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Resumo

As plantas sdo essenciais para os humanos. Sao uma fonte de alimento, farmacos,
entre outros. O arroz (Oryza sativa) fornece cerca de 35-60% das calorias diarias a
nivel global, e estima-se que sejam cultivados mais de 164 milhdes de hectares de
arroz anualmente.

No entanto, a quantidade e qualidade do arroz sao bastante afetados pelo calor. Por
cada 1°C de aumento de temperatura, ha um declinio de 6,2-10% na produgéo de
arroz, sendo a fase reprodutiva a mais sensivel a este stress. As consequéncias do
stress por calor em inflorescéncias de arroz incluem desenvolvimento anormal do
polen, falta de deiscéncia das anteras, baixa receptividade do estigma, defeitos na
germinagdo e crescimento do tubo polinico e desenvolvimento anormal do gametdfito.
Devido as alteragdes climaticas e ao aquecimento global, estes problemas vao se
tornar cada vez mais frequentes, levando a um grande impacto na producdo de
alimentos.

Assim, este projeto teve por objetivo estudar o mecanismo molecular de tolerancia ao
stress por calor de O. sativa ao nivel reprodutivo. Um RNA-seq realizado
anteriormente em pistilos da variedade tolerante ao calor Nagina22 foi usado para
selecionar a lista de genes candidatos que podem estar relacionados com o
mecanismo de tolerancia de O. sativa, e os seus ortdlogos em Arabidopsis thaliana
foram identificados. O nivel de expressdo dos genes selecionados em condigdes
controlo e de calor foram validados por RT-gPCR. Uma linha de inser¢cao de T-DNA
para o gene de interesse foi selecionada e analisada por clareamento de siliquas e
coloracao de azul de anilina para caracterizagao do fenétipo reprodutivo em condicoes
de controlo e de calor. Foram gerados constructos para linhas reporter e de
sobrexpressdo para A. thaliana, e constructos de sobrexpressao e Prime editing para
arroz.

A andlise da linha de insercdo de T-DNA demonstrou um atraso significativo no
crescimento do tubo polinico e uma diminuicdo da taxa de fecundagao dos 6vulos em
condicdes de stress por calor. No entanto, a formagdo de sementes nao foi
comprometida neste mutante.

Este estudo fornece uma boa base de estudo para explorar como os genes candidatos
atuam na tolerancia ao calor. Embora o seu impacto preciso ainda nao tenha sido

totalmente esclarecido, estes resultados permitem direcionar investigacdes futuras.
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Abstract

Plants are fundamental to humans. They are a source of food and pharmaceuticals,
among other things. Rice (Oryza sativa) provides about 35-60% of global daily calories
to humans word-wide, and it is estimated that 164 million hectares of rice are cultivated
annually.

However, the quantity and quality of rice are heavily affected by heat. For every 1°C
increase in temperature, there’s a decline in rice production of 6.2-10%, being the
reproductive period the most sensitive one. The consequences of heat stress in rice
inflorescences include abnormal pollen development, lack of anther dehiscence, low
stigmatic receptivity, defects in germination and elongation of the pollen tube and
abnormal gametophyte development. Due to climate change and global warming,
these problems will become increasingly frequent, leading to a major impact on food
production.

Therefore, this project aimed to study the O. sativa’s heat stress tolerance molecular
mechanisms at the reproductive level. A previous RNA-seq performed on pistils from a
heat-tolerant rice variety, Nagina22 was used to select a list of candidate genes that
might be related to the heat stress mechanism of O. sativa, and their orthologues in
Arabidopsis thaliana were identified. The expression level of the selected genes in
control and heat stress conditions was validated by RT-gPCR. A T-DNA insertion line in
A. thaliana was selected for the gene of interest, and was analysed by seed clearing
and aniline blue staining for phenotypic characterization in control and heat stress
conditions. Constructs for reporter and overexpression lines in Arabidopsis, and
overexpression and prime editing lines in rice were generated.

The analysis of the T-DNA insertion line revealed a significant delay in the pollen tube
growth and a lower ovule fecundation ratio in heat stress conditions. However, the seed
formation was not compromised in this mutant.

The study lays a good foundation for exploring the involvement of the candidate genes
in heat stress tolerance. Although their precise impact remains to be fully elucidated,

the results highlight promising directions for future investigation.

Keywords: Heat stress, Oryza sativa, Arabidopsis thaliana, plant reproduction.
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1. Introduction

1.1. Sexual reproduction in Angiosperms

Angiosperms, or flowering plants, are the most diverse group within the plant
kingdom, comprising approximately 90% of the terrestrial plant species. It is estimated
that this group includes around 374 000 species, distributed into 64 orders and 416
families (Christenhusz and Byng, 2016; Zuntini et al., 2024). Angiosperms are essential
for humans, as they constitute a primary source of food, like cereals, fruits and
vegetables, medicinal compounds, resins, fibers, paper and other economically
important products (Dubey and Prakash, 2021). The seeds are particularly important,
not only because they contribute 60% of the global caloric intake, but also because
they are indispensable for the propagation of crops and fruit species, being

fundamental for agriculture (Fernandez-Pascual et al., 2019).

Studies suggest that Angiosperms first appeared in the Early Cretaceous,
approximately 145-100 million years ago (Ma) and rapidly expanded and diversified,
becoming the biggest group of terrestrial plants (Ramirez-Barahona et al., 2020). This
reproductive success is likely connected with the origin of flowers, which evolved from
the reproductive cones of the Gymnosperms. Flowers are linked to many reproductive
advantages, including a faster and more efficient life cycle, opportunity for gametic
competition, endosperm as nutritional supply of the seeds, ovary protection, among
others (Soltis et al., 2019). Given the central role of these structures for the success of
this group, they are also subject to a strong selective pressure, allowing them to
acquire a wide range of morphological diversity over time (Sauquet and Magallon,
2018). However, even within this diversity, it is still possible to define a common
structure to most angiosperms. They typically contain the reproductive structures,
surrounded by modified sterile leaves that provide protection. Most flowers are
composed of four floral organs: sepals, petals, stamens (consisting of filament and
anther) and carpels. Inside the carpels are the ovules, attached to the ovary by the

funiculus. Upon fertilization, the ovules develop into seeds (Irish, 2010).

Angiosperms have a haplodiplont life cycle, defined by the alternation between
two multicellular generations: a diploid generation, composed by the sporophyte, and a

haploid generation composed by the gametophyte. However, since the gametophytes
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develop inside the sporophytic tissues, this alternation of generations is often
inconspicuous. These plants are also heterosporous, meaning that the sporophytes
produce two distinct types of spores. The male spores (microspores), are small,
lightweight, nutrient-poor and produced in large quantities. They are produced in the
anthers and optimized for dispersion and long-distance propagation. And the female
spores (macrospores) that are produced in the ovule. They are larger and nutrient-rich,
but produced in less quantity. Inside the microspores and megaspores, the
microgametophytes and macrogametophytes develop through a process known as
gametogenesis. The gametophytes subsequently produce the gametes by mitosis
(Fig.1) (Qiu et al., 2012).

The macrogametophyte develops within the ovules, located inside the ovary,
itself enclosed within the carpel. The ovule contains a single megasporocyte (2n), that
will originate four megaspores (n) by meiosis, three of those that are going to
degenerate by Programed Cell Death (PCD). The functional megaspore undergoes
three successive mitotic divisions, resulting in a total of eight haploid nuclei: three
antipodal cells at the chalazal pole, two polar nuclei, one egg cell (oosphere) and two
synergid cells with a filiform apparatus at the micropylar pole. Together, these
structures form the embryo sac or female gametophyte (Yadegari and Drews, 2004;

Palanivelu and Tsukamoto, 2012).

The microsporocytes (2n) undergo meiosis to form a tetrad composed of four
haploid microspores (n). This meiotic division is also responsible for the transcriptomic
reprogramming and cytoplasm remodulation, which eliminates all the residual
transcripts from the diploid phase (Dickinson and Heslop-Harrison, 1977). A layer of
callose is subsequently deposited around the tetrad and between the microspores (De
Storme and Geelen, 2013) Once the exine starts to be formed, the tapetum cells start
to secrete calase (beta-1,3-glucanase), which degrades the callose surrounding the
tetrad. (Scott et al., 2004). After being released from the callose wall, the microspores
undergo an asymmetrical division, resulting in two different daughter cells: a large
vegetative cell and a small generative cell. The vegetative cell constitutes the majority
of the pollen cytoplasm, has decondensed chromatin and organelles, and is
responsible for mechanically supporting the sperm cells and accumulating reserves for
the rapid growth of the pollen tube (PT) (Butel and Kdéhler, 2024). This cell also
accumulates osmoprotectants, such as proline, that protect the membranes and

proteins from desiccation-induced damage (Pacini et al., 2006; Mattioli et al., 2018).



FCUP
RiceltUp : Understanding the heat stress mechanisms of Oryza sativa

The generative cell is small, has condensed chromatin and maintains its proliferative
capacity, undergoing a second division to form the two male gametes (Lalanne and
Twell, 2002; Russel and Jones, 2015). This second division can occur before or after
pollen maturation, and it can take place within the anther as in Arabidopsis thaliana, or
during the pollen tube growth (Borg et al., 2009; Lord e Russell, 2002).

The pollen wall is formed during the pos-meiotic development of the
microspore. This structure plays a critical role in protecting the microgametophyte as
well as mediating the communication with the stigma surface following pollination
(Jiang et al., 2013). This structure consists of three distinct layers: the intine, primarily
composed of pectin, cellulose, hemicellulose and proteins; the exine, with a
non-uniform distribution across the pollen surface and primarily composed of
sporopollenin; and the pollen coat, primarily composed of lipids and proteins, which is
only completed during the final stages of microgametogenesis, when remnants of
tapetal cells are deposited onto the pollen surface (Zhang and Yang, 2016; Quilichini et
al., 2015). The pollen wall has a dual origin, involving both the sporophytic and
gametophytic phases, since the tapetum contributes for the exine and pollen coat
biosynthesis, whereas the pollen grain is responsible for the formation of the intine
(Ariizumi and Toriyama, 2011; Gibalova et al., 2009).

The mature pollen grain eventually reaches the stigma, where it is recognized
as compatible, adheres to the stigmatic surface and is hydrated, germinates and forms
the PT. The rapid Ca?" influx marks the site of the PT emergence. The pollen coat lipids
and pistil-secreted factors as brassinosteroids and sulfated azadecalins promote this
germination (lwano et al., 2004; Qin et a.,. 2011; Vogler et al., 2014). Then, digestive
enzymes such as O-fucosiltransferase, ceramidase and extensions will facilitate the PT
penetration into the female tissues (Smith et al., 2018; Chen et al., 2015). During its
alongation, the PT forms an inner callose wall, and periodically forms callose plugs that
block older regions of the tube, maintaining cytoplasmic contents concentrated near the
growing tip (Franklin-Tong, 1999). The PT transports the two male gametes through the
transmitting tissue (TT), a specialized tissue connecting the stigma, style and ovules.
The TT supports PT nutrition and growth until directional cues guide it toward the ovule
(Pereira et al., 2015; Yadegari and Drews, 2004). The PT guidance can be divided in
two phases: a sporophytic phase, independent of the female gametophyte, where the
PT grows through the intracellular spaces of the stigma, guided by molecular signals

produced by this structure; and a gametophytic phase, dependent of signals produced

3
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by the female gametophyte, that guides the PT along the funiculus toward the
micropyle, where it enters the embryo sac through one of the two synergid cells (Ray et
al., 1997; Higashiyama et al., 2003: Pereira et al., 2016). Once inside the embryo sac,
the PT ceases its growth, ruptures and releases the two male gametes. The synergid
cell that receives the PT degenerates, and the second synergid undergoes PCD,
preventing polyspermy (Higashiyama et al., 2001; Dresselhaus and Franklin-Tong,
2013; Dresselhaus, 2006). One of the male gametes fuses with the oosphere and the
other fuses with the central cell, originating the zygote and the endosperm,
respectively. These tissues develop into a seed that germinates to form a new

sporophyte, thereby completing the plant life cycle.

One of the most important developmental transitions during the reproduction
phase of the angiosperms is the anthesis, consisting in the transition from floral bud to
an open flower. The anthesis is marked by both morphological changes - such as petal
expansion and alterations in flower color and scent - and metabolic changes - including
increased synthesis and accumulation of secondary metabolites, essential for
pollinators attraction and TP guidance. Key reproductive events occur during anthesis,
including anther dehiscence, pollination and pollen tube germination and elongation
(Arshad et al., 2017).
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Fig. 1. Schematic representation of the sexual reproduction process in Arabidopsis thaliana. Adapted from

Kawashima and Berger (2014).

1.2. Arabidopsis thaliana and Oryza sativa: Similarities and

differences

Arabidopsis thaliana and Oryza sativa are both well-established plant model
species, having been, respectively, the first and second plant genomes to be
sequenced (Sasaki and Burr, 2000; The Arabidopsis Genome, 2000).

A. thaliana is a dicotyledonous belonging to the Brassicaceae family. Its flower
exhibits the typical structure of eudicots, presenting four types of floral organs
organized in concentric whorls (Smyth et al., 1990). Its small size, short life cycle, high
seed production, capacity for both cross- and self-pollination, wide ecotype diversity
and small genome size have contributed to its establishment as a model organism for
angiosperms (Koornneef and Meinke, 2010; Yaschenko et al., 2024). This species can
also be transformed by the Floral Dip method, making the generation of mutant lines
much faster, easier and cost-effective compared to in vitro culture techniques (Clough
and Bent, 1998). Currently, numerous genomic tools and resources are available for
this species, including a fully sequenced genome, T-DNA insertion mutant libraries and
species-specific databases (O’Malley et al., 2015; Yaschenko et al., 2024). As a result,
many studies use A. thaliana as a proof of concept, initially investigating orthologs of
genes of interest in this plant to rapidly infer gene function and narrow down candidate
genes before studying them in the target species. However, gene conservation - both in
sequence and function - is not always guaranteed, so further functional validation in the

target species remains essential.

O. sativa is a monocotyledon belonging to the Poaceae family, and shares
significant genetic similarities with other major crops such as wheat, maize and barley
(Bennetzen and Ma, 2003; ltoh et al., 2005). This plant is grown in fully inundated
crops, making it highly sensitive to water scarcity and drought stress. Rice is
predominantly cultivated in Asia, though its cultivation is also expanding across Africa
(Jagardish et al., 2015). In Portugal, it is cultivated in the estuarine regions of Tejo,
Sado and Mondego rivers (COTArroz, 2023). It's an annual grass with hollow and

articulated stems and branches (colms and tillers) that produce panicles
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(inflorescences) (Hanada, 1993). Rice’s flowers exhibit typical monocot characteristics
and are referred to as spikelets. Each spikelet consists of a pair of bract-like sterile
organs (lemma and palea) and a single fertile floret containing two lodicules (modified
petals), six stamens and one carpel forming the pistil (Guo et al., 2015). Although
more complex than A. thaliana, O. sativa possesses several features that makes it a
suitable model for monocot plants, such as a relatively small genome, capacity for both
cross- and self-pollination and easy cultivation. Additionally, it's relatively easy to
transform using Agrobacterium tumefaciens, has a largely sequenced genome and has

numerous molecular tools and dedicated databases available (Goff et al., 2002).

1.3. Genetic edition techniques in O. sativa

Humans have selected genes and traits in various crops through the process of
domestication. However, conventional breeding is time-consuming and presents
several limitations, including the unintentional selection of non-target genes and
restricted introduction of novel traits due to the inability to cross plants from different
species (Tabassum et al., 2021). The rapid growth of the global population, along with
ongoing challenges such as climate change has created a pressing need for faster and
more precise methods to improve crop performance and meet the rising demand. In
response, several gene editing techniques have emerged, allowing exogenous gene
insertion into cells and its integration into the genome, and subsequent expression
(Khalil, 2020). Beyond their potential in crop improvement, precise genome editing

tools also enable functional genetic studies.

Among the various gene editing techniques developed, the most promising
ones are the system CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) associated with the Cas9 nickase and other derivative technologies. This
method is simple, versatile and highly accurate, enabling the creation of double-strand
breaks (DSBs) at specific genomic locations. These breaks are then repaired by the
host’'s cellular machinery through either homology-directed repair (HDR) or

non-homologous end joining (NHEJ) (Wang et al., 2017b).

Currently, several variants of the CRISPR system have been developed to
overcome limitations associated with the original technique. These include modified
versions of the Cas9 protein, such as Cas9 VQR, SpCAS9 (xCas9), and Cas9-NG,

6
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which are capable of recognizing non-canonical PAM sites. This allows genome editing
at loci lacking canonical PAM sequences (NGG or CCN) (Hu et al., 2018; Endo et al.,
2019; Ren et al., 2019).

Another CRISPR-derived technique is the CRISPR-Cas12a or Cpf1. This
system also recognizes non-canonical PAM sequences, specifically T-rich PAMs.
Unlike Cas9, Cas12a generates staggered cuts rather than DBSs. An additional
advantage is that the Cpf1’s coding sequence is smaller than Cas9’s sequence, so the
designed transformation plasmid is going to be smaller, which in turn improves the
transformation efficiency (Alok et al., 2020). This technique has already proven
effective for rice transformation, as demonstrated by Malzahn et al., (2019), who
successfully edited the OsROCS and OsDEP1 genes while assessing the temperature

sensitivity of various Cas12a variants.

Base editing (BE) also utilizes components of the CRISPR system to introduce
precise single-base mutations. It uses a catalytically impaired Cas nuclease incapable
of creating DBSs, fused to a deaminase enzyme, allowing precise nucleotide
conversions. For example, the fusion of this Cas9 with a cytidine deaminase enzyme
can convert a cytosine (C) to an uracil (U), resulting in C.-T or G-A substitutions
(Anzalone et al., 2020). This method was already utilized by Li et al., (2025) to increase
the rice tolerance to Bacterial blight (BB) caused by Xanthomonas oryzae pathovar
oryzae (Xoo0), by editing the SWEET14 gene, one of the known susceptibility genes for

this disease.

A more recent CRISPR-derived technique involves the use of Cas13, which
targets single-stranded RNA (ssRNA) rather than double-stranded DNA (dsDNA). This
system is PAM-independent, and preferentially cleaves U-rich regions. As a result, it
enables transcriptome manipulation without altering the genome, making its effects
reversible. Shuman et al., (2025) demonstrated that this method can be used to
knock-down up to six different RNAs simultaneously using distinct crRNAs. In their
study, they simultaneously repressed three genes from the same family (PHOSPHATE
STARVATION RESPONSE1 (OsPHR1), OsPHR2, and OsPHR3) which have partially
redundant functions. This approach represents a significant advancement in functional
genomics, as it allows the suppression of redundant genes in a single transformation,
greatly accelerating and reducing the cost of functional studies that previously required
the generation of high-level mutants. Furthermore, this study also showed that this

method can repress endogenous long noncoding RNAs (IncRNAs). However, the
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collateral activity of Cas13, which may lead to nonspecific RNA cleavage, still requires

further investigation.

Prime editing enables the precise introduction of various types of mutation into
the genome, including base substitutions, small insertions and deletions, etc. This
method requires two main components: a reverse transcriptase fused to a Cas9
nickase (PE protein) and a prime editing guide RNA (pegRNA), which contains a
spacer sequence complementary to the target DNA and an extension encoding the
desired edit. The PE-pegRNA complex binds to one strand of the target DNA and nicks
the complementary strand, allowing it to hybridize with the pegRNA. The reverse
transcriptase then extends the nicked strand using the pegRNA as a template,
incorporating the intended genetic modification. Finally, the host’s cellular machinery
resolves the resulting heteroduplex by copying the edited strand onto the
complementary strand, thereby permanently installing the change (Fig. 2) (Anzalone et
al., 2019; Anzalone et al., 2020).

Primer- RT template Direct polymerization of edited
blndmg site including edit DNA from the pegRNA into
3 the targei site
3 TTTITTTTT
PE + e 5 L

pegRNA — 5 5.
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—_—
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Fig. 2. Schematic representation of the Prime editing technique, which uses a reverse transcriptase fused
to a Cas9 nickase (PE) and a prime editing RNA (pegRNA) to introduce precise genome edits. Adapted
from Anzalone et al., 2019.

1.4. Impact of the heat stress in Oryza sativa

Several abiotic factors, particularly temperature, influence the geographical
distribution and seasonal growth of plants (Li et al., 2018; Sharma et al., 2021).
However, due to climate change, the global average temperature is rising, with an

increase of 0.9°C since the XIX century, and it’s projected to rise by an additional 1.5 to

8
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4.5°C during the XXI century (Arora, 2019; Peraudeau et al., 2015). This drastic
increase of temperature over a short period of time causes ambient temperatures to
exceed the optimal growth temperature of many species, leading to adverse effects
due to heat stress (HS) (Quint et al., 2016).

Rice is a staple food for humans, providing approximately 35 to 60% of the daily
caloric intake worldwide. Annually, 164 million hectares of rice are cultivated
(Fukagawa e Ziska, 2019; Sarma et al., 2023). However, because of the rapid increase
of the human population, it is estimated that the production of rice needs to increase by
30% until 2050 to meet global demand (van Dijk et al., 2021). Rice is a versatile crop.
cultivated in tropical, subtropical and temperate regions, either in monoculture or in
sequential cropping systems (Rao et al., 2017). This species typically grows at
temperatures between 27 and 32°C, beyond which it begins to experience adverse
effects. The flowering stage requires temperatures of 33°C, with HS occurring at

temperatures above 35°C (Kilasi et al., 2018).

Rice is highly sensitive to HS at all developmental stages, and the impact of this
stress depends on its intensity, duration and timing. The flowering stage is particularly
vulnerable (Cao et al., 2008; Tenorio et al., 2013). As a result, elevated temperatures
significantly affect both the quantity and quality of rice grains, influencing traits such as
appearance, weight and nutritional value (Jagardish et al., 2021; Tu et al., 2022;
Cnossen et al., 2003). For every 1°C increase in temperature, rice yield is estimated to
decline by 6.2 to 10%. By 2030, it's expected that 16% of cultivated rice will experience
HS for at least five days during the reproductive stage, with projections indicating up to
a 41% reduction in productivity by the end of the century (Aryan et al., 2022; Xu et al.,
2021; Agnolucci et al., 2020).

The life cycle of rice can be divided in four stages: embryogenesis, vegetative
stage, reproductive stage and grain-filling/maturation stage. During embryogenesis, the
zygote undergoes successive cell divisions to form a globular embryo. This is followed
by the differentiation of the shoot apical meristem (SAM) and root apical meristem
(RAM), thereby establishing the plant's primary axis (ltoh et al., 2005). After
germination, the vegetative phase begins, during which the plant grows and the SAM
produces leaves and tillers as lateral organs (Li, 1979). This is followed by the
reproductive phase, marked by a transition in meristem identity from vegetative to
floral, leading to the development of flowers. Each flower consists of a lemma, palea,

two lodicules, six stamens and a pistil composed of a single carpel. The flowers are

9
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organized in inflorescences called panicles. In this phase, flowering, pollination and
fertilization occur. Following embryo formation, it will mature and originate a seed. The
seed accumulates storage compounds such as sugars, starch, proteins and other
metabolites, which contribute to an increase in seed size and weight. This final stage is

referred to as grain filling or maturation (ltoh et al., 2005).

HS has several consequences on the vegetative stage of rice development.
Seeds formed in these conditions are smaller, with poorly developed embryos, resulting
in reduced viability. Excessive heat also impairs membrane fluidity and thermostability,
which decreases germination rates (Cao et al., 2016; Liu et al., 2021). In seedlings, HS
disrupts the balance of water, nutrients and phytohormones, leading to stunted growth,
leaf yellowing and curling, a decline in photosynthetic rate and, in severe cases,
seedling death (Xu et al., 2020; Huang et al., 2019). The roots have a lower optimal
growth temperature compared to the aerial parts of the plant, and cease to grow at

temperatures above 43°C (Gonzalez-Garcia et al., 2023).

The reproductive stage is even more sensitive to HS, with a well-documented
negative correlation between yield and daily minimum temperature (Arshad et al.,
2017). The effects of HS include problems in the panicle initiation and differentiation, a
reduction in number and size of spikelets, abnormal floral development, abnormal
pollen development, lack of anther dehiscence, low stigmatic receptivity, defects in
germination and elongation of the pollen tube and abnormal gametophyte development
(Snider et al., 2011; Peraudeau et al., 2015). Heat and drought stress also lead to the
accumulation of peroxide in spikelets, causing cellular damage and impairing spikelet
fertility (Fu et al., 2015; Shrestha et al., 2022).

HS has a greater impact in anther formation and pollen viability than in ovules,
as the latter are located within the female gametophyte and are therefore less exposed
to this stress factor (Liu et al., 2021). However, the female reproductive tissues are still
affected, although these effects are less studied, HS in female tissues can lead to
irregular development of the gametophyte, a reduction in the total number of ovules

and an increase in the number of aborted ovules (Lohani et al., 2019).

As in Arabidopsis, rice’s mature anther is composed of three layers:
endothecium, septum and stomium, the latter consisting of a single layer of epidermal
cells. Following the first mitotic division of the microspores, starch is deposited within

the pollen grains. During anther dehydration, the stomium is weakened by the action of
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hydrolytic enzymes. Approximately three hours before anthesis, starch digestion
begins, and together with the potassium accumulation, leads to a decrease in osmotic
potential and subsequent water uptake, resulting in pollen swelling. Simultaneously, the
secondary wall of the endothecium thickens. These changes collectively generate
sufficient pressure to rupture the septum and stomium, allowing the release of mature
pollen. Under HS, the starch deposition is reduced, leading to premature degeneration
of tapetal cells during meiosis, disrupting the microspore nutrition, causing degradation
of the pollen wall and resulting in pollen abortion (Arshad et al., 2017; Liu et al., 2020).
HS can also reduce carbohydrate metabolism and translocation-related protein activity,
leading to a decrease in free sugars, proline and phospholipids in pollen that act as
osmolytes. Consequently, water uptake in the locules and pollen grains is reduced,
delaying anther wall rupture and causing mislocalization of ubisch bodies. This
ultimately results in poor anther dehiscence and pollen retention during anther
dehiscence (Bonner e Dickinson, 1989; Regman e Yun, 2006; Zhu et al., 2004; Matsui
et al., 2000; Sershen et al., 2014; Peng et al., 2004).

After pollen release, it must reach the stigma, where it will germinate and form
the TP. Although it is released in a dehydrated state, rice pollen has a relatively high
water content compared to Arabidopsis, a thin wall and several microchannels in the
exine layer, which facilitate its germination upon contact with the stigma. Upon arrival,
water, nutrients and other small molecules are transported from the stigmatic papilla to
the pollen grain, enabling its hydration and germination (Doucet et al., 2016). However,
these characteristics also make rice pollen highly sensitive to desiccation, rendering it
non-viable within five minutes of air exposure due to rapid water loss (Nepi et al., 2001;
Pacini e Dolferus, 2019). Under HS, the protein content of the pollen decreases, and
the structure and integrity of the cell membranes, composed mainly of lipids and
proteins, are adversely affected. HS also reduces the adhesion of pollen to the stigma
surface, thereby affecting the pollination success. Collectively, these characteristics
significantly reduce pollen viability under these conditions (Das et al., 2014). HS also
influences the germination and viability of the TP, by reducing the iron uptake in

microspores and pollen tubes (Jagardish et al., 2010).

HS also has a significant negative impact on the quantity and quality of the rice
grains produced. One of the most important factors in assessing the grain quality is the
amylose content. HS affects rice grain development by shortening the grain-filling

period by approximately 3 days for every 1°C increase above the optimal temperature
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(25°C) (Tashiro and Wardlaw, 1991). The grain-filling phase involves the redistribution
and synthesis of carbohydrates, proteins and lipids within the developing seeds, which
are essential for embryo development. HS induces premature leaf senescence, thereby
impairing photosynthesis and carbohydrate synthesis (Farooq et al., 2011; Kim et al.,
2011). In addition, it affects enzymes involved in starch biosynthesis, such as starch
synthase, leading to uneven grain filling, altered amylopectin structure and formation of
smaller, irregular starch granules. These changes ultimately reduce the appearance
and flavour quality of the grains, which tend to be rounder, loosely packed and often
damaged (Ren et al., 2021; Hurkman et al., 2003; Shrestha et al., 2022, Inouchi et al.,
2000; Mitsui et al., 2013). The impact of HS on seed production and dormancy cycles
also significantly affects seed dispersal, thereby influencing the geographical

distribution of the species (Engler et al., 2009).

1.4.1. Sensitive and tolerant rice varieties to HS

Although not sufficient to completely prevent the harmful effects of HS, plants
have evolved a range of morphological and physiological strategies to cope with such
conditions. Given that different rice cultivars have adapted to specific environments
through natural selection and domestication, they have developed distinct mechanisms
and varying levels of thermotolerance. In general, japonica ecotypes tend to be more
sensitive to HS than indica cultivars (Riaz et al, 2024). Nagina22 (N22) cultivar is
among the most heat-tolerant varieties, making it a valuable model for studying
mechanisms of thermotolerance, allowing us to then use this knowledge to improve the

tolerance in economically important rice varieties (Resentini et al., 2023).

Several morphological traits influence the impact of HS during the reproductive
stage of rice. Among them, plant architecture plays a particularly important role. When
the panicle is surrounded by numerous leafs, the resulting shade and increased local
transpiration can cool the panicle, thereby reducing the adverse effects of HS on this
structure (Shah et al., 2011). Another relevant factor is stigma position. An enclosed
stigma - one that remains inside the spikelet even after anthesis - offers protection
against high temperatures and helps prevent the heat-induced decline in fertility.
However, stigma exertion - when the stigma protrudes from the spikelet after anthesis -
facilitates pollen capture, which can help ensure sufficient pollination even when there’s

a reduction in anther dehiscence (Chao et al., 2019). The anther traits will also
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influence the plant’'s response to HS. Larger anthers with larger basal and apical pores
will release more pollen grains and help compensate for the pollen grains loss caused
by the elevated temperature. Additionally, a well-developed anther locule facilitates

dehiscence, further enhancing pollen release (Shah et al., 2011).

Rice has a heat signaling pathway that enables it to adjust its physicochemical
processes under HS. Heat is perceived by membrane-associated proteins, triggering
multiple signaling cascades, including pathways related to intracellular Ca®* levels,
production of reactive oxygen species (ROS), heat shock transcription factors (HSFs)
and other transcription factors, miRNAs, among others. These components act
together to form a complex regulatory network that leads to cellular, physiological and
molecular changes aimed at enhancing the plant tolerance to HS (Saini et al., 2022;
Baxter et al., 2014).

HSF are among the most critical components regulating transcriptional
responses to HS (Scharf et al., 1990). These factors can recognize and bind to
heat-shock elements (HSEs) - n"GAANnTTCn or nTTCnnGAAn - thereby activating the
expression of genes involved in HS response (Waters, 1995; Tichter et al., 2010; Xiao
and Lis, 1988). Lou et al., (2025) analyzed the promoters of all annotated heat-shock
proteins (HSP) genes in Arabidopsis, tomato and rice, and identified a conserved HSE
consensus motif ATTCTAGAAT. When this sequence was inserted into the promoter of
OsGIF1 (GRAIN INCOMPLETE FILLING 1), coding a cell-wall invertase (CWIN)
involved in regulating photoassimilate partitioning during rice grain filling, transgenic
plants exhibited improved performance under HS compared to wild type (WT) plants.
These results suggest that this HSE motif can be introduced into the promoters of
target genes in Oryza sativa to drive heat-inducible gene expression, offering a

potential strategy for enhancing thermotolerance.

1.4.2. OSERF98, OsBIP2 and OsYABBY7

Several genes involved in the HS response have been identified and studied.
However, many other intervenient genes with unknown functions remain unknown,
particularly the ones specific to the reproductive tissues. Gonzalez-Schain et al. (2016)
performed an RNA-seq in pistils from the HS tolerant variety N22, which enabled the

identification of differentially expressed genes (DEGs) under HS conditions. The
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selection of the genes for this study was based on the log2FC values obtained from the
RNA-seq analysis, so the genes with the highest expression increase under HS
conditions were selected. Among the most overexpressed genes, those specifically
expressed in rice reproductive organs were identified, and selected the ones whose
role in the HS response had not yet been characterized. Accordingly, the genes
OsSERF98, OsBIP2 and OsYABBY7 were selected.

OsERF98 is a transcription factor predominantly expressed in the anthers and
seeds, and is involved in the ethylene-activated signaling pathway. Although the role of
this gene in the HS response has not yet been investigated, another member of this
family, OsERF115 has been shown to play a role in both heat and drought tolerance.
OsERF115 enhances the plant's ability to retain water, thereby increasing
thermotolerance in rice seeds and plants in the vegetative phase (Park et al., 2021). In
Arabidopsis, the ortholog gene AtERF114 mediates resistance to fungal pathogens and
regulates plant architecture, particularly lateral root development, in response to auxin
(Li et al., 2022; Canher et al., 2022). However, its role in the HS response remains

unknown.

Another gene found to be differentially expressed in HS conditions is OsBIP2,
an anther-specific HSP associated with TP thermotolerance (Raza et al.,2020). In
Arabidopsis, the orthologs AtBIP1 and AtBIP2 are linked to female gametogenesis and
pollen competitiveness, and the bip1bip2bip3 triple mutant is lethal to pollen
(Maruyama et al., 2015). These genes also appear to be involved in the stress
response that, when affected, leads to abnormal pollen development and increased

susceptibility of the male gametophyte (Maruyama et al., 2014).

The third gene selected was OsYABBY7, expressed in the pistil. Although it has
not been well studied in rice, its orthologs in soybean are involved in the response to
drought, salinity and ABA stress (Zhao et al., 2017). In cotton, several members of the
YABBY gene family are downregulated under certain stress conditions (Yang et al.,
2018). In Arabidopsis, the ortholog AtYAB3 is involved with the regulation of the abaxial
pattern, lateral organ growth and inflorescence phyllotaxis (Stahle et al., 2009).

However, its function in HS conditions remains unstudied.
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1.5. Objectives

This study aims to study the Oryza sativa’s molecular mechanisms of heat
stress tolerance at the reproductive level. With this objective, the genes OsERF98,
OsBIP2 and OsYABBY?7 described in 1.4 were selected.

Since analyzing the reproductive phenotypes of multiple rice genes is too
time-consuming to yield productive results within the project timeline, Arabidopsis was
used as a proof of concept to study rice orthologues' phenotypes during anthesis. The
model plant Arabidopsis can provide fundamental information to understand the role of
these genes in HS, and can be easily translated into rice plants (Yaschenko et al.,
2024). Thus, the genes A{ERF114 and AtYAB3, orthologues of OsERF98 and
OsYABBY?7, respectively, were selected.

Accordingly to the main objective of this study, the specific aims were:

1. Validate the RNA-seq data: To confirm that the selected genes were indeed
overexpressed under HS conditions, a RT-gPCR was performed on
self-pollinated flowers of the heat-tolerant rice variety N22 under both control
and HS conditions. Additionally, the expression of these genes was evaluated in
other rice varieties in order to assess their expression patterns across different

genetic backgrounds;

2. Characterize the expression of orthologous genes in A. thaliana: To
determine whether the selected orthologous genes exhibit expression patterns
similar to those observed in rice, a RT-gPCR was performed on self-pollinated

flowers to compare their expression under control and HS conditions;

3. Generation of reporter and overexpression lines: To better understand the
role of these genes in the HS tolerance mechanism of Arabidopsis, constructs
for reporter and overexpression lines were generated. The reporter lines will
allow the investigation of the expression patterns of these genes in the
reproductive tissues, helping to guide the focus of the study. Through
phenotypic analysis, the overexpression lines will contribute to elucidate the

functional roles of these genes;

4. Phenotypic analysis of Arabidopsis T-DNA insertion mutant lines: To
understand the role of these genes in the HS tolerance mechanism of

Arabidopsis, a phenotypic analysis of T-DNA insertion mutant lines was
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performed, comparing their reproductive success under control and HS

conditions;

5. Generation of constructs for overexpression and Prime Editing lines for
O. sativa: Constructs for the development of overexpression and Prime Editing
lines targeting the selected genes were generated, with the aim of enabling
future creation of rice mutant lines for phenotypic analysis related to the

reproductive success under control and HS conditions.

This work aims to provide insights into the CRISPit project by determining whether the
selected genes are involved in the HS tolerance mechanism and what their potential
roles may be. This study was carried out at SPReDLab in the Faculty of Sciences of
the University of Porto (FCUP), and included a 4-month secondment at the University

of Missouri (Mizzou) in Professor Bing Yang’s laboratory.

2. Material and Methods

2.1. Plant material and growth conditions

Arabidopsis thaliana (L.) wild-type (WT) plants (Columbia-0 ecotype, Col-0) were used,
already available at SPReDLab. Seeds of the T-DNA insertion line Salk_086776 (yab3)
were obtained from NASC (The European Arabidopsis Stock Center). These plants
were sown directly in soil and grown in a controlled growth chamber under long-day
conditions (16h light at 21°C / 8h dark at 18°C) with 60% relative humidity.

2.2. Sequence alignments and bioinformatic analysis

The nucleotide sequences from Arabidopsis thaliana were obtained using The
Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org/) and the NCBI
(https://lwww.ncbi.nlm.nih.gov/) databases. The coding sequences of Oryza sativa were

obtained using the Rice Annotation Project Database (RAP-DB)
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(https://rapdb.dna.affrc.go.jp/index.html) and the promoter sequences were obtained
using PlantPan 4.0 (https://plantpan.itps.ncku.edu.tw/plantpan4/gene_search.php). The
bioinformatic analysis of the genes of interest was conducted using the ePLANT RICE
Browser tool (https://bar.utoronto.ca/eplant_rice/) for rice, and for Arabidopsis, the
Arabidopsis eFP Browser tool (https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) was

used.

All DNA sequences obtained from Sanger sequencing experiments were compared
with known expected sequences using the APE (A Plasmid Editor) software

(https://jorgensen.biology.utah.edu/wayned/ape/).

2.3. DNA extraction

The genomic DNA (gDNA) of A. thaliana was extracted from young leaves according to
Edwards et al. (1991) method.

The gDNA of Oryza sativa was extracted from approximately 5 cm long leaf fragments
that had been frozen in liquid nitrogen. The leaves were mechanically disrupted using a
pestle, followed by the addition of a CTAB extraction buffer (2% CTAB, 20 mM EDTA,
100 mM TrisHCI, 1.4 M NaCl). Samples were incubated in a water bath for 30-40 min.
Then, 400uL of chloroform were added, and the solution was centrifuged (14000rpm
for 10 min). Then, 400uL isopropanol was added, and after a 10 min incubation, the
solution was centrifuged (14000rpm for 10 min) in order to precipitate the DNA. The
resulting pellet was washed with 70% ethanol and then resuspended in 50uL of dH20.

2.4. Obtention of the pAtERF114::GUS/YFP, pAtYAB3::GUS,
p35S::AtERF114 and p35S::AtYAB3 by Gateway Cloning

2.4.1. Bacterial strain and vectors

The bacterial strains used were Escherichia coli DH5a and Agrobacterium tumefaciens

GV3101::PMP9O0 (resistant to rifampicin and gentamicin).
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The plasmids used were pDONR207 (entry vector for the Gateway BP reaction,
carrying a gentamicin resistance gene), pB2GW?7 (Karimi et al., 2002) (a destination
vector containing the constitutive p35S promoter and a spectinomycin resistance
gene), pBGWFS7 (Karimi et al., 2002) (a destination vector containing the GUS gene
and a spectinomycin resistance gene) and pMT589 (a destination vector containing a
3xNLS:YFP gene and a kanamycin resistance gene). All annotated plasmids are in

Supplementary material Figure 32-35.

2.4.2. Growth media and conditions

The E. coli cultures were grown in liquid Luria Bertani (LB) medium (1% [w/v]
bacto-tryptone, 0.5% [w/v] yeast extract, and 1% [w/v] NaCl) or on solid LB medium
(supplemented with 1.5% [w/v] agar). All media were sterilized at 120°C for 20 min in
an autoclave. When required, antibiotics (antibiotics and working concentrations used
are described in Table 1) were added to the media after sterilization. Solid media were
stored at 4°C, while liquid media were stored at room temperature. All E. coli cultures
were incubated overnight at 37°C, and A. tumefaciens cultures were incubated 48h at
28°C. Liquid cultures were incubated with shaking. Bacterial cultures harboring

plasmids of interest were preserved in 30% glycerol at -80°C.

Table 1. Antibiotics and respective working concentrations.

Antibiotics Working concentrations
Gentamicin (Gent) 0.2 pL/mL
Kanamycin (Kan) 1 uL/mL

Spectinomycin (Spec) 1 pL/mL

2.4.3. Plasmids’ isolation and purification

The plasmids pDONR207, pB2GW7, pBGWFS7 and pMT589 (Supplementary material
Figure 32-35) were extracted from E. coli liquid cultures grown from glycerol stocks

using the GeneJET Plasmid Miniprep Kit (Thermo Scientific™) according to the
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manufacturer’s instructions. A restriction enzyme digestion was performed to confirm
the identity of the isolated plasmids. The resulting DNA fragments were separated by
agarose gel electrophoresis (2.4.4.) and the expected band pattern was confirmed. The

restriction enzymes used, and the respective band sizes are listed in Table 2.

Table 2. Restriction enzymes and expected band sizes for the restriction analysis of the empty vectors
pDONR207, pB2GW?7, pPBGWFS7 and pMT589.

Plasmid Restriction enzymes Expected bands
3863 bp
pDONR207 Apal + EcoRI 1722 bp
9372 bp
pB2GW7 Apal + EcoRI 1510 bp
9219 bp
1711 bp
pBGWFS7 EcoRV 1290 bp
231 bp
8870 bp
pMT589 Apal 3865 bp

2.4.4. Agarose gel electrophoresis

All PCRs and restriction enzyme’s digestions were followed by a electrophoresis on
0.8% [w/v] agarose gel prepared in 1x Sodium Borate (SB) buffer [47g/L boric acid,
200mM NaOH, pH 8.2], with 3uL of GreenSafe Premium (NZYTech) added to the gel
before polymerization. The GeneRuler DNA Ladder Mix (Thermo Scientific™) was
used as a molecular weight marker, and 1x SB was used as running buffer. The
electrophoresis was conducted at 240 V for 7-15 min using an horizontal
electrophoresis system (Bio-RadTM). DNA bands were visualized using a UV
transilluminator (302-365 nm). Images were captured using a KODAK camera and
analysed with the Image Analysis KODAK 1D, version 3.5 (KODAK Scientific Imaging
Systems).
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2.4.5. DNA amplification and purification

The promoter region and coding sequence (CDS) of AtERF114 and AtYAB3 were
amplified by PCR (2.4.6.) using primers with adaptors (attB sites) for the Gateway
Cloning system (Supplementary material Table 23). The promoter regions were
amplified from the 5’UTR of the upstream gene up to the start codon of the target gene,
with a maximum length of 3000 bp. Coding sequences were amplified from the start
codon to the stop codon. After the PCR and agarose gel electrophoresis, the
promoters and CDS of interest were purified from the gel by using the GeneJET Gel
Extraction Kit (Thermo Fisher Scientific™), or directly from the 50uL PCR using the
GeneJET PCR Purification Kit (Thermo Fisher Scientific™), depending on the

presence or absence of unspecific amplified DNA fragments.

2.4.6. PCR - Polymerase Chain Reaction

The PCR reactions were performed using DreamTaq DNA polymerase (Thermo
Scientific™) according to the manufacturer’s instructions. The PCR included an initial
denaturation step, followed by 34 cycles of denaturation, annealing and extension, with
a final extension step and a cooling step. Reactions were carried out in 10uL volumes,
as detailed in Table 3. A T100 Thermal Cycler (Bio-RadTM) was used, and the different

programs used are listed in Table 4.

Table 3. Components of PCR reactions performed using DreamTaq DNA polymerase (Thermo

Scientific™).

Reagents Volume for a 10 pL reaction
H.0 7.75 uL
10x DreamTaq Buffer (20 mM MgCI2) 1uL
dNTP Mix (10 mM) (Thermo Scientific™) 0.2 yL
Forward Primer (20 pM) 0.25 uL
Reverse Primer (20 uM) 0.25 pL
DreamTaq DNA Polimerase (5 U/uL) 0.05 pL
DNA template 1uL
Final volume 10 uL
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Table 4. PCR conditions using DreamTaq DNA polymerase (Thermo Scientific™).

Step AtERF114 and pAtERF114 amplification | AtYAB3 and pAtYAB3 amplification

Initial denaturation 95°C / 2 min 95°C / 2 min
Denaturation 95°C/30s 95°C/30s
Annealing 34 60°C/30s 60°C/30s

cycles
Extension 72°C/1min45s 72°C /3 min
Final extension 72°C / 6 min 72°C /6 min
Cooling 4°C [ 4°C [ o

2.4.7. Gateway Cloning

The Gateway Cloning method (Invitrogen) enables the transfer of DNA sequences
between vectors based on the Lambda recombination system. The DNA fragments of
interest are flanked by att sites and are exchanged between vectors, generating hybrid
sequences composed of DNA from both parental vectors. The ccdB (controlling cell
death B gene) gene induces cell death in bacteria transformed with vectors lacking the
insert of interest, thereby allowing the selection of the correctly transformed cells. This

method involves two recombination reactions - BP and LR - which are illustrated in

Figure 3.
A PCR
ccdB product ccdB
L
v & B &
product
+ — +
Donor vector Entry clone By-product
B PCR PCR
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=00

Entry clone Destination vector Expression clone By-product
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Fig. 3. Schematic representation of the Gateway Cloning System for expression plasmid construction. The
BP reaction is catalyzed by the BP Clonase enzyme and facilitates the recombination between the
PCR-amplified sequence of interest flanked by affB sites and the donor vector sequence flanked by aftP
sites, generating an entry clone containing aftL sites. The LR reaction is catalyzed by the LR Clonase
enzyme, promoting recombination between the atfL-flanked sequence in the entry construct and the
attR-flanked sequence in the destination clone, resulting in an expression clone containing attB sites. The

ccdB gene allows the positive selection of colonies containing the desired construct.

In order to introduce the PCR-amplified sequences of interest into the entry vector
pDONR207, 3pL of the PCR product and 1uL of the donor vector were mixed, for a
total volume of 4uL. Subsequently, 1uL of Gateway™ BP Clonase™ Il Enzyme mix
(Thermo Fisher Scientific™), was added. The reaction was incubated at 25°C overnight
in a thermocycler. On the following day, 1uL of Proteinase K was added to inactivate
the reaction, followed by an additional incubation at 37°C for 10 min. One to 1.5 pL of
these reactions were used to transform E. coli DH5a cells. Positive clones were
identified by colony PCR (2.4.9.) and subsequently confirmed by restriction analysis
(2.4.11.) and sequencing (2.4.12.).

In order to obtain the expression vectors, 3uL of the entry vector pDONR207 with the
desired DNA fragment and 1uL of the respective destination vector were mixed, for a
total volume of 4pL, and 1uL of the Gateway™ LR Clonase™ |l Enzyme mix (Thermo
Fisher Scientific™) was added. The reaction was incubated at 25°C overnight in a
thermocycler. On the following day, 1uL of Proteinase K was added to inactivate the
reaction, followed by an additional incubation at 37°C for 10 min. One to 1.5 pL of
these reactions were used to transform E. coli DH5a cells. Positive clones were
identified by colony PCR (2.4.9.) and subsequently confirmed by restriction analysis
(2.4.11.) and sequencing (2.4.12.).

2.4.8. Preparation of electrocompetent E. coli cells

Electrocompetent E. coli cells were prepared from liquid LB cultures grown to an optical
density at 600 nm (ODgy,) between 0.5 and 0.7. The cultures were divided into 50 mL
falcon tubes and centrifugated at 4°C at 4800 rpm for 10 min. The cell pellets were

resuspended in 10% glycerol. This centrifugation step was repeated four times. Finally,
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the cells were resuspended in 10% glycerol and aliquoted into 50uL portions, frozen in

liquid nitrogen, and stored at -80°C.

2.4.9. Bacterial Transformation

The bacterial transformation was performed by electroporation. On ice, 1.5uL of DNA
was added to 50uL of electrocompetent cells, and the mixture was transferred to a
pre-chilled electroporation cuvette. Following the electroporation pulse in a MicroPulser
Electroporator (BioRad), 350uL of LB medium was immediately added to the cells,
which were then incubated at 37°C for 45 min without shaking. Finally, the transformed
bacteria were plated on LB agar plates containing the appropriate selective antibiotics

and incubated at 37°C overnight.

2.4.10. Colony PCR

Colony PCRs were performed as described in section 2.4.6., with the exception that a
small portion of the tested colony was used instead of 1uL of DNA template. An initial
denaturation step of 5 min was applied to allow bacterial cells lysis and DNA release.
This PCR assay was used to identify positive colonies resulting from the respective
transformations. The primers used for each reaction were the same used in the initial

amplification of the DNA fragment of interest.

2.4 .11. Minipreparation of plasmid DNA (Miniprep)

Plasmid DNA extractions for restriction analysis and subcloning procedures were

performed using GeneJET Plasmid Miniprep Kit (Thermo Scientific™), following the

manufacturer’s instructions. For cell harvesting, 3 mL of bacterial culture in LB media

was used for all purifications.

2.4.12. Plasmid DNA digestion (Restriction analysis)
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The correct orientation of the inserts within the vectors was verified by plasmid DNA
digestion, performed according to the manufacturer’s instructions (Thermo Fisher™) for
the restriction enzymes used. The digestion products were subsequently observed and
analysed by agarose gel electrophoresis (2.4.4.). The enzymes used for each construct

and the respective expected band sizes are listed in Table 5.

Table 5. Restriction enzymes and expected band sizes for the restriction analysis of the constructs.

Plasmid Restriction enzymes Expected bands
3417 bp
pPDONR207 + AtERF114 (CDS) EcoRV + Kpnl 1059 bp
4067 bp
pPDONR207 + AtYAB3 (CDS) EcoRV 1589 bp
4025 bp
pPDONR207 + pAtERF114 EcoRI + Sacl 909 bp
5046 bp
pPDONR207 + pAtYAB3 EcoRV 1136 bp
9901 bp
pB2GW7+ AtERF114 (CDS) Apal + Kpnl 432 bp
pB2GW7 + AtYAB3 (CDS) Apal + EcoRl 11513 bp
10942 bp
PBGWFS7 + pAtERF114 EcoRlI + Xbal 1418 bp
12068 bp
pPBGWFS7 + pAtYAB3 EcoRI + Xbal 1331 bp
209 bp
6759 bp
2894 bp
PMT589 + pAtERF114 EcoRI + EcoRV 2094 bp
897 bp

2.4.13. Sequencing

The constructs obtained from the BP and LR reactions of the Gateway Cloning system
were sequenced to confirm the absence of errors in the sequence of interest.
Sequencing was performed by Eurofins Genomics using the Mix2Seq Kit. All sequence

data were analysed using the ApE software.
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2.4.14. Floral dip

A. thaliana transformation with the constructs obtained was performed according to the
floral dip method described by Clough and Bent, (1998). WT plants with a high number
of floral buds were used. The siliques and opened flowers were removed prior to
transformation to enhance the efficiency of the method. The transformed seeds were
collected and sown in soil-based seedbeds, where the transformed plants were
selected by spraying with 200 mg/L ammonium glyphosate (BASTA; Bayer Crop
Science™) supplemented with 0.1% (v/v) Tween 20. The spraying was performed three
to four times, every two days, over a period of 10 days. Resistant plants were

subsequently transplanted individually into pots.

2.5. Obtention of the p35S::0OsERF98 e p35S::0sBIP2 constructs
by TEDA cloning

2.5.1. Bacterial strain and vectors

The bacterial strains used were Escherichia coli DB3.0. The vector/plasmid used was
pBYO02 (carrying a kanamycin resistance gene). (Supplementary material Figure 36).
2.5.2. Growth media and conditions

The E. coli cultures were grown in the same conditions described in 2.4.2., with the
difference that the used media was SOB (Super Optimal Broth) (2% [w/V]
bacto-tryptone, 0.5% bacto-yeast extract [w/v], 10 mM NaCl, 2.5 mM KCI) instead of
LB.

2.5.3. pBY02 plasmid isolation and purification

The pBY02 plasmid (Supplementary material Figure 36) was obtained by miniprep

(2.5.9.). To confirm the identity of the plasmid, a restriction digestion was performed,
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and the products were separated by agarose gel electrophoresis (2.5.4.). The

restriction enzymes used, and the expected band size are listed in Table 6.

Subsequently, the plasmid was linearized in two steps. First with Sall (New England
Biolabs™) and then with Acc65! (Thermo Fisher™), to generate 3’-overhanging
cohesive ends. Between the digestion steps, the DNA was purified by ethanol
precipitation. For that, the reaction of the first enzyme was inactivated by heat (80°C for
10 min), and 1:10 of NaAc (3M, pH=5.2) was added. Then, the ethanol 100% was
added and the solution was incubated at -20°C for 20 min. Then, it was centrifuged
(12000 rpm for 15 min) and the pellet was washed two times with ethanol 70%. Finally,
the dried pellet was resuspended in 10uL dH,O.

The fully linearized vector was then purified from an agarose electrophoresis gel
(2.5.4.).

Table 6. Restriction enzymes and expected band sizes for pBY02.

Plasmid | Restriction enzymes | Expected bands
8179 bp
pBY02 ‘ Sacll ‘ 4125 bp

2.5.4. Agarose gel electrophoresis

The results of PCRs and restriction analysis were evaluated by electrophoresis on a
1% (w/v) agarose gel prepared in 1x Tris-acetate-EDTA (TAE) buffer. The GeneRuler
1kb DNA Ladder (Thermo fisher™) was used as a molecular weight marker, and the
electrophoresis was performed in 1x TAE buffer at 140V for 20-25 min in an
electrophoresis tank (17.8 x 25.5 x 6.8cm). A 6x GelRed loading dye was added to
each sample to allow DNA visualization. Gel images were acquired using an iBright™

CL750 Imaging System (Thermo fisher™).
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2.5.5. DNA amplification and purification

The coding sequences (CDS) of OSERF98 and OsBIP2 were amplified by PCR (2.5.6.)
using the primers listed in Supplementary material Table 23. The coding sequences
were amplified from before the ATG start codon to after the stop codon. The bands of
interest were purified from an agarose electrophoresis gel. First the bands were
excised and dissolved in sodium iodide (Nal) at 3:1 ratio. Subsequently, silica particles
(SiO,) were added, binding to the DNA and allowing its precipitation by centrifugation
(5000 rpm for 30s). The resulting pellet was then washed twice with wash buffer (50%
[v/v] ethanol, 10 mM Tris-HCI, pH 7.5-8.0, 1 mM EDTA), dried and resuspended in
10-15pL of H,0.

2.5.6. PCR - Polymerase Chain Reaction

The PCRs were performed using an in-house Taq DNA polymerase, following the
laboratory’s standard protocol. Each PCR program consisted of an initial denaturation
step, followed by 32 cycles of denaturation, annealing and extension, and concluded
with a final extension step and a cooling phase. Reaction mixtures of 20uL were used
(Table 7). A C1000 Touch Thermal Cycler (Bio-Rad™) was used, and the programs are
listed in Table 8.

Table 7. Components of PCR reactions performed using an in-house Taq DNA Polymerase.

Reagents Volume for a 10 pL reaction
H,O 12 uL
10x Buffer 2 uL
dNTP Mix (10 mM) 1.5 L
Forward Primer (10 pM) 1L
Reverse Primer (10 yM) 1L
DMSO 1L
DNA Polimerase (5 U/uL) 0.5 L
DNA template 1L
Final volume 20 uL
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Table 8. PCR conditions using an in-house Tag DNA Polymerase.

Step OsERF98 amplification OsBIP2 amplification

Initial denaturation 95°C / 3 min 95°C / 3 min
Denaturation 95°C/30s 95°C/30s
Annealing 32 53°C/30s 52°C/30s

cycles
Extension 72°C /1 min 72°C/2min45s
Final extension 72°C / 6 min 72°C / 6 min
Cooling 12°C / w0 12°C [/ w0

2.5.7. TEDA cloning

The TEDA (T5 exonuclease DNA assembly) cloning method is a technique derived

from Gibson assembly and the Hot Fusion method, which enables the directional

cloning of DNA fragments using only T5 exonuclease. This method uses a

pre-linearized vector designed to generate 3’-overhangs at the insertion site. The DNA

fragments of interest are amplified by PCR using primers containing 20-40 nucleotides

of overlap with regions adjacent to the intended insertion site. During the reaction, the

DNA fragments anneal to the target vector, forming a circular DNA molecule with nicks.

Unlike Gibson assembly, in TEDA cloning these nicks in the plasmid are not repaired in

vitro but instead they are repaired inside E. coli following transformation (Fig. 4) (Xia et

al., 2019). Reaction mixtures of 20uL were used (Table 9). The assembly reaction was
incubated in an C1000 Touch Thermal Cycler (Bio-Rad™) at 30°C for 1 hour.
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Fig. 4. Schematic representation of the TEDA cloning method. The blue rectangle represents the
linearized plasmid, while the red segment indicates the DNA insert. Ends with the same color denote
regions of homology. T5 exonuclease digests the 5 ends of both vector and the insert, generating
compatible overhangs that allow annealing between the plasmid and the insert sequences. The resulting
construct is used to transform E. coli, where the nicks between the insert and vector are repaired. Adapted
from Xia et al., (2019).

Table 9. Components for the TEDA cloning reaction.

29

Reagents Volume for a 20 pL reaction
DNA insert (~100ng/ L) 3:1
Purified linearized vector (~100ng/ uL) 100-200 ng
5x TEDA 4 uL
H,O to 20 yL
Total 20 uL

2.5.8. Bacteria Transformation

The E. coli transformation was performed via heat shock. 5-7puL of construct DNA were
added to 60uL of chemically competent DB3.0 cells, and the mixture was incubated on
ice for 20 min. The cells were then subjected to heat shock at 42°C for 50 seconds, and

immediately returned to ice. Then, 500uL of SOB (Super Optimal Broth) medium was
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added. The cultures were incubated at 37°C for 1 hour with shaking, and then plated
onto LB agar plates containing the appropriate selective antibiotic and incubated
overnight at 37°C.

2.5.9. Colony PCR

Colony PCRs were performed as described in section 2.5.6., with the exception that a
small portion of the tested colony was used instead of 1uL of DNA template. An initial
denaturation step of 5 min was applied. This PCR assay was used to identify positive
colonies resulting from the respective transformations. The primers used for each

reaction were the same used in the initial amplification of the sequence of interest.

2.5.10. Minipreparation of plasmid DNA (Miniprep)

Plasmid DNA extractions for restriction analysis and subcloning procedures were
performed from 2mL of liquid bacterial culture grown in LB medium. After
centrifugation, the bacterial pellet was resuspended in 300uL of P1 solution (Table 10).
Subsequently, 300uL of P2 solution (Table 10) were added to lyse the cells, followed by
the addition of 300uL of P3 solution (Table 10) to neutralize the reaction. The samples
were centrifugated, and the supernatant was transferred to a new tube, where 650uL of
isopropanol were added to precipitate the DNA. The resulting pellet was washed twice
with 500uL of 70% ethanol and finally resuspended in 50uL of H,O.

Table 10. Composition of the P1, P2 and P3 solutions used in minipreparation of plasmid DNA.

P1 P2 P3
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50 mM Tris base..................... 6.06 g
10mM Na2EDTA.2H,0........... 3.72¢g

200 MM NaOH........ccoverernnn. 8g
1% SDS...cveeeeeeee e, 10g
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2.5.11. Restriction analysis

The correct orientation of the inserts within the vectors was verified by plasmid DNA
digestion, performed according to the manufacturer’s instructions for the restriction
enzymes used. The digestion products were subsequently observed and analysed by
agarose gel electrophoresis (2.5.4.). The enzymes used for each construct and the

respective expected band sizes are listed in Table 11.

Table 11. Restriction enzymes and expected band sizes for the restriction analysis of the constructs.

Plasmid Restriction enzymes Expected bands

9778 bp
pBY02 + OSERF98 (CDS) Aatll 2286 bp
1164 bp

12785 bp
1081 bp
852 bp
132 bp

pBY02 + OsBIP2 (CDS) Sacl

2.5.12. Sequencing

The constructs obtained were sequenced to confirm the absence of errors in the

sequence of interest. All sequence data were analysed using the ApE software.

2.6. Obtention of the Prime Editing construct for introduction of an

heat-activated switch in the OsYABBY7 gene promoter

2.6.1. Bacterial strain and vectors

The bacterial strains used were Escherichia coli DB3.0. The vector/plasmid used was
pAG731 (carrying a kanamycin resistance gene) (Supplementary material Figure 37).
This plasmid also contains a GFP (Green Fluorescence Protein) expression gene that

serves as a marker for distinguishing colonies transformed with vectors containing or
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lacking the insert of interest. During the Golden Gate assembly reaction, this gene is
removed and replaced by the insert. As a result, colonies harboring the insert will not

exhibit fluorescence, while colonies transformed with the empty plasmid will display

green fluorescence.

2.6.2. Growth media and conditions

The growth media and conditions used were the same as those described in 2.5.2.

2.6.3. Obtention of the pBY02 plasmid

The pAG731 plasmid (Supplementary material Figure 37) was obtained by miniprep
(2.5.9.). To confirm the identity of the plasmid, a restriction was performed, and the
products were analysed by agarose gel electrophoresis (2.5.4.). The restriction

enzymes used and the expected band sizes are listed in Table 12.

Table 12. Restriction enzymes and expected band sizes for pAG731.

Plasmid Restriction enzymes ‘ Expected bands
12859 bp
pAG731 ‘ Acc65l ‘ 5689 bp

2.6.4. Prime Editing vector design

2.6.4.1. OsYABBY7 promoter analysis

Promoter analysis and selection of the insertion site were carried out as described by
Lou et al., (2025). The promoter was first analysed for active cis-elements, as the
insertion could not disrupt other regulatory elements of the gene. This analysis was
performed using the PlantCARE database
(https://bicinformatics.psb.ugent.be/webtools/plantcare/html/). Since the efficiency of

proper regulation of the target gene decreases with the increase of the distance from
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the insertion site, a maximum distance of 1 kb from the start codon (ATG) was

established.

2.6.4.2. Obtention of the spacer and extension sequences

pegRNA design was carried out as described by Gupta et al., (2024). The pegRNA
consists of two main elements: a spacer, which is complementary to the target strand,
and an extension, which serves as a template for reverse transcription. The extension
itself is composed of three elements: the template, which contains the desired edit and
acts as the reverse transcriptase template; the PBS (Primer Binding Site), which
anneals to the target strand; and a linker, a short sequence of approximately 8 bp that

connects the reverse transcriptase to Cas9.

The protospacer adjacent motifs (PAMs), either NGG or CCN, closest to the intended
insertion site were identified, and the spacer and extension sequences were designed
using PlantPegDesigner (http://www.plantgenomeediting.net/). The linker connecting
the PBS and the pseudoknot was designed using pegLIT (https://peglit.liugroup.us).

The final primers are listed in Supplementary material Table 23.

Primers were then annealed in a thermocycler using the program described in Table 14
to generate a double-stranded DNA (dsDNA) molecule with 3’ overhangs compatible
with the destination vector pAG731.

Table 13. Components for the primer annealing reaction for the spacer (pegYABBY7) and extension
(extYABBY?7).

Reagents Volume (uL)
10x PNK (Polynucleotide Kinase) 2 L
Forward Primer (10 uM) 2L
Reverse Primer (10 uM) 2 uL
T4 PNK 0.2 uL
H.O 13.8 uL
Total 20 uL
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Table 14. Thermocycler program used for the primer annealing reaction for the spacer (pegYABBY7) and
extension (extYABBY?7).

Temperature (°C) Time (min)
37°C 60 min
95°C 10 min
85°C 1 min
75°C 1 min
65°C 1 min
55°C 1 min
45°C 1 min
35°C 1 min
25°C 1 min
12°C o0

2.6.4.3. Golden Gate Assembly

The Golden Gate Assembly technique enables the assembly of up to nine DNA
fragments into a destination vector in a defined order and within a single reaction. This
method relies on the ability of type IIS restriction enzymes to cut outside their
recognition sites, allowing two DNA fragments flanked by compatible restriction sites to
be digested and ligated. After ligation, the recognition site is no longer present in the
final construct, preventing further digestion. However, if the empty vector re-ligates, the
recognition site is restored and the vector is re-digested, allowing another opportunity
for correct assembly. In this way, the fragments of interest, destination vector,
restriction enzyme and ligase are combined in a single tube and incubated in a

thermocycler (Fig. 5) (Engler e Marillonnet, 2014).
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Fig. 5. Schematic representation of the Golden Gate Assembly technique. This method uses type IIS
restriction enzymes to ligate multiple fragments in the desired order into a destination vector within a single
reaction. Matching colors indicate compatible ends. Adapted from SnapGene Golden Gate Assembly
Guide.

To introduce the pre-incubated and annealed sequences (2.6.4.2.) into the destination
vector pAG731 (Supplementary figure 37), a single reaction containing both the
restriction enzyme and DNA ligase was performed, as described in Table 15. The
reaction was incubated in a thermocycler using a program consisting of 50 cycles of
restriction (37°C for 30 min) and ligation (16°C for 10 min) (Table 16).

Table 15. Components for the Golden Gate Assembly reaction.

Reagents Volume (uL)
pegOsYABBY7 2 uL
extOsYABBY7 2 uL
pAG731 2L
10x T4 buffer 1.5uL
ATP 1L
T4 ligase 1L
Bsal-HF | 1L
H,0 | 45yl
Total | 15 uL

Table 16. Thermocycler program used for the Golden Gate Assembly reaction.

Step Temperature Time

. .. o .
Restriction 50 Cvcles 37°C 30 min

35



FCUP
RiceltUp : Understanding the heat stress mechanisms of Oryza sativa

Step Temperature Time

Ligation 16°C 10 min

Restriction 37°C 10 min

Final restriction 37°C 30 min

Deactivation 80°C 10 min
12°C o0

2.6.5. Bacteria Transformation

E. coli transformation was performed as described in 2.5.8. The verification of the
transformation was based on GFP expression, since the coding sequence for this
protein is removed in constructs containing the insert of interest. Thus, colonies
exhibiting fluorescence were considered negative for the insertion, while
non-fluorescent colonies were considered positive. A colony PCR was subsequently

performed on the non-fluorescent colonies to further confirm the presence of the insert.

2.6.6. Minipreparation of plasmid DNA (Miniprep)

The minipreparation of the plasmid DNA was performed as described in 2.5.10.

2.6.7. Plasmid DNA digestion (Restriction analysis)

The restriction analysis to confirm the correct orientation of the inserts was performed
as described in 2.5.11. The enzyme used for this construct was PfIMI. However,
because the plasmid map was outdated, the expected band sizes did not correspond,
and the confirmation was made based on the differences observed in the empty

plasmid band pattern.

Table 17. Restriction enzymes for the restriction analysis of the constructs.

Plasmid Restriction enzymes

PAG731 + peg/extOsYABBY7 PfIMI
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2.6.8. Sequencing

The sequencing of the resulting construct was performed as described in 2.5.12.

2.7. Gene expression analysis

2.7.1. RNA extraction and quantification

RNA from WT and yab3 mutant A. thaliana plants was extracted from approximately 10
mg of inflorescence tissue using PureZOLTM RNA Isolation Reagent, following the
manufacturer’s instructions (Bio-Rad™). RNA samples of the rice varieties N22,
Nipponbare (Nipp) and Kitake (Kit) from plants grown in normal and HS conditions
were kindly provided by Dr. Nelson Saibo and Dr. Tiago Santos from ITQB NOVA
(Lisbon, Portugal).

2.7.2. cDNA synthesis

Following RNA extraction, 0.5uL of RiboLock RNase Inhibitor was added to each
sample, and reverse transcription was performed. The resulting cDNA was tested using
primers for the housekeeping gene AtACTINS (AtACTS8) for Arabidopsis samples, and
primers for ETHYLENE RESPONSE FACTOR 98 (OsERF98) for O. sativa, to confirm
the absence of genomic DNA contamination (Table 18). The same protocol was used
for previously extracted RNA samples of the rice varieties N22, Nipponbare (Nipp) and

Kitake (Kit) from plants grown in normal and HS conditions.

Table 18. PCR conditions using DreamTaq DNA Polymerase.

Step AtACT8 amplification
Initial denaturation 95°C / 2 min
Denaturation 95°C/30s
Annealing 34 cycles 58°C/30s
Extension 72°C/30s
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Final extension 72°C / 5 min

Cooling 12°C /[ =

2.7.3. Real-Time quantitative polymerase chain reaction (RT-gPCR)

To determine whether the yab3 line represented a knockout or knockdown for the gene
under study, and to compare its expression levels in WT and yab3 plants under normal
and HS conditions (2.8.3.), RT-gPCR was performed using the primers listed in
Supplementary material Table 23. This technique was also used to compare the
expression levels of OSERF98, OsBIP2 and OsYABBY?7 in rice varieties N22, Nipp and
Kit under both control and HS conditions. For both A. thaliana and O. sativa, primers
were designed using Primer3Plus (https://www.primer3plus.com/index.html). The
housekeeping genes ACTIN8 (AtACT8) and RELATED DO UBIQUITINT (AtRUBT)
were used as reference genes for A. thaliana, while NUCLEIC ACID BINDING
PROTEIN (OsNABP) and EARLINESS 1 (OsEF1) were used for Oryza sativa. All
primer sets were tested for efficiency and specificity using serial dilutions of cDNA,
allowing the generation of calibration curves used to quantify plant cDNA in each
sample. Amplification was performed using SSoFast™ SYBR® Green Supermix
(Bio-Rad) with the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). For
each experimental condition, three technical replicates were carried out. The
thermocycler program is described in Table 19. Following amplification, a dissociation
curve analysis was performed by increasing the temperature from 60 to 95°C to confirm

specificity. Data was analysed using CFX Maestro™ Software (Bio-Rad).

Table 19. RT-gPCR conditions using SSoFast™ SYBR® Green Supermix (Bio-Rad).

Step
95°C / 3 min
Denaturation 95°C /10 s
Denaturation 95°C /10 s
34 cycles
Annealing 60°C/30s
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2.8. Reproductive phenotype analysis of the yab3 mutant line

2.8.1. Genotyping

The yab3 mutant plants were genotyped by PCR (2.4.6.) (Table 20) to determine
whether they were homozygous (HM) for the T-DNA insertion. Three primers were
used to detect the presence/absence of the insertion. The LP (left primer) and RP
(Right primer) amplify the WT band in the absence of a T-DNA insertion. If the insertion
is present, these primers are too far apart to generate a product, and no WT band is
formed. The BP (border primer) is specific to an end of the T-DNA insertion. In the
presence of the insertion, amplification occurs between BP and LR, generating the
mutant (mt) band. The PCR products were visualized and analysed by agarose gel
electrophoresis (2.4.4.) to assess the banding patterns and identify homozygous
mutants (MT), heterozygous (HT) and WT plants. The WT fragment is always larger
than the MT fragment, as the genomic sequence between LP and RP is longer than
that between BP and either LP or RP. The primers used are listed in Supplementary

material Table 23.

Table 20. PCR conditions using DreamTaq DNA Polymerase.

Step yab3 genotyping
Initial denaturation 95°C / 2 min
Denaturation 95°C/30s
Annealing 34 cycles 52°C/30s
Extension 72°C/1min12s
Final extension 72°C / 6 min
Cooling 12°C / =

2.8.2. Heat stress assay during anthesis

WT and yab3 A. thaliana plants were subjected to a HS assay to study the behaviour of
genes of interest under this stress condition. Reproductive mature plants previously

grown under optimal conditions (2.1.) were exposed to 38°C for 4 hours (10 AM - 2 PM)
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at 60% relative humidity, in a single treatment. Prior to the HS period, the temperature
was gradually increased to 38°C, replicating natural conditions, and similarly decreased
back to optimal conditions afterward. Prior to the assay, all plants were prepared by
removing all siliques and open flowers that might have already been pollinated,

ensuring that only flowers at anthesis were subjected to HS.

Flowers exposed to HS during anthesis were collected after a 24h recovery period for
RNA extraction and aniline blue staining. Siliques derived from heat-stressed flowers
were marked and allowed to develop fully before being harvested, cleared and

photographed for phenotypic analysis.

2.8.3. Histochemical detection of GUS

Inflorescences from the pAtYAB3::GUS reporter line were collected and fixed overnight
at 4°C in a 1:9 acetic acid:ethanol solution. Samples were then washed for 10 min in a
90% ethanol followed by 10 min in 70% ethanol. Subsequently, they were incubated
overnight at 4°C in a clearing solution consisting of 160g of chloral hydrate
(Sigma-Aldrich) dissolved in 100mL of water and 50mL of glycerol. Samples were
observed using a Zeiss Axiolmager AZ microscope equipped with differential
interference contrast (DIC), and images were captured with a Zeiss Axiocam MRc3

camera with the Zen Imaging (Zen 2011 SP1) software.

2.8.4. Pollen tube staining with decolorized aniline blue

Self-pollinated A. thaliana pistils from WT and yab3 plants were fixed overnightin a 1:9
acetic acid:ethanol solution, followed by three 5 min washes in distilled water. Samples
were then cleared by incubation in 1M NaOH overnight, followed by three 20 min
washes in water. The material was subsequently incubated in 0.1% (w/v) aniline blue
solution at 4°C. Samples were observed using a Leica DMLB epifluorescence
microscope. Images were captured with a DS-Ri2 camera (Nikon) in automatic

exposure mode and processed with Nikon NIS-Elements software.
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2.8.5. Clearing of siliques

The 10 oldest siliques from each main stem were collected, excluding the first two at
the base, from plants grown under control (C) conditions. For the HS conditions, the
flowers subjected to HS were marked and then fully developed under optimal
conditions, and the siliques originated from them were collected. Siliques were
collected from both WT and yab3 plants. All samples were fixed overnight at 4°C in a
1:9 acetic acid:ethanol solution, then washed in 90% ethanol for 10 min. Finally,
siliques were transferred to 70% ethanol and stored at 4°C until observation and

imaging under a stereomicroscope.

2.9. Statistical Analysis

The data originated from RT-qPCR and phenotypic analysis was analysed statistically
using GraphPad Prism 8 software (www.graphpad.com). The expression levels of the
target genes and the number of fertilized ovules were compared between WT and
mutant plants, and between normal and HS conditions. A two-way ANOVA and t-test
statistical tests were used to analyse the gene expression results, while only a two-way

ANOVA statistical test was used to analyse phenotypic differences.

3. Results

3.1. Candidate genes in A. thaliana and O. sativa

3.1.1. O. sativa candidate genes’ analysis

To identify the candidate genes for this study, the list of the overexpressed genes in
pollinated pistils from the heat-tolerant rice variety N22, under HS conditions, obtained

from the RNA-seq dataset reported by Gonzalez-Schain et al. (2016), was analyzed.
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A literature review was conducted for each gene to gather information on the tissues
where they are expressed, subcellular localization, expected molecular function, and

previously described mutant phenotypes. (Supplementary Table 22).

From this list, priority was given to genes that showed higher levels of overexpression
under HS conditions and were specifically expressed in reproductive tissues, as this
developmental stage was the focus of our study. Based on these criteria, OSERF98,
OsBIP2, and OsYABBY7 were selected for further analysis.

Orthologous Arabidopsis thaliana genes corresponding to the candidate genes in O.
sativa were identified (Table 21), and AtERF114 and AtYAB3 were selected for further

analysis in A. thaliana.

Table 21. Candidate genes in O. sativa and respective orthologues in A. thaliana. The genes selected for

this study are colored in blue.

O. sativa A. thaliana
AtERF114
OsERF98

AtRap2.6L

AtBIP1

OsBIP2 AtBIP2

AtBIP3

OsYABBY7 AtYAB3

3.1.2. Gene expression levels in O. sativa inflorescences in control vs. HS conditions

RT-gPCR was performed to investigate the expression patterns of OsERF114, OsBIP2
and OsYABBY7 in pollinated rice flowers from three cultivars: N22 (a heat-tolerant
variety), Nipponbare (Nipp) and Kittake (Kit), under control (N) and HS (38°C)
conditions (Fig. 6).

Prior to expression analysis, efficiency for OsYABBY7 primers was evaluated and
found to be within the acceptable range of 80-120%, with correlation coefficients (R?)
exceeding 0.0990, confirming the linearity of the calibration curve derived from serial

dilutions of cDNA (Supplementary material Figure 38). Melt curve analysis revealed a
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single peak for this gene, indicating the absence of non-specific amplification
(Supplementary material Figure 38 B). The primers for OsERF98 and OsBIP2 did not
meet these quality parameters and are currently under further optimization. As such,

expression data for these genes could not be obtained at this stage.

Expression analysis of OsYABBY7 revealed a significant upregulation under heat
stress conditions across all three varieties when compared to the control (Fig. 6) (p =
0.0003 in Nipp; p < 0.0001 in N22; p = 0.0005 in Kit), with the highest increase

observed in the heat-tolerant cultivar N22.

OsYABBY7
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Fig. 6. Relative expression of OsYABBY7 in control (N) and HS conditions in three different rice varieties:
Nipp, N22 and Kit. In all varieties, a significant increase in gene expression was revealed under HS
conditions, with the highest increase observed in the heat-tolerant variety N22. The expression levels were
normalized according to the reference genes OsNABP and OsEF1. Each bar represents the mean of three

biological replicates. Asterisks indicate statistically significant differences according to Sidak test (p<0.05).

3.1.3. Gene expression levels in A. thaliana flowers in control vs. HS conditions

RT-gPCR was conducted to evaluate the expression of the A. thaliana orthologs of the
candidate rice genes under HS conditions. The expression of AfERF114 and AtBIP2
was assessed in pollinated Arabidopsis flowers subjected to control (N) and HS (38°C)

conditions (Fig. 7).

The primer pairs used for both genes were evaluated and found to be within the

acceptable range of 80-120%, with correlation coefficients (R?) exceeding 0.0990,
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confirming the linearity of the calibration curve derived from serial dilutions of cDNA
(Supplementary material Figure 39 and 40). Melt curve analysis revealed a single peak
for this gene, indicating the absence of non-specific amplification (Supplementary

material Figure 39 B, Figure 40 B).

For AtERF114, a significant downregulation was observed under HS compared to

control conditions (p = 0.0034).

For AtBIP2, a slight increase in expression was detected under HS. However, this

change was not statistically significant (p =0.1257).
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Fig. 7. Relative expression of A{ERF114 and AtYAB3 in control (N) and HS conditions in A. thaliana. A - a
significant decrease in AtERF114 expression was revealed under HS conditions. B - Non-significant
increase in the AtBIP2 expression in HS conditions. The expression levels were normalized according to
the reference genes AfACT8 and AtRUB1. Each bar represents the mean of three biological replicates.

Asterisks indicate statistically significant differences according to Sidak test (p<0.05).

3.2. In silico analysis of the candidate genes in A. thaliana and O.

sativa

3.2.1. In silico analysis of OSERF98, OsBIP2 and OsYABBY7

A bioinformatic analysis was conducted for the O. sativa genes OsERF98
(LOC_0s02g34260), OsBIP2 (LOC_0s03g50250), and OsYABBY7
(LOC_0s07g38410) using the ePlant Rice Browser tool
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(https://bar.utoronto.ca/eplant_rice/). This platform enabled the investigation of gene
expression patterns across different tissues. The expression data provided by the eFP

Browser are derived from published microarray and RNA-seq datasets.

OsERF98 is predominantly expressed in the seed, particularly in the embryo. lIts
expression increases throughout seed development, reaching a peak at stage S5. This
gene is also expressed in anthers, and its expression is considerably lower in female

reproductive tissues (Fig. 8).
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Fig. 8. Predicted expression pattern of OSERF98 in the reproductive tissues of O. sativa, obtained from

the Rice eFP browser database.

OsBIP2 is also predominantly expressed in seeds. However, in contrast to OSERF98, it
shows higher expression during the early stages of seed development, and is more
highly expressed in the endosperm than in the embryo. It is expressed in both female

and male reproductive tissues, exhibiting similar expression levels in the stigma and

anthers (Fig. 9).
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Fig. 9. Predicted expression pattern of OsBIP2 in the reproductive tissues of O. sativa, obtained from the

Rice eFP browser database.

Finally, OsYABBY7 is expressed throughout the reproductive phase of O. sativa,
especially during the early stages of inflorescence development and the late stages of
seed development, particularly in the endosperm. Its expression is higher in female

reproductive tissues, especially in the ovary (Fig. 10).
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Fig. 10. Predicted expression pattern of OsYABBY?7 in the reproductive tissues of O. sativa, obtained from

the Rice eFP browser database.

3.2.2. In silico analysis of AtERF114 and AtYAB3

A Dbioinformatic analysis was conducted for the A. thaliana genes AtERF114
(AT5G61890.1) and AtYAB3 (AT4G00180) using the Arabidopsis eFP Browser tool
(https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cqi). This platform enabled the investigation

of gene expression patterns across various reproductive tissues and developmental
stages. The expression data provided by the eFP Browser are derived from published

microarray and RNA-seq datasets.

AtERF114 (Fig. 11) is predominantly expressed in female reproductive tissues, with
relatively uniform expression levels, except in the stigma, where expression is slightly
reduced. In male tissues, AtERF114 shows lower expression levels, which remain
relatively constant throughout pollen development. Following pollen release, the
expression of this gene drops and remains low up to four hours, becoming nearly

undetectable in elongated pollen tubes.


https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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Fig. 11. Predicted expression pattern of AtERF114 in the female reproductive tissues, pollen development
and pollen grain during in vitro incubation, germination and PT growing, obtained from the Arabidopsis

eFP browser database.

AtYAB3 (Fig. 12) also exhibits higher expression levels in female reproductive tissues
compared to male tissues, although, similarly to AfERF114, its expression is lower in
the stigma than in the other female organs. In male tissues, AtYAB3 expression
increases progressively during pollen grain development, declining at the mature pollen
stage. Following pollen release, its expression remains very low during both pollen

grain incubation and pollen tube growth.
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Fig. 12. Predicted expression pattern of AtYAB3 in the female reproductive tissues, pollen development
and pollen grain during in vitro incubation, germination and PT growing, obtained from the Arabidopsis

eFP browser database.

3.3. Obtention of the pAtERF114::GUS/YFP, pAtYAB3::GUS,
p35S::AtERF114 and p35S::AtYAB3 by Gateway Cloning

3.3.1. Obtention of the promoter and coding sequences of AtERF114 and AtYAB3

The promoter and coding sequences of AfERF114 and AtYAB3 were amplified by PCR
using genomic DNA (gDNA) extracted from Arabidopsis leaf tissue as a template. The
resulting fragments were separated by agarose gel electrophoresis to confirm the
presence of bands of the expected sizes (AtERF114 - 1164 bp; AtYAB3 - 2344 bp;
PAIERF114 - 1622 bp; pAtYAB3 - 2870 bp) (Fig. 13). Bands corresponding to the target

fragments were excised from the gel and purified for subsequent cloning procedures.
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Fig. 13. Electrophoretic separation of the PCR products corresponding to the coding sequences of
AtERF114, AtYAB3, and promoter sequences of pAtERF114 and pAtYABS. (-): negative control; GR: Gene

Ruler (molecular size marker — 1Kb Plus DNA Ladder, ThermoScientific).

3.3.2. Obtention of the  pDONR207:AtERF114, pDONR207::AtYABS3,
PDONR207::pAtERF114 e pDONR207::.pAtYAB3 constructs

The promoter and coding sequences of AtERF114 and AtYAB3 were inserted into the
entry vector pPDONR207 (Supplementary material Figure 32) using the BP reaction of
the Gateway cloning system. The products of this reaction were used to transform E.
coli via electroporation. Positive colonies were identified by colony PCR using the same
primer pairs used for the initial amplifications of these sequences, resulting in four
positive colonies for each construct (Fig. 14). Two positive colonies per construct were
cultured in liquid LB medium, and plasmid DNA was extracted by miniprep. These
constructs were then subjected to restriction analysis to verify the correct orientation of
the inserts (Fig. 15), which confirmed the expected band patterns for all tested
constructs. Finally, the constructs were sequenced and aligned with the reference
sequences to confirm the absence of mutations within the regions of interest
(Supplementary material Figure 42-45). Although sequencing revealed a mutation in
the coding sequences of AtERF114 and AtYAB3, these were confirmed to be silent
mutations that did not alter the encoded amino acid sequences. Therefore, these

constructs were used in the subsequent experiments.
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Fig. 14. Electrophoretic separation of the colony PCR results for pDONRZ207::AtERF114,
PDONR207::AtYAB3, pDONR207::.pAtYAB3 and pDONRZ207::pERFAt114. 1-4: tested colonies for each
construct; (-): negative control; GR: Gene Ruler (molecular size marker — 1Kb Plus DNA Ladder,

ThermoScientific).

PDONR207::AtERF114 empty
A

Fig. 15. Electrophoretic separation of the restriction analysis. The restriction enzymes used for
PDONR207::AtERF114 were EcoRV + Kpnl (3417 and 1059 bp); for pDONR207::AtYAB3 was EcoRV
(4067 and 1589 bp); for pDONR207:pAtYAB3 was EcoRV (5046 and 1136 bp); and for
PDONR207::pAtERF114 was EcoRI + Sacl (4025 and 909 bp). For all the restriction analysis, an empty
pDONR207 plasmid was cut with the same enzymes as a negative control. 1-2: tested constructs; GR:
Gene Ruler (molecular size marker — 1Kb Plus DNA Ladder, ThermoScientific).

3.3.3. Obtention of the pB2GWT7::AtERF114, pB2GWT7::AtYABS3,
pPBGWFS7::pAtERF114, pPBGWFS7::pAtYAB3 e pMT589::pAtERF114 constructs

Using the LR reaction of the Gateway cloning system, the fragments of interest
previously cloned into the entry vector pDONR207 were transferred into the desired
expression vectors. The coding sequences of the target genes were inserted into
vector pB2GW7 (Supplementary material Figure 33), which contains the constitutive
promoter p35S, resulting in the pB2GW?7::AtERF114 and pB2GW?7::AtYAB3 constructs.
The promoter regions of these genes were inserted into the vectors pBGWFS7 and
pMT589 (Supplementary material Figure 34 and 35), which contain the coding
sequences for GUS and YFP, respectively, in order to generate the
pPBGWFST7::pAtERF114, pPBGWFS7::pAtYAB3 and pMT589:.pAtERF 114 reporter lines.

The products from the LR reactions were used to transform E. coli by electroporation.

Positive colonies were identified by colony PCR using the same primer pairs used for
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the initial amplification of the sequences (Fig. 16). Four positive colonies were obtained
for pB2GW?7::AtERF114, pBGWFST7::pAtERF114 e pB2GW?7::AtYAB3; one positive
colony for pMT589::pAtERF114; and three positive colonies for pBGWFS7::pAtYABS.
Two positive colonies per construct were cultured in liquid LB medium, and plasmid
DNA was extracted by miniprep. These constructs were then subjected to restriction
analysis to verify the correct orientation of the inserts (Fig. 17), which confirmed the
expected band patterns for all tested constructs. Finally, the constructs were
sequenced and aligned with the reference sequences to confirm the absence of

mutations within the regions of interest (Supplementary material Figure 46-50).
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Fig. 16. Electrophoretic separation of the colony PCR results for pB2GW?7::AtERF114,
PBGWFST7::pAtERF 114, pMT589::pAtERF114, pB2GW?7::AtYAB3 and pBGWFS7::pAtYAB3. 1-4: tested
colonies for each construct; (+): positive control; (-): negative control; GR: Gene Ruler (molecular size
marker — 1Kb Plus DNA Ladder, ThermoScientific).
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Fig. 17. Electrophoretic separation of the restriction analysis. The restriction enzymes used for
pB2GW7::AtERF114 were Apal + Kpnl (9901 and 432 bp); for pPBGWFS7::pAtERF114 were EcoRI + Xbal
(10942 and 1418 bp); for pMT589::pAtERF114 were EcoRI + EcoRV (6759, 2894, 2094 and 897 bp); for
pB2GW7::AtYAB3 were Apal + EcoRI (11513 bp); and for pBGWFS7::pAtYAB3 were EcoRI + Xbal
(12068, 1331 and 309 bp). For all the restriction analysis, the respective empty plasmid was cut with the
same enzymes as a negative control. 1-2: tested constructs; GR: Gene Ruler (molecular size marker —
1Kb Plus DNA Ladder, ThermoScientific).

3.3.4. Transformation of A. tumefaciens

Finally, the obtained constructs were used to transform A. tumefaciens via
electroporation. The resulting colonies were screened by colony PCR to confirm the
presence of the constructs (Fig. 18). Three positive colonies for pB2GW7::AtERF114
and four positive colonies for pB2GW?7::AtYAB3 were obtained. The recombinant A.
tumefaciens strains were subsequently used to transform A. thaliana plants by floral
dip.

52
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o

Fig. 18. Electrophoretic separation of the colony PCR results for pB2GW7::AtERF114 and
pB2GW7::AtYAB3. 1-4: tested colonies for each construct; (+): positive control; (-): negative control; GR:
Gene Ruler (molecular size marker — 1Kb Plus DNA Ladder, ThermoScientific).

3.4. Obtention of the p35S::OsERF98 and p35S::0sBIP2
constructs by TEDA cloning

3.4.1. Obtention of the coding sequences of OSERF98 e OsBIP2

The coding sequences of OSERF98 and OsBIP2 were amplified by PCR using gDNA
extracted from Oryza sativa leaf tissue. The resulting fragments were separated by
agarose gel electrophoresis to verify the band’s size (OsERF98 - 939 bp; OsBIP2 -
2561 bp) (Fig. 19). Bands corresponding to the target fragments were excised from the
gel and purified for subsequent cloning procedures.

Fig. 19. Electrophoretic separation of the PCR products corresponding to the coding sequences of
OsSERF98 and OsBIP2. GR: Gene Ruler (molecular size marker - GeneRuler 1kb DNA Ladder (Thermo
fisher™).
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3.4.2. Linearization of the pBY02 vector

Prior to the TEDA cloning reaction, the pBY02 vector was linearized using the
restriction enzymes Sall (New England Biolabs™) and Acc65! (Thermo Fisher™) to
generate 3’-overhanging cohesive ends. Linearization was confirmed by agarose gel
electrophoresis (Fig. 20). As the digested vector adopts a linear conformation, it
migrates more slowly through the gel compared to the undigested supercoiled plasmid,

which exhibits faster migration due to its compact structure.

pBY02
linear

pBY02

10 000bp —— »)

3000 b

Fig. 20. Electrophoretic separation of the linearized and non-linearized pBY02 vector. GR: Gene Ruler

(molecular size marker - GeneRuler 1kb DNA Ladder (Thermo fisher™)).

3.4.3. Obtention of the pBY02::OsERF98 e pBY02::BIP2 constructs

The coding sequences of OSERF98 and OsBIP2 were inserted into the previously
linearized vector pBY02 (Supplementary material Figure 36). The resulting constructs
were used to transform E. coli. Positive colonies were identified by colony PCR using
the same primer pairs used for the initial amplification of these sequences (Fig. 21),
resulting in four positive colonies for pBY02::0sERF98 and two for pBY02::0sBIP2.
Two positive colonies per construct were cultured in liquid LB medium, and plasmid
DNA was extracted by miniprep. These constructs were then subjected to restriction
analysis to verify the correct orientation of the inserts (Fig. 22), which confirmed the

expected band patterns for all tested constructs. Finally, the constructs were
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sequenced and aligned with the reference sequences to confirm the absence of

mutations within the regions of interest (Supplementary material Figure 51 and 52).
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Fig. 21. Electrophoretic separation of the colony PCR results for pBY02::0sERF98 and pBY02::0sBIP2.
1-4: tested colonies for each construct; (-): negative control; GR: Gene Ruler (molecular size marker -

GeneRuler 1kb DNA Ladder (Thermo fisher™)).
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Fig. 22. Electrophoretic separation of the restriction analysis. The restriction enzyme used for
pBY02::0OsERF98 was Aatll (9778, 2286 and 1164 bp); for pBY02::0sBIP2 was Sacl (12785, 1081, 852
and 132 bp). For all the restriction analysis, an empty pBY02 plasmid was cut with the same enzymes as a
negative control. 1-2: tested constructs; GR: Gene Ruler (molecular size marker - GeneRuler 1kb DNA

Ladder (Thermo fisher™)).
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3.5. Obtention of the Prime Editing construct for introduction of an

heat-activated switch in the OsYABBY7 gene promoter

3.5.1. OsYABBY7 promoter analysis

To determine the most suitable site for the insertion of the bio-switch within the
promoter of OsYABBY7, a sequence analysis was performed to avoid regions
containing active cis-regulatory elements (Supplementary material Figure 41). Based
on this analysis, a region devoid of active regulatory elements was selected and used
as input into the PlantPegDesigner tool (http://www.plantgenomeediting.net/) to identify
the most appropriate spacer (Fig. 23). The linker sequence was designed using the

pegLIT software (https://peglit.liugroup.us).

o) .n. & “5
— [ATTCTAGAAT] PspOMI B
I:-' =—tttttccattactctctcagc

SATAAGATTTTTCCATTACTCTCTCAGCTGCACTGAGAAACAAGGGCCC

CTATTCTAAAAAGGTAATGAGAGAGTCGACGTGACTCTTTGTTCCCGGG/
aatgagagagtcgacgtgacigg
| Spacer | -

pam pam

Fig. 23. Schematic representation of the promoter region of OsYABBY7 targeted for the introduction of the
bio-switch ATTCTAGAAT, indicating the binding sites of the spacer (in blue) and the extension (in purple).

The PAM sites are marked in green.

3.5.2. Obtention of the PE construct

To obtain the spacer and extension sequences for insertion into the pAG731 plasmid,
two pairs of complementary primers were designed for each sequence, with modified
ends to generate overhangs compatible with those of the plasmid when digested with
the restriction enzyme Bsal-HF. The primers were annealed by incubation to form
double-stranded DNA fragments. These sequences were then inserted into the plasmid
via GoldenGate assembly. The resulting reaction products were used to transform E.
coli by heat shock. Positive colonies were identified by the absence of fluorescence

and confirmed by colony PCR (Fig. 24) using the primer pair 33 (spacer forward


https://peglit.liugroup.us
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primer) and 50 (Supplementary material Table 23). Three positive colonies were
obtained, which were cultured in liquid LB medium. The plasmids were extracted by
miniprep and subjected to restriction digestion to verify the presence of the inserts (Fig.
25). Since the vector pAG731 suffered some modifications in the lab, the sequence
map was outdated and the resulting bands did not correspond to the expected ones, so
the presence of the inserts was made only by comparison with the empty vector.
Colonies 1 and 2 exhibited banding patterns distinct from that of the empty vector,
indicating the presence of the inserts. Finally, the constructs were sequenced and
aligned with the expected sequences to confirm the absence of mutations in the

regions of interest (Supplementary material Figure 53).

PAGT731 PAG731::PE YABBY7
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Fig. 24. Electrophoretic separation of the restriction analysis. The restriction enzyme used for pAG731.::PE
YABBY7 was PfIMI. For all the restriction analysis, an empty pAG731 plasmid was cut with the same
enzymes as a negative control. 1-3: tested constructs; GR: Gene Ruler (molecular size marker -

GeneRuler 1kb DNA Ladder (Thermo fisher™)).

3.6. Expression pattern of AtYAB3

Plants obtained from A. thaliana transformation with the pAtYAB3::GUS construct were
analyzed to determine the expression pattern of the corresponding protein in
reproductive tissues. Both BASTA selection and genotyping of the transformed plants

were performed by another member of the laboratory during my stay in the USA.



FCUP | 58
RiceltUp : Understanding the heat stress mechanisms of Oryza sativa

The YAB3 promoter guided GUS expression in the anthers and in the stigmatic cells of
the pistil. No GUS activity was detected in the transmitting tissue or in the ovules (Fig.
25).

Fig. 25. Histochemical analysis of GUS activity in pistils and anthers of A. thaliana transformed with the
PAtYAB3::GUS construct. A-D - GUS activity driven by the YAB3 promoter in reproductive tissues of
Arabidopsis: A - whole flower, B - anther, C - stigma. D — Absence of GUS activity in ovules. (pg) - pollen

grain; (s) - stigma; (st) - style; (ov) - ovule.

3.7. Phenotypic analysis of the yab3 knock-down mutant

3.7.1. Confirmation of the T-DNA insertion

In order to select the homozygous (HM) plants for the T-DNA insertion from the yab3
(SALK_086776) line, several genotyping PCRs were performed. Three primers were
used. The primers LP (1803) and RP (1804) (Supplementary material Table 23) amplify
the WT band (1101 bp) in the absence of the T-DNA insertion. If the insertion is
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present, this WT band is not amplified. The BP primer (LBb3.1), which is specific to the
T-DNA insertion, amplifies the mutant (mt) band in combination with primer 1804
(498-798 bp). Plants that showed only the mt band were considered HM for the
insertion, while those with both WT and mt bands were considered heterozygous (HZ).
Plants that displayed only the WT band were considered WT, indicating the absence of
the insertion in both alleles. The primer pair 1803 + LBb3.1 was also tested to confirm
the absence of a secondary T-DNA insertion within the gene. No amplification was

detected with this pair.

Genotyping results were analysed by agarose gel electrophoresis (Fig. 26). Plants 1, 2,
3, 6, 8, 11,12, 14, 15, 16 and 17 were identified as HM for the T-DNA insertion, plants
7 and 9 as HZ and plants 4 and 5 as WT.

Fig. 26. Electrophoretic separation of the genotyping PCR results for yab3 mutant plants. mt: mutant band,
amplified using the primers 1803 + LBb3.1; WT: wild type band, amplified using the primers 1803 + 1804.
1-17: tested plants; (+): positive control; (-): negative control; GR: Gene Ruler (molecular size marker —
1Kb Plus DNA Ladder, ThermoScientific).

To determine the precise location of the T-DNA insertion in the yab3 line, the mt band
amplified using the primer pair 1804 + LBb3.1 was excised from the agarose gel,
purified and sent for sequencing (Supplementary material Figure 54). This analysis
confirmed that the T-DNA is inserted at the genomic site predicted by T-DNA express
data (Fig. 27).
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Fig. 27. T-DNA insertion site in the yab3 line, indicated by a blue triangle. Rectangles represent exons,

and lines represent the non-coding regions of the gene.

The subsequent phenotypic analysis were performed only in HM yab3 plants.

3.7.2. Characterization of gene expression in A. thaliana mutant lines

After confirming the homozygous plants for this gene, RT-gPCR was performed to
assess whether these lines are knock-out/down for AtYAB3, by comparing its
expression under normal conditions between WT and mutant plants (Fig. 28). The
primer pair used showed efficiency values within the 80-120% range, with correlation
coefficients (R?) above 0.990, ensuring the linearity of the calibration curve obtained
from serial cDNA dilutions (Supplementary material Figure 40). Melt curve analysis
revealed a single peak, confirming the absence of non-specific amplification

(Supplementary material Figure 40 B).

A slight reduction in AtYAB3 expression was observed in this line. However, the
difference was not statistically significant. Nevertheless, the reproductive performance

of this line was analyzed under both normal and HS conditions.
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Fig. 28. Relative expression of AtYAB3 in WT and yab3 plants. A non-significant reduction in yab3
expression was observed in this mutant line. Expression levels were normalized to the reference genes
AtACT8 and AtRUB1. Each bar represents the mean of three biological replicates. (ns) - non-significant
difference according to Sidak test (p<0.05).

3.7.3. Reproductive performance under control and HS conditions

3.7.3.1. Pollen tube growth analysis

Pollen tube growth and callose deposition along the pistil tissues were visualized using
aniline blue staining, allowing detailed analysis of PT behavior and rates of ovule
fertilization. Aniline blue staining was performed on self-pollinated pistils from both WT
and yab3 plants, to compare the percentage of ovules receiving PTs under control (N)
and HS conditions. The number of ovules with and without receiving one PT was
quantified and statistically compared using Tukey test to determine whether the yab3

mutant line responds differently to HS conditions.

In WT plants, although the number of pollen grains on the stigma remained comparable
between treatments (Fig. 29 A, D), PT growth under HS conditions was impaired. PT
showed reduced ability to reach the ovules, resulting in a decrease in the percentage of
fertilized ovules from 75.62% under control conditions to 60.08% under HS (Fig. 29 G).
Moreover, HS led to an increased number of ovules displaying internal callose
deposition (Fig. 29 F).

In yab3 mutant plants, high numbers of pollen grains were also observed on the
stigma. However, under normal conditions, these plants already exhibited a reduced

percentage of fertilized ovules compared to WT (Fig. 30 A). Additionally, some ovules
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in this mutant line showed callose deposition even under control conditions. Under HS,
there was no apparent difference in pollen grain number deposited in the stigma (Fig.
30 D), but the percentage of fertilized ovules further decreased to 51.34% (Fig. 30 G),

indicating a reduced capacity of PTs to reach the ovules in the HS conditions.
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Fig. 29. Aniline blue staining of self-pollinated pistils from WT flowers under control (N) and HS conditions,
and quantitative analysis of fertilized ovules (receiving a PT at the micropylar region) and unfertilized
ovules (not receiving a PT) under both conditions. A, B, C - control conditions (N); D, E, F - HS conditions.
A - Pollen grains deposited on the stigma surface and PT growth through the pistil tissues toward the
ovules in control conditions; B - PTs reaching the micropylar region of ovules; C - Detail of an ovule
receiving a PT at its micropylar region; D - Pollen grains on the stigma surface and PT growth through the
pistil tissues toward the ovules in HS conditions; E - One ovule receiving a PT and two ovules without PT
entering through the micropyle (indicated with asterisks); F - Detail of an ovule without PT entering through
the micropyle, showing callose accumulation in this region (circled). (PG) - pollen grain; (st) - stigma; (PT) -
pollen tube; (ov) - ovule. G - Percentage of fertilized and unfertilized ovules under control (n = 275) and HS
(n = 261) conditions. Error bars represent mean * standard deviation, **** above bars indicate significant
differences according to Tukey test (p < 0,0001).
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Fig. 30. Aniline blue staining of self-pollinated pistils from yab3 flowers under control (N) and HS
conditions, and quantitative analysis of fertilized ovules (receiving a PT at the micropylar region) and
unfertilized ovules (not receiving a PT) under both conditions. A, B, C - control conditions (N); D, E, F - HS
conditions. A - Pollen grains on the stigma surface and PT growth through the pistil tissues toward the
ovules in control conditions B - PTs reaching the micropylar region of one ovule, and another ovule lacking
PT at its entrance marked with an asterisk; C - Detail of an ovule without PT entering the micropyle,
showing callose accumulation in the whole embryo sac region (circled); D - Pollen grains deposited on the
stigma and PT growth toward the ovules in HS conditions; E - One ovule receiving a PT and three ovules
without PT entry at the micropyle (marked with asterisks). One of the unfertilized ovules shows callose
accumulation in the embryo sac region (circled). (PG) - pollen grain; (st) - stigma; (PT) - pollen tube; (ov) -
ovule. G - Percentage of fertilized and unfertilized ovules in WT under control conditions (N) (n = 275);
yab3 under control conditions (N) (n = 258), yab3 under HS conditions (n = 275) and WT under HS
conditions (n = 261). Error bars denote mean +* standard deviation, the letters A and B above bars indicate
significant difference between WT N and yab3 N, the letters a and b above bars indicate significant
difference between yab3 N and yab3 HS, and the letters a and b indicate significant difference between
yab3 HS and WT HS according to Tukey test (p < 0,0001).

3.7.3.2. Clearing of siliques

Siliques from WT and yab3 mutant plants obtained from flowers under control (N) and
HS conditions were cleared and observed under a magnifying glass (Fig. 31 A - D).
Overall, siliques formed under HS conditions exhibited a higher frequency of seed
abortion and greater variability in size. However, no apparent differences were
observed between siliques from yab3 and WT plants under either condition. As a

result, no further seed set analysis was conducted.

65



FCUP
RiceltUp : Understanding the heat stress mechanisms of Oryza sativa

!

WTN WTHS yab3 N yab3 HS

Fig. 31. Ethanol-fixed siliques observed under a magnifying glass. A - WT siliques under control (N)
conditions. B - WT siliques developed from flowers subjected to HS. C - yab3 siliques under control (N)
conditions. D - yab3 siliques developed from flowers subjected to HS. The red asterisks indicate empty

spaces, indicating seed formation failure inside these siliques.

4. Discussion

The emergence of agriculture marked a fundamental shift in human society, enabling
sedentary lifestyles by allowing communities to produce their own food. Plants are
essential in this context, as they serve as sources of food, raw materials,
pharmaceuticals and much more (Dubey and Prakash, 2021). However, climate
change and the rapid increase in global average temperatures are already exerting
significant impacts on various crops, leading to reduced productivity (Tu et al., 2022).
Therefore, understanding the effects of this abiotic stress on plants, particularly during
the reproductive phase, is becoming increasingly important, as fruits and seeds are of
critical agricultural and economic value. With the advancement of science and the
emergence of gene editing techniques, it is now possible to introduce new genes or

modify gene expression levels with precision and efficiency, offering promising
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strategies to enhance plant resilience to HS (Khalil, 2020). Nonetheless, a prerequisite
for these interventions is a comprehensive understanding of the existing tolerance
mechanisms, and the identification of genes associated with beneficial traits that

enable plant growth under increasingly adverse environmental conditions.

4.1. Gene expression profile for the candidate genes in O. sativa

For this study, the genes OsERF98, OsBIP2 and OsYABBY7 were selected from a list
of differentially expressed genes under HS conditions in the reproductive phase of the
heat-tolerant rice variety N22. According to this list, obtained from a previously
conducted RNA-seq analysis (Gonzalez-Schain et al., 2016), these genes are highly
upregulated in response to HS in this variety. These genes were subjected to a
literature review in order to determine if their expression is specific to the reproductive
tissues, and whether there is existing literature associating them with stress-related
mechanisms. We found out that OSERF98 is predominantly expressed in seeds and
anthers. Although it has not been studied in relation to HS, it belongs to the same
family of OsERF115, which plays a role in HS and drought tolerance. OsBIPZ2 is
expressed in both male and female reproductive tissues and has already been
associated with thermotolerance of the PT. OsYABBY7 is mainly expressed in female
reproductive tissues and, although it has not been studied in rice, it has orthologs in
soybean and cotton that have been implicated in responses to drought and salinity
stress . Based on these observations, we hypothesized that they may be involved in

the plant’s response mechanism to HS.

We started by performing a RT-gPCR to confirm the overexpression of these genes in
N22. However, the design and optimization of primers for this technique can be
time-consuming, due to several factors that influence primer quality, such as the size of
the amplified sequence, the formation of secondary structures, GC content, and cDNA
concentration, among others. As a result, it was not possible to obtain primer pairs for
OsERF98 and OsBIP2 that met the desired quality parameters within the time frame of
this study, and optimization is still ongoing. Consequently, gene expression analysis
could only be performed for OsYABBY7. Nevertheless, due to the limited time available
for construct generation for rice, the constructs for these genes (OsERF98 and

OsBIP2) were prepared even in the absence of RT-gPCR validation.
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For OsYABBY?7, its overexpression under HS conditions was confirmed, consistent with
the RNA-seq data. The expression pattern of this gene was also analyzed in a
heat-sensitive rice varieties - Nipponbare (Nipp) - and a cold tolerant variety - Kitaake
(Kit). It was initially expected that gene expression in the sensitive varieties would
contrast more with that observed in the tolerant N22. However, it was found that even
in the sensitive varieties there is a significant increase in OsYABBY7 expression under
HS conditions. Nevertheless, the magnitude of induction in N22 remains markedly
higher than in the other tested varieties. This suggests that OsYABBY7 may still play a
role in the heat-tolerance mechanism, as the highest expression increase is observed
in the most tolerant variety. Therefore, OsYABBY7 appears to be a promising candidate
for phenotypic analysis under HS, in order to elucidate its potential role in HS response

regulation.

Although the results obtained for OsYABBY7 were promising, it remains necessary to
repeat the HS assay to verify the consistency of these results. Additionally, it would be
important to complete the primer optimization for the remaining genes and assess their

expression patterns in the three rice varieties under study.

4.2. Gene expression profile for the candidate genes in A. thaliana

Since the study of candidate genes in rice is highly time consuming for obtaining
results within the project timeline, Arabidopsis was used as proof of concept to study
the rice orthologues’ phenotype. This model plant has proven to be a valuable tool for
studying the most promising genes, as the results can often be effectively translated to

other crops, including rice.

The gene expression profiles of AfERF114 and AtYABS3, orthologues of OsERF98 and
OsYABBY7, respectively, were analysed to confirm whether these genes exhibit
expression patterns similar to those observed in O. sativa, and consequently, to assess

whether they may perform analogous functions in both species.

The results obtained for AtYAB3 showed that, similar to rice, its expression increases
under HS conditions. However, unlike rice, this increase was not statistically significant.
This reduced expression response may be related to the Arabidopsis variety used
(Columbia-0 ecotype, Col-0), and maybe other Arabidopsis exotypes exhibit a stronger

induction of these genes’ expression. Previous studies have demonstrated that this
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ecotype displays a lower number of differentially regulated transcripts under HS (Barah
et al., 2013). Therefore, the nonsignificant results observed for AtYAB3 may not
indicate a lack of involvement of this gene in the tolerance mechanism, but rather
reflect the higher sensitivity of Col-0 to HS. It would be worthwhile to repeat this study
using multiple Arabidopsis ecotypes with varying levels of HS tolerance to clarify
whether the less consistent results compared to those seen in rice are due to the

ecotype used or may indicate a functional difference of the gene.

For AtERF114, it was observed that its expression significantly decreases under HS,
with almost no expression detected in these conditions. This result contrasts with the
RNA-seq data for OsERF98, whose expression increases under elevated
temperatures. Such a marked difference in expression profiles suggests a divergent HS
response between the orthologues, indicating that the function of AtERF114 may differ

from that of its orthologue in rice.

4.3. Gene expression characterization in Arabidopsis mutant lines

The study of mutant lines provides valuable insights into the function of target genes.
By comparing the phenotypes of mutant plants for a given gene with those of WT
plants, it is possible to identify differences that serve as clues to infer the gene’s role.
To investigate the function of AtYAB3, a T-DNA insertion line with the insertion located
in an intron of this gene was analyzed. Additional T-DNA insertion lines were ordered -
one for the same gene with the insertion in the promoter region, and another for
AtERF114. However, the seeds from these lines failed to germinate despite multiple
attempts both in soil and in vitro. Due to the limited timeframe available for this project,
it was not possible to reorder seeds in time, and therefore, only one of the three

intended mutant lines could be analyzed.

After confirming the HM plants for the T-DNA insertion in AtYAB3 and verifying the
insertion site, a RT-gPCR was performed. The aim was to determine whether the
insertion affected transcript levels of the target gene, either by reducing its expression
or potentially silencing it. The results showed that, although there was a slight decrease
in AtYAB3 expression, the difference was not statistically significant. However, due to
unavailability of additional lines for this gene, and considering that a modest reduction

in expression was still observed, phenotypic analysis were carried out for this line to
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assess whether the expression change had any impact on HS tolerance at the

reproductive level.

4.4. Expression pattern of AtYAB3

Before initiating phenotypic studies on the yab3 mutant line, first the expression pattern
of AtYAB3 in reproductive tissues was examined, to identify the specific sites where it
is expressed and thereby guide the focus of our investigation for these tissues. For this
purpose, the pYAB3::GUS reporter line was produced and used. This line contains the
B-glucuronidase (GUS) coding sequence fused to the promoter of the AtYAB3 gene, so
GUS activity is detected in the same tissues and conditions where AtYAB3 is normally

expressed.

Using this approach, it was observed that in open Arabidopsis flowers, this gene is
normally expressed in the anthers tissues (but not in the pollen grains) and in the
stigmatic cells of the pistil. No GUS activity was detected in the transmitting tissue or
the ovules. These results contrast with the data available in the Arabidopsis eFP
Browser database, which indicates that AtYAB3 is expressed throughout the pistil, with
lower expression in the stigma compared to other pistil tissues. However, since the
GUS expression patterns was consistent across multiple plants analyzed, it is possible
that the database data were obtained from flowers at a different developmental stage. It
is also possible that the promoter region used in this construct was not the ideal.
Maybe it was necessary to use a bigger region, or include other regions that may have

regulatory regions, like the introns.

When pollen reaches the stigma surface, the stigma provides it with water, nutrients
and other small molecules to facilitate its hydration and germination. Thus, the stigma
plays a critical role in the reproductive process. HS reduces pollen adhesion to the
stigma, leading to a lower number of pollen grains that successfully germinate.
Consequently, the number of PTs growing through the pistil is reduced, ultimately
decreasing the number of fertilized ovules (Snider et al., 2011; Peraudeau et al., 2015).
The high expression of AtYAB3 in stigmatic cells may indicate that this gene is involved
in pollen-pistil interactions at this level. If this is the case, then its overexpression under

HS conditions could potentially serve as a compensatory mechanism to counteract the
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reduced pollen adhesion under this condition. To investigate this hypothesis, we
proceeded with phenotypic analysis of the yab3 mutant line, focusing on

reproduction-related traits.

4.5. The impact of HS in yab3 mutant plants

The aniline blue staining technique is one of the most widely used methods for
phenotypic characterization of the plant reproductive process, as it enables the
visualization of multiple stages of fertilization. This includes pollen adhesion to the
stigma since the dye stains callose present in pollen grains, the growth of PTs through
pistil tissues including the formation of callose plugs during their elongation, and the
entry of the PT into the ovule, which allows the identification of successful fertilization
or defects such as the occurrence of polytubey. Additionally, this technique can also be
used to assess ovule viability, as one of the indicators of a non-viable ovule is the
accumulation of callose within it. Therefore, this method was employed to evaluate the

reproductive process in both WT and yab3 plants under normal and HS conditions.

In WT plants, exposure to HS during anthesis resulted in a reduced number of fertilized
ovules and an increased number of ovules with callose accumulation, indicating loss of
viability. The number of pollen grains adhered to the stigma did not appear to be
affected. However, PTs were shorter and fewer in number, failing to reach the lower
regions of the pistil. Since PTs require approximately 8 to 10 hours to reach the embryo
sac (Kandasamy et al., 1994), a recovery period of 24 hours was allowed before flower
collection. Therefore, this difference cannot be attributed to the timing of sample
collection, as sufficient time for PT growth was provided. These observations confirm

that PT growth is significantly slower under HS conditions.

In yab3 plants, the number of fertilized ovules was lower than in WT under control
conditions, and decreased even further under HS, which is consistent with the
hypothesis that this gene contributes to increased HS tolerance. However, a substantial
number of ovules were still successfully fertilized. Although expression analysis
showed that this gene is strongly expressed in the stigma, no noticeable differences
were observed in the number of pollen grains adhering to this region, suggesting that
pollen adhesion was not impaired. Similarly, the number of PT growing along the pistil

tissues, did not differ significantly from that observed in WT.
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Since unfertilized ovules were observed in both WT and yab3 plants under both
conditions, a preliminary analysis was conducted to investigate potential failures in
seed formation within siliques. Siliques from each experimental condition were
collected and cleared for microscopic observation. This technique renders silique
tissues transparent, allowing the visualization of seed within the structure and the
detection of empty spaces indicative of seed formation failure. Some seed
development failures were observed in both plant lines when exposed to HS during
anthesis, demonstrating the reproductive impact of HS. However, unlike what was
observed in aniline blue staining, no significant differences were detected between
yab3 and WT plants. This suggests that although yab3 plants exhibit a greater delay in
PT growth, leading to a higher number of unfertilized ovules 24 hours after anthesis,
the tubes may continue to grow and eventually reach the embryo sac, allowing double

fertilization and seed formation, ultimately not compromising productivity.

Although the phenotypic differences observed were minor, this is likely due to the
relatively modest reduction in AtYAB3 expression in the mutant line used, meaning that
the protein is still produced in these tissues and can therefore continue to perform its
function. It is possible that a knockout line for AtYAB3 would exhibit more pronounced
defects, including a lower number of fertilized ovules and seeds formed, and potentially
impairments in pollen reception. As such, the current results are not sufficient to draw
definitive conclusions regarding the role of this gene in reproductive tissue HS
tolerance or its apparent function. Future studies should focus on other T-DNA insertion
lines with a more substantial reduction in AtYAB3 expression, as well as the AtYAB3

overexpression line generated in this work.
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5. Conclusion and future perspectives

Although the phenotypic analysis of the mutant yab3 line was not as conclusive as
initially expected, it demonstrated greater sensitivity to HS compared to the WT variety,
suggesting that it remains a promising candidate gene for the process under
investigation. Throughout the course of this study, several constructs were also
obtained, which, upon analysis, are expected to complement the current findings and
potentially provide further insight into the roles of the target genes in the HS tolerance

mechanism.

In addition, the results once again highlighted the substantial negative impact of HS
during the reproductive phase of plants, reinforcing the importance of investigating

genes that may enhance tolerance to such conditions.

Therefore, it would be important to continue the work developed in this thesis through

the following approaches:
e Analysis of the expression levels of OsERF98 and OsBIP2 via RT-qPCR;

e Characterization of the mutant lines generated using the constructs developed
in this study, in both Arabidopsis and rice, focusing on reproductive phenotypes

associated with HS tolerance;

e Obtention and phenotypic analysis of new T-DNA insertion lines or using
CRISPR-Cas9 to obtain knock-out mutant lines for AtERF114 and AtYABS3,
given that the analyzed line was not a true knock-out and thus did not allow
definitive conclusions to be drawn regarding the function of the gene under

investigation;

e Repetition of the HS assays to confirm the robustness of the obtained results.

Finally, although only a subset of the genes identified through the previous RNA-seq
analysis was selected for investigation in this study, the remaining genes should not be
overlooked. It is essential to continue analysing these candidate genes, as they may

also play important roles in the complex mechanisms underlying plant tolerance to HS.
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Attachments

Table 22. Bibliographic analysis of the genes overexpressed in HS conditions in N22.
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Table 23. List of primers used during this study.

Primers Sequence (5°-3°) Amplificate
1765 GGGGACAAGTTTGTACAAAAAAGCAGGCT ATGTATGGGAAGAGGCCTTTTG
AtERF114 (CDS)
1766 GGGGACCACTTTGTACAAGAAAGCTGGGT TTAATATCCCGAATGAGGAGAG
1767 GGGGACAAGTTTGTACAAAAAAGCAGGCT ATGTCGAGCATGTCCATGTC 3(CDS)
AtYAB D
1768 GGGGACCACTTTGTACAAGAAAGCTGGGT CTAGTTATGGGCCACCCC
1769 GGGGACAAGTTTGTACAAAAAAGCAGGCT TGAAAACGTGAACAAATGGCT J—
p
1770 GGGGACCACTTTGTACAAGAAAGCTGGGT TCCGAGGATCTACTTTTGCTTGA
1771 GGGGACAAGTTTGTACAAAAAAGCAGGCT TCAACTTCGACGCCTTGTGT
PYAB3
1772 GGGGACCACTTTGTACAAGAAAGCTGGGT AGAGAGAGAGGAGGGCTTTGA
1777 CTAGCTAAACCTATAGATGC AtYAB3 (Sequencing)
1779 ACTATATATTGTGAAACCGG pYABS3 (Sequencing)
1803 CCCTAGATCGTAGATCCTAAGGC
1804 CATCTACAAGAGATGCCTCGG yab3 (genotyping)
LBb3.1 ATTTTGCCGATTTCGGAAC
250 CTGTTCACGGAACCCAATTC
AtRUB1
251 GGAAAAAGGTCTGACCGACA
252 CTCAGGTATTGCAGACCGTATGAG
AtACTS8
253 CTGGACCTGCTTCATCATACTCTG
1801 GAGGGTTCAGCTTGGAAGTAACTC
AtERF114
1802 GAATATCCGGTACCACTCCCATAC
1799 GAGCATTTGGTTATGGCGACTC
AtYAB3
1800 CCTGCCTTTATACGTTGGATCTCC
1682 GAGCCTCTGTTCGTCAAGTA
OsUBQ
1683 ACTCGATGGTCCATTAAACC
1684 TGGTATGGTGGTGACCTTTG
OsEF1
1685 GTACCCACGCTTCAGATCCT
1814 GTGTTGCTGGTGAGCGTG
OsYABBY7
1815 CATACCTGTGGAGTCAGCTC
29 ATTTCTTGCAGATCCGAATTCGGTACCATGCCCTCAGCAAGATCAAGTG
OsERF98 (CDS)
30 AGAAGCTTCCATGGGTCGACTCAAGTTCTGTGGACTAGGAGTA
31 ATTTCTTGCAGATCCGAATTCGGTACCTCACCAAATCGCACATCGTAG
OsBIP2 (CDS)
32 AGAAGCTTCCATGGGTCGACTGGAGCAGCGAAAATGCTCTA
33 GCAGGCAGTGCAGCTGAGAGAGTAA
pegYABBY7
34 AAACTTACTCTCTCAGCTGCACTGC
35 GTGCTTTTTCCATTAATTCTAGAATCTCTCTCAGCCTTTAAAC
extYABBY7
36 CGCGGTTTAAAGGCTGAGAGAGATTCTAGAATTAATGGAAAAA
50 CAATTAGCCCCGGAGATATC pegHSP-R




FCUP | 91
RiceltUp : Understanding the heat stress mechanisms of Oryza sativa

386.pDONR20Tw

pDONR207

5585 bp

GentR

387.pDONR207rv

Fig. 32. Schematic representation of the Gateway entry vector pDONR207. The ccdB gene is a lethal
gene used for negative selection, allowing for the identification of bacterial colonies that do or do not
contain the insert. The ccdB gene is toxic for most E. coli strains, such as DH5a, with the exception of the
DB3.1 strain, which carries a mutation that confers resistance to ccdB-mediated toxicity. The binding sites
for the primers pDONR207fw and pDONR207rv are also represented. GentR - gentamicin resistance

gene.
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Fig. 33. Schematic representation of the Gateway expression vector NOB725 (pB2GW?7). p35S -

constitutive promoter 35S; Bar - Basta resistance gene; SpR - spectinomycin resistance gene.
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Fig. 34. Schematic representation of the Gateway expression vector NOB724.1 (pBGWFS7). GUS -

B-glucuronidase coding sequence; Bar - Basta resistance gene; SpR - spectinomycin resistance gene.
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Fig. 35. Schematic representation of the Gateway expression vector pMT589. YFP - yellow fluorescent

protein coding sequence; Bar - Basta resistance gene; KanR - kanamycin resistance gene.
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Fig. 36. Schematic representation of the pBY02 plasmid. KanR - kanamycin resistance gene.

Primers  History
JE
CaMV 355 promoter (fragment)

LB T-DNA repeat|

WL6617 (2301 .. 2320)
/' _yCLV-F1 (2399 .. 2418)

> Ii
gnall rmB T2 4o

T gnal
sighall iy
<>\ \QQNK?Y‘B T1terminator E’;dtor / }
W RTINS ~[Csy4 binding site|
(o4 ‘7»% &
 Isuperfolder GFP|
rrnB T1 terminator|

| T7Te terminator
~/egRNA
|Csy4 binding site’

"0

”’%% \
el
¢
gﬂ

CaMV 355 promoter (enhanced)

| &

&
CAP binding site =8
g

PAG731_pAG620-Cys4RS-PE2-
Bsal-sfGFP #1_BY894
18 548 bp

lac operator (fragment

Iac pro

Fig. 37. Schematic representation of the pAG731 plasmid. superfolder GFP - green fluorescent protein
coding sequence, for selection of the negative colonies. During the Golden gate reaction, this sequence is

substituted for the interest sequence; KanR - kanamycin resistance gene.
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Fig. 38. Efficiency of RT-gPCR OsYABBY?7 primers in O. sativa inflorescences. A - Amplification curve for

OsYABBY7 primers, showing a consistent and specific amplification across dilution series (green: 1:5;

blue: 1:25; purple: 1:125; red: NTC). B - Melt peak analysis for OsYABBY7 primers, showing only one melt

peak corresponding to the specific amplification for this gene. C - Standard curve for OsYABBY?7 primers,
showing high efficiency (95.4%) and linearity (R? = 0.992). D - Melt curve analysis for OsYABBY?7 primers.
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Fig. 39. Efficiency of RT-gPCR A{ERF114 primers in A. thaliana inflorescences. A - Amplification curve for

AtERF114 primers, showing a consistent and specific amplification across dilution series (green: 1:2; blue:

1:4; purple: 1:8; red: NTC). B - Melt peak analysis for AtERF114 primers, showing only one melt peak

corresponding to the specific amplification for this gene. C - Standard curve for AtERF114 primers,

showing high efficiency (107.1%) and linearity (R? = 0.912). D - Melt curve analysis for AtERF114 primers.
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Fig. 40. Efficiency of RT-gPCR AtYAB3 primers in A. thaliana inflorescences. A - Amplification curve for
AtYAB3 primers, showing a consistent and specific amplification across dilution series (green: 1:5; blue:
1:25; purple: 1:125; red: NTC). B - Melt peak analysis for AtYAB3 primers, showing only one melt peak
corresponding to the specific amplification for this gene. C - Standard curve for AtYAB3 primers, showing
high efficiency (113.9%) and linearity (R? = 0.997). D - Melt curve analysis for AtYAB3 primers.
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Fig. 41. OsYABBY7 promoter analysis, using the PlantCare software.
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* * * * * * * * * *

401>TAATGCCAAGTTTGTACARRARAGCAGGCTATGTATGGGRAGAGGCCTTTTGGAGGTGATGAAT CTGAAGARAGGGAAGAAGATGAGARCTTGTTCCCGG>500
GTGATGAATCTGAAGARAGGGAAGAAGAT GAGAACTTGTTCCCGG>56

* * * * * * * * * *

501>TCTTCTCGGCCCGATCTCARCACGACATGCGTGTTATGGTCTCGGCCTTGACTCAAGTARTCGGARACCAACARAGCAAATCTCATGATAACATCAGCTC>600

5 7>TCTTCTCGGCCCGATCTCAACACGACATGCGTGTTATGGTCTCGGCCTTGACTCAAGTAATCGGAAACCAACAAAGCAAATCTCATGATAACATCAGCTC> 156
BY:S T GTTGCCTAGRAGA! C.

* * * * * * * * * *
601>TATTGATGATAACTATCCTTCTGTGTATAATCCACAAGACCCTAATCAACAAGTTGCGCCTACT CATCAAGACCAA( _> 700

157>TATTGATGATAACTATCCTTCTGTGTATAATCCACAAGACCCTAATCAACAEGTTGCGCCTACTCATCARAGACCAAGGTATATATATACATGCTCATATC>256

AATTAAAACTT.

* * * * * * * * * *

701>GATCTTTGAATCTTTTTTGGTTGARACAATGT TAGGATATATTGARATTATGTGCARATTTCATATCAGAAGTAAATCTCARACTTARAAGGTTATTATT > £ 00
25 7>GATCTTTGAATCTTTTTTGGTTGAAACAATGTTAGGATATATTGAAATTATGTGCAAATTTCATATCAGAAGTAAATCTCAAACTTAAAAGGTTATTATT> 356

301>ATACTGTTTATTTCAATACTCATTTACCARAAGAARRAACGATTAGGCTATTACCARAATGTAATTTTTAACATGGAGATTTTGTTGGTAGTATATGGTT > ¢ 00
35 7>ATACTGTTTATTTCAATAcTcATTTACCAAAAGAAAAAACGATTAGGCTATTACCAAAATGTAATTTTTAACATGGAGATTTTGTTGGTAGTATATGGTT> 156

354> AGATTCZ GTTTCAAATG'

* * * * * * * * * *
901>] >1000
457 >TCAGCACCAATATTAGGT GACGATATATATTTATACACATAAACTATGAGCATATACAAARGTTTACATAC TATGCACATGTATGAGTAGACCATACCAAA) 556

TCTATAATGTCTCCTCCTCAAGTCCCCTTTATTGARATCACARARAGTTGAAATCAGAARATCTTTGGTATGGTCTACTCATACATGTG

* * *

* * * * * * *
1001 >_GGGAC TTGAGGAGGAGACATTATAGAGGTGTAAGGCARAGGCCATGGGGARAGTGGGCAGCTGA>1100

557>GATTTTCTGATTTCAACTTTTGTGATTTCAATARAGGGGAC TTGAGGAGGAGACATTATAGAGGTGTAAGGCAAAGGCCAT GGGGAAAGTGGGCAGCTGA>656
Y GTAAACTTTGTATATC AGTTTATG TATACTACCAACAARATCTC

* * * * * * * * * *

1101>RAATCCGAGACCCAARRAAAGGCGGCACGTGTGTGGCTCGGGACATTTGAAACCGCTGAATCTGCGGCCTTAGCTTATGATGARAGCAGCCCTAAAGTTCARA>1200
©57>AATCCGAGACCCAAAAAAGGCGGCACGTGTGTGGCTCGGGACATTTGAAACCGCTGAATCTGCGGCCTTAGCTTATGATGAAGCAGCCCTAAAGTTCARA>756
ERES A A TTACAT TTTGGTARTAGCCTAATCGTTTTTTCTTTTGGTAAATGAGTATTGAAATARACAGTATAATAATARCCTTTTARAGTTTGAGATTTACTTCTG

* * * * * * * * * *
1201>GGARGCAAAGC. CTCAATTTCCCH TTCAGCTTGGAAGTAACTCTACATATTACTCCTCCAACC TTCCAC, TGGAACCACARAGTA>1300
757>GGAAGCRAAGCARARCTCRATTTCCCGGAGAGGGTTCAGCTTGGRAGTAARCTCTACATATTACTCCTCCAACCARATTCCACAAATGGARCCACARAGTA>856
WSS, TATGARATTTGC ATAATTTCAATATATCCTAACATTGTTTCA? ARAAARAAGATTCAAAGATC GAGCATGTATATATATACCTTGGTCTTGARIK]

* * * * * * * * *
1301>TACCGAACTATAATCAATACTATCATGATGCGAGTAGTGGTGATATGCTAAGTTTTAATT TGGGCGGCTGGGTA-TGGGAGTGGTACCGGATATTCAATGT >1399

AACCTGTTGATTAGGGTCTTGTGGATTATAC. GAAGGATAGTTATCATCAATAGAGCTGARTGTTAT CATGAGATTTGCTTTGT TGGEgERN4

* * * * * * * * * *
1400>CTCATGATAATAGTACTACGACTGCTGCTACAACTTCTTICGTCTTCTGGTGGCTCTTCTAGGCAACAAGAAGAGCAAGATTATGCCAGATTCTGGCGCTT>1499

1153>AACAGGTCACTATCAGT CEARATAAAATCAT TAT TTC

Fig. 42. Alignment results between the pDONR207::ERF114 expected sequence and the sequencing
result of the DNA fragment amplified with the 1765 and 1766 primer pair.



FCUP
RiceltUp : Understanding the heat stress mechanisms of Oryza sativa

* * * * * * * * * *

* * * * * * * * * *
501>ACATGTGATCTAAGATTTAGATGAGGGTGTCCARAGTGAAGACC! TACATTTAACAGTAAAGCTACAGTTT. TTTTGATCAT, CAT; T>600

154>AAACAGCTGGTTAGGGAAGTGGTAGTTGRACCTAACACCAACGCAGTACACACATGATCGATCAAGTTAGT CARACTGGCTGTGGATTACATTTACAAGT>253

* * * * * * * * * *
T01>CTTACATTATTATATCCGTACTTGTCACACATTGTACATAAT TTCTTTACCTGTCARCT TAGTTAGCTCTTGACTTTTTTGAGTGAATAATTTTTCARAT >300

ey —%———3o —F 7§ @& <1066

254>CTTACATTATTATATCCGTACTTGTCACACATTGTACATAAT TTCTTTACCTGTCAACTTAGTTAGCTCTTGACTTTTTTGAGTGARATAATTTTTCARAT>353

* * * * * * * * * *

354>GTCARATTTTTTACATACAAGCCTATAATATGTAGATAGGCAAGAGCT CCATTGAGTAAAAATTAAATACCTCCTTTCGGACGTAGARACGTGTACACAA>453

* * * * * * * * * *
901>CCCTAACACTTGCAATTTAAACAATTTCTACAAAATGTAACACTAACCATTTAATCAATTTCATCATACTACGACATAGAACAATAATCACTTTGTTTAA>1000

1065 < GCAATTTAAACAAT TTCTACAARAT GTARCACTAACCATTTAATCAAT TTCATCATACTACGACATAGAACAATAATCACTTTGTTTAA<9 77
454>CCCTAACACTTGCAATTTAAACAAT TTCTACAARATGTARCACTAACCATT TAATCART TTCATCATACTACGACATAGAACAATAATCACTTTGTTTAA>553

* * * * * * * * * *
1001>CTCAATTCGAGTGTGTACACGATACTTGGATTTAGAGGTTT TTAAAACGTCTTTTGTGTTGCAAATTTTAGTCAACCAGTCTTTAAATARATTAATAGGT>1100
97 6<CTCAATTCGAGTGTGTACACGATACTTGGATTTAGAGGTTTTAAAACGTCTTTTGTGTTGCAAATTTTAGTCAACCAGTCT $TAAATARATTAATAGGT<877
554>CTCAATTCGAGTGTGTACACGATACTTGGATTTAGAGGTTTTTARAACGTCTT TTGTGTTGCARAATTTTAGTCAACCAGTCTTTARATAAATTAATAGGT>653

* * * * * * * * * *
1101>TCACTTCTTACGTACGCAAACTCATATTTCCTTTTTAATTCACGTTTGGATCCACAACAAGGGTGTCGGTTTACATTATATTATAGATTTTCTTAATACC>1200
876<TCACTTCTTACGTACGCAAACTCATATTTCCTTTTTAATTCACGTTTGGATCCACARACAAGGGTGTCGGTTTACATTATATTATAGATTTTCTTAATACCLT77
654>TCACTTCTTACGTACGCAAACTCATATTTCCTTTTTAATTCACGTTTGGATCCACAACAAGGGT GTCGGTTTACAT TATATTATAGATTTTCTTAATACC>753

* * * * * * * * * *
1201>TTTTTCTTGAGAATGCAGGTCGATTTTTGACGAAARAAACAATGTGT CGGTTTARATTACATATACAACTAAGACCACGACAGTGCTTTTTATAGTTTAA>1300
T76<TTTTTCTTGAGAATGCAGGTCGATTTTTGACGAAAAAAACAATGTGT CGGTTTAAATTACATATACAACTAAGACCACGACAGTGCTTTTTATAGTTTAR<6ET T
754>TTTTTCTTGAGAATGCAGGTCGAT TTTTGACGARARRAACAATGTGT CGGTTTARAATTACATATACAACTAAGACCACGACAGTGCTTTTTATAGTTTAA>853

* * * * * * * * * *
1301>ATTATAATTTAGACARAARACACTATTAGTCTATATCTTTCCCTCAATTCCATGAATGTGTTAAACCCTTTTCACACARRATARATGATTARACARAACA>1400
©T6<ATTATAATTTAGACAAAAAACACTATTAGTCTATATCTTTCCCTCAATTCCATGAATGTGTTAAACCCTTTTCACACAARATARATGATTAAACAARACALSTT
854>ATTATAATTTAGACARAAAACACTATTAGTCTATATCTTTCCCTCAATTCCATGAATGTGTTARACCCTT TTCACACAAAATAEATGATTAEACHAAACA> 952

* * * * * * * * * *
1401>TGAACATGCATGCGCAATTTTCCTCTCTTCTTTATTTTATTCTTTTCACTTTTGCATGTTTAGT TTTCCCATCTCGTGTAGTATTTTATAGTAATCTTTA>1500
57 6<EGAACAEGCATGEGCAATTTTCCTCTCTTCTTTATTTTATTCTTTTCACTTTTGCATGTTTAGTTTTCCCATCTCGTGTAGTATTTTATAGTAATCTTTA<4 71

95 3>TGAACATGCATGCGCAATTTTCCTCTCTTCTTHAHTTTATTCHTTTCACTTTTGCATGTTTAGTTTTCCCATCTCGTGTAGTATHTTATAGTAATCTTTA>'l 048

* * * * * * * * * *
1501 >TAAAATATCCTCTCTTTTGATATT TAAATACACATGCACTTTCCTCAATAAGAAAAGTTTAACAAACATTCTCATTATACATGCCTTCATTACAAAACAT>1600
476<TAAARTATCCTCTCTTTTGATATTTARATACACATGCACTTTCCTCARTAAGARAAGT TTAACARACATTCTCATTATACATGCCTTCATTACAARACAT<377
1049>TAAAATATCCTCTCTTTTGATAT T TAAATACACATGCACT T TCCTCAATAAGA A ARG T AR CA A > 1114

* * * * * * * * * *
1601>TGATCCGTACTGGTCGTACARGCATATTTTTTAAATACGATAACAGAAACARACACATATARGAAATTAT TAAATACGAAAGAATGT GARAARAAARAAARA>1T00
376<TGATCCGTACTGGTCGTACARGCATATTTTTTARAATACGATAACAGARAACAAACACATATAAGARATTAT TARATACGAAAGAATGT GARAAAAARAAAAA<2TT
1114>- ->1114

* * * * * * * * * *

1701>AARATCAAACTTAAAACATATTTGTTTTAGGTCATATGTTCACACGTAGAACGAATTCCTCTATAARAGCCTCAGAAAATTGCTARACCCCCCCARRARA>1800

1L LA e >1114
* * * * * * * * * *
1900>CAACCCTARAGTACTGTATARATCCTATATCARATTTTTTTTTTGGAAGARAAGGCTATATTTAAAAGAAAATCAAGCAARAGTAGATCCTCGGAACCCA>1999
76<CAACCCTAAAGTACTGTATARATCCTATATCAAAT TTMTTTTTGGAAGAAAAGGCTATATTTARAAAGAA LT . <6

Fig. 43. Alignment results between the pDONR207::pERF114 expected sequence and the sequencing
result of the DNA fragment amplified with the 1769 and 1770 primer pair.
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. . . . . . . . . 1501>TAAGTGATGIGTTTATCCOCCGGARKTCTAGCTAARCCTATAGATGOCAACTGATATAGT TTTGGGGGTAGATCG TANGARAGATAKTGATGAAGTGATG 1 600
ACTGATAGTG ATGCTTTITIZSA00  1056>TAAGTG GATATAGTTT CATCCTAAGRA 1135
1 1
1 N TRAGAAAGATAATGATGAASTGATG 44
. . . . . ' . . . L1601 ATGATAACG swseen: r 1700
401> TAATGCCAAGTTTGTACARAARAGCAGGCTATGTCGAGCATGTCCATGTCRTCCTC 17 TTCTCATCT e - - B —— N ———— o
B ———— i - T
17017 RBCCRN CANTTAAMATTGAATATETTCTET Tr1800
" . . . N ' N ' . . e i
501>ACCTCIGTTACGICCATTGEAGET GICCTTGCIGTAATTTIGGATIATICITATAT TICAAATTTATAACTCTAG>600 P _ CARTTARRATIGAAT <00
57>AGCTCTGTTACGTCCATTGEAGCTTCTGCEACACT TGTAAATTTTGGATIATICTTATATCT CATCTCARTATTTCARNTTTATAACTCTAG> 156 148> TITAGATTITTTGEEG (CCARTAATGTTITTIT TTGATTTGGAATTARRATIGRATATGTICIGTTIGTTTGTIT>244
1
B .
1800 5 o
. N R B N . . . N . 1
601>CTAGEGTTTCACATGAATTACTAGTTAAT TAATT GIGAGTGT TT6T
1575CTAGGGTTTCACATGARTTACTAGTTARTTARTGTGTGATATT AR TTGGCAGGTGAGTGTTCCTCCGAGTAGT TTGT ATGCo256 2 TACC
1 . . . . .

* ” 19015 ATTTCCCTARTTAACCATTTTACTCATATARTT] G1e
139>
788<ATTICCCTARTTA T

701>G60CACTGTTCGAACCTTTTGTCGETGACCRTGAGCATGAGAGCTCT ICT TCT TCCATCOGTITOCAACCT TGGCCATTOCTTTTTACCT CCCCCTCCIC> 800 >
2575B6CCACTGTTCE! = TCTT ~ CICCIC> 356
2001>GAGATCCAACET o CCATTICITITITIANTATATANAN>2100
1 39
699<GAGATCCAACGTATARAGGC TCAGCCAS TCAGTGCTEX (CCATTTCTTTTITTANTATATARAA<600
B N . x . i ' B . N e p—— T STETTITIIIAATAT s
801>CICCTCCTCCTCCARATCTTTTGATACATCGGTTECATICAT TTAGGGTTCITTCATARMAAARACAGAGAGTARTAATTAGGGCTTTTCE »900
357>CT TTTGGTACATCGGTTICATICATCE: GGSTTCTTICAT G TAATTAGGGCTITICT>4SE
2101>CTARTTTICTATATIGCATT ATATCCATRATCAT ACRATCTCAT TTTAGTCT TTATGAAT TGARCCTAGCTAGATTAT TGTGGAGCTACATT
it
599<CTARTTTICIATATIGCATIATATCCATARTCATACRATCTCATT TTAGTCT TTATGAATTGAACCTAGCTAGATTAT SCTACATT
. . . . . . N ’ * . S45>CTANTTTTCTATATIGCATTATATCCAT \CAATCTCATTTTAGTCT TTATGART TGACCTAGCTAGRTTAT
01>TCTCEAGA) r ACTC GITIAATTTTGIT TAGATCTAAGTAGTTTGGCARTGGCTAGTTAACTAG>1000
4575 GITTAATTTTGTTAGCATCCCGSGATAGATCTAAGTAGTTIGGCART . .\ \ . \ N . . .\ \
. 2201>CATTGCTTTA GTAATAATCCATA r TAGSAT>2300
11365 S1139
499<CATTGCTTTABATT TAAARGARAATAGTTACCGTAATAATCCATAATTCATAAGCTT TAGCTAGGACTAGCCTTAGEAT<400
6455 CATIGCTTTARAT TAAAAACATAANCARAN TAGT TACCGTART AN TCCATANTTCATARGCT TTATCCAGCATACAT TAGCTAGGACTAGCCTTAGGATS 744
1001>GETTICTTT ICATATCAAAGTAGTTTCGT TTGATTAG T T T TAAGT TTTTTTIGCCAATTAGTTTGCTGATTTCATTTAT TAGGAGGARAT>1100
5575G6TTTCITTCAAARACATCATATCAAAGTAG T TTOG LT TEATIAS oL LT TANSTTITT T J6CCANTTAGTI TECTEATT ICATTTATIAGGAGGARRI 655 . . . . . . . . . R

1 <@ A TCTAGG T T CAGTARAG T COCTAGCAGATAT T T TAGT CIGGCT TTGTATICGTATATT T IGACCAAGTTTETATGT b2400

> 139> )
396<CTA TICAGTARAGT TTTTAGTCIGGCITTGTATICGTATATI TTIGACCRAGT TTTTATGT o

" . . % . " . . . . 745>CTACGATCTAGGG TTTCAGT ARAGTICCCTAGCAGATATTT TAGT CTGGCTTTGTATICGTATAT T TTTGACCARGT TTTTATGT TATGTATARGATARA 844
1101 >6CGAAGCGGAGGG ; IGAACATGATGATGAGCCATCACGCTTCAGCT TTearT ACGGA>1200
GATGATGAGCCATCACGCTTCAGCT T16-

e i . . . . . . . . . .
24015 TACACKTTANTGTT GCTAAGTATATGATGTA AGTGGGCTCATTTCCCTCACATACACT TTGGACTCATGGCTGACCAT
299<TACACATTANTGTTAAAGAGCTARGTATATGATGTAX AGTOGGCTCATTTCCO|CACTACACT TTGGACTCATGECTGACCAT

. . . . . . . .\ . . 45> TACACATTAKTGTTARAAGAGCTAAGTATATGATGT, TrCColCACATACACTT T
1200>ACATCASTGEATCAT
756>AGRTCAGTGGATCATCTACARGAGATGCCTCG6CCACCACCAGCCARTAGACGTARCCT TCCATCTTCTACTCTTTATTTCRACRTCTICRTATATATAT>855 . . N . . . . . . .

- 1 2501500 GCGCCAACAGGTTACTTACTACTACTACACTATATTTATTTATTCAAXTGTATATANTCAGGAGCATGCATGCATTGATCo 2600

> 135> £
199<CCCACGARGARGGCTAACGTGCGCCAACAGG TTACTTACTACTACTACACTATAT TTATTTATICARATGTATATARTCAGGAGCATGCATGCATTGATCE100

ok TGATCAL043
1301521 T TATCCATICATTICTTCAACCTTTTATATATACK TTGITIATAATGAAT>1400
2565 ATATAAGAