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ABSTRACT

The inability of a plant to produce pollen, male gametes or functional anthers is known as male
sterility (MS). The implementation of the MS trait into parental lines in plant breeding programs
is an important task in many horticultural crops, to reduce the cost of hybrid seed production and
to ensure varietal purity for the generation of F1 hybrids. In ornamentals, the introgression of MS
traits for the production of F1 hybrids has not received much attention because propagation is
usually done by agamic methods. However, vegetative propagation allows the direct propagation
and commercialization of male-sterile ornamentals, which could be very beneficial for several
reasons, such as for example the removing pollen allergens. Recent advances in genome editing
(GE) technology, based on CRISPR/Cas-system, have ushered in a new era, also linked to progress
in the acquisition of first-generation non-transgenic modified plants and the development of
foreign DNA-free editing techniques. Based on these assumptions, we describe the setting of the
initial stages for the development of a CRISPR/Cas9-based breeding strategy for the
implementation of the MS trait in Petunia x hybrida hort. ex E. Vilm, a model system of the
Solanaceae family and always a point of reference in ornamental research. The general objective
is to create an efficient protoplast transfection system for obtaining CRISPR/Cas-edited DNA-free
plant material, mediating direct delivery of a pre-assembled ribonucleoprotein (RNP) complex
consisting of pure Cas9 protein and in vitro synthesized single guide RNA (SgRNA) molecules.
In particular, in this master thesis the results and ongoing work on targeting a Petunia MYB
candidate gene are described: an expression kinetic analysis of target gene in vegetative tissues
and flower buds at different phenological stages has suggested its potential importance in the
formation and development of relative anther tissues and pollen. Furthermore, several SgRNAs
were then identified and selected based on their potential ability to target the investigated sequence
at the CDS level and the predicted TSS region. In addition, several protocols for protoplast

isolation and transfection from petunia system were tested and discussed.
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1. INTRODUCTION

The ornamental plants are extremely valuable due to their aesthetic value, therapeutic importance,
and beauty. The ornamental industry is characterized by its diversity, primarily deals with non-
food horticultural applications, where the final product does not undergo further processing for
example wood. (Chandler Stephen, F. 2003). Over the past century, the_breeding of crops and
ornamental plants has become a growing business. Ever since the explorers in Europe start
gathering plants from all over the world, breeders played their role by exploiting variation, which
could be developed by mutation breeding and cross breeding, as a result the range and diversity of
ornamental plants expanded enormously and now thousands of varieties of ornamental most
important cut-flowers, pot plants, hanging plants, bedding plants and shrubs are available
(Chandler et al., 2012). According to the estimate of (Johann van Huylenbroeck 2022) there are
currently between 85,000 to 99,000 species of ornamental plants in the world including their wild
relatives. It shows the enormous potential of natural variation and germplasm, as well as the need
to preserve ornamental plant’s genetic resources for breeding and future development. The
anticipated worldwide production value of ornamental plants comprises about €50 billion,
corresponding to an estimated global consumer consumption between €100 to €150 billion.
(Henrik et al., 2012). The main areas of both production and consumption of ornamental plants are
Europe and the United States with a fast growing ornamental plant industry in Japan and China.
Various plants are classified as ornamental and are divided into several categories, such as bedding
plants, trees, shrubs, indoor, potted plants, ornamental grasses, lawn or turf grasses, and cut
flowering plants. Tulips, lilies, roses, carnations, chrysanthemums, and petunias are some of the
decorative plants that are grown for their beauty. These plants are used by geneticists and plant
breeders to improve a range of features, including post-harvest longevity, tolerance to biotic and
abiotic stresses, flower’s color, shape, and fragrance and traits that affect seed production, like
male sterility. These improvements of traits in various ornamental plants became possible only
with emerging advancements in the field of plant molecular biology, as it provides significant
potential for enhancing ornamental plant breeding through the application of recombinant DNA
technology. Since, conventional breeding and plant improvement techniques have become
inadequate to keep up with progression and quality demands, therefore advanced breeding
strategies are increasingly adopted (Chandler S, Tanaka Y 2007). In the past few years genetic

engineering has allowed the precise modifications of individual traits, thus enabling the expansion
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of gene pool since desirable genes from unrelated species or even organisms can be used for crop
improvement. To overcome the narrow genetic variation in current ornamental plant breeding
programs, genome-scale studies of large germplasm panels have served to identify important
genetic materials, to study genomic variation dynamics during domestication and selective
breeding. Figure 1 represents the graphical data of the sequenced genomes for various ornamental
plant from the year 2012 to 2020 (Zheng et al., 2021). However, the availability of data on various
sequenced genomes and genome editing approaches, has significantly enhanced the quality of
cultivars of ornamental plants through trait modifications (Tanaka et al., 2010). In contrast, more
than 30 genera of different transgenic ornamental plants have been generated using various

transformation methods to date (Nishihara et al, 2011).
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Figure 1. Statistical data on ornamental plant species with sequenced genomes from 2012 to

2020 (Zheng et al., 2021).

1.1 Petunia: a model plant of floriculture species

Petunia is a commonly grown ornamental flower known globally one of the most important
species in the floriculture trade. It is a member of Solanaceae family commonly known as
“Nightshade” family. Petunia is a genus comprising of approximately 35 species. It is native to
South America and was brought to Europe in the 19th century when plants with purple flowers
were taken there and planted in European gardens. Petunia hybrida is an herbaceous plant with

generally oval-shaped leaves and smooth margins, and with fine sticky hairs. The flowers are
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funnel-shaped, consisting of five fused or partially fused petals and five green sepals. The
commercially produced P. hybida originated from the hybridization of a white-flowered, moth-
pollinated P. axillaris with different species within the P. integrifolia clade, which includes closely
adjacent bee-pollinated species and subspecies. Petunia hybrida is a fertile, diploid, annual hybrid
species and its varieties have same 2n chromosome number as the parental species. Since, Petunia
species can be crossed perfectly with one another and yield normal diploid progeny thus, varieties
of P. hybrida do not suffer from related genetic complexities found in hybrids that are
allotetraploid (Nishihara et al., 2011; Alisawi et al., 2023).The genome size of P. hybrida is 1.4
GB (Bombarely et al., 2016) which is larger than other species in Solanaceae family like potato
and tomato (850-900 Mb) (Tomato Genome Consortium, 2012), but smaller than the size of hot
pepper (Kim et al., 2014). Among floriculture crops, petunias are unique in that they possess
sophisticated molecular genetics, extensive linkage maps, transformation/regeneration methods
and a deep comprehension of the taxonomic and cytogenetic relationships among various taxa P.
hybrida along with its parental taxa is considered as a model specie for studying plant growth and

development (Griesbach et al., 2007).

1.2 The male sterility (MS)
In plants, male sterility (MS) refers to the inability to produce or release viable pollen. This occurs
due to the unsuccessful formation or development of functional gametes, stamens or microspore,
however fertility of female remains unaffected. Male sterile plants can therefore be fertilized by
male fertile plants, but they are not capable of self-pollination. The mechanism of plant MS has
traditionally been used to produce F1 hybrid seeds. One of the main goals of F1 hybrid production
and marketing is the establishment of male sterile lines in plant species that are largely self-
fertilizing, it is possible to take advantage of heterosis by blocking selfing (Longin et al., 2012;
Kim and Zhang, 2018; Liet al., 2022; Ramlal et al., 2022). Historically, physical emasculation by
chemical, mechanical, or manual means was the primary method used to prevent significant
proportions of progeny derived from self-pollination, even in species primarily relying on cross-
pollination. Therefore, an important benefit of using MS lines is reduction in time, cost and effort
involved in these emasculation treatments (Colombo and Galmarini, 2017). Due to these factors,
MS lines have been established in many economically valuable species, (Abbas et al., 2021; Wang
et al., 2023) particularly in horticultural crops and ornamental plants (Yamagishi and Bhat, 2014;
Barcaccia et al., 2016; Khan and Isshiki, 2016; Jindal et al., 2019; Singh and Khar, 2021). Male
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sterility (MS) is primarily caused by Mendelian inheritance, which is controlled by either nuclear
gene alone or by the coordinated interaction of cytoplasmic and nuclear genes (Kaul, 1988). The
three-line breeding system or cytoplasmic male sterility (CMS) is dependent on loci found in the
mitochondrial genome. MS is maternally inherited therefore all progeny deriving from plants
carrying S locus (sterile) cytoplasmic inherit male sterility (Chen et al., 2017). CMS condition can
be overcome by nuclear genes that are functional in dominant conditions (Jindal et al., 2019),
defined as restorers of fertility (Rf) and can suppress or downregulate the CMS genes and revert
male sterility (Kim et al., 2018). Conversely, genic male sterility (GMS), also referred to as nuclear
male sterility (NMS), or two-lines breeding system, is typically controlled by single nuclear genes,

predominantly through recessive alleles (ms) (Singh et al., 2019).
1.2.1 The male sterility in crop species

MS was first observed by the German botanist Joseph Gottlieb Kolreuter in 1763. (Mayr E, 1986)
and it has been reported in more than 610 plant species (Kaul MLH, 1988). Male sterility has been
utilized in crop hybrid breeding for an extended period. Enhancing crop yield, adaptability, and
resilience to biotic and abiotic stresses through heterosis has been used as a traditional method in
crop improvement (Hickey, 2019; Tester, 2010). Utilization of heterosis has revolutionized plant
breeding during the past few decades, leading to yield gains of 3.5-200% in various crop species
(Kim, 2018) and helped in encountering the challenges of global food security. (Saxena et al.,
2015). MS existing either as a spontaneous machinery (Hanson and Bentolila 2004) or it can be
created through experimental means like induced mutations, wide/ inter-specific hybridization,
protoplasmic fusion and genetic engineering (Yamagishi and Bhat 2014; Wang et al. 2013; Singh
et al. 2015).

CMS in crop species

In several crop species, including rice, sorghum, sugar beet, sunflower, radish, cabbage, carrot,
maize, onion, and tobacco, plant breeders have successfully searched such systems and large
quantities of commercial F1 hybrid seeds are currently being produced using CMS system all over

the world.

Maize a member of the grass family (Poaceae), represents one of the earliest crops to utilize CGMS

systems for hybrid production. Three types of CMS systems have been identified in this crop,
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namely CMS-T (Texas), CMS-C (Charrua), and CMS-S (USDA) (Gautam et al., 2023). The CMS-
T type was the first to be successfully used in large-scale seed production, as its molecular basis
has been extensively studied (Yang et al., 2022). In CMS-T, a chimeric gene, T-urfI3, is
responsible for male sterility. In this system, pollen abortion occurs during microspore
development in meiosis, resulting in relatively stable sterility (Dewey et al., 1986, 1987). However
dominant nuclear genes Rf7 and Rf2 located on chromosome 3 and 9 respectively can restore full
fertility in CMS-T type of maize plants (Wise et al., 1999). CMS-C is the second type of MS
identified in maize which is widely used for seed production (Dewey et al. 1991). Male sterility in
CMS-C maize is caused by the mitochondrial gene atp6¢c which results in premature tapetal cell
death and pollen abortion (Yang et al. 2022a, b). Rf4 and Rf3, are the two restorer genes, which
collectively contribute to fertility restoration in the CMS-C sterile line through their additive
impact. These genes are present on chromosomes 8 and 5 respectively. (Jaqueth et al. 2020; Kheyr-
Pour et al. 1981; Sisco 1991). Rf4 is a dominant restorer gene which has the ability to restore all
CMS-C lines, whereas, Rf5 can only restore CMS-C in which Rf-/ gene is deleted. Rf-I gene can
act as a suppressor inhibiting the fertility restoration function of Rf5. (Jaqueth et al. 2020). The
third type of MS found in maize crop is CMS-S. In the recent study it has been reported that the
male sterility of CMS-S maize is associated with stage-specific orf355 gene expression,
mitochondrial abnormalities at developmental stage 10, and nuclear-encoded transcription factor
ZmDREB]1.7 that is highly expressed in sterile microspores at the large vacuole stage promotes the
expression of CMS gene orf355 in maize plant containing S type of cytoplasm (Xiao et al., 2020).
However, the major restorer gene identified in CMS-S sterile lines is Rf3, located on the long arm
of chromosome 2 (Kamps & Chase, 1997; Laughnan & Gabay, 1978; Zhang, Wang & Zheng,
2006; Xu et al., 2009). Rf3 restores fertility through post-transcriptional modification which is
accomplished by cleaving the 1.6-kb transcripts associated with orf355 and ultimately restores

fertility (Gallagher et al. 2002; Qin et al. 2021; Xiao et al. 2022b).

Rice is a primary staple food crop, hybrid rice, produced either by three-line or two-line strategy
for hybrid seed production, yields approximately 10%—-20% more grains compared to conventional
rice breeding (Cheng et al., 2007) 74. However, rice cytoplasmic male sterility (CMS) provides a
useful model for studying genetic interactions within plant nuclei due to its hereditary
characteristic of having a non-functional male gametophyte and number of genes involved in the

control of CMS have been used and reported successfully (Chen and Liu, 2014). In the recent
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study, it has been reported that a gene named OsRab7 regulates vesicle trafficking in rice and the
functional loss of OsRab7 significantly reduced pollen fertility and setting rate in comparison to
the wild type. However, it was also reported that the rab7 mutant exhibited premature tapetum and
abnormal microspores development. The expression of critical genes involved in tapetum
development (OsMYB103, OsPTC1, OsEATI and OsAP25) (Lei et al., 2022; Li et al., 2011; Niu
et al., 2013) and pollen development (OsMSP1, OsDTM1 and OsC4) (Li et al., 2006; Nonomura
etal., 2003; Yietal., 2012) significantly decreased in the anthers of »ab7 mutant compared to the
wild type therefore resulting in CMS in rice (Ying et al., 2024). More than 60 types of CMS
systems based on the origin of the cytoplasm have been developed in rice (Li et al., 2007) 76.
Important CMS lines in rice are CMS-BT (Chinsurah Boro II), and Wild Abortive (WA). CMS-
WA has been used extensively to breed hybrid rice cultivars (Kim and Zhang 2018; Toriyama
2021). Genes responsible for CMS-WA is WA352, it interacts with COX11 to repress its function,
inducing premature programmed cell death (PCD) in tapetal cells and causing pollen abortion (Luo
et al., 2013). The fertility in CMS-WA can be restored by Rf3 and Rf4 genes in a sporophytic way
(Tang et al. 2014; Zhang et al. 1997, 2002). In CMS-BT line gene responsible for male sterility is
orf79 which results in mitochondrial dysfunction and causes severe pollen abortion (Kim and
Zhang 2018; Kazama etal., 2016). However, nuclear genes Rfla and RfIb encode for
Pentatricopeptide repeat (PPR) proteins and this protein is responsible for restoring fertility of

CMS-BT rice line.
GMS in crop species

GMS is exclusively caused by nuclear genes. It is commonly observed in angiosperms and is
reported in nearly every major crop species. GMS can arise from mutations however, genes coding
transcription factors are capable of modifying the expression of genes involved in reproductive
processes such as pollen/stamen development. resulting in a wide range of GMS phenotypes
(Jeong et al., 2014; Sawhney et al., 1997). Many GMS mutants are not suitable for hybrid seed
production because their male-sterility traits cannot be maintained efficiently. MS can be affected
by environmental factors (also known as EGMS). However, the discovery of EGMS mutants has
enabled some GMS traits to be used for hybrid crop breeding. For cereal crops such as wheat and

rice temperature-sensitive genic male sterile (TGMS) and photoperiod-sensitive genic male sterile
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(PGMS) lines have been created. The pollen fertility of EGMS lines changes in response to day
length and temperature (Virmani et al., 2001).

Wheat (Triticum aestivum L.) is one of the most extensively cultivated and serves as a crucial
cereal crop globally (Ray et al., 2013). Wheat is a self-pollinated crop with small flower organs
and removing stamens is a challenging task. Therefore, using MS lines as the female parent can
enhance seed production efficiency, ensure seed purity. TGMS and PTGMS variants of wheat have
been identified in China. Four mutants that can be classified as TGMS have been reported.
YanZhan 4110S is a line where male fertility is temperature-sensitive during the late uni-nucleate
stage of pollen development, becoming completely male sterile at temperatures above 20 °C. Two
genes, TaMUT11 and TaSF3, have been linked to TGMS in YanZhan 4110S (Yang et al., 2021).
Another TGMS line that has been shown to be a spontaneous mutation of the fertile wheat line
BNY-F is BNY-S. During the spikelet differentiation stage, BNY-S displays male sterility at
temperatures below 10 °C, while at temperatures over 10 °C, male fertility develops. However, a
single recessive gene wtms 1 controls sterility in BNY-S (Xing et al., 2003). BS20T is also a TGMS
line used for the breeding of hybrid wheat in northern China [41]. tmsBS20T is a single gene
located on chromosome 2BL, which is responsible for MS in BS20T (Ru et al., 2015). Another
TGMS line identified in wheat is BNS, it exhibits male MS in the temperature range of 7.4 °C to
11.4 °C but is male fertile at temperature higher than 11.4 °C. According to research the main
cause of sterility in BNS might be the early degradation of tapetum hindering the normal

development of microspores, thereby leading to pollen sterility (Li et al., 2009; Niu et al., 2019).

In addition to TGMS mutants, several PTGMS lines have been identified in wheat. For example,
BS366 exhibits male sterility when subjected to a condition of 10 °C with 12—-14 h daytime during
pollen development (Yuan et al., 2020). Other photo—thermos-sensitive genetic male sterility
(PTGMS) lines reported in wheat are C49S (Zhang et al., 2003), K78S, C412S (Mujun et al.,
2006), BS210 (Sun et al., 2017) and XN291S (Dong et al., 2012; Singh et al., 2021).

Rice, but in particular EGMS lines account for 20% of the hybrid rice cultivation area (Li et al.,
2007). The basis of two-line hybrid breeding consists of the EGMS male sterile genes. Based on
the main factors affecting fertility in rice EGMS can be divided into PGMS, TGMS and Humidity
sensitivity genic male sterility (HGMS). TGMS lines constitute a very important source for hybrid
rice breeding. The TMSS5 is a key sterility-fertility transition gene, that has been extensively studied
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for its role in fertility under varying temperature conditions. 7MS5 encodes RNase ZS1, which
regulates the accumulation of ubiquitin-60S ribosomal protein L40 (UbL40) mRNA. RNase ZS1
cleaves UbL40 mRNAs to maintain fertility. In 7MS5 mutants, the absence of RNase ZS1 leads to
an over accumulation of unprocessed UbL40 mRNAs at high temperatures, resulting in defective
pollen and male sterility (Zhou et al., 2014). In PGMS lines the photoperiod is considered as the
key regulator. Lines created via the PGMS-system are male sterile under long-day (LD) conditions
and restore male fertility under short-day (SD) conditions. The main PGMS genes identified in
rice are pms1, pms2, pms3 and pms4, which are mainly derived from japonica rice cultivar NK58S.
Under long-day conditions, pollen abortion in NK58S starts at the early pollen mother cell (PMC)
stage and persists throughout the pollen development. This is associated with abnormal tapetum
formation (Shi et al. 2009), which causes a gradual degeneration process that impedes the
availability of nutrients to developing microspores. PCD also plays a role in this premature tapetum
degeneration, occurring earlier in NK58S resulting in male sterility (Ding et al. 2012a). HGMS is
male sterile in low humidity environment and fertile in high humidity environment. Recent
research has identified HGMS lines in rice, and related genes such as OsCERI (OsGLI-4),
OsOSC12, and OsHMS1 have been reported. OsCERI is specifically expressed in the tapetum of
rice anther development stage 10, 11. It plays a key role in ultra-long chain lipid biosynthesis in
rice, affecting plastid development and PCD in rice tapetum hence causing male sterility (Ariizumi
et al., 2003).

1.2.2 The male sterility in ornamental species

Breeders of ornamental plants are always looking for cutting-edge technology that could help them
cut expenses, enhance the quality of their products, and increase their selection (Eeckhaut et al.,
2006). The breeding process for many ornamentals has been expedited using in situ and in vitro
haploid/double haploid techniques. Significant progress has been achieved through ovule culture,
embryo-rescue methods, and backcrossing (Datta et al., 2022). However, in ornamental plant
research the phenomenon of male sterility which is commonly used for producing F1 hybrid, an
ultimate goal of the breeder, has not been deeply investigated to date. Furthermore, there are very
few examples of some ornamentals like sunflower, chrysanthemum, petunia and cotton in which
MS has been studied (Budar et al., 2001).

CMS in petunia was the result of a purposeful breeding project in which interspecific hybrids were

created based on the successful production of male sterility in tobacco (Clayton 1950). CMS trait
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was successfully transferred into a wide variety of petunia specie by repeated backcrosses. In case
of P. hybrida the gene responsible for CMS is S-pcf, it is composed of 35 codons of the open
reading frame of a#p9, portions of two of the exons of cox2 (comprising 156 codons), and 207
codons of unknown origin (Young and Hanson 1987). Sporogenous and tapetal cells in anthers of
CMS lines display abnormalities during meiosis, ultimately resulting in abortion of pollen. Petunia
lines carrying the CMS cytoplasm can be restored to normal male fertility by the presence of a
single copy of a dominant nuclear Rf gene, which in Petunia appears to involve interactions

between the RF protein and pcf transcript (Gillman et al., 2009).

In sunflower only one CMS system, the so called PET 1-cytoplasm, resulting from the interspecific
hybridization of Helianthus petiolaris with Helianthus annuus has so far been used for
commercial hybrid breeding (Sajer et al., 2020), although more than 70 CMS sources have been
reported so far. CMS in sunflower is associated with the insertion into the mitochondrial DNA of
anovel OrfH522 located 3' to the atpA gene. In a research study the mitochondrial DNA (mtDNA)
organization of fertile (HA89) and male sterile CMS89 and of H. annuus and of H. petiolaris were
compared and within the entire rearranged mtDNA region only the atpA locus shows differences
in transcript pattern between HA89 and CMS89. The mtDNAs of fertile and male-sterile lines
differ by an 11 kb inversion and a 5 kb insertion. However chimeric gene is responsible for the
formation of 15 kDa novel polypeptide which is probably responsible for CMS phenotype (Hans
Kohler et al., 1991; Moneger et al., 1994).

In contrast to CMS, nuclear male-sterile plants are useful for understanding pollen development,
but their use in breeding programs is limited because homozygous male-sterile populations cannot
be generated (Williams 1995). To overcome the limitations of nuclear male sterility, in particular
the issue MS trait segregation, various strategies have been developed to utilize and regulate
nuclear genes for creating and maintaining pollen-sterile plant population. Furthermore, with
advancements in genetic engineering, numerous studies now focus on using precision breeding

techniques to enhance various traits in ornamental plants, including male sterility.
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1.3 New breeding techniques

Conventional breeding is currently the most widely used approach in crop improvement. It has
empowered breeders to develop enhanced varieties of numerous crops and has led to increased
food security. These improvements have resulted in crops with higher yields, improved nutritional
profiles, and increased resistance to biotic and abiotic stresses. However, these conventional
breeding methods are labor intensive and it requires a long period to progress from the early stages
of screening phenotypes and genotypes to the first crosses into commercial varieties. Breeders are
still facing increasing challenges that need to be overcome mainly due to climate change and
greater consumer demands. (Miladinovic et al., 2021; Zhang et al., 2019). Recent advancements
in sequencing technologies have made it easier to obtain genetic data for a growing number of
plant species. These developments, when combined with the progress made in genome editing
tools, allow for precise gene manipulation, creating new opportunities to improve crop quality.
Genome editing (GE) is defined as a collection of advanced molecular biology techniques that
facilitate precise, efficient, and targeted modifications at genomic loci. It provides novel means for
engineering crops with enhanced characteristics and improved traits. For two decades use of zinc-
finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENSs) for genome
editing was very common (Christian et al., 2010). These methods use standard sequence-specific
nucleases (SSNs), that can be activated to identify specific DNA sequences and produce double-
strand breaks (DSBs). These DSBs can be fixed by plants endogenous repair system either by non-
homologous end joining (NHEJ) or homology-directed repair (HDR) which can lead to the
insertion or deletion of nucleotides, exchanges at the target sites thereby causing gene knockouts
(Symington et al., 2011). Genome-editing technologies have been used to produce many gene
knockout mutants and some gene replacement and insertion mutants in a wide variety of plants,

and many of these mutants have been shown to be useful for crop improvement.
1.3.1 The CRISPR/Cas system as tool for genome editing

The clustered regularly interspaced short palindromic repeat (CRISPR)-associated protein 9
(Cas9) is derived from the adaptive immunity system of bacterial type II. It is another DSB- based
breakthrough technology which was developed and widely used for genome editing in many
organisms including plants (Zhu et al., 2016). CRISPR/Cas 9 system is characterized by its

simplicity, efficiency, low cost and by its ability to target multiple genes when compared with
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other programmable nucleases such as ZFNs and TALENs (Cong et al., 2013; Mali et al., 2013).
The CRISPR/Cas9 system has been rapidly exploited in many plant species because of these
distinctive traits, and it may provide an effective solution to many problems in plant breeding (L1
JF et al., 2013; Nekrasov et al., 2013; Shan et al., 2013). Many crops such as rice maize, wheat,
soybean, barley, sorghum, potato, tomato, flax rapeseed, camelina, cotton, cucumber, lettuce,
grapes, grapefruit, apple, oranges and watermelon have been edited using this genome editing tool

(Zhang et al., 2019).

The main components of CRISPR/Cas9 system are; Cas9 protein, easily engineered single guide
RNA complex which recognizes a particular 20 base pair (bp) region in the target genome
containing a protospacer-adjacent motif (PAM) sequence, which is required for effective target
recognition and precisely create DSBs at target gene loci (Khaoula et al., 2015; S. Kim et al.,
2014). These DSBs are repaired either by NHEJ to produce mutations in the targeted site or by
HDR if a homologous donor DNA template is present to produce gene fragment (knock-in) or
replacement for precise gene editing (Arora et al., 2017). Despite the well-established
understanding of CRISPR-Cas9 genome editing system, differences in species have been observed
to impact different outputs in terms of accuracy and efficiency. However, in plants different off-
target activity and mutations can be produced but it mainly depends on following factors such as
cell type, sgRNA design, selection of target site, endonuclease properties and type of DSBs
(Bortesi & Fischer, 2015).

1.3.2 The CRISPR/Cas system for male sterility induction

The CRISPR/Cas technology is constantly being improved to increase the accuracy and efficiency
of targeting different genes (Arora et al., 2017). Apart from characteristics related to quality, yield
and stress response, CRISPR/Cas-based technology offers a novel strategic approach which can
be used for exploiting additional crop features related to sterility and fertility. An increasing
number of genes involved in the development of male reproductive organs also having putative
role in male sterility have been characterized thanks to the growing amount of transcriptomic and
proteomic research conducted in recent decades, primarily focused on crop species. However,
CRISPR/Cas tool has proved to be an alternative, rapid method in generating MS line through
target gene editing both in food crops as well as in ornamental species (Farinati et al., 2023).

Among different CRISPR/Cas systems, the most famous Cas9 has been effectively utilized in
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developing male sterile line in many significant food crops globally. Investigations carried out on
major crops such as maize, rice, wheat, soybean and tomato have indicated that employing
collective CRISPR/Cas9 techniques can be useful in generating a pool of mutants showing male
sterility characteristics (Liu et al., 2020; Farinati et al., 2023; Yang et al., 2021; Jacobs at al., 2017).
Use of CRISPR/Cas9 tool for producing male sterile phenotype proves to be effective particularly
by employing a knock-out method to target GMS genes of nuclear origin. This approach is
preferred over CMS for producing hybrid seeds since it is easier to use (Qi et al., 2020).
CRISPR/Cas9 system accelerate crop breeding cycles as well as precisely improve agronomic
traits (Chen et al., 2019). For example, (Li et al., 2016) used CRISPR/Cas9 to target the
endogenous CSA gene in rice to produce a photosensitive male-sterile line, providing a
straightforward method for producing csa-based rP(T)GMS lines in the two-line hybrid rice
system. In tomato (Du et al., 2020) used CRISPR/Cas9 to modify a stamen-specific gene, SISTRI,
and created a new tomato male sterile line that could be used for hybrid breeding. Thus

CRISPR/Cas system is a convenient method for producing male-sterile lines.

1.3.3 CRISPR/Cas applications in modifying MYB genes for male sterility

MYB proteins are a major family of transcription factors in plants. More than 100 R2R3 MYB
members are present in the genome of monocots and dicots (L1 et al., 2019). They are crucial for
various biological processes, including development, secondary metabolism, signal transduction,
disease resistance, and stress response (Dare et al., 2008). Plant MYB family is large, with more
than 198 members in Arabidopsis, 234 in grape and 183 in rice (Chen et al., 2006). Structurally, a
complete MYB comprises three-parts: the DNA structure binding region (DBD), the
transcriptional activation domain, and the negative regulatory region (Ogata et al., 1996). MYB
subgroups in plants are classified on the basis of short, conserved sequence motifs. These
conserved motifs help in understanding phylogenetic relationships and infer biological functions
as they provide essential molecular functions to the proteins that contain them. (Millard et al.,
2019; Stracke et al., 2001).

Majority MYB genes are reported as positive regulators of transcription, and for example, specific
MYB members are involved in anther development (Zhang et al., 2007) such as MYB26, MYB33,
MYB32, MYB35 and MYB80. Among them, MYB35 and MYBS0 play vital roles in tapetal and
pollen development. In Arabidopsis the MYBS80 gene encodes an R2R3 transcription factor
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essential for various stages of anther development (Phan et al., 2012). In many crops such as, in
canola, wheat, rice, and cotton MYB80 homologs have been identified due to amino acid sequence
similarity. While the R2R3 DNA-binding domains of these proteins are highly conserved, whereas
the C-terminal region shows greater variability. However, mutations in the first exon of MYBS80
also known as MYBI103 is responsible for male sterility in Arabidopsis. This mutation disrupts
tapetum development and callose dissolution in MYB103-defective plants (Zhang et al., 2007).
Using different approaches such as transfer DNA(T-DNA) knockout, RNA antisense or point
mutation, the functional disruption of MYBS0 resulted in partial (in case of antisense lines) or
complete male sterility (Higginson et al., 2003; Li et al., 2007; Zhang et al., 2007). Analysis of the
gene expression profiles between wild-type flower buds and AtMYB103 mutant (ms188) revealed
that the loss of function of 4¢#MYB103 blocks several key metabolic and signaling pathways. This
finding suggests that AtMYB103 is a crucial regulator of anther development in Arabidopsis (Zhu
et al., 2010). Also in rice for example, the function of MYB proteins in anther development was
well studied. According to a recent study, OsMYB80 was specifically expressed in rice anthers
during the tetrad formation and microspore release from the tetrad, this expression was similar to

the timing of AtMYB&0 expression during the Arabidopsis anther development (Pan et al., 2020)

1.3.4 CRISPR-edited DNA-free by transient transformation system

As discussed earlier target-specific genome editing facilitated by CRISPR/Cas9 is recognized as a
highly effective tool for both fundamental and applied plant research because of its ability to
induce mutations at a high frequency while being relatively easy to use (Zhang etal.,
2013; Lowder et al., 2015; Maet al., 2015; Wang et al., 2016). Multiple techniques have been used
to develop plants which are CRISPR/Cas9 edited but free from CRISPR constructs and other
transgenic elements. However, there are still major challenges faced in terms of commercial
applications of CRISPR/Cas technology in agriculture (He and Zhao, 2020). The absence of
transgenes in gene-edited plant is essential for commercialization of any CRISPR-edited plants
with stable and desirable traits. There are several reasons, transgenes are not allowed in
commercially viable gene-edited crop plants. Firstly, cultivating plants containing a CRISPR gene-
editing constructs may be potentially hazardous to the environment. Release of pollen or seeds into
the environment containing components of CRISPR is not acceptable to the public therefore,

gaining approval from government regulatory bodies would be a difficult task (Callaway 2018;
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Huang et al. 2016). Secondly, it becomes challenging to evaluate the stability and penetrance of
crop traits in the presence of CRISPR constructs because the guide RNA and CRISPR enzyme
may continue to edit the existing targets or even off-targets, creating uncertainty in trait expression

(Gao and Zhao 2014).

However, the important strategies useful to avoid the maintenance of transgene integration have
been discussed in detail by (He and Zhao, 2020). Following CRISPR-mediated mutagenesis, the
Cas9 gene and related DNA sequences are typically removed through genetic segregation, which
eases public concerns about genetically modified organisms. The major advantage of this method
is that it allows the selection of plants without any T-DNA sequence, thus producing plants without
foreign DNA even if they were created using transgenic technology. Traditionally, plant transient
transformation technology has been widely used as an alternative approach to facilitate rapid and
efficient gene function analysis (Chen et al., 2006; Sheen, 2001). Agrobacterium sp. mediated
transient transformation (Cui et al., 2017), polyethylene glycol (PEG)-mediated protoplast
transfection (Cankar et al., 2022), and particle bombardment (Romano et al., 2003) are a few
examples of transient transformation approaches that have shown encouraging results in plant
research. Among these techniques, protoplast transient expression system has played a very vital
role in proteomics and genomics research, providing a quick and easy way to assess new
technologies such as genetic engineering approaches. Transient expression techniques for
protoplasts have been developed for various crop species, including monocots, dicots, herbaceous,
and woody plants. Some examples are rice (Yang et al., 2014a), barley (Bai et al., 2014), maize
(Caoetal.,2014), apple (Maddumage et al., 2002), and grapevine (Zhao et al., 2016). These results
highlight the possibility and feasibility of using protoplasts for CRISPR-mediated gene editing,
especially in species that have asexual reproduction, heterozygosity, or an extended juvenile phase.
Similarly, this strategy also represents the most practical way to directly utilize DNA-free genome
editing technologies mediated by CRISPR to improve traits and increase market value, as already
experimentally confirmed for food and non-food crops, such as strawberry (Martin-Pizarro et al.,
2019; Wilson et al., 2019), potato (Gonzalez et al., 2019; Nicolia et al., 2021; Zhao et al., 2021),
lettuce (Woo etal., 2015), chicory (De Bruyn etal., 2020; Cankar et al., 2022), Nicotiana
tabacum (Lin et al., 2018; Hsu et al., 2019) and ornamental species, such as petunia (Yu et al.,

2021b). Protoplast transient expression systems offer a promising and effective approach for
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producing CRISPR-edited DNA-free plant material and also for generating male sterile mutants.
Since protoplasts are individual cells that have been edited before the first cell division therefore,
new plants grown from a single modified protoplast guarantee genetic homogeneity in every cell

and the inheritance of modified alleles in the next generation (Farinati et al., 2023).

1.3.5 Potential application of the CRISPR/Cas system in MS ornamental species

The introduction of robust genome editing technology such as CRISPR/Cas holds significant
potential, and it is continuously resulting in the progress of floriculture industry by enabling precise
genetic modifications (Partap et al., 2023). In ornamental plant research MS has not been deeply
studied yet. Applications of CRISPR/Cas system are continuously being tested for the
improvement of several traits in ornamentals such as flowers longevity, modified time of flowering
and novelty in color range and fragrances. Although conventional breeding approaches such as,
polyploidization, mutagenesis, double haploid induction and intra and interspecific hybridization
have been extensively utilized to develop new varieties in ornamental species, but drawbacks and
limitations are still evident (Regalado et al., 2017; Maluszynski et al., 1995; Kato and Mii, 2012)
181. Many floricultural crops such as carnations, chrysanthemums and roses have high level of
heterozygosity, others have long life-cycle (e.g, anthurium), high chromosome numbers (e.g,
hibiscus) and large genome size in specie like lilium and chrysanthemums also the availability of
limited gene pool for new traits, significantly restrict the application of classical breeding strategies
whereas, genome editing approaches are particularly desirable (Anderson, 2006; Bisognin, 2011;
Giovannini et al., 2021). However, obtaining transgene-free first-generation modified plants
facilitating the development of foreign DNA-free editing techniques would be extremely beneficial
in these cases. The practicality of utilizing these techniques in the breeding of ornamental species
depends on a number of variables, including the availability of efficient protocols for
transformation and regeneration, the structure of plant genomes, and functions of genes. In recent
years, advancements in genome sequencing technology played an important role, allowing site-
specific mutagenesis on several key genes controlling desirable traits. These findings suggest that
applications of CRISPR/Cas9-induced mutagenesis is effective also in ornamental sector (Zhang
et al., 2016a; Kishi-Kaboshi et al., 2017; Yan etal., 2019; Yu etal., 2021b) and CRISPR/Cas
technology, has been successfully employed to create gene knockouts and induce genetic

alterations in ornamentals like Petunia inflate and Petunia hybrida (Subburaj et al., 2016; Zhang
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etal., 2016a; Sun and Kao, 2018; Yu etal, 2021b; Xu etal., 2022), Chrysanthemum
morifolium (Kishi-Kaboshi et al., 2017), Dendrobium officinale (Kui etal., 2017), Ipomoea
nil (Watanabe etal., 2017), Lilium longiflorum and Lilium pumilum (Yan etal., 2019),
and Phalaenopsis equestris (Tong et al., 2020). MS induction and development of male-sterile
ornamentals plants holds significant interest for various purposes such as facilitating hybrid seed
production, eliminating pollen allergens (i.e., gene escape), minimize the need for deadheading to
prolong the flowering period, reallocating resources from seed production to vegetative growth,
and enhancing flower longevity and shelf life (Garcia-Sogo et al., 2010). Figure 2 schematically

represents the CRISPR/Cas9 genome editing applications for the ornamental plant improvement.
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Figure 2. Flowchart depicting steps involved in the improvement of ornamentals using

CRISPR/Cas9 technology (Sirohi et al., 2022).

Many studies have been reported that highlights the effectiveness of CRISPR/Cas9 as genome
editing tool in major crops and ornamental species. The modification of Carotenoid cleavage
dioxygenase (CCD) gene in Ipomoea plant resulted in a 20-fold increase in carotenoid content in
the petals of CRISPR edited plants (Watanabe et al., 2018). In Petunia hybrida cv. Mirage Rose
CRISPR/Cas9 technology was used to modify the PAACOI gene. When compared to wild-type

lines, mutant lines showed longer flowering times (Xu et al., 2019), and the mutation frequency
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was overall 31.5 %. The goal of creating male sterile (MS) lines in ornamental plants and the
encouraging results obtained in some cases highlight the potential benefits of incorporating

CRISPR/Cas-based technologies for the purpose of genetic improvement in floricultural research.
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2. AIM OF THESIS

As described in introduction section, MYB gene family are important regulators of gene
transcription in plants. In particular, some members belonging to this gene family have been well
characterized since involved in anther and pollen development. For example, in Arabidopsis and
rice MYBS80 takes a key role as direct controller of pollen development, and could be a potential
target for developing of MS line. Furthermore, the genome editing approach based on
CRISPR/Cas9 system has represented a significant molecular tool become very important in
precision breeding since it allows precise genetic modifications in target genes involved in specific
biological processes. Additionally, protoplast transient expression system has played a relevant
role in plant research, resulting in a potential, rapid, and convenient technique for testing new

technologies, such as GE approaches.

Based on these presumptions, in this thesis the setting of initial stages for developing a
CRISPR/Cas9-based breeding strategy for implementing the MS trait in Petunia x hybrida hort.
ex E. Vilm, a model system for the Solanaceae family, and always a point of reference in
ornamental research, is described. The general objective is to create a temporary protoplast
transfection system that is mediated by CRISPR/Cas-edited DNA-free plant material. This will be
accomplished by directly delivering a ribonucleoprotein (RNP) preassembled complex that
consists of pure Cas9 protein and in vitro synthesized single guide RNA molecules (SgRNA). In
particular, I report the results obtained in the targeting of a Petunia MYB candidate gene, the
putative orthologue to AtMYBS80, as well as OsMYBS(0, whose central role in the development of
pollen and tapetum was well described in literature. The amplification and isolation of genomic
Coding DNA sequence (CDS) and basal promoter regions of target loci were performed
confirming the identity degree between amplified regions and reference sequences in databases.
Several SgRNAs were then identified and selected by web application, based on their potential
ability to target the investigated sequence at CDS level and predicted Transcriptional start sites
(TSS) region. The following in vitro SgRNA synthesis/transcription was used to measure the target
specificity in order to assess their potential for application in vivo later on. Additionally, a target
gene expression kinetics analysis was carried out on vegetative tissues and flower buds at various
phenological stages, confirming the gene's expression in stamens at particular stages and indicating

its potential significance for the formation and development of relative anther tissues and pollen.
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3. MATERIAL AND METHODS
3.1 Plant material and growth conditions

Plants of a Petunia x hybrida hort. ex E. Vilm. Clonal line were grown in pots in greenhouse
conditions at the experimental farm of University of Padova, Italy (GPS coordinates: 45° 20" 48.9"
110 N 11° 57 00.3" E). Internode segments were surface sterilized using 50% bleach and a few
drops of Tween-20 for 5 min followed by at least three washes with sterile water, then in vitro
transferred in Murashige and Skoog MS medium supplemented with 3.0% sucrose and 0.8% agar.
The boxes were placed in plant growth chamber under controlled temperature and light conditions

(23 °C, 16 h/8 h photoperiod light/dark).

3.2 Bioinformatics analysis

3.2.1 Sequence analysis

The PAaMYB106 (Peaxi162Sctf03974g00003.1) amino acidic sequence was downloaded from the
P. axillaris (Lam.) genome (Bombarely et al., 2016) Solanaceae Genomics Network data base

(SGN http://solgenomics.net). The predicted amino acid sequence was aligned to the sequence of

previously studied orthologous genes of Arabidopsis thaliana L. (Zhang et al., 2007), Brassica
napus L. (Xu et al., 2014), Gossypium hirsutum (Xu et al., 2014). Oryza sativa L. (Pan et al., 2020),
Cichorium intybus L. (Palumbo et al., 2019) and Lilium Oriental Hybrid (Sui et al., 2015),

available in the National Center for Biotechnology Information (https:/www.ncbi.nlm.nih.gov)

database. Using Geneious software (https://www.geneious.com) and the proprietary algorithm,

while a Jukes-Cantor Neighbor-Joining tree was generated. A putative basal promoter region of
PaMYB106 was analyzed for the presence of putative TATA box and the prediction of TSS using
the Softberry-TSSP software (http://www.softberry.com).

3.2.2 Primers design

Primers for the amplification of CDS and promoter region of PAMYB106 and for the expression
study were designed using Primer-BLAST online tool and verified with the IDT oligo analyzer

tool (https://eu.idtdna.com/pages/tools/oligoanalyzer). The primers were synthesized by

Invitrogen (Thermo-fisher, USA), and the specific names and sequences of primers used in this

thesis project are detailed in tables given below in different sections of methodology.
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3.2.3 Genomic DNA extraction

Genomic DNA was extracted from three young leaves from Petunia x hybrida using Qiagen DNA
Extraction Kit (Qiagen, Haan, Germany) according to the manufacturer’s instructions. The Leaf
tissues were fragmented with a Tissue Lyser II (Qiagen, Haan, Germany). DNA concentration was
measured using a Nano-drop spectrophotometer (Nano-Drop Technologies, Wilmington, DE,
USA) and diluted to a final concentration of 30 ng pl™' in TE buffer (pH 7.0) for further
experiments. The integrity of the genomic DNA was verified by 1% agarose gel electrophoresis
prepared by dissolving agarose powder in 1X TAE buffer and adding 1% Sybr® Safe DNA gel
stain at the concentration recommended by the manufacturer (Life Technology, Carlsbad, CA,

USA).
3.2.4 Sequence amplification

PCR assays were performed for the amplification of the CDS and of the promoter region of
PhMYBI106 in a total volume of 20 pl containing 30 ng of genomic DNA template, 1% Platinum
Multiplex PCR Master Mix (Applied Bio systems, Carlsbad, CA, United States), GC enhancer
(Applied Bio systems), 0.1 uM forward primer (Invitrogen), 0.1 uM reverse primer Invitrogen
(Table 1) and sterile water to volume. A 9600 Thermal Cycler (Applied Bio systems) was used
for PCRs setting the following thermal conditions (Table 2). Amplified fragments were subjected
to Sanger sequencing to confirm the sequences predicted. The PCR products were visualized on 1
% agarose gel (1% agarose, 1x TAE buffer and 1x Sybr-Safe DNA stain; Life Technologies)
placed in the electrophoresis machine at 100 volts for 20 min. Gel was visualized on an UV doc

HD®6 trans illuminator (UV Tec, Cambridge, United Kingdom) equipped with a digital camera.
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Table 1. Primers used for the CDS and promoter region amplification of PaMYB106 gene in

Petunia hybrida.
Gene Primers Investigation Sequence (5'>3") Locus
Position
CDS ATGGGAAGAATCCCATGTTGCGA )
+
I ex 01 Fw AAAAGAG
CDS TCAAACCATTGGATTCAAGAGAT
PaMYB106
. II_ex 03 Rev CATCAGATGATA +1510
(Peaxil62Scf0397420000
3.0) Prom 01 Fw Promoter GACTCTAGGAAAGCGAAAATCT -1022
' GCGG
I ex 01 Rev Promoter CTCTTTTTCGCAACATGGGATTCT +1
TCCCAT

*FW represents forward primer and Rev represents reverse primer used.

Table 2. PCR Thermo-cycler conditions used for the amplification of the CDS and promoter
region of PaMYB106 gene.

Stage Time Temperature °C No. of cycles
Denaturation 1 min ‘ 94 1X
Denaturation 30 sec 94

Annealing 30 sec ‘ 55 35X
Extension 1 min 72
Extension 10 min ‘ 72 1X

3.2.5 Cloning and sequence analysis

Using the TOPO-TA cloning kit (Invitrogen) and following the manufacturer's instructions, all
positive PCR-amplified fragments were cloned into the pCR2.1-TOPO vector. The clones were
plated on LB/Amp/X-Gal agar, and color-selected colonies were purified using the Qiaprep Spin
Mini-prep (Qiagen). Sanger sequencing was carried out using the universal M13 Forward and

Reverse primers in order to confirm the cloned nucleotide sequence.

3.3 RNA extraction

Petunia leaves and flower buds were collected from the plant grown in pots according to a

classification produced from literature (Kapoor et al., 2002 and Kovaleva et al., 2018) (Table 3)
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and flower buds were staged at (0.3 cm, 0.5 cm, 0.7 cm, 1.0 cm, or 1.2 cm). The anthers were
carefully separated and both anthers and remaining organs of the bud were quickly treated with

liquid nitrogen, and stored at -80° C for expression analysis.

Table 3. Different measurements of Petunia flower bud used for RNA extraction.

Bud length (cm) Morphological event
0.3 PMC development (Meiosis)
0.5 Tetrad formation
0.7 Tapetum formation completed, uni-nucleate microspore development
starts
1 Tapetum degeneration
1.2 Tapetum degeneration

3.4 RT- PCR and housekeeper test analysis

The primers selected for g-RT PCR analysis were specific for the MYB106 gene and for a
housekeeping gene (i.e. Elongation Factor 1a) that was appropriate for petunia floral organs. The

primer sequences are listed in Table 4.

Table 4. Primers used for amplifying the MYB106 and housekeeper gene in Petunia x hybrida

Gene identification Primers Sequence 5'>3' Locus
position
PaMYB106 Il ex 01 Fw CGGGCCGTACTGACAATGATGTTAAGAACC +794
(Peaxil62Scf039742000
03.1)
III _ex 02 Rev TCACTTATCAGGTGAGAGAATGGCTTGTGC +879
Elongation Factor 1 a EFla_Fw CCTGGTCAAATTGGAAACGG +1090
subunit
(SGN-U207468

EFlo_Rev CAGATCGCCTGTCAATCTTGG +1173

*FW represents forward primer and Rev represents reverse primer used

Total RNA was extracted from the anthers and from the remaining tissues of the floral bud without
the anther using a RNeasy Plant Kit (Qiagen, Haan, Germany), according to the manufacturer’s
instructions (three biological replicates consisting of a pool of six buds). Reverse transcription was

performed using the Prime-Script™ RT Reagent Kit following the manufacturer’s protocol
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(Takara, Dalian, China). The subsequent g-RT PCRs were performed in a Thermo-Fisher Quant-
Studio 3 real-time PCR instrument (Thermo-Fisher) using SYBR® Green Real-time PCR Master
Mix. The assays were performed in 96-well optical PCR plates (Applied Bio-systems, Foster City,
CA, US.A.), using a Quant-Studio 3 Real-Time PCR system following the experimental
conditions suggested by the manufacturer. Conditions set for -RT PCR are described in the Table

5 given below.

Table 5. g-RT PCR reaction conditions for MYB106 and house keeper gene in Petunia x hybrida.

No. of cycles Temperature °C Time
1 95 20 seconds
40 95 1 second
40 60 20 seconds
1 95 15 seconds
1 60 1 minute
1 95 15 seconds

After analyzing the qPCR machine data, the 2-AACT technique was used to calculate the
differences in gene expression. For that Ct values (average cycle thresholds) of every sample were
measured using standards produced by Thermo-Fisher's Quant-Studio Design and Analysis

Software v1.4.

3.5 Single guide (SgRNASs) design and in-vitro validation

a) SgRNA design
Using the PaMYBI106 (Peaxil62Scf03974g00003.1) sequence that is available on the Sol-
genomics (Sol Genomics Network) platform, the possible regions of interest for mutagenesis
induction were tracked in order to generate single guide RNAs (SgRNA). This sequence was used

as input to the CRISPOR digital platform (accessible at https://crispor.tefor.net) to identify DNA

target sequence ending with a proto-spacer adjacent motif (PAM) sequence, NGG at their 3” end.
After comparing the sequences to the Sanger sequencing analysis results, and based on the genome
variants, on-target scored SgRNAs were predicted in the CDS and promoter regions of the gene
respectively. Three different single guides were designed on the first, second and third exon in the
CDS region and three single guides were designed in the promoter region. Perfectly homologous

regions were selected for guide RNA design and regions with potential mismatches in the genome
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were eliminated from consideration. For in-vitro transcription of SgRNAs, the primers synthesized

were obtained from Invitrogen (Thermo-Fisher Scientific, Waltham, MA, USA).
b) Cleavage assay

To perform in-vitro cleavage assay the Guide-it Complete SgRNA kit (Takara, Cat. No. 632636)
was utilized to synthesize and confirm the efficacy of the SgRNAs generated by bioinformatics

tools. Following are the steps involved in the protocol of in-vitro cleavage assay:
i.  Single guide RNA template amplification using PCR

In order to produce a DNA template for the SgRNA in vitro transcription it is important to design
a specific primer which includes Guide-it Scaffold template, for the PCR reaction. T7 promoter,
SgRNA target sequence and the Guide-it Scaffold template sequence should all be included in this
primer. Table 6 summarizes the list of SgRNA primers used for the CRISPR/Cas9 cleavage assay

performed on CDS and promoter region.

Table 6. SgRNA primer list and other related information. Locus position: position relative to the
predicted ATG. Length of pre amplified DNA target before in vitro cleavage. Expected length of

fragments produced due to cleavage assay.

Primer name Sequence 5'>3' PAM Locus Amplified Cleaved fragment
position DNA target length (bp)
(bp)

SgRNA Prom 01 = AGAATTCAGGCGATCTCACG AGG -521 1100 520+580
SgRNA Prom_02 | TAGCTCACCCACAAGACACC CGG -346 1000 350+650
SgRNA Prom 03 = AGAGGTATGTCGAAAGGCAT GGG -243 1100 300+800
SgRNA_Tex GAGGGGGCAATGGACTCCTG AGG 34 870 130+740
SgRNA_Ilex CTCCGGCCTGATCTCAAACA TGG 252 820 260+560
SgRNA_Illex ACTGGAAGTACGTGCACAGT AGG 1507 800 520+280
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PCR reaction was carried out in accordance with the manufacturer’s procedure, using a Prime
STAR Max Premix DNA polymerase. In accordance with the protocol, the reaction occurs in a
final volume of 25 pl under the following conditions; 98°C for 10 seconds and 68°C for 10 seconds
for 33 consecutive cycles. This yields an accurate and highly concentrated RNA template. After
PCR was completed and to confirm that the sg RNA template was amplified, 5 pl of the PCR

product was examined on a 2% agarose gel.
ii.  In vitro transcription of Sg RNA

For in vitro transcription of SgRNA, it was necessary to use 5 pl of the prior PCR product as a
template for sg RNA synthesis with the IVT kit using Guide-it T7 polymerase mix and Guide-it
Transcription Buffer in order to perform this step. Then PCR tubes were incubated for the synthesis
reaction at 37 °C for minimum 4 hours. After the incubation, it was mandatory to remove the
template DNA which was done by adding Recombinant DNase I to the reaction mixture, followed
by an additional incubation for 15 minutes, as a result SgRNA containing the target sequence was

generated.

ili.  Purification of transcribed SgRNA
The purification of transcribed SgRNA was done after performing the digestion with recombinant
DNase I (RNase-free) using the Guide-it IVT RNA Cleanup Kit. The concentration of purified and
transcribed SgRNA was determined through a Nano-Drop 2000 spectrophotometer.

iv.  DNA amplification of target gene region
The targeted (CDS and promoter) region of our putative gene PaMYB106 were re-amplified after
bioinformatics analysis, confirmed the existence of potential SgRNAs. These regions served as a
reference for the in vitro cleavage assay reaction since they have already been cloned, amplified,
and sequenced.

v. Invitro cleavage assay
Following SgRNA purification, 1 pl of each SgRNAs (50 ng/ul) was combined with 0.5 pl of Cas9
nuclease (500 ng/pul) and incubated at 37 °C for 5 min to create the RNP assembly. Subsequently,
the RNP assembly was supplemented with 1 pl of BSA, 1 pl of 15X Cas9 Reaction Buffer, 6.5 pl
of RNase Free Water, and 250 ng of the target gene PCR product. After carefully mixing all the
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components with a pipette, they were immediately incubated for 1 hour at 37 °C and then for five
minutes at 80 °C. Using the supplied Guide-it recombinant Cas9 nuclease and the purified SgRNAs

an excision reaction was carried out on the DNA templates as part of the in vitro restriction.

vi.  Examination of the excision product

Following the incubation, the in vitro digested products were evaluated using 1.5% agarose gel

electrophoresis

3.6 Isolation and purification of protoplast
Protoplast isolation

The protoplast isolation procedure was carried out in accordance with (Nicolia et al., 2021 and Tan
et al., 1987) standards, based on the protocol already used for tomato. Some specific modifications

based on the framework of (Kang et al., 2023) were made for petunia.
a) Preparation of Solutions

All stock solutions were prepared using double distilled water (ddH20) and filtered through 0.22
um syringe unless otherwise specified. The main buffers and solutions with their final

concentrations used for protoplast isolation are listed in the tables given below
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Table 7. Digestion/ Cell lysis buffer: List of chemicals and enzymes with their final concentrations

used to prepare digestion buffer.

Final concentration

Chemical/Enzyme
D-Mannitol 04M
MES 20 mM
KCl 20 mM
CaClI2 10mM
Macerozyme 0.5%
Cellulase 1%
Pectolase 0.05%
BSA 0.1%

*The pH was adjusted to 5.8 using 1 N KOH.

Table 8. Washing buffer (W5): List of chemicals and their final concentrations used to prepare

W5 buffer
Chemical Final concentration
MES 2 mM
KCl 5 mM
NaCl 154 mM
CaCl2 125 mM
Glucose 5mM

*The pH was adjusted to 5.8 using 1 N KOH

Table 9. Cell and Protoplast Washing solution (CPW): List of chemicals and their final

concentrations used to prepare CPW solution

Final concentration

Chemical
MES 2 mM
CaClI2 10 mM
KH2PO4 0.2 mM
KNO3 1 mM
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MgS0O4*7H20 1 mM
KI 0.96 uM
CuSO4*5H20 0.16 uM

D-Mannitol 11%

Table 10. MMG buffer: List of chemicals and their final concentrations used to prepare MMG
buffer.

Chemical Final concentration
D-Mannitol 0.5M
MES 4 mM
MgCl2 15 mM

* The pH was adjusted to 5.8 using 1 N KOH

Table 11. PEG Calcium Transfection Media: List of chemicals and their final concentrations

used to prepare transfection media.

Chemical Final concentration
PEG 4000 40% (W/v)
D-Mannitol 02M

CaClI2 100 mM

* The pH was adjusted to 5.8 using 1 N KOH

b) Preparation and isolation of Petunia protoplasts

Young leaves weighing 0.6 grams were taken from 4 weeks old in vitro grown Petunia x hybrida

hort. ex E. Vilm plant, and were placed in a Petri dish containing 15 ml of cell lysis buffer (details

of buffer composition mentioned in Table 6). Using a sterile surgical blade, leaves were sliced into

smaller strips in the digestion solution, without damaging the leaf tissues. Extracted leaf material

were then incubated overnight in the dark at 25°C with gentle shaking at 20 rpm. After carefully

mixing and diluting the protoplast suspension with an equal volume of W5 solution, the mixture

was filtered to eliminate any remaining undigested leaf tissues. Then the mixture was slowly

filtered through a sieve of 60 pm pore size and pelleted by centrifugation at 100 G for 5 min. The

supernatant was carefully removed and pellet was slowly re-suspended in 5 ml of W5 buffer.

Protoplast were gently plated on filtered 21% sucrose in CPW solution and centrifuged at 100 G
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for 5 min. Protoplast floating on the sucrose layer were collected, washed in 10 ml of W5 buffer
and subjected to centrifugation at 100 G for 5 min. The protoplasts were then re-suspended in 5
ml W5 and centrifuged again at 100 G for 5 min and the resulting pellet was again suspended in

200 pl of MMG solution.
¢) Determination of yield and viability

The protoplasts isolated from Petunia plant were determined by putting 10 ul of protoplast solution
in a Burker-chamber. The counting of the number of protoplasts was done under the microscope
at 40X resolution. Only intact protoplasts were counted in 12 different chamber cells. Protoplast

density was calculated as follows:

Protoplast no. g'-FW leaf= Avg. protoplast no. per chamber cells x pl protoplast suspension x g
FW leaf 104 x 250

The viability of protoplasts was determined by adding 2 pul Fluorescein Diacetate (FDA) staining
dye prior to 100 ul protoplast suspension. The solution was placed in the dark for 2-5 min. The
yield of viable protoplasts was determined with a fluorescence microscope using as described
above for the protoplast total yield. Viability was calculated as the ratio between viable and total

protoplast yield.
d) Protoplast transfection

Freshly isolated protoplasts from Petunia leaves were transfected for the transient expression of
Green Fluorescence Protein (GFP), following a procedure adapted from the protocol of (Yuan et
al., 2023) for proportion of reagents for transfection, with some modifications according to (Kang
etal., 2023) were made for Petunia. Protoplast suspension was kept at 4 °C for 1 hour after isolation
to stabilize the cells and then diluted in order to have 2 x 10° protoplast suspended in 200 pl of
MMG. The solution was mixed with 15 pg of Cas9+GFP fusion protein (Sigma-Aldrich) and 220
ul of freshly prepared 40% PEG 4000 solution before incubating in the dark at room temperature
for 15 min. Subsequently, protoplasts were washed twice with 880 ul of W5 solution. After
centrifugation at 100 G for 5 min protoplasts were re-suspended in 1 ml of W1 solution and kept
in the dark at room temperature. In order to determine the transfection efficiency, the transfected
protoplasts were visualized under fluorescence microscope, following the procedure already

described for the protoplast viability measurement, after 15 min and after 24 hours.
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4. RESULTS AND DISCUSSION

4.1 Bioinformatics analysis

Preliminary bioinformatics analyses were carried out in order to evaluate whether the
PeaxMYB106 sequence can be a candidate gene for the induction of male sterility in Petunia.
Multiple alignments were performed between the amino acid sequence of interest and six other
homologous genes, previously characterized and linked to the onset of male sterility in other plant
species, including A. thaliana, O. sativa and G. hirsutum (Figure 3.A) and a phylogenetic tree was
created on the bases of sequence diversity (Figure 3.B). Although a long phylogenetic distance
between the species was observed (similarity degree between 48.3% and 89.5%), the homologous
proteins showed similar lengths (ranging from 320 to 372 amino acids). It is interesting to note
that a significant conservation was observed among the first 115 amino acids from all the species,
corresponding to the R2R3 MYB domain. R2R3 domain is a DNA binding domain responsible for
the transcription factor function (Dubos et al., 2010). The region of 44 amino acids subsequent to
the MYB domain also showed a similar pattern among all the sequences analyzed, with peptide
conservation stopping at position 169 KKR. In addition, a highly dissimilar region of 149 amino
acids was present in all the species, followed by 20 amino acids in the C region, which slightly
differed from sequence to sequence (Xu et al. 2014 and Phan et al. 2011) reported that the highly
conserved R2R3 DNA-binding domains, the 44 amino acids downstream of the R3 region and the
variable C-terminal portion showed by the PeaxMYB106 orthologs are unique among MYB genes
and the interaction between the action of these regions can be critical for the gene function. In fact,
(Phan et al. 2012), demonstrated that the addition of an EAR motif in the 44 amino acid region,
affected the DNA binding or protein-protein interaction, leading to a non-functional gene. In
addition, (Li et al. 2007), observed that a T-DNA insertion that modifies the 18 amino acids in the
C region truncates AtMYB80 and cause MS. In the same context, (Palumbo ez a/. 2019), discovered
a 4 bp insertion in the second exon of male sterile plants, responsible for the introduction of a pre-
stop codon resulting in a shorter protein of 123 amino acids, which can putatively be non-

functional and lead to MS.
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Figure 3. A. Multiple alignment of peptide sequences between petunia MYB106 and six different
MYB potential orthologues was performed using Geneious Prime® software. Aligned peptide
sequences from Arabidopsis (AtMYBS80), canola (BnMYBS80), chicory (CiMYB103), cotton
(GhMYB&80), lily (LoMYBS80) and rice (OsMYBS80) plants. The conserved regions are highlighted:
The R2R3 domain is indicated by blue boxes, the conserved 44 amino acid sequence region is
indicated by a green box, and the C-terminal region is indicated by a red box. B. Jukes-Cantor

Neighbors Joining tree based on the described alignment.
4.2 PaMYBI106 isolation in Petunia x hybrida

Exploiting the genomic DNA isolated from clonal Petunia x hybrida plants, propagated under in
vitro conditions, the full-length CDS of PAMYB106 was amplified by PCR with the primer pair
I ex 01 Fwand Il ex 03 Rev. The nucleotide sequence identity with the PaMYB106 sequence
retrieved from P. axillaris (Lam.) draft genome (available in the Sol Genomics Network database)
was confirmed with Sanger sequencing. In silico analysis, generated by the GSDS online tool of
gene locus, confirmed the exon/intron organization of the gene structure, which resulted to be

composed by three exons (respectively formed by 133, 130 and 739 bp) and two introns (75 and
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433 bp in length) (Figure 4). Subsequently, the exon—intron organization was confirmed through
amplification of a cDNA sequence corresponding to a full-length CDS transcript encoding a
putative 334 aa peptides. In addition, a genomic region that was 1022 bp upstream of the ATG site
was amplified with the primer pair Prom 01 Fw and I ex 01 Rev to map the putative TSS and
TATA box in the MYB106 locus through the Soft berry-TSSP software. The predicted TSS region
with the most likelihood resulted to be at 56 bp upstream the ATG, while the TATA box at 72 bp.
Analyzing the promoter is of relevance for MYB genes, since if they are truncated, promoter
represses its action, showing a negative autoregulation mechanism in the later stages of pollen

development (Phan et al. 2011; Xu et al. 2014).

Promoter CDS

ATG
+1
| Exone M || Exone 1l Exone a
box ®-lex 01_Fw il‘» Q- lllex_02_Rev llex_03_Rev-4Q)
Prom_01_Fw s P lliex_01_Fw

lex_01_Rev

il

Figure 4. Schematic representation of the PAMYB106 genomic locus, including the upstream basal
promoter and CDS. The relative positions and orientations of the primers are indicated with purple
arrows. The predicted TATA-box and TSS motifs in the promoter region are indicated. The exons
are indicated with filled light blue rectangles, while the introns are indicated with black lines in

the CDS region.

4.3 Expression Analysis

As the putative orthologous AtMYB80 gene is expressed during anther development, the expression
of PhMYB106 was evaluated in floral buds that were collected at different growth stages (Figure
5.A). The results obtained with Real Time RT-PCR showed an almost absent RNA levels in the
leaves, while in the flower buds PAMYB106 was considerably more expressed (Figure 5.B). In
particular, in anthers the gene expression was higher than in the rest of the flower buds (FBs) and
in both anthers and FBs the maximal RNA levels were seen at the lower flower bud size sampled
(0,3 cm of height), while the minimal were observed at the highest bud size (1,2 cm). Therefore,
in general the expression tended to decrease with the increasing of the bud size, even if an increase
at 0,7 cm of bud size for anthers observed. This last observation might be due to fluctuations in

the actual decreasing of expression. The highest PAMYB106 expression coincided with the early
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phases of micro-sporogenesis in Petunia, while the decrease is comprehended towards the
following micro-gametogenesis phase (Kapoor et al., 2002; Kovaleva et al., 2018). Tapetum
reaches the pick of growth of its development when the flower buds are around 0,5 cm of height,
while completely ends its formation and starts to degenerate around 1,0 cm. Tapetum is known to
be fundamental for viable pollen production, secreting essential nutrients like lipids and
polysaccharides which allow pollen maturation (Gomez et al., 2015; Liu & Fan, 2013). Nutrient
secretion is determined by specific timing in tapetum degradation, while it was observed in several
species that abnormal development of its structure leads to lack of or un functional pollen
formation, causing MS (Ito et al., 2007; Parish & Li, 2010). PhAMYB106 orthologs in other species
have been reported to be related with correct tapetum and pollen development (Sui et al., 2015;
Pan et al., 2020). Coinciding the maximal gene expression with the phase of major tapetum growth
and the lowering trend with the phase of its complete maturation, data obtained support the idea
of an involvement of PAMYB106 in the functional tapetum/pollen development also in Petunia and

therefore the gene of interest can be a potential target for MS induction.
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Figure 5. PhMYB106 relative expression analysis. A. Flower buds and flower buds sections,
staged and collected at different growth stages, with the relative development stage of Petunia
pollen structures. B. Normalized expression level of the PAMYB106 transcript as measured by real-
time q-RT PCR. The data were analyzed to determine gene expression using the 2"2A¢T method,
in comparison to the expression of the housekeeper gene Elongation Factor 1a and of MYBI106

gene in leaf. Error bars represent the standard deviation. Lowercase letters represent significant
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differences at p<0.05 according to one-way ANOVA (Tukey HSD test). Blue bars: Anthers. Red
bars: Flower Buds without anthers (FB).

4.4 SgRNA design and in vitro cleavage assay with CRISPR-Cas9 system

Preliminary study of the sequence of the PAMYB106 genomic locus was fundamental to support
the design of specific guide RNAs (SgRNAs), in order to find specific regions suited for becoming
targets for generating CRISPR/Cas-edited DNA via direct delivery of an in vitro preassembled
ribonucleoprotein (RNP) complex, formed of the Cas9 endonuclease and selected SgRNAs.
Through the use of the CRISPOR2 platform, several candidate SgRNA binding sites in the
MYBI106 locus were found, including both in CDS and promoter region. Regarding the CDS,
attention was given to the selection of SgRNAs that target each of the three identified exons, while,
for promoter, guides located around the predicted TATA-box motif were chosen. As demonstrated
for other orthologous MYB genes, the editing of coding sequences, as well as of regulatory regions,
could be an attractive strategy to block the production of a functional protein at the pre- or
posttranscriptional level (Phan et al. 2011; Xu et al. 2014).

Among the CRISPOR outputs obtained, six SgRNAs were selected as potential effectors on the
basis of the recognition site and the minimum number of predicted off-targets. These potential
SgRNAs were in vitro synthetized, and the correct Cas9-SgRNA assembly was subsequently
confirmed: a correct cleavage by the Cas9 protein complex was observed in the amplified region,
comprehending the sequence recognized by the SgRNA. The lengths of the pre-amplified targets,
including the DNA fragments that are recognized by the S gRNAs, are shown in Table 2 and in
Figure 5A. The results after in vitro cleavage assay with the Cas9/SgRNA Prom02 and
Cas9/SgRNA _Ilex complexes are shown in Figure SB. Fragment lengths obtained corresponds to
those predicted, confirming the suitability of the SgRNA selected for CRISPR-Cas9 system

applications.
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Figure 5. Design and in vitro cleavage assay of SgRNAs. A) Schematic representation of the
PhMYB106 genomic locus, including the upstream basal promoter and CDS region. The mapping
of all six SgRNAs is visualized in green. B) In vitro Cas9 cleavage assay using SgRNA Prom02
and SgRNA Ilex for the promoter and second exon, respectively. U: un-cleaved; C: cleaved.
Agarose gel (1%). The molecular marker used was the Gene Ruler 1Kb Plus DNA ladder (Thermo-
Fisher).

4.5 Protoplast isolation and transfection

Protoplasts are the plant cells that lack a cell wall and maintain their genetic information, allowing
for the rapid insertion of desired genes. This trait makes them useful for genetic research and
modification. As described in the introduction section, CRISPR/Cas9 construct can be delivered
into the cells in the form of RNP complex, thus avoiding the integration of foreign DNA providing

a more efficient and precise means of gene editing.

For isolating the protoplasts from leaves of Petunia x hybrida hort. ex E. Vilm the protocol adapted
was based on the one already used for tomato with slight modifications according to Kim et al.,
2022 were made only for the transfection. The conditions which results in intact shaped, high yield
and viable protoplasts are; in vitro growth conditions which includes sterile plant material grown
on MS medium, enzymolysis process which includes 0.4 M osmotic concentration and overnight

incubation in dark with shaking at 20 rpm. For purification, 21% sucrose and centrifugation speed
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(100 G for 5 min) was a critical point for obtaining viable protoplasts. Figure 6, schematically

represents different steps followed during protoplast isolation and purification procedure.

a2

Figure 6. Summary of the stages involved in isolating protoplasts from in vitro cultivated Petunia
x hybrida. A) 4-5 weeks old Petunia plant grow in vitro. B) Petunia leaves chopped into 0.3 mm
segment in lysis buffer. C) Enzymatic digestion of Petunia leaves after overnight incubation at 20
rpm. D) Enzymatic solution containing protoplasts filtered through a 60 pm nylon mesh into a

sterile Petri dish. E) Protoplast ring formed due to sucrose gradient after centrifugation.

In literature different conditions are used for protoplast isolation specifically for Petunia, however
both tomato and Petunia belongs to same plant family therefore we adapted those conditions which
were already used for tomato. The important step during protoplast isolation and purification is
the formation of protoplast ring produced due to sucrose present in CPW solution as we can see in
Figure 6 (E), and we obtained a thick layer of ring indicating high amount of protoplast. The
following steps require careful handling since these protoplasts are very delicate because they lack

cell wall.

Yield and Viability

Controlling yield throughout the isolation process is crucial for achieving the desired shape,
vitality, and density in our protoplasts. When the desired levels of quality and quantity for isolation
are met, it is assumed that we have the sufficient and good starting material for transfection. Figure
7 shows some images of freshly isolated protoplasts visualized under microscope at 10X and 40X

resolution.
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Figure 7. Freshly isolated Petunia protoplasts under microscope at 10 and 40X resolution

Protoplast density is critical for transfection. With this optimized protocol we obtained the density
of 2 x 10° from 4 weeks old in vitro grown Petunia plant. In Figure 7 we can observe the intact
shape of protoplasts, after obtaining these results the next step was to check viability. For
transfection it is necessary to have viable protoplasts, therefore we determined the viability of
protoplasts by using FDA and results were recorded. Figure 8 represents optimal yield of viable
protoplasts obtained. Viability was measured using FDA staining method before transfection.
Images were taken under fluorescence microscope using different filters such as Bright field (BF),

FDA and merged at 10X.

BF FDA MERGED

Figure 8. Optimal yield of viable protoplast obtained after FDA treatment. A) Protoplast under
bright field (BF). B) Viable protoplast under FDA filter. C) Merged image of BF and
FDA showing alive and dead protoplast. Scale used is 100 pum.

Protoplasts were tested for quality during isolation based on their circular form, indicating cell

wall digestion and viability under a microscope. The accurate isolation of protoplasts allowed us
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to proceed to the transfection step, which is an important for the delivery of RNP complex and

DNA-free CRISPR-Cas9 transient expression.

Protoplast transfection

In order to examine transient expression system, the modified PEG mediated protoplast
transfection protocol based on the method described by (Kang et al., 2023). To optimize GFP
expression in Petunia leaf protoplasts, we transfected them using a GFP-Cas9 fusion protein. In
this step we examined the amount of GFP-Cas9 fusion protein, PEG concentration and transfection
time, to obtain the results previously reported by (Kang et al., 2023). However, it was observed
that 15 pug of Cas9-GFP fusion protein, 40% PEG and 15 min for transfection yield positive results
and a consistent signal of RNP complex was obtained in successfully transfected protoplasts when
closely examined under fluorescence microscope. In Figure 9 we can observed a successful
transfection of protoplast with Cas9-GFP fusion protein. This result was obtained after 15 min of
transfection. The efficiency of transient expression is strongly influenced by several factors, which we
have already discussed and taken into account. However, it is fundamental that protoplast remains
viable and transfected after 24 hours or even more in order to proceed with regeneration step in
future. In this experiment we observed transfection efficiency and viability after 15 min and 24
hours and results were recorded. Figure 10 shows transfected protoplasts after 24 hour examined

under microscope.

Figure 9. Petunia protoplasts transfected with a Cas9 -GFP protein for transient expression. 40%
PEG was used for transfection. Results obtained after 15 min of transfection. Arrows indicate

transfected protoplast under BF and GFP filter.

49



Figure 10. Petunia protoplast transient expression with Cas9-GFP fusion protein after 24-hour
transfection. Images taken under fluorescence microscope, with different filters BF, GFP and RFP

at 40X magnification. Scale used is 100 pm.
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Conclusion and future perspectives

This study focuses on the establishment of the beginning steps for establishing a CRISPR/Cas9-
based breeding strategy for implementing the MS trait in Petunia x hybrida hort. ex E. Vilm, a
model system for the Solanaceae family. This research aims to introduce a new tool for plant
breeding that can yield MS lines, complementing traditional methods. Based on the results
obtained from the alignments of PeaxMYBI106 with previously confirmed putative orthologs
revealed the presence of functional domains which are common among the other MYB proteins
and the interaction between the action of these regions can be critical for the gene function.

The expression analysis of PAMYB106 carried out in this study and the results obtained revealed
that PAMYBI106 transcription factor gene may have an involvement in post-meiotic phases of
development, specifically in functional tapetum/pollen development in Petunia, as orthologs in
Arabidopsis, cotton, and rice, which have been reported to be related with correct tapetum and
pollen formation. This led to speculate on the potential role in MS induction in Petunia. For this
purpose, CRISPR/Cas9 gene editing technology was the most suitable method for testing our
theory. This system has proven to be an ideal GE tool for inducing specific mutations in various
plant species and effective in generating sterile lines than conventional breeding. However, RNP-
DNA-free modification of genes involved in anther/pollen development could be a viable

alternative to the traditional use of CRISPR/Cas9 technology.

In this study, a temporary protoplast transfection system that is mediated by CRISPR/Cas9 edited
DNA-free plant material was created in Petunia. To successfully apply this system, several
elements were considered, including SgRNAs designed using digital platforms in the targeted
locations of PaMYB106 as well as RNP complexes and delivery conditions. However, after
successfully demonstrating the RNP complex structure in the in vitro experiments, we proceed
with the protoplast isolation and transfection protocol which previously yield satisfactory results.
However, we successfully obtained the protoplast transfection results and method used was
reproducible, providing a basis to establish a preliminary regeneration protocol for Petunia x
hybrida in future. Despite that the transfection efficiency was lower compared to that reported in
the literature, primarily due to factors discussed in the previous section. Therefore, further
investigation is required to address this gap. In the future, after obtaining a high efficiency of

transfection in protoplasts, it is possible to evaluate the functionality of RNP complex in vivo. For
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this purpose, we can exploit the totipotent nature of protoplasmic cells to regenerate into modified
plants in vitro. Later, we can perform sequencing analysis to identify genetic differences in
potential mutants, as well as histological and expression analysis to confirm the significance of the

PaMYB106 gene.

The main objective of this research aligns with the European goal to achieve and promote
sustainability. Gene edited plants are typically indistinguishable from the naturally occurring
mutants. Moreover, off-target effects are minimal in DNA-free approaches, unlike other stable and
transient expression methods. However, it is supposed that Cas9 RNPs cleave target DNA
immediately after transfection, degrades rapidly within hours limiting their mode of action to the
original cells (protoplasts) of the edited plants. However, Europe focuses on the generation process
during the approval of new plant products. Therefore, DNA-free genome edited plants will be
subjected to the same scrutiny process as the few legally cultivated genetically modified plants in
Europe. This will ultimately benefit the trade business of ornamental plants, since many countries

have now started to update their legal interpretations related to the modified plants.

52



53



REFERENCES

1) Chandler Stephen, F. (2003). Commercialization of genetically modified ornamental
plants. Journal of Plant Biotechnology, 5(2), 69-77

2) Chandler, S.F. and Sanchez, C. (2012), Genetic modification; the development of
transgenic ornamental plant varieties. Plant Biotechnology Journal, 10: 891-903.
https://doi.org/10.1111/j.1467-7652.2012.00693.x

3) Huylenbroeck, J. V., & Bhattarai, K.. (2022). Ornamental plant breeding: entering a new
era. Ornamental Horticulture, 28(3), 297-305. https://doi.org/10.1590/2447-
536X.v28i3.2516

4) Liitken, H., Clarke, J.L. & Miiller, R. Genetic engineering and sustainable production of
ornamentals: current status and future directions. Plant Cell Rep 31, 1141-1157 (2012).
https://doi.org/10.1007/s00299-012-1265-5

5) Chandler S, Tanaka Y (2007) Genetic modification in floriculture. Crit Rev Plant Sci
26:169-197)

6) Zheng, T., Li, P., Li, L. et al. Research advances in and prospects of ornamental plant
genomics. Hortic Res 8, 65 (2021). https://doi.org/10.1038/s41438-021-00499-x

7) TanakaY, Brugliera F, Kalc G, Senior M, Dyson B, Nakamura N, Katsumoto Y, Chandler
S (2010) Flower color modification by engineering of the flavonoid biosynthetic pathway:
practical perspectives. Biosci Biotechnol Biochem 74:1760—-1769

8) Nishihara M, Nakatsuka T (2011) Genetic engineering of flavonoid pigments to modify
flower color in floricultural plants. Biotechnol Lett 33:433—441

9) Britannica, T. Editors of Encyclopaedia (2024, January 11). petunia. Encyclopedia
Britannica. https://www.britannica.com/plant/petunia

10) Alisawi, O., Richert-Poggeler, K. R., Heslop-Harrison, J. S. P., & Schwarzacher, T.
(2023). The nature and organization of satellite DNAs in Petunia hybrida, related, and
ancestral genomes. Frontiers in plant science, 14, 1232588.
https://doi.org/10.3389/fpls.2023.1232588

11) Vandenbussche, M., & Chambrier, P. (2016). Petunia, your next supermodel?. Frontiers

in plant science, 7, 168056.

54


https://doi.org/10.1111/j.1467-7652.2012.00693.x
https://doi.org/10.1590/2447-536X.v28i3.2516
https://doi.org/10.1590/2447-536X.v28i3.2516
https://doi.org/10.1007/s00299-012-1265-5
https://www.britannica.com/plant/petunia
https://doi.org/10.3389/fpls.2023.1232588

12) Bombarely, A., Moser, M., Amrad, A. et al. Insight into the evolution of the Solanaceae
from the parental genomes of Petunia hybrida. Nature Plants?2, 16074 (2016).
https://doi.org/10.1038/nplants.2016.74

13) The Tomato Genome Consortium. The tomato genome sequence provides insights into
fleshy fruit evolution. Nature 485, 635—641 (2012). https://doi.org/10.1038/nature11119

14) Kim, S., Park, M., Yeom, SI. et al. Genome sequence of the hot pepper provides insights
into the evolution of pungency in Capsicum species. Nat Genet 46, 270-278 (2014).
https://doi.org/10.1038/ng.2877

15) Griesbach, R.J. (2007). Petunia. In: Anderson, N.O. (eds) Flower Breeding and Genetics.
Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-4428-1 11

16) Lasa, J.M., Bosemark, N.O. (1993). Male sterility. In: Hayward, M.D., Bosemark, N.O.,
Romagosa, 1., Cerezo, M. (eds) Plant Breeding. Plant Breeding Series. Springer,
Dordrecht. https://doi.org/10.1007/978-94-011-1524-7 15

17) Longin, C. F., Muhleisen, J., Maurer, H. P., Zhang, H., Gowda, M., Reif, J. C. (2012).
Hybrid breeding in autogamous cereals. Theor. Appl. Genet. 125, 1087-1096.
doi: 10.1007/s00122-012-1967-7

18) Kim, Y. J., Zhang, D. (2018). Molecular control of Male fertility for crop hybrid
breeding. Trends Plant Sci. 23, 53—65. doi: 10.1016/j.tplants.2017.10.001

19) Li, Z., Sun, J.,, Hirsch, C. (2022). Understanding environmental modulation of
heterosis. Plant Breed. Rev 45, 219-239. doi: 10.1002/9781119874157.ch4

20) Ramlal, A., Nautiyal, A., Baweja, P., Kumar Mahto, R., Mehta, S., Pujari Mallikarunja,
B., et al. (2022). Harnessing heterosis and male sterility in soybean [Glycine max (L.)

merrill]: a critical revisit. Front. Plant Sci. 13. doi: 10.3389/1pls.2022.981768

21) Colombo, N., Galmarini, C. R. (2017). The use of genetic, manual and chemical methods
to control pollination in vegetable hybrid seed production: a review. Plant Breed 136,

287-299. doi: 10.1111/pbr.1247

55


https://doi.org/10.1038/nplants.2016.74
https://doi.org/10.1038/nature11119
https://doi.org/10.1038/ng.2877
https://doi.org/10.1007/978-1-4020-4428-1_11
https://doi.org/10.1007/978-94-011-1524-7_15

22) Abbas, A., Yu, P., Sun, L., Yang, Z., Chen, D., Cheng, S., et al. (2021). Exploiting genic
Male sterility in rice: from molecular dissection to breeding applications. Front. Plant

Sci. 12. doi: 10.3389/fpls.2021.629314

23) Wang, D., Wang, Y., Zhang, L., Yang, Y., Wu, Q., Hu, G., et al. (2023). Integrated
transcriptomic and proteomic analysis of a cytoplasmic male sterility line and associated

maintainer line in soybean. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1098125

24) Yamagishi, H., Bhat, S. R. (2014). Cytoplasmic male sterility in brassicaceae crops. Breed
Sci. 64, 38-47. doi: 10.1270/jsbbs.64.38

25) Barcaccia, G., Ghedina, A., Lucchin, M. (2016). Current advances in genomics and
breeding of leaf chicory (Cichorium intybus 1.). Agriculture 6, 6-50.
doi: 10.3390/agriculture6040050

26) Khan, M., Isshiki, S. (2016). Cytoplasmic Male sterility in eggplant. Horticulture J. 85,
1-7. doi: 10.2503/hortj.MI-IR03

27) Jindal, S., Dhaliwal, M., Meena, O. (2019). Molecular advancements in male sterility
systems of capsicum: a review. Plant Breed 139, 42—64. doi: 10.1111/pbr.12757

28) Singh, H., Khar, A. (2021). Perspectives of onion hybrid breeding in India: an
overview. Indian J. Agric. Sci. 91, 1426—-1432. doi: 10.56093/ijas. v91i110.117404

29) Chen, Z., Zhao, N., Li, S., Grover, C. E., Nie, H., Wendel, J. F., & Hua, J. (2017). Plant
mitochondrial genome evolution and cytoplasmic male sterility. Critical reviews in plant
sciences, 36(1), 55-69. Rogers, J., Edwardson, J. (1952). The utilization of cytoplasmic
Male-sterile inbreds in the production of corn hybrids. Agron. J. 44, 8-13.
doi: 10.2134/agronj1952.00021962004400010004x

30) Jindal, S., Dhaliwal, M., Meena, O. (2019). Molecular advancements in male sterility
systems of capsicum: a review. Plant Breed 139, 42—64. doi: 10.1111/pbr.12757

31) Kim, Y. J., & Zhang, D. (2018). Molecular control of male fertility for crop hybrid
breeding. Trends in Plant Science, 23(1), 53-65.

56



32) Singh, S., Dey, S. S., Bhatia, R., Kumar, R., & Behera, T. (2019). Current understanding
of male sterility systems in vegetable Brassicas and their exploitation in hybrid
breeding. Plant Reproduction, 32, 231-256.

33) Mayr E. 1986. Joseph Gottlieb Kolreuter’s contributions to biology. “ Osiris 2:135-76

34) Kaul MLH, 1988. Male Sterility in Higher Plants. New York: Springer-Verlag

35) Hickey, L. T. et al. Breeding crops to feed 10 billion. Nat. Biotechnol. 37, 744-754 (2019).

36) Tester, M. & Langridge, P. Breeding technologies to increase crop production in a
changing world. Science 327, 818—-822 (2010).

37) Kim, Y. J. & Zhang, D. Molecular control of male fertility for crop hybrid breeding.
Trends Plant Sci. 23, 53-65 (2018).

38) Saxena, K.B., Hingane, A.J. (2015). Male Sterility Systems in Major Field Crops and
Their Potential Role in Crop Improvement. In: Bahadur, B., Venkat Rajam, M., Sahijram,
L., Krishnamurthy, K. (eds) Plant Biology and Biotechnology. Springer, New Delhi.
https://doi.org/10.1007/978-81-322-2286-6 25

39) Hanson MR, Bentolila S (2004) Interactions of mitochondrial and nuclear genes that affect
male gametophyte development. Plant Cell 16:S154—S169

40) Yamagishi H, Bhat SR (2014) Cytoplasmic male sterility in Brassicaceae crops. Breed Sci
64:38-47

41) Wang K, Peng X, JiY, Yang P, Zhu Y, Li S (2013a) Gene, Protein and network of male
sterility in rice. Front Plant Sci 92:1-10

42) Singh SP, Singh SP, Pandey T, Singh RK, Sawant SV (2015) A novel male sterility-
fertility restoration system in plants for hybrid seed production. Sci Rep 5:11274

43) Gautam, R., Shukla, P. & Kirti, P.B. Male sterility in plants: an overview of advancements
from natural CMS to genetically manipulated systems for hybrid seed production. Theor
Appl Genet 136, 195 (2023). https://doi.org/10.1007/s00122-023-04444-5

44) Yang H, Xue Y, Li B, Lin Y, Li H, Guo Z, Li W, Fu Z, Ding D, Tang J (2022b) The
chimeric gene atp6c confers cytoplasmic male sterility in maize by impairing the assembly
of the mitochondrial ATP synthase complex. Mol Plant 15:872—-886

45) Dewey, R.E., Levings, CS. 111, and Timothy, D.H. (1986). Novel recombinations in the
maize mitochondrial genome produce a unique transcriptional unit in the Texas male-

sterile cytoplasm. Cell 44, 439-449.

57


https://doi.org/10.1007/s00122-023-04444-5

46) Dewey, R.E., Timothy, D.H., and Levings, C.S. 111 (1987). A mitochondrial protein
associated with cytoplasmic male sterility in the T cytoplasm of maize. Proc. Natl. Acad.
Sci. USA 84, 534-5378,

47) Wise, R., Gobelman, K., Pei, D., Dill, C., Schnable, P. (1999). Mitochondrial transcript
processing and restoration of male fertility in T-cytoplasm maize. J. Hered. 90, 380-385.

48) Dewey R, Timothy D, Levings C (1991) Chimeric mitochondrial genes expressed in the
C male-sterile cytoplasm of maize. Curr Genet 20:475-482

49) Yang D, Liu Y, Ali M, Ye L, Pan C, Li M, Zhao X, Yu F, Lu G (2022a) Phytochrome
interacting factor 3 regulates pollen mitotic division through auxin signalling and sugar
metabolism pathways in tomato. New Phytol 234:560-577

50) Jaqueth JS, Hou Z, Zheng P, Ren R, Nagel BA, Cutter G, Niu X, Vollbrecht E, Greene
TW, Kumpatla SP (2020) Fertility restoration of maize CMS-C altered by a single amino
acid substitution within the Rf4 bHLH transcription factor. Plant J 101:101-11

51) Kheyr-Pour A, Gracen V, Everett H (1981) Genetics of fertility restoration in the C-group
of cytoplasmic male sterility in maize. Genetics 98:379-388

52) Sisco PH (1991) Duplications complicate genetic mapping of Rf4, a restorer gene for cms-
C cytoplasmic male sterility in corn. Crop Sci 31:1263—-1266

53) Wen & Chase (1999) Wen LY, Chase CD. Pleiotropic effects of a nuclear restorer-of-
fertility locus on mitochondrial transcripts in male-fertile and S male-sterile
maize. Current Genetics. 1999; 35:521-526. doi: 10.1007/s002940050448

54) Xiao, S., Zang, J., Pei, Y., Liu, J., Liu, J., Song, W., ... & Chen, H. (2020). Activation of
mitochondrial orf355 gene expression by a nuclear-encoded DREB transcription factor
causes cytoplasmic male sterility in maize. Molecular plant, 13(9), 1270-1283.

55) Kamps & Chase (1997) Kamps TL, Chase CD. RFLP mapping of the maize gametophytic
restorer of fertility locus (Rf3) and aberrant pollen transmission of the
nonrestoring Rf3 allele. Theoretical ~ and  Applied  Genetics. 1997;95:525-531.
doi: 10.1007/s001220050593

56) Laughnan & Gabay (1978) Laughnan JR, Gabay SJ. Nuclear and cytoplasmic mutations
to fertility in S male-sterile maize. In: Walden DB, editor. Maize breeding and

genetics. Wiley; New York: 1978. pp. 427446

58



57) Zhang, Wang & Zheng (2006) Zhang Z, Wang Y, Zheng Y. AFLP and PCR-based
markers linked to Rf3, a fertility restorer gene for S cytoplasmic male sterility in
maize. Molecular Genetics & Genomic Medicine. 2006;276:162—-169.
doi: 10.1007/s00438-006-0131-y.

58) Xu et al. (2009) Xu X, Liu Z, Zhang D, Liu Y, Song W, Li J, Dai J. Isolation and analysis
of rice RfI-orthologus PPR genes co-segregating with Rf3 in maize. Plant Molecular
Biology Reporter. 2009;27:511-517. doi: 10.1007/s11105-009-0105-4.

59) Gallagher LJ, Betz SK, Chase CD (2002) Mitochondrial RNA editing truncates a chimeric
open reading frame associated with S malesterility in maize. Curr Genet 42:179-184

60) Qin X, Tian S, Zhang W, Zheng Q, Wang H, Feng Y, Lin Y, Tang J, Wang Y, Yan J
(2021) The main restorer Rf3 of maize S type cytoplasmic male sterility encodes a PPR
protein that functions in reduction of the transcripts of orf355. Mol Plant 14:1961-1964

61) Xiao S, Xing J, Nie T, Su A, Zhang R, Zhao Y, Song W, Zhao J (2022b) Comparative
analysis of mitochondrial genomes of maize CMS-S subtypes provides new insights into
male sterility stability. BMC Plant Biol 22:1-15

62) Chen, L. and Liu, Y.G. (2014) Male sterility and fertility restoration in crops. Annu. Rev.
Plant Biol. 65, 579-606

63) Kim Y-J, Zhang D (2018) Molecular control of male fertility for crop hybrid breeding.
Trends Plant Sci 23:53-65

64) Toriyama K (2021) Molecular basis of cytoplasmic male sterility and fertility restoration
in rice. Plant Biotechnol 21:0607a

65) Luo, D.; Xu, H.; Liu, Z.; Guo, J.; Li, H.; Chen, L.; Fang, C.; Zhang, Q.; Bai, M.; Yao, N.;
et al. A detrimental mitochondrial-nuclear interaction causes cytoplasmic male sterility in
rice. Nat. Genet. 2013, 45, 573-577.

66) Tang H, Luo D, Zhou D, Zhang Q, Tian D, Zheng X, Chen L, Liu Y-G (2014) The rice
restorer Rf4 for wild-abortive cytoplasmic male sterility encodes a mitochondrial-
localized PPR protein that functions in reduction of WA352 transcripts. Mol Plant
7:1497-1500

67) Zhang G, Lu Y, Bharaj T, Virmani S, Huang N (1997) Mapping of the Rf-3 nuclear
fertility-restoring gene for WA cytoplasmic male sterility in rice using RAPD and RFLP
markers. Theor Appl Genet 94:27-33

59



68) Zhang Q-Y, Liu Y-G, Zhang G-Q, Mei M-T (2002) Molecular mapping of the fertility
restorer gene Rf-4 for WA cytoplasmic male sterility in rice. Acta Genet Sin 29:1001—
1004

69) Kim Y-J, Zhang D (2018) Molecular control of male fertility for crop hybrid breeding.
Trends Plant Sci 23:53-65

70) Kazama, T.; Itabashi, E.; Fujii, S.; Nakamura, T.; Toriyama, K. Mitochondrial ORF79
levels determine pollen abortion in cytoplasmic male sterile rice. Plant J. 2016, 85, 707—
716

71) Jeong, H. J., Kang, J. H., Zhao, M., Kwon, J. K., Choi, H. S., Bae, J. H., et al. (2014).
Tomato Male sterile 1035 is essential for pollen development and meiosis in anthers. J.
Exp. Bot. 65, 6693-6709. doi: 10.1093/jxb/eru389

72) Sawhney, V. K. (1997). Genic male sterility. In K. R. Shivanna & V. K. Sawhney
(Eds.), Pollen Biotechnology for Crop Production and Improvement (pp. 183—198).
chapter, Cambridge: Cambridge University Press.

73) Virmani SS, Ilyas-Ahmed M. 2001. Environment-sensitive genic male sterility (EGMS)
in crops. Adv. Agron. 72:139-95

74) Ray DK, Mueller ND, West PC, Foley JA (2013) Yield trends are insufcient to double
global crop production by 2050. PLoS One 8(6):€66428.
https://doi.org/10.1371/journal.pone.0066428

75) Yang, X., Ye, J., Niu, F., Feng, Y., & Song, X. (2021). Identification and verification of
genes related to pollen development and male sterility induced by high temperature in the
thermo-sensitive genic male sterile wheat line. Planta, 253, 1-15.

76) Xing, Q. H., Ru, Z. G., Zhou, C. J., Xue, X., Liang, C. Y., Yang, D. E., ... & Wang, B.
(2003). Genetic analysis, molecular tagging and mapping of the thermo-sensitive genic
male-sterile gene (wtms1) in wheat. Theoretical and Applied Genetics, 107, 1500-1504.

77) Ru, ZG., Zhang, LP., Hu, TZ. et al. Genetic analysis and chromosome mapping of a
thermo-sensitive genic male sterile gene in wheat. Euphytica 201, 321-327 (2015).
https://doi.org/10.1007/s10681-014-1218-x

78) Li, L., Ru, Z., Gao, Q., Jiang, H., Guo, F., Wu, S., & Sun, Z. (2009). Male sterility and
thermo-photosensitivity —characteristics of BNS in wheat. Scientia Agricultura

Sinica, 42(9), 3019-3027.

60


https://doi.org/10.1371/journal.pone.0066428
https://doi.org/10.1007/s10681-014-1218-x

79) Niu, N., Bai, Y. X., Liu, S., Zhu, Q. D., Song, Y. L., Ma, S. C,, ... & Wang, J. W. (2019).
Microspore abortion and abnormal tapetal degeneration in BNS thermo-sensitive male
sterile wheat lines. Cereal Research Communications, 47, 506-517.

80) Yuan, S. H., Bai, J. F., Guo, H. Y., Duan, W. J., Liu, Z. H., Zhang, F. T., ... & Zhang, L.
P. (2020). QTL mapping of male sterility-related traits in a photoperiod and temperature-
sensitive genic male sterile wheat line BS366. Plant breeding, 139(3), 498-507

81) Zhang J., Feng L., He L., Yu G. Thermo-sensitive period and critical temperature of
fertility transition of thermo-photo-sensitive genic male sterile wheat. Ying Yong Sheng
Tai Xue Bao J. Appl. Ecol. 2003;14:57-60

82) Mujun Y., Jian G., Kun L. Ecological adaptability of thermo-photo-sensitive genic male
sterile wheat K78S in Yunnan Province. Acta. Agron. Sin. 2006;32:1618—-1624

83) Sun H., Zhang F., Wang Y., Ye Z., Qin Z., Bai X., Yang J., Gao J., Zhao C. Fertility
alteration in male sterile line BS210 of wheat. Acta Agron. Sin. 2017;43:171-178.
doi: 10.3724/SP.J.1006.2017.00171

84) Dong P., Hu Y., Guo G., He B., Wang L., Yuan J. Inheritance and chromosome location
of photoperiod-thermo sensitive male sterility in wheat line Xinong 291S. Plant
Breed. 2012;131:695-699. doi: 10.1111/pbr.12002

85) Singh, M., Albertsen, M. C., & Cigan, A. M. (2021). Male Fertility Genes in Bread Wheat
(Triticum aestivum L.) and Their Utilization for Hybrid Seed Production. International
journal of molecular sciences, 22(15), 8157. https://doi.org/10.3390/1jms22158157

86) Li, S. Q., Yang, D. C., Zhu, Y. G. (2007). Characterization and use of male sterility in
hybrid rice breeding.J. Integr. Plant Biol. 49, 791-804. doi: 10.1111/j.1744-
7909.2007.00513.x

87) Zhou, H., Zhou, M., Yang, Y., Li, J., Zhu, L., Jiang, D., et al. (2014). RNase ZSl1
processes UbL40 mRNAs and controls thermosensitive genic male sterility in rice. Nat.
Commun. 5, 4884-4892. doi: 10.1038/ncomms5884

88) Shi Y, Zhao S, Yao J (2009) Premature tapetum degeneration: a major cause of abortive
pollen development in photoperiod sensitive genic male sterility in rice. J Integr Plant Biol

51:774-781. https://doi.org/10.1111/5.1744-7909.2009.00849.x

61


https://doi.org/10.3390/ijms22158157
https://doi.org/10.1111/j.1744-7909.2009.00849.x

89) DingJ et al (2012a) A long noncoding RNA regulates photoperiod-sensitive male sterility,
an essential component of hybrid rice. Proc Natl Acad Sci USA 109:2654—
2659. https://doi.org/10.1073/pnas. 1121374109

90) T. Ariizumi, K. Hatakeyama, K. Hinata, et al., A novel male-sterile mutant of Arabidopsis
thaliana., faceless pollen-1., produces pollen with a smooth surface and an acetolysis-
sensitive exine, Plant Mol. Biol. 53 (2003) 107-116.

91) Eeckhaut, T., Van Laere, K., De Riek, J., & Van Huylenbroeck, J. (2006). Overcoming
interspecific barriers in ornamental plant breeding. Floriculture, Ornamental and Plant
Biotechnology: Advances and Topical Issues, Global Science Books, London, 540-551.

92) Datta, S.K. Breeding of ornamentals: success and technological status. Nucleus 65, 107—
128 (2022). https://doi.org/10.1007/s13237-021-00368-x

93) Budar, Frangoise & Pelletier, Georges. (2001). Male sterility in plants: occurrence,
determinism, significance and use. Comptes rendus de 1'Académie des sciences. Série I1I,
Sciences de la vie. 324. 543-50. 10.1016/S0764-4469(01)01324-5.

94) Clayton, E.E. (1950) Male sterile tobacco. J. Heredity 41, 171-175

95) Young, E.G. and Hanson, M.R. (1987) A fused mitochondrial gene associated with
cytoplasmic male sterility is developmentally regulated. Cell 50, 41-49.

96) Gillman, J.D., Bentolila, S., Hanson, M.R. (2009). Cytoplasmic Male Sterility and
Fertility Restoration in Petunia. In: Gerats, T., Strommer, J. (eds) Petunia. Springer, New
York, NY. https://doi.org/10.1007/978-0-387-84796-2 6

97) Sajer, O., Schirmak, U., Hamrit, S., & Horn, R. (2020). Mapping of the New Fertility
Restorer Gene Rf-PET2 Close to RfI on Linkage Group 13 in Sunflower (Helianthus
annuus L.). Genes, 11(3), 269. https://doi.org/10.3390/genes11030269

98) Hans Kohler, R., Horn, R., Lossl, A. et al. Cytoplasmic male sterility in sunflower is
correlated with the co-transcription of a new open reading frame with
the atpA gene. Molec. Gen. Genet. 227, 369-376 (1991).
https://doi.org/10.1007/BF00273925

99) Moneger, F., Smart, C. J., & Leaver, C. J. (1994). Nuclear restoration of cytoplasmic male
sterility in sunflower is associated with the tissue-specific regulation of a novel

mitochondrial gene. The EMBO journal, 13(1), 8-17.

62


https://doi.org/10.1073/pnas.1121374109
https://doi.org/10.1007/978-0-387-84796-2_6
https://doi.org/10.3390/genes11030269

100) Williams M (1995) Genetic engineering for pollination control. Trends Biotechnol
13:344-349

101) Miladinovic, D., Antunes, D., Yildirim, K. et al. Targeted plant improvement
through genome editing: from laboratory to field. Plant Cell Rep 40, 935-951 (2021).
https://doi.org/10.1007/s00299-020-02655-4

102) Zhang, Y., Massel, K., Godwin, I.D. et al. Correction to: Applications and potential
of genome editing in crop improvement. Genome Biol20, 13 (2019).
https://doi.org/10.1186/s13059-019-1622-6

103) Christian M, Cermak T, Doyle EL, Schmidt C, Zhang F, Hummel A, et al.
Targeting DNA double-strand breaks with TAL effector nucleases. Genetics. 2010;
186:757-61

104) Symington LS, Gautier J. Double-strand break end resection and repair pathway
choice. Annu Rev Genet. 2011; 45:247-71.

105) Ma, X., Zhu, Q., Chen, Y., & Liu, Y. G. (2016). CRISPR/Cas9 platforms for
genome editing in plants: developments and applications. Molecular plant, 9(7), 961-974.

106) Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome
engineering using CRISPR/Cas systems. Science. 2013; 339:819-23.

107) Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, et al. RNA-guided

human genome engineering via Cas9. Science. 2013; 339:823-6.

108) Li JF, Norville JE, Aach J, McCormack M, Zhang D, Bush J, et al. Multiplex and
homologous recombination-mediated genome editing in Arabidopsis and Nicotiana
benthamiana using guide RNA and Cas9. Nat Biotechnol. 2013; 31:688-91.

109) Nekrasov V, Staskawicz B, Weigel D, Jones JDG, Kamoun S. Targeted
mutagenesis in the model plant Nicotiana benthamiana using Cas9 RNAguided
endonuclease. Nat Biotechnol. 2013; 31:691-3.

110) Shan Q, Wang Y, Li J, Zhang Y, Chen K, Liang Z, et al. Targeted genome
modification of crop plants using a CRISPR-Cas system. Nat Biotechnol. 2013; 31:686—
8

111) Khaoula Belhaj, Angela Chaparro-Garcia, Sophien Kamoun, Nicola J Patron,

Vladimir Nekrasov, Editing plant genomes with CRISPR/Cas9, Current Opinion in

63


https://doi.org/10.1007/s00299-020-02655-4
https://doi.org/10.1186/s13059-019-1622-6

Biotechnology, = Volume 32, 2015, Pages 76-84, ISSN  0958-1669,
https://doi.org/10.1016/j.copbio.2014.11.007.

112) Kim, S., Kim, D., Cho, S. W., Kim, J., & Kim, J.-S. (2014). Highly efficient RNA-
guided genome editing in human cells via delivery of purified Cas9 ribonucleoproteins.

Genome Research, 24(6), 1012—-1019. https://doi.org/10.1101/gr.171322.11

113) Arora L and Narula A (2017) Gene Editing and Crop Improvement Using CRISPR-
Cas9 System. Front. Plant Sci. 8:1932. doi: 10.3389/fpls.2017.01932
114) Bortesi, L., & Fischer, R. (2015). The CRISPR/Cas9 system for plant genome

editing and beyond. Biotechnology Advances, 33(1), 41-52.
https://doi.org/10.1016/j.biotechadv.2014.12.006

115) Farinati, S., Draga, S., Betto, A., Palumbo, F., Vannozzi, A., Lucchin, M., &
Barcaccia, G. (2023). Current insights and advances into plant male sterility: new
precision breeding technology based on genome editing applications. Frontiers in Plant
Science, 14. https://doi.org/10.3389/1pls.2023.1223861

116) Liu, H. J., Jian, L., Xu, J., Zhang, Q., Zhang, M., Jin, M., et al. (2020). High-
throughput CRISPR/Cas9 mutagenesis streamlines trait gene identification in
maize. Plant Cell 32, 1397—-1413. doi: 10.1105/tpc.19.00934

117) Chen, X., Yang, S., Zhang, Y., Zhu, X., Yang, X., Zhang, C., ... & Feng, X. (2021).
Generation of male-sterile soybean lines with the CRISPR/Cas9 system. The Crop
Journal, 9(6), 1270-1277.

118) Jacobs, T. B., Zhang, N., Patel, D., Martin, G. B. (2017). Generation of a collection
of mutant tomato lines using pooled CRISPR libraries. Plant Physiol. 174, 2023-2037.
doi: 10.1104/pp.17.00489

119) Qi, X., Zhang, C., Zhu, J., Liu, C., Huang, C., Li, X, et al. (2020). Genome editing
enables next-generation hybrid seed production technology. Mol. Plant 13, 1262-1269.
doi: 10.1016/j.molp.2020.06.003

120) K. Chen, Y. Wang, R. Zhang, H. Zhang, C. Gao, CRISPR/Cas genome editing and
precision plant breeding in agriculture, Annu. Rev. Plant Biol. 70 (2019) 667— 697

121) Q. Li, D. Zhang, M. Chen, W. Liang, J. Wei, Y. Qi, Z. Yuan, Development of
japonica photo-sensitive genic male sterile rice lines by editing carbon starved anther

using CRISPR/Cas9, J. Genet. Genomics 43 (2016) 415-419.

64


https://doi.org/10.1016/j.copbio.2014.11.007
https://doi.org/10.1016/j.biotechadv.2014.12.006
https://doi.org/10.3389/fpls.2023.1223861

122) M. Du, K. Zhou, Y. Liu, L. Deng, X. Zhang, L. Lin, M. Zhou, W. Zhao, C. Wen, J.
Xing, C. Li, C. Li, A biotechnology-based male-sterility system for hybrid seed
production in tomato, Plant J. 102 (2020) 1090-1100

123) Li, J., Han, G., Sun, C., & Sui, N. (2019). Research advances of MY B transcription
factors in plant stress resistance and breeding. Plant Signaling & Behavior, 14(8).
https://doi.org/10.1080/15592324.2019.1613131

124) Dare, A. P., Schaffer, R. J., Lin-Wang, K., Allan, A. C., & Hellens, R. P. (2008).
Identification of a cis-regulatory element by transient analysis of co-ordinately regulated
genes. Plant Methods, 4(1), 17. https://doi.org/10.1186/1746-4811-4-17

125) Chen Y, Yang X, He K, et al. The MYB transcription factor superfamily of
Arabidopsis: expression analysis and phylogenetic comparison with the rice MYB
family. J Plant Mol Biol. 2006;60:107—124. doi:10.1007/s11103-005-2910-y.

126) Ogata K, KANEI ISHII C, Sasaki M, Hatanaka, H, Nagadoi, A, Enari, M,
Nakamura, H, Nishimura, Y, Ishii, S, Sarai, A. The cavity in the hydrophobie core of Myb
DNA binding domain is reserved for DNA recognition and trans—activation. J Nat Struct
Biol. 1996;3:178—187. doi:10.1038/nsb0296-178.

127) Millard, P. S., Weber, K., Kragelund, B. B., & Burow, M. (2019). Specificity of
MYB interactions relies on motifs in ordered and disordered contexts. Nucleic Acids
Research, 47(18), 9592-9608. https://doi.org/10.1093/nar/gkz691

128) Stracke, R., Werber, M., & Weisshaar, B. (2001). The R2R3-MYB gene family in
Arabidopsis  thaliana. Current Opinion in Plant Biology, 4(5), 447-456.
https://doi.org/10.1016/S1369- 5266(00)00199-0

129) Zhang, 7. B., Zhu, J., Gao, J. F., Wang, C., Li, H., Zhang, H. Q., Zhang, S., Wang,
D. M., Wang, Q. X., Huang, H., Xia, H. J., and Yang, Z. N. (2007) Plant J., 52, 528 538
130) Phan, H.A., Li, S.F. & Parish, R.W. MYB&0, a regulator of tapetal and pollen

development, is functionally conserved in crops. Plant Mol Biol 78, 171-183 (2012).
https://doi.org/10.1007/s11103-011-9855-0

131) Zhang ZB, Zhu J, Gao JF, Wang C, Li H, Li H, Zhang HQ, Zhang S, Wang DM,
Wang QX, Huang H, Xia HJ, Yang ZN (2007) Transcription factor AtMYB103 is required
for anther development by regulating tapetum development, callose dissolution and exine

formation in Arabidopsis. Plant J 52:528-538

65


https://doi.org/10.1007/s11103-005-2910-y
https://doi.org/10.1038/nsb0296-178
https://doi.org/10.1093/nar/gkz691

132) Higginson T, Li SF, Parish RW (2003) AtMYB103 regulates tapetum and trichome
development in Arabidopsis thaliana. Plant J 35:177—-192

133) Li SF, Iacuone S, Parish RW (2007) Suppression and restoration of male fertility
using a transcription factor. Plant Biotech J 5: 297-312

134) Zhu, J., Zhang, G., Chang, Y., Li, X., Yang, J., Huang, X., Yu, Q., Chen, H., Wu,
T., & Yang, Z. (2010). AtMYB103 is a crucial regulator of several pathways affecting
Arabidopsis anther development. Science China Life Sciences, 53(9), 1112—-1122.
https://doi.org/10.1007/s11427-010-4060-y

135) Xiang, X., Zhang, P., Yu, P., Zhang, Y., Yang, Z., Sun, L., ... & Cao, L. (2019).
LSSRI facilitates seed setting rate by promoting fertilization in rice. Rice, 12, 1-14.

136) Xiang, XJ., Sun, LP., Yu, P. ef al. The MYB transcription factor Baymax1 plays a
critical role in rice male fertility. Theor Appl Genet 134, 453-471 (2021).
https://doi.org/10.1007/s00122-020-03706-w

137) Zhang, H., Xu, C.,He, Y., Zong, J., Yang, X., Si, H., et al. (2013). Mutation in CSA
creates a new photoperiod-sensitive genic male sterile line applicable for hybrid rice seed
production. Proc. Natl. Acad. Sci. U.S.A. 110, 76-81. doi: 10.1073/pnas.1213041110

138) Lowder, L. G., Zhang, D., Baltes, N. J., Paul, J. W., Tang, X., Zheng, X., et al.
(2015). A CRISPR/Cas9 toolbox for multiplexed plant genome editing and transcriptional
regulation. Plant Physiol. 169, 971-985. doi: 10.1104/pp.15.00636

139) Ma, X., Zhang, Q., Zhu, Q., Liu, W., Chen, Y., Qiu, R., et al. (2015). A robust
CRISPR/Cas9 system for convenient, high-efficiency multiplex genome editing in
monocot and dicot plants. Mol. Plant 8, 1274—1284. doi: 10.1016/.molp.2015.04.007

140) Wang, F., Wang, C., Liu, P., Lei, C., Hao, W., Gao, Y., et al. (2016). Enhanced rice
blast resistance by CRISPR/Cas9-targeted mutagenesis of the ERF transcription factor
gene OsERF922. PloS One 11, e0154027. doi: 10.1371/journal.pone.0154027

141) He, Y., Zhao, Y. Technological breakthroughs in generating transgene-free and
genetically  stable =~ CRISPR-edited  plants. aBIOTECH 1, 8896  (2020).
https://doi.org/10.1007/s42994-019-00013-x

142) Callaway, E. (2018). CRISPR plants now subject to tough GM laws in European
Union. Nature, 560(7716), 16-17.

66


https://doi.org/10.1007/s11427-010-4060-y
https://doi.org/10.1007/s00122-020-03706-w
https://doi.org/10.1007/s42994-019-00013-x

143) Huang S, Weigel D, Beachy RN, LiJ (2016) A proposed regulatory framework for
genome-edited crops. Nat Genet 48:109—111. https://doi.org/10.1038/ng.3484

144) Gao Y, Zhao Y (2014) Specific and heritable gene editing in Arabidopsis. Proc Natl
Acad Sci USA 111:4357-4358. https://doi.org/10.1073/pnas.1402295111
145) Pan, X., Yan, W., Chang, Z., Xu, Y., Luo, M., Xu, C., ... & Tang, X. (2020).

OsMYBS80 regulates anther development and pollen fertility by targeting multiple
biological pathways. Plant and Cell Physiology, 61(5), 988-1004.

146) Chen, S., Tao, L., Zeng, L., Vega-Sanchez, M. E., Umemura, K., Wang, G. L.
(2006). A highly efficient transient protoplast system for analyzing defence gene
expression and protein-protein interactions in rice. Mol. Plant Pathol. 7, 417-427.

doi: 10.1111/5.1364-3703.2006.00346.x

147) Sheen, J. (2001). Signal transduction in maize and arabidopsis mesophyll
protoplasts. Plant Physiol. 127, 1466—1475. doi: 10.1104/pp.010820
148) Cui, M. Y., Wei, W., Gao, K., Xie, Y. G., Guo, Y., Feng, J. Y. (2017). A rapid and

efficient agrobacterium-mediated transient gene expression system for strawberry leaves
and the study of disease resistance proteins. Plant Cell Tiss Org 131, 233-246.
doi: 10.1007/s11240-017-1279-3\

149) Cankar, K., Hakkert, J. C., Sevenier, R., Campo, E., Schipper, B., Papastolopoulou,
C., etal. (2022). CRISPR/Cas9 targeted inactivation of the kauniolide synthase in chicory
results in accumulation of costunolide and its conjugates in taproots. Front. Plant Sci. 13.
doi: 10.3389/1pls.2022.940003

150) Romano, A., Raemakers, K., Bernardi, J., Visser, R., Mooibroek, H. (2003).
Transgene organisation in potato after particle bombardment-mediated (co-
)transformation using plasmids and gene cassettes. Transgenic Res. 12, 461-473.
doi: 10.1023/a:1024267906219

151) Yang, J. W, Fu, J. X,, Li, J,, Cheng, X. L., Li, F., Dong, J. F., et al. (2014a). A
novel Co-immunoprecipitation protocol based on protoplast transient gene expression for
studying protein-protein interactions in rice. Plant Mol. Biol. Rep. 32, 153-161.
doi: 10.1007/s11105-013-0633-9

152) Bai, Y., Han, N., Wu, J. X., Yang, Y. N., Wang, J. H., Zhu, M. Y, et al. (2014). A

transient gene expression system using barley protoplasts to evaluate microRNAs for post-

67


https://doi.org/10.1038/ng.3484
https://doi.org/10.1073/pnas.1402295111

transcriptional regulation of their target genes. Plant Cell Tiss Org 119, 211-219.
doi: 10.1007/s11240-014-0527-z

153) Cao, J. M., Yao, D. M., Lin, F., Jiang, M. Y. (2014). PEG-mediated transient gene
expression and silencing system in maize mesophyll protoplasts: a valuable tool for signal
transduction study in maize. Acta Physiologiae  Plantarum 36, 1271-1281.
doi: 10.1007/s11738-014-1508-x

154) Maddumage, R., Fung, R. M. W., Weir, 1., Ding, H., Simons, J. L., Allan, A. C.
(2002). Efficient transient transformation of suspension culture-derived apple
protoplasts. Plant Cell Tiss Org 70, 77-82. doi: 10.1023/A:1016073611902

155) Zhao, F. L., Li, Y. J.,, Hu, Y., Gao, Y. R., Zang, X. W., Ding, Q., et al. (2016). A
highly efficient grapevine mesophyll protoplast system for transient gene expression and
the study of disease resistance proteins. Plant Cell Tiss Org125, 43-57.
doi: 10.1007/s11240-015-0928-7

156) Martin-Pizarro, C., Trivino, J. C., Pose, D. (2019). Functional analysis of the TM6
MADS-box gene in the octoploid strawberry by CRISPR/Cas9-directed mutagenesis. J.
Exp. Bot. 70, 885-895. doi: 10.1093/jxb/ery400

157) Wilson, F. M., Harrison, K., Armitage, A. D., Simkin, A. J., Harrison, R. J. (2019).
CRISPR/Cas9-mediated mutagenesis of phytoene desaturase in diploid and octoploid
strawberry. Plant Methods 15, 45. doi: 10.1186/s13007-019-0428-6

158) Gonzalez, M. N., Massa, G. A., Andersson, M., Turesson, H., Olsson, N., Falt, A.
S., et al. (2019). Reduced enzymatic browning in potato tubers by specific editing of a
polyphenol oxidase gene via ribonucleoprotein complexes delivery of the CRISPR/Cas9
system. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01649

159) Nicolia, A., Félt, A., Hofvander, P., Andersson, M. (2021). “Protoplast-based
method for genome editing in tetraploid potato,” in Crop breeding: genetic improvement
methods. Ed. Tripodi, P. (New York, NY: Springer US). doi: 10.1007/978-1-0716-1201-
9 12

160) Zhao, X., Jayarathna, S., Turesson, H., Falt, A. S., Nestor, G., Gonzalez, M. N., et
al. (2021). Amylose starch with no detectable branching developed through DNA-free
CRISPR-Cas9 mediated mutagenesis of two starch branching enzymes in potato. Sci.

Rep. 11,4311. doi: 10.1038/s41598-021-83462-z

68



161) Woo, J. W., Kim, J., Kwon, S. I., Corvalan, C., Cho, S. W., Kim, H., et al. (2015).
DNA-Free genome editing in plants with preassembled CRISPR-Cas9
ribonucleoproteins. Nat. Biotechnol. 33, 1162—-1164. doi: 10.1038/nbt.3389

162) De Bruyn, C., Ruttink, T., Eeckhaut, T., Jacobs, T., De Keyser, E., Goossens, A.,
et al. (2020). Establishment of CRISPR/Cas9 genome editing in witloof (Cichorium
intybus var. foliosum). Front. Genome Ed 2. doi: 10.3389/fgeed.2020.604876

163) Cankar, K., Hakkert, J. C., Sevenier, R., Campo, E., Schipper, B., Papastolopoulou,
C.,etal. (2022). CRISPR/Cas9 targeted inactivation of the kauniolide synthase in chicory
results in accumulation of costunolide and its conjugates in taproots. Front. Plant Sci. 13.
doi: 10.3389/1pls.2022.940003

164) Lin,C.S.,Hsu,C.T., Yang, L. H., Lee, L. Y., Fu,J. Y., Cheng, Q. W, et al. (2018).
Application of protoplast technology to CRISPR/Cas9 mutagenesis: from single-cell
mutation detection to mutant plant regeneration. Plant Biotechnol. J. 16, 1295-1310.
doi: 10.1111/pbi.12870

165) Hsu, C.-T., Yuan, Y.-H., Lin, Y.-C., Lin, S., Cheng, Q.-W., Wu, F.-H., et al. (2021).
Efficient and economical targeted insertion in plant genomes via protoplast
regeneration. bioRxiv 2021, 3.09.434087. doi: 10.1101/2021.03.09.434087

166) Yu, J., Tu, L., Subburaj, S., Bae, S., Lee, G. J. (2021b). Simultaneous targeting of
duplicated genes in petunia protoplasts for flower color modification via CRISPR-Cas9
ribonucleoproteins. Plant Cell Rep. 40, 1037-1045. doi: 10.1007/s00299-020-02593-1

167) Mahinder Partap, Vipasha Verma, Meenakshi Thakur, Bhavya Bhargava,
Designing of future ornamental crops: a biotechnological driven perspective, Horticulture
Research, Volume 10, Issue 11, November 2023,
uhad192, https://doi.org/10.1093/hr/uhad192

168) Regalado, J.J., Carmona-Martin, E., Querol, V. et al. Production of compact
petunias through polyploidization. Plant Cell Tiss Organ Cult 129, 61-71 (2017).
https://doi.org/10.1007/s11240-016-1156-5

169) Maluszynski M., Ahloowalia B.S., Sigurbjornsson B. Application of in vivo and in
vitro mutation techniques for crop improvement (1995) Euphytica, 85 (1-3), pp. 303 - 315,
DOI: 10.1007/BF00023960

69


https://doi.org/10.1093/hr/uhad192
https://doi.org/10.1007/s11240-016-1156-5

170) Kato J., Mii M. 2012. Production of interspecific hybrids in ornamental plants. In:
Loyola-Vargas V., Ochoa-Alejo N. (eds) Plant Cell Culture Protocols. Methods in
Molecular Biology (Methods and Protocols), vol 877. Humana Press, Totowa, NJ.

171) Anderson, N. O. (Ed.). (2006). Flower breeding and genetics: issues, challenges
and opportunities for the 21st century.

172) Bisognin D.A. Breeding vegetatively propagated horticultural crops
[Melhoramento de hortalicas de propagacao vegetativa] (2011) Crop Breeding and
Applied Biotechnology, 11 (SUPPL.), pp. 35 — 43 DOI 10.1590/s1984-
70332011000500006

173) Giovannini, A., Laura, M., Nesi, B. ef al. Genes and genome editing tools for
breeding desirable phenotypes in ornamentals. Plant Cell Rep 40, 461-478 (2021).
https://doi.org/10.1007/s00299-020-02632-x

174) Zhang, B., Yang, X., Yang, C., Li, M., Guo, Y. (2016a). Exploiting the
CRISPR/Cas9 system for targeted genome mutagenesis in petunia. Sci. Rep. 6, 20315.
doi: 10.1038/srep20315

175) Kishi-Kaboshi, M., Aida, R., Sasaki, K. (2017). Generation of gene-edited
chrysanthemum morifolium using multicopy transgenes as targets and markers. Plant Cell
Physiol. 58, 216-226. doi: 10.1093/pcp/pcw222

176) Yan, R., Wang, Z., Ren, Y., Li, H., Liu, N, Sun, H. (2019). Establishment of
efficient genetic transformation systems and application of CRISPR/Cas9 genome editing
technology in lilium pumilum DC. fisch. and lilium longiflorum white heaven. Int. J. Mol.

Sci. 20 (12), 2920. doi: 10.3390/ijms20122920

177) Yu, J., Tu, L., Subburaj, S., Bae, S., Lee, G. J. (2021b). Simultaneous targeting of
duplicated genes in petunia protoplasts for flower color modification via CRISPR-Cas9
ribonucleoproteins. Plant Cell Rep. 40, 1037-1045. doi: 10.1007/s00299-020-02593-1

178) Sun, L., Kao, T. H. (2018). CRISPR/Cas9-mediated knockout of PiSSK1 reveals
essential role of s-locus f-box protein-containing SCF complexes in recognition of non-
self s-RNases during cross-compatible pollination in self-incompatible petunia

inflata. Plant Reprod. 31, 129-143. doi: 10.1007/s00497-017-0314-1

70


https://doi.org/10.1007/s00299-020-02632-x

179) Xu, F., Yang, X., Zhao, N., Hu, Z., Mackenzie, S. A., Zhang, M., et al. (2022).
Exploiting sterility and fertility variation in cytoplasmic male sterile vegetable
crops. Hortic. Res. 9, uhab039. doi: 10.1093/hr/uhab039

180) Kui, L., Chen, H., Zhang, W., He, S., Xiong, Z., Zhang, Y., et al. (2017). Building
a genetic manipulation tool box for orchid biology: identification of constitutive
promoters and application of CRISPR/Cas9 in the orchid, dendrobium officinale. Front.
Plant Sci. 7. doi: 10.3389/fpls.2016.02036

181) Sirohi, Ujjwal & Kumar, Mukesh & Sharma, Vinukonda & Teotia, Sachin & Singh,
Deepali & Chaudhary, Veena & Priya, & Yadav, Manoj. (2022). CRISPR/Cas9 System:
A Potential Tool for Genetic Improvement in Floricultural Crops. Molecular
Biotechnology. 10.1007/s12033-022-00523-y.

182) Watanabe, K., Kobayashi, A., Endo, M., Sage-Ono, K., Toki, S., Ono, M. (2017).
CRISPR/Cas9-mediated mutagenesis of the dihydroflavonol-4-reductase-B (DFR-b)
locus in the Japanese morning glory ipomoea (Pharbitis) nil. Sci. Rep. 7, 10028.
doi: 10.1038/s41598-017-10715-1

183) Tong, C. G., Wu, F. H.,, Yuan, Y. H., Chen, Y. R., Lin, C. S. (2020). High-efficiency
CRISPR/Cas-based editing of phalaenopsis orchid MADS genes. Plant Biotechnol. J. 18,
889-891. doi: 10.1111/pbi.13264

184) Garcia-Sogo, B., Pineda, B., Castelblanque, L., Anton, T., Medina, M., Roque, E.,
et al. (2010). Efficient transformation of kalanchoe blossfeldiana and production of male-
sterile plants by engineered anther ablation. Plant Cell Rep.29, 61-77.
doi: 10.1007/s00299-009-0798-8

185) Watanabe, K., Oda-Yamamizo, C., Sage-Ono, K. et al. Alteration of flower colour
in Ipomoea nil through CRISPR/Cas9-mediated mutagenesis of carotenoid cleavage
dioxygenase 4 . Transgenic Res 27, 25-38 (2018). https://doi.org/10.1007/s11248-017-
0051-0

186) Xu, J., Kang, B. C., Naing, A. H., Bae, S. J., Kim, J. S., Kim, H., & Kim, C. K.
(2020). CRISPR/Cas9-mediated editing of 1-aminocyclopropane-1-carboxylate oxidasel
enhances Petunia flower longevity. Plant biotechnology journal, 18(1), 287-297.

71


https://doi.org/10.1007/s11248-017-0051-0
https://doi.org/10.1007/s11248-017-0051-0

187) Nicolia, A., Filt, A.-S., Hofvander, P., & Andersson, M. (2021). Protoplast-Based
Method for Genome  Editing in  Tetraploid Potato (pp. 177-186).
https://doi.org/10.1007/978-1-0716-1201- 9 _12

188) Tan, M.-L. M. C., Boerrigter, H. S., & Kool, Ad. J. (1987). A rapid procedure for
plant regeneration from protoplasts isolated from suspension cultures and leaf mesophyll
cells of wild Solanum species and Lycopersicon pennellii. Plant Science, 49(1), 63—72.
https://doi.org/10.1016/0168- 9452(87)90021-5

189) Kang, H., Naing, A.H., Park, S.K. et al. Protoplast isolation and transient gene
expression in different petunia cultivars. Protoplasma 260, 271-280 (2023).
https://doi.org/10.1007/s00709-022-01776-9

190) Kapoor, S., Kobayashi, A., & Takatsuji, H. (2002). Silencing of the tapetum-
specific zinc finger gene TAZ1 causes premature degeneration of tapetum and pollen
abortion in petunia. The Plant Cell, 14(10), 2353-2367.

191) Kovaleva, L. V., Voronkov, A. S., Zakharova, E. V., & Andreev, [. M. (2018). ABA
and IAA control microsporogenesis in Petunia hybrida L. Protoplasma, 255, 751-759.
192) Xu, Y., lacuone, S., Li, S. F., & Parish, R. W. (2014). MYB80 homologues in
Arabidopsis, cotton and Brassica: regulation and functional conservation in tapetal and
pollen development. BMC Plant Biology, 14(1), 278. https://doi.org/10.1186/s12870-

014-0278-3

193) Pan, X., Yan, W., Chang, Z., Xu, Y., Luo, M., Xu, C., Chen, Z., Wu, J., & Tang,
X. (2020). OsMYB80 Regulates Anther Development and Pollen Fertility by Targeting
Multiple Biological Pathways. Plant and Cell Physiology, 61(5), 988-1004.
https://doi.org/10.1093/pcp/pcaa025

194) Palumbo, F., Qi, P., Pinto, V. B., Devos, K. M., & Barcaccia, G. (2019).
Construction of the first SNP-based linkage map using genotyping-by-sequencing and
mapping of the male-sterility gene in leaf chicory. Frontiers in Plant Science, 10, 443096.
https://doi.org/10.3389/fpls.2019.00276s

195) Dubos, C., Stracke, R., Grotewold, E., Weisshaar, B., Martin, C., & Lepiniec, L.
(2010). MYB transcription factors in Arabidopsis. Trends in Plant Science, 15(10), 573—
581. https://doi.org/10.1016/].tplants.2010.06.005

72


https://doi.org/10.1007/978-1-0716-1201-%209_12
https://doi.org/10.1007/s00709-022-01776-9
https://doi.org/10.1093/pcp/pcaa025
https://doi.org/10.3389/fpls.2019.00276s

196) Sui, J., He, J., Wu, J., Gong, B., Cao, X., Seng, S., ... & Yi, M. (2015).
Characterization and functional analysis of transcription factor LoMYBS80 related to
anther development in lily (Lilium Oriental Hybrids). Journal of plant growth
regulation, 34, 545-557. https://doi.org/10.1007/s00344-015-9489-6

197) Yuan, G., Tuskan, G. A., & Yang, X. (2023). Use of Fluorescent Protein Reporters
for Assessing and Detecting Genome Editing Reagents and Transgene Expression in
Plants (pp. 115-127). https://doi.org/10.1007/978-1-0716-3131-7_8

198) Phan, H. A., lacuone, S., Li, S. F., & Parish, R. W. (2011a). The MYBS80
Transcription Factor Is Required for Pollen Development and the Regulation of Tapetal
Programmed Cell Death in Arabidopsis thaliana. The Plant Cell, 23(6), 2209-2224.
https://doi.org/10.1105/tpc.110.082651

199) Phan, H. A., Li, S. F., & Parish, R. W. (2012). MYB&0, a regulator of tapetal and
pollen development, is functionally conserved in crops. Plant Molecular Biology, 78(1—
2), 171-183. https://doi.org/10.1007/s11103-011-9855-0

200) Gomez, J. F., Talle, B., & Wilson, Z. A. (2015). Anther and pollen development:
A conserved developmental pathway. Journal of Integrative Plant Biology, 57(11), 876—
891. https://doi.org/10.1111/jipb.12425

201) Liu, L., & Fan, X. duo. (2013). Tapetum: Regulation and role in sporopollenin
biosynthesis in Arabidopsis. In Plant Molecular Biology (Vol. 83, Issue 3, pp. 165-175).
https://doi.org/10.1007/s11103-013-0085-5

202) Ito, T., Nagata, N., Yoshiba, Y., Ohme-Takagi, M., Ma, H., & Shinozaki, K. (2007).
Arabidopsis MALE STERILITY1 Encodes a PHD-Type Transcription Factor and
Regulates Pollen and Tapetum Development. The Plant Cell, 19(11), 3549-3562.
https://doi.org/10.1105/tpc.107.054536

203) Parish, R. W., & Li, S. F. (2010). Death of a tapetum: A programme of
developmental altruism. Plant Science, 178(2), 73-89.
https://doi.org/10.1016/j.plantsci.2009.11.001

204) Sui, J., He, J., Wu, J., Gong, B., Cao, X., Seng, S., ... & Yi, M. (2015).

Characterization and functional analysis of transcription factor LoMYBS80 related to
anther development in lily (Lilium Oriental Hybrids). Journal of plant growth
regulation, 34, 545-557.

73


https://doi.org/10.1007/s00344-015-9489-6
https://doi.org/10.1007/978-1-0716-3131-7_8
https://doi.org/10.1105/tpc.110.082651
https://doi.org/10.1007/s11103-011-9855-0
https://doi.org/10.1111/jipb.12425
https://doi.org/10.1007/s11103-013-0085-5
https://doi.org/10.1105/tpc.107.054536
https://doi.org/10.1016/j.plantsci.2009.11.001

205) Pan, X., Yan, W., Chang, Z., Xu, Y., Luo, M., Xu, C., Chen, Z., Wu, J., & Tang,
X. (2020a). OsMYB80 Regulates Anther Development and Pollen Fertility by Targeting
Multiple Biological Pathways. Plant and Cell Physiology, 61(5), 988—1004.
https://doi.org/10.1093/pcp/pcaa025

74



ACKNOWLEDGMENT

Starting with the name of Allah, the most merciful, gracious, and beneficent. I am forever grateful

to him for this profound blessing bestowed upon me.

First of all, I would like to express my deepest gratitude to the University of Padova, which is one
of the best universities in Italy, for giving me this opportunity to study and pursue my master’s
degree in Europe, as it was my childhood dream to study abroad. During this incredible academic
journey, I have learnt and explored a lot that helped me adapt to different environments and

cultures.

In this beautiful journey of my master’s degree and especially during my thesis, I received
generous support from many people, which I like to put on record here with great

acknowledgement.

With a very overwhelming heart I would like to write a few lines about the person to whom I am
extremely grateful, my supervisor Dr. Silvia Farinati, who is a very soft spoken and kind hearted
person. Despite of her very hectic schedule, she always manages to help me out whenever I faced
any difficulty. Her sincerity, dedication for her job, polite behavior towards me and her knowledge
regarding molecular plant breeding and biotechnology was one of the driving force that has always
motivated me to learn more about this field. As I started working under her supervision I realized
that it was one of the best decisions I have ever made. I am very grateful that she trusted me and
gave me a chance to work in this laboratory. I am also very grateful to Professor Gianni Barcaccia
for his dedicated time, vast knowledge, and unwavering efforts he invested in teaching the plant

breeding course to us.

I would like to thank, appreciate and express my immense gratitude to every single person of
genetics department for their kindness, sincere guidance, valuable time and polite behavior
towards me, especially to my lab mates; Angelo, Fernanda, Aurelien, Hosna, Justin, Irene, Samella

and Gabriele.

To all of my friends and my classmates who were very supportive, consistent, humble, and so
generous with me throughout this journey, but above all I would like to express my feelings for
my best friend Iqra, she is an angel in disguise for me. My words are literally not enough to express

my love for her as she was always there for me whenever I needed someone. Time and distance

75



change people, but I started to believe in true friendship because of her and I am so glad to have a

friend like her.

Lastly, I would like to express my feelings for my parents and siblings, who always believed in
me and my potential, who stood up like a rock and encouraged me in every decision I have made
so far. It was one of the toughest decisions for my mother to allow me to go to Italy alone, but she
knew that I can do it better than anyone and her faith in me, made me so courageous and confident
that I was able to give my best in every situation. Living far from my family was not easy but they
were always like a ray of sunshine in my life. [ want to dedicate my thesis and all my achievements

to my parents. I love you more than anything in my life.

76



