improvements
of legume crops with regard to their nitrogen economy and yield are essential. In the model legume,
Lotus japonicus, the HAR1 receptor kinase plays a central role in the plant nitrogen and phosphate
nutrition by regulating beneficial symbioses and root system architecture. In this thesis study, |
used the HARL1 locus as a paradigm for the development of a CRISPR/Cas-based toolkit, with the
ultimate goal of generating a range of synthetic variation at agriculturally important traits. While
genome modifications at the HAR1 locus are yet to be demonstrated, the toolbox required to
perform these experiments was developed. It should facilitate rapid expansion on the repertoire of
alleles available for accelerated breeding of new, high yielding legume varieties that are better

attuned with the natural environment.

Keywords: Crop nutrition, nitrogen, legumes, CRISPR/Cas, Lotus japonicus, rhizobia,

Hypernodulation Aberrant Root Formation 1 (HARL1), hairy roots, engineered trait variation



Summary for lay audience

There is an urgent need to improve crop yields while simultaneously reducing the use of
nitrogen fertilizers. One way to address this problem is to turn to legumes, which can use
atmospheric nitrogen. They achieve this by forming a symbiotic relationship with soil bacteria
known as rhizobia. However, legumes are currently not able to produce as much grain as cereals
do. Breeders can use natural variation to improve the yields of legumes, but the levels of natural
variation that is available is relatively small. Using a modern gene editing technology, called
CRISPR, it is possible to expand on the existing variation. This expansion allows crop breeders to
identify beneficial variants much quicker than they could using traditional methods. Using
CRISPR to expand on the variation in genes related to nitrogen uptake, for example, will help
reduce the need for industrial nitrogen inputs.

Improving legumes’ yields requires the knowledge of gene interactions which regulate
nitrogen use. In this thesis study, gene editing tools were developed in order to expand on the
natural variation that exist in the model legume, Lotus japonicus. A gene, called HAR1, which
regulates the plant nitrogen economy was chosen as a paradigm. The gene editing toolbox, which
can be applied to any agriculturally relevant plant function has been developed and testing these
new tools is in progress. If successful, the knowledge gained by working in the model plant
organism will be transferable to crop plants. It should facilitate accelerated breeding of new, high

yielding legume varieties that are better attuned with the natural environment.
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Chapter 1: Introduction

1. The natural nitrogen cycle

Nitrogen is most abundant in its inert, dinitrogen (N.) state, which is the main constituent
of the Earth’s atmosphere, accounting for approximately 78% of its composition (Figure 2). N2 is
converted by both biological nitrogen fixation, a prokaryotic (archaea and bacteria) process and,
to a much lesser extent, by physical processes (e.g. atmospheric fixation by lightning) into reactive
molecules, ammonia and nitrogen oxides, respectively (Noxon, 1976; Bruijn, 2014). Ammonia is
rapidly converted by nitrifying bacteria, to nitrites (NO2") and nitrates (NO3’). These bioactive
nitrogen-containing molecules can readily be utilized by plants and indirectly used by animals,
including humans (Figure 2). Various decomposers, such as soil bacteria and fungi, add to the
global nitrogen cycle, by degrading nitrogen-containing organic molecules, such as proteins,
amino acids and chlorophyll, hence further contributing nitrogen to the environment in the form
of ammonia. In contrast, denitrifying bacteria reduce an excess of nitrites and nitrates to gaseous
forms, primarily N2, which returns to atmosphere, closing the nitrogen cycle (Figure 2). As further

discussed below, industrial fertilization has greatly disturbed this natural cycle.
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Figure 1. The natural nitrogen cycle is depicted. For further details, see text. The schematic

has been modified from https://en.wikipedia.org/wiki/Nitrogen cycle.

2. The Green Revolution and how it led to the nitrogen problem.

Enhancing crop yields ensured food security for a rapidly growing human population. As
technology improved, the techniques to maximize yield became more sophisticated. Perhaps the
biggest step forward in the productivity of crops was a result of the Green Revolution, which
started in the 1960’s (Hedden, 2003). This involved breeding improved, semi-dwarf varieties of
rice and wheat, often referred to as Green Revolution Varieties (GRVS), which were more resistant
to pests and lodging and were very productive (Peng et. al., 1999). However, industrial fertilization

was required to maximize the yield of the GRVs (Egli, 2008). In fact, the use of chemical


https://en.wikipedia.org/wiki/Nitrogen_cycle

fertilizers, along with pesticides, improved the crop yields so drastically that it played a major role
in driving the exponential growth of the human population (Figure 1).

The use of nitrogen fertilizer was made possible through the invention of a process that
allowed industrial fixation of atmospheric N2 into ammonia, known as the Haber-Bosch process
(Haber, 1920). This process combines N2 and hydrogen gasses under extremely high heat (about
500°C) and pressure (about 200 atmospheres) along with an iron catalyst, to produce liquid
ammonia (Haber, 1920). The conditions required for the chemical synthesis of ammonia to proceed
efficiently can only be achieved through the use of large quantities of energy that are produced by
burning fossil fuels, mainly natural gas, which generates copious amounts of greenhouse gasses
(Vicente & Dean, 2017). Ammonium derived from the Haber-Bosch process now accounts for
60% of the fertilizers used globally, which has resulted in a massive impact on the nitrogen cycle
and several other planetary conditions, including biodiversity and global warming (Wang et. al.,
2018).

The natural nitrogen cycle, long self-sustainable and balanced, has been significantly
disrupted by anthropogenic (i.e. human-driven) addition of combined nitrogen, primarily
associated with agricultural production, causing significant nitrogen enrichment in the
environment, the consequences of which are disastrous (Smith & Schindler, 2009; see also,

https://e360.yale.edu/features/the-nitrogen-problem-why-global-warming-is-making-it-worse). In

fact, as of 2010, agricultural practices accounted for the addition of approximately 207 million
metric tons of bioactive nitrogen to the environment, as compared to approximately 111 million
metric tons produced by natural processes (Canfield et. al., 2010). Any excess of bioavailable
nitrogen runs off into the water systems that surround the application areas. Increased nitrogen

concentrations in the water, along with phosphate, allows for some algal species to thrive, resulting


https://e360.yale.edu/features/the-nitrogen-problem-why-global-warming-is-making-it-worse

in harmful algal blooms (Sellner et. al., 2003;

https://www.theguardian.com/environment/2020/jan/04/lethal-algae-blooms-an-ecosystem-out-

of-balance). These blooms consume the available oxygen resulting in the suffocation of the
ecosystems, a process known as eutrophication (Smith & Schindler, 2009). As of 2018, every
continent, including Antarctica, had coastal zones of eutrophication (Figure 3). Not only are
fertilizers directly damaging to water and soil, but their production and use are also a major source
of greenhouse gas emissions, including nitrous oxide, an ozone-depleting gas that has a potential
to be 300 times more influential on climate change compared to carbon dioxide (Woods et. al.,
2010). The destruction of aquatic ecosystems through eutrophication along with the impact of N
fertilization on global warming are causing irreparable changes to global ecosystems. Therefore,

an immediate action is needed to halt these negative trends (Smith & Schindler, 2009).

Figure 2. Coastal areas marked by red dots represent locations where oxygen
concentrations [Oz] have declined to hypoxic conditions (<63 mmol Oz per liter). This
decline was either exacerbated or caused by anthropogenic nutrient runoffs. Oxygen starved
environments suffer from loss of biodiversity. The image was modified from Breitburg, D. et.

al. (2018).
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3. The nitrogen bottleneck in green revolution varieties.

The use of nitrogen fertilizers was more of a double-edged sword than anyone could have
predicted in the 1960’s and 1970’s, when its application became widespread. The benefits of
nitrogenous fertilizer use were clear. Much greater yields could be achieved in the same amount
of space if fertilizer was applied as compared to no fertilization (Egli, 2008). There was however
a massive oversight with respect to important drawbacks that accompanied the use of fertilizers.
The environmental issues that arose due to the excessive use of fertilizer, such as eutrophication
of coastal areas (Figure 3), are now being widely discussed (Breitburg et. al., 2018). Moreover,
new molecular data showed that the high yielding GRVs of rice and wheat suffered from
diminished nitrogen use efficiency (NUEs; Wu et. al., 2020). This mainly resulted from the
selection of partial dwarfism that prevented crop logging while enhancing the yield (Hedden,
2003). However, the underlying alleles that were selected for during the breeding process also
resulted in increased accumulation of the DELLA protein, which was shown to negatively regulate
the plant nitrogen economy (Wu et. al., 2020).

DELLAs are a family of GRAS (GIBBERELIC ACID
INSENSITIVE REPRESSOR OF gal-3 SCARECROW) transcriptional regulators that are plant
specific (Yoshida et. al., 2014). They act as master regulators that counteract growth promoting
gibberellins, hence limiting vegetative plant growth (Wu et. al., 2020). The DELLA proteins are
normally degraded by the activity of gibberellins (Peng et. al., 1999). GRVs that had increased
levels of the DELLA protein were found to have gibberellins that were either present in reduced
quantities or were less effective at degrading the mutant DELLA protein compared to their parental

lines (Wu et. al., 2020). The resulting phenotypes of the crops were semi-dwarf plants, which had



an immense production capacity but required high levels of nitrogen input to achieve maximum
yield (Li et. al., 2018).

In an interesting twist, DELLA proteins were found to be responsible for decreasing NUE
of the GRVs by counteracting the function of the GROWTH-REGULATING FACTOR 4 (GRF4),
a transcriptional regulator that promotes nitrogen uptake and metabolism (Li et. al. 2018). A
progressive selection for varieties that contained greater and greater concentrations of DELLA
proteins led to a bottleneck in the crops’ abilities to uptake and assimilate nitrogen. This is the
main reason why the increased fertilization of GRVs was required to reach top yield. Considering
that close to 50% of the applied nitrogen globally is being lost through runoff and volatilization
(Vidal et. al., 2020), the invention and global use of highly productive GRVs came at a significant
price to the environment.

Given the hugely detrimental effect of reactive nitrogen, minimizing the use of industrial
fertilizers is essential. However, stopping the use of fertilizers abruptly would lead to serious food
shortages (Crews & Peoples, 2003). Avenues that could close the gap between low nitrogen inputs
and high crop yields are being explored. Better understanding and usage of natural mechanisms
constitutes one path toward reaching this goal. New genomic resources and novel approaches, such
as the rapidly emerging field of synthetic biology, are also expected to have a significant impact

in this context.

4. Plants have accumulated various adaptations to deal with nitrogen limitations.
Low levels of bioavailable nitrogen have been common for most of life’s history on the
planet. In fact, nitrogen and phosphorus availability are the primary limiting factors to plant growth

following the availability of water (Agren et. al., 2012). Thus, ancient relatives of modern plants



had to adapt to nutrient scarcity over the course of their evolutionary histories. The earliest plants
that emerged on land were most likely bryophytes that did not have any roots and grew by
spreading along surfaces (Kenrick & Crane, 1997; Brundrett, 2002; Morris et. al., 2018). Modern
bryophytes include mosses, liverworts, and hornworts. According to the fossil record the
relationship between modern mosses and vesicular-arbuscular mycorrhizas (VAM) is incredibly
similar to that of early plants colonized by VAM hyphae (Brundrett, 2002). This symbiosis is likely
to have been instrumental for the terrestrial colonization by ancient plants as it allowed the rootless
species to combat desiccation and utilize the phosphate (Helgason & Fitter, 2005), and possibly
nitrogen (Buckling & Kafle, 2015) that was trapped in the soil using fungal hyphae (Pirozinski
and Malloch, 1975).

Roots evolved later in the history of land plants, following the emergence of plant
vasculature (Kenrick & Crane, 1997; Kenrick & Strullu-Derrien, 2014). It is likely that roots
originated as a result of subterranean stems growing from early vascular plants (Brundrett, 2002).
High levels of root morphological divergence first emerged during an era of rapid plant
diversification in the mid-Devonian (Brundrett, 2002). They eventually also gained phenotypic
plasticity, which is the ability to modify their growth patterns in response to changing soil
conditions, including the availability of nutrients (Hodge, 2004). Morphological variation in
response to nitrogen supply is an excellent example of such developmental root plasticity (Forde,
2014).

The plasticity of extant plants’ root systems governs their ability to forage for nitrogen and
other nutrients, an important trait especially in natural environments (Schneider and Lynch, 2020).
Roots will have increased length and overall biomass as a result of low nitrogen availability,

however, their growth is stunted if they are severely deprived of nitrogen (Arayaet. al., 2014; Kiba



& Krapp, 2016). These and other growth patterns are mediated by local and systemic regulatory
mechanisms that integrate and convert external and internal information into cohesive root
responses that maximize the capture and utilization of limited nutrients, including nitrogen (Wang
etal., 2018).

After root plasticity, the root associated microbial community is the most important
adaptation plants have when it comes to scavenging for nutrients. Transfer of nutrients between
microorganism and plants is considered an ancient phenomenon that was already in existence
before plants invaded the land and also as exemplified by the ancient VAM symbiosis (Taylor et
al., 1995; Strullu-Derrien et. al., 2018). However, plants associate with a wide range of
microorganisms, including highly diverged fungal and bacterial species, which are collectively
known as plant microbiomes (Fitzpatrick et. al., 2018; Trivedi et al., 2020). As with the human gut
microbiome, the root microbiomes have been shown to benefit the host with respect to several key
functions, such as protection against pathogens (Mousa et al., 2016) and the already mentioned
nutrition. An interesting example of the latter has been described for two varieties of rice grown
in Asia, namely Indica and Japonica. Species belonging to the Indica variety of rice recruit
microbiomes that are more diverse and characterized by enhanced nitrogen assimilation and
metabolism functions as compared to those present in the microbiomes of Japonica rice species.
This results in better NUE and growth of the Indica species (Zhang et. al., 2019). Interestingly, a
sequence variation at the rice NRT1.1B gene, encoding a nitrate transceptor (i.e. nitrate sensor and
transporter) was shown to be mainly responsible for the microbiome variation between the two
rice varieties, underscoring the importance of the host genome in the recruitment of a beneficial

microbial community (Zhang et. al., 2019).



Much like the plants themselves, the root microbiomes are very susceptible to fluctuations
in soil nitrogen content. Among many edaphic factors, elevated levels of anthropogenic N and P
were shown to influence taxonomic and functional traits of soil microbial communities (Leff et.
al., 2015; Pan et al., 2014). Furthermore, a long-term exposure to industrial fertilization has also
been indirectly linked to favoring less effective microbial mutualists (Johnson, 1993; for current
review see Vandenkoornhuyse et. al. 2015). However, engineered root microbiomes that consist
of species which maintain active nitrogen assimilation and metabolism in the presence of
exogenous nitrogen inputs may improve plant productivity (Bloch et. al., 2020). Therefore,
maximizing benefits as provided by plant microbiomes while limiting anthropogenic inputs will
likely constitute an essential avenue in improving NUE and saving the environment.

In the same context, legume plants such as garden pea, soybean, and alfalfa, have the ability
to form endo-symbiotic relationships with a subgroup of nitrogen-fixing bacteria commonly
known as rhizobia. This intimate relationship is restricted in nature (Griesmann et. al., 2018) and
is also unique, as rhizobia reside inside the living root cells (Parniske, 2018), where they facilitate
the assimilation of atmospheric nitrogen by the host legume in a process called symbiotic nitrogen
fixation (SNF) (Figure 2). To be able to fix atmospheric N2 rhizobia require a hypoxic environment
because the N fixing enzyme, nitrogenase, is extremely sensitive to oxygen (Rees & Howard,
2000). Once engaged in symbiosis, legumes develop specialized root derived organs, called root
nodules, and produce an oxygen carrier molecule, leghemoglobin. Root nodules combined with
leghemoglobin facilitate the hypoxic environment necessary for rhizobial nitrogen fixation (Ott et.
al., 2005). Engaging in this mutualistic relationship reduces or entirely eliminates the need for soil

nitrogen (Franche et. al., 2009; Udvardi and Poole, 2013). Hence, the symbiosis and the pertinent



regulatory mechanisms have been of great interest and are considered to be crucial in minimizing

the requirement for nitrogen fertilization globally (Bailey-Serres et. al., 2019).

5. Symbiotic nitrogen fixation is likely to play an important role in the development of
sustainable agriculture.

Although most plant microbiomes contain bacterial species that can facilitate nitrogen
nutrition of their host plants, none can do so as efficiently as the endo-symbiotic rhizobia. The
legume-Rhizobium relationship, where the bacteria are hosted intracellularly in symbiotic organs,
called root nodules, provides the most sophisticated and direct route for nitrogen nutrition of the
host that is independent from soil nitrogen. The symbiotic relationship starts with a chemical cross-
talk between the partners that initiates the infection process at the root epidermis (Crespi & Galvez,
2000). Concomitantly, a signaling cascade to the subtending root cortex stimulates nodule
organogenesis (Soyano et. al., 2013). Nodules host rhizobia intracellularly and provide hypoxic
conditions (Ott et. al., 2005), allowing the bacterial nitrogenase enzyme to reduce N2 to ammonia.
The ammonia is secreted to and assimilated by plant cells, which supports plant growth (Figure 4).
In return, the host supplies its symbiotic partner with photosynthetic carbon (Vance, 2008). In this
relationship, the host plant is in control and will restrict the number of nodules which are formed
to maintain homeostasis (Reid et. al., 2015). This so called Autoregulation of Nodulation (AON),
represents an important systemic, root-to-shoot-to-root, regulatory feed-back mechanism (Magori
et. al., 2009; Ferguson et. al., 2010; Suzaki et. al., 2015). AON serves to preserve the balance
between the need for nitrogen and the extent to which supporting the symbiosis through the

supplementation of photosynthates is still beneficial to the host (Oka-Kira and Kawaguchi, 2006).
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Figure 3. Schematic depicting the symbiotic relationship between legume plants and
rhizobia that facilitates biological nitrogen fixation in legume species. Root nodules are
formed as a response to rhizobial signaling and provide a hypoxic environment that allows the
bacterial enzymatic complex, the nitrogenase, to convert atmospheric nitrogen to ammonium
(N2 to NH4™). The rhizobia reside in root nodules, where nitrogen is fixed and supplied to the

host legume in exchange for photosynthates.

