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ABSTRACT

Development rate, the rate at which plants produce new nodes/leaves, is crucial for
determining crop readiness for harvest. Enhancing our genetic understanding and ability to
manipulate this rate can lead to faster crop cycles, increased yield, and more efficient production,
particularly for plants with short lifecycles or those harvested in the vegetative stage. Despite
existing knowledge from other crops like Arabidopsis and rice, significant gaps remain in our
understanding of development rate control. This dissertation investigates the genetic mechanisms
controlling development rate in Petunia x hybrida and Stevia rebaudiana to improve crop timing
and yield. Petunia, a popular annual bedding plant, often relies on heated greenhouse production
in cooler climates. Identifying genetic factors regulating development rate in petunia is essential
for reducing production costs and accelerating development rate at sub-optimal temperatures.
The first objective was to evaluate the effect of candidate genes identified in previous studies by
using virus-induced gene silencing (VIGS). Despite variable silencing efficiency and phenotypic
data variability, the MEI2-likel RNA binding protein emerged as a promising candidate,
warranting further investigation with stable transformation methods. The second study employed
an F7 recombinant inbred line (RIL) population developed from P. axillaris and P. exserta (AE
population) to identify genes differentially expressed between fast- and slow-developing AE
RILs. DEGs included genes related to auxin polar transport, gibberellin signaling, MATE efflux
transporters, and the 20G-Fe(Il) dependent oxygenase superfamily, among others. Common
DEGs between AE and a previous RIL study involved cell-wall mechanics related genes such as
PECTINACETYLESTERASE FAMILY PROTEIN and L-ASCORBATE OXIDASE, providing
crucial insights into genetic factors influencing development rate. Stevia, known for its zero-

calorie sweetening compounds produced by leaf, benefits from breeding faster-developing



varieties to enable multiple harvests per season. Stevia leaf yield depends on morphological traits
such as leaf size, leaf production rate, plant canopy width and branch production. An F1 mapping
population of 200 individuals was evaluated over two years at two field locations in Michigan
for leaf-yield related traits. We generated a novel high-density SNP-based linkage map with
eleven linkage groups encompassing eleven chromosomes. QTLs were identified at all four
environments for traits such as maximum width, secondary branching, leaf length, and plant
vigor, explaining 7-15% of phenotypic variation. Overlapping QTL regions were identified for
traits including secondary branching, minimum canopy width, and leaf width explaining 7-15%
of phenotypic variation. Differential expression analysis of F1 lines with contrasting
development rates highlighted genes related to auxin efflux carrier proteins (PIN-like 2), auxin
biosynthesis (YUC?2), and cell wall loosening enzymes (EXPANSIN). Notably, CYP78410, an
ortholog of the Arabidopsis KLUH gene known to slow development rate, was upregulated in the
slow development rate lines. Results from both species suggest that development rate is a
complex process regulated by multiple factors, starting in the shoot apical meristem (SAM)
through auxin polar transport, cell wall mechanics, and communication signals from emerging
leaf primordia to the SAM. This research lays the foundation for breeding programs aimed at

accelerating crop timing and increasing yield, enhancing overall crop production efficiency.



This dissertation is dedicated to my Parents and Grandfather.
Thank you for always believing in me!!

v



ACKNOWLEDGEMENTS

I would like to extend my heartfelt gratitude to my supervisor, Dr. Ryan Warner, for his
exceptional mentoring and unwavering support throughout my PhD journey. His guidance has
been invaluable, and I am deeply appreciative of his patience and wisdom!!

I also want to express my sincere thanks to my lab members, Sue Hammar, Nate
Durussel, Keivan Bahmani, and all the undergraduates I have worked with. Your support and
contributions have significantly enriched my research experience! This journey would not have
been possible without the support of my committee members, Dr. Corny Barry, Dr. Courtney
Hollender, and Dr. Dechun Wang. Your insights and encouragement have been crucial in
shaping my work! Additionally, I extend my gratitude to Dr. Joseph Hill, Joseph Coombs, and
Mohit Mahey for their assistance and contributions!

To the horticulture staff, your dedication and expertise have been instrumental in the
success of my journey. Thank you for your unwavering support and hard work!

To my office mates and friends, Andrea and Charity, your kindness, help, and
camaraderie have made this journey so much more enjoyable! I am grateful for your presence
and support!!

I am deeply thankful to my parents for giving me this life. My mom’s unwavering
support and sacrifices to provide us with quality education and a good life are beyond words.
Thank you, Mom, for letting me live my dreams! I don’t say it enough, but I appreciate you and
love so much!!

Papa, [ miss you every day and wish you were here to see this accomplishment! I

wouldn’t be here today if it weren’t for you!!



To my Grandfather, thank you for raising me and my siblings with love and invaluable
values!! I know you continue to be my biggest cheerleader in spirit!!

To my wonderful husband, Parminder, you are my rock and my blessing! You make my
life more beautiful and meaningful!! Thank you for loving me unconditionally, especially on the
days I struggled to love myself. You celebrated my achievements and comforted me during my
setbacks, always reminding me of my worth and potential. I am so grateful for your unwavering
support and endless encouragement!! I promise to make more time for us now that this chapter is
complete. You are my partner, my confidant, and my best friend, and I am forever thankful for
your presence in my life!!

To my siblings, Kamal and Navu, your love means everything to me! Kamal, you've been
not just a brother but also a role model and father figure, and I deeply appreciate you. Thank you
for your immense contributions to our family! Your guidance, encouragement, and unwavering
belief in me have played a pivotal role in my success. Navu, my dear sister, your constant
support, understanding, and love have been a constant source of comfort and strength for me!

A heartfelt thanks also goes to my brother-in-law, Aman, for his unwavering support and
kindness in numerous ways, and to my sister-in-law, Rupinder, for being an integral part of our
family!

To my second family, Mom, Dad, and sister-in-law (Jyoti), your love and support have
not gone unnoticed. Thank you for welcoming me into the family and always being there for
me!!

To my adorable nephews, Arjan and Amarbir, and my beautiful niece Rehmat, your

charm and innocence have brought so much joy to my life during this journey! Daler, our

vi



nephew, although we lost you too soon and couldn’t see you growing, you will always be
remembered as God’s favorite child!!

To my Uncle and Aunt, Nirmal and Ginni, you have been an essential part of this
journey. When I decided to move away from home for grad school, your encouragement and
support made this decision so much easier. Thank you for always being there for me and treating
me like your own!

To my dear friends Manjot, Nancy, and Karan, you were my second home during grad
school. Your friendship and support have been invaluable. Manjot, your care, and kindness over
the past four years will always stay with me!! To my other grad school friends, Harkirat, Mohit,
and Sukhdeep, it was a pleasure meeting you and sharing this journey!

Finally, to my childhood friends, Aman, Bhav, Taran, Ruby, and Rajwinder and my
cousin Amolak, thank you for always believing in me and offering endless support. You keep me
grounded, and your encouragement has been a powerful influence in my life!

Above all, I am deeply grateful to God for His endless blessings and guidance. Y our
grace and strength have carried me through this journey, and I am forever thankful!

This dissertation is a testament to the love, support, and encouragement I have received
from all of you.

Thank you!!

vil



TABLE OF CONTENTS
CHAPTER 1 LITERATURE REVIEW L. 1
CHAPTER 2 EVALUATING THE EFFECT OF TRANSIENTLY SILENCED
CANDIDATE GENE EXPRESSION ON PETUNIA DEVELOPMENT RATE BY USING
VIRUS INDUCED GENE SILENCING (VIGS). ..ottt 13

CHAPTER 3 TRANSCRIPTOMIC ANALYSIS OF PETUNIA RECOMBINANT INBRED
LINES (RILS) WITH CONTRASTING DEVELOPMENT RATES..........c.ociiiiiinns 43

CHAPTER 4 IDENTIFICATION OF QUANTITATIVE TRAIT LOCI (QTL) RELATED
TO STEVIA DEVELOPMENT RATE AND OTHER LEAF YIELD RELATED TRAITS...... 84

CHAPTER 5 TRANSCRIPTOMIC ANALYSIS OF STEVIA Fi LINES WITH
CONTRASTING DEVELOPMENT RATES. ... 139

BIBLIOGRAPHY ... e 189

AP PEN D X . . 206

viii



CHAPTER 1

LITERATURE REVIEW



INTRODUCTION

Crop plants grow at different speeds due to their different development rates, defined as
the rate of nodes/leaves produced over time (Warner and Walworth, 2010). Development rate is
an important biological phenomenon determining when crops are ready to harvest i.e. time to
first crop yield. It indirectly influences seasonal biomass accumulation in forage and bioenergy
crops by influencing how many leaves are available for photosynthetic carbon fixation. Since
development rate varies between plant species and even within groups of plants, there is a
potential to change it to improve how efficiently crops grow and produce. This could involve
encouraging earlier flowering or fruiting, leading to quicker harvests and higher yields.
Therefore, it is desirable to study the genetic control of development rate.

The long-term goal of studying the genetics of development rate is to use this knowledge
for speeding up crop timing even in less-than-ideal conditions and boosting overall crop
production. This could mean more frequent harvests and increased yield, especially in plants
with short lifecycles or those harvested in vegetative stage. My dissertation will focus on
studying the genetic basis of development rate in two specific crops, Petunia x hybrida and
Stevia rebaudiana. The insights gained from this research could pave the way for breeding new
varieties of crops that develop faster and produce more efficiently.

BACKGROUND

During post-embryonic development, the shoot apical meristem (SAM) orchestrates the
formation of nodes in a coordinated manner, influencing plant architecture through the regulation
of two fundamental aspects: temporal (plastochron) and spatial (phyllotaxy) patterns (Stuurman
et al., 2002) of node production. Plastochron, defined as the inverse of developmental rate,

represents the time interval between the production of successive nodes (Wang et al., 2008;



Vallejo et al., 2015). Phyllotaxy, on the other hand, denotes the spatial arrangement of leaves
along the stem (Giulini et al., 2004). Historically, two models have been proposed to elucidate
leaf initiation. The first model posits the presence of a diffusible substance in the SAM and
existing leaf primordia, inhibiting the formation of subsequent leaf primordia (Snow and Snow,
1932). Conversely, the second model suggests that physical forces within the SAM dictate
phyllotactic arrangements (Selker et al., 1992; Green et al., 1996). However, the genetic
underpinnings of these models remain elusive.

Genetic and molecular investigations have provided insights into the mechanisms
governing leaf initiation. Notably, polar auxin transport emerges as a critical determinant in
specifying the site of leaf initiation at regular intervals (plastochron) (Reinhardt et al., 2000).
Following the emergence of newly formed leaf primordia, they function as sites of auxin sink
activity. Consequently, auxin is depleted from the immediate vicinity of these primordia, leading
to its accumulation at a distinct distance where subsequent leaf primordia are initiated (Reinhardt
et al., 2003). Furthermore, mutations in genes such as TERMINAL EAR 1 (TEI) in maize (Veit et
al., 1998) and ALTERED MERISTEM PROGRAM 1 (AMP]) in Arabidopsis (Helliwell et al.,
2001), encoding an MEI2-like RNA binding protein and glutamate carboxypeptidase,
respectively, have been associated with alterations in both plastochron and phyllotaxy,
accompanied by changes in cytokinin levels. Given the pleiotropic effects of these genes, a
focused examination of the genetic basis of plastochron, distinct from spatial considerations, is
critical. This approach holds promise for elucidating the molecular intricacies underlying
temporal regulation of leaf initiation in plant development.

Previous research has delved into plastochron-associated genes in several species. For
instance, in rice, the gene PLASTOCHRONI (PLA1I), along with its Arabidopsis ortholog KLUH,

which encodes the cytochrome P450 family protein CYP78A11, has been identified as a negative



regulator of development rate (Miyoshi et al., 2004). Similarly, loss-of-function mutants of the
PLA2 gene, encoding an MEI2-like RNA binding protein and serving as the ortholog of maize
TE1, have been associated with an accelerated development rate (Kawakatsu et al., 2006;
Mimura et al., 2012). Additionally, PLA3, a rice ortholog of Arabidopsis AMP1, and maize
VIVIPAROUSS, encoding a homolog of glutamate carboxypeptidase, has been implicated as a
negative regulator of development rate (Kawakatsu et al., 2009). Loss-of-function mutations in
all three rice PLA genes have led to an accelerated development rate, premature leaf maturation
resulting in reduced leaf size, and the conversion of reproductive branches into vegetative shoots
(Miyoshi et al., 2004; Kawakatsu et al., 2006; Kawakatsu et al., 2009; Mimura et al., 2012).
Despite similar phenotypes observed in individual loss-of-function mutants of these genes, the
phenotypic effects were exacerbated in double mutants, indicating that these plastochron genes
operate via independent pathways (Kawakatsu et al., 2006). In barley, three MANY-NODED
DWARF genes (MND1, MND4, and MNDS), encoding a N-acetyltransferase-like protein, a
CYP78A family protein (ortholog of rice PLAI), and a MATE transporter protein, respectively,
have been identified as regulators of development rate (Hibara et al., 2021). This suggests that
the control of development rate in barley involves transcriptional regulation of downstream
genes by histone modulation (MND1), synthesis or metabolism of unknown substances (MND4),
and transportation of unidentified cell molecules (MNDS8) (Hibara et al., 2021). Interestingly,
MND4 and MNDS are orthologs of rice PLAI and maize BIG EMBRYO 1 (BIGE]), respectively
(Miyoshi et al., 2004; Suzuki et al., 2015). Double mutant analyses reveal independent regulation
of development rate by MND1 and MND4 from MNDS (Hibara et al., 2021). Furthermore, these
genes exhibit limited expression in the shoot apical meristem and leaf primordia, unlike MNDS,

which lacks specific expression around the shoot apex.



Moreover, negative regulation of a subset of genes within the SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) plant-specific transcription factor family by miR156 leads to
an augmented development rate. For instance, overexpression of miR156 downregulates the
expression of SPL9 and SPL15 genes, consequently accelerating development rate, promoting
branching, and altering inflorescence architecture (Schwarz et al., 2008). Conversely, the
miR 156-resistant form of SPL9Y decreases development rate in Arabidopsis (Wang et al., 2008).
Loss-of-function mutations in various SPL genes have been associated with accelerated
development rates in rice and maize (Jiao et al., 2010; Chuck et al., 2014; Wang et al., 2015).
Members of this gene family are also implicated in promoting vegetative and floral phase
transitions (Schwarz et al., 2008). For instance, overexpression of SPL3 triggers early adult leaf
trait emergence and flowering in Arabidopsis (Wu and Poethig, 2006). Alternatively,
overexpression of miR156 downregulates SPL3 expression, resulting in an abundance of juvenile
trait leaves and delayed flowering (Schwab et al., 2005; Wu and Poethig, 2006). Notably,
mutations in SERRATE, an Arabidopsis zinc finger protein pivotal in miRNA biogenesis and
primary miRNA processing, lead to a reduction in development rate (Prigge and Wagner, 2001;
Grigg et al., 2005; Lobbes et al., 2006).

Plant growth hormones, including auxins and cytokinins, are integral to the regulation of
development rate in Arabidopsis and tobacco (Reinhardt et al., 2000; Werner et al., 2001). For
instance, the overexpression of four cytokinin oxidase genes (AtCKX) in tobacco leads to a
reduction in cytokinin concentration and a subsequent decrease in development rate (Werner et
al., 2001). Similarly, the Arabidopsis slow motion (slomo) mutant, characterized by decreased
free auxin levels, exhibits a reduced development rate (Lohmann et al., 2010). Additionally, in
rice, genes PLAI and PLA2 are known to operate downstream of the gibberellin signal

transduction pathway (Mimura et al., 2012). Notably, p/al and pla2 mutants display lower



concentrations of other phytohormones, such as cytokinin, abscisic acid, and auxin, compared to
their wild-type counterparts (Kawakatsu et al., 2009).

Despite our extensive knowledge of genes and mutants, there are still significant gaps in
understanding how these components interconnect within a network and how their biochemical
activities are coordinated. Investigating the genetic mechanisms underlying the development rate
in various plant species is crucial to determine whether the regulation of this trait involves
conserved pathways or novel mechanisms.

Economics/Uses of Petunia

Petunia x hybrida (Petunia), commonly known as garden petunia, originated from a cross
between two wild species, P. axillaris and P. integrifolia, in the early 19" century (Gerats and
Strommer, 2008). It has become one of the leading annual bedding crops in the United States,
boasting a wholesale sales value of US$160 million recorded in 2020 (USDA, 2021). Renowned
for its wide array of colorful flowers and diverse morphology, this plant belongs to the
Solanaceae family, characterized by a base chromosome number of x=7, unlike the typical x=12
found in most other members of this family, such as tomato, potato, pepper, tobacco, and
eggplant (Guo et al., 2017). The genus Petunia comprises 20 species native to South America
(Stehmann et al., 2009; Guo et al., 2017) most of which can be readily hybridized with varying
degrees of fertility (Ando et al., 2001; Anderson, 2006; Warner, 2010). Petunia is renowned for
its ease of cultivation and short lifecycle, typically spanning approximately four months from
seed to seed (Vandenbussche et al., 2016). It is classified as a facultative long-day plant,
exhibiting accelerated flowering under extended daylight periods and relatively higher

temperatures.



The development rate of petunia is intricately linked to temperature (Vandenbussche et
al., 2016). Typically, plants exhibit faster development rate as temperatures rise up to a certain
optimal range (18-24°C), and conversely, the rate slows as temperatures decrease towards the
base temperature (Adams et al., 1998). In regions with northern latitudes across North America
and Europe, greenhouse cultivation is common during colder periods of the year to ensure timely
market readiness during spring (Guo et al., 2017). Consequently, greenhouse operators incur
substantial energy costs to maintain optimal temperatures for petunia flowering. These expenses
significantly impact profit margins within the greenhouse industry. Moreover, it is important to
note that higher temperatures can compromise crop quality (Warner, 2009). Conversely, crops
cultivated at lower temperatures tend to exhibit better quality due to an extended duration of
exposure to harvest light (Personal communication by Erik Runkle). There exists an opportunity
to mitigate these energy expenditures by developing petunia varieties capable of accelerated
development rates at cooler temperatures.

Consequently, current research endeavors focus on elucidating the genetic mechanisms
governing the development rate of petunias, with the aim of reducing production time. If plants
could produce the same number of nodes at an increased rate and lower temperatures, it would
lead to a reduction in crop timing and production costs. Moreover, increasing the development
rate of petunia plants can result in higher yields of cuttings for clonal propagation, which is
widely practiced in petunia horticultural production (Santos et al., 2011; Toma et al., 2011;
Vandenbussche et al., 2016). Ultimately, this would benefit both growers and customers.
Genetic of development rate in Petunia

Diverse development rates observed between wild petunia species and commercial
cultivars at equivalent temperatures suggest the potential for breeding varieties with accelerated

development rates (Warner and Walworth, 2010). Consequently, studies employing quantitative



trait loci (QTL) mapping were initiated to identify candidate genomic regions associated with
petunia development rate. Initially, interspecific F2 populations, namely P. integrifolia x P.
axillaris (the "IA" population) and between P. axillaris and the more recently diverged species P,
exserta (the AE population), were utilized to assess variation in development rates at the genetic
and genomic levels. These populations were chosen due to their demonstration of transgressive
segregation for development rates (Warner and Walworth, 2010).

QTL analysis revealed the presence of development rate-associated loci on chromosomes
1, 2, and 5, collectively explaining 34% of the observed variation (Vallejo et al., 2015).
Moreover, reference transcriptomes for P. axillaris, P. exserta, and P. integrifolia, comprising
mRNA libraries from various tissues including shoot apex, whole 3-week-old seedlings, mixed
floral development stages, trichome, and callus tissues, have been established (Guo et al., 2015).
These transcriptomes were mined to identify petunia transcripts homologous to genes associated
with development rate, which were subsequently converted into molecular markers and mapped
to the TA F2 population (Guo et al., 2015; Vallejo et al., 2015). However, except for one gene
encoding an MEI2-like RNA binding protein homologous to the rice PLA2 gene (Kawakatsu et
al., 2006), none of these development rate-associated gene homologs co-localized with the
identified QTL for development rate in this population. Furthermore, the low marker density in
the IA F2 population limits the efficacy of the development rate QTL in identifying candidate
genes underlying this trait (Guo et al., 2017).

Subsequently, F7 recombinant inbred lines (RILs) were established for the same species
(the IA population and the AE population) (Guo et al., 2017). These RILs were phenotyped for
development rate at three distinct temperatures (14, 17, and 20°C) to pinpoint QTL regions
associated with the trait (Guo et al., 2017). Additionally, IA RILs exhibiting varying

development rates were employed to identify 209 differentially expressed genes (DEGs) (Guo et



al., 2017). Subsequently, QTL and DEGs were mapped onto high-density single nucleotide
polymorphism (SNP) bin-based linkage maps generated for both populations (Guo et al., 2017).
Out of all DEGs, thirteen were found to map within 1 centimorgan (cM) of a development rate
QTL, with notably large clusters of differentially expressed genes located proximate to 1A
development rate QTL on chromosomes 5 and 6 (Guo et al., 2017). Within these differentially
expressed genes were transcripts associated with phytohormones (specifically auxin and
cytokinin) synthesis or signaling pathways, as well as miRNA-mediated pathways, which have
previously been implicated in the control of development rate as detailed in the background
section above. This data represents a significant step forward in facilitating the identification and
characterization of the genetic factors governing development rate.
Economics/Uses of Stevia

Stevia rebaudiana, commonly referred to as stevia, is a significant medicinal perennial
plant within the Asteraceae family, with a chromosome count of 2n=22 (Goyal et al., 2010).
Originating from northeast Paraguay (Shock, 1982; Ramesh et al., 2006), stevia leaves are
renowned for producing a collection of zero-glycemic, low-calorie sweet-tasting compounds
known as steviol glycosides (Brandle and Telmer, 2007; Ceunen and Geuns, 2013). These steviol
glycosides (SGs), extracted from the leaves, can constitute up to 30% (on a dry mass basis) of
these compounds, with their sweetness being 200-300 times greater than sucrose (Goyal et al.,
2010; Yadav and Guleria, 2012; Ceunen and Geuns, 2013). Stevia has been utilized as a
sweetener in various products in Japan since the 1970s, including seafood, soft drinks, and
candies (Mizutani and Tanaka, 2001). Moreover, stevia has been explored as a weight control
agent for obese individuals and as a natural diabetes control remedy in different regions
worldwide (Gupta et al., 2013; Shivanna et al., 2013; Ahmad et al., 2020). Given their plant-

based origin, steviol glycosides hold significant promise as alternatives to sugar and synthetic



sweeteners, appealing to those seeking natural ingredients in their diet. Consequently, there is a
growing demand for high steviol glycoside-yielding cultivars, necessitating plant breeders to
focus on their development.

Stevia is characterized by high heterozygosity and obligate outcrossing due to self-
incompatibility (Yadav et al., 2014; Attaya, 2017). Consequently, it is commonly propagated
through stem cuttings and in-vitro methods (Ramesh et al., 2006; Sairkar et al., 2009).
Harvesting above-ground tissue of stevia involves stripping off leaves for the extraction of
steviol glycosides. To increase steviol glycoside yield, accelerating leaf production rate over time
is crucial to facilitate multiple harvests per season. Therefore, understanding the genetic basis of
stevia leaf production rate is essential for breeding high-yielding cultivars. However, genetic
research on stevia is hindered by factors such as limited germplasm availability, molecular
markers, and a high-resolution linkage map (Basharat et al., 2021; Huber and Wehner, 2023). As
stevia is a relatively new crop in the genomics era, collaborative efforts are underway to develop
diverse germplasm and generate genetic and genomic resources, facilitating breeding efforts for
increased stevia biomass production (Kaur et al., 2015; Bahmani, 2021; Vallejo and Warner,
2021; Xu et al., 2021; Huber and Wehner, 2023).

Potential implications of understanding the genetics of development rate

The rate at which plants generate new nodes is a fundamental determinant of crop
production timing or time to first yield in agricultural crops. Given that several significant fresh
market vegetable crops, such as tomato, pepper, and eggplant, belong to the same family as
petunia (Solanaceae), the findings from this research project could be promptly applied to
enhance these crops. Similarly, the insights gained from this study could be extended to other
crops with restricted growing seasons, particularly in regions of the United States characterized

by long winters. For instance, the outcomes of this study could benefit numerous vegetable crops
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cultivated within limited seasons for fresh consumption. By enhancing the developmental pace
of these crops, production efficiency could be enhanced by enabling multiple harvests within a
single season. This aligns with the increasing consumer demand for locally grown produce, a
trend that has surged in recent years. Moreover, comprehending the genetics of vegetative
development rate may shed light on the potential coupling of genes involved in shoot growth
(vegetative development) with those governing reproductive phases (flowering/fruiting), thereby
creating opportunities to adjust crop timing and enhance production efficiency through early
flowering/fruiting.

DISSERTATION OBJECTIVES

Considering the significance of investigating the development rate trait, my dissertation
aimed to explore the genetic underpinnings of development rate in both petunia and stevia. By
studying these two distinct species, we sought to provide valuable insights into the regulation of
this trait in both species and laying the foundation for future breeding efforts aimed at improving
crop productivity and efficiency.

The first objective in petunia was to functionally characterize potential candidate genes
linked to development rate through the utilization of reverse genetics techniques. Secondly, to
comprehensively examine the common and unique pathways involved in development rate, we
conducted transcriptomic analyses of petunia RILs exhibiting varying development rates within a
previously unexplored population.

In the case of stevia, the dissertation objectives were formulated with the aim of
expanding genetic resources and investigating the genetic basis of development rate in this
species. Thus, the final two objectives involved open field trials of a stevia genetic mapping

population to identify genomic regions associated with morphological traits related to stevia leaf
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biomass, including development rate, and employing transcriptomic analyses to identify

differentially expressed genes between genotypes with contrasting development rates.
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CHAPTER 2

EVALUATING THE EFFECT OF TRANSIENTLY SILENCED CANDIDATE GENE
EXPRESSION ON PETUNIA DEVELOPMENT RATE BY USING VIRUS INDUCED GENE
SILENCING (VIGS)

13



INTRODUCTION

Understanding the genetic architecture underlying development rate in crops like petunia
is crucial for optimizing crop timing and improving production efficiency, especially in regions
with sub-optimal temperature conditions. Development rate, characterized by the rate of
vegetative node formation before floral initiation, directly impacts the timing of crop maturity
and harvest (Warner and Walworth, 2010). Petunia x hybrida is a highly valuable bedding crop,
with significant economic importance in the horticultural industry (USDA, 2021). In regions
with cooler climates, such as the northeastern states of the U.S., petunia production often relies
on heated greenhouses to maintain optimal temperatures for growth and development. However,
this heating requirement increases production costs and reduces profit margins for growers (Guo
et al., 2015). Therefore, there is a pressing need to identify genetic factors that regulate
development rate in petunia, particularly those that could potentially accelerate development
under sub-optimal temperature conditions. By studying the genetic architecture of development
rate, researchers can identify key genes and pathways involved in regulating this trait. The
knowledge gained from this can then be used to develop breeding strategies aimed at selecting
faster-developing varieties of petunia that are better adapted to cooler temperatures. Accelerating
development rate in petunia could reduce the reliance on heating in greenhouses, thereby
lowering production costs and increasing profitability for growers.

The genetic control of plastochron, which represents the time interval between two
successive nodes and is the inverse of development rate, provides valuable insights into the
regulation of development rate in plants (Wang et al., 2008; Guo et al., 2015). Previous research
has identified several key genes and pathways involved in modulating plastochron. Loss-of-

function mutants of PLASTOCHRONI (PLAI) in rice and KLUH in Arabidopsis, both encoding
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cytochrome P450 family proteins, have been associated with an increased development rate
(Miyoshi et al., 2004, 2004; Wang et al., 2008). Similarly, loss-of-function mutants of
PLASTOCHRON? (PLA?2) also result in accelerated development rates (Kawakatsu et al., 2006,
2006; Mimura and Itoh, 2014). Additionally, PLA3, a rice ortholog of Arabidopsis ALTERED
MERISTEM PROGRAM 1 (AMP1) and maize VIVIPAROUSS, has been identified as a positive
regulator of plastochron. Several genes, including MANY-NODED DWARF (MND) genes in
barley (Hibara et al., 2021) and members of the SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE (SPL) transcription factor family, have also been implicated in regulating plastochron.
Notably, miR156, a microRNA, negatively regulates genes belonging to the SPL transcription
factor family. Overexpression of miR156 results in a shorter plastochron and accelerated
development rate in various plant species (Xie et al., 2006; Xie et al., 2012), while silencing of
specific SPL paralogs can either reduce or increase the development rate in petunia (Preston et
al., 2016). Furthermore, plant growth hormones such as auxins, cytokinins, and gibberellins also
play crucial roles in modulating development rate (Reinhardt et al., 2000; Werner et al., 2001).
Despite these significant advances, there are still gaps in our understanding of the control of
development rate.

The identification of candidate genes for development rate control in petunia involved a
multi-step approach combining genetic mapping, RNA sequencing, and literature analysis.
Quantitative trait loci (QTL) associated with development rate were identified in two F7
recombinant inbred lines (RILs) derived from crosses between different wild progenitor species
of petunia, P. integrifolia x P. axillaris (IA population) and P. axillaris % P. exserta (AE
population), across multiple temperatures (Guo et al., 2017). Additionally, differentially
expressed genes (DEGs) between 1A RILs exhibiting slow and fast development rates were

identified through RNA sequencing analysis in the same study (Guo et al., 2017). Candidate
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genes potentially involved in development rate control were selected using five criterion, which
included parameters such as significance of QTL association, differential expression levels, and
functional relevance based on previous literature studies (Table 2-1) (Reinhardt et al., 2000;
Prigge and Wagner, 2001; Miyoshi et al., 2004; Kawakatsu et al., 2006; Mimura and Itoh, 2014;
Preston et al., 2016). Genes meeting at least two of these criteria were prioritized as candidate
genes for further investigation. In total, 24 candidate genes were identified through this selection
process, representing promising targets for functional validation studies (Table 2-2).

Reverse genetics techniques, like virus-induced gene silencing (VIGS), offer a powerful
means to rapidly evaluate the function of genes by suppressing their expression and observing
resultant phenotypic changes. This approach bypasses the need for time-consuming plant
regeneration steps, enabling quicker functional genomics studies (Benedito et al., 2004; Unver
and Budak, 2009). VIGS relies on the RNA-silencing mechanism, where specific gene sequences
are integrated into a viral vector, such as Tobacco rattle virus vector (TRV2), which is then
introduced into the plant genome using Agrobacterium-mediated delivery (Reid et al., 2009;
Zulfigar et al., 2023). Once inside the plant cells, the viral vector triggers the degradation of
mRNA molecules corresponding to the targeted genes, thereby silencing their expression. This
process mimics the plant's natural defense mechanism against viruses. Researchers have
successfully utilized VIGS to characterize phenotypes by silencing candidate genes associated
with specific traits of interest. The versatility and effectiveness of VIGS have been demonstrated
in various plant species, including petunia, Arabidopsis, tomato, tobacco, potato, barley, and
more (Hein et al., 2005; Reid et al., 2009; Velasquez et al., 2009; Noor et al., 2014; Tomar et al.,
2021; Singh et al., 2022).

The objective of the current study was to assess the role of candidate genes in controlling

development rate in petunia through the application of VIGS. By reducing or silencing the
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expression of these candidate genes, the aim was to investigate whether alterations in gene
expression levels would lead to observable changes in the development rate phenotype of petunia
plants.
MATERIALS AND METHODS
Plant material and growth conditions

P, axillaris (P1 667515) seeds were sown in a 72-cell tray with a cell volume of 16.4 cm?,
under short day conditions (9-h light/ 22 °C) in a growth chamber. Seedlings with 2-3 true leaves
were moved to 50-cell trays with 75.4 cm? per cell, a few days before Agroinfiltration.
Plasmid construction and gene cloning

The VIGS vectors used in this study were derived from Tobacco rattle virus and consisted
of pTRV2-LIC (Dong et al., 2007) and pTRV1 (Liu et al., 2002). Plasmid miniprep was
performed with EZ-10 Spin Column Plasmid DNA Miniprep Kit (Bio-Basic, Amherst, New
York) to extract pTRV2-LIC vector DNA. This plasmid vector was linearized by digesting it with
the PstI-HF®, restriction endonuclease (New England BioLabs (NEB), Ipswich, Massachusetts)
and purified. Gene-of-interest target sequences of around 300 bp were designed (Table 2-3) by
using the VIGS tool in the Sol Genomics Network (SGN) (Fernandez-Pozo et al., 2015).
Forward and reverse primers were designed for each gene construct (Tm > 60 °C) using the

primer design tool in the Benchling program (https://www.benchling.com) (Table 2-3). Two 15-

bp adapter sequences, 5’-CGACGACAAGACCCT -3’and 5’- GAGGAGAAGAGCCCT- 3’,
described previously (Dong et al., 2007), were included in the forward and reverse primer
sequences of each gene, respectively. RNA was extracted from the leaves with the RNeasy Plant
Mini kit (Qiagen, Germantown, Maryland). The gene segments were amplified with the iTaq™

Universal SYBR® Green One-Step Kit (Bio-Rad, Hercules, California) with cDNA as a
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template. PCR products were purified with the EZ-10 Spin Column PCR Products Purification
Kit (Bio-Basic, Amherst, New York) and run on a 1% agarose gel to visualize the ca. 300 bp
bands.

Ligation independent cloning (LIC) was performed to insert the gene of interest segments
into the pTRV2-LIC vector (Dong et al., 2007). Briefly, both the vector and PCR products were
treated with the T4 DNA polymerase (NEB) at 22 °C for 30 min and 70 °C for 20 min on a
thermocycler. Following, the TRV2-LIC vector and PCR products were mixed in a 1:1 ratio and
incubated at 65 °C for 2 min and 22 °C for 10 min to facilitate the covalent bonding. Then 6 uL
of the final LIC product were mixed with DH5a (E. coli) competent cells (NEB), incubated on
ice for 30 min followed by a heat shock treatment at 42 °C for 55 seconds and then back on ice
for 2 min. The cells were then mixed with 600 puL of the SOB (Super Optimal broth) medium
and shaken at 200 r.p.m and 37 °C for an hour. Finally, 80 ul of the cells was spread on LB agar
+ Kanamycin plates and incubated overnight at 37 °C. Transformants were tested by colony PCR
using Phusion® High-Fidelity DNA polymerase (NEB). Primer sequences used for colony PCR
were forward or reverse primer sequences specific to each gene and a TRV2- forward or reverse
primer. Positive colonies were cultured overnight in a liquid LB + Kan medium on a shaker at
200 r.p.m and 37 °C. Plasmid DNA was extracted, purified, and sent for Sanger sequencing at
MSU’s genomics core facility. A total 6 uL of the mixture containing 4 uL of the plasmid DNA
and 2 pL of the TRV2- forward (5’-TGTTACTCAAGGAAGCACGATGAGCT -3’) or reverse
primer (5’-AACTTCAGGCACGGATCTACTTA -3’) was used for sequencing. MEGAX was
used for sequence alignment and verification of the constructs. Positive sequences (TRV2-LIC +
gene of interest) were transformed into Agrobacterium tumefaciens GV3101 competent cells as

previously described (Gelvin, 2012).
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VIGS inoculation

The VIGS protocol was followed as previously described (Velasquez et al., 2009). Day 1
of the protocol includes growing Agro-transformed pTRV1 vector, pTRV2-gene product,
pTRV2-empty vector, and pTRV2-PDS on LB agar plates supplemented with 50 pg/mL
kanamycin and 100 pg/mL rifampicin antibiotics for two days at room temperature. On day 3,
the colonies are cultured on a liquid LB with the same antibiotics by shaking at 200 r.p.m. and 30
°C for 16-18 hours. On day 4, the primary culture is diluted at 1:25 into the secondary induction
medium (IM) (Velasquez et al., 2009) with the above-mentioned antibiotics plus 200 uM
acetosyringone and shaken at 200 r.p.m at 30 °C for 20-24 hours. Finally, day 5 steps (Velasquez
et al., 2009) are followed and pTRV1 and pTRV2 vectors are mixed 1:1. The inoculum finally
becomes ready for the infiltration.

Plants with 2-4 true leaves were used for inoculations (Figure 2-1). Two fully expanded
leaves on each plant were scratched with a blade to poke a hole. Agroinfiltration was carried out
by injecting the inoculum into the leaves to the point of cell saturation by using a I mL needless
syringe. At least 15 plants were used per each construct. Plants for each construct were separated
by a row and gloves were changed in between constructs to avoid cross-contamination. Plants
were also not watered for at least 24 hours after the inoculations. pTRV2-E vector and wild type
were used as negative controls and pTRV2-PDS was used as a positive control in each
experiment.

Silencing evaluation by qPCR analysis

The onset of photobleaching symptoms on plants inoculated with pTRV2-PDS were used

to schedule the tissue collection from all plants (Figure 2-1). The youngest fully expanded leaf

tissues (~100 mg) were collected from each plant on a 96 well-plate and flash frozen with liquid
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nitrogen and either used immediately or stored at -80 °C for future use. RNA was extracted using
the MagMAX™ Plant RNA Isolation Kit (Thermofisher Scientific, Waltham, Massachusetts),
quantified using Nanodrop, and run on a 1% agarose gel. Gene-specific primers that amplify the
region outside of the VIGS targeted region were designed with Net Primer

https://www.premierbiosoft.com/netprimer/) and Benchling program tools (Table 2-4). Standard

curves were made by serial dilutions of the TRV2-E RNA at five different concentrations (150,
100, 50, 25 and 12.5 ng). Primer efficiency was calculated as Efficiency (%) = (10(!/slope of standard
curve)_1) X 100 and primers with 80-110% efficiency were utilized. 10 pL qPCR reactions were
performed by using iTaq™ Universal SYBR® Green One-Step Kit (Bio-Rad) on a 384-well
plate. The MIQE guidelines were followed for these qPCR experiments, ensuring standardization
and reproducibility (Taylor et al., 2010). The qPCR conditions were 50 °C for 15 min, 95 °C for
1 min, 95 °C for 20 sec, 55 °C for 20 sec, 72 °C for 1 min, repeat cycles 2-5 34 times and 72 °C
for 3 min. EF] o was used as a housekeeping gene (Mallona et al., 2010). Gene sequence of P,
axillaris EF1a (Peaxil62Sct00389g00936.1) was extracted from the Jbrowse tool of SGN and

primers were designed using Net Primer (https://www.premierbiosoft.com/netprimer/). The 2-

AACT method (Livak et al., 2013)was used to calculate the relative expression of genes.

Phenotyping

Plants were moved to 15.24 cm diameter pots with a cell volume of 1420.76 ¢cm? in the
greenhouse under short day conditions (9-hr light/ 22°C) after tissue collection. Topmost fully
expanded leaves on the main stem and two side branches per plant were marked with a white
paint (Figure 2-1). The number of new nodes developed beyond that point were counted for each
plant. We collected data at two time points, 4- and 6-week time intervals depending on the

growth of the plant. We did not count the nodes on plants that were already flowering.
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Data analysis

Boxplots were generated to compare the node numbers of plants with relative gene
expression thresholds of < 0.4 for each gene construct separately by using R. One-way analysis
of variance (ANOVA) was performed to test for significant differences between the boxplots and
Tukey's HSD test was performed for pairwise comparisons between the boxplots in R (p < 0.05).
Phylogenetic analysis of MEI2-like genes

Sequence data of Arabidopsis, maize, rice and yeast MEI2-like genes was retrieved from
NCBI using the accession numbers previously described (Kaur et al., 2006). To identify MEI2
genes in petunia, the gene sequences from these species were blasted against the petunia genome
(P. axillaris v1.6.2) in the Sol Genomics Network (Bombarely et al., 2016). The mRNA
sequences of five MEI2 -like genes were found by BLAST search and used in this study:
Peaxil62Scf00023g00929.1 ("MEI2-like protein 1"), Peaxil 62Scf00128g01746.1 ("MEI2-like
protein 1"), Peaxil 62Scf00035g02717.1 ("MEI2-like protein 5"), Peaxil 62Scf00214g00068.1
("MEI2-like protein 5") and Peaxi162Scf00111g00117.1 ("MEI2-like protein 5"). Sequences
were aligned using Clustal W in MegaX (Kumar et al., 2018; Stecher et al., 2020).

The evolutionary history was inferred by using the Maximum Likelihood method and
Hasegawa-Kishino-Yano model (Hasegawa et al., 1985). The tree with the highest log likelihood
(-91168.45) is shown. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using
the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with
superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate
differences among sites (5 categories (+G, parameter = 4.5615)). The tree is drawn to scale, with

branch lengths measured in the number of substitutions per site. This analysis involved 18
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nucleotide sequences. There were a total of 9303 positions in the final dataset. Evolutionary
analyses were conducted in MEGA X (Kumar et al., 2018; Stecher et al., 2020).
RESULTS AND DISCUSSION

We aimed to use VIGS as a high-throughput method to screen multiple candidate genes
for their potential role in regulating development rate in plants. VIGS is a technique used to
downregulate the expression of specific plant genes by introducing a virus that carries a fragment
of the target gene's sequence. This leads to gene silencing and allows researchers to study the
effects of gene knockdown on plant phenotypes. We selected 24 candidate genes based on their
potential involvement in regulating development rate (Table 2-1). The designed gene fragments
were cloned into the pTRV2 vector. Out of the 24 candidate genes, only 17 were successfully
cloned into the pTRV2 vector and, for the remaining 7 genes, efficient VIGS target regions could
not be designed. This was either because the genes were too small to yield suitable target regions
or because there were too many off-target regions, making it difficult to design gene-specific
VIGS constructs. The successful cloning of 17 genes into the VIGS vector allowed for the
subsequent silencing of these genes in plants to assess their phenotypic effects.

The first step in the phenotype evaluation process involved confirming whether the plants
were effectively silenced using real-time quantitative PCR (qPCR). From qPCR analysis, genes
Peaxi00008 and Peaxi00014 consistently showed high Cq values on the standard curve,
indicating low expression levels. The large difference (~10 cycles) between the Cq values of
these genes and the reference/housekeeping gene (EF/a) made it challenging to measure their
expression levels accurately. Such genes with low mRNA abundance are reportedly known to be
less susceptible to silencing by VIGS-like methods (Hu et al., 2004). Peaxi00012 presented
multiple peaks on the melt curve with different qPCR primer sets, indicating the possibility of

amplifying off-target products (Figure 2-2). However, the VIGS target region of Peaxi00012 was
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designed with a target score of 100%. Plants inoculated with constructs targeting Peaxi00008.2,
Peaxi00015, Peaxi00016, Peaxi00125, and PeaxiO1115 genes exhibited photobleaching
symptoms similar to those seen in Phytoene desaturase (PDS) inoculated plants (Figure 2-3).
PDS is involved in carotenoid biosynthesis crucial for photosynthesis, and loss-of-function
mutants display photobleached leaves due to chlorophyll disruption (Wang et al., 2009). PDS is
often used as a positive control in VIGS experiments due to its easily observable phenotype (Fu
et al., 2006). The reaso