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Abstract

Traditional breeding involving Medicago sativa (alfalfa), has resulted in minimal yield
increases. Moreover, extreme environmental conditions threaten to further limit
production. Strategies that make use of molecular tools — such as small non-coding RNA,
mMiR156 — represent an innovative means by which to influence tolerance to abiotic stress.
miR156 functions, at least in part, through the SQUAMOSA PROMOTER BINDING
PROTEIN LIKE (SPL) family of transcription factors. In this study, the role of SPL9 in
regulating alfalfa development and drought tolerance is evaluated. Examination of alfalfa
plants with RNAi-mediated SPL9 (SPL9-RNAI) showed that plant height, stem thickness,
and internode length are positively regulated by SPL9, whereas shoot branching is
negatively regulated. SPL9-RNAI alfalfa also had enhanced tolerance to drought
mediated by elevated anthocyanin content and expression of DIHYDROFLAVONOL 4-
REDUCTASE (DFR), an enzyme involved in anthocyanin biosynthesis. Thus,
manipulation of SPL9-mediated downregulation of DFR may represent one strategy to
improve drought tolerance in alfalfa.
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Summary for Lay Audiences

Alfalfa is an important forage crop that is used mainly as feed for ruminant animals.
While breeding programs have produced winter hardy alfalfa varieties that are capable of
growth in harsh Canadian climates, further yield improvements have been limited.
Furthermore, climate change is resulting in prime agricultural areas exhibiting extreme
weather events such as drought. Drought can limit the growth of alfalfa and cause toxic
levels of reactive oxygen species (ROS) to accumulate within the plant. ROS can cause
damage to DNA, lipids, and proteins but molecules like anthocyanins, which have stress

reducing antioxidant activity, can mitigate ROS accumulation.

Novel molecular tools that can be used to alter alfalfa to promote the induction of desired
traits are highly sought after. One such tool, miR156, is a small RNA molecule that
influences the expression of a family of proteins — called SQUAMOSA PROMOTER
BINDING PROTEIN LIKE or SPL proteins — that are important regulators of
development and stress tolerance. In this study, the role of one SPL protein (SPL9) was
investigated by comparing alfalfa plants with reduced levels of SPL9 to plants expressing
normal levels of SPL9. These studies revealed that SPL9 positively regulates plant height,
stem thickness, and internode length and negatively regulates branching. Interestingly, the
plants with reduced SPL9 levels were also more tolerant to drought in that they
maintained growth, had reduced leaf senescence, and had enhanced relative water content
while under water-deficit conditions. Importantly, the plants with reduced SPL9 levels
also exhibited increased anthocyanin accumulation and effected DIHYDROFLAVONOL
4-REDUCTASE (DFR) transcript levels, an enzyme involved in anthocyanin biosynthesis.
This suggested that the drought tolerance exhibited by plants with reduced levels of SPL9
were at least partly due to the SPL9-mediatd negative regulation of DFR. Taken together,
these results indicate that the manipulation of SPL9 can be used as a potential molecular

strategy to improve drought tolerance in alfalfa.
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Chapter 1

1 Introduction

1.1 The need for crop improvement

The explosive growth of human populations in recent centuries is expected to continue
for at least the next several decades (Godfray et al., 2010; Tilman et al., 2011). With this
growth, comes increased demand for resources such as water and energy. The same is
true with respect to our collective requirement for food. Tilman et al. (2011) estimate that

the global demand for crop production will double by 2050.

Agricultural strategies employed to meet future food demands include extensification and
sustainable intensification (Godfray et al., 2010; Tilman et al., 2011). Extensification is
achieved by expanding the agricultural land available, but this comes at great
environmental costs (Tilman et al., 2011). Cultivating new land inevitably results in the
destruction of natural ecosystems, thereby impacting biodiversity and greenhouse gas
emissions (Tilman et al., 2011). Sustainable intensification by improving the output of
existing agricultural lands greatly reduces ecological impacts compared to extensification
practices (Tilman et al., 2011). The application of fertilizers to soil can increase the yield
of crops (Seufert et al., 2012), but can also result in the pollution of surrounding water
sources by runoff, which has been linked to some cancers in humans (Weyer et al., 2001).

Abiotic stress can limit plant growth significantly (Daryanto et al., 2016). Furthermore,
the continuing escalation of the impacts of climate change will lead to more extreme
weather phenomena like drought (Schindler and Donahue, 2006). While drought is a
poorly defined term, it invariably involves regions experiencing water deficits (Maybank
et al., 1995) and is relevant to countries such as Canada that have seen declining annual
precipitation in regions with a history of severe drought events (Schindler and Donahue,
2006). The extent of yield loss due to drought depends on the crop species being
examined. For example, field evaluation of wheat and maize between 1980 and 2015

showed a 21% and 40% yield reduction, respectively (Daryanto et al., 2016).



Some breeding programs have been successful in producing crop cultivars with
satisfactory performance under water deficient conditions. Haley et al. (2007) developed
the wheat variety “Ripper” that outperformed common varieties used in the non-irrigated
Colorado (USA) region. A drought tolerant cultivar of maize was also developed by
Badu-Apraku and Yallou (2009). On the other hand, yield improvements of Medicago
sativa (alfalfa) through conventional breeding have been limited (Volenec et al., 2002).
Between the 1950s and 1990s there was little yield increase as a result of breeding
programs (Volenec et al., 2002). For this reason, there is great interest in developing

molecular tools to improve alfalfa yield (Volenec et al., 2002).
1.2 Plant response to drought

When exposed to unfavourable conditions like drought, plants generally respond with two
strategies: avoidance or acclimation (Lamaoui et al., 2018). The avoidance strategy
involves whole plant morphological changes that minimize water loss (Lamaoui et al.,
2018). Remaining plant resources are shunted to important functions and consequently,
changes to stomata and transpiration occur (Lamaoui et al., 2018; Schakel and Hall, 1979;
Sicher et al., 2012). Drought conditions are often accompanied by decreased atmospheric
humidity resulting in changes to leaf turgor and water potential (Lamaoui et al., 2018;
Meyer and Boyer, 1972). In response to drought, plants reduce stomatal conductance by
closing existing stomata (Lamaoui et al., 2018; Sicher et al., 2012). In this way, water loss
as a result of transpiration is minimized and levels of photosynthesis fall (Lamaoui et al.,
2018; Sicher et al., 2012). The effects of water deficiency are also minimized by reducing
the leaf surface (Schakel and Hall, 1979) and delaying leaf senescence (Rivero et al.,
2007).

Plants also respond to drought by altering gene expression to counter water scarcity and
provide tolerance in a process called acclimation (Huang et al., 2008). The plant
hormone, abscisic acid (ABA), plays an important role in acclimation and can promote
the closure of stomata, mitigating water loss from the plant (Bauer et al., 2013). ABA is
first released in roots, caused by water-deficient soil (Zhang and Davies, 1989), and

positively regulates root growth (Spollen et al., 2000). Enhanced levels of ABA reduce



the production of ethylene and, consequently, increases root growth to support the uptake
of any remaining water in the soil (Spollen et al., 2000). ABA is carried by xylem to plant
leaves to cause stomata closure and prevent water loss (Zhang and Davies, 1989). Further
water loss from young leaves is prevented due to enhanced accumulation of ABA
produced in mature leaves during wilting (Zhang and Davies, 1989). SNF1-RELATED
PROTEIN KINASE 2 (SnRK2) protein family is responsible for the regulation of these
ABA-dependent responses and insensitivity to ABA occurs if SnRK2 is knocked out
(Umezawa et al.,, 2009). SnRK2 is under constant inactivation as a result of
dephosphorylation by PROTEIN PHOSPHATASE TYPE 2C (PP2C) (Umezawa et al.,
2009). Activation of ABA-dependent responses occurs when REGULATORY
COMPONENT OF ABA RECEPTOR 1 (RCAR) binds to PP2C (Ma et al., 2009) thereby
releasing SNRK2 in the presence of ABA (Umezawa et al., 2009).

Even though reactive oxygen species (ROS) are produced during normal aerobic
metabolism, their levels increase significantly under stress and can be detrimental to
proteins, lipids, and DNA (Apel and Hirt, 2004; Halliwell, 2006). ROS such as hydrogen
peroxide, superoxide, and hydroxyl radicals can oxidize DNA bases causing DNA lesions
(Dizdaroglu and Jaruga, 2012) or can oxidize cysteine residues causing inactivation of
catalytic proteins like protein tyrosine phosphatases (Denu and Tanner, 1998). Vanacker
et al. (2006) found that levels of hydrogen peroxide were correlated with levels of lipid
peroxidation, the oxidation of lipids resulting in degradation. ROS are also capable of
activating ROS sensors, oxidizing unrelated signaling pathways, and modifying
transcription factors culminating in altered gene expression (Apel and Hirt, 2004;
Choudhury et al., 2013; Desikan et al., 2001; Halliwell, 2006; Vranova et al., 2002).
During abiotic stress, ROS production overwhelms cellular defenses to ROS that include
antioxidant response (Apel and Hirt, 2004; Choudhury et al., 2013). Antioxidants are
capable of converting ROS into more stable forms of oxygen and can operate through
enzymatic or non-enzymatic mechanisms resulting in tolerance to oxidative and abiotic
stresses (Sarker and Oba, 2018). Catalase is an example of an enzymatic ROS scavenger
and catalyzes the conversion of hydrogen peroxide to water (Apel and Hirt, 2004,
Choudhury et al., 2013). Non-enzymatic antioxidants include the ascorbate-glutathione

cycle, flavonoids, alkaloids and carotenoids (Apel and Hirt, 2004). The ascorbate-
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glutathione cycle involves a number of dedicated reactions to detoxify hydrogen peroxide
(Apel and Hirt, 2004; Choudhury et al., 2013). In some cases, the activity and expression
of these antioxidants and genes related to their biosynthesis increases in response to
abiotic stress (Kang et al., 2020; Riegsegger et al., 1990; Sarker and Oba, 2018; Arshad
etal., 2017a).

1.3 Significance of alfalfa to society

Alfalfa is a forage legume crop grown on 3.8 million hectares in Canada (Statistics
Canada, 2016). Alfalfa popularity increased in North America once breeding programs
included winter hardy alfalfa cultivars from Siberia (Russelle, 2001). Alfalfa is now
considered to be the most important forage crop in Western Canada necessitating special
attention and tracking of its yield in response to variations in water availability (Attram et
al., 2016).

The majority of alfalfa’s significance can be attributed to its nutritional value. Although
the whole plant is harvested and used as fodder for ruminant animals, the highest
nutritional value originates in alfalfa leaves (Radovi¢ et al., 2009; Markovi¢ et al., 2007).
Alfalfa is high in soluble proteins but its nutritional value diminishes with maturity
(Markovi¢ et al., 2007). In addition, due to the rapid release of soluble proteins, alfalfa
forage can also lead to pasture bloat in ruminant animals (Wang et al., 2006). Soluble
proteins that are in high abundance in alfalfa are released from plant cells mainly in the
ruminant adding to its viscosity which is correlated with ruminant animal gas
accumulation (Jonker et al., 2012). Bloat occurs as a consequence of foam, created by
free protein degradation in the rumen, which prevents gases from escaping and organs are
crushed as it expands, eventually leading to death (Mangan, 1959). Rumen is responsible
for degrading cellulose and hemicellulose in ruminant animals making its presence

necessary for plant digestion (Aerts et al., 1999; Leschine, 1995).

Proanthocyanidins, if present, slow down the degradation of soluble proteins and
therefore reduce bloat incidences from feed (Aerts et al., 1999; Jones and Mangan, 1977,
Waghorn et al., 1987). Naturally occurring within legumes, proanthocyanidins, which are

capable of binding to proteins in rumen, inhibit protein degradation (Jones and Mangan,
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1977; Waghorn et al., 1987). The higher pH of the rumen allows for the association
between proanthocyanidins and proteins which disassociate in the low pH of the small
intestine to allow for proper protein digestion (Jones and Mangan, 1977).
Proanthocyanidins share partial biosynthesis with other flavonoids such as anthocyanins
that begin with the phenylpropanoid pathway (Aerts et al., 1999; Dixon et al., 2013). The
last shared enzymatic step in the biosynthesis of proanthocyanidins and anthocyanins is
the conversion of dihydrokaempferol to leucoanthocyanidins by DIHYDROFLAVONOL
4-REDUCTASE (DFR) (Aerts et al., 1999; Dixon et al., 2013).

In addition to its nutritional value, alfalfa has extensive root structures, which allow it to
resist soil erosion that causes soil loss in agricultural fields (Radovi¢ et al., 2009). Also,
like most legumes, alfalfa roots can form a symbiotic relationship with the Rhizobium
family of bacteria (Jones et al., 2007). Rhizobia infect alfalfa roots and form nodules
within which rhizobia are capable of fixing atmospheric nitrogen into a form that is
usable by alfalfa and other plants (Jones et al., 2007). Through this process, alfalfa can

meet 80% of its nitrogen requirements (Hardarson et al., 1988).

Before the invention of the Haber-Bosch process and advent of synthesized nitrogen
fertilization practices, legumes like alfalfa were used in rotation with other crops to
replenish nitrogen levels in the soil (Bullock, 1992). Crop rotation, dedicating 20-50% of
their available agricultural land to the growth of legumes that are incorporated back into
the soil to benefit future crops, doesn’t provide enough nitrogen to solely support the
world’s agriculture (Crews and Peoples, 2004). Nitrogen fertilizers have the capability of
increasing crop yields (Seufert et al., 2012), but fertilizers containing ammonia directly
acidify soils (Crews and Peoples, 2004). Soils with low pH can put plants at risk of metal
toxicities, such as aluminum which is only phytotoxic when soil pH is low (Kochian,
1995). Surrounding aquatic environments are also impacted by fertilizer runoff leading to
eutrophication and contamination of fresh drinking water becoming a threat to human
health (Weyer et al., 2001). To complicate matters, fertilizer use has been linked to the
increased release of greenhouse gasses contributing to climate change (Ma et al., 2018;
Syakila and Kroeze, 2011). Due to our dependence on fertilizers for agricultural

production, agricultural land is the single greatest anthropogenic contributor to nitrous



oxide levels (Syakila and Kroeze, 2011). As such, utilizing alfalfa in crop rotation
systems presents an environmentally sustainable alternative to nitrogen fertilizer use to
improve soil quality (Ma et al., 2018). In addition, crop rotations have been shown to
reduce insect pests, weeds, and plant diseases that plague continuous cropping systems
(Felton et al., 1998; Liebman and Dyck, 1993; Tonhasca and Byrne, 1994). Legume-
based farming practices were also found to decrease nitrogen leaching from farmland
thereby decreasing aquatic-based pollution from agricultural systems (Drinkwater et al.,
1998). It has also been suggested that the nitrogen sequestered by legumes is incorporated
back into the soil slowly by decaying green manure, can resist the leaching that fertilizers
are prone to and can potentially replace fertilizers as a source of nitrogen for subsequent
crops (Diekmann et al., 1993).

1.4 Application of miRNAs in plant biotechnology

MicroRNAs (miRNA) were first discovered in Caenorhabditis elegans by Lee et al.
(1993). The 21-22 nucleotide RNAs, lin-4 and let-7, were found to regulate C. elegans
development at distinct stages and were therefore called small temporal RNA (stRNA)
(Lee et al., 1993; Reinhart et al., 2000). Soon thereafter, additional small RNA molecules
of similar sizes were discovered in C. elegans, Drosophila melanogaster, and humans
(Lagos-Quintana et al., 2003; Lau et al., 2001; Lee and Ambros, 2001). These new small
RNA molecules were similar in length but were not expressed at distinct temporal stages
like stRNAs (Lagos-Quintana et al., 2003; Lau et al., 2001; Lee and Ambros, 2001;
Reinhart et al., 2002). As such, the term miRNA was coined and used to refer to any
small (~22 nucleotides) non-coding regulatory RNA molecule endogenous to the
organism, even if its exact functions were unknown (Lagos-Quintana et al., 2003; Lau et
al., 2001; Lee and Ambros, 2001; Reinhart et al., 2002).

Much in the same way as short interfering RNAs (siRNA) involved in RNA interference
(RNAI) (Hutvagner and Zamore, 2002), miRNAs are processed from larger precursor
RNAs by the dsRNA endoribonuclease, Dicer (Bernstein et al., 2001). Precursor RNA
must be between 30 and 500 nucleotides in length to be a functionally mature miRNA

product (Elbashir et al., 2001). Mature miRNAs are generally 20-24 nucleotides in length



and maintain terminal phosphate and hydroxyl groups on the 5’ and 3’ ends, respectively
(Elbashir et al., 2001). The smaller mature dsSRNA product is processed with a 3’ two-
nucleotide overhang (Elbashir et al., 2001). This nucleotide overhang is important to
miRNA function as demonstrated by Elbashir et al. (2001) who found that dsSRNA with
the two-nucleotide overhang had better efficiency than blunt end dsRNA. The processed
dsRNAs are recruited by an RNA-induced silencing complex (RISC) but only the strand
with the least stable 5 end is kept to target complementary genes for cleavage, while the
rejected strand with a more stable 5’ end is degraded (Elbashir et al., 2001, Khvorova et
al., 2003).

Ultimately, the function of miRNAs is to silence target genes at the posttranscriptional
level. miRNAs achieve repression of their targets through either transcript cleavage,
messenger RNA (mRNA) destabilization, or translational repression (Figure 1) (Cannell
et al., 2008; Hutvagner and Zamore, 2002; Mathonnet et al., 2007; Olsen and Ambros,
1999; Pillai et al., 2005; Wu et al., 2006). When perfect complementarity exists between
the miRNA and its mMRNA target, cleavage at the complementary site occurs similar to
that of siRNAs (Hutvagner and Zamore, 2002). Destabilization of mMRNA with imperfect
complementarity to miRNAs occurs through deadenylation or trimming of the 3’ poly(A)
tail (Wu et al., 2006). Translational repression can occur at or after translational initiation
(Cannell et al., 2008; Mathonnet et al., 2007; Olsen and Ambros, 1999; Pillai et al.,
2005). miRNA inhibits translational initiation by interfering with the ability of
ELONGATION INITIATION FACTOR 4E (elF4E) to recognize the 7-methylguanylate
cap of mMRNAs (Mathonnet et al., 2007; Pillai et al., 2005). Olsen and Ambros (1999) also
demonstrated that translation can be inhibited after initiation by miRNAs. In these
experiments the researchers observed that while mRNA adenylation and association with
polyribosomes was unaffected by miRNA, mRNA products were still downregulated
(Olsen and Ambros, 1999). The miRNA-mediated repression of the mRNA product did
however occur before production of the full protein and was a result of the dissociation of
necessary translation proteins from the mRNA template (Petersen et al., 2006). Due to the
requirement of near-perfect to perfect complementarity of miRNAs to their mRNA

targets, plant miRNAs operate mainly through transcript cleavage (Rhoades et al., 2002).
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Figure 1. Mechanisms of posttranscriptional repression by miRNAs

Dicer creates short double stranded miRNA with two-nucleotide 3’ overhangs. miR156
associates with RISC endonucleases resulting in the silencing of downstream
complementary mRNA targets through cleavage, translational repression and mRNA

instability. Figure adapted from Bartel and Bartel, 2003; Hutvagner and Zamore, 2002.



The search for Arabidopsis thaliana mRNAs with sequence complementary to miRNAs
yielded, in most cases, targets that belonged to gene families encoding transcription
factors acting in plant development (Rhoades et al., 2002). miR156 is no exception, as it
has been implicated in plant development of many species including A. thaliana (Schwab
et al., 2005; Wu and Poethig, 2006; Wu et al., 2009), Carica papaya (papaya) (Xu et al.,
2020), Solanum lycospersicon (tomato) (Salinas et al., 2012), Dendrobium catenatum
(Zheng et al., 2019), Mangifera indica (mango), Persea Americana (avocado),
Macadamia integrifolia (macadamia) (Ahsan et al., 2019) and Medicago sativa (alfalfa)
(Aung et al., 2015).

Wu et al. (2009) demonstrated that miR156 is an essential regulator of development in
A. thaliana and is sufficient to control phase change from the vegetative non-flowering
state to the adult reproductive phase. Overexpression (OE) of miR156 in A. thaliana
resulted in plants with smaller leaves without abaxial trichomes characteristic of juvenile
leaves (Wu and Poethig, 2006; Wu et al., 2009). OE in A. thaliana also delayed flowering
(Schwab et al., 2005; Wu and Poethig, 2006) and decreased apical dominance (Schwab et
al., 2005) while the extended juvenile phase of mango, avocado and macadamia plants is
at least partly due to enhanced miR156 expression (Ahsan et al., 2019). In fruiting trees
such as papaya, miR156 expression is reduced during fruit development (Xu et al., 2020).

It has been proposed that since miRNASs, specifically miR156, are heavily involved in
development, it could be utilized as a molecular tool to improve economically important
plant species like alfalfa (Aung et al., 2015). In alfalfa, miR156 functions in much the
same capacity as in other species in that it regulates plant development, specifically, the
transition from vegetative to reproductive phase (Aung et al., 2015). Similar to A.
thaliana (Schwab et al., 2005; Wu and Poethig, 2006), miR156 OE in alfalfa resulted in
plants with delayed flowering (Aung et al., 2015). In addition, miR156 OE resulted in
alfalfa with thinner stems, shorter plant height, and reduced internode length, all
characteristics of juvenile plants (Aung et al., 2015). Especially significant to crop
improvement, miR156 OE in alfalfa resulted in plants with enhanced branching, number
of nodes, and root length culminating in an overall increase in biomass yield (Aung et al.,
2015). Similarities between alfalfa (Aung et al., 2015) and A. thaliana (Schwab et al.,



2005; Wu and Poethig, 2006; Wu et al., 2009) plants overexpressing miR156 further
support a conclusion made by Rhoades et al. (2002) that miRNAs and their targets are

conserved in flowering plants.

Regulation of plant development is not the only function of miRNAs; they have also been
implicated in the response to various abiotic environmental stresses including salinity,
drought, hypoxia and UV-B radiation (Rajwanshi et al., 2014). In Glycine soja (wild
soybean), miR156 negatively regulates responses to aluminum toxicity (Zeng et al.,
2012), while miR156 in alfalfa positively regulates responses to salinity (Arshad et al.,
2017b) and heat stress (Matthews et al., 2019). In addition, miR156 was upregulated in
response to both salinity and water-deficient conditions in Panicum virgatum
(switchgrass) (Sun et al., 2012), A. thaliana (Cui et al., 2014), and Brassica juncea
(brown seeded mustard) (Bhardwaj et al., 2014). A. thaliana plants overexpressing
miR156 were able to survive drought and salt treatments that killed control plants and
plants with reduced miR156 (Cui et al., 2014). Similarly, introducing constitutive
expression of Zea mays (maize) miR156 to Nicotiana tabacum (tobacco) resulted in
seedlings and mature plants with greater tolerance to drought and salinity conditions
(Kang et al., 2020). miR156 OE also enhanced tolerance to drought in alfalfa (Arshad et
al., 2017a). Alfalfa with miR156 OE had better root growth resulting in reduced shoot
water loss, enhanced biomass yield, and better recovery from drought exposure than
control empty vector (EV) plants (Arshad et al., 2017a). Feyissa et al. (2019) confirmed
miR156 regulation of alfalfa plant water status by observing increased root length and
biomass in miR156 OE alfalfa plants that resulted in enhanced leaf water potential.
Enhanced stomatal conductance and increased accumulation of antioxidants were also
observed, culminating in miR156 OE alfalfa plants that were able to survive drought
better than EV plants demonstrating the usefulness of miR156 as a tool for alfalfa

improvement (Arshad et al., 2017a).
1.5 SPLs as downstream targets of miRNA

Individual miRNAs often have multiple mRNA targets — usually belonging to the same

gene family — and target domains that are weakly conserved in the encoded proteins

10



(Rhoades et al., 2002). Proteins belonging to the SQUAMOSA PROMOTER BINDING
PROTEIN LIKE (SPL) family contain a Squamosa Promoter Binding Protein (SBP)
domain of approximately 76 amino acids with an acidic N-terminus, a zinc-finger-like
domain, and a nuclear localization signal (NLS) (Klein et al., 1996; Yamasaki et al,
2004). The SBP domain is required for SPL proteins to bind and regulate downstream
genes having promoters with the consensus TNCGTACAA sequence (Cardon et al.,
1999). As a result of their regulatory nature, and since abundance of miRNAs decreases
over the lifetime of the plant, the expression of the miR156-targeted SPLs increases
(Ahsan et al., 2019; Wu and Poethig, 2006, Wu et al., 2009, Xu et al., 2020, Zheng et al.,
2019). The expression of some SPLs can even be undetectable at early stages of
development when miRNA expression is highest (Wu and Poethig, 2006). At later stages
of development, such as ripening in fruiting plants, SPL expression increases (Salinas et
al., 2012; Xu et al., 2020). In alfalfa, at least seven SPLs, namely MsSPL2, MsSPL3,
MsSPL4, MsSPL6, MsSPL9, MsSPL12, and MsSPL13, are targeted for transcript cleavage
by miR156 (Aung et al., 2015; Gao et al., 2016).

Extensive characterization of the function of the miR156/SPL gene regulatory network
has been conducted in many plant species (Figure 2), but there is variation in the number
of SPLs with miR156 complementarity. There are 17 SPLs in A. thaliana, 11 of which are
silenced by miR156 (Addo-Quaye, 2008; Cardon et al., 1999; Guo et al., 2008; Shikata et
al., 2009; Wang and Wang, 2015; Wu and Poethig, 2006). In papaya and tomato, seven of
14 (Xu et al., 2020) and ten of 16 (Salinas et al., 2012) SPLs have miR156
complementarity, respectively. SPL genes in land plants have evolved from common
ancestors and those with miR156 complementarity can be grouped into four phylogenetic
clades in A.thaliana based on the amino acid sequences of their SBP domains:
AtSPL6/13/17, AtSPL9/15, AtSPL2/10/11, and AtSPL3/4/5 (Guo et al., 2008). A
phylogenic comparison of these SPLs revealed that homologous SPLs in alfalfa can also
be grouped into the same clades, and have high nucleotide and amino acid sequence
complementarity to that of AtSPLs (Gao et al., 2016). Wu et al. (2009) speculated that
single loss of function spl mutant plants did not show strong changes in phenotype due to
redundancy in function within the SPL clades. In general, spl mutants from the same

clade have similar phenotypes and deviated from wild type (WT) control plants in similar
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Development

Abiotic stress

Figure 2. Overview of miR156-mediated regulation of plant development and stress

tolerance

SPLs have miR156 complementary regions, and through their regulation miR156 controls
the transcription of downstream genes resulting in changes to abiotic stress tolerance and
developmental traits (Arshad et al., 2017a; Bao et al., 2019; Cui et al., 2014; Feyissa et
al., 2019; Kang et al., 2020; Li et al., 2019; Schwarz et al., 2008; Shikata et al., 2009; Wu
and Poethig, 2006; Yu et al., 2015; Zheng et al., 2019).



traits, supporting redundancy in SPL functions (Shikata et al., 2009; Wu and Poethig,
2006). A. thaliana plants overexpressing SPL3, SPL4, and SPL5 showed early flowering
and enhanced adult phenotype (Wu and Poethig, 2006). Early flowering and enhanced
adult phenotypes are opposite to those observed for miR156 OE in the same study, which
is consistent with the fact that miR156 silences expression of specific SPLs (Wu and
Poethig, 2006). However, DcSPL3 is the only SPL implicated in flowering in
D. catenatum, a species of orchid (Zheng et al., 2019). A temporal expression analysis of
D. catenatum revealed that only DcSPL3 was upregulated in mature leaves and stems
(Zheng et al., 2019). In the AtSPL2/10/11 clade, these SPLs impact shoot development
specifically reducing cauline leaf width and trichome abundance (Shikata et al., 2009).
Although AtSPL2, AtSPL10 and AtSPL11 operate redundantly, knocking down SPL10
alone resulted in plants with altered leaves but trichome abundance was not effected to
the same extent as double mutants (Shikata et al., 2009). Much like the redundancy
observed in AtSPL2/10/11 (Shikata et al., 2009) and AtSPL3/4/5 (Wu and Poethig, 2006),
Schwarz et al. (2008) observed redundancy between AtSPL9 and AtSPL15, with the two
proteins having 75% similarity in their amino acid sequences. The expression of both
SPL9 and SPL15 increased over time, much like the temporal regulation of other SPLs,
but SPL9 expression was higher than that of SPL15 (Schwarz et al., 2008). SPL9 and
SPL15 single knock-out mutants as well as a double spl9/spl15 mutant were developed
and it was observed that while the single mutants displayed changes in shoot
development, flowering time, and juvenile character, some changes were more extreme in
the double mutants (Schwarz et al., 2008). The spl9/spl15 double mutants also had more
lateral root development than the respective single mutants (Yu et al., 2015). Therefore, it
was concluded that SPL9 and SPL15 have redundant functions in regulating vegetative
phase transition, the transition from the juvenile to adult phase, in addition to lateral root
development in A. thaliana (Schwarz et al., 2008; Yu et al., 2015). The involvement of
SPL9 in the miR156-mediated regulation of phase transition is not observed in all species
(Ahsan et al., 2019). For example, Ahsan et al. (2019) found that SPL9 expression did not

increase with maturity in mango, avocado or macadamia plants.

In addition to affecting vegetative phase transition, SPL9 also plays other roles within

plants. SPL9 was found to negatively regulate primary root length and lateral root
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development in A. thaliana (Yu et al., 2015). In addition, mutated SPL9 in Glycine max
(soybean) resulted in plants with enhanced branching as well as increased node number
and dry weight (Bao et al.,, 2019). Li et al. (2019) demonstrated that miR156
downregulates SPL9 to control surface stem and leaf wax synthesis. OE of miR156 and
reduction of SPL9 resulted in decreased total wax content in stems while reduction in
miR156 availability and overexpression of SPL9 resulted in increased total wax content in

stems and leaves with a higher density of epicuticular wax in A. thaliana (Li et al., 2019).

Lastly, SPL9 is also implicated in miR156-mediated abiotic stress tolerance. For example,
SPL9 is downregulated in response to salinity and drought stress in N. tabacum (Kang et
al., 2020). Additionally, mutant A. thaliana plants in which SPL9 was made insensitive to
miR156-mediated regulation were found to be sensitive to drought and salinity stress (Cui
et al., 2014). The negative regulation of abiotic stress tolerance by SPL9 was attributed to
its negative regulation of anthocyanin biosynthesis through interaction with the
transcription activating complex of DFR (Cui et al., 2014).

In comparison to the model organism A. thaliana, minimal investigation of SPL function
has been performed in alfalfa. Specifically, MsSPL8 has been investigated for its role in
shoot branching (Gou et al., 2018). Down-regulating SPL8 in transgenic alfalfa plants
resulted in increased branching and consequently enhanced biomass yield (Gou et al.,
2018). In addition to vegetative development, drought tolerance related studies have also
been investigated in alfalfa (Arshad et al., 2017a; Feyissa et al., 2019; Gou et al., 2018).
Both MsSPL8 and MsSPL13 are involved in alfalfa drought response and down-
regulating MsSPL8 or MsSPL13 resulted in alfalfa that were less susceptible to drought
(Arshad et al., 2017a; Feyissa et al., 2019; Gou et al., 2018).

1.6 Impact of the miR156-SPL9-DFR pathway on anthocyanin

biosynthesis

Anthocyanins are responsible for the red pigment observed in some plant tissues
(Nakatsuka et al., 2007). While originally thought to serve as a visible deterrent to

herbaceous insects, contradictory results from different studies have decreased confidence
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in this theory (Coley and Aide, 1989; Costa-Arbult et al., 2001; Schaefer and
Rolshausen, 2006). Instead, Schaefer and Rolshausen (2006) coined the “defence
indication hypothesis” that states that anthocyanin content correlates with the biosynthesis
of compounds with known anti-insect functions, thereby decreasing the number of insects
that would utilize plants displaying anthocyanins. While the possibility that anthocyanins
can deter herbivorous insects is disputed, it is commonly accepted that anthocyanins are
produced in response to abiotic stress (Chalker-Scott, 1999; Schaefer and Rolshausen,
2006). Their antioxidant ability to scavenge ROS has been demonstrated with many
different anthocyanin compounds (Azuma et al., 2008; Kahkonen and Heinonen, 2003)
that is impacted by the position of hydroxyl and methoxy substituents (Ali et al., 2016;
Rice-Evans et al., 1996).

As part of the phenylpropanoid pathway anthocyanin biosynthesis is tightly regulated
(Chaves-Silva et al., 2018), in part through control of DFR transcription (Gonzalez et al.,
2008; Gou et al., 2011). DFR is transcribed when activated by the binding of the DFR
transcription activation complex to its promoter region (Gou et al., 2011). The DFR
transcription activation complex is made of a ternary complex of proteins containing
members of the MYB protein family, basic helix-loop-helix (bHLH) factors, and
TRANSPARENT TESTA GLABRAL (TTG1), a WD40 repeat-containing protein
(Gonzalez et al., 2008; Gou et al., 2011). SPL9 can compete with TRANSPARENT
TESTAS8 (TT8), a bHLH protein, for binding to PRODUCTION OF ANTHOCYANIN
PIGMENT1 (PAP1) to prevent the assembly of the complex and subsequent DFR
transcription and biosynthesis of anthocyanins (Figure 3) (Gou et al., 2011). Although
the regulation of anthocyanin biosynthesis was confirmed in A. thaliana, Feyissa et al.
(2019) also observed an increase in anthocyanin pigments in alfalfa with miR156 OE
confirming a similar interaction is present. In addition, Gupta et al. (2019) speculated that
miR156 in soybean targets SPL9 to control anthocyanin biosynthesis through related

biosynthesis genes such as DFR.

15



A. B. TTG1

TTG1 TT8
s e

PAP1 PAP1 a E
Anthocyanin Biosynthesis

Figure 3. SPL9 interrupts the DFR transcription activating complex to regulate

anthocyanin biosynthesis.
A. In the presence of PAPL, TT8, and TTG1, DFR transcription is initiated. DFR is an
enzyme involved in the biosynthesis of anthocyanins therefore the DFR transcription
activating complex regulates anthocyanin production. B. SPL9 competes with TT8 for
binding to PAP1 thus interrupting the transcription activating complex and decreasing

anthocyanin biosynthesis. Adapted from Gou et al. (2011).
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1.7 Molecular tools for gene characterization

Both RNAI and clustered regularly interspaced short palindromic repeats (CRISPR)/
Streptococcus pyogenes CRISPR associated proteins (Cas) have been used by scientists to
knock-out or knock-down genes to elucidate function (Arshad et al., 2017a; Bao et al.,
2019; Feyissa et al., 2019). While arguments have been made regarding which method is
superior, they can be complementary to each other for a more complete characterization
of gene function and for biotechnological applications (Taylor and Woodcock, 2015).

RNAI utilizes mechanisms analogous to that of miRNAs to knock-down transcripts for
genes of interest for characterization using sSiRNA (Bartel and Bartel, 2003). Delineation
between RNAI and miRNA is fine, as such, past literature has used the terms almost
interchangeably (Llave et al., 2002; Reinhart et al., 2002). Nevertheless, some differences
exist between miRNAs and siRNA that allow for miRNA to be distinguished for
annotation (Ambros et al., 2003). First, miRNAs are encoded by endogenous genes in
different loci than the targets they regulate, whereas siRNAs originate from the targets
they regulate (Bartel and Bartel, 2003). siRNAs are also processed from larger RNA
duplexes whereas miRNAs are generally a result of the processing of RNA hairpins
(Bartel and Bartel, 2003). Lastly, miRNAs are more highly conserved between organisms
than siRNAs (Bartel and Bartel, 2003). As a result of their similarities to miRNAs,
SiRNAs can be used to regulate the expression of desired genes with some specificity
(Karimi et al., 2007).

CRISPR and Cas proteins can be employed to knock-out genes by introducing repair
mutations into a genome from double-stranded breaks (DSB) (Cong et al., 2013; Feng et
al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Xie and Yang, 2013; Zhang et al.,
2017). Cas9 is a nuclease owing its specificity to the complementarity between a single
guide RNA molecule (sgRNA) and its target, directly adjacent to protospacer-adjacent
motifs (PAM) (Cong et al., 2013; Feng et al., 2013; Nekrasov et al., 2013; Shan et al.,
2013; Xie and Yang, 2013; Zhang et al., 2017). Mutations are introduced through non-
homologous end joining (NHEJ), or homology-directed repair (HR) at the site of the DSB
(Shan et al., 2013; Xie and Yang, 2013, Zhang et al., 2017). Unlike previously popular
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DSB exploiting techniques, to change the target of Cas9, only the identity of the sgRNA
is altered, negating protein reprograming (Nekrasov et al., 2013; Shan et al., 2013; Xie
and Yang, 2013; Zhang et al., 2017). When designing sgRNAs, structural parameters
must be considered. These include, but are not limited to, off target complementarity, GC
content, and secondary structure (Doench et al., 2014; Doench et al., 2016; Hsu et al.,
2013; Hua Fu et al., 2014; Liang et al., 2016; Ma et al., 2015).

1.8 Proposed research

The use of molecular tools to improve yields are essential for crops like alfalfa, which
have seen little recent improvements through traditional breeding programs (Volenec et
al., 2002). miR156 is a potential molecular tool to improve alfalfa yield due to its ability
to regulate plant development (Aung et al., 2015). For example, OE of miR156 results in
plants with increased biomass (Aung et al., 2015). Like other miRNAs, miR156 imparts
its developmental control by reducing the expression of its complementary target genes
(Gao et al., 2016). One such target, SPL9, has also been shown to control developmental
traits in A. thaliana (Schwarz et al., 2008; Yu et al., 2015). Therefore, this study
investigates the potential role of SPL9 in miR156-mediated alfalfa development through
altering SPL9 expression and evaluating changes in phenotypic character relative to WT

plants at multiple points in development.

In alfalfa, OE of miR156 not only alters traits related to development (Aung et al., 2015),
but also enhances tolerance to drought stress (Arshad et al., 2017a; Feyissa et al., 2019).
Investigating traits related to drought stress in transgenic alfalfa with altered levels of
SPL9 could thus illuminate its involvement in miR156-mediated drought tolerance.
Therefore, in this study, SPL9-RNA. alfalfa is compared to WT in its ability to grow, its
plant water status, and its ROS scavenging capabilities in response to drought stress. The
possibility that drought tolerance is impacted by reduced anthocyanin biosynthesis (via
SPL9-mediated prevention of DFR transcription) is also examined by monitoring
anthocyanin content and the transcription of DFR in SPL9-RNAIi and WT alfalfa in

response to drought. Determining the role, if any, of SPL9 in drought response will
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further illustrate the mechanism by which miR156 achieves enhanced drought tolerance

in alfalfa.
1.9 Hypothesis and objectives of proposed research

Rhoades et al. (2002) found that miRNA complementary target sites in protein families
are conserved across flowering plants. It is thus unsurprising that Gao et al. (2016)
demonstrated that miR156 OE results in SPL9 downregulation in alfalfa due to miR156
complementarity. Therefore, the hypothesis that miR156-mediated traits are achieved by

targeting SPL9 in alfalfa was investigated.

Arshad et al. (2017a) and Feyissa et al. (2019) demonstrated that alfalfa plants with
miR156 OE were more tolerant to drought than control plants and furthermore, that
SPL13 was targeted by miR156 to regulate some of the drought tolerance traits in these
plants. However, all of the drought tolerance characters of the miR156 OE alfalfa were
not accounted for in plants with altered expression of SPL13 (Arshad et al., 2017a;
Feyissa et al., 2019). Due to the involvement of SPL9 in the inhibition of DFR expression
by disrupting its transcription activating complex (Gou et al., 2011), Cui et al. (2014)
found that, in A. thaliana, SPL9 is silenced by miR156 to induce anthocyanin
biosynthesis and promote drought stress tolerance. A similar mechanism of tolerance
could be present in alfalfa and therefore, the second hypothesis of this study is that the
miR156-SPL9-DFR pathway mediates the regulation of anthocyanin biosynthesis,

thereby influencing drought stress tolerance in alfalfa.
The objectives of this study were as follows:

1. To develop transgenic alfalfa maintaining OE of SPL9 impervious to miR156
(SPL9M-OE), RNAI mediated SPL9 knock down alfalfa and CRISPR/Cas9-
mediated SPL9 silenced (SPL9-CRISPR) alfalfa.

2. To evaluate phenotypic and stress response traits in SPL9 transgenic alfalfa.

3. To investigate the role of the miR156-SPL9-DFR pathway in drought tolerance.
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In this way, insight into the role of SPL9 in plant development and drought tolerance, as
well as a foundation for the future development of novel molecular strategies that might

be used to influence drought tolerance in alfalfa, is provided.
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Chapter 2

2  Materials and Methods

2.1 Alfalfa propagation and growth conditions

Alfalfa (Medicago sativa L.) N.4.2.2 clone (Badhan et al., 2014) was used as the source
of all plant material. Alfalfa plants were maintained under greenhouse conditions (16-
hour light/8-hour dark, 56% relative humidity, 23°C) for the duration of the experiments.
Genotypes were propagated using stem cuttings of at least two nodes that were grown in
Oasis Rootcubes® (Oasis Growing Solutions, Kent, OH) for four weeks. Rooted cuttings
were then transferred to BX Mycorrhizae (PRO-MIX®, Smithers-Oasis North America,
Kent, OH) soil and allowed to grow for at least five weeks in 15.24 cm pots before being
used in characterization and drought stress experiments. Stock plants and those maturing

for experimental use were watered twice per week.

2.2 Generation of SPL9 transgenic alfalfa plants

2.2.1 SPL9-RNAI

A construct for the RNAi-mediated silencing of SPL9 (SPL9-RNAI) was made previously
in the Hannoufa lab by Banyar Aung (Aung, 2014) and subsequently used in
Agrobacterium-mediated alfalfa transformation by Qing Shi Mimmie Lu. A 300 bp
fragment of Medicago sativa was amplified using primers SPL9-RNAI-F and SPL9-
RNAI-R (Appendix A), which were specific to the SPL9 protein coding sequence
(Appendix B). This blunt-end fragment was cloned into the vector pENTR (Invitrogen,
Carlsbad, CA) using the pENTR/D-TOPO Cloning Kit (Invitrogen). The vector was
transferred to Escherichia coli (TOP10) (Thermo Fisher Scientific, Waltham, MA) by
heat shock (Froger and Hall, 2007) and positive transformants were selected by growth on
50 pg mL™* kanamycin Luria-Bertani (LB) media (5 g L™ yeast extract, 10 g L™ NaCl,
10 g L™ Bacto-tryptone, 15g L™ bacterial agar). Plasmid DNA was extracted from

individual colonies using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific)
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and the presence of the correct insert was confirmed by Sanger sequencing.
Transformants containing the MsSPL9 insert with no sequence errors were used in an LR
reaction according to the Gateway LR Clonase Il Enzyme Mix protocol (Invitrogen) with
PHELLSGATE12 (Helliwell and Waterhouse, 2003) as the destination vector. Positive
transformants were again selected on 50 ug mL™ kanamycin LB plates isolated using the
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) and plasmid DNA was
analyzed by Sanger sequencing. pHELLSGATE12:MsSPL9 vector was then transferred
to Agrobacterium tumefaciens (GV3101) (Holsters et al., 1980) by heat shock (H6fgen
and Willmitzer, 1988) and the resulting strain was used in the transformation of alfalfa
N.4.4.2 germplasm (Badhan et al., 2014).

2.2.2 SPLI9M-OE

The M. sativa SPL9 (MsSPL9) protein coding region was synthesized by Bio Basic Inc.
with seven point mutations within the miR156 complementary region (MsSPL9m)
(Figure 4). Each mutation changes a single nucleotide, conserving the MsSPL9 amino
acid sequence, while introducing mismatches to the miR156 complementary region to
prevent complementary binding and subsequent cleavage. Schwab et al. (2005)
determined that endogenous miRNAs can tolerate up to five mismatches before
preventing cleavage of its target. Seven mismatches were chosen in the MsSPL9m
construct to guarantee inhibition of miR156 function. The restriction digestion sites, Ascl
and Pacl, were also synthesized flanking the MsSPL9m sequence for ease of cloning. The
MsSPL9m sequence was cloned into pMDC32 (Curtis and Grossniklaus, 2003), a vector
containing the cauliflower mosaic virus (CaMV) 35S promoter, using T4 DNA ligase
(Invitrogen). Positive transformants were selected on 50 pg mL™ kanamycin LB plates
and plasmid DNA was extracted and analyzed by Sanger sequencing to validate the
sequence. Plasmid DNA was transferred to Agrobacterium tumefaciens (EHA 105) (Hood
et al., 1993) by heat shock (Hofgen and Willmitzer, 1988) and the resulting strain was
used to transform alfalfa N.4.4.2 germplasm (Badhan et al., 2014).
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Cys Ala Leu Ser Leu Leu Ser

SPL9 2 UGUGCUCUCUCUCUUCUGUCA 3
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miR156 3 CACGAGUGAGAGAAGACAGU?S
5 N I IR U N I I I B I 3
SPL9m

UGCGCACUGUCACUACUCUCU

Cys Ala Leu Ser Leu Leu Ser

Figure 4. Mutations introduced to SPL9 to prevent miR156 complementarity

Seven point mutations (red) were introduced to the SPL9 coding sequence within the
region complementary to miR156 to produce SPL9m. Each point mutation chosen
conserves the SPL9 amino acid sequence. Asterisks indicates mismatches between

miR156 and the mRNA sequence.
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2.2.3 SPL9-CRISPR

The sgRNA, a 20 nt sequence that flanks a PAM sequence, was designed using the online
tool CRISPR-P 2.0 (Liu et al., 2017). To narrow down the list of potential sgRNAsS,
guides found outside the Medicago truncatula SPL9 sequence or located within MtSPL9
introns were eliminated. To be chosen, the SgRNA had to have a maximized ON-target
score (Doench et al., 2014), a minimized OFF-target score (Doench et al., 2016; Hsu et
al., 2013), a minimized number of OFF-targets, and GC content between 30-80%
(Doench et al., 2014; Liang et al., 2016). When considering its secondary structure, the
chosen sgRNA also had to have less than seven consecutive base pairs with the scaffold
sequence, less than 12 total base pairs with the scaffold sequence, less than six internal
base pairs, a repeat and anti-repeat region (RAR), a stem loop 2, and a stem loop 3 (Liang
et al., 2016). Only one guide met the aforementioned criteria (Appendix B). The chosen
sgRNA was synthesized by Bio Basic Inc. with a Medicago truncatula U6 promoter
(MtU6). The MtU6:sgRNA insert was amplified by PCR using the primers MtU6-F and
Scaffold-R (Appendix A). Amplified MtU6:sgRNA insert was cloned into pFGC5491-
Cas9 (Meng et al., 2017) according to the In-Fusion Cloning (Takara Bio Inc., Shinga,
Japan) protocol. The vector was transferred to E. coli (TOP10) (Thermo Fisher Scientific)
by heat shock (Froger and Hall, 2007) and the presence of the insert was confirmed by
Sanger sequencing of plasmid DNA. Plasmid DNA was then transferred to A. tumefaciens
(EHA 105) (Hood et al., 1993) by heat shock (HO6fgen and Willmitzer, 1988) and the
resulting strain was used in the transformation of alfalfa N.4.4.2 germplasm (Badhan et
al., 2014).

2.2.4 Transformation of Agrobacterium tumefaciens

Plasmids extracted from E. coli and whose sequences were validated by Sanger
sequencing, were transferred to A. tumefaciens (EHA 105) (Hood et al., 1993) by heat
shock according to Hofgen and Willmitzer (1988). A total of 200 ng of plasmid was
added to thawed A. tumefaciens and kept on ice for 5 min. The bacterial mix was
transferred to liquid nitrogen for 5 min and incubated at 37°C for 5 min. Cells were then

incubated at 28°C for 2 hrs with shaking at 200 rpm. The supernatant was removed after
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cells were spun down for 2 min at 6300 RCF. Cells were resuspended in LB and plated
onto LB-agar medium containing 50 pug mL™ of rifampicin and vector-specific selection.

2.2.5  Agrobacterium tumefaciens-mediated alfalfa transformation

Alfalfa transformation by A. tumefaciens (EHA105) (Hood et al., 1993) was performed
using a modified protocol from Tian et al. (2002). Tissue culture material was allowed to
grow at 26°C under a 16 hr/8hr light/dark schedule for all stages. Using M. sativa N4.2.2
(Badhan et al., 2014) as germplasm, transformation progressed in seven stages:
preculture, co-cultivation, callus induction, callus selection, embryo induction, embryo

germination, and plant development.

The preculture stage consisted of growing the A. tumefaciens culture and preparing the
germplasm for the co-cultivation stage. A 5 mL starter culture of A. tumefaciens
containing the construct of interest was grown for one day before being added to 100 mL
LB containing 20 UM acetosyringone. Both the starter and larger cultures were grown at
28°C with shaking at 200 rpm. Simultaneously, approximately 0.8 cm fragments of
alfalfa leaves and petioles were incubated for two days in Basal SH2K media (3.2 g L™
Schenk and Hildebrandt Basal Salt Mixture [Sigma-Aldrich, Oakville, Canada],
0.5 mg L™ nicotinic acid, 0.05 mg L™ [Bg] pyridoxine HCI, 0.5 mg L™ [B4] thiamine HCI,
20 mg L™ myo-inositol, 4.35 g L™ K,S0,4 0.288 g L™ proline, 3% w/v sucrose, 2.14 pM
kinetin, 18.12 uM 2,4-dichlorophenoxyacetic acid, 8 g L™ plant tissue culture [TC] agar,
and 53 mg L™ thioproline).

The co-cultivation stage followed in which explant fragments were soaked in the
A. tumefaciens culture for 10 min, blot dried on sterile filter paper, placed on Basal SH2K
media supplemented with 20 UM acetosyringone, and incubated for five days in the dark.
After rinsing in Basal SH2K media, the tissue was transferred to Basal SH2K media
supplemented with 300 mg L™ timentin to induce callus formation for two weeks.
Positive calli were selected by transferring calli to Basal SH2K media supplemented with
300 mg L™ timentin and antibiotics specific to the construct being selected; 50 pg mL™
hygromycin B, 10 pg mL™ glufosinate ammonium, and 50 ug mL™ kanamycin were used
to select for SPLO9M-OE, SPL9-CRISPR, and SPL9-RNAI, respectively. After 10 days,
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calli were transferred to Basal SH2K media supplemented with 300 mg L™ timentin and
increased concentrations of antibiotics specific to the construct being selected for one
week; 75 pg mL™ hygromycin B, 15 pg mL™? glufosinate ammonium, and 75 pg mL™
kanamycin to select for SPLOM-OE, SPL9-CRISPR, and SPL9-RNAI, respectively.

Embryo induction was then initiated by transferring calli to embryo induction media
(3.5mg L MgSO,+7H,0, 0.44 mg L' MnSO,H,0, 34.7 mg L™ Ca(NO3),*4H,0,
100 mg L™ NH4NO;, 100 mg L™ KNO3, 30 mg L™ KH,PO,, 6.5 mg L™ KCI, 0.16 mg L™
HsBOs, 0.15 mg L™ ZnSO,7H,O, 0.08 mg L™ KI, 036 mg L* Fe(ll)
ethylenediaminetetraacetic acid [EDTA], 0.05 mg L™ nicotinic acid, 0.01 mg L™ [Bg]
pyridoxine HCI, 0.01 mg L* [By] thiamine HCI, 0.2mgL™" glycine, 10 mg L*
myo-inositol, 2 g L™ yeast extract, 3% w/v sucrose, 8 g L™ plant TC agar, 300 mg L™
timentin, pH 5.8) and transferring to fresh media every two weeks. The same
concentration of antibiotics used in the second callus selection phase was also used in the

embryo induction media.

Elongated embryos were kept for the embryo germination stage. Embryos were
transferred to embryo germination media (2.165 g L™ Murashige and Skoog [MS] Basal
Salt Medium [Sigma-Aldrich], 0.05 mg L™ nicotinic acid, 0.05 mg L™ [B¢] pyridoxine
HCI, 0.1 mg L™ [B4] thiamine HCI, 20 mg L™ myo-inositol, 1 mg L™ glycine, 3% w/v
sucrose, 8 g L™ plant TC agar, 300 mg L™ timentin, 75 pg mL™ hygromycin B, pH 5.8)
and kept on this media until a well-formed cotyledon was observed. The same
concentration of antibiotics used in the second callus selection phase was also used in the

embryo germination media. The media was renewed every two weeks

Germinated embryos were transferred to embryo germination media supplemented with
an additional 2.165 g L™ of MS Basal Salt Medium (Sigma-Aldrich) for rooting.
Generally, it took 4-6 weeks for roots to form in the germination media. Once formed,
excess media was rinsed from rooted plants, which were then transferred to BX
Mycorrhizae (PRO-MIX®, Smithers-Oasis North America) soil in 10.16 cm pots and
placed in the greenhouse (16-hour light/8-hour dark, 56 relative humidity, 23°C). For the
first week after transfer, a small jar covered the plant to increase the humidity around the

plant. The jar was gradually lifted as the week progressed. After one month, plants were
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transferred to 22.86 cm pots and could be used to propagate alfalfa for experiments. To
identify potential SPL9-RNAI and SPL9mM-OE plants, gRT-PCR was performed and SPL9
transcript levels of potential transgenic alfalfa and WT plants were compared. The
presence of the MtU6 promoter and SpCas9 genes was assessed by PCR of genomic DNA
(gDNA) to identify potential SPL9-CRISPR plants.

2.3 cDNA synthesis and qRT-PCR analysis

To extract RNA from alfalfa, 100 mg of alfalfa tissue was ground with a mortar and
pestle in liquid nitrogen. The tissue was transferred to a Precellys Lysing Kit (Bertin
Instruments, France) beaded 2 mL tube and 450 pL buffer RLC with 1% 2-
mercaptoethanol from the RNeasy Plant Mini-prep kit (Qiagen, Hilden, Germany) was
added. Tissue was then homogenized using a PowerLyzer™ (MoBio Laboratories Inc.,
Carlsbad, CA) for 30 seconds at 1890 RCF. RNA was extracted from the resulting lysate
according to the RNeasy Plant Mini-prep kit manual. Any residual DNA was removed
from each sample using the TURBO DNA-free kit (Invitrogen). A total of 0.5 pg of RNA
was used to synthesize cDNA using iScript" Reverse Transcription Supermix for qRT-

PCR (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s protocol.

Synthesized cDNA was used in qRT-PCR reactions to assess the transcript level of genes
related to this study. qRT-PCR reactions were performed with SsoFast” EvaGreen®
Supermix (Bio-Rad Laboratories) in a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories). All experiments were normalized with the reference genes
ACTIN-DEPOLYMERIZING PROTEIN 1 (ADF1) (Castonguay et al., 2015; Guerriero et
al., 2014) and ELONGATION INITIATION FACTOR 4A (EIF4A) (Guerriero et al., 2014)
using the primers ms_ADF1gF/R and ms_EIF4AQF/R, respectively that are stable under
numerous abiotic stress conditions (Appendix A). Each reaction was performed in
triplicate and consisted of 0.5 ng cDNA in water, 0.5 uM forward and reverse gene-
specific primers, and nuclease-free water to bring the reaction volume to 10 puL. gRT-
PCR primers used to amplify SPL9, CATALASEl1 (CAT1l), GLUTATHIONE
SYNTHETASE (GSH), and DFR were LA_MsSPL9-Fq1/Rql, CAT1-F/R, GSH-F/R, and
DFR-F/R, respectively (Appendix A). The gRT-PCR program continued as follows:
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95°C for 30 sec, 95°C for 5 sec, primer specific annealing temperature for 15 sec for 45
cycles with a melt curve starting at 65°C and increasing in 0.5°C increments every 5
seconds. The annealing temperature when amplifying CAT1, GSH, and DFR was 58°C
and was 55°C when amplifying SPL9. Transcript analysis was performed using the CFX
Maestro " software (Bio-Rad Laboratories) and the 22! method (Livak and Schmittgen,
2001).

2.4 Analysis of CRISPR/Cas9 mutagenized alfalfa

Genomic DNA from leaves of putative SPL9-CRISPR alfalfa was extracted according to
the ChargeSwitch gDNA Plant Kit (Thermo Fisher Scientific) protocol. PCR reactions
with DreamTaq (Thermo Fisher Scientific) polymerase were used to amplify MtU6
promoter and SpCas9 gene according to the manufacturer’s protocol using the primers
MtU6-F/R and LH_Cas9 F1/R1, respectively (Appendix A). Genomic DNA from
positive SPL9-CRISPR alfalfa transformants containing the MtU6 promoter and SpCas9
gene were used as templates to amplify the MsSPL9 region of interest including the
SgRNA complementary guide sequence according to the Phusion High Fidelity DNA
Polymerase (Thermo Fisher Scientific) protocol. The resulting amplified MsSPL9
fragment was cloned according to the CloneJET PCR Cloning Kit (Thermo Fisher
Scientific) and its sequence was analyzed by Sanger sequencing to identify potential
CRISPR/Cas9-directed mutations.

2.5 Characterization of SPL9-RNAI1 alfalfa

Transcript levels of SPL9 were determined in SPL9-RNAI alfalfa and compared to that of
WT alfalfa to determine the level of SPL9 silencing. Three SPL9-RNAI genotypes, R1,
R2 and R3, were chosen due to their decreased SPL9 transcript level compared to WT.
Phenotypic traits in SPL9-RNAIi and WT were examined at two and six months in 5 — 10
replicates for each genotype. Flowering time was determined by determining the number

of days from transplanting rooted cuttings to soil until first emergence of flowers.

The fresh biomass weight (FW) of alfalfa shoots was determined by cutting and

immediately weighing the shoots. The FW of the roots of these plants was also measured
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in the same way after the soil was washed from roots and excess water was removed by
pat drying. These tissues were then placed in a 65°C oven for 5 days to dry and

measurement of their dry biomass weight (DW) was undertaken.

The phenotypic traits of shoots were compared in SPL9-RNAi and WT alfalfa. To
determine the number of branches of each plant, main branches were considered any stem
emerging directly from the soil and lateral branches were considered any stem originating
from a main branch. Plant height was measured in the tallest main branch, upon which
number of nodes was also determined. Average internode length was then calculated from
the ratio of the number of nodes to plant height. Stem thickness was measured using a
digital caliper (Mitytoyo, Japan) between the second and third nodes of the tallest main
branch. The phenotypic traits of roots were also compared in SPL9-RNAIi and WT alfalfa.

Root length was considered as the length of the longest root.
2.6  Evaluation of drought tolerance

Rooted cuttings destined for use in drought trials were grown in 15.24 cm pots after
removal from rooting cubes. Five weeks after the transfer to soil, to start the drought trial,
each individual plant was given approximately 150 mL of water to normalize the amount
of water given to each plant. Plants in the control treatment were watered twice a week
for the duration of the trial while plants in the drought treatment had water withheld until
all WT plants showed signs of stress by wilting (12 days). SPL9-RNAIi and WT alfalfa
were exposed to the drought and control conditions and compared to assess drought

tolerance traits.

General phenotypic traits that were evaluated in plants included: change in plant height,
leaf senescence, shoot biomass, and root biomass. Plant shoot growth over the duration of
the trial was measured as an indication of the ability of the plants to resist the impacts of
drought. The difference between the plant height at the end of the trial, day 12, and
initiation of the trial, day 0, was evaluated as plant growth during drought stress. Leaf
senescence was also evaluated by determining the ratio of senesced leaves (leaves that
were seen to roll or desiccate) to the total number of leaves present on the tallest main
branch. DW and FW of the shoots were measured as described in Section 2.5. The DW,
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FW, and length of roots were measured in alfalfa grown in conetainers (Greenhouse

Megastore, Danville, IL) instead of regular pots.
2.7 Assessment of survivability

The ability of alfalfa to survive drought stress was compared in WT and SPL9-RNA. in
15.24 cm pots. Ten individual plants of each genotype (R1, R2, R3 and WT) were given
approximately 150 mL of water after which they were exposed to drought by withholding
water for 14 days. On day 14, when all plants were severely stressed, plants were re-
watered, and this was continued twice a week for two weeks. After the two weeks of re-
watering, the survival of the plant was assessed. If any new growth was present, the plant
was scored as having survived. Alfalfa survival was calculated from the ratio of the
number of plants that survived to the number grown. This experiment was independently

repeated three times.
2.8 Evaluation of plant water status

The water status of alfalfa shoots was evaluated by measuring relative water content
(RWC), midday leaf water potential, and shoot water loss. Alfalfa plants were exposed to
either drought or control conditions imposed as described in Section 2.6.

2.8.1 Relative water content

Ten trifoliate leaves were cut from each alfalfa plant that was exposed to control or
drought conditions. Immediately after cutting, the leaves were weighed (FW) and placed
in a small glass jar filled with approximately 20 mL of deionized water and sealed with a
screw cap. Before closing the jar, the leaves were completely submerged in the water
using forceps. The leaves remained in dark conditions submerged in water for two days.
Once the leaves were removed from the water they were pressed once with paper towels
to remove excess water and weighed a second time (FTW). The leaves were then placed
in an oven set at 65°C for five days, after which they were removed and weighed a third
time (DW). RWC was calculated according to equation 1 (Anderson and McNaughton,
1973; Arshad et al., 2017a; Weatherley, 1950):
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FW-DW
FTW-DW

x 100

Equation 1: RWC = [

2.8.2 Midday leaf water potential

Around midday, 12 days after initiating drought and control conditions, a razor blade was
used to cut a trifoliate leaf from the bulk of the alfalfa shoots. Leaves furthest from the
base of the shoots with a petiole long enough to fit in the pressure vessel were used. The
leaf was placed in the pressure vessel of the SAPS Il Portable Plant Water Status Console
(Soilmoisture Equipment Corp., Santa Barbara, CA) with the cut end of the petiole visible
when the pressure vessel was closed and the trifoliate end within the vessel. Pressure in
the vessel was applied using N, gas and the reading on the pressure gauge was recorded
when a single drop of moisture was observed with a magnifying glass to emerge from the
exposed end of the petiole (Turner, 1988). The more water within the leaf, the less
pressure needed to be applied to the system for that water to be visible at the site where

the leaf was cut.
2.8.3 Shoot water loss assay

A shoot water loss assay was used to evaluate the capability of the shoots to lose water
rapidly (Arshad et al., 2017a). Shoots were cut after 12 days of exposure to the control or
drought conditions and the site of the cut was sealed with Parafilm M that was secured
with tape. The FW of the shoots were then measured with the first measurement
considered as 0 min (FW,, ). After the initial measurement, the shoots were weighed
every 30 min (FW,, ) for three hrs. Rapid water loss was calculated using equation 2:

FWey—FWe,

i . 0 _
Equation 2: Yo water loss g

2.9 Examination of plant photosynthetic capabilities

After 12 days of exposure to drought and control conditions the ability of alfalfa plants to

continue photosynthesis despite the conditions they were exposed to was evaluated by

31



measuring stomatal conductance and leaf chlorophyll content. Drought and control
conditions were imposed as described in Section 2.6.

29.1 Stomatal conductance

A Leaf Porometer (Decagon Devices Inc., Pullman, WA) was used to measure stomatal
conductance on both the adaxial and abaxial leaf surfaces. Stomatal conductance was
measured around midday 12 days after initiation of the drought trial. The average
stomatal conductance of two leaves were measured in each plant as technical replicates.
Four trials of two biological replicates were performed for a total of 8 biological
replicates. The largest of the leaves available were chosen to measure stomatal
conductance to maximize surface area. Calibration of the device was performed by
adding Drierite desiccant (W.A. Hammond Drierite Company, Xenia, OH) to the
Porometer head and measuring water saturated filter paper on a calibration plate under
greenhouse conditions. The device was considered calibrated after three consecutive
measurements were taken within 7.5% of the expected conductance from the calibration

plate, 240 mmol m2s™.
2.9.2 Chlorophyll content

A MC-100 chlorophyll concentration meter (Apogee Instruments, Logan, UT) was used
to measure the concentration of chlorophyll in alfalfa exposed to drought and control
conditions for 12 days. Measurements were taken midday with the detector facing the
abaxial leaf surface and the diode facing the adaxial leaf surface. The concentration of
chlorophyll was measured in five leaves in each plant and their average was used as one
biological replicate. The five leaves chosen were randomly distributed and five biological

replicates were used in total.
2.10 Antioxidant capability analysis

Alfalfa plants exposed to drought or control conditions were evaluated for antioxidant

capacity by measuring the following: transcript levels of CAT1 and GSH (Section 2.3),
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and total antioxidant activity using a trolox equivalent antioxidant assay. Drought and
control conditions were imposed as described in Section 2.6.

2.10.1 Determination of antioxidant capacity

The exact weight of approximately 100 mg of leaf tissue was recorded and total
antioxidants were extracted by homogenizing the tissue in 1 mL of pre-chilled 50%
methanol in Precellys Lysing Kit (Bertin Instruments) beaded 2 mL tubes in a
PowerLyzer (MoBio Laboratories Inc.). The lysate from the homogenization was
centrifuged for 2 min at 16,400 RCF at 4°C and filtered through a 0.45 pum syringe filter
(Chromatographic Specialties Inc., Brockville, ON). These filtered extracts were used
when completing the Sigma-Aldrich Antioxidant Assay Kit (CS0790) according to the
manufacturer’s protocol. The spectrophotometric endpoint absorbance at 405 nm was
measured using a Multiskan GO spectrophotometer (Thermo Fisher Scientific) to
estimate the ability of the extracts to sequester hydrogen peroxide and prevent the
formation of the chromogen 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) radical
cation (ABTSe<+). Absorbance values of the extract were compared to a Trolox standard
curve (Figure 5) to determine total antioxidant activity after which each value was
normalized by the weight of the starting material.

2.11 Determination of anthocyanin content

To determine anthocyanin content, stem bases were collected from alfalfa plants exposed
to drought and control conditions. The exact weight of each sample (FW) was weighed
and recorded. Anthocyanins were extracted as described by Neff and Chory (1998).
Briefly, samples were ground in liquid nitrogen with a mortar and pestle and transferred
to Precellys Lysing Kit (Bertin Instruments) beaded 2 mL tubes. A total of 600 pL of
methanol in 1% HCI — referred to as the extraction solution — was added to each tube and
homogenized using a PowerLyzer (MoBio Laboratories Inc.). Tubes were left overnight
at 4°C in the dark. Samples were then centrifuged at 16,400 RCF for 5 min after the
addition of 200 puL water and 500 pL chloroform. 400 pL of 60% extraction solution was

added to the supernatant. Spectrometric measurements were made at 530 nm (4s3,) and
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657 nm (Ags,) using a Multiskan GO spectrophotometer (Thermo Fisher Scientific). All
samples were corrected using 60% extraction solution as a blank and absorbance
measurements were calculated according to equation 3:

As3z0—Aes7

Equation 3: Relative anthocyanin content = o

2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism. Characterization of SPL9-
RNAI alfalfa was achieved using One-way ANOVA analysis. The Dunnett’s test was
used to elucidate differences between WT and each SPL9-RNAI genotype. The student’s
t-test was used to determine significant differences in SPL9 expression of WT plants
under control and drought conditions. Evaluation of differences between groups in
experiments related to drought was determined using Two-way ANOVA. A Dunnett’s
test was used to determine which SPL9-RNAIi genotypes were different from WT
considering genotypes within treatments and a Sidak’s test was used to determine if each

genotype had significant change between drought and control conditions.
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Figure 5. Trolox standard curve

Standard curve of antioxidant assay reaction using trolox as a reference to calculate the
antioxidant activity of alfalfa.
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Chapter 3

3  Results

3.1 Analysis of SPL9-CRISPR transgenic alfalfa

In an attempt to knock-down SPL9, a vector containing SpCas9 and a sgRNA designed to
target SPL9 under the MtU6 promoter was used in alfalfa A. tumefaciens-mediated
transformation. Potential CRISPR/Cas9-mutated alfalfa (SPL9-CRISPR) plants identified
by antibiotic screening were further subjected to analysis by PCR to detect the presence
of the MtU6 promoter and SpCas9 transgene. A single band of expected size was visible
after amplification of 16 different gDNA samples using primers specific to both the MtU6
promoter (500 bp) and SpCas9 gene (984 bp) (Figure 6). Confirmed SPL9-CRISPR
plants originated from six independent calli in the tissue culture process. A fragment of
the SPL9 coding sequence containing the sgRNA complementary region was subjected to
Sanger sequencing in one representative from each of the six calli to identify potential
mutations as a result of the CRISPR/Cas9 system. The representatives from each calli and
WT sequences did not differ in the expected sgRNA region therefore CRISPR/Cas9-

mediated mutations were not found.
3.2 Molecular analysis of SPL9m-OE and SPL9-RNAI plants

To characterize the function of SPL9 in development and drought response, alfalfa with
altered SPL9 levels that were developed by Aung (2014) were used. The CaMV 35S
promoter was used to drive expression of SPL9 impervious to miR156 and RNAI to
achieve enhanced and reduced SPL9 levels, respectively. SPL9 transcript levels were
evaluated in potential SPL9M-OE plants by qRT-PCR and three with significant increases
in SPL9 transcript levels over WT are shown in Figure 7A. Increasing SPL9 transcript
levels were observed in SPL9M-OE 1 (OE1) (32-fold), SPL9mM-OE 2 (OE2) (73-fold), and
SPLI9M-OE 3 (OE3) (133-fold) relative to WT. Similarly, gRT-PCR was employed to
investigate SPL9 transcript abundance in each SPL9-RNAI plant. SPL9-RNAI 3 (R3) had
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Figure 6. Screening of transgenic alfalfa plants for presence of MtU6 and SpCas9

Primers designed to amplify fragments of A. MtU6 (500 bp) and B. SpCas9 (984 bp)
were used in PCR reactions to test for their presence in genomic DNA (gDNA) of
potential SPL9-CRISPR alfalfa. gDNA from WT alfalfa was used as negative control. A
PCR reaction in which genomic DNA was replaced with water was included as the no
template control (NTC). In B., the pFG491-Cas9 plasmid was included as a positive
control for comparison and the presence of SpCas9 was confirmed by Sanger sequencing.
Each SPL9-CRISPR number indicates the calli from which each plant was taken. Each

letter indicates the individual embryo taken from a single callus.
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Figure 7. Relative SPL9 transcript level in SPLO9M-OE and SPL9-RNA:I plants

Relative MsSPL9 transcript levels measured in WT and transgenic alfalfa by RT-qPCR.
A. SPLO9 transcript levels in WT and SPL9mM-OE plants. SPL9m is impervious to miR156.
B. SPL9 transcript levels in WT and SPL9-RNAI plants. Asterisks indicate a significant
change in transcript levels between transgenic and WT plants (p < 0.05, where n = 3,
One-Way ANOVA, Dunnett’s test). Error bars indicate standard deviation.
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the greatest level of silencing, followed by SPL9-RNAI 2 (R2), and then SPL9-RNAI 1
(R1) with the lowest level of silencing relative to WT (Figure 7B).

3.3 Phenotypic characterization of SPL9-RNA1 alfalfa

Given the different levels of SPL9 silencing in SPL9-RNAI R3, R2, and R1 genotypes,
these plants were chosen for use in subsequent experiments to determine the extent to
which SPL9 is involved in the regulation of development and to examine drought-related
traits that are known to be impacted by miR156. Initially, phenotypic traits were
characterized and compared between 2- and 6-month-old SPL9-RNAIi and WT alfalfa
(Figure 8).

3.3.1 Characterization of 2-month-old SPL9-RNA:I alfalfa

Phenotypic traits of SPL9-RNAI plants were compared to those of WT plants at the
vegetative stage by evaluating 2-month-old plants. Stem diameters in R1, R2 and R3
plants — measured between the second and third nodes of the main branch — were
significantly thinner than those of the WT plants (Figure 9). However, this was the only
trait that was measured in 2-month old plants that had significant differences between
SPL9-RNAI and WT plants as summarized in Table 1. Fresh weight (FW) of roots, FW
of shoots, dry weight (DW) of roots, DW of shoots, number of main branches, number of
lateral branches, number of total branches, root length, plant height, number of nodes, and
average internode length were statistically indistinguishable between WT and SPL9-
RNAI plants.

3.3.2 Characterization of 6-month-old SPL9-RNA:I alfalfa

Phenotypic traits of SPL9-RNAIi were also evaluated at the reproductive stage by
measuring traits in 6-month-old plants. At this stage, SPL9-RNAI plants were more
distinguishable from WT (Table 2). Reduced plant height was observed in SPL9-RNAI
plants, and this trait was maintained in all three SPL9-RNAI genotypes. R1 and R3 plants
both had increased number of lateral and total branches as well as decreased average
internode length compared to WT. R2, however, had decreased number of main branches
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SPLY9-RNAI

Figure 8. Phenotypic characterization of 2- and 6-month-old alfalfa plants

Representative WT and SPL9-RNAI alfalfa grown for two months and six months under

normal greenhouse conditions.
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Figure 9. Stem thickness of 2-month-old alfalfa plants

A. Cross section of stems between nodes two and three where stem thickness was
measured, and B. Stem thickness of 2-month-old SPL9-RNAI (R1, R2, and R3) and WT
alfalfa. Asterisks indicate a significant change in stem thickness between SPL9-RNAI and
WT plants (p < 0.05, where n = 10, One-Way ANOVA, Dunnett’s test). Error bars

indicate standard deviation.
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Table 1. Analysis of phenotypic traits in 2-month-old alfalfa plants

Phenotypic traits of WT and SPL9-RNA. alfalfa were measured after 2 months of growth
and recorded in the table + standard deviation. Asterisks indicate significant differences
between SPL9-RNAIi and WT plants (p < 0.05, where n = 10, One-Way ANOVA,
Dunnett test).

2-month old alfalfa

Genotype wT R1 R2 R3
# Main branches 2+0.82 2+0.67 2+047 3+£1.03
# Lateral branches 7+4.19 9+£543 7+4.86 11+3.68
Total branching 9+457 11 +5.87 9+4.89 14 +3.74
# of nodes 10+ 2.80 10+ 3.05 10+1.69 11+2.92
Plant height (cm) 32.7+12.79 32.4+7.84 33.3+5.76 36.5 +6.56
Average internode length (cm) 35+161 33%1.01 3.5+0.64 35+0.95
Fresh weight (g) 3.61+2.60 4.09 £ 298 3.23+2.67 4.07+248
Dry weight (g) 0.94 £ 0.60 0.99 £ 0.69 0.75+ 0.56 1.11+0.64
Time to flower (days) NF NF NF NF
Root length (cm) 37.9+3.84 41.4+£9.35 38.8+£7.89 40.5+5.01
Root fresh weight (g) 4,78 £3.20 6.03 £ 4.58 4.69 + 3.69 5.94 + 3.87
Root dry weight (g) 0.97 £0.31 0.96 £ 0.40 0.88 £ 0.27 1.30+0.36
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Table 2. Analysis of phenotypic traits in 6-month-old alfalfa plants

Phenotypic traits of WT and SPL9-RNA. alfalfa were measured after 6 months of growth

and recorded in the table + standard deviation. Asterisks indicate significant differences
between SPL9-RNAIi and WT plants (p < 0.05, where n = 5-13, One-Way ANOVA,

Dunnett test).
Genotype 6-month old alfalfa
WT R1 R2 R3
# Main branches 27+£5.72 24 +9.52 15+6.79 * 31+£7.78
# Lateral branches 104 + 39.04 151+31.20 * 113 +22.80 182 +34.08 *
Total branching 131 +40.37 175+ 36.32 * 128 + 20.06 213+34.61*
# of nodes 19+1.48 19+ 155 17+0.00 * 18 +0.76
Plant height (cm) 86.7 £ 12.17 704 £275* 718+7.12* 63.6 £3.92 *
Average internode length (cm) 4.6 £0.56 3.7+x0.22* 4.2+0.37 35+0.18*
Fresh weight (g) 130.62 +22.02 11541 +2292 101.02+26.08 125.58 +21.71
Dry weight (g) 33.46 +5.61 28.55+6.30 24.65 + 6.69 33.79+5.87
Time to flower (days) 114 + 8.77 113 +6.18 146 + 25.56 * 122 + 15.55
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and number of nodes. However, these changes to alfalfa traits after six months of growth
did not result in discrepancies between SPL9-RNAIi and WT plants in FW or DW of
shoots. Also, only R2 had delayed flowering compared to WT plants.

3.4 Investigating the role of SPL9 in drought response in alfalfa

The miR156-mediated regulation of drought response has been investigated in
switchgrass (Sun et al., 2012), B. juncea (Bhardwaj et al., 2014), A. thaliana (Cui et al.,
2014) and alfalfa (Arshad et al., 2017a; Feyissa et al., 2019). SPL9 is a confirmed target
of miR156 (Gao et al., 2016) and could play a role in controlling miR156-mediated
drought response traits. This study investigated the hypothesis that SPL9 regulates
miR156-mediated drought response in alfalfa by comparing the effects of drought in
SPL9-RNAI and WT alfalfa.

34.1 SPLO9 transcript analysis in response to drought

Establishing the extent to which SPL9 is involved in the response to drought will extend
our knowledge of miR156-mediated abiotic stress tolerance in alfalfa that was initially
demonstrated by Arshad et al. (2017a) and Feyissa et al. (2019). To investigate the natural
response of alfalfa to drought, the transcript level of SPL9 in WT plants was compared
between drought stress and well-watered conditions. SPL9 transcript levels decreased in
drought stressed compared to well-watered WT plants (Figure 10A).

34.2 Drought survival analysis

Since one of the objectives of this study was to determine if SPL9 is targeted by miR156
in response to drought in alfalfa, I investigated whether alfalfa with lower levels of SPL9
are more tolerant to drought than the WT alfalfa. First, the ability of SPL9-RNAI to
survive drought stress was assessed by exposing alfalfa plants to drought for two full
weeks and then re-watering for two weeks. WT plants were the first to show signs of
drought stress with wilting and curling leaves after 10 days. After 12 days of withholding
water both WT and SPL9-RNAI alfalfa exhibited signs of drought stress (Figure 10B).
Despite the fact that SPL9-RNA. plants showed signs of stress later than WT plants, both
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Figure 10. SPL9-RNAI response to drought stress

A. Relative SPL9 transcript levels of WT alfalfa exposed to control and drought
conditions. Asterisk indicates significant change between conditions (p < 0.05, where n =
9-10, Student’s t-test). Error bars indicate standard deviation. B. Representative WT and
SPL9-RNAI plants that were exposed to 12 days of well-watered control or drought
conditions. C. Survival of alfalfa plants exposed to drought measured by evaluating the
ratio of plants capable of growing after two-weeks of recovering under control conditions
to the total number of plants in the trial. Asterisk indicate significant change between WT
and transgenic plants in three independent experiments where n = 10 (p < 0.05, One-Way
ANOVA, Dunnett test). Error bars indicate standard deviation.
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sets of plants had similar survival ability (Figure 10C).

3.4.3 Changes to alfalfa growth in response to drought

In addition to survival, the extent to which miR156-mediated control of SPL9 is involved
in the regulation of drought tolerance was evaluated by measuring phenotypic traits in
SPL9-RNAIi and WT alfalfa under drought. Delayed leaf senescence indicates drought
tolerance in plants (Rivero et al., 2007) therefore tolerance to drought was assessed first
by evaluating the severity of senescence in response to the stress (Figure 11A). All
alfalfa, both WT and SPL9-RNAI, had more leaf senescence when exposed to drought
than their well-watered control counterparts. That being said, when comparing plants
exclusively under drought conditions, all three SPL9-RNAI genotypes had decreased leaf

senescence compared to WT.

Next, overall plant growth, despite the condition to which they were exposed, was
examined as a function of the change in plant height (Figure 11B). Plant growth within
each respective condition did not change between WT and SPL9-RNA. plants. However,
when each genotype was compared to its counterpart between conditions, those with the
highest SPL9 transcript level, WT and R1, had reduced growth. R2 and R3, the genotypes
with the lowest SPL9 transcript level, had no change in growth between drought and

control conditions.

Lastly, overall root growth, a trait observed in the drought tolerant miR156 OE alfalfa
(Arshad et al., 2017a; Feyissa et al., 2019), was compared in drought exposed and well-
watered WT and SPL9-RNA. plants (Figure 11C). There was no change in root length
between WT and SPL9-RNAI plants within their respective conditions nor were there

changes between drought and control conditions in each genotype.
344 Shoot and root biomass assessment in response to drought

Drought can impede plant growth (Daryanto et al., 2016) and as such, evaluating shoot
and root growth in response to drought could indicate tolerance. Change in alfalfa
biomass in response to drought was examined in SPL9-RNAi and WT shoots and roots.
Well-watered, SPL9-RNAI plants had less shoot FW than WT plants, however, drought-
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Figure 11. Alfalfa growth in response to drought

A. Proportion of senescing leaves in WT and SPL9-RNAI plants under control and
drought conditions. Asterisks indicate a significant change within conditions between WT
and SPL9-RNAI plants (Dunnett test) and bars indicate a significant change between
conditions (Sidak test) in a Two-Way ANOVA (p < 0.05, where n = 10). Error bars
indicate standard deviation. B. Growth of WT and SPL9-RNA. alfalfa in response to
drought measured by analyzing the change in plant height during the treatment. Asterisks
indicate significant change between conditions (p < 0.05, where n = 10, Two-Way
ANOVA, Sidak test). Error bars indicate standard deviation. C. Root length of WT and
SPL9-RNA.I alfalfa under control and drought conditions. Asterisks indicate significant
change between conditions (p < 0.05, where n = 10, Two-Way ANOVA, Sidak test).

Error bars indicate standard deviation.
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exposed SPL9-RNAIi and WT shoots showed no difference in FW (Figure 12A). In
addition, reduced shoot FW between well-watered and drought conditions was seen in
WT and R1 but not in R2 and R3. There was no change in root FW between SPL9-RNAI
and WT plants within each condition, but WT and R1 had decreased root FW in response
to drought whereas R2 and R3 saw no change (Figure 12B). When examining shoot DW,
there was no change in DW between drought and control plants within each genotype
however, under drought stress, R1 and R2 plants had decreased shoot DW compared to
WT and R2 had decreased shoot DW compared to WT under control conditions (Figure
12C). Root DW was indistinguishable both between and within well-watered and drought
conditions (Figure 12D).

3.5 Evaluation of plant water status in SPL9-RNAI alfalfa under

drought stress

Alfalfa with miR156 OE was reported to have enhanced water status under water-deficit
conditions resulting in plants with tolerance to drought (Arshad et al., 2017a; Feyissa et
al., 2019). Therefore, the role of SPL9 in miR156-mediated regulation of water status
under drought conditions was evaluated by comparing water loss, relative water content
(RWC), and midday leaf water potential in SPL9-RNAi and WT alfalfa.

35.1 Short term water loss in drought stressed alfalfa

In response to drought, plants release ABA to mitigate water loss (Bauer et al., 2013), and
thus evaluating rapid water loss in plants has been used to examine drought tolerance
(Arshad and Mattsson, 2014; Arshad et al., 2017a; Dai et al., 2007). To determine if SPL9
is involved in the regulation of drought tolerance, the extent of water lost from SPL9-
RNAI and WT alfalfa plants that were exposed to drought and well-watered conditions
was evaluated over a three-hour period. Comparing SPL9-RNAI plants to WT plants
under both well-watered and drought conditions revealed that R1, the SPL9-RNAI
genotype with the highest SPL9 transcript level, had increased water loss. Under control
conditions, R1 was the only SPL9-RNAI genotype to show a significant difference in

water loss from WT plants starting after one hour (Figure 13A). Enhanced water loss
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Figure 12. Effect of drought on SPL9-RNA. alfalfa biomass

Fresh weight (FW) of shoots (A) and roots (B) of WT and SPL9-RNAI alfalfa under
control and drought conditions measured immediately after harvesting the plants. Dry
weight (DW) of shoots (C) and roots (D) of WT and SPL9-RNA.I alfalfa under control
and drought conditions measured after drying. Asterisks indicate significant differences
within conditions (Dunnett test) and bars indicate significant differences between
conditions (Sidak test) in a Two-Way ANOVA where p < 0.05 and n = 10. Error bars

indicate standard deviation.
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Figure 13. Effect of drought on short term water loss

Water lost from shoots, over three hours, as a function of initial fresh weight (FW) was
determined in A. well-watered and B. drought stressed WT and SPL9-RNAI alfalfa.
Asterisks indicate significant difference between SPL9-RNAI and WT within the time
point (p < 0.05, where n = 10, Two-Way ANOVA, Dunnett test). Error bars indicate

standard deviation.
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from R1 compared to WT plants was observed after two hours when plants were drought
stressed but continued for the rest of the water loss assay (Figure 13B). Well-watered and
drought stressed R2 and R3 alfalfa did not differ from WT in water loss.

3.5.2 Relative water content of alfalfa exposed to drought

In addition to water loss, RWC can indicate plant water status and is useful for
determining the extent of water deficiency a plant is experiencing as a result of abiotic
stress conditions (Anderson and McNaughton, 1973; Arshad et al., 2017a; Weatherley,
1950). Therefore, to evaluate the role of SPL9 in the regulation of drought tolerance,
RWC of WT and SPL9-RNAI plants was compared under control and drought conditions.
Consistent with the observation that WT plants were more severely impacted by drought
(Figure 10B), the RWC of WT plants exposed to drought was significantly decreased
compared to well-watered WT plants (Figure 14A). On the other hand, SPL9-RNAI
genotypes had no differences in RWC between the control and drought conditions. In
addition, R1 and R2 (but not R3) had increased RWC compared to WT under drought
stress, while none of the SPL9-RNAI genotypes differed from WT under well-watered

conditions.
3.5.3 Effect of drought on midday leaf water potential in alfalfa

Midday leaf water potential, another indicator of plant water status (Turner, 1988), was
measured to investigate altered drought tolerance in SPL9-RNAI plants relative to WT.
Midday leaf water potential was measured in well-watered and drought-exposed WT and
SPL9-RNA.I alfalfa (Figure 14B). When comparing WT and SPL9-RNAI alfalfa within
their respective conditions, the midday leaf water potential of plants was
indistinguishable. WT, R2, and R3 plants also showed no difference in water potential
between drought and control conditions, but drought-stressed R1 plants had decreased

water potential compared to well-watered R1 plants.
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Figure 14. Plant water status in response to drought

A. Relative water content (RWC) of WT and SPL9-RNA. alfalfa leaves under control and
drought conditions. Asterisks indicate significant differences within treatments (Dunnett
test) and bars indicate significant differences between treatments (Sidak test) in a
Two-Way ANOVA where p < 0.05 and n = 10. Error bars indicate standard deviation.
B. Midday leaf water potential of WT and SPL9-RNA. alfalfa leaves under control and
drought conditions. Asterisks indicate significant differences between conditions
(p <0.05, where n = 9-10, Two-Way ANOVA, Sidak test). Error bars indicate standard

deviation.
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3.6 Effect of drought on photosynthetic capabilities

Water deficiency in plants causes reduced photosynthetic rates (Lamaoui et al., 2018;
Sicher et al., 2012). In this study, | used stomatal conductance and chlorophyll content to
infer the photosynthetic capabilities of drought stressed alfalfa. Furthermore, to determine
if SPL9 regulates the photosynthetic response to drought, stomatal conductance and
chlorophyll content of SPL9-RNAI and WT plants were compared between well-watered

and drought conditions.
3.6.1 Stomatal conductance

Drought causes the release of ABA resulting in stomata closure and consequently a
reduction in stomatal conductance (Lamaoui et al., 2018; Sicher et al., 2012; Zhang and
Davies, 1989). Stomatal conductance was measured in both the adaxial and abaxial
surfaces of leaves of well-watered and drought stressed WT and SPL9-RNAI alfalfa to
estimate the degree to which stomata were open. Drought-exposed alfalfa regardless of
genotype had significantly reduced stomatal conductance compared to well-watered
plants of the same genotype except in the abaxial surface of R2 which had no significant
differences between drought and control treatments (Figure 15A). On both the adaxial
and abaxial surface, WT and SPL9-RNAI leaves were indistinguishable when they were

compared within each condition.
3.6.2 Chlorophyll content

Arshad et al. (2017a) reported that alfalfa with enhanced water status under drought stress
also had enhanced chlorophyll content. To determine if SPL9 is involved in the regulation
of chlorophyll content in response to water deficiency, chlorophyll content of WT and
SPL9-RNA.: alfalfa were compared under drought conditions (Figure 15B). WT, R1, and
R3 plants had decreased chlorophyll content in drought-stressed plants compared to their
well-watered counterparts. R2 plants were indistinguishable between drought and control
conditions. In addition, under control conditions, R2 plants had decreased chlorophyli

content compared to WT.
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Figure 15. Photosynthetic capability of alfalfa in response to drought

A. Stomatal conductance of WT and SPL9-RNAI alfalfa under drought and control
conditions measured on the abaxial (left) and adaxial (right) leaf surfaces. Asterisks
indicate significant differences between treatments (p < 0.05, where n = 8, Two-Way
ANOVA, Sidak test). Error bars indicate standard deviation. B. Chlorophyll content in
WT and SPL9-RNAI alfalfa leaves under control and drought conditions. Asterisks
indicate significant differences between conditions (Sidak test) and bars indicate
significant differences within conditions (Dunnett test) in a Two-Way ANOVA where

p <0.05 and n = 5. Error bars indicate standard deviation.
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3.7 Analysis of antioxidant-mediated ROS scavenging

capabilities

ROS accumulates in plants exposed to drought, and thus ROS scavenging antioxidants
can mitigate ROS buildup resulting in tolerance to the stress (Kang et al., 2020; Sarker
and Oba, 2018). To determine if SPL9 regulates drought response by mediating the
ability of the plant to scavenge ROS, the antioxidant activity and transcript levels of GSH
and CAT1 were evaluated in well-watered and drought-stressed WT and SPL9-RNAI
alfalfa.

3.7.1 Effect of drought on antioxidant content of SPL9-RNA.: alfalfa

Enhanced antioxidant activity was reported in miR156 OE alfalfa that had enhanced
tolerance to heat and drought stress (Arshad et al., 2017a; Matthews et al., 2019). To
investigate the role of SPL9 in miR156-mediated drought response, the ability of WT and
SPL9-RNAI alfalfa leaf extracts to sequester hydrogen peroxide was evaluated by
comparing ABTSe+ production in the presence of the extracts with a Trolox standard
curve (Figure 16A). The antioxidant activities of WT and SPL9-RNAI plants compared

both within and between drought and well-watered conditions were indistinguishable.

3.7.2 Effect of drought on CAT1 and GSH expression in SPL9-RNAI

alfalfa

The effect of drought on expression of antioxidant-related genes in alfalfa was previously
reported, with enhanced levels of CAT1 and GSH in miR156 OE alfalfa under drought
stress (Arshad et al., 2017a). Transcript levels of GSH, involved in biosynthesis of
glutathione, and CAT1, an enzymatic ROS scavenger, were investigated to indicate
potential changes to antioxidant production as a result of altered SPL9 levels in SPL9-
RNAI compared to WT. The transcript levels of GSH decreased in WT leaves in response
to drought (Figure 16B). SPL9-RNAI leaves were no different from WT leaves under
control conditions. Out of the SPL9-RNAI plants, only R3 differed from WT under

drought conditions in that R3 leaves had increased GSH transcript levels. WT leaves had
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Figure 16. ROS scavenging capabilities of alfalfa in response to drought

A. Antioxidant activity of WT and SPL9-RNAI leaf extracts under drought and control
conditions. B. GSH transcript levels in WT and SPL9-RNAI leaves under drought and
control conditions. C. CATL1 transcript levels in WT and SPL9-RNAI leaves under
drought and control conditions. Asterisks indicate significant differences within
conditions (Dunnett test) and bars indicate significant differences between conditions
(Sidak test) in a Two-Way ANOVA where p < 0.05 and n = 8-10. Error bars indicate

standard deviation.
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increased CAT1 transcript levels in response to drought (Figure 16C). R2 leaves also had
enhanced CAT1 transcript levels compared to WT under well-watered conditions. WT
and SPL9-RNAI leaves had indistinguishable CAT1 transcript levels under drought

conditions.

3.8 Regulation of anthocyanin biosynthesis by SPL9 under
drought

Anthocyanins, which are capable of scavenging ROS, accumulate in response to drought
and in drought tolerant plants (Cui et al., 2014; Feyissa et al., 2019). Transcription of
DFR, an enzyme involved in the biosynthesis of anthocyanins, is inhibited by SPL9 in
A. thaliana (Gou et al., 2011). This interaction has also been implicated in anthocyanin
biosynthesis in soybean (Gupta et al., 2019). As a result, transgenic A. thaliana with
miR156-insensitive SPL9 were sensitive to drought (Cui et al., 2014). To investigate my
hypothesis that the miR156-SPL9-DFR interaction regulates anthocyanin biosynthesis
providing control over drought tolerance in alfalfa, the accumulation of anthocyanins and
the transcript levels of DFR under drought conditions were evaluated in SPL9-RNAI and
WT plants.

3.8.1 Analysis of DFR transcript levels in drought stressed SPL9-RNA.

alfalfa

In A. thaliana, DFR is negatively regulated by SPL9 (Gou et al., 2011), and upregulated
in response to drought (Cui et al., 2014). DFR transcript abundance was analyzed in
leaves and stems of SPL9-RNAIi and WT plants to investigate if a similar inhibitory role
exists for SPL9 in response to drought in alfalfa. In leaves, DFR transcript levels were
significantly reduced in SPL9-RNAIi compared to WT when well-watered, but showed no
significant difference under drought (Figure 17A). In addition, DFR transcript levels
decreased in WT but not SPL9-RNAI leaves when well-watered and drought conditions
were compared. In stems, DFR transcript levels were reduced in WT and R3 under
drought compared to well-watered conditions (Figure 17B). Well-watered SPL9-RNAI
and WT stems did not differ in DFR transcript level, but R1 stems had increased DFR
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Figure 17. Effect of drought on anthocyanin accumulation in alfalfa

Relative DFR transcript levels in leaves (n = 8-10) (A) and basal stems (n = 2-5) (B) of
WT and SPL9-RNAI alfalfa under drought and control conditions. C. Basal stem of WT
and SPL9-RNAI alfalfa displaying pigments characteristic of anthocyanin accumulation.
D. Total anthocyanin content of WT and SPL9-RNAI basal stems exposed to drought and
control conditions (n = 10). Asterisks indicate significant differences within conditions

(Dunnett test) and bars indicate significant differences between conditions (Sidak test) in

a Two-Way ANOVA where p < 0.05. Error bars indicate standard deviation.
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compared to WT under drought.

3.8.2 Effect of drought on anthocyanin content of SPL9-RNAI alfalfa

Regulation of anthocyanin accumulation by miR156-mediated silencing of SPL9 under
drought was reported in A. thaliana (Cui et al., 2014) and suggested in soybean (Gupta et
al., 2019). To investigate this regulatory mechanism in alfalfa, total anthocyanin contents
of SPL9-RNAI and WT stems under control and drought conditions were compared. Stem
bases of SPL9-RNAI alfalfa under both conditions had enhanced red pigmentation, but
this was less apparent in WT plants (Figure 17C). While there was no difference in
anthocyanin content between WT and SPL9-RNAI (except for R2) under control
condition, SPL9-RNA. stems had significantly increased levels of these compounds under
drought (Figure 17D).
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Chapter 4

4  Discussion

4.1 Overview of research

miR156 is a master regulator of plant development, controlling the expression of many
different families of downstream genes (Wu et al., 2009). Expression levels of miR156
decrease as the plant transitions from the juvenile and vegetative phase to the
reproductive phase, and functions by silencing its immediate downstream gene targets,
some of which belong to the SPL family (Ahsan et al., 2019; Wu and Poethig, 2006; Wu
et al., 2009; Xu et al., 2020; Zheng et al., 2019). Aung et al. (2015) described traits in
alfalfa associated with the overexpression of miR156, including delayed flowering,
decreased plant height, increased branching, and reduced stem thickness, among others.
SPL9 was found to have complementary sites to miR156 resulting in decreased
expression in response to miR156 overexpression (Gao et al., 2016). SPL9 has also been
characterized in A. thaliana and was found to be involved in developmental control
(Schwarz et al., 2008; Yu et al.,, 2015). In soybean, SPL9 was found to regulate
branching, number of nodes and dry weight (Bao et al., 2019). However, this is not the
case in all species as Ahsan et al. (2019) suggested that SPL9 may not be involved in
regulating plant development in mango, avocado and macadamia. With this research in
mind, this study operated under the hypothesis that SPL9 will also play a role in the
control of miR156-mediated trait development in alfalfa. Over the course of this study, it
was found that alfalfa with reduced SPL9 transcript levels shared some phenotypic traits
with alfalfa overexpressing miR156, including plant height, stem thickness, branching

and internode length as reported by Aung et al. (2015).

Not only does miR156 regulate developmental control, it is also involved in the response
to abiotic stress. Studies of drought, heat, and salinity stress demonstrated that
overexpressing miR156 in alfalfa resulted in plants with greater tolerance (Arshad et al.,
2017a; Arshad et al., 2017b; Feyissa et al., 2019; Matthews et al., 2019). Abiotic stress
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trials in A. thaliana provided evidence that SPL9 is regulated by miR156 in response to
both drought and salt stress (Cui et al., 2014). SPL9 was found to inhibit the transcription
activating complex of DFR, preventing the biosynthesis of anthocyanins (Gou et al.,
2011). Anthocyanins, being ROS scavengers (Ali et al., 2016; Azuma et al., 2008;
Ké&hkonen and Heinonen, 2003; Rice-Evans et al., 1996), have the potential to mitigate
some of the adverse effects of drought stress on the plants (Cui et al., 2014; Feyissa et al.,
2019). Thus, control of anthocyanin biosynthesis through the regulation of SPL9
mediated by miR156 provides tolerance to drought in A. thaliana (Cui et al., 2014).
SPL13 was confirmed to be a target of miR156 in response to drought stress in alfalfa
(Arshad et al., 2017a; Feyissa et al., 2019). Regulation of SPL13 by miR156 was shown
to impact drought tolerance in alfalfa, however, the drought response traits investigated
between miR156 overexpression and SPL13 silencing plants were not identical (Arshad et
al., 2017a; Feyissa et al., 2019). Therefore, the hypothesis that SPL9 is involved in
miR156-mediated drought tolerance through the miR156-SPL9-DFR pathway similar to
that which was uncovered in A. thaliana by Gou et al. (2011) and Cui et al. (2014) was
investigated in alfalfa. Alfalfa with a reduced SPL9 level was able to maintain growth,
had reduced leaf senescence, and enhanced RWC under drought stress culminating in
greater tolerance to drought. Reduced SPL9 level was also correlated with increased

anthocyanin content and DFR transcript level.
4.2 Impacts of SPLY silencing on alfalfa morphology

As a consequence of miR156-mediated silencing of SPL9 (Gao et al., 2016), plants
overexpressing (OE) miR156 should share at least some phenotypes with those having
decreased expression of miR156-regulated SPL genes. In A. thaliana, miR156 OE
extended the juvenile phase leading to delayed flowering (Schwab et al., 2005; Wu and
Poethig, 2006). Enhanced juvenile character is also a consequence of miR156 OE in
alfalfa, as miR156 OE resulted in plants with delayed flowering (Aung et al., 2015). In
this study, reduced levels of SPL9 resulted in delayed flowering in R2. R2 had
intermediate SPL9 transcript levels compared to the other two SPL9-RNAI genotypes
with R1 and R3 having higher and lower SPL9 transcript levels, respectively. Given that
flowering time was unaffected at low and high levels of SPL9 expression, but could still
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be reduced at a certain intermediate level, it could be that this trait requires a certain level
of SPL9 expression that is below that of R1 but above that of R3. Other SPLs could also
be involved in flowering which would support the variation in flowering time seen
between SPL9-RNAI genotypes. For example, SPL3 has been implicated in regulating
flowering in D. catenatum due to it being the only SPL to have enhanced expression in
mature leaf and stem tissue (Zheng et al., 2019). A similar result was observed in mature

mango plants as SPL3, SPL4, and SPL5 were upregulated over time (Ahsan et al., 2019).

While the juvenile traits measured in A. thaliana were centered around leaf phenotype
(Schwab et al., 2005; Wu and Poethig, 2006; Wu et al., 2009), other vegetative state- and
root-associated traits were examined in alfalfa in an effort to improve harvest yield and
quality (Aung et al., 2015). miR156 OE alfalfa plants showed reduced stem thickness
(Aung et al., 2015). As expected, alfalfa with reduced SPL9 transcript levels also
displayed reduced stem thickness. Unlike flowering time, all three levels of SPL9
silencing resulted in a reduction of stem thickness. Stem thickness was the only trait
measured in this study to be impacted by reduced SPL9 transcript levels after two months
of growth. Similar to stem thickness, plant height was reduced after six months regardless
of the level of SPL9 silencing. However, plant height may be more sensitive to SPL9 than
stem thickness. Traits that were altered after six months but not after two months, such as
plant height, may be a result of the greater sensitivity of that trait to SPL9. Over time, the
levels of miR156 decrease resulting in enhanced expression of SPLs in non-transgenic
plants (Ahsan et al., 2019; Wu and Poethig, 2006; Xu et al., 2020). Therefore, at later
stages of plant development, the difference in the transcript levels between WT and
SPL9-RNAI plants should increase, making traits with more sensitivity to SPL9 more
apparent. Internode length and branching were also altered in SPL9-RNAIi compared to
WT plants, but only after six months of growth. Increased branching was also observed in
soybean plants with mutated SPL9 (Bao et al., 2019). Therefore, the results of this study
further support the role of SPL9 in plant development.

Especially relevant to the agricultural industry was the observation by Aung et al. (2015)
that miR156 OE resulted in alfalfa plants with increased biomass. Bao et al. (2019) also

demonstrated that soybean plants with mutated SPL9 had enhanced dry weight and
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concluded that SPL9 plays a role in miR156-mediated regulation of biomass. Despite
branching, internode length, plant height, and stem thickness being impacted by the
silencing of SPL9, SPL9-RNAI alfalfa did not show increased biomass. Both fresh weight
and dry weight of SPL9-RNA. alfalfa shoots and roots were indistinguishable from WT
plants leading to the conclusion that SPL9 is not targeted by miR156 to impact alfalfa
biomass. Seven alfalfa SPL members have so far been reported to have miR156
complementary regions (Aung et al., 2015; Gao et al., 2016) but there are at least 11 in
A. thaliana (Addo-Quaye et al., 2008; Guo et al., 2008; Shikata et al., 2009; Wang and
Wang, 2015; Wu and Poethig, 2006), seven in papaya (Xu et al., 2020), and 10 in tomato
(Salinas et al., 2012). Possibly, additional SPLs could be present in alfalfa than have
already been discovered that may regulate miR156-mediated traits. To observe changes in
biomass, reduction in other alfalfa SPLs individually or in combination, may be
necessary. In other words, reduction of SPL9 alone, as is the case in SPL9-RNAI alfalfa,
may not be sufficient. SPL family members other than SPL9 may also play a role in
miR156-mediated developmental control. While it is possible that they could impact the
same traits, it is also likely that yet to be characterized SPLs impact miR156-mediated

traits different from those that are impacted by SPL9.
4.3 Involvement of SPLY in alfalfa drought response

In addition to control over developmental traits, miR156 plays a role in abiotic stress
response, specifically, miR156 is upregulated in plants exposed to drought (Sun et al.,
2012; Bhardwaj et al., 2014; Cui et al., 2014). Arshad et al. (2017a) and Kang et al.
(2020) demonstrated that miR156 OE in alfalfa and N. tabacum, respectively, displayed
traits associated with drought tolerance. Furthermore, NtSPL9 was downregulated in
response to drought (Kang et al., 2020). To confirm the involvement of SPL9 in alfalfa’s
response to drought, SPL9 transcript level was compared between WT plants under
drought and control conditions. Similar to observations of NtSPL9 (Kang et al., 2020),
SPL9 expression was reduced in response to drought in WT plants suggesting that it is

targeted by miR156 to impact drought tolerance.
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Decreased SPL9 expression in response to drought in WT plants alone is only enough to
conclude that SPL9 is related to alfalfa response to drought. To determine if the
degradation of SPL9 transcript by miR156 is part of the miR156-induced drought
tolerance demonstrated in alfalfa, the ability of SPL9-RNAI plants to resist the stress was
evaluated. First, the number of leaves on the plant that were senescing was measured.
Both WT and SPL9-RNAI plants experienced signs of drought stress; both had an
increased percentage of senescing leaves under drought conditions compared to their
control condition counterparts. However, the SPL9-RNAI plants had significantly less
leaf senescence than WT plants under drought, indicating that SPL9-RNAI plants were
more tolerant than WT to drought. In fact, WT plants were the first to display signs of
drought stress which could be seen after 10 days of withholding water while SPL9-RNAI
plants lasted 12 days before signs of drought stress were observed. Similar findings were
observed by Kang et al. (2020) in which senescence-related genes were downregulated in
N. tabacum plants with miR156 OE.

Secondly, growth of each plant, regardless of treatment, was evaluated by measuring the
change in plant height over the course of the drought trial. Kang et al. (2020) observed
that constitutive expression of ZmmiR156 in N. tabacum resulted in plants with better
growth under drought conditions. Interestingly, the plants with the highest SPL9
transcript levels, WT and R1, were not able to maintain growth in response to drought,
displaying reduced growth in drought stressed plants compared to well-watered plants. R2
and R3, which had the lowest SPL9 transcript levels, were able to maintain plant growth
despite the drought condition, thus providing further evidence for the conclusion that
SPL9 is downregulated to provide miR156-mediated drought tolerance. In addition, the
maintenance of growth in plants with a high level of SPL9 silencing suggests that
tolerance regulated by SPL9 can only be achieved if SPL9 expression is maintained below
a certain threshold level. This is in contrast with a similar finding reported for SPL13,
where only SPL13-RNAI alfalfa plants with reduced SPL13 levels but over a certain

threshold showed significant drought tolerance (Feyissa et al., 2019).

Although, SPL9-RNAI plants displayed the aforementioned drought resistance traits, this

did not translate to increased biomass. R2 had decreased DW compared to WT under
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drought and control conditions while R1 had decreased DW under drought conditions.
Tolerance to drought in SPL9-RNAI plants did not translate to biomass yield perhaps
because SPL9 alone is not enough to regulate complete survival under drought. In B.
juncea, although miR156 was upregulated in response to drought, a SPL2-like gene was
also upregulated despite having complementarity to miR156 (Bhardwaj et al., 2014).
Bhardwaj et al. (2014) suggested that due to the complexity of the miR156-SPL
interaction, multiple SPLs could be present in B. juncea affecting drought response.
Arshad et al. (2017a) and Feyissa et al. (2019) also established SPL13 as playing a role in
miR156-induced drought tolerance, and therefore, considering SPL9 is also targeted in
response to drought, miR156 must target multiple downstream genes, including those
belonging to the SPL family, to regulate drought response. While it was reported that
miR156 OE alfalfa had increased survival compared to EV control plants (Arshad et al.,
2017a), SPL9-RNAI plants survived drought conditions just as well as WT plants. In this
study, SPL9-RNAI alfalfa had greater drought tolerance than WT plants, but both sets of

plants had similar survivability rates.
4.4  Alfalfa water status is impacted by SPL9

One of the numerous responses to drought that was demonstrated in miR156 OE alfalfa
was enhanced plant water status (Arshad et al., 2017a; Feyissa et al., 2019). Alfalfa plants
with miR156 OE had diminished water loss and increased relative water content which
was attributed to enhanced survival (Arshad et al., 2017a). Assuming these responses are
a result of miR156-mediated silencing of SPL9, similar responses would be observable in
SPL9-RNAI plants as was the case when RWC was examined. WT plants that were
exposed to drought had significantly less RWC than well-watered WT plants. SPL9-
RNAI plants on the other hand were capable of maintaining their RWC between drought
and control conditions. In addition, the RWC of R1 and R2 was enhanced compared to
WT when exposed to drought further, thus supporting that SPL9-RNA. plants were under

less drought stress.

However, SPL9 appears, to differ from miR156 in how it regulates water loss. Arshad et

al. (2017a) came to the conclusion that miR156 OE plants were able to resist drought as a
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result of control over stomata that resulted in a decrease in water loss. In the current
study, two of the three SPL9-RNAI genotypes were indistinguishable from WT in water
loss under both drought and control conditions. Drought-treated R1 did have increased
water loss after two hours and control-treated R1 had increased water loss after one hour.
Therefore, SPL9 does not regulate drought stress tolerance through the mitigation of
water loss. Increased water loss in R1 may explain why this genotype was unable to
maintain growth to the same extent as the other two SPL9-RNAI genotypes. Although,
according to this study, water loss is not regulated by SPL9, SPL13-RNAIi plants had
reduced water loss compared to EV control plants (Arshad et al., 2017a) supporting the
idea that miR156 regulates multiple SPLs to control drought tolerance.

Decreased midday leaf water potential in R1 alfalfa exposed to drought further supports
water loss as a cause of R1 deficiency to maintain growth under drought stress. R1 had
decreased water potential in drought stressed leaves suggesting water loss. It is worth
noting a limitation of the method to measure leaf water potential. | found that finding
leaves on the plant with petioles long enough for the pressure chamber was crucial to the
consistency of the data. As a result, it can be difficult to standardize which leaves are
sampled from each plant, increasing the chances of variability in the measurements.
Regardless, increased water loss explains the observation that shoot FW decreased in R1
plants in response to drought. In addition, Feyissa et al. (2019) demonstrated that SPL13
is involved in miR156-mediated leaf water potential in alfalfa. Thus, as was observed in

this study, SPL9 may not be involved in this process.

4.5 Role of miR156-SPL9-DFR gene regulatory model in

drought tolerance

While maintaining RWC was critical for drought tolerance in SPL9-RNAI plants, these
plants also had enhanced accumulation of stress mitigating anthocyanins. Anthocyanins
have a capacity for ROS scavenging, thereby preventing ROS build-up in cells due to
abiotic stress (Ali et al., 2016; Azuma et al., 2008; Kahkodnen and Heinonen, 2003; Rice-
Evans et al., 1996). Stem tissues of miR156 OE A. thaliana were noted to have

pigmentation typical of anthocyanin accumulation, whereas SPL9 OE A. thaliana had
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reduced anthocyanin content (Gou et al., 2011). Similar to A. thaliana, miR156 OE
resulted in alfalfa plants with increased anthocyanin content (Feyissa et al., 2019). The
spatial pattern of DFR expression was, however, inverse to known expression patterns of
SPL9 and SPL15; DFR levels were higher in basal stem plant tissue and low in apical
tissues (Gou et al.,, 2011). In A. thaliana, SPL9 inhibits the formation of the
transcriptional activating complex of DFR by competing with TT8 for binding to PAP1
(Gou et al., 2011). DFR is an enzyme in the biosynthetic pathway of anthocyanins (Aerts
et al., 1999; Dixon et al., 2013; Gonzalez et al., 2008; Gou et al., 2011), and therefore
miR156 can increase the biosynthesis of anthocyanins through the negative regulation of
SPLY, allowing for the formation of the DFR transcriptional activating complex (Gou et
al., 2011). Similar interactions have also been implicated in anthocyanin biosynthesis in
soybean (Gupta et al., 2019). The interplay between miR156, SPL9 and DFR has been
shown to mediate biosynthesis of anthocyanins to provide plants with increased tolerance
to abiotic stress (Cui et al., 2014). DFR levels were also increased in miR156 OE alfalfa
plants (Feyissa et al., 2019), and therefore a similar pathway could be present in alfalfa.
Support for the involvement of miR156-SPL9-DFR pathway in alfalfa drought tolerance
was immediately evident in the red pigments visible in SPL9-RNAI plants under control
and drought conditions. The incidence of red tissue was also centered around the basal
stem similar to Gou et al. (2011) that observed anthocyanin-related pigments exclusively

in A. thaliana stems.

Through extraction and quantification of anthocyanins in basal SPL9-RNAI stem tissues,
the role of SPL9 in regulating anthocyanin biosynthesis was established in alfalfa.
Anthocyanin accumulation was increased in stems of all three SPL9-RNAI genotypes
under drought, and R2 stems even had higher anthocyanin content compared to WT under
well-watered conditions. Increased accumulation of anthocyanins in SPL9-RNAI stems
supports the hypothesis that SPL9 is involved in anthocyanin biosynthesis in alfalfa, and
because these plants additionally have increased tolerance to drought, this also indicates
that miR156-mediated drought tolerance is due at least partly to the accumulation of

anthocyanins.
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Whether the interplay between SPL9 and DFR in alfalfa mirrors that in A. thaliana was
investigated. Reduced DFR in SPL9-RNAI leaves is not unexpected as Gou et al. (2011)
reported DFR expression in apical tissue was lower than that of basal tissue and
anthocyanin pigments were concentrated to stem tissues. Therefore, DFR transcript levels
were also measured in alfalfa basal stem tissue and due to the maintenance of DFR levels
between conditions in R1 and R2 stems and increased DFR in R1 stems under drought,
SPL9 must be involved in DFR regulation. Similar DFR transcript level patterns between
WT and R3 stems suggest that a certain level of SPL9 abundance may be necessary for
DFR regulation. Another possibility is that there is a SPL paralogue in alfalfa that is
functionally redundant with SPL9. Wu and Poethig (2006) demonstrated that in A.
thaliana, SPL3 acts redundantly with SPL4 and SPL5 and overexpression of any of these
SPLs, when miR156 action was prevented, achieved similar phenotypic changes. Also, in
A. thaliana, SPL15 operates redundantly with SPL9 (Schwarz et al., 2008; Yu et al.,
2015). In fact, spl15/spl9 double mutant has a stronger phenotypic change than single
spl15 and spl9 mutants individually (Schwarz et al., 2008; Yu et al., 2015). A SPL15
orthologue has not been identified in alfalfa but a yet to be identified SPL could be
expressed in R3 at a higher level than the other SPL9-RNAI plants causing a decrease in
DFR expression in response to drought. Interestingly, Feyissa et al. (2019) found that
reduced levels of SPL13 resulted in alfalfa plants with enhanced levels of DFR and

anthocyanin content due to the direct interaction between SPL13 and DFR promoter.

4.6 SPL9 role in drought response is independent of antioxidant

accumulation, root architecture and photosynthetic capability

Arshad et al. (2017a) reported that enhanced tolerance of miR156 OE alfalfa plants to
drought was partly due to increased antioxidant activity. In addition to finding an
increased level of antioxidant activity in miR156 OE plants, two genes related to
antioxidant activity, CAT1 and GSH, were upregulated in response to drought (Arshad et
al., 2017a). N. tabacum plants with OE of miR156 also had enhanced expression of genes
related to antioxidant activity (Kang et al., 2020). The antioxidant and drought traits were

examined in SPL9-RNAI plants to determine if miR156-mediated antioxidant activity is
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regulated through SPL9 in response to drought. Increased GSH transcript levels were
observed in R3 compared to WT leaves under drought, and while WT leaves had
significantly reduced GSH between conditions, GSH was maintained in SPL9-RNAI
leaves between conditions. A similar result was seen when CAT1 transcript levels were
examined. WT leaves had enhanced CAT1 in response to drought while again CAT1 was
maintained between treatments in SPL9-RNAI leaves. R2 even had enhanced CAT1
compared to WT under well-watered conditions. Despite increases in the transcript levels
of individual genes related to antioxidant activity, the overall activity of antioxidants was
unchanged between SPL9-RNAI and WT plants. Therefore, SPL9 does not appear to play
a large role in antioxidant regulation via CAT1 and GSH in response to drought stress in

alfalfa.

Another trait that was affected in miR156 OE but not in SPL9-RNAI leaves was stomatal
conductance. SPL9-RNAI leaves had the same stomatal conductance as WT plants under
both control and drought conditions. Significantly reduced stomatal conductance between
the conditions was observed in both SPL9-RNAi and WT leaves. As previously
discussed, there are other miR156-targeted SPLs that regulate stomatal conductance. For
example, Arshad et al. (2017a) demonstrated that SPL13-RNAI plants have similar
increases in stomatal conductance as miR156 OE plants. Therefore, miR156-regulated
drought tolerance may depend on multiple downstream SPL targets, which involve
different stress tolerance strategies. Observations of stomatal conductance combined with
chlorophyll content indicated enhanced photosynthetic capabilities of SPL13-RNA. plants
(Arshad et al., 2017a). Similar to the result regarding stomatal conductance, SPL9 does
not appear to regulate chlorophyll content under drought. SPL9-RNAI plants, except for
R2, had decreased chlorophyll content between conditions. Therefore, the enhanced
tolerance in SPL9-RNAI plants to drought is not a result of increased photosynthetic

capabilities.

In contrast to SPL13-RNA.I plants investigated by Arshad et al. (2017a) and Feyissa et al.
(2019), SPL9-RNAI had no change in root architecture in response to drought. SPL13-
RNAI genotypes displayed increased root length (Arshad et al., 2017a) while the root
length of SPL9-RNAI plants was unaltered in response to drought. SPL9-RNAI roots
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were also of similar length to WT plants under both control and drought conditions which
is in contrast with the findings of Yu et al. (2015) that demonstrated a role for SPL9 in the
regulation of root length in A. thaliana. In addition, the DW of roots was unchanged both
between and within control and drought treatments. FW of roots was maintained between
drought and control conditions in R2 and R3 plants whereas root FW decreased in
response to drought in WT and R1 plants. However, the finding that roots had reduced
FW but consistent DW in response to drought supports the conclusion drawn from shoot
FW; overall, plants with the highest levels of SPL9 are losing water while those plants
with the lowest SPL9 are capable of mitigating the water deficiency as indicated by
RWC.

4.7 Using CRISPR/Cas9 to silence SPL9

Successful A. tumefaciens-mediated alfalfa transformation was evaluated by searching for
the presence of the exogenous MtU6 promoter and SpCas9 gene that were expected to be
transferred as part of the CRISPR/Cas9 construct to target MsSPL9 for mutagenesis. PCR
amplification of gDNA extracted from potential SPL9-CRISPR plants using primers
specific to MtU6 and SpCas9 were used to confirm the presence of these genes in the
alfalfa genome and Sanger sequencing was utilized to determine if CRISPR/Cas9 system
resulted in MsSPL9 mutagenesis. Mutations of MsSPL9 were not found in the region
complementary to the CRISPR/Cas9 sgRNA, although the presence of Cas9 and MtU6
were confirmed. Therefore, attempts to produce SPL9-CRISPR alfalfa plants were

unsuccessful.

Previously, utilizing CRISPR/Cas9 to edit MsSPL9 was attempted but yielded low alfalfa
genome editing efficiency (Gao et al., 2018). This study sought to improve the genome
editing efficiency of the CRIPR/Cas9 system in alfalfa. First, while CRISPR-P (Lei et al.,
2014) was utilized by Gao et al. (2018), the online tool has been updated and CRISPR-P
2.0 (Liu et al., 2017) was used in this study. As a result of the update, different SRNAS
were deemed ideal choices for CRISPR/Cas9 targeting of MsSPL9. Secondly, Gao et al.
(2018) utilized the A. thaliana U6 promoter, but the Medicago truncatula U6 (MtUG6)
promoter was used in this study in an attempt to improve genome editing efficiency in
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M. sativa by using a promoter from species in the same genus. Meng et al. (2017) had
greater success in editing M. truncatula using its native promoter than Gao et al. (2018)
using the non-native AtU6 promoter. Despite these improvements, alfalfa genome editing
was not observed in this study. One of the limitations of using CRISPR-P 2.0 (Liu et al.,
2017) is that sgRNAs are designed based on the M. truncatula genome. CRISPR-P 2.0
(Liu et al., 2017) restricts sgRNA design to a finite list of reference genomes, which does
not include M. sativa. Therefore, sRNAs designed using this tool have to be altered to
reflect the MsSPL9 sequence. Another limitation of this study is that only a single sgRNA
was used in the CRISPR/Cas9 design, while Gao et al. (2018) used two sgRNAs.
According to the CRISPR-P 2.0 (Liu et al., 2017) sgRNA design rules and literature
(Doench et al., 2014; Doench et al., 2016; Hsu et al., 2013; Liang et al., 2016) there was
no other sgRNA with a high enough score to use. It is possible that the native MsU6
promoter used in tandem with multiple sgRNAs designed using software with updated

scoring rules would result in alfalfa editing with higher efficiency in the future.

4.8 Conclusion

Abiotic stress has the potential to significantly reduce crop yields (Daryanto et al., 2016),
which adds to the growing problems of meeting the demands for an ever-growing human
population (Godfray et al., 2010; Tilman et al., 2011). Economically important crops such
as alfalfa must be improved in both quality and quantity in the face of these adverse
conditions. When increasing the land upon which these crops are grown is not an option,
crop yields on pre-existing agricultural areas should be improved (Tilman et al., 2011). A
molecular tool to achieve this, miR156 has not only been demonstrated to increase alfalfa
yields (Aung et al., 2015) but has also been linked to the regulation of abiotic stress
tolerance (Arshad et al., 2017a; Arshad et al., 2017b; Feyissa et al., 2019; Matthews et al.,
2019). miR156 functions by downregulating downstream genes to control different stress
mitigating strategies (Rajwanshi et al., 2014). These downstream genes have not been
fully characterized in alfalfa and present an opportunity to investigate the mechanism by
which miR156 not only controls development but also tolerance to abiotic stresses, such

as drought.
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SPLs are a family of downstream targets of miR156 (Wang and Wang, 2015) and some
SPLs, like SPLOY, are largely uncharacterized in alfalfa. In this study, the impact of SPL9
on alfalfa developmental control was assessed by comparing SPL9-RNAIi with WT plants.
Since SPL9-RNAI plants displayed reduced stem thickness, internode length and plant
height and enhanced branching, it can be concluded that SPL9 plays a role in the positive
regulation of stem thickness, internode length and plant height and a negative role in
branching (Figure 18). In addition, plant height, internode length and branching were
found to be more sensitive than stem thickness to the level of SPL9 silencing present,
resulting in changes to these traits only being observed at later stages of plant
development. miR156 OE plants also had similar traits according to Aung et al. (2015)
therefore establishing that, either alone or with other SPLs, reduced levels of SPL9

mediated by miR156 result in phenotypic changes related to plant development.

Not only does SPL9 impact alfalfa development, but it also regulates response to drought,
as plants with silenced SPL9 showed improved tolerance. Building on the observation by
Arshad et al. (2017a) and Feyissa et al. (2019) that miR156 OE plants also had increased
tolerance to drought, SPL9 was reduced in response to drought in WT alfalfa. This study,
combined with previous investigations of SPL13 (Arshad et al., 2017a; Feyissa et al.,
2019), provided evidence that multiple SPLs are targeted by miR156 in response to
drought in alfalfa. SPL9-RNAI plants had reduced leaf senescence under drought
conditions, and this resulted in the maintenance of growth despite the adverse drought
conditions. Drought trials regarding SPL9-RNAI plants revealed that a certain level of
silencing is required for improved tolerance to be observed; with the plants with the
lowest expression of SPL9 having the best tolerance. Unlike the case of plants with
silenced SPL13, which displayed drought tolerance due to enhanced root length,
photosynthetic capability, and water retention (Arshad et al., 2017a; Feyissa et al., 2019),
drought tolerance in SPL9-RNAI plants could be attributed to enhanced anthocyanin
content contributing to improved ROS scavenging (Figure 18).
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Figure 18. A model for the miR156/SPL9 module in regulating plant development

and drought stress

In this study, SPL9 was found to positively regulate plant height, stem thickness, and
internode length and negatively regulate branching as part of the miR156 control over
plant development. Reduced levels of SPL9 also resulted in an increase in anthocyanin

biosynthesis supporting its negative regulation of DFR transcription in alfalfa.
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Chapter 5

5 Future Directions

Determination of the role of SPL9 in alfalfa development in this study was based on the
evaluation of plants with reduced SPL9. Consensus between the three SPL9-RNAI plants
in phenotypic traits was only seen in stem thickness and plant height. Transgenic alfalfa
with increased SPL9 should also be evaluated. Examining phenotypic traits in SPL9M-OE

alfalfa could further uncover the role of SPL9 in alfalfa development.

While drought stress was the focus of this study, miR156 has been found to mediate
tolerance to a number of different abiotic stresses in alfalfa, including salinity and heat
(Arshad et al., 2017b; Matthews et al., 2019). The involvement of SPL9 in abiotic stress
tolerance may not be limited to drought. Thus, the role of SPL9 in miR156-mediated
tolerance to other abiotic stresses should be evaluated. In addition, the exact nature of the
mechanism through which SPL9 exerts control over anthocyanin biosynthesis should be
examined further. Direct interaction between SPL9, PAP1 and DFR was reported in A.
thaliana (Gou et al., 2011), but has not been examined in alfalfa. The upregulation of
anthocyanins in alfalfa plants with reduced levels of SPL9 supports the model
investigated by Gou et al. (2011), but further investigation is required to dissect the mode

of action in alfalfa.

75



6 References

Addo-Quaye, C., Eshoo, T.W., Bartel, D.P. and Axtell, M.J. (2008) Endogenous siRNA
and miRNA targets identified by sequencing of the Arabidopsis degradome. Curr Biol 18,
758-762.

Aerts, R.J., Barry, T.N. and McNabb, W.C. (1999) Polyphenols and agriculture:
beneficial effects of proanthocyanidins in forages. Agr Ecosyst Environ 75, 1-12.

Ahsan, M.U., Hayward, A., Irihimovitch, V., Fletcher, S., Tanurdzic, M., Pocock, A.,
Beveridge, C.A. and Mitter, N. (2019) Juvenility and vegetative phase transition in
tropical/subtropical tree crops. Front Plant Sci 10, doi:10.3389/fpls.2019.00729.

Ali, H.M., Almagribi, W. and Al-Rashidi, M.N. (2016) Antiradical and reductant
activities of anthocyanidins and anthocyanins, structure-activity relationship and
synthesis. Food Chem 194, 1275-1282.

Ambros, V., Bartel, B., Bartel, D.P., Burge, C.B., Carrington, J.C., Chen, X., Dreyfuss,
G., Eddy, S.R., Griffiths-Jones, S., Marshall, M., Matzke, M., Ruvkun, G. and Tuschl, T.
(2003) A uniform system for microRNA annotation. RNA 9, 277-279.

Anderson, J.E. and McNaughton, S.J. (1973) Effects of low soil temperature on
transpiration, photosynthesis, leaf relative water content, and growth among elevationally
diverse plant populations. Ecology 54, 1220-1233.

Apel, K. and Hirt, H. (2004) Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Annu Rev Plant Biol 55, 373-399.

Arshad, M. and Mattsson, J. (2014) A putative poplar PP2C-encoding gene negatively
regulates drought and abscisic acid responses in transgenic Arabidopsis thaliana. Trees
28, 531-543.

Arshad, M., Feyissa, B.A., Amyot, L., Aung, B. and Hannoufa, A. (2017a)
MicroRNA156 improves drought stress tolerance in alfalfa (Medicago sativa) by
silencing SPL13. Plant Sci 258, 122-136.

Arshad, M., Gruber, M.Y., Wall, K. and Hannoufa, A. (2017b) An insight into
microRNA156 role in salinity stress responses of alfalfa. Front Plant Sci 8,
d0i:10.3389/fpls.2017.00356.

Attram, J., Acharya, S.N., Woods, S.A., Smith, E. and Thomas, J.E. (2016) Yield and net
return from alfalfa cultivars under irrigation in Southern Alberta. Can J Plant Sci 96, 165-
175.

Aung, B. (2014) Effects of microRNA156 on flowering time and plant architecture in

Medicago sativa. M.Sc. Thesis. Department of Biology, University of Western Ontario,
London, Ontario.

76



Aung, B., Gruber, M.Y., Amyot, L., Omari, K., Bertrand, A. and Hannoufa, A. (2015)
MicroRNA156 as a promising tool for alfalfa improvement. Plant Biotechnol J 13, 779-
790.

Azuma, K., Ohyama, A., Ippoushi, K., Ichiyanagi, T., Takeuchi, A., Saito, T. and
Fukuoka, H. (2008) Structures and antioxidant activity of anthocyanins in many
accessions of eggplant and its related species. J Agr Food Chem 56, 10154-10159.

Badhan, A., Jin, L., Wang, Y., Han, S., Kowalczys, K., Brown, D.C.W., Ayala, C.J.,
Latoszek-Green, M., Miki, B., Tsang, A. and McAllister, T. (2014) Expression of a
fungal ferulic acid esterase in alfalfa modifies cell wall digestibility. Biotechnol Biofuels
7, 39-53.

Badu-Apraku, B. and Yallou, C. (2009) Registration of Striga-resistant and drought-
tolerant tropical early maize populations TZE-W pop DT STR C4 and TZE-Y pop DT
STR C4. J Plant Regist 3, doi:10.3198/jpr2008.06.0356crg.

Bao, A., Chen, H., Chen, L., Chen, S., Hao, Q., Guo, W., Qiu, D., Shan, Z., Yang, Z.,
Yuan, S., Zhang, C., Zhang, X., Liu, B., Kong, F., Li, X., Zhou, X., Tran, L.-S.P. and
Cao, D. (2019) CRISPR/Cas9-mediated targeted mutagenesis of GmSPL9 genes alters
plant architecture in soybean. BMC Plant Biol 19, doi:10.1186/s12870-019-1746-6.

Bartel, B. and Bartel, D.P. (2003) MicroRNAs: at the root of plant development? Plant
Physiol 132, 709-717.

Bauer, H., Ache, P., Lautner, S., Fromm, J., Hartung, W., Al-Rasheid, K.A.S.,
Sonnewald, S., Sonnewald, U., Kneitz, S., Lachmann, N., Mendel, R.R., Bittner, F.,
Hetherington, A.M. and Hedrich, R. (2013) The stomatal response to reduced relative
humidity requires guard cell-autonomous ABA synthesis. Curr Biol 23, 53-57.

Bernstein, E., Caudy, A.A., Hammond, S.M. and Hannon, G.J. (2001) Role for a
bidentate ribonuclease in the initiation step of RNA interference. Nature 409, 363-366.

Bhardwaj, A.R., Joshi, G., Pandey, R., Kukreja, B., Goel, S., Jagannath, A., Kumar, A.,
Katiyar-Agarwal, S. and Agarwal, M. (2014) A genome-wide perspective of miRNAome
in response to high temperature, salinity and drought stresses in Brassica juncea (Czern)
L. PLoS One 9, doi:10.1371/journal.pone.0092456.

Bullock, D.G. (1992) Crop rotation. Crit Rev Plant Sci 11, 309-326.

Cannell, 1.G., Kong, Y.W. and Bushell, M. (2008) How do microRNAs regulate gene
expression? Biochem Soc T 36, 1224-1231.

Cardon, G., H6hmann, S., Klein, J., Nettesheim, K., Saedler, H. and Huijser, P. (1999)
Molecular characterisation of the Arabidopsis SBP-box genes. Gene 237, 91-104.

77



Castonguay, Y., Michaud, J. and Dubé, M.-P. (2015) Reference genes for RT-qPCR
analysis of environmentally and developmentally regulated gene expression in alfalfa. Am
J Plant Sci 6, 132-143.

Chalker-Scott, L. (1999) Environmental significance of anthocyanins in plant stress
responses. Photochem Photobiol 70, 1-9.

Chaves-Silva, S., Santos, A.L.D., Chalfun-Janior, A., Zhao, J., Peres, L.E.P. and
Benedito, V.A. (2018) Understanding the genetic regulation of anthocyanin biosynthesis
in plants — tools for breeding purple varieties of fruits and vegetables. Phytochemistry
153, 11-27.

Choudhury, S., Panda, P., Sahoo, L. and Panda, S.K. (2013) Reactive oxygen species
signaling in plants under abiotic stress. Plant Signal Behav 8, doi:10.4161/psb.23681.

Coley, P.D. and Aide, T.M. (1989) Red coloration of tropical young leaves: a possible
antifungal defence? J Trop Ecol 5, 293-300.

Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang,
W., Marraffini, L.A. and Zhang, F. (2013) Multiplex genome engineering using
CRISPR/Cas systems. Science 339, 819-823.

Costa-Arbuld, C., Gianoli, E., Gonzales, W.L. and Niemeyer, H.M. (2001) Feeding by the
aphid Sipha flava produces a reddish spot on leaves of Sorghum halepense: an induced
defense? J Chem Ecol 27, 273-283.

Crews, T.E. and Peoples, M.B. (2004) Legume versus fertilizer sources of nitrogen:
ecological tradeoffs and human needs. Agr Ecosyst Environ 102, 279-297.

Cui, L.-G., Shan, J.-X., Shi, M., Gao, J.-P. and Lin, H.-X. (2014) The miR156-SPL9-DFR
pathway coordinates the relationship between development and abiotic stress tolerance in
plants. Plant J 80, 1108-1117.

Curtis, M.D. and Grossniklaus, U. (2003) A gateway cloning vector set for high-
throughput functional analysis of genes in planta. Plant Physiol 133, 462-4609.

Daryanto, S., Wang, L. and Jacinthe, P.-A. (2016) Global synthesis of drought effects on
maize and wheat production. PLoS One 11, doi:10.1371/journal.pone.0156362.

Dai, X., Xu, Y., Ma, Q.,, Xu, W., Wang, T., Xue, Y. and Chong, K. (2007)
Overexpression of an RIR2R3 MYB gene, OsMYB3R-2, increases tolerance to freezing,
drought, and salt stress in transgenic Arabidopsis. Plant Physiol 143, 1739-1751.

Denu, J.M. and Tanner, K.G. (1998) Specific and reversible inactivation of protein
tyrosine phosphatases by hydrogen peroxide: evidence for a sulfenic acid intermediate
and implications for redox regulation. Biochemistry 37, 5633-5642.

78



Desikan, R., Mackerness, S.A.-H., Hancock, J.T. and Neill, S.J. (2001) Regulation of the
Arabidopsis transcriptome by oxidative stress. Plant Physiol 127, 159-172.

Diekmann, K., Datta, S. and Ottow, J.C.G. (1993) Nitrogen uptake and recovery from
urea and green manure in lowland rice measured by >N and non-isotope techniques.
Plant Soil 148, 91-99.

Dixon, R.A., Liu, C. and Jun, J.H. (2013) Metabolic engineering of anthocyanins and
condensed tannins in plants. Curr Opin Biotech 24, 329-335.

Dizdaroglu, M. and Jaruga, P. (2012) Mechanisms of free radical-induced damage to
DNA. Free Radical Res 46, 382-419.

Doench, J.G., Hartenian, E., Graham, D.B., Tothova, Z., Hegde, M., Smith, 1., Sullender,
M., Ebert, B.L., Xavier, R.J. and Root, D.E. (2014) Rational design of highly active
sgRNAs for CRISPR-Cas9-mediated gene inactivation. Nat Biotechnol 32, 1262-1267.

Doench, J.G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E.W., Donovan, K.F.,
Smith, 1., Tothova, Z., Wilen, C., Orchard, R., Virgin, H.W., Listgarten, J. and Root, D.E.
(2016) Optimized sgRNA design to maximize activity and minimize off-target effects of
CRISPR-Cas9. Nat Biotechnol 34, 184-191.

Drinkwater, L.E., Wagoner, P. and Sarrantonio, M. (1998) Legume-based cropping
systems have reduced carbon and nitrogen losses. Nature 396, 262-265.

Elbashir, S.M., Lendeckel, W. and Tuschl, T. (2001) RNA interference is mediated by
21- and 22-nucleotide RNAs. Gene Dev 15, 188-200.

Felton, W.L., Marcellos, H., Alston, C., Martin, R.J., Backhouse, D., Burgess, L.W. and
Herridge, D.F. (1998) Chickpea in wheat-based cropping systems of northern New South
Wales. 1l. Influence on biomass, grain yield, and crown rot in the following wheat crop.
Aust J Agr Res 49, 401-407.

Feng, Z., Zhang, B., Ding, W., Liu, X., Yang, D.-L., Wei, P., Cao, F., Zhu, S., Zhang, F.,
Mao, Y. and Zhu, J.-K. (2013) Efficient genome editing in plants using a CRISPR/Cas
system. Cell Res 23, 1229-1232.

Feyissa, B.A., Arshad, M., Gruber, M.Y., Kohalmi, S.E. and Hannoufa, A. (2019) The
interplay between miR156/SPL13 and DFR/WD40-1 regulate drought tolerance in alfalfa.
BMC Plant Biol 19, doi:10.1186/s12870-019-2059-5.

Froger, A. and Hall, J.E. (2007) Transformation of plasmid DNA into E. cloi using the
heat shock method. J Vis Exp 6, doi:10.3791/253.

Gao, R., Austin, R.S., Amyot, L. and Hannoufa, A. (2016) Comparative transcriptome

investigation of global gene expression changes caused by miR156 overexpression in
Medicago sativa. BMC Genomics 17, doi:10.1186/s12864-016-3014-6.

79



Gao, R., Feyissa, B.A., Croft, M. and Hannoufa, A. (2018) Gene editing by CRISPR/Cas9
in the obligatory outcrossing Medicago sativa. Planta 247, 1043-1050.

Godfray, H.C.J., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F.,
Pretty, J., Robinson, S., Thomas, S.M. and Toulmin, C. (2010) Food security: the
challenge of feeding 9 billion people. Science 327, 812-818.

Gonzalez, A., Zhao, M., Leavitt, J.M. and Lloyd, A.M. (2008) Regulation of the
anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex in
Arabidopsis seedlings. Plant J 53, 814-827.

Gou, J.-Y., Felippes, F.F., Liu, C.-J., Weigel, D. and Wang, J.-W. (2011) Negative
regulation of anthocyanin biosynthesis in Arabidopsis by a miR156-targeted SPL
transcription factor. Plant Cell 23, 1512-1522.

Gou, J., Debnath, S., Liang, S., Flanagan, A., Tang, Y., Jiang, Q., Wen, J. and Wang, Z.-
Y. (2018) From model to crop: functional characterization of SPL8 in M. truncatula led to
genetic improvement of biomass yield and abiotic stress tolerance in alfalfa. Plant
Biotechnol J 16, 951-962.

Guerriero, G., Legay, S. and Hausman, J.-F. (2014) Alfalfa cellulose synthase gene
expression under abiotic stress: A hitchhiker’s guide to RT-qPCR normalization. PLoS
One 9, doi:10.1371/journal.pone.0103808.

Guo, A.-Y., Zhu, Q.-H., Gu, X,, Ge, S., Yang, J. and Luo, J. (2008) Genome-wide
identification and evolutionary analysis of the plant specific SBP-box transcription factor
family. Gene 418, 1-8.

Gupta, O.P., Dahuja, A., Sachdev, A., Kumari, S., Jain, P.K., Vinutha, T. and Praveen, S.
(2019) Conserved miRNAs modulate the expression of potential transcription factors of
isoflavonoid biosynthetic pathway in soybean seeds. Mol Biol Rep 46, 3713-3730.

Haley, S.D., Johnson, J.J., Peairs, F.B., Quick, J.S., Stromberger, J.A., Clayshulte, S.R.,
Butler, J.D., Rudolph, J.B., Seabourn, B.W., Bai, G., Jin, Y. and Kolmer, J. (2007)
Registration of ‘Ripper’ wheat. J Plant Regist 1, 1-6.

Halliwell, B. (2006) Reactive species and antioxidants. Redox biology is a fundamental
theme of aerobic life. Plant Physiol 141, 312-322.

Hardarson, G., Danso, S.K.A. and Zapata, F. (1988) Dinitrogen fixation measurements in
alfalfa-ryegrass swards using nitrogen-15 and influence of the reference crop. Crop Sci
28, 101-105.

Helliwell, C. and Waterhouse, P. (2003) Constructs and methods for high-throughput
gene silencing in plants. Methods 30, 289-295.

Hofgen, R. and Willmitzer, L. (1988) Storage of competent cells for Agrobacterium
transformation. Nucleic Acids Res 16, 9877.

80



Holsters, M., Silva, B., Van Vliet, F., Genetello, C., De Block, M., Dhaese, P., Depicker,
A., Inze, D., Engler, G., Villarroel, R., Van Montagu, M. and Schell, J. (1980) The
functional organization of the nopaline A. tumefaciens plasmid pRiC58. Plasmid 3, 212-
230.

Hood, E.E., Gelvin, S.B., Melchers, L.S. and Hoekema, A. (1993) New Agrobacterium
helper plasmids for gene transfer to plants. Transgenic Res 2, 208-218.

Hsu, P.D., Scott, D.A., Weinstein, J.A., Ran, F.A., Konermann, S., Agarwala, V., Li, Y.,
Fine, E.J., Wu, X., Shalem, O., Cradick, T.J., Marraffini, L.A., Bao, G. and Zhang, F.
(2013) DNA targeting specificity of RNA-guided Cas9 nucleases. Nat Biotechnol 31,
827-832.

Hua Fu, B.X., Hansen, L.L., Artiles, K.L., Nonet, M.L. and Fire, A.Z. (2014) Landscape
of target:guide homology effects on Cas9-mediated cleavage. Nucleic Acids Res 42,
13778-13787.

Huang, D., Wu, W., Abrams, S.R. and Cutler, A.J. (2008) The relationship of drought-
related gene expression in Arabidopsis thaliana to hormonal and environmental factors. J
Exp Bot 59, 2991-3007.

Hutvagner, G. and Zamore, P.D. (2002) A microRNA in a multiple-turnover RNAI
enzyme complex. Science 297, 2056-2060.

Jones, W.T. and Mangan, J.L. (1977) Complexes of the condensed tannins of sainfoin
(Onobrychis viciifolia Scop.) with fraction 1 leaf protein and with submaxillary
mucoprotein, and their reversal by polyethylene glycol and pH. J Sci Food Agr 28, 126-
136.

Jones, K.M., Kobayashi, H., Davies, B.W., Taga, M.E. and Walker, G.C. (2007) How
rhizobial symbionts invade plants: the Sinorhizobium—Medicago model. Nat Rev
Microbiol 5, 619-633.

Jonker, A., Gruber, M.Y., Wang, Y., Narvaez, N., Coulman, B., McKinnon, J.J.,
Christensen, D.A., Azarfar, A. and Yu, P. (2012) Fermentation, degradation and
microbial nitrogen partitioning for three forage colour phenotypes within anthocyanidin-
accumulating Lc-alfalfa progeny. J Sci Food Agr 92, 2265-2273.

Ké&hkonen, M.P. and Heinonen, M. (2003) Antioxidant activity of anthocyanins and their
aglycons. J Agr Food Chem 51, 628-633.

Kang, T., Yu, C.-Y., Liu, Y., Song, W.-M., Bao, Y., Guo, X.-T., Li, B. and Zhang, H.-X.
(2020) Subtly manipulated expression of ZmmiR156 in tobacco improves drought and
salt tolerance without changing the architecture of transgenic plants. Front Plant Sci 10,
doi:10.3389/fpls.2019.01664.

Karimi, M., Depicker, A. and Hilson, P. (2007) Recombinational cloning with plant
gateway vectors. Plant Physiol 145, 1144-1154.

81



Khvorova, A., Reynolds, A. and Jayasena, S.D. (2003) Functional siRNAs and miRNAs
exhibit strand bias. Cell 115, 209-216.

Klein, J., Saedler, H. and Huijser, P. (1996) A new family of DNA binding proteins
includes putative transcriptional regulators of the Antirrhinum majus floral meristem
identity gene SQUAMOSA. Mol Gen Genet 250, 7-16.

Kochian, L.V. (1995) Cellular mechanisms of aluminum toxicity and resistance in plants.
Annu Rev Plant Physiol Plant Mol Biol 46, 237-260.

Lagos-Quintana, M., Rauhut, R., Meyer, J., Borkhardt, A. and Tuschl, T. (2003) New
microRNAs from mouse and human. RNA 9, 175-179.

Lamaoui, M., Jemo, M., Datla, R. and Bekkaoui, F. (2018) Heat and drought stresses in
crops and approaches for their mitigation. Front Chem 6, doi:10.3389/fchem.2018.00026.

Lau, N.C., Lim, L.P., Weinstein, E.G. and Bartel, D.P. (2001) An abundant class of tiny
RNAs with probable regulatory roles in Caenorhabditis elegans. Science 294, 858-862.

Lee, R.C., Feinbaum, R.L. and Ambros, V. (1993) The C. elegans heterochronic gene lin-
4 encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843-854.

Lee, R.C. and Ambros, V. (2001) An extensive class of small RNAs in Caenorhabditis
elegans. Science 294, 862-864.

Lei, Y., Lu, L., Liu, H.-Y., Li, S., Xing, F. and Chen, L.-L. (2014) CRISPR-P: a web tool
for synthetic single-guide RNA design of CRISPR-system in plants. Mol Plant 7, 1494-
1496.

Leschine, S.B. (1995) Cellulose degradation in anaerobic environments. Annu Rev
Microbiol 49, 399-426.

Li, R.-J., Li, L.-M., Liu, X.-L., Kim, J.-C., Jenks, M.A. and L0, S. (2019) Diurnal
regulation of plant epidermal wax synthesis through antagonistic roles of the transcription
factors SPL9 and DEWAX. Plant Cell 31, 2711-2733.

Liang, G., Zhang, H., Lou, D. and Yu, D. (2016) Selection of highly efficient sgRNAs for
CRISPR/Cas9-based plant genome editing. Sci Rep 6, doi:10.1038/srep21451.

Liebman, M. and Dyck, E. (1993) Crop rotation and intercropping strategies for weed
management. Ecol Appl 3, 92-122.

Liu, H., Ding, Y., Zhou, Y., Jin, W., Xie, K. and Chen, L.-L. (2017) CRISPR-P 2.0: an
improved CRISPR-Cas9 tool for genome editing in plants. Mol Plant 10, 530-532.

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 22T method. Methods 25, 402-408.

82



Llave, C., Kasschau, K.D., Rector, M.A. and Carrington, J.C. (2002) Endogenous and
silencing-associated small RNAs in plants. Plant Cell 14, 1605-16109.

Ma, Y., Szostkiewicz, I., Korte, A., Moes, D., Yang, Y., Christmann, A. and Grill, E.
(2009) Regulators of PP2C phosphatase activity function as abscisic acid sensors. Science
324, 1064-1068

Ma, X., Zhang, Q., Zhu, Q., Liu, W., Chen, Y., Qiu, R., Wang, B., Yang, Z., Li, H., Lin,
Y., Xie, Y., Shen, R., Chen, S., Wang, Z., Chen, Y., Guo, J., Chen, L., Zhao, X., Dong, Z.
and Liu, Y.-G. (2015) A robust CRISPR/Cas9 system for convenient, high-efficiency
multiplex genome editing in monocot and dicot plants. Mol Plant 8, 1274-1284.

Ma, Y., Schwenke, G., Sun, L., Liu, D.L., Wang, B. and Yang, B. (2018) Modeling the
impact of crop rotation with legume on nitrous oxide emissions from rain-fed agricultural
systems in Australia under alternative future climate scenarios. Sci Total Environ 630,
1544-1552.

Mangan, J.L. (1959) Bloat in cattle. New Zeal J Agr Res 2, 47-61.

Markovié¢, J., Radovi¢, J., Lugi¢, Z. and Sokolovié, D. (2007) The effect of development
stage on chemical composition of alfalfa leaf and stem. Biotech Anim Husbandry 23, 383-
388.

Mathonnet, G., Fabian, M.R., Svitkin, Y.V., Parsyan, A., Huck, L., Murata, T., Biffo, S.,
Merrick, W.C., Darzynkiewicz, E., Pillai, R.S., Filipowicz, W., Duchaine, T.F. and
Sonenberg, N. (2007) MicroRNA inhibition of translation initiation in vitro by targeting
the cap-binding complex elF4F. Science 317, 1764-1767.

Matthews, C., Arshad, M. and Hannoufa, A. (2019) Alfalfa response to heat stress is
modulated by microRNA156. Physiol Plant 165, 830-842.

Maybank, J., Bonsai, B., Jones, K., Lawford, R., O'Brien, E.G., Ripley, E.A. and
Wheaton, E. (1995) Drought as a natural disaster. Atmos Ocean 33, 195-222.

Meng, Y., Hou, Y., Wang, H., Ji, R, Liu, B., Wen, J., Niu, L. and Lin, H. (2017)
Targeted mutagenesis by CRISPR/Cas9 system in the model legume Medicago
truncatula. Plant Cell Rep 36, 371-374.

Meyer, R.F. and Boyer, J.S. (1972) Sensitivity of cell division and cell elongation to low
water potentials in soybean hypocotyls. Planta 108, 77-87.

Nakatsuka, T., Abe, Y., Kakizaki, Y., Yamamura, S. and Nishihara, M. (2007) Production
of red-flowered plants by genetic engineering of multiple flavonoid biosynthetic genes.
Plant Cell Rep 26, 1951-1959.

Neff, M.M. and Chory, J. (1998) Genetic interactions between phytochrome A,
phytochrome B, and cryptochrome 1 during Arabidopsis development. Plant Physiol 118,
27-35.

83



Nekrasov, V., Staskawicz, B., Weigel, D., Jones, J.D.G. and Kamoun, S. (2013) Targeted
mutagenesis in the model plant Nicotiana benthamiana using Cas9 RNA-guided
endonuclease. Nat Biotechnol 31, 691-693.

Olsen, P.H. and Ambros, V. (1999) The lin-4 regulatory RNA controls developmental
timing in Caenorhabditis elegans by blocking LIN-14 protein synthesis after the initiation
of translation. Dev Biol 216, 671-680.

Petersen, C.P., Bordeleau, M.-E., Pelletier, J. and Sharp, P.A. (2006) Short RNAS repress
translation after initiation in mammalian cells. Mol Cell 21, 533-542.

Pillai, R.S., Bhattacharyya, S.N., Artus, C.G., Zoller, T., Cougot, N., Basyuk, E.,
Bertrand, E. and Filipowicz, W. (2005) Inhibition of translational initiation by Let-7
microRNA in human cells. Science 309, 1573-1576.

Radovi¢, J., Sokolovi¢, D. and Markovi¢, J. (2009) Alfalfa-most important perennial
forage legume in animal husbandry. Biotech Anim Husbandry 25, 465-475.

Rajwanshi, R., Chakraborty, S., Jayanandi, K., Deb, B. and Lightfoot, D.A. (2014)
Orthologous plant microRNAs: microregulators with great potential for improving stress
tolerance in plants. Theor Appl Genet 127, 2525-2543.

Reinhart, B.J., Slack, F.J., Basson, M., Pasquinelli, A.E., Bettinger, J.C., Rougvie, A.E.,
Horvitz, H.R. and Ruvkun, G. (2000) The 21-nucleotide let-7 RNA regulates
developmental timing in Caenorhabditis elegans. Nature 403, 901-906.

Reinhart, B.J., Weinstein, E.G., Rhoades, M.W., Bartel, B. and Bartel, D.P. (2002)
MicroRNAs in plants. Genes Dev 16, 1616-1626.

Rhoades, M.W., Reinhart, B.J., Lim, L.P., Burge, C.B., Bartel, B. and Bartel, D.P. (2002)
Prediction of plant microRNA targets. Cell 110, 513-520.

Rice-Evans, C.A., Miller, N.J. and Paganga, G. (1996) Structure-antioxidant activity
relationships of flavonoids and phenolic acids. Free Radical Biol Med 20, 933-956.

Rivero, R.M., Kojima, M., Gepstein, A., Sakakibara, H., Mittler, R., Gepstein, S. and
Blumwald, E. (2007) Delayed leaf senescence induces extreme drought tolerance in a
flowering plant. Proc Natl Acad Sci USA 104, 19631-19636.

Riegsegger, A., Schmutz, D. and Brunold, C. (1990) Regulation of glutathione synthesis
by cadmium in Pisum sativum L. Plant Physiol 93, 1579-1584.

Russelle, M.P. (2001) Alfalfa: after an 8,000-year journey, the "Queen of Forages" stands
poised to enjoy renewed popularity. Am Sci 89, 252-261.

Salinas, M., Xing, S., Héhmann, S., Berndtgen, R. and Huijser, P. (2012) Genomic
organization, phylogenetic comparison and differential expression of the SBP-box family
of transcription factors in tomato. Planta 235, 1171-1184.

84



Sarker, U. and Oba, S. (2018) Catalase, superoxide dismutase and ascorbate-glutathione
cycle enzymes confer drought tolerance of Amaranthus tricolor. Sci Rep 8,
d0i:10.1038/s41598-018-34944-0.

Schaefer, M.H. and Rolshausen, G. (2006) Plants on red alert: do insects pay attention?
Bioessays 28, 65-71.

Schakel, K. and Hall, A. (1979) Reversible leaflet movements in relation to drought
adaptation of cowpeas, Vigna unguiculata (L.) Walp. Aust J Plant Physiol 6, 265-276.

Schindler, D.W. and Donahue, W.F. (2006) An impending water crisis in Canada's
western prairie provinces. Proc Natl Acad Sci USA 103, 7210-7216.

Schwab, R., Palatnik, J.F., Riester, M., Schommer, C., Schmid, M. and Weigel, D. (2005)
Specific effects of microRNAs on the plant transcriptome. Dev Cell 8, 517-527.

Schwarz, S., Grande, A.V., Bujdoso, N., Saedler, H. and Huijser, P. (2008) The
microRNA regulated SBP-box genes SPL9 and SPL15 control shoot maturation in
Arabidopsis. Plant Mol Biol 67, 183-195.

Seufert, V., Ramankutty, N. and Foley, J.A. (2012) Comparing the yields of organic and
conventional agriculture. Nature 485, 229-234.

Shan, Q., Wang, Y., Li, J., Zhang, Y., Chen, K., Liang, Z., Zhang, K., Liu, J., Xi, J.J.,
Qiu, J.-L. and Gao, C. (2013) Targeted genome modification of crop plants using a
CRISPR-Cas system. Nat Biotechnol 31, 686-688.

Shikata, M., Koyama, T., Mitsuda, N. and Ohme-Takagi, M. (2009) Arabidopsis SBP-
box genes SPL10, SPL11 and SPL2 control morphological change in association with
shoot maturation in the reproductive phase. Plant Cell Physiol 50, 2133-2145.

Sicher, R.C., Timlin, D. and Bailey, B. (2012) Responses of growth and primary
metabolism of water-stressed barley roots to rehydration. J Plant Physiol 169, 686-695.

Spollen, W.G., LeNoble, M.E., Samuels, T.D., Berstein, N. and Sharp, R.E. (2000)
Abscisic acid accumulation maintains maize primary root elongation at low water
potentials by restricting ethylene production. Plant Physiol 122, 967-976.

Statistics Canada 2016. Hay and field Ccrops. Available at
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210041601&pickMembers%5B0
%5D=1.1&pickMembers%5B1%5D=2.22

Sun, G., Stewart, C.N., Xiao, P. and Zhang, B. (2012) MicroRNA expression analysis in
the cellulosic biofuel crop switchgrass (Panicum virgatum) under abiotic stress. PLoS
One 7, doi:10.1371/journal.pone.0032017.

Syakila, A. and Kroeze, C. (2011) The global nitrous oxide budget revisited. Greenh Gas
Meas Manag 1, 17-26.

85


https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210041601&pickMembers%5B0%5D=1.1&pickMembers%5B1%5D=2.22
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210041601&pickMembers%5B0%5D=1.1&pickMembers%5B1%5D=2.22

Taylor, J. and Woodcock, S. (2015) A perspective on the future of high-throughput RNAI
screening: will CRISPR cut out the competition or can RNAI help guide the way? J
Biomol Screen 20, 1040-1051.

Tian, L., Wang, H., Wu, K., Latoszek-Green, M., Hu, M., Miki, B. and Brown, D.C.W.
(2002) Efficient recovery of transgenic plants through organogenesis and embryogenesis
using a cryptic promoter to drive marker gene expression. Plant Cell Rep 20, 1181-1187.

Tilman, D., Balzer, C., Hill, J. and Befort, B.L. (2011) Global food demand and the
sustainable intensification of agriculture. Proc Natl Acad Sci USA 108, 20260-20264.

Tonhasca, A. and Byrne, D.N. (1994) The effects of crop diversification on herbivorous
insects: a meta-analysis approach. Ecol Entomol 19, 239-244.

Turner, N.C. (1988) Measurement of plant water status by the pressure chamber
technique. Irrig Sci 9, 289-308.

Umezawa, T., Sugiyama, N., Mizoguchi, M., Hayashi, S., Myouga, F., Yamaguchi-
Shinozaki, K., Ishihama, Y., Hirayama, T. and Shinozaki, K. (2009) Type 2C protein
phosphatases directly regulate abscisic acid-activated protein kinases in Arabidopsis.
Proc Natl Acad Sci USA 106, 17588- 17593.

Vanacker, H., Sandalio, L.M., Jiménez, A., Palma, J.M., Corpas, F.J., Meseguer, V.,
Gomez, M., Sevilla, F., Leterrier, M., Foyer, C.H. and del Rio, L.A. (2006) Roles for
redox regulation in leaf senescence of pea plants grown on different sources of nitrogen
nutrition. J Exp Bot 57, 1735-1745.

Volenec, J.J., Cunningham, S.M., Haagenson, D.M., Berg, W.K., Joern, B.C. and
Wiersma, D.W. (2002) Physiological genetics of alfalfa improvement: past failures,
future prospects. Field Crops Res 75, 97-110.

Vranova, E., Atichartpongkul, S., Villarroel, R., Van Montagu, M., Inzé, D. and Van
Camp, W. (2002) Comprehensive analysis of gene expression in Nicotiana tabacum
leaves acclimated to oxidative stress. Proc Natl Acad Sci USA 99, 10870-10875.

Waghorn, G.C., Ulyatt, M.J., John, A. and Fisher, M.T. (1987) The effect of condensed
tannins on the site of digestion of amino acids and other nutrients in sheep fed on Lotus
corniculatus L. Brit J Nutr 57, 115-126.

Wang, Y., Berg, B.P., Barbieri, L.R., Veira, D.M. and McAllister, T.A. (2006)
Comparison of alfalfa and mixed alfalfa-sainfoin pastures for grazing cattle: effects on
incidence of bloat, ruminal fermentation, and feed intake. Can J Anim Sci 86, 383-392.

Wang, H. and Wang, H. (2015) The miR156/SPL module, a regulatory hub and versatile
toolbox, gears up crops for enhanced agronomic traits. Mol Plant 8, 677-688.

Weatherley, P.E. (1950) Studies in the water relations of the cotton plant I. The field
measurement of water deficits in leaves. New Phytol 49, 81-97.

86



Weyer, P.J., Cerhan, J.R., Kross, B.C., Hallberg, G.R., Kantamneni, J., Breuer, G., Jones,
M.P., Zheng, W. and Lynch, C.F. (2001) Municipal drinking water nitrate level and
cancer risk in older women: the lowa women's health study. Epidemiology 12, 327-338.

Wu, L., Fan, J. and Belasco, J.G. (2006) MicroRNAs direct rapid deadenylation of
mRNA. Proc Natl Acad Sci USA 103, 4034-4039.

Wu, G. and Poethig, R.S. (2006) Temporal regulation of shoot development in
Arabidopsis thaliana by miR156 and its target SPL3. Development 133, 3539-3547.

Wu, G., Park, M.Y., Conway, S.R., Wang, J.-W., Weigel, D. and Poethig, R.S. (2009)
The sequential action of miR156 and miR172 regulates developmental timing in
Arabidopsis. Cell 138, 750-759.

Xie, K. and Yang, Y. (2013) RNA-guided genome editing in plants using a CRISPR—Cas
system. Mol Plant 6, 1975-1983.

Xu, Y. Xu, H., Wall, M.M. and Yang, J. (2020) Roles of transcription factor
SQUAMOSA promoter binding protein-like gene family in papaya (Carica papaya)
development and ripening. Genomics, doi:10.1016/j.ygeno.2020.03.009

Yamasaki, K., Kigawa, T., Inoue, M., Tateno, M., Yamasaki, T., Yabuki, T., Aoki, M.,
Seki, E., Matsuda, T., Nunokawa, E., Ishizuka, Y., Terada, T., Shirouzu, M., Osanai, T.,
Tanaka, A., Seki, M., Shinozaki, K. and Yokoyama, S. (2004) A novel zinc-binding motif
revealed by solution structures of DNA-binding domains of Arabidopsis SBP-family
transcription factors. J Mol Biol 337, 49-63.

Yu, N., Niu, Q.-W., Ng, K.-H. and Chua, N.-H. (2015) The role of miR156/SPLs
modules in Arabidopsis lateral root development. Plant J 83, 673-685.

Zeng, Q.-Y., Yang, C.-Y., Ma, Q.-B., Li, X.-P., Dong, W.-W. and Nian, H. (2012)
Identification of wild soybean miRNAs and their target genes responsive to aluminum
stress. BMC Plant Biol 12, d0i:10.1186/1471-2229-12-182.

Zhang, J. and Davies, W.J. (1989) Sequential response of whole plant water relations to
prolonged soil drying and the involvement of xylem sap ABA in the regulation of
stomatal behaviour of sunflower plants. New Phytol 113, 167-174.

Zhang, K., Raboanatahiry, N., Zhu, B. and Li, M. (2017) Progress in genome editing
technology and its application in plants. Front Plant Sci 8, doi:10.3389/fpls.2017.00177.

Zheng, J., Ma, Y., Zhang, M., Lyu, M., Yuan, Y. and Wu, B. (2019) Expression pattern of
Ft/TFL1 and miR156-targeted SPL genes associated with developmental stages in
Dendrobium catenatum. Int J Mol Sci 20, doi:10.3390/ijms20112725.

87



Appendix A

Primers utilized and the project in which they were used.

Appendices

Primer Name Primer Sequence Primer Use

SPLO9RNAi_F  CACCCTCTCTCTTCTGTCAAATCAAACA  SPL9-RNAI construct cloning
TGGG

SPLO9RNAI_R TTACAGTGACCATTGAGAAGATTCATA SPL9-RNAI construct cloning

GG

LA-MsSPL9-Fgql AGATACAGCTCTTGCTACTG
LA-MsSPL9-Rql1 GTTGAGAATGTTGAACTGAC

DFR-F
DFR-R
CAT1-F
CAT1-R
GSH-F
GSH-R
ms_ADF1gF
ms_ADF1gR
ms_EIF4AqF
ms_EIF4AQR
LH_Cas9_F1
LH_Cas9 R1
MtU6-F

MtU6-R
Scaffold-R

GTTTGTGTCACAGGGGCTTC
TTCAAGTTTTCTGGGTCGCG
GAAAAGCTTGCCCAATTTGA
ATGACGGGTGTCTGAACTCC
ACGCTTCCCAGCTTTAATGA
CCCCAACAAGAAGACCATTG
TCAAGGCGAAAAGGACACAC
AAAACAGCATAGCGGCACTC
TGCTAAGTTGCCTGAAACCG
TGCCCATGTTTTCACCTTGC
CCAGAGAAAATCAGACCACA
CTTGAGGCATAGAGAGAACC

GCTTAGGCCTTCTAGAATCCAACATTTC
ACTTGAGTTAACT
AAACCCTGCTGTTCGTCTAG

GGCAACGCGTTCTAGAAAAAAAAGCAC
CGACTCGGTGC

gPCR — SPL9 transcript level
gPCR — SPLJ9 transcript level
gPCR — DFR transcript level
gPCR — DFR transcript level
gPCR — CAT1 transcript level
gPCR — CATL1 transcript level
gPCR — GSH transcript level
gPCR — GSH transcript level
gPCR (reference gene) - MsADF
gPCR (reference gene) - MsADF
gPCR (reference gene) — MselF4A
gPCR (reference gene) — MselF4A
PCR — SpCas9 amplification

PCR — SpCas9 amplification

PCR — MtU6 amplification

PCR — MtU6 amplification
PCR - MtU6:sgRNA amplification
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Appendix B

Full length Medicago sativa SPL9 cDNA (Gao et al., 2016) with the protein coding
sequence highlighted in yellow, the miR156 recognition sequence shown in red bolded
text, SPLORNAI_F/R primers labelled with a single underline, LA-MsSPL9-Fq1/Rql
primers labelled with a double underline, and the portion of the sgRNA used to target
MsSPL9 using CRISPR is shown in black bolded text.

ATACGCTGCACTGCATCACTGCACTGAACTGGGTTCCTGCCAACAATACATATGGCCCAGCAGTGTCAACTC
ACTTCTTCCTTCCACCTCTTCCTCTTTTGTCTTCCACTTCACTTTTCCACTATCATTCACTCTCTTCTTTTT
TTAATGTTTTCACTTTAACCAACAATAACAACCACCACTCCCCAGACCCCCCTCACCTATACTATTCTCTCA
CTCTTACACTCACACTTCACTTCACTTCACTTATCTCTCACCAATGAACACAATCTAGCAACCACCACCAAA
CCTCACACCAATGGATTCAGGAGGCAACTCTTCTTCGGAAGAGTCCTCTCTTAATGGCTTAAAATTTGGCCA
ACGAATCTATTTTGAAGATACAGCTCTTGCTACTGCTGCTGCTGCTACTTCTACCACCATTGCTGCTAGTTC
TTCTTCTTCTTCTGGTTCAAAGAAAGGAAGAGGTGGGTCAGTTCAACATTCTCAACCACCTCGGTGTCAAGT
TGAAGGATGTAAACTAGATCTGACTGATGCTAAAGCTTACTATTCTAGACACAAAGTTTGTAGCATGCACTC
TAAGTGCCCAACTGTTACTGTTTCTGGTCTACAACAAAGGTTTTGTCAACAATGTAGCAGATTTCATCAGCT
TGCTGAGTTTGATCAAGGAAAAAGAAGTTGCCGGAGACGACTAGCTGGTCATAACGAGCGTCGCAGAAAGCC
CCCACCCAGCTCTCTCTTAACCTCACGTTTTGCCAGGCTTTCTTCATCTGTTTTTGGTAACAGTGACAGAGG
TGGCAGCTTCTTGATGGAATTTGCTTCAAACCCAAAACTTAGTCTGAGAAATTCACTTCCACCACCCGGAAA
TCAGACCACAACAATCGGTTGGCCTTGGCCGGGGAACACGGAGTCGCCATCTGACAACCTTTTCTTGCAAGG
TTCGGTGGGTGGGACAAGCTTCCCTGGTGCCAGGCATCCTCCCGAGGAAACTTACACCGGAGTCACAGATTC
AAACTGTGCTCTCTCTCTTCTGTCAAATCAAACATGGGGTTCTCGAAACACAGAACCAAGTCCTGAATTGAA
TAACATGCTGAATTTCAATGGGACATCCATGACACAACATGCTACATCTTCTCATGGTGTAGCCATGCATCA
AATTCCAAACAATTACGAGGTTGTCCCTGATCTTGGTCGGGGTCACATTTCGCAGCCTCTTGGTAGCCAACT
CTCTGGTGAGCTTGATCTGTCGCAGCAGGGAAGGAGGCATTATATGGATGTAGAACATTCCAGGGCCTATGA
ATCTTCTCAATGGTCACTGTAATGCACTTGTTTGCTTTCAGGTTTGTAATAACATGTTTCACAAATATTTGA
ACTCAGGAAAGTGAGAAGTGAACTAAGGCATACTTGATGCTCTTGCTTGTTTTGGTTTGTTTAAACTGTTAG
GCAAGGTGGGGCTAGCCTTGCTTCACTTTGTGGTTTGTAATCTCTTCCTAGTTATTTGAGATTATCATGGTT
TCAAATTTCAGGAAGTTGTTTGATGTGGATTTGGTTGCACCTTTGTAGCATTGTGATTGTGAAAATTGCAAA
TAAATGTTGCAATAGCGGCTTGAATCAATTTTATGTTTGCATTGAATGAT
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