Different legumes form relationships with different species of rhizobia. The model legume,
Lotus japonicus (Handberg & Stougaard, 1992; Szczyglowski & Stougaard, 2008), the subject of
my thesis work, forms root nodules to accommaodate its nitrogen-fixing symbiont, Mesorhizobium
loti (Kaneko et. al., 2000). The extent of nodule formation in L. japonicus is regulated by a central
gene in the AON pathway, called HYPERNODULATION ABBERANT ROOT FORMATION 1
(HAR1) (Wopereis et. al., 2001; Krusell et al., 2002; Nishimura et al., 2002). HAR1 encodes a
leucine-rich repeat receptor kinase (LRR-RK) that is likely orthologous to the A. thaliana
CLAVATAL LRR-RK (Okamoto & Kawaguchi, 2015). The activity of HARL prevents excessive
nodule formation by generating a systemic, root-shoot-root feedback signaling mechanism that
restricts subsequent nodulation events. The initial nodule formation events trigger expression of

the CLV3/ESR-related (CLE) peptides in L. japonicus roots. These are translocated to the shoot
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and are perceived by HAR1, which results in a shoot-to-root signaling cascade (Okamoto et. al.,
2013). This cascade involves the microRNA miR2111 (Tsikou et. al., 2018) and a Kelch repeat-
containing F-box protein called TOO MUCH LOVE (TML) (Takahara et. al., 2013), which
effectively inhibit the formation of new nodules. In the absence of HARL, as in the harl-1 mutant
background, the root develops an excessive humber of nodules, a phenomenon that is referred to
as hypernodulation. This significantly restricts the root growth and also impedes the shoot
development (Wopereis et al.,, 2001), demonstrating that maintenance of the symbiotic
homeostasis is vital for the host.

Interestingly, Wopereis et. al. (2001) showed that HAR1 was not only involved in
regulating nodule formation during symbiosis with M. loti but was also responsible for controlling
the root system architecture, by balancing root elongation and lateral root formation. Other
research has shown that HAR1 and its predicted orthologues in different legume species regulate
nitrogen uptake and metabolism (Lagunas et. al., 2019). A phosphate acquiring root-mycorrhiza
fungi symbiosis was also shown to be regulated by NODULE AUTOREGULATORY RECEPROR
KINASE (NARK), the soybean orthologue of HAR1 (Schaarschmidt et al., 2013). The functional
attributes of HAR1 and its orthologues in different legume crop species have made this locus an
attractive subject of research that aims to further our basic understanding of plant growth
regulation in the context of N and P nutrition. The same locus has also become a potential target

for breeding approaches directed toward improving nutrient acquisition in legume crop plants.

6. Employing breeding strategies to improve plant nutrition to save the environment.
Domestication and breeding have significantly reduced the pool of available diversity that

remains among elite crops varieties (Smale, 1997; Shi & Lai, 2015). These dwindled pools of
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variation are now creating significant challenges in furthering crop improvements through the use
of traditional breeding methods. Finding new, useful alleles has become difficult, and for some
agronomic traits beneficial alleles may not exist, either because they did not arise naturally or were
lost as a result of domestication (Scheben & Edwards, 2018). The genetic variations (i.e. new
alleles) that exist in wild relatives and land races can be used for further improvement of elite
varieties. However, these alleles need to be introgressed and the elite genetic background must be
re-constituted by sequential backcrosses to the original elite genotype. This process is time
consuming, and a positive outcome is uncertain (Tanksley &Nelson, 1996). Furthermore,
improvements to agronomically important traits must be made more rapidly, given that the
exponentially growing human population must be fed without causing further destruction to the
environment (Scheben & Edwards, 2018).

A new breeding method, which is based on targeted genome modifications, presents a
massive shortcut to the traditional method. Using genome editing, it is possible to make surgical
changes or create a continuum of trait variation, hence significantly enriching the breeding process
(Rodriguez-Leal et. al., 2017). Expanding on natural variation in regulatory sequences, such as
gene promoters underlying important agronomic traits, is promising for rapid crop improvement
(Scheben & Edwards, 2018). This expansion of natural variation is effectively generating what can
be called synthetic variation. While several methods have been used to induce directed changes to
plant genomes, including zinc finger nucleases (ZFNs) (Weinthal et. al., 2010) and transcription
activator-like effector nucleases (TALENS) (Chen & Gao, 2013), the recently discovered type Il
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated (Cas) enzyme
systems (Shan et. al., 2013; Koonin & Makarova, 2019) provide the most direct route for crop

improvements.
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7. CRISPR and the use of CRISPR-based genome editing to expand on the natural variation
that exists in agriculturally important species.

CRISPR/Cas systems arose in bacteria and archaea as an adaptation against phages (Jinek
et. al., 2012; Koonin & Makarova, 2019). They have the capability to create double-stranded
breaks at very precise locations in genomic DNA. These systems require two components to
function, a Cas protein and crisprRNA:tracrRNA heteroduplex. The Cas protein is an enzyme that
contains two nuclease domains, RuvC and HNH (Shan et. al., 2013). The RNA heteroduplex
consists of short RNA molecules, the crisprRNA, also known as spacer or the guide RNA (gRNA)
and the trans-activating crisprRNA (tracrRNA). The gRNA contains sequence that is
complementary to target sites in phages or plasmid DNAs, while the tracrRNA acts as a handle
that is needed to activate gRNA/Cas protein based DNA cleavage (Doudna & Charpentier, 2014).
The gRNA and tracrRNA get processed together in the microbial cells to generate a
gRNA:tracrRNA heteroduplex that can associate with the Cas protein (Jinek et. al., 2012). The
Cas protein then scans DNA, both native and foreign, for target sites as guided by any given gRNA.
Once the gRNA forms Watson-Crick base pairing with the target DNA strand, the Cas enzyme
will induce a double stranded break at the site. However, the double stranded cleavage will only
occur if the so called protospacer adjacent motif (PAM) site, a short sequence that is recognized
by the Cas protein, is present at the 3’ end of the target site (Figure 5). These double-stranded
breaks neutralize the invading phage or plasmid DNAs (Shan et. al., 2013). The requirement for a
PAM sequence at the 3° end of the target sites (i.e. protospacers) prevents the cleavage of the
native DNA, thus avoiding damage to the host genome.

CRISPR/Cas systems arose in many different microbial species and some have been

adapted for the purpose of genome editing in eukaryotes. A chimeric RNA molecule that contains
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both the gRNA and tracrRNA sequences, known as a single guide RNA (sgRNA), was developed
(Jinek et. al., 2012). Next, Cas proteins were codon optimized for use in eukaryotes (Shan et. al.,
2013). The Cas9 enzyme from Streptococcus pyogenes and Casl2a from Lachnospiraceae
bacterium were shown to be effective for use in eukaryotic cells (Shan et. al., 2013; Ha et. al.,
2020). Together these two components allow for the generation of mutations at highly specific
sites anywhere in eukaryotic genomes where PAMs are present. These CRIPSR/Cas systems for
genome editing are more efficient at generating site specific mutations and are less costly than

ZFNs and TALENSs (Doudna & Charpentier, 2014).
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Double-Stranded Brea

Figure 4. A schematic showing a CRISPR associated (Cas) enzyme and a single guide RNA
(syRNA) associated with each other. A Cas enzyme scans the genomic DNA for sequences
complementary to the recognition sequence of the sgRNA. The genomic target site must contain
a protospacer adjacent motif (PAM) at its 3’end, and each Cas enzyme has a unique PAM
sequence. The single-stranded recognition sequence of the sgRNA base pairs with the
recognition site in the genomic DNA, and the two magnesium-dependent nuclease domains
present in the Cas enzyme cleave the genomic DNA. The double stranded break is subject to

endogenous cellular repair mechanisms which often generate mutations at the target sites.

CRISPR/Cas based systems have been used to conduct different types of genetic studies in
model and crop plant species (Wang et. al., 2016; Ji et. al., 2019). There is also evidence to suggest
that precise gene knock-in or replacement experiments are possible in plants, but these
technologies are still being developed (Lu et. al., 2020). However, one of the most exciting avenues
that CRIPSR/Cas systems provide in the study of crop improvement is the possibility of generating
arange of alleles that result in quantitative trait variations. Thus, rather than studying gene function

alone, this method provides the opportunity to generate synthetic variation that can be used by
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breeders when trying to improve agronomic traits. For example, by using a set of SgRNAs targeting
the promoter region of the Solanum lycopersicum CLAVATAS gene, a range of variants with
differing fruit size and seed number was generated (Rodriguez-Leal et. al., 2017). Similar
approaches should guide the development of synthetic variation at many agriculturally relevant
loci directly in elite crop varieties, hence aiding the necessary, rapid improvement in crop

productivity and their environmental performance.

8. Changing agricultural practices and improving crops for sustainable food production.
Different changes can be envisaged to current food production systems in order to reduce
their impacts on the environment. Further improvements in the management of food production
are going to be crucial moving forward, but they will likely not be sufficient to reduce the
environmental impacts caused by agriculture (Gomiero et. al., 2011). Shifting to a more plant
based diet globally is predicted to help in tackling several pressing issues, including climate change
and biodiversity. This is because of the disproportionately negative impact that animal production
has on biodiversity, land use and the environment (Sakadevan & Nguyen, 2017). However, the
necessary increase in plant production has its own challenges, primarily associated with excessive
use of industrial inputs, fertilizers and pesticides. Work on improving nitrogen use efficiency in
cereal crops, such as rice, wheat and maize, offers an important glimpse at possible approaches to
achieve greater sustainability (Li et al., 2018; Zang et al., 2019; Geddes et. al., 2018; Wu et al.,
2020). Engineering cereals to fix their own nitrogen is another very promising, albeit likely a more
distant solution (Mus et. al., 2016; Soumare et. al., 2020). Finally, enhancing legume production
and usage as a sustainable and inexpensive meat alternative is being seen as a feasible avenue.

However, while capable of fixing their own nitrogen, legumes yield much less grain per acre than
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cereals do. In Ontario, for example, corn produced on average a grain yield of approximately 4.16
metric tons/acre while soybean yielded only 1.38 metric tons/acre, during the 2020 season

(http://www.omafra.gov.on.ca/english/stats/crops/index.html). The lower productivity coupled

with the rapidly growing population means that further, sustainable enhancement of legume
production is also an important goal (Liu et al., 2020). Furthermore, the common bean (Phaseolus
vulgaris) is a weak nitrogen fixer compared to other legumes and is routinely supplemented with
industrial nitrogen to enhance yield. These two examples clearly indicate that further enhancement
of legume production is also an important goal toward sustainable food production (Liu et al.,

2020).

9. Rationale and Objectives

L. japonicus HARL is a regulator of nitrogen-fixing root nodule symbiosis and a phosphate
acquiring VAM. HARL1 has also been shown to regulate root system architecture (Wopereis et. al.,
2001; J. Therrien and K. Szczyglowski, unpublished data). There is also evidence, based on the
work with the SUNN locus, the M. truncatula orthologue of HAR1, pointing to its role in a resource
partitioning mechanism that regulates the mobilization of soil-derived nitrogen from roots to
shoots (Lagunas et. al., 2019). Given these attributes, HAR1 and its orthologues in crop species
may be important targets for legume crop improvement. | hypothesised that generating a range of
cis-regulatory HAR1 alleles using a CRISPR/Cas system would lead to the identification of
synthetic variants with enhanced capacity for SNF and likely also other useful properties with
regard to the plant nutrient efficiencies. As the CRISPR/Cas-based approach had to first be
implemented in the Szczyglowski laboratory, the following objectives were set for my MSc thesis

work:
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1) Design guide RNAs targeting the HAR1 promoter and develop the corresponding CRISPR/Cas9
and CRISPR/Cas12a multiplex expression cassettes.

2) Test the expression, maturation, and genome editing efficiencies of the corresponding CRISPR
cassettes in planta using an Agrobacterium rhizogenes-induced hairy root system.

Hairy roots are induced by A. rhizogenes, which transfers a T-DNA segment of its root
inducing (Ri) plasmid to plant cells causing a callus-like structure to form at the infection site due
to alterations to a hormonal status of the infected cells (Beach & Gresshoff, 1988). Hairy roots
subsequently start to emerge from the callus-like structure. This effect has been adopted as a short-
cut method to generate transgenic roots (hairy roots) on non-transgenic shoots, in order to study
biological processes (Stiller et. al., 1997). Generation of hairy roots is relatively rapid, hence
allowing for the swift determination of CRISPR cassette functionality in genome editing.

The long term goal of my thesis work was to contribute to the basic knowledge required
for the enhancement of symbiotic nitrogen fixation and other nutrient acquisition-related traits in

legume crops.
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Chapter 2. Materials and Methods

1. Plant material, bacterial strains, and growth conditions.

All experiments were conducted using wild type Lotus japonicus ecotype Gifu plants.
Seeds were lightly sanded to scarify the protective coating. They were then sterilized by incubation
in 5mL of 70% ethanol/0.1% SDS solution, decanting after 1 minute, and performing an additional
incubation in 5mL of 20% bleach/0.1% SDS solution, also for 1 minute. The seeds were then
washed 10 times using 5mL of sterile Milli-Q H20, vortexing briefly with each wash. Seeds were
imbibed overnight in 5mL of sterile water at room temperature. The seeds were subsequently
germinated on Gamborg’s 2 B5 media (Sigma-Aldrich, Oakville, ON, Canada) solidified with
0.8% Phytagel (Sigma-Aldrich, Oakville, ON, Canada). Germination was carried out for 5 days in
the dark at room temperature, in order to generate etiolated seedlings, to be used for Agrobacterium
rhizogenes transformation (see below).

Escherichia coli strains DH5a and TOP10 (Thermo Fisher Scientific, Waltham, USA)
were used for all cloning experiments. Both strains were cultured on either solid or liquid LB
media (liquid cultures were shaken at 220rpm) at 37°C. A. rhizogenes strain 1193 was used to
generate transgenic hairy roots and was grown on LB media (liquid cultures were shaken at
220rpm) containing 100ug/mL rifampicin and 100ug/mL L-histidine at 28°C. Antibiotics used for
the selection of plasmids included: kanamycin at 25ug/mL for any construct in the pPCAMBIA1600
vector backbone; kanamycin at 50pug/mL for any construct in the pGEL031, pGEL032 or pCRII-
Blunt-TOPO vector backbones; and ampicillin at 100ug/mL for any construct in the pBluescript

SK (+) or pUC57 vector backbones.
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2. Designing single guide RNAs (sgRNAs) targeting the Lotus japonicus HAR1 promoter.
Putative CRISPR/Cas9 target sites, with the Cas9 protospacer adjacent motif (PAM), NGG
(where “N” is any nucleotide), at the 3’ end were identified in the HAR1 promoter region using

the CRISPR-P v2.0 software (http://crispr.hzau.edu.cn/CRISPR2/). Additionally, the same

software was used to identify putative CRISPR/Cas12a target sites in the HAR1 promoter region
based on the Casl2a PAM, TTTV (where “V” is any nucleotide other than a T). The 4kb region
upstream from the predicted HAR1 translation initiation ATG codon was arbitrarily defined as the
promoter (Appendix A). Target sites that have the least likelihood to share sequence identity with
off-target regions in the L. japonicus genome were subject to analysis of tertiary structure (as
predicted by the CRISPR-P v2.0 software — see results). The target sites with the optimal single
guide RNA (sgRNA) tertiary structure were selected to be incorporated into the multiplex
CRISPR/Cas9 cassette. CRISPR/Casl2a mediated genome editing requires a much shorter
scaffold portion of the sgRNA, called the Casl2a direct repeat (DR). The CRISPR/Casl2a
expression cassettes had crisprRNAs (crRNASs) incorporated with the shorter scaffold flanking

both the N and C terminals.

3. Developing corresponding CRISPR/Cas9 multiplex sgRNA expression system (double
promoter system).

The sgRNAs selected based on the in-silico analysis described above were used to design
the dual promoter CRISPR/Cas9-multiplex expression system (CRISPR-HAR1p-1). sgRNAs were
assembled in a cassette that was driven by the L. japonicus small nuclear RNA (snRNA) U6
promoter (LjU6p), while the Cas9 protein was expressed under the constitutive 2x CaMV 35S

promoter (2x35S). The cassette was designed to begin and end with Bbsl restriction sites (i.e. type
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IIS restriction enzyme target site), to match the cloning sites of the intermediary vector,
pBluescript SK(+) (Wang et. al., 2016). The intermediary vector carried the L. japonicus U6
promoter and RNA pol Il terminator with two Bbsl restriction sites between them (Wang et al.,
2016). The sequence of a L. japonicus glycine pre-tRNA (trna76 — chromosome 6: 38328889-

38328959, Lotus japonicus Gifu v1.2; https://lotus.au.dk/), was selected to precede each of the

individual sgRNAs. The sequence of the cassette was designed as follows: Bbsl - pre-tRNA —
SgRNAL —pre-tRNA —sgRNA2.... pre-tRNA —sgRNA9 — Bbsl; Appendix A) and was synthesized
by Bio Basic Inc. (Markham, ON, Canada). The synthetic fragment arrived cloned into the pUC57
vector (Bio Basic Inc.; Markham, ON, Canada). It was subsequently cloned into the pBluscript
SK(+) vector, containing the U6 sSnRNA promoter and RNA pol Il terminator (see above), using
a Bbsl restriction enzyme digestion (20U per reaction), as follows: 4ug of pUC57 carrying the
SgRNA cassette, and 4pg of the intermediary cloning vector were digested with Bbsl, in individual
reactions. The reactions were performed in 1x CutSmart buffer at 37°C for 1 hour (New England
Biolabs Ltd., Whitby, Canada). The digestion products were separated using a 1% agarose gel (run
at 5V for 12 hours, followed by 120V for 30 minutes). The desired bands of 4.1kb (intermediary
vector) and 1.5kb (the sgRNA cassette) were isolated from the gel using the QIAquick Gel
Extraction Kit (QIAGEN, Toronto, Canada), following the manufacturer’s protocol. The
intermediary vector (50ng) and the sgRNA cassette (150ng) were then combined in a ligation
reaction using T4 DNA ligase (2000U), incubated in 1x T4 DNA ligase buffer at 16°C overnight
(New England Biolabs Ltd., Whitby, Canada). 1puL of the resulting ligation product was mixed
with 20pL of E. coli DH5a electrocompetent cells in a prechilled 1mm electroporation cuvette. A
brief electric current (1.8kV, with an expected time constant of ~5.0msec) was applied to the

cuvette using the E. coli 1 (Ecl) setting on the Bio-Rad Laboratories MicroPulser Electroporator
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(Mississauga, ON, Canada). 1mL of SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NacCl,
2.5 mM KCI, 10 mM MgCI2, 10 mM MgSO4, and 20 mM glucose; Thermo Fisher Scientific,
Waltham, USA) was added to the cells immediately after the electric shock was applied. The cells
were allowed to recover for 1 hour at 37°C, with shaking at 220rpm. The cells (10uL) were then
plated on LB media containing ampicillin for selection of the plasmid. Following overnight
incubation at 37°C, individual colonies were selected and grown in a liquid cultures, that were used
for plasmid DNA isolation (see section 4 for details). The resulting plasmid was then double
digested with Kpnl/Xbal (10U of each enzyme per reaction), in NEBuffer 2.1 at 37°C for 1 hour
(New England Biolabs Ltd., Whitby, Canada). The digestion released the entire expression unit,
including the U6 promoter, sgRNA multiplexed cassette and terminator, to be cloned into the
pCAMBIA1600 destination vector. The vector contained the Streptococcus pyrogenes Cas9
(SpCas9), under the control of the 2x35S promoter, and the hygromycin and kanamycin resistance
genes as the plant and bacterial selection markers, respectively (Wang et al., 2016). The expression
unit was ligated into the pPCAMBIA1600 vector using T4 DNA ligase as described above, to
generate the CRISPR-HAR1p-1 vector. The integrity of the CRISPR-HAR1p-1 vector was
confirmed using an EcoRI/Kpnl/Xbal triple restriction enzyme digestion. The EcoRI (10U)
digestion was conducted in 1x CutSmart buffer at 37°C for 1 hour, then the DNA was purified
using phenol chloroform extraction, and double digested using Kpnl/Xbal (10U of each enzyme),
by incubating in NEBuffer 2.1 at 37°C for 1 hour (New England Biolabs Ltd., Whitby, Canada).
The product of the triple digest was separated on a 0.8% agarose gel, for evaluation of fragment

sizes.

23



4. Developing a single transcriptional unit (STU) construct for CRISPR/Cas?9.

The first eight sgRNAs (including their preceding glycine pre-tRNAs) were amplified as a
single fragment (i.e. 8x sgRNA cassette) from the CRISPR-HAR1p-1 expression system using
GXL PrimeSTAR polymerase (Takara Bio, Kusatsu, Japan; cycling regime: 10 minutes at 98°C,
25 cycles of 98°C for 10 seconds, 63.5°C for 15 seconds, and 68°C for 1 minute, followed by 10
minutes at 68°C) and primers (HAR1-gRNA-F-Bsal and HAR1-gRNA-R-Bsal; Appendix B)
designed to introduce 5’ overhangs that contain the Bsal cloning sites matching those within the
pGELO031 destination vector (Tang et. al., 2019; Addgene plasmid # 137900; Appendix C). The
destination vector contains the SpCas9 gene driven by the Zea mays UBIQUITIN promoter
(ZmUBQp), the hygromycin resistance gene as a plant selective marker, and a kanamycin
resistance gene as a bacterial selection marker. The destination vector also contains the ccdB
(suicide) gene, to select against the presence of the un-recombined vector, and two Bsal cloning
sites that allow easy cassette incorporation. The amplified 8x SgRNA cassette was cloned into the
pGELO031 vector using Golden Gate assembly (Engler et. al., 2008). Briefly, 5uL of crude PCR
product was mixed with Bsal (30U), T4 DNA ligase (1000U) and pGEL031 (~1ug) in 1x T4 DNA
ligase buffer (New England Biolabs Ltd., Whitby, Canada), in a total volume of 20uL. Using a
PCR machine, the reaction was cycled 30 times under the following conditions: 37°C for 5 minutes,
16°C for 5 minutes, followed by 1 hold period at 60°C for 5 minutes. 2uL of the reaction product,
was directly transformed into chemically competent E. coli TOP10 cells (Thermo Fisher Scientific,
Waltham, USA) using heat shock procedure at 42°C for 30 seconds. Transformed cells were
allowed to recover in 250uL of SOC media for 1 hour at 37°C, with shaking at 220rpm and were
grown on medium containing kanamycin to select for cells containing the recombined vector,

called hereafter CRISPR-HAR1p-2.
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The integrity of the recombined binary vector was confirmed using a Hpal/Hindlll (10U
of each enzyme) double digestion, incubated in 1x CutSmart buffer at 37°C for 1 hour. The product

was separated on a 0.8% agarose gel to confirm correct fragment sizes.

5. Developing single transcriptional unit constructs for CRISPR/Cas12a.

The Cas12a crRNAs selected based on the in-silico analysis described above, were used to
design a single transcriptional unit (STU) system for genome editing using CRISPR/Cas12a. The
cassette was designed to contain Bsal restriction sites matching those within the pGEL032
destination vector (Tang et. al., 2019; Addgene plasmid # 137901; Appendix C). pGEL032
contains the Lachnospiraceae bacterium Casl12a gene (LbCasl12a) driven by the maize ubiquitin
(ZmUBQ) promoter, while its remaining features are the same as pGEL031 (Appendix C). The
original pGELO032 destination vector was modified to have the LbCasl2a gene and crRNA
expression cassette driven by either the LjUBQp or the 2x35S promoter, respectively. The LjUBQp
and the 2x35S promoter were both amplified using primers designed to introduce Ascl and Sbfl
restriction sites that would allow promoter replacement in the destination vector. The primers used
were Ascl_UBQ-F + UBQ_Sbfl-R, and Ascl 2x35S-F + 2x35S_Sbfl-R, respectively (see
Appendix B). Both the pGELO032-LjUBQp (pGEL032a) and pGEL032-2x35S (pGEL032b)
variations of the destination vector were used to generate STU systems. The cassette was originally
designed to contain ten Casl12a target sites, however this sequence proved to be too repetitive to
be chemically synthesized in a single fragment, so it was re-designed in five smaller fragments,
each containing 2 gRNAs. These fragments were designed to contain Bsal restriction sites flanking
both ends. The sticky ends resulting from Bsal digestion were complimentary with either each

other or the pGEL032 destination vector. The five Golden Gate assembly fragments were designed
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as follows: Bsal — crRNAL — crRNA2 — Bsal; Bsal — crRNA3 — crRNA4 — Bsal .......... Bsal —
crRNA9 — crRNA10 — Bsal. Two variations were ordered for each fragment. The first variation
contained Bsal restriction sites complimentary to the pGEL032 vector, regardless of the promoter
driving cassette expression, and served as a duplex cassette that targeted two genomic sites
simultaneously. The second variation of each of the synthetic fragments contained Bsal restriction
sites complimentary to each other, allowing the incorporation of all 10 crRNAs into a multiplex
cassette targeting all ten genomic target sites simultaneously. Bsal restriction sites were included

to allow for incorporation into the vectors (Appendix A).

The synthetic fragments arrived from Bio Basic Inc. (Markham, ON, Canada) cloned
individual into the pUC57 vector, and were subsequently cloned into the pGEL032 destination
vector using the same Golden Gate assembly and transformation procedures described above. The
completed duplex vectors were named CRISPR-HAR1p-1jusgpl,2, CRISPR-HAR1p-Ljusgp3.4,
CRISPR-HAR1p-Ljusgp5,6, CRISPR-HAR1p-Ljusgp7,8, CRISPR-HAR1p-jusgp9,10, CRISPR-
HAR1p-2x3551,2, CRISPR-HAR1p-2x3553,4, CRISPR-HAR1p-2x3555,6, CRISPR-HAR1p-2x3557,8, and
CRISPR-HAR1p-2:3559,10. The multiplex expression cassette, containing all ten target sites, in
pGEL032 driven by the LjUBQp and 2x35S promoters were named CRISPR-HAR1p-
LjusoplOSgRNA and CRISPR-HAR1p-2x35s10sgRNA, respectively. Integrity of each recombined
binary vector was confirmed using a Xbal/Bglll (10U of each enzyme) double digestion. The
double digestion was conducted in 1x NEBuffer 3.1 (New England Biolabs Ltd., Whitby, Canada)

at 37°C for 1 hour. The double digest was separated using a 0.8% agarose gel.
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6. Transforming Agrobacterium rhizogenes 1193.

A. rhizogenes strain 1193 was separately transformed with the CRISPR-HAR1p-1 and
CRISPR-HAR1p-2 vectors, by electroporation using the Bio-Rad Laboratories MicroPulser
Electroporator (Mississauga, ON, Canada) on the Agrobacterium (Agr) setting. 20uL of A.
rhizogenes 1193 electro-competent cells (generated by growing cells to an ODgoo = 0.5, performing
ten washes in cold, sterile water, then suspending the bacteria in sterile 10% glycerol) were
transferred to a pre-chilled 1mm electroporation cuvette, along with 1uL of either CRISPR-
HAR1p-1 or CRISPR-HAR1p-2 (~200ng/uL in 10mM Tris-HCI buffer, 0.1mM EDTA, pH 8.0).
The cuvettes were subjected to a brief electric current (2.2kV, with an expected time constant of
~5.00msec), after which ImL SOC (Thermo Fisher Scientific, Waltham, USA) was immediately
added to the cells. The cells were given 1 hour to recover at 28°C, while shaking at 220rpm. The
transformed cells (10uL of a 1:10 dilution of the original recovery culture + 40uL of SOC) were
then plated on LB agar plates containing 100ug/mL rifampicin and 100ug/mL L-histidine, along
with the appropriate selective antibiotic (see section 1) and grown for 2 days at 28°C. Individual
colonies were grown in selective liquid LB media for 2 days at 28°C with shaking (220 rpm). The
binary vectors were isolated using the High-Speed Plasmid Mini Kit (Geneaid, New Taipei City,
Taiwan). The resultant vectors (~200ng in 1uL of 20mM Tris-HCI buffer, 0.1mM EDTA, pH 8.0)
were transformed into the electro-competent E. coli DH5o strain (Thermo Fisher Scientific,
Waltham, USA) using the same electroporator as described above and the E. coli 1 (Ecl) setting
(1.8kV, with an expected time constant of ~5.00msec). Cells were grown out as described above
and plasmid DNA was re-isolated using the same High-Speed Plasmid Mini Kit (Geneaid, New

Taipei City, Taiwan). The vectors were sent to the Robarts’ Research Facility at the University of
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Western Ontario (London, ON, Canada) for confirmatory DNA sequencing (see Appendix B for

primers).

7. Preparing transgenic hairy root cultures.

L. japonicus seeds (50 seeds per construct) were germinated as described above. Elongated
hypocotyls were poked three times with the 28 gauge needle of a sterile U-100 syringe (Becton
Dickinson and Company, Frankin Lakes, NJ, USA) to lightly wound the plant. A. rhizogenes 1193
carrying the appropriate binary vector (either CRISPR-HAR1p-1 or CRISPR-HAR1p-2) was
streaked over the wounds. The plants were returned to the same media, incubated at room
temperature in the dark for 24 hours, then transferred to a growth cabinet held at 23°C with a 16h
light/8h dark cycle. Callus-like structures had formed at inoculation sites within ten days. The true
roots were removed at the hypocotyls, which were then transferred, along with the callus-like
structures and developing shoots, to a hairy root growth medium comprised of liquid Gamborg’s
% B5 media with cefotaxime 300ug/mL (Sigma-Aldrich, Oakville, ON, Canada) to select against
Agrobacterium. The transformed hypocotyls were returned to the same incubator as the previous
step. Hairy roots developed on the plants after approximately ten days. Once hairy roots grew to a
length of approximately 3cm they were removed at the shoot/root junction and transferred
individually to petri dishes (100 x 25mm) containing 50mL of hairy root culture media, which was
comprised of liquid B5 media with hygromycin (15ug/mL) and cefotaxime (300ug/mL). Plates
were sealed with surgical tape and incubated for four weeks at room temperature with continuous
shaking at 60rpm under a 16h light/8h dark cycle. The hairy roots were transferred to fresh media

every four weeks until completion of the experiment.
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8. Genotyping hairy roots for the presence of the transgene.

DNA was isolated from hairy roots using the CTAB method (Doyle and Doyle, 1987).
Briefly, 25mg of fresh tissue was milled in 2x CTAB buffer (2% CTAB, 100mM Tris pH 8.0,
0.1mM EDTA, pH 8.0, 1.4M NacCl, 1% PVP 40,000). A phenol-chloroform (1:1) extraction was
subsequently preformed to remove proteins, cell membrane, cell wall, and the contents of the
cytosol. The DNA is not soluble in the phenol-chloroform, so centrifugation at maximum speed in
a microcentrifuge for 2 minutes was used to separate phases. The aqueous phase was transferred
to a clean tube, and DNA was recovered through precipitation by adding 3/4 volume of isopropanol
in the presence of 1/10 volume of 3M sodium acetate, pH 5.2. The DNA was pelleted by
centrifugation (max speed) and then washed once with 250uL of 70% ethanol. After removing the
ethanol, the DNA was air dried for an hour. The DNA was re-suspended in 10mM Tris-HCI,
0.1mM EDTA, pH 8.0. The CRISPR-HAR1p-1 and CRISPR-HAR1p-2 T-DNA fragments, were
predicted to be integrated into the genomic DNA of the transgenic hairy roots. A Polymerase Chain
Reaction (PCR) was used to amplify diagnostic fragments of the CRISPR-HAR1p-1 and CRISPR-
HAR1p-2 transgenes, using the GXL PrimeSTAR polymerase (Takara Bio, Kusatsu, Japan) and
the following cycling parameters: 10 minutes at 98°C, 25 cycles of 98°C for 10 seconds, 55°C for
15 seconds, and 68°C for 1 minute, followed by 10 minutes at 68°C. The forward primers, LjU6-
cassette-F for CRISPR-HAR1p-1 and STU-C9-tDNA-F for CRISPR-HAR1p-2, were unique to
their respective cassette, while the reverse primer, LjHAR1-cassette-mid-R, was common to both

cassettes (Appendix B).
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9. Confirming cassette expression using circular reverse transcription (cCRT) PCR.

The post-transcriptional maturation of the polycistronic SgRNA cassettes was tested using
the hairy root system. Total RNA was extracted from 75mg of tissue from 3 transgenic hairy roots
using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific, Waltham, USA), following
the manufacturer’s protocol for total RNA isolation. RNA purity and concentration were assessed
using the QIAxpert spectrophotometer (QIAGEN, Toronto, Canada). The RNA (6jug per hairy root
sample) was treated with Turbo DNasel (6U; Thermo Fisher Scientific, Waltham, USA) incubated
in 1x Turbo DNase buffer at 37°C for 1 hour, to remove any potential DNA contamination. 3pg
of the resulting total RNA was circularized by incubating for 2 hours at 25°C with T4 RNA Ligase
1 (30U) in 1x T4 RNA ligase buffer (New England Biolabs Ltd., Whitby, Canada) containing 60U
of RNase inhibitor to prevent RNA degradation. Each 60uL circularization reaction was diluted
with 40uL of sterile water. Proteins were removed by addition of 100uL of phenol-chloroform-
isoamy| alcohol (25:24:1 v/v), followed by vortexing, and centrifuging at maximum speed for 5
minutes to separate phases. The aqueous phase (approximately 100uL) was transferred to a clean
tube, and the circularized RNA was precipitated by adding 1/10™ volume of 3M sodium acetate
(10uL), 5uL of glycogen (20mg/mL), and 2.5 volumes (250uL) of anhydrous ethanol. After
mixing by vortexing, samples were centrifuged at the maximum speed for 30 minutes. The
supernatant was decanted, and the resulting RNA pellet was washed with 250uL of 70% ethanol.
The RNA was then air dried for 3 minutes at room temperature and re-suspended in 30pL of sterile,
nuclease free water. Reverse transcription (RT) reactions, each containing approximately 200 ng
of circularized RNA as template, were conducted using sgRNA specific primers (Appendix B) and
the iScript Select cDNA Synthesis Kit (Bio-Rad Laboratories, Mississauga, ON, Canada),

following the manufacturer’s protocol. PCR amplification of syRNAs was conducted on the 1%
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cDNA strand, using 2uL of crude RT reaction, Phusion Tag Polymerase (Thermo Fisher Scientific,
Waltham, USA) and the following cycling conditions: 10 minutes at 98°C, 35 cycles of 98°C for
30 seconds, 55°C for 30 seconds, and 72°C for 1 minute, followed by 10 minutes at 72°C (see
Appendix B for primers). Amplification products were cloned into the pCRII-Blunt-TOPO vector
from the Zero Blunt TOPO PCR Cloning Kit (Thermo Fisher Scientific, Waltham, USA),
following the manufacturer’s protocol. Sanger sequencing of the amplification products (Appendix
B for primer sequences) was used to determine how efficiently the CRISPR-HAR1p 1 and CRISPR-
HAR1p 2 cassettes are being processed. Sequencing was contracted by the Robarts Research

Institute facility at University of Western Ontario (London, ON, Canada).

10. Identification of mutations in target region.

Sanger sequencing was used to determine the HAR1 promoter sequence. Genomic DNA
was extracted from transgenic hairy roots using the CTAB protocol described above (see section
6). The L. japonicus HAR1 promoter region was amplified in two overlapping fragments using the
GXL PrimeSTAR polymerase (Takara Bio, Kusatsu, Japan) and primer pairs HAR1p-F and
HAR1p-mid-R, and HAR1p-mid-F with HAR1p-R (Appendix B). The following cycling parameters
were used: 10 minutes at 98°C, 25 cycles of 98°C for 10 seconds, 60°C for 15 seconds, and 68°C
for 2.5 minutes, followed by 10 minutes at 68°C. The amplicons were cloned into the pCRII-Blunt-
TOPO vector using the Zero Blunt TOPO PCR Cloning Kit (Thermo Fisher Scientific, Waltham,
USA), following the manufacturer’s protocol. Sanger sequencing of the cloned fragments was

performed at Eurofins Genomics (Louisville, USA — see Appendix B for primer sequences).
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11. Identification of HAR1 orthologues in other legumes.

Orthologues of the L. japonicus HARL gene were identified using the Genome Context
Viewer tool (https://legumeinfo.org/gcv2/instructions) on the Legume Information System (LIS;

https://legumeinfo.org/). The accession number for the HAR1 locus, Lj3g3v3375780 (MG20 v3.0

genome annotation; https://lotus.au.dk/view/transcript/Lj3g3v3375780.1), was provided to the
tool search bar to query all the legume genomes associated with the LIS. Any database sequences
that shared sequence identity with the query gene were selected as potential orthologues.
Subsequently, genomic regions surrounding the query gene (i.e. HAR1) and the genes identified
as potential orthologues were analyzed for further instances of shared sequence identity.
Surrounding genes that shared sequence identity with each other were selected, and when a
sufficient number of them was found, a microsynteny map was generated. The parameters used to
generate the output were as follows: the number of neighbouring genes surrounding the query gene
that were analyzed was 20 (“Neighbors = 20” under the “Micro-Synteny” tab); the minimum
number of genes that must match between the query track and search tracks was 8 (“Match = 8”
under the “Micro-Synteny Alignment” tab); and the rest of the settings were at default. Information
on the algorithms used by the program can be found on the associated websites

(https://github.com/lequmeinfo/gcv/wiki/User-Help & https://lequmeinfo.org/gcv2/instructions).

12. Analysis of natural variation at the NARK locus in different soybean varieties.

The location and identity of single nucleotide polymorphisms (SNPs) in 350 different

soybean varieties is provided as a master dataset at http://soykb.org/public_data.php. In order to

retrieve the SNPs for the Glycine max NARK locus, an orthologue of L. japonicus HAR1 gene,
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from the master dataset, | developed a python script, retrieveSNPs.py. Each chromosome has a
unique master dataset for SNPs, and the correct chromosome had to be specified in the initial steps
(see Appendix D for script parameters). Subsequently, the python script setup_SNP.py was
developed and used to create an intermediate file which contained the entire NARK sequence of
the soybean Williams 82 reference genome, associated to its genomic address (see Appendix D for
script parameters). The output files from the retrieveSNPs.py script and the setup_SNP.py script
were merged using R-studio (see Appendix D for R-code). To allow for the counting of
polymorphic lines from the merged file it was necessary to remove nucleotides if they matched
the reference sequence at their given position. To this end | developed and utilized a python script,
removeRedundantSNPs.py. The output file from the removeRedundantSNPs.py script was
utilized to conduct statistical and graphical analysis of SNP frequencies. All statistical analyses
were carried out in Excel (Version 2016) (see Appendix D for excel formulae). Graphical analysis
was conducted using R-studio package “ggplot” (see Appendix D for R-code). See Appendix D for

the pipeline scripts used to conduct this analysis.
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Chapter 3: Results

1. Selection of a target locus for improved nitrogen fixation.

Root nodules of legumes provide the optimal environment for symbiotic rhizobia to
convert atmospheric N2 into NH4*. Altering the number of nodules that the plant sustains could
alter the level of source nitrogen available to the host. Therefore, the genes that act as regulators
of nodule formation were considered as viable targets to alter the nodulation phenotype. The HAR1
gene from the model legume L. japonicus was chosen as the sole target for this thesis work. HAR1
is the central, systemic regulator of symbiotic plant nutrition, including nitrogen-fixing root nodule
formation and phosphate-acquiring mycorrhiza symbiosis. HARL1 also responds to abiotic cues
related to plant nutrition, such as nitrate and phosphate, and acts locally and systemically to
regulate root system architecture, which makes this receptor an interesting target for improvement

of nutrient-related traits in legume plants (Figure 6).

The L. japonicus HAR1 gene functions in a dose-dependent manner. Plants that are
homozygous for the loss of function allele, harl-1, develop five times more nodules than wild-
type, the mutant phenotype referred to as hypernodulation (Wopereis et al., 2000; Krusell et al.,
2002). However, heterozygous HAR1/harl-1 plants exhibit an intermediate level of nodulation
(Figure 7). This indicates that HAR1 acts in a dosage-dependent manner to regulate nodulation.
Importantly, unlike the har1-1 homozygote, which suffers from significantly restricted shoot and
root growth, the development of heterozygote plants is similar to wild-type (M. Pampuch and K.
Szczyglowski, unpublished data), suggesting that perhaps further fine-tuning of the HAR1 receptor

levels might lead to improved plant productivity.
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HAR1 (root system architecture)

Figure 5. The Lotus japonicus HAR1 gene is the central regulator of the symbiotic
relationship between Lotus japonicus and a nitrogen-fixing bacterium, Mesorhizobium loti.
HAR1 partakes in both local and systemic regulation. In shoots, it is responsible for controlling
the extent of root nodule formation, while in roots and shoots it mediates the root system
architecture. HAR1 responds also to arbuscular mycorrhiza (AM) fungi and nutrient related cues,

such as levels of nitrate and phosphate.
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Figure 6. The dose-dependent impact of HAR1 on symbiotic nodule formation. (A) The
phenotypic variation between the wild type, heterozygote, and homozygote harl-1 mutant with
respect to plant growth. (B) A graphical representation of the average nodule counts per plant
for a given genotype, 21 days after rhizobial inoculation. The wild type has fewer nodules than
the null mutant, while the heterozygote has an intermediate number of nodules. Error bars
represent standard deviation. Significance between groups is denoted by the stars above each

bar (ANOVA, p<0.05) (Mark Pampuch and Krzysztof Szczyglowski, Unpublished Data).

CRISPR/CAS editing for
quantitative trait variation

I

5 UTR
—{ Promoter

3 UTR

Lotus japonicus HAR1 (Lj3g3v3375780)

Figure 7. The Lotus japonicus HAR1 gene structure. Different gene elements, including the
promoter region, 5° UTR, exons, intron, and 3° UTR are shown.
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To test this assumption, the promoter region of HAR1 was selected as the primary target
for CRISPR/Cas mediated editing (See Appendix E for a flowchart showing the experimental
design), with the main, long-term goal of generating a range of quantitative trait variation at the
locus. The 4kb region upstream from the predicted HAR1 gene translation initiation codon (ATG)

was arbitrarily selected for this purpose (Figure 8; see also Appendix A).

2. Orthologues of L. japonicus HAR1 are present in other legume species.

L. japonicus HAR1 has orthologues in other legume species, and these have been shown,
at least in some cases, to have a similar role in regulating symbiotic and non-symbiotic plant
nutrition traits (Mirzaei et. al., 2017; Huault et. al., 2014). By identifying orthologues in other
important legume crop species, such as Phaseolus vulgaris (common bean), and Vigna unguiculate
(cowpea), it should be possible to fine tune these important traits directly in the crops. The context

viewer of the Legume Information System (https://lequmeinfo.org/gcv2/instructions) was used to

generate a microsynteny map for six different legume species using the L. japonicus HAR1 locus
as the query (Figure 9). The orthology was assumed when at least eight neighbouring genes shared
significant (a minimum alignment score of 30) sequence identity (Cleary and Farmer, 2018) with
the L. japonicus HARL region. Indeed, such evidence for orthology was found for all six legume

species analysed (Figure 9).
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Figure 8. A microsynteny analysis identifies potential orthologues of the Lotus japonicus
HAR1 gene in important crop or model legume species. Each lane represents a genomic
sequence predicted to be syntenic with the L. japonicus HAR1 region. The triangles denote
genes, with the bolded triangle in the top lane representing the query gene (i.e. HAR1). The
same color triangles refer to presumed orthologous positions in the analyzed legume species.
The accession numbers of HAR1 and its orthologues are provided in parenthesis. The analysis
was carried out using the legume information system context viewer web application

(https://lequmeinfo.org/gcv2/instructions).

3. The selection of Cas9 sgRNA targets sites and construction of the multiplex sgRNA

expression cassette.

The use of CRISPR technologies allows for a site-specific genome editing, and in the case
of the Cas9 endonuclease the target sites must contain a NGG PAM site adjacent to the 3° end of
the gRNA target sequence. If the PAM is present and there is complementarity between the sRNA
and the genomic DNA, cleavage should occur. Potential target sites for CRISPR/Cas9 editing
were identified in the L. japonicus HAR1 promoter using the CRISPR-P v2.0 software. As any

given sgRNA can potentially target multiple regions in the genome, the identified SgRNAs were
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analyzed for additional target sites. The identified SJRNAs that had additional recognition sites in
the L. japonicus genome, outside the HARL promoter region, were not used in the subsequent
experiments. For any given target site to be considered as a true off-target site it had to contain
two or less mismatches with a given sgRNA. Thus, only the sgRNAs that contained no predicted
true off-target sites were selected for further use. These sgRNAs had a minimum score of “3 MM”
in the off-target analysis, indicating that these regions had more than two mismatches with the

additional target region(s), as provided by the software.

The sgRNAs that had no true off-target sites were subjected to further analysis to determine
whether they would have characteristics of SgRNAs that are associated with efficient DNA editing
in planta. To be classified in the potentially efficient category, a given sgRNA must have been
able to fold in silico into the appropriate secondary structure by forming three intact stem loops,
called stem loop repeat/anti-repeat (RAR), stem loop 2, and stem loop 3 (Figure 10) (Liang et al.
2016). A fourth stem loop, stem loop 1, may be present, but is not required (Figure 10).
Furthermore, such guide sequence was also required to have a GC content between 30% - 80%
and to be free from six base-pair long self-pairing events. Furthermore, the guide portion of the
sgRNA should not have more than seven consecutive or 12 total base pairing events between the

guide and the rest of the sgRNA sequence (Figure 10).
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Figure 9. A typical secondary structure of mature sgRNA. The guide portion of the sgRNA
is represented by green nucleotide symbol (N), while the tracrRNA is represented by the
subsequent blue, red, green, and black sequences. A hypothetical target genomic sequence is
shown along with the NCC protospacer adjacent motif (PAM), typical for Cas9. The arrow

indicates a predicted double stranded break site. The figure was modified from Liang et al.

2016.
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Based on these parameters nine unique Cas9 target sites were selected within the 4kb
promoter region of the L. japonicus HARL gene (Figure 11; Appendix A). The nine sgRNAs
selected based on the in-silico analysis described above were incorporated into the sequence of the
multiplex sgRNA expression cassette using commercial DNA synthesis (Bio Basic Inc., Markham,
Ontario, Canada). The expression of the sgRNAs as a multiplex system provided three main
benefits compared to expressing the sgRNAs under individual promoters. Firstly, the use of a
multiplex system allowed for sgRNAs to be expressed under a single promoter, cutting down on
the time required for cloning and plant transformation experiments. Secondly, the use of a
multiplex sgRNA expression system allowed for different sgRNAs to generate DNA edits in the
same cell, leading to small and large deletions (Rodriguez-Leal et. al., 2017). Lastly, it was shown
that using a multiplex sgRNA expression system resulted in greater DNA editing efficiency of

individual sgRNAs compared to expressing them under individual promoters (Xie et. al., 2015).

I Cas9 target sites

I Casl2a target sites
HAR1 (4kb promoter)

10007 20007 « 30007 40007 sooo?

Figure 10. The locations of predicted Cas9 and Casl2a target sites in the promoter of the
HAR1 gene. The promoter region represents the 4kb long sequence upstream of the HAR
translation initiation (ATG) codon. Cas9 target sites are marked by red boxes and Cas12a target
sites are marked by blue boxes. The blue arrows indicate the position of the primers used to

check for mutations in Figure 23 and Figure 24.
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The cassette was designed to contain the nine selected SgRNAS, each preceded by the
sequence of the L. japonicus glycine pre-tRNA. Such a configuration was shown to guide post-
transcriptional processing using the endogenous tRNA maturation cellular machinery (Xie et. al.,
2015) (see Appendix A for cassette sequence). This mechanism uses endogenous RNase P and
RNase Z processing enzymes to cleave the tRNA sequences at both the 5° leader (AACAAA)
and the 3’ trailer (CA) sequences, respectively (Figure 12A). These sequences naturally occur in
pre-tRNAs and were included in the multiplexed construct to facilitate processing. The post-
transcriptional processing of the pre-tRNA sequences by RNase P and RNase Z released
individual sgRNAs from the polycistronic transcript (Xie et. al., 2015). As a result, nine mature

gRNA were predicted to be formed.

(o] . [

5 J d)
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Figure 11. The structure of the Cas9 sgRNA expression cassettes. (A) The dual promoter
expression cassette contains an array of sgRNAs driven by the Lotus japonicus U6 promoter.
The L. japonicus glycine-pre-tRNA separate each sgRNA and are to be used at the processing
stage (arrows; see main text for more details). The construct contains a L. japonicus U6
terminator. The Cas9 gene is driven by the 2x35S promoter and has a NOS terminator. (B) The
structure of the single transcriptional unit (STU) expression cassette. The entire construct,
including the Cas9 gene and the expression cassette, is driven by a single promoter. The STU
construct contains the heat shock protein (hsp) terminator.
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The expression cassette was synthesised at Bio Basic Inc. cloned into the pUC57 vector
backbone. The cassette was isolated from the vector using a Bbsl restriction enzyme digestion and
the isolated fragment was successfully recombined into the intermediary, modified pBluescript SK
(+) vector, containing the L. japonicus U6 promoter and terminator. The cloning was confirmed
using a Kpnl/Xbal restriction enzyme double digestion (data not shown). The completed vector

was subsequently used to generate the binary vector for A. rhizogenes mediated transformation.

4. The binary vector for editing in-planta using a dual promoter expression system was

constructed.

A. rhizogenes mediated transformation delivers the transfer (T)-DNA portion of its root-
inducing (Ri) plasmid into a host plant, which stimulates the formation of hairy roots. To achieve
delivery of the desired gene or gene construct to the host plant, A. rhizogenes is often appended
with an additional, so called binary vector, containing the desired sequences within its T-DNA
region. This is co-transferred to plant cells with the original, Ri plasmid derived T-DNA (Kereszt

et. al., 2007).

In order to test the genome editing capabilities of the sgRNAs multiplex cassette, a binary
vector that contained all the necessary sequences for CRISPR/Cas9 mediated genome editing was
developed. The Cas9 enzyme and the multiplex sgRNA expression cassette were expressed under
distinct, 2x35S and LjU6 promoters, respectively (see Material and Methods), thus the system was
called the dual promoter expression system. The entire dual promoter expression system, as well
as a plant selection marker (see the Material and Methods section), were included in the transfer

region of the binary vector.
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The pCAMBIAL1300 vector backbone, containing 2x35S-SpCas9-NOS (kind gift from
Prof. Duanmu, Huazhong Agricultural University, Wuhan, China), was used as the binary vector.
The pBluescript SK (+) vector containing the multiplex sSgRNA expression cassette was digested
using Kpnl and Xbal to release the cassette and the resulting fragment was ligated into the binary

vector to give rise to the final construct, called CRISPR-HAR1p-1.

The integrity of the CRISPR-HAR1p-1 vector was verified using an EcoRI/Kpnl/Xbal triple
restriction enzyme digestion. Upon confirming the expected DNA banding pattern (Figure 13), the
vector was also subjected to sequencing. The resultant sequence was identical to the expected
sequence (data not shown). Hence, the CRISPR-HAR1p-1 vector was used in subsequent

experiments.
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Figure 12. Confirmatory, restriction enzyme analysis of the CRISPR-HAR1p-1 vector. An
image of the ethidium bromide stained agarose gel, showing the predicted restriction fragment
pattern of the CRISPR-HAR1p-1 vector digested with EcoRI, Kpnl, and Xbal. The expected

DNA bands were predicted to be 11.3, 6 and 1.8 kb in size (arrows).
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5. The binary vector for editing in-planta using a Cas9 single transcriptional unit (STU)

system was constru cted.

While work with CRISPR-HAR1p-1 was ongoing, a new, apparently improved genome
editing system, called a single transcriptional unit (STU) system, was reported (Tang et. al., 2019).
| decided to adopt this system for use in the L. japonicus HAR1 editing experiment because STU
was shown to be more effective at inducing genomic mutations as compared to the dual promoter
system. | had surmised that by employing both systems the likelihood of discovering successful

gene edits would be increased.

The first eight sgRNAs, including their respective glycine pre-tRNAs, were successfully
amplified using the CRISPR-HAR1p-1 vector as the DNA template. The resulting multiplex
SgRNA expression cassette, containing eight sgRNAs, was then introduced into the pGEL032
binary vector (see Appendix C for the vector map) using the Golden Gate assembly (Engler et. al.,
2008). The Golden Gate assembly method allowed for the combined restriction digestion and
ligation in a single reaction (see Materials and Methods). As a result, the CRISPR-HAR1p-2 vector

was developed (Figure 12B).

The integrity of the recombined binary vector was confirmed using a Hpal/HindlIl double
digestion (Figure 14). The vector was also sequenced, and no mutations were detected (data not

shown). The CRISPR-HAR1p-2 vector was used in subsequent experiments.
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Figure 13. Confirmatory, restriction enzyme analysis of the CRISPR-HAR1p-2 vector. An
image of the ethidium bromide stained agarose gel, showing the banding pattern resulting from
a double digestion using the Hpal and Hindlll restriction enzymes. The expected bands were

predicted to be 16.2kb and 2.1kb in size (arrows).

47



6. The CRISPR/Casl12a multiplex sgRNA expression system and the binary vector for editing

in-planta using a Cas12a single transcriptional unit (STU) system.

In order to increase the number of potential target sites for the HAR1 promoter editing
experiments, and thus increase the likelihood of obtaining a broader range of mutations, additional
constructs were designed to preform genome editing using the Casl2a enzyme. The Casl2a
enzyme uses a different PAM sequence than Cas9 (that is TTTV instead of NGG), which was
predicted to significantly extend the range of selected targets within the AT-rich HAR1 promoter.
The CRISPR-P v2.0 software, used to identify Cas9 target sites, had identified potential Casl2a
target sites in the L. japonicus HAR1 promoter. As with Cas9, the gRNAs used by Casl2a may
target multiple genomic regions due to sequence identity. As such the constructs using Casl2a
omitted any potential target sites that had true off-targets (see above). To narrow down the target
sites which would be used, the predicted editing efficiency of each of the associated crRNAs was
assessed. That is, the CRISPR-P V2.0 software predicted the likelihood of editing occurring given
the sequence of each of the target sites. For each target site, the software provided an “on-score”
between 0 and 1 that represented the likelihood of editing occurring at the site. A higher on-score
means there is a greater likelihood for editing to occur, as predicted by the software. To be chosen,
a target site had to contain an on-score of at least 0.6 or greater. Ten different target sites were
eventually selected within the L. japonicus HAR1 promoter for genome editing with Casl2a

(Figure 11, Appendix A).

The binary vector, pGEL032 (see Appendix C for the vector map), contains the Casl2a
STU expression system driven by the Zea mays UBIQUITIN (ZmUBQ) promoter. To my
knowledge, the effectiveness of generating DNA edits in L. japonicus using this promoter does

not appear to be published at the time of writing. To this end two alternative binary vectors,
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carrying the L. japonicus LjUBQ and 2x35S promoters, were developed by replacing the original
ZmUBQ promoter (see Material and Methods). The latter promoter apparently allows for high
levels of expression and is also known to be active in the phloem tissue of dicotyledonous plants
(Benyon et. al., 2013), where the HAR1 gene is normally expressed. The expression cassettes were
designed to include Bsal recognition sequences complimentary to those in the pGEL032 binary

vector.

The structure of the mature crRNA used in Cas12a mediated genome editing contains a
short direct repeat, instead of tracrRNA sequence, flanking it at the 3’ end. These direct repeats
allow for processing of the transcribed RNA by the Casl2a enzyme, as well as allosterically
activating the Cas12a enzyme (Tang et. al., 2017). Five cassettes, encompassing all ten selected
Casl2a target sites, were synthesized, each designed to drive expression of two gRNAs. They were
constructed to be introduced directly into the pGEL032 binary vectors using Golden Gate
assembly. The five constructs were individually assembled into the pGEL032a (2x35S promoter
variant) and pGEL032b (LjUBQ promoter variant) binary vectors, resulting in ten unique duplex
guide RNA expression cassettes (Figure 15A). The completed vectors were herein called CRISPR-
HAR1p-2x3551,2, CRISPR-HAR1p-2x3553,4, CRISPR-HAR1p-2x3555,6, CRISPR-HAR1p-2x3557,8, and
CRISPR-HAR1p-23559,10, CRISPR-HAR1p-Ljusgpl,2, CRISPR-HAR1p-1jusgp3,4, CRISPR-
HAR1p-Ljusop5,6, CRISPR-HAR1p-jusop?,8, and CRISPR-HAR1p-1jusqp9-10, respectively

(Figure 15A).
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Figure 14. The structure of the Cas12a crRNA STU expression cassettes. (A) A schematic
representation of CRISPR-HAR1p-2x3ss1,2, CRISPR-HAR1p-2:3559,10, CRISPR-HAR1p-
Ljusgpl,2, and CRISPR-HAR1p-1jusgp9,10. The cassettes start with the LbCasl2a gene,
followed by the polyA tail. The crRNAs, flanked by direct repeats (DR) on both 5” and 3’ ends,
are directly adjacent to the polyA tail. All constructs contain the NOS terminator. (B) The

structure of the multiplex Cas12a expression cassettes containing all ten crRNAs.

In a separate experiment, two multiplex crRNA expression cassettes containing all ten
crRNAs (the same as those used in the duplex constructs) were developed (Figure 15B) in the
pPGEL032a and pGEL032b plasmids using Golden Gate assembly, respectively. The completed
vectors were herein called CRISPR-HAR1p-2cssmultiplex and CRISPR-HAR1p-Ljusgpmultiplex.
The integrity of all Cas12a STU expression vectors still has to be confirmed using a Bglll/Xbal

double digestion, and sequencing.



7. Transforming CRISPR-HAR1p-1 and CRISPR-HAR1p-2 vectors into A. rhizogenes.

In order to test the editing activity of the CRISPR-HAR1p-1 and CRISPR-HAR1p-2 vectors,
the hairy root approach was employed (Guillon et. al., 2008). A. rhizogenes strain 1193 was
individually transformed with the CRISPR-HAR1p-1 and CRISPR-HAR1p-2 vectors. Both the
CRISPR-HAR1p-1 and CRISPR-HAR1p-2 vectors were re-isolated from A. rhizogenes and
transformed back to E.coli to check for their integrity using the same diagnostic restriction enzyme
digestions as described above. The two vectors were confirmed to have correct sequence (data not
shown) and thus the transformed A. rhizogenes strains were deemed ready for use in hairy root

transformation experiments.

8. Generating hairy roots and developing immortal cultures.

L. japonicus seedlings with elongated hypocotyls were used for plant transformation (see
Material and Methods). The seedlings were inoculated with A. rhizogenes strain 1193 carrying
either CRISPR-HAR1p-1 or CRISPR-HAR1p-2 vectors. Transgenic hairy roots formed on the non-
transgenic shoots. These roots were then used to test the processing and genome editing

capabilities of the SgRNA expression cassettes.

Individual hairy roots were removed from the shoots and were used to establish individual
immortal root tissue cultures (Figure 16). They were cultured in the presence of hygromycin B to
select for hairy roots that carried the T-DNA of the binary, CRISPR-HAR1p-1 or CRISPR-HAR1p-
2, vectors. The roots which did not contain the appropriate T-DNA did not grow and were quickly
killed by hygromycin B, appearing bleached. Approximately 50% of the hairy roots survived and

were cultured indefinitely, as long as they were needed for downstream applications.
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Figure 15. An example of an immortal L. japonicus hairy root culture. The hairy roots
were able to grow indefinitely in a petri dish (i.e. they are immortal) and could be easily

propagated (for more details see main text).

9. Transgenic hairy roots were genotyped for the presence of the dual promoter and STU

systems.

Once the hairy roots were formed, each individual primary root was considered a unique
transformation event. The T-DNA found in each transformation event may differ from the rest of
the events in the same experiment by the site of genomic integration. In some cases, the T-DNA
may be inserted without the full sequence being incorporated into the host’s genome. This means

that some of the roots that are selected for by hygromycin B may not contain the SgRNA cassette
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or contain only a portion of the cassette. Confirmation of the presence of the sgRNA cassettes in

the genomic DNA of hygromycin B resistant hairy roots was completed using PCR genotyping.

Genomic DNA was isolated from 23 independent hairy root cultures, as generated using
A. rhizogenes carrying the T-DNA from the CRISPR-HAR1p-1 vector. PCR based genotyping was
conducted using the genomic DNAs as templates, targeting the LjU6 promoter and the fifth SgRNA
from the inserted multiplex SJRNA cassette. The presence of the transgene was confirmed in 22
of the 23 cultures, as indicated by the presence of the 950bp DNA fragment (Figure 17). It is
possible that lack of a DNA band in one sample (lane 13) is the result of a pipetting error. As this
sample had survived hygromycin B selection, it may contain the T-DNA. The PCR was not
repeated because a sufficient number of samples were confirmed positive for the presence of the

T-DNA, allowing continuation of experiments.
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Figure 16. PCR-based genotyping of L. japonicus transgenic hairy roots for the presence
of the CRISPR-HAR1p-1 T-DNA. An image of the ethidium bromide stained agarose gel,
showing the DNA band of approximately 950bp in size (arrow) indicates presence of the
SgRNA cassette. The CRISPR-HAR1p-1 binary vector was used as a positive control (where
the lane marked ‘Vector’ reflects use of 200ng of the vector as the PCR template and the lanes
marked ‘Vector100’ only 2 ng of the same vector. The wild-type L. japonicus (Gifu) DNA was

used as a negative control.
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Figure 17. PCR-based genotyping of L. japonicus transgenic hairy roots for the presence
of the CRISPR-HAR1p-2 T-DNA. An image of the ethidium bromide stained agarose gel,
showing the DNA band of approximately 1kb in size (arrow) indicates presence of the sgRNA
cassette. The CRISPR-HAR1p-2 binary vector was used as a positive control and wild-type L.

japonicus (Gifu) DNA was used as a negative control.

The same genotyping scheme was applied to ten hairy root cultures derived from the
CRISPR-HAR1p-2 vector transformation experiment. PCR was conducted using a different
forward primer (Appendix B) than the genotyping conducted on the hairy roots derived from the
CRISPR-HAR1p-1 transformation experiment, with the same reverse primer. In this case the
forward primer targeted the 3’ end of the Cas9 gene. The expected DNA fragment size was 1kb

for this experiment, and the presence of the transgene was confirmed in all ten cases (Figure 18).

10. Expression and maturation of the mRNA encoding the CRISPR-HAR1p-1 derived

multiplex sgRNA cassette.

Having confirmed that the T-DNA was successfully incorporated into the genome of the

hairy roots, the next step was to check whether the transcript was present and was being processed.
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For a multiplex sgRNA construct to be functional in genome editing in planta, it needs to be
expressed and processed. The transcription of the construct gives rise to a polycistronic mMRNA
that must be processed to produce individual SRNA molecules. To test the expression and
processing of the multiplex cassette, the RNA content of the samples was analyzed using the

circular (c)RT-PCR approach.

The multiplex sgRNA expression cassette in the CRISPR-HAR1p-1 vector was designed
so that the polycistronic RNA would be processed by the endogenous tRNA maturation machinery
(Xie et. al., 2015). To verify that this was indeed happening, total RNA derived from the cultured
hairy roots was analyzed. If the multiplex sgRNA cassette was being transcribed, it would have to
be detectable using the cRT-PCR. The advantage of cRT-PCR in comparison to a regular RT-PCR
procedure is that the former allows for detection of both unprocessed and mature sgRNA-species,
hence addressing simultaneously both the transcription and processing of multiplex gRNA
constructs. If the cassette is transcribed and post-transcriptional processing occurs, individual

sgRNAs of 100 nucleotides in length should be detected (Figure 19).

By designing primers specific to individual SgRNAs, it was possible to conduct cRT-PCR
to verify that both transcription and processing were occurring. This procedure made it possible
also to distinguish between the presence of unprocessed transcript, the result of transcription
activity of the transgene, and mature sgRNAs, the outcome of successful transcription and

processing (Figure 19).

Three transgenic hairy root cultures derived from the CRISPR-HAR1p-1 transformation
experiment were used in this analysis. The total RNA isolated from hairy root cultures was
circularized using T4 RNA ligase. The cRT step was individually conducted using the primers to

recognize four different sgRNA species, namely sgRNAL, sgRNA4, sgRNAS5, and sgRNAS. The
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resulting single strand products were subsequently used as templates for PCR amplification using
the primer targeting the tracer portion that was common to all eight gRNAs in the CRISPR-HAR1p-
1 sgRNA multiplex cassette. The resulting PCR products were resolved on agarose gels to visualise
the DNA bands and were also cloned into the pCR-Blunt II-TOPO™ vector and sent for
sequencing to confirm their identities (Figures 20 and 21). Using sgRNAL as an example, four
different cDNA products were detected. These included a fully processed sgRNAL, an
unprocessed fragment encompassing sSgRNAL, a portion of SgRNA2 and the intervening tRNAgiy
sequence, ligation artefacts and finally, a non-specific PCR product. This outcome varied

depending on the targeted sgRNA (Figures 20 and 21) (see Discussion for further details).
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Figure 18. A schematic of different outcomes for the cRT-PCR experiments. The left panel

represents the workflow and outcome if the multiplexed sgRNA cassette is fully processed and

only mature sgRNAs, 100bp-long products, are detected. The right panel represents the

workflow and the outcome if the cassette is not being processed. The entire primary transcript

is circularized, and the presence of one or more sgRNASs in a single PCR product, together with

the tRNA sequence(s) is detected.
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Figure 19. Outcomes of the cRT-PCR experiments conducted on the CRISPR-HAR1p-1

hairy roots, using primers specific to SgRNA1 and sgRNA4, respectively. (A) Shows the

frequency of different PCR products and their structures using the sgRNAL specific primer in

the reverse-transcription (RT) step. (B) Shows the results of a similar experiment using the

primer specific to SRNA4 in the RT step. (C and D) The images of the ethidium bromide

stained agarose gels corresponding to A and B above, respectively. 1, 2 and 3 refer to three

independent hairy root cultures.
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Figure 20. Outcomes of the cRT-PCR experiments conducted on the CRISPR-HAR1p-1

hairy roots, using primers specific to SgRNA5 and sgRNAS, respectively. (A) Shows the

frequency of different PCR products and their structures using the sgRNAS specific primer in

the reverse-transcription (RT) step. (B) Shows the results of a similar experiment using the

primer specific to SgRNAS in the RT step. (C and D) The images of the ethidium bromide

stained agarose gels corresponding to A and B above, respectively. 1, 2 and 3 refer to three

independent hairy root cultures
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11. Expression and maturation of the mRNA encoding the CRISPR-HAR1p-2 derived

multiplex sgRNA cassette.

The CRISPR-HAR1p-2 experiment had the same requirement for post-transcriptional
processing of the corresponding polycistronic transcript as with CRISPR-HAR1p-1. A similar cRT-
PCR protocol was applied using total RNA isolated from three transgenic hairy root cultures that
were derived from the CRISPR-HAR1p-2 transformation experiment. In this case, the cRT step

was conducted by targeting three sRNAs: sgRNA1, sgRNA4 and sgRNAS.

The fragments generated using the sgRNAL specific primer were sequenced and showed
instances of both processed and unprocessed sgRNAs (Figure 22A and D), in addition to non-
specific amplification products. Fragments generated by using the primers specific to sRNA4 and
SgRNAS, respectively, were also sent for sequencing but most of them failed, possibly due to poor
template quality (Figure 22B, C, E and F). The goal was to have the sequence of at least ten
individual fragments for each of the sgRNA that were being targeted; however, the experiment
could not be repeated due to time constraints imposed by the COVID-19 pandemic-related shut
downs. As a result, the maturation efficiencies of the sgRNA cassette derived from the CRISPR-

HAR1p-2 vector were defined based only on the analysis of gRNA1, which was at 50%.
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Figure 21. Outcomes of the cRT-PCR experiments conducted on the CRISPR-HAR1p-2
hairy roots, using primers specific to sgRNA1, sgRNA4, and sgRNAS, respectively. (A)
Shows the frequency of different PCR products and their structures using the sgRNA1 specific
primer in the reverse-transcription (RT) step. (B) Shows the results of a similar experiment
using the primer specific to SgRNA4 in the RT step. (C) shows the results of a similar
experiment using the primer specific to SgRNAS in the RT step. (D, E, F) The images of the
ethidium bromide stained agarose gels corresponding to A, B, and C above, respectively. The

line numbers correspond to specific hairy root cultures.
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12. The CRISPR-HAR1p-1 and CRISPR-HAR1p-2 transgenic hairy root genomic DNAs

were analyzed for signs of gene editing at the target locus.

Having confirmed the expression and at least partial maturation of sgRNA species in the
roots derived from the CRISPR-HAR1p-1 and CRISPR-HAR1p-2 transformation experiments, it
was also imperative to determine editing efficiency of the cassettes. Each individual sgRNA
present in the cassette has the potential to induce a mutation, SNP or small deletion, at its target
site. However, since there were several sgRNAs utilized simultaneously, there was also an
expectation of possibly generating large deletions when at least two guides generated a double
stranded break. To determine whether editing had occurred, the HAR1 promoter region was PCR
amplified from a selection of transgenic hairy roots that were analyzed for the presence of the
CRISPR cassettes, and the resulting DNA fragments were evaluated by gel electrophoresis and

sequencing.

The gene specific primers, HAR1p-F and HAR1p-mid-R, encompassing 2.1kb of the 4kb
HAR1 promoter region, were used. The 2.1kb fragment generated by this PCR amplification
contains eight of the nine target sites. The size of DNA fragments generated by the PCR
amplification in all experimental samples were the same as the wild type control (Figure 23). The
resulting DNA fragments were cloned into the pCR-Blunt 1I-TOPO™ vector and were sequenced.
No mutations, including SNPs, were detected (data not shown). To check for mutations at the
remaining target site, PCR amplification using the primers HAR1p-mid-F and HAR1p-R was also
conducted. These primers cover a genomic region that encompassed the final target site and
overlaps with the first PCR amplification region, resulting in a wild type fragment of 1.6kb. No
mutations were detected by PCR amplification of this HAR1 promoter region in the CRISPR-

HAR1p-1 transgenic hairy roots (data not shown).
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The editing efficiency of the CRISPR-HAR1p-2 derived multiplex sgRNA cassette was
also tested using the same PCR procedure as above. Upon PCR amplification of genomic DNA
samples with HAR1p-F and HAR1p-mid-R, all of the transformed hairy root cultures tested yielded
DNA fragments that appeared to be the same size as the wild type (non-transgenic) control (Figure
24). PCR amplification using the primers HAR1p-mid-F and HAR1p-R resulted in DNA fragments
that looked wild type in all the samples tested, indicating that no major deletions were present

(data not shown). Due to time limitation, these samples were not sequenced.

1kb+
Ladder WT 1 2 3 4 5 6 7 8 9 10 NTC

4= 2.1kb

Figure 22. The check for genome modifications in the HAR1 promoter region from ten (1-10)
different hairy roots carrying the CRISPR-HAR1p-1 sgRNA cassette. An image of the ethidium
bromide stained agarose gel, showing the PCR amplification products of the HAR1 promoter from
different samples. Wild-type (WT) Lotus japonicus roots were used as a positive control. The
amplicons were sequenced to detect any mutations. A negative, no template control (NTC), was

used. Expected size of the wild-type PCR product is 2.1 kb.
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Figure 23. The check for genome modifications in the HAR1 promoter region from ten (1-10)
different hairy roots carrying the CRISPR-HAR1p-2 sgRNA cassette. An image of the ethidium
bromide stained agarose gel, showing the PCR amplification products of the HAR1 promoter from
different samples. Wild-type (WT) Lotus japonicus roots were used as a positive control. The
amplicons were sequenced to detect any mutations. A negative, no template control (NTC), was

used. Expected size of the wild-type PCR product is 2.1 kb.

13. Sequence analysis of the L. japonicus HAR1 promoter region for conservation with its

orthologues and for cis-acting regulatory elements.

Alterations to the HAR1 promoter sequence, as intended in the long term by this work, are
expected to impact the quantitative aspect of the gene functioning. In this context, in-silico
identification of conserved regions of the promoter across species and the prediction of cis-acting
elements was deemed necessary. The G. max NARK (Kinkema & Gresshoff, 2008), G. max CLV1A
(Mirzaei et. al., 2017), and M. truncatula SUNN (Schnabel et. al., 2005) genes were identified as

orthologues to the L. japonicus HARL1 gene (Figure 9). The promoter regions of the three
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orthologues were analyzed for DNA sequence conservation with the L. japonicus HAR1 promoter
region (Figure 25). Two regions that show at least 70% identity in the overlapping 100bp sliding
windows (see Material and Methods) were identified. These regions, highlighted in red in Figure
25, are present in all three predicted orthologues, but not in the L. japonicus Symbiosis Receptor
Kinase (SYMRK) gene (Stracke et. al., 2002), the sequence of which was used as the outgroup for

the comparison.

To predict what transcription factor binding sites (cis-acting regulatory elements) were
present within the promoter region of the L. japonicus HAR1 gene, its sequence was analyzed in
silico using the PlantCARE software

(http://bioinformatics.psh.ugent.be/webtools/plantcare/ntml/) (Figure 26). Several different cis-

acting elements were predicted, including seven elements involved in light response. The cis-
acting elements that were predicted to be present in the two conserved regions described above
included a TC rich repeat, an MBS motif, an ABRE motif, a CAT box, and a GT1 motif (Figure
25 and Figure 26). The TATA-box was omitted from the analysis results as it was too common

and overwhelmed the other predicted elements.
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Figure 24. A graph showing regions of sequence conservation between L. japonicus HAR1
and its orthologous loci in Glycine max and Medicago truncatula. NARK and GmCLV1A:
NODULATION RECEPTOR KINASE and its paralogue, respectively, in G. max. SUNN: M.
truncatula SUPER NUMERIC NODULES. The Lotus japonicus SYMBIOSIS RECEPTOR
KINASE (SYMRK) gene was used as an outgroup. The x-axis represents the position
corresponding to the HAR1 locus, where A in the predicted ATG initiation start codon is 1. The
peaks represent sequences, that share at least 70% nucleotide sequence identity with HAR1,
over a 100bp window. Peaks that are coloured red and blue represent non-coding and coding
sequences, respectively. White peaks represent regions that contained more than 50% sequence
identity with HAR1, but not more than 70%. The analysis was performed using the mVista web

program (https://genome.lbl.gov/vista/mvista/submit.shtml).
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Figure 25. The cis-regulatory elements found within the Lotus japonicus HAR1 promoter.

The plus and the minus strands are both depicted. The cis-regulatory elements are shown in the

strand where they exist. Different coloured regions represent different regulatory elements. To

generate this figure the sequence of the HAR1 promoter was analyzed using the PlantCARE

software: http://bioinformatics.psh.ugent.be/webtools/plantcare/html/.
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14. Natural variation in the Glycine max NARK locus was evaluated across 350 varieties of

cultivated soybean.

Similar to the identification of conserved sequences and prediction of cis-acting elements,
it was also of interest to determine natural variation. This analysis was accomplished using the G.
max NARK locus, a soybean orthologue of L. japonicus HAR1, through a publicly accessible
resource that includes 350 soybean accession lines for which genome-wide polymorphism is

known (https://soykb.org/public_data.php). The polymorphism, which included all SNPs, was

evaluated using the G. max Williams 82 NARK gene region (Chromosome 12: 2881838 - 2890668;
Glymal2G040000; Glycine max Wm82.a2.v1l) and the resulting data were summarized in a
histogram (Figure 27). A simple statistical analysis was used to determine the frequency and
location (coding vs. non-coding regions of the gene) of SNPs. In this analysis the coding region
was defined as all exons while the non-coding regions included the promoter, the intron, and both
the 5’ and 3° UTRs. Any soybean variety was considered polymorphic if it had any nucleotide
difference from the reference sequence. The number of varieties carrying polymorphisms at every
given position as compared to the reference were also calculated. The total tally of polymorphic
lines at each given position was used to generate the histogram shown in Figure 27. Polymorphic
positions across the entire locus were added and then divided by the total number of positions
analyzed, which generated a polymorphism coefficient, representing the number of
polymorphisms per base pair. Similar calculations were also carried out for coding and non-coding
regions. Dividing the number 1 by the resulting coefficients gave the average number of positions
that were polymorphic within the respective regions. On average, 1 in every 86 positions was

found to be polymorphic when the whole GmNARK locus was analyzed (Table 1). In contrast,
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SNPs in the coding regions of GmNARK appeared with an average frequency of 1 in every 72

positions and 1 in every 94 positions in the non-coding regions (Table 1).
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Figure 26. A histogram showing the natural SNP variation at the Glycine max NARK
locus. The NARK sequences from 350 different soybean varieties were used to generate the
graph using the soykb.org website and a bioinformatics pipeline developed for this thesis (see
main text for more detail). Each position on the x-axis represents individual nucleotide
positions within the locus, and the bars correspond to the number of varieties that carry an SNP
at a given position, as compared to the Williams 82 reference sequence (Glycine max

Wm82.a2.v1).
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Ratio of Polymorphic Ratio of

Positions in GmNARK Polymorphic
Positions in
GmGBP1
(Zhao et. al., 2018)
Whole 1/86 1/106
Locus
Coding 1/72 1/153
Non- 1/94 1/75
Coding

Table 1. The natural variation that exists in the Glycine max NARK locus compared to the
natural variation in the Glycine max GBP1 locus. The ratios of polymorphic positions are
shown in the second column. The last column shows the ratios for the GmGBP1 gene obtained

from literature (see Discussion).
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Chapter 4: Discussion

1. A brief summary of the obtained results.

The primary goal of my thesis work was to employ CRISPR/Cas technologies to induce
quantitative trait variation at the L. japonicus HARL1 locus. HAR1 has a dose-dependent role in
regulating the extent of nodulation, an important homeostatic process in the plant nitrogen
economy. It also regulates several other aspects of the plant N and P nutrition and hence represents
an interesting target for improvement of nutrient uptake/use efficiency in legumes and possibly
also non-legume plants.

To my knowledge, targeting regulatory gene regions to obtain a quantitative trait variation
has yet to be demonstrated in any legume species. In order to advance toward this goal, | have
developed several gene editing constructs using publicly available CRISPR/Cas9 and
CRISPR/Cas12a genome editing modules (Liu et. al., 2017). The on-line protocol for the selection
of target sites was applied to the HAR1 locus and both the double promoter and single transcription
unit CRISPR/Cas constructs were developed based on these selected targets (for further discussion
of this aspect of the work see below). The binary vector pGEL032, used at the plant transformation
step, has been modified in order to expand on the repertoire of promoter sequences driving the
expression of the multiplex gRNA cassettes and the Casl2a gene. This was done to guide and
possibly enhance the editing efficiency by creating a better alignment with the L. japonicus genetic
background (i.e. by using the L. japonicus ubiquitin promoter sequence) and also by taking into
consideration the tissue (phloem) specificity of HAR1 gene expression. A methodology to clone

gRNA cassettes into three different destination vectors is described in this thesis, encompassing
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the use of Golden Gate cloning, a protocol that allows for several DNA fragments to be joined in
a single reaction (Engler et. al., 2008).

The hairy root system was used to evaluate a selection of the gRNA-CRISPR/Cas9
constructs by testing their expression and editing efficiencies. While hairy roots have routinely
been used to perform various molecular analyses in the Szczyglowski laboratory (Hossain et. al.,
2012; Shrestha et. al., 2021), none of my predecessors had established long-term, axenic cultures.
| describe in the thesis the culturing conditions that facilitate the growth of L. japonicus hairy roots
as long-term, immortal tissue cultures (see Materials and Methods — Section 5; and Figure 16).
These cultures were established for the purpose of rapidly testing the expression, maturation and
editing efficiency of the CRISPR/Cas constructs, before their use in fully transgenic plants.

Admittedly, the work has not been finalized and follow-up experiments are needed.
Nonetheless, my thesis work has established a set of protocols for CRISPR/Cas-based genome
editing that should be useful in testing and subsequent implementation of successful, multiplex
editing of the L. japonicus genome. The current toolbox provides a strong foundation for future
genome editing experiments by members of the Szczyglowski laboratory, something which was

not available prior to this work.

2. The L. japonicus gene editing toolbox: the current state of affairs.

There are fourteen different binary vectors which | developed specifically to edit the L.
japonicus HAR1 promoter region. Two of these vectors utilize Cas9 while the remaining twelve
used the Casl12a gene. The two Cas9 containing vectors, CRISPR-HAR1p-1 and CRISPR-HAR1p-
2, did not result in detectable gene editing (Figure 23 and Figure 24), while the Cas12a vectors are

yet to be tested.
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The Cas9-based multiplex gRNA cassettes were expressed in hairy roots but their
maturation, as evaluated by sequencing analysis of the corresponding cRT-PCR products, was
deemed less than optimal (Figure 20, Figure 21, and Figure 22). This was because the efficient
processing of multiplex gRNA transcripts was expected to be associated with total lack or near
total lack of detectable, unprocessed gRNA species (Xie et. al., 2015), which was not observed in
my experiments. While the reason for this remains unknown, several factors have been considered.
The Cas9 system used was meant to rely on the endogenous L. japonicus tRNA processing
apparatus to release individual sgRNA species from the multiplex (polycistronic) transcript.
Although there is no a priori reason why this system would be less efficient, this has never been
tested in L. japonicus. The pre-tRNAgly sequence (trna76 — chromosome 6: 38328889-38328959,
Lotus japonicus Gifu v1.2; https://lotus.au.dk/) selected for use in the constructs seems typical for
tRNAGIy that recognize the GCC codon, of which there are predicted to be 24 in the L. japonicus
Gifu genome. Alignment of their primary sequences showed that tRNA76 has a polymorphic
nucleotide at the 42" position (C—T), which is otherwise highly conserved (Figure 28). Whether
this particular polymorphism could interfere with the efficiency of the tRNA processing, as
mediated by RNases Z and P, remains to be seen (see Perspectives and next steps).

Consideration has also been given to the promoter sequences that were used. Even though
there is little evidence to suggest that CRISPR/Cas machinery would be unable to access
heterochromatic regions in the genome, it appears that the condensed chromatin may reduce the
editing efficiency to as low as 2.8% (Feng, et. al., 2016). At rates this low, detecting gene edits
would be unlikely without having a rather large experimental population. | have only tested 20
independent hairy roots. Therefore, if HARL is located in a hetrochromatic domain in hairy root

cells, or the hypocotyl cells which give rise to hairy roots, an editing efficiency of 5% would be
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necessary in order to successfully identify a single change at the HAR1 locus. Furthermore, as
previously mentioned, HARL is known to be expressed in shoot phloem cells (Nontachaiyapoom
et. al., 2007). Assuming that its expression in roots is in the same cellular domain, it was decided
that testing a phloem-specific promoter is warranted and may generate an interesting insight.
Hence, the corresponding binary plasmid, pGEL032-AtS13, is being prepared for testing with the
pPGEL032-LjUBQ and pGEL032-2x35S vectors. All downstream protocols, including cRT-PCR
and locus specific genotyping have been successfully employed and are now standard procedures

in the Szczyglowski laboratory.

1. L. japonicus - tRNA 6 (Gly - GCC)
2. L. japonicus - tRNA 9 (Gly - GCC)

3. L. japonicus - tRNA 11 (Gly - GCC)
4. L. japonicus - tRNA 12 (Gly - GCC)
S. L. japonicus - tRNA 13 (Gly - GCC)
6. L. japonicus - tRNA 17 (Gly - GCC)
7. L. japonicus - tRNA 24 (Gly - GCC)
8. L. japonicus - tRNA 25 (Gly - GCC)
9. L. japonicus - tRNA 33 (Gly - GCC)
10. L. japonicus - tRNA 42 (Gly - GCC)
11. L. japonicus - tRNA 48 (Gly - GCC)
12. L. japonicus - tRNA 63 (Gly - GCC)
13. L. japonicus - tRNA 65 (Gly - GCC)
14. L j icus - tRNA 74 (Gly - GCC)
15. L. japonicus - tRNA 76 (Gly - GCC)
16. L. japonicus - tRNA 81 (Gly - GCC)
17. L. japonicus - tRNA 93 (Gly - GCC)
18. L. japonicus - tRNA 96 (Gly - GCC)
19. L. japonicus - tRNA 102 (Gly - GCC)
20. L. japonicus - tRNA 103 (Gly - GCC) fBl¢
21. L. japonicus - tRNA 104 (Gly - GCC)
22. L. japonicus - tRNA 202 (Gly - GCC)
23. L. japonicus - tRNA 203 (Gly - GCC)
24. L. japonicus - tRNA 210 (Gly - GCC) &l

Figure 27. The alignment of L. japonicus tRNAgiy sequences that recognize the GCC
codon. tRNA 76 (box; line 15) was used in the CRISPR-HAR1p-1 and CRISPR-HAR1p-2
vectors. It has a sequence that appears to be typical of the family of tRNA, with the exception

of position 42, which has a T instead of a C (arrow).

Considering that multiplexed constructs encompassing several independent gRNAs for

both the Cas9 and Casl12a predicted target sequences were used, it is unlikely that the observed
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lack of editing at the HARL locus was due to poor choice of gRNAs. Multiplexing was shown to
be more efficient at generating genomic edits compared to using individual sgRNAs (Xie et. al.,
2014). Thus, 1 was not only expecting that the efficiency of the editing would be increased, but
also that this could lead to a broader range of HAR1 variants, as different combinations of gRNAs
are likely to mediate DNA cleavage in the same cells (Rodriguez-Leal et. al., 2017). These
expectations were not met in the initial experiments and | presume that, as outlined above, issues
other than the selection of gRNAs, are more likely to be responsible for this negative outcome (see

Perspectives and next steps).

3. Considerations on dual versus single transcriptional unit systems.

The CRISPR-HAR1p-1 vector was designed to conduct multiplex genome editing using a
two promoter system. The 2x35S promoter drove the expression of the Cas9 protein while the
Lju6 promoter was used to express the multiplex sRNA cassette (Figure 12). There is evidence
that the editing efficiencies are further improved by expressing both the Cas protein and the sgRNA
cassette under a single RNA Polll promoter (Tang et. al., 2018). The CRISPR-HAR1p-2 vector
was designed to test this phenomenon in L. japonicus. The use of a STU construct ensures that a
given Cas protein is expressed together with the sgRNAs, in effect eliminating the possibility that

gene edits did not occur due to absence of the Cas protein.
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4. Selection of target sites at the L. japonicus HAR1 promoter.

Cas9 has been used extensively for editing plant genomes (Puchta, 2017). However, this is
restricted to sites that contain the NGG PAM sequence, which poses a challenge when regulatory
gene regions are to be targeted, such as promoters, which are often AT rich. Indeed, the 4kb L.
japonicus HAR1 promoter has a GC content of only 39%, and this was reflected by the fact that
the number of high quality Cas9 target sites in the region was relatively low. To increase the
number of viable targets it was decided to use the Casl2a protein, which recognizes the PAM
sequence of TTTV. The Casl2a PAM is more likely to occur in AT-rich regions compared to the
Cas9 PAM, allowing for an increase in target sites that can be selected (Wolter & Puchta, 2019).
In addition to improving target site selection, the Casl12a protein has the ability to self-process
multiplex gRNA transcripts without the need for intervening tRNA sequences (Tang et. al., 2018).
To this end, | developed twelve vectors to target the HARL1 promoter using Casl2a. Selecting
Casl2a sites more than doubled the total number of possible targets in the HAR1 promoter,
significantly improving the likelihood of generating a broad range of quantitative variation at the

locus.

5. Hairy roots provide a shortcut to checking the editing capabilities of developed constructs.

The major hurdle that is associated with targeted genome modifications is the difficulty
associated with generating stably-transformed transgenic plants. Many plants, including most
legume crops, are recalcitrant with respect to regenerative procedures, which creates a significant
bottleneck. For some, like common bean, a transformation and regeneration protocol has only

recently been established (Song et. al., 2020). L. japonicus is easily transformable and stably-
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transformed transgenic plants can be regenerated via a tissue culture dependent process on a
relatively large scale (Stiller et. al., 1997). However, it takes on average six months to obtain To
seedlings (Okuma et. al., 2020). In contrast, transgenic hairy roots can be generated in less than
two months, which allows for the rapid evaluation of editing efficiencies of untested gRNAs. If
the editing efficiencies are too low, it is a clear indication that it is necessary to make modifications
to the construct or select new targets before attempting to generate stably-transformed transgenic
plants. In addition to the relative ease with which hairy root cultures can be developed and

propagated, they can be used to regenerate transgenic plants (Stiller et. al., 1997).

6. Desired phenotypic outcomes from editing the L. japonicus HAR1 locus.

Even though editing for quantitative variation at the HAR1 locus has yet to be achieved,
the rationale behind the effort has been clear. Different nutrient acquisition-associated traits are
expected to be affected by modulating the HARL protein dosage. These include root system
architecture and uptake and assimilation of soil nutrients, including nitrogen-fixing and VAM
symbioses. It will be interesting to see whether any of the prospective quantitative modifications
will be beneficial. A lack of HAR1 function is clearly detrimental to the plant performance (Figure
7; see also Wopereis et al., 2000). However, heterozygous HAR1/harl-1 L. japonicus plants, which
produce ca. 50% of the wild-type HAR1 mRNA level and develop approximately 50% more
nodules, grow and produce seeds similar to wild-type plants (Mark Pampuch and K. Szczyglowski,
unpublished data). Whether this enhanced nodulation pattern could be beneficial under stress
conditions, such as drought, excessive cold or a short growth season, has yet to be determined.

However, a more exciting idea is to generate a continuum of quantitative variation at the HAR1

78



locus and then search for beneficial alleles. A relevant question in this context is whether more
subtle changes to the HAR1 mRNA level will be advantageous and if other genomic modifications

could enhance the effect.

Legumes, and other plants, utilize xylem to transport nutrients from roots to sink tissues,
such as leaves and seeds. The strength of sink tissues dictates the level of demand for nutrients.
This, in turn impacts the formation and performance of source tissues and these sink-source
relationships orchestrate the overall plant economy (Tegeder & Masclaux-Daubresse, 2017; Smith
etal., 2018). Interestingly, it has been shown that enhancing transport of ureides (the main nitrogen
fixation and assimilation components in tropical legumes) from nodules, the source tissue, to shoot
(the sink tissue) led to increased soybean productivity (Carter and Tegeder, 2016). Thus, parallel
editing for enhanced nodule formation and ureide transport, with the latter appearing to mimic

increased shoot demand for nitrogen, may be a fruitful avenue for increasing legume productivity.

Use of synthetic alleles, will undoubtably be met with scorn and disapproval from a portion
of the general public. These concerns could be partially alleviated by exploring the relevant natural
variation, once desirable synthetic alleles are characterized, although such an approach may be
limited in terms of its potential success. Nonetheless, with this in mind, both the sequence
conservation and natural variation that exist at the soybean NARK locus, the orthologue of L.

japonicus HAR1, were evaluated.

7. Natural variation at the NARK locus.
Orthologues of L. japonicus HAR1 have been identified in legume crops (Figure 9). Two

regions in the HAR1 promoter were characterized as being conserved, showing more than 70%
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sequence identity with the G. max and M. truncatula orthologues (Figure 25). These regions may
encompass important regulatory modules in the promoters. In silico analysis showed that several
predicted cis-regulatory elements, including MBS, ABRE, GT1 and CAT box motifs, are present
in these conserved promoter regions. It will be interesting to see whether any phenotypic variants
that may arrive as the result of editing experiments will be due to modifications within these
conserved regions and/or predicted cis-regulatory elements. Furthermore, by analyzing the
phenotypic effects of any sequence alterations to the cis-acting regulatory elements that are
generated in future genome editing experiments, it will be possible to determine which of those
are actually functionally relevant to HARL.

Levels of polymorphism were evaluated across the entire Glycine max NARK locus (Figure
27). This natural variation is representative of 350 different varieties of cultivated soybean.
Surprisingly, the results of the statistical analysis indicate that there is a greater level of variation
in the NARK coding regions than in the non-coding. In the coding region, SNPs appeared with a
frequency of 1 in every 72 positions as compared to 1 in every 94 positions in the non-coding
regions (Table 1). These values were compared to the published data for the soybean GmGBP1
gene, encoding an orthologue of the Arabidopsis thaliana SNW/SKI-interacting protein (SKIP)
(Zhao et. al., 2018). The GmGBP1 gene had an average of 1 in every 106 positions that were
polymorphic. On average, 1 in every 153 positions were found to be polymorphic in the coding
regions of GmGBP1. SNPs appeared in the non-coding regions of GmGBP1 with the frequency of
1 in every 75 positions (Table 1).

This pipeline allows for the comparison of any synthetic variation to the variation which
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already exists in cultivated soybeans. This pipeline also provides the ability to design a wide range
of genetic tools (i.e. primers or gRNAs) that can be used in different soybean varieties

simultaneously.

8. Perspectives and next steps.

Current experiments, albeit unsuccessful at generating synthetic variation at the HAR1
locus, established a solid foundation which was necessary to perform targeted genome
modifications in L. japonicus and other legume species. Tools have been developed to help to
identify the problems that resulted in the negative genome editing outcome. Testing the Casl2a-
containing constructs, which eliminate the need for tRNA based processing, is expected to be
informative. The self-processing properties of Cas12a should assure efficient production of mature
gRNAs, thus possibly addressing two problems, (1) an inefficient processing of Cas9-dependent
multiplex gRNA transcripts and (2) lack of editing due to a low concentration of mature gRNAsS.
Having a number of binary vectors containing only two gRNAs should also be helpful in this
context as it is currently unclear whether a transcript containing a relatively large number of
gRNAs (e.g. 8 to 10) will be effective in L. japonicus. An alternative approach could be to use a
mixture of Agrobacterium strains, each containing a binary vector with a small number of gRNAs.

Using constructs with different promoters, as prepared by this thesis work, should also be
instructive. Particularly interesting in this context will be testing of the phloem-specific promoter,
which should show whether utilization of tissue specific expression is necessary. Also, the number
of independent hairy roots tested for evidence of editing at the HARL locus will have to be

significantly increased to make sure that negative outcomes are not due to lower than expected
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efficiency. If this is the case, subsequent experiments could be refined by focusing the effort on
improving the process.

Finally, it was originally envisaged that L. japonicus plants carrying any HAR1 promoter
edits would be directly regenerated from axenic hairy root cultures. Although this remains a
possibility, a new method allowing for direct generation of edited plants using ectopically induced
meristems, without the need for tissue culture, has emerged (Maher et. al., 2019). However, the
feasibility of the method for L. japonicus has yet to be tested. If successful, this would provide a
significant shortcut for generating a large number of genome edited plants. Hairy roots are good
for testing the editing efficiency but whole plants are necessary to evaluate phenotypic impacts.

Although my thesis work focused entirely on the model plant, parallel work has already
been initiated to replicate this effort in crop legume species, such as soybean, common bean and/or
alfalfa. The identification of presumed HAR1 orthologs (Figure 9) constituted the first step toward
this goal. Each of these species, as well as other legume crops, could benefit from an enhanced
nitrogen uptake efficiency, primarily to support high yields and environmental performance. The
same line of research may guide improvement of input (nitrogen)-thirsty cereals such as wheat and
maize. Together, these advances should help lead to crop improvements which will provide the

necessary food supply in a sustainable manner.

9. Limitations.

My thesis work was significantly impacted by the COVID-19 related shutdowns. | had no
access to my laboratory at AAFC for a duration of six months, starting at the beginning of April
2020. Experimentation was stalled and several of my hairy root cultures were lost during this time,

requiring protocols to be restarted once access was re-established. Furthermore, the access was
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never fully restored during the second year of my funding period. Work had to be planned and
completed in six hour shifts, impairing my ability to progress data collection at the necessary rate.
This prevented me from testing the constructs that | had prepared, as it was necessary to
troubleshoot the initially negative editing results. Follow-up work is clearly needed to fill this

experimental gap.
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Appendix A: Genomic and cassette sequences

> L. japonicus HAR1 promoter (yellow highlights are Cas9 target sites, blue highlights are
Casl2a target sites, red letters represent PAM sequences, and the green highlight is the ATG
start codon)

GACCAATAGATTTAATATTTTTAATTTGAATAGTTTAGATCAATTACCAATAAAAAAATTCGTT
TGTTAAATATATATTGTTTTACTGTTATACCCTTCTCCCTTCCCACGTTTCCCCCACCCCACCA
CCGTGCCTGATAACCCACGGCGGAGTCCAGCATGCCGGCCATGGAGATTGATGTGGTCACGACA
AGCCTTGCCGACATCCTTACTGTGAGGAGGTTGAGGGTAAGCTTCAGGCACTGGACACGAGAGA
GAAAAGGAAGATGTTGAAGAAGACGACCTTCGTCACGTCGACACTGTCGTCGCAGGCGGAACAA
GCACCAAGCCCACCCCACCTCCACCACCACCACCACCCAACCCCTTCTCCATCTGAGATCTGGA
AAGTTTGGATTTGTAAAACAGGGAGCTGGATCTGAAAAGTTTTGATTTAATTTGTCAAAATCAT
AAGTGAATTTCAGAATCTCCACCATGGTTCAGCTTTGAATTAACCCGCAGTAGGAGATTCAGAT
AACAACTGGAAAAAAATGGGGAATGCAAAACACATTATTGAGAAAAGGAAAAAGAAAATTAGAT
GCTTGTATGAAGAAAGTGTTGATTTTTCTATACACTATTGTTTGATTTTTGTTATTTCTTGGTT
TTGACGGTGTGCGACTTTGATTTGAGAAGCCTGTGGTGAAAATACAGATCTGGTTTAATCTGAG
TTCTTTCCCCTTCCCCTTTCTTTGTTCTCCACCGTTGGATTTCTAAACATATATTGCAGATTTT
GATGGTGTGTTATGGTGTTAAAACCCAGATTTAGGGGACCAAAGGGACCAAAATCACGTTAGCA
TTGAAGGTCTCCAAGATGATCATGGAGAAACTTTGTATTGTTGCCTCAACAACATGTGTGGTGA
ATTGCTGAAATTGCTGGGTTTGTGGTAGGGGTGTCCATAGGTCGGGTACGGTCGGTTTCGGGCC
GACGCCGTCGGTTACGGCGGGTGAAAAACACCCAACCATCAGGCCCGCCACCGACCATCCAGCA
GAATCGGGTTTATCGGGTTCGGGTTTTTCGGGTTACATTCGGTTCGGTCGGTGCTGTCGGTTTT
TTATAAAAAAGAAAATCACAAAAAGAGAGGAAGATCCAGCAAATAGAAACCCTAACCCTCAACA
AATCATAGAAAAGACAGAAACTTTTCAAAAACATGCATTCAATTCCAATACATATTACATAGAT
CAAGAATTCTTAGAAGAAAAAAGACCTAATTTTTACACTGAAAATAAACCATCACTGTAACCAG
ATCAAGAGAGGCCATGAACGGTGTCCTCTTCACACCATATTTTGAAGATCGAGCCAGATCAAGA
GAGGGAGATATAGATCGCGAGAGGGAGAGTCAGATCAAGTGAGGTAGAGCCAGAGACCAGCGAC
CTGGGTTGGTGGTGAGAGACGGTGTTCGATGGTGGCGACGTAACCCCCTCCATCGTCGCTGCTC
CAACCAAATGCAATCCATCATCTGGTCCTAGTACGATTCATCGATGGTGGGGACTTAACCCCCT
CCGTCGTGCGAGGGCGACGGCGAACAAAGAAGAAGGAGGCTCGAAACCGTGTGGGTGAGGGTGG
AAGCGCATGAAGAAGGAGGCGACGATGACGCGCGGTGTTTGAGAGGAGGTGGCGGCGCTGGGETG
GTGCTTAGGGTTTGCAGGTTGGTGCTCTGAAGATGTGTGACTTTGTGTGTGTGACGGCTTGATA
GATAGAAAGTGAGGTTTGTAACTTAAAAAGATAAAAGTAGGGTTTCTAATGGACTATCACTATT
GGACTGGATTGGGCCTATTTTTTTTTTTTAAACATAGATACTTCGGTCGGTTCGGTCGGGCTCG
AGCCCAATCCGACACCGACCGAACCAACTCGCCTAAAACCGCATTTTTGCACCCGGTTAACCCG
AAATCCGGCCCGACCGGCCCGTTTGGCCAAAAAAGGCCTCGGTTTAGTCGGGCCCGGTTCGGGL
CGGTTGTACACGGACAGGCCTAGTTTGCTGGAGCGGAAAGGTAGAGAGAGAAAAGAAGAAGAGAG
AAAAGTTAAAAGAAAAAATGAGTATTTTTGTAATTTAGATGGTGAATAGTAACTGCAGCACCGT
GCGTCAGTTTGTCAGTTACAAACTGACTCACGGTAGATGCAGCCTCAATTATCTCTTATTCATT
TTCACTCAATTTTTCTTTCTATAGATAGTTATGAGAAATGAGTAATACTTCCATCTCTCACACT
CTCTTTTTTTTCTCTTAAAAAAGGTGGTATACACCCAAATGAGTGTGTGTCTGCACATAATCAT
CTTTTTCCTAAGTAGAATCTCTCAATATTTTCGGTTGCCAACTTGCAAAGGGCTTGATTATAAC
ATAACTGTAGTCCCATACTCCCATATCTATGTAGGGAAGTACAAAAATCAGGCTTAGAGAATAA
AAAGAAAGAACTAGGAGAACTAGGACTGTCTGCCATGTAAAAGACGAAGAAATCAAGAGGGCCA
ATAATAGAAGATTTTTTTTGAGCACTTCGCGGACACTAACTCGTTGTCGCTATCATTAGAGGGG

95



TTGACAAATGACAGTATTGAACATTTTTTTGAAGATGTGTACCACTCATCCATTTATGAGTGGT
TCCCAGTTGCCAAAACTATGAACGAAATGTTGAAGGAATAACAGGAATCCATTCTAGAAGCTTT
GCTATTTGGGAATCTAGAGTTCTTGACATTGTACCCTGTATTAAGCATTAAATTAAAAAAGGAT
GAAAGAAAATGAGCATCTTTCTTTTCTTTTCTATTATCAATATTCGTATGCCTCATCCAATTAA
AAACATGAAAATTAAAGATAACAAATGACATGAATCAGTTATATACGCAAATCAATATTAAATA
TTTTTTAAAAAATCTATATACTATAACCCATCAGAAAATTGGTGTGGGTTTAGCAGAATTCGCC
ATTTATTATATATAATCAATAAAGTTAATTAAAAGAATTCTGTAAGTTGTTATATAATCTATCT
TCTCATTTTCTCCTTTTTTTTATCATATTATCAAATATATATATATATATATATATATATATCC
CATTTTCTTTTATCTTTAGTAAAATTTGTTACACTCCAAGATGTAGTGTACACTCATAACTAAC
TATATCTAATGATTAAAAAAAATTAACACATGCACTGGAAAATAAATTTGGTAGATACCATTTT
TTTTTTTTTTTTGATAAGCTGGTAGGTACCATATAATATGTATAAGAAACATGAAATGAGAGAA
GAAAGAAGTGGTGGGAAAGGAAGACATAAGTGAAAATTTTGATTCAGAAATGATGCACGGTGAC
ACAATCCAATTAACGTATCTATGAATATTATATTAGTGGTTTTTAATCACTGCTAATGTGTATG
TCAGTTAAATTTCAACAGAAACCCGTGTATTTACATATAATCTCATATTTTGATTAGACAATAA
CCTAACAAACTCTATCGTTTGGTGTATTGTGGCGAGCTAGCTAGTCTTCATTCTCTTCTCCTTA
ATTAGGTACAGAATCACTTTCAATTCAATAAAATAATTTACTTTAAAATGCATTGTTGCATGAT
ACACACTTTAATCACATATAGAATACGATTCTGCAATATCTAGTGGATGATCGTGGGAGCAGAG
AATTTATGCTTAGTTTGCCTTTTCCACGAGAGTCACAACTATCCCCAGTTATACACACTCCAAG
TGTTCCACGTAAAACAACTTTTCTCCTTTCATTTTATACTCAACAACTTTTTGTTTCATTCCAA
AGTGAGACTTATACAAAGCTTAAATTAAACCTCTGTTACTGGTTACAAAAAGATTTCATGTGTC
TTCCCACAAAAGCTAAGTCCACGAGAGAGAGTGGACTTTCACTAGTGGCGCCAAGCATATTACA
GTATTATACGCCAGCCACCAAATTATATGTTAACCAATCACATACACTAATTTAGTATAATCAT
GATTATAAATAGACACTCAGCATAACAAATGCATG

> Nine (9) sgRNA cassette (found in CRISPR-HAR1p-1; yellow highlights represent LjtRNAgyy,
unmarked sequences are sgRNAs, and red letters represent Bbsl cloning sites, pink highlight is
random sequence to protect the Bbsl cloning site)

EEECEE:TCTTCAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGAC
CCGGGTTCGATTCCCGGCTGGTGCATTAAACATAGATACTTCGGTGTTTTAGAGCTAGAAATAG
CAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAAC
AAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCC
GGCTGGTGCATTTGATTCAGAAATGATGCAGTTTTAGAGCTAGAAATAGCAAGTTARAATAAGG
CTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTC
TAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCAAAGGA
GGCGACGATGACGCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAATAGT
ACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCAAGATCAAGAGAGGCCATGAA
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCA
CCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTAT
AGACCCGGGTTCGATTCCCGGCTGGTGCATCCAGCAGAATCGGGTTTATGTTTTAGAGCTAGAA
ATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTT
TAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGAT
TCCCGGCTGGTGCACGTTTGGCCAAAAAAGGCCTGT TTTAGAGCTAGAAATAGCAAGT TAAAAT
AAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGT
GGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCAC
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CGTGCCTGATAACCCACGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAA
TAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCATTTGTGGTAGGGGTGT
CCATGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGT
GGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACG
GTATAGACCCGGGTTCGATTCCCGGCTGGTGCAGATCGAGCCAGATCAAGAGAGAAGACHIE

> Eight (8) sgRNA cassette (found in CRISPR-HAR1p-2; yellow highlights represent LjtRNAgiy
and unmarked sequences are sgRNAs, Bsal cloning sites not included)

AACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATT
CCCGGCTGGTGCATTAAACATAGATACTTCGGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATA
AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTG
GTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCATT
TGATTCAGAAATGATGCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAAT
AGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCAAAGGAGGCGACGATGAC
GCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG
GCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGG
TATAGACCCGGGTTCGATTCCCGGCTGGTGCAAGATCAAGAGAGGCCATGAAGTTTTAGAGCTA
GAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGC
TTTTAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTC
GATTCCCGGCTGGTGCATCCAGCAGAATCGGGTTTATGTTTTAGAGCTAGAAATAGCAAGTTAA
AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACC
AGTGGTCTAGTGGTAGAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTG
CACGTTTGGCCAAAAAAGGCCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCG
TTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTA
GAATAGTACCCTGCCACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCACCGTGCCTGATAA
CCCACGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAA
AGTGGCACCGAGTCGGTGCTTTTAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCC
ACGGTATAGACCCGGGTTCGATTCCCGGCTGGTGCATTTGTGGTAGGGGTGTCCATGTTTTAGA
GCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG
GTGCTTT

> Two (2) gRNA cassette (Casl2a gRNA 1 and 2; yellow highlights represent DRs and red
letters represent the Bsal cloning sites)

GGTCTCGAAAAAATTTCTACTAAGTGTAGATCCTTTTCCACGAGAGTCACAACTAATTTCTACT
AAGTGTAGATCCACCACTTCTTTCTTCTCTCATAATTCGAGACC
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> Two (2) gRNA cassette (Cas12a gRNA 3 and 4 yellow highlights represent DRs and red letters
represent the Bsal cloning sites)

GGTCTCGAAAAAATTTCTACTAAGTGTAGATGCAGAATTCGCCATTTATTATATAATTTCTACT
AAGTGTAGATTGATGGGTTATAGTATATAGATTAATTCGAGACC

> Two (2) gRNA cassette (Cas12a gRNA 5 and 6 yellow highlights represent DRs and red letters
represent the Bsal cloning sites)

GGTCTCGAAAAAATTTCTACTAAGTGTAGATTATTATCAATATTCGTATGCCTCAATTTCTACT
AAGTGTAGATTTCGTCTTTTACATGGCAGACAGTAATTCGAGACC

> Two (2) gRNA cassette (Cas12a gRNA 7 and 8 yellow highlights represent DRs and red letters
represent the Bsal cloning sites)

GGTCTCGAAAAAATTTCTACTAAGTGTAGATCGCTCCACAAACTAGGCCTGTCCAATTTCTACT
AAGTGTAGATACCACAGGCTTCTCAAATCAAAGAATTCGAGACC

> Two (2) gRNA cassette (Cas12a gRNA 9 and 10 yellow highlights represent DRs and red
letters represent the Bsal cloning sites)

GGTCTCGAAAAAATTTCTACTAAGTGTAGATTCTCTCGTGTCCAGTGCCTGAAGAATTTCTACT
AAGTGTAGATATTTGAATAGTTTAGATCAATTAAATTCGAGACC

> Ten (10) gRNA cassette (Cas12a multiplex yellow highlights represent DRs, Bsal cloning sites
not included)

AATTTCTACTAAGTGTAGATCCTTTTCCACGAGAGTCACAACTAATTTCTACTAAGTGTAGATC
CACCACTTCTTTCTTCTCTCATAATTTCTACTAAGTGTAGATGCAGAATTCGCCATTTATTATA
TAATTTCTACTAAGTGTAGATTGATGGGTTATAGTATATAGATTAATTTCTACTAAGTGTAGAT
TATTATCAATATTCGTATGCCTCAATTTCTACTAAGTGTAGATTTCGTCTTTTACATGGCAGAC
AGTAATTTCTACTAAGTGTAGATCGCTCCACAAACTAGGCCTGTCCAATTTCTACTAAGTGTAG
ATACCACAGGCTTCTCAAATCAAAGAATTTCTACTAAGTGTAGATTCTCTCGTGTCCAGTGCCT
GAAGAATTTCTACTAAGTGTAGATATTTGAATAGTTTAGATCAATTA

98



Appendix B: Primer Sequences

Table 1. Primers used for PCR amplification and sequencing of the target locus.

Primer Name

Sequence (5’ — 3°)

HAR1p-F ACTGTTATACCCTTCTCCCTTCCC
HAR1p-mid-R TGTGCAGACACACACTCATTTGG
HAR1p-mid-F TGTGGAGCGGAAAGGTAGAGAG

HAR1p-R ACTCTCGTGGAAAAGGCAAACTAAG

Table 2. Primers used to generate cloning fragment to create the CRISPR-HAR1p-2 vector.

Primer Name

Sequence (5’ — 3°)

HAR1-gRNA-F-Bsal

ATGCGGTCTCGAAACATGGACACCCCTACCACAAA

HAR1-gRNA-R-Bsal

GTACGGTCTCTTGCACACGTGTTCGGGTCTTCAACA

Table 3. Primers for PCR genotyping of the CRISPR-HAR1p-1/2 tDNA.

Primer Name

Sequence (5’ — 3°)

LjU6-cassette-F GCTGAGGAGACTTGTGCTAT
STU-C9-tDNA-F AGAGGAAGGTTTGAGGATCTA
LjHAR-cassette-R CATAAACCCGATTCTGCTGG

Table 4. Primers for replacing the ZmUBQp in pGEL032.

Primer Name

Sequence (5’ — 3°)

Ascl-UBQ-F GGCGCGCCGGCGCGCCGGAGAGAGGATTTTGAGGAAATAATTAAT
TG
UBQ-Sbfl-R CCTGCAGGCCTGCAGGCTGTAATCACATCAACAACAG
Ascl-2x35S-F GGCGCGCCGGCGCGCCGGTCAACATGGTGGAGCACGAC
2x35S-Shfl-R CCTGCAGGCCTGCAGGGGGATCCTCTAGAGTCGAGGTCC

Table 5. Primers used in cRT-PCR.

Primer Name

Sequence (5’ — 3°)

SgRNA-F GTTTTAGAGCTAGAAATAGC
sgRNA1-R AAACACCGAAGTATCTATGT
sgRNA4-R AAACTTCATGGCCTCTCTTG
sgRNA5-R AAACATAAACCCGATTCTGC
SgRNAS8-R AAACATGGACACCCCTACCA
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Table 6. Sequencing primers.

Primer Name

Sequence (5’ — 3°)

M13 Forward (-20) GTAAAACGACGGCCAG
M13 Reverse CAGGAAACAGCTATGAC
HAR1p-Seqg5-F1 GTTTTGACGGTGTGCGACT
HAR1p-Seq5-F2 CAGCAAATAGAAACCCTAACCC

HAR1p-Seq5-F3 CGATGGTGGGGACTTAAC
HAR1p-Seq5-F4 GCCTAGTTTGTGGAGCGGAAAG
HAR1p-Seqg5-R1 CCAGTCCAATAGTGATAGTC

HAR1p-Seq5-R2

TGGTCTCTGGCTCTACCTCACTTG

HAR1p-Seq5-R3

CCAGCAATTTCAGCAATTCACC

HAR1p-Seq5-R4

CCAGTTGTTATCTGAATCTCCTAC
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Appendix C: Vector maps

> pBluescript SK (+) (Wang et. al., 2016)

Created with Gene™

_KpnI (663)
~~— Bcul - Spel (665)

_— MNdel (549}

SK(+)-LjUs-gRNA
3816 bp

_HindIII (1270)
" _LjUB-seq-F {1382 .. 1381}
-

" _Bbsl (1466)
" BhsI (1488}

~ RT-sgRM&-R (1561 .. 1580)

~__sall (1581)
— Xbal (1589)
.. MotI {1595
- otl (1596)

. SgRNA-¥Xbal-Sall-R (1561 .. 1596)
Sacl (1617)
M13R (1669 ., 1636)
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> pCAMBIA1600 (Wang et. al., 2016)

Created with SnapGene™
(0) EcoRI Sacl (10)
! /Kpnl (16)
Smal (18)

_BamHI (21)
~_Xbal (27)

_—~~ _sall (33)
~_—" _—Pstl (43)

~ ___— HindIII (51)

pCAMBIA1300
8959 bp
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> pGELO031 (Tang et. al., 2019)

Fe Created with SnapGene®

AscI(Z)
Mfel(243)

_SgrDI [£05)

4 PspOMI(1061)
< /' Apal(1085)

(15,051 .. 15,071) 255 promoter

[14,570) AwrII
[14,345) AatII_
(14,543) Zral -
[14,507) AhdI ——
(14,721) EcoRI ——
(14,508) AsiST — —
(14,557) RseIT

[13,940) Pacl ——

Sbf1 (2012)

——— BStETI3704)

/ pPGEL021
15,756 bo

ATT .. Ll.i95}|:RE-mark.er\\
(11,324 .. 11,346) pGEX 3" ]
(11,273) PluTI M
(11,273) Sfol —7 \
[11,272) MarI /|
(11,271) KasI |
(11,268) Mrel- SgrAl

(10,884) Stul
(10,702) FspI
(10,450) BmtI
(10,485) Nhel
{10,370} BsiWI

_ Kfl1{5208)
_ AbsI[5574)
Hpal(5723)

- BstXI[£413)

/ — ccdB-fwd (6413 .. 6432)
[9410) AclT ~ srf1(es2)
/ ~ BamHI[7038)
[8518) PasI \ H!ndIII?L42]
AfIII[7153)
| Eco53kI(7254)
Sacl(7358)

(7422) SphI
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> pGELO032 (Tang et. al., 2019)

I Created with SnapGene®

) AscI(2)
(14,478 ., 14,498) 355 promoter
Sall- SgrDI (505
[14,397) AwrlI , grDI (503)
(14,372) AatIl_ PspOMI[1061)

[14,370) Zral —_
(14,033) AsiSI —

[ ApaI(1065)

[12,367) Pacl
,
Shf1 (2012)

_ NruI#2378)

[12,224) BlpI

5 ..11,274) pBR3220ri-F GELD32 ~ Bsu361[3701)
y p \ P
(11,004 .. 11,021) L4440 ° 13,183 be
(10,904 .. 10,923) pRS-T‘arke"\»\
(10,751 .. 10,773) pGEX 3' N\,
(10,702) PluTI >
{10,700} anl
[10,699) Narl = AleI*4505)
[10,698) KasI /
(10,685) Mrel
[1(01. 303 ?111 :.]q.: :11 /  BStEIT4573)
o 1} - .
(10,130 Fspl BglIrsiez)
(3817) Bmtl _ BstXI(3953)

3913) Nhel i . .
( ! = - ccdB-fwed (5957 .. 5976)

" TspMI- Xmal(s074)
Smal - SrfI(6078)
BbvCI(5213)

/ ¥Xbal(£523)
(8242) Pasl sphi (530%)

(8827) AclT

104



Appendix D: Bioinformatics pipeline

pipeline.R:

# Provides instructions and R-commands used to generate analysis of natural variation using data
# obtained from https://soykb.org/public_data.php

rm(list=1s())
setwd("D:/UWO/MSc/Thesis/NARK natural variation™)

library(ggplot2)
library(dplyr)
library(car)
library(tidyr)

# Parse the SNP data

### Run the retrieve_SNPs.py script on Chr12_15x_SNPs.csv using NARK positional
information (2881838..2890668). Put the output file through the csv_transposer.py script (keep
name the same).

### Run the retrieve_SNPs.py script on Chr12_40x_SNPs.csv using NARK positional
information (2881838..2890668). Put the output file through the csv_transposer.py script (keep
name the same).

### Run the setup_SNP.py script using the GmNARK .fasta file and NARK positional
information (2881838..2890668).

# Load in and align the parsed SNP data

GmNARKSsetup <- read.csv('GmNARK _setup.csv', header =T)

GMNARK 15 <- read.csv('GmMNARK _15x_SNPs.csv', header = F)

GMNARK 40 <- read.csv('GmMNARK _40x_SNPs.csVv', header = F)

GMNARK <- merge(GmNARK_15, GmNARK_40, by.x = "V2", by.y = "V2", all = T)

GmNARK_Aligned <- merge(GmNARKSsetup, GmNARK, by.x = "Position", by.y = "V2", all =
T

write.csv(GmMNARK_Aligned, 'GmNARK _aligned.csv')

105


https://soykb.org/public_data.php

# Count SNPs found in the parsed data

### Open the Gm#_aligned.csv files in excel, ctrl F, replace all, find = NA, replace with =
### Rename the "ref.x" column to "ref" and rename "Position" to "Pos"

### Delete the "ref.y" column and the first column

### Save the file and close it

### Run the Gm#_aligned.csv files through remove_redundant_SNPs.py

### Open Gm#_aligned_cleaned.csv in excel

### In column after last full one create a column named "Counts"

### In next row (first row of positions in locus) enter the formula =COUNTIF(range first
variety:last variety, "*")

### Drag the formula to capture all the positions in the locus, saveas
Gm# _aligned_cleaned_counted.csv

GMNARK cleaned <- read.csv('GmNARK _aligned_cleaned_counted.csv', header = T)
GMNARK _counted <- select(tGmMNARK _cleaned, Pos, ref, Counts)
write.csv(GmMNARK _counted, 'GmNARK.csVv'")

# Generate the graphical output

GmMNARK _graph <- ggplot(data = GmMNARK counted, aes(x = reorder(Pos, desc(Pos)), y =
Counts)) +

geom_bar(stat = 'identity’, colour = 'black’) +
theme_bw()
GmNARK _graph

# Perform statistical analysis in using excel
### Open GmMNARK.csv in excel

### Designate a space for a table with the following columns: Polymorphic Positions, Total
Position, Polymorphism Coefficient, Proportion; and rows: Entire Locus, Coding, Non-Coding
(you can also analyze individual components of the gene, such as the UTRs or individual exons)

### Use the formula =COUNTIF(count cell representing the first position of the locus:count cell
representing the last position of the locus, ">0") to fill in the Polymorphic Positions column.
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### Use the formula =COUNTIF(count cell representing the first position of the locus:count cell
representing the last position of the locus, "*") to fill in the Total Positions column.

### Use the formula =Polymorphic Positions/Total Positions to fill in the Polymorphism
Coefficient column.

### Use the formula =1/Polymorphism Coefficient to fill in the Proportion column.
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retrieve_SNPs.py
Create a csv file containing information on only the relevant positions.

Arguments entered for sys.argv[n]: "ChrXX_##x.csv" "outfile.csv" "locus start position” "locus
end position”

import sys

import csv

with open(sys.argv[1],'r") as handle: # you need the original .tab file saved as a .csv
SNP_data = csv.reader(handle)
outfile = csv.writer(open(sys.argv[2], 'W', newline="))
lower_bound = int(sys.argv[3]) # the start of the locus of interest
upper_bound = int(sys.argv[4]) # the end of the locus of interest
for row in SNP_data: # write the header row
list(row)
if row[0].startswith('#"):
outfile.writerow(row)
else: # retrieve all sequence variants at the given locus
if row[0].startswith("Chr"):
if int(row[1]) >= lower_bound and int(row[1]) <= upper_bound:

outfile.writerow(row)

print('Done!’)
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setup_SNP.py

Take reference Williams82 sequence and create a seqeunce document that aligns the reference
sequence to their respective postions.

Arguments entered for sys.argv[n]: "reference sequence.fasta” "outfile.csv

"range - upper limit"

range - lower limit"

import csv

import sys

# import working file and reference sequence

refseq = open(sys.argv[1], 'r') # must be fasta format
outfile = csv.writer(open(sys.argv[2], 'w', newline="))
lower_bound = int(sys.argv[3])

upper_bound = int(sys.argv[4]) + 1

locus = range(lower_bound,upper_bound)

# write the positional values for the locus
pos = list(locus)
pos.insert(0,"Position’)

outfile.writerow(pos)

# write the refseq file into a comma delimited format containing only sequence
for line in refseq:
if not line.startswith(">'):
seq_as_list = list(line)

outfile.writerow(['ref] + seq_as_list)

print('Ref Seq Mapped!")
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Ccsv_transposer.py

Input csv = rowl: [x1,x2,x3]; row2: [y1,y2,y3]; row3: [z1,22,z3]
Output csv = rowl: [x1,y1,z1] -> row2: [x2,y2,z2] -> row3: [x3,y3,z3]
No size limit and “#rows =/= #columns” is allowed

Arguments entered for sys.argv[n]: "input.csv" "output.csv"

import sys

import pandas as pd

pd.read_csv(sys.argv[1], header=None, dtype='string').T.to_csv(sys.argv[2], header=False,
index=False)

print('Done!’)
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remove_redundant_SNPs.py
Removes a countable SNP if it is the same as the reference at all positions.

Arguments entered for sys.argv[n]: "gene_aligned.csv " "gene_aligned_cleaned.csv "

import sys

import csv

infile = csv.reader(open(sys.argv[1], "r"))

outfile = csv.writer(open(sys.argv[2], "w", newline=""))

# locate matching string and replace with a blank
for row in infile:
if row[0].startswith('Pos’):
outfile.writerow(row)
print(len(row))
else:
a =row[0:2]
for i in row[2:]:
if i == row[1]:
a.append(")
else:
a.append(i)
print(len(a))

outfile.writerow(a)

print("done!™)
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Appendix E: Flowchart of the Experimental Design
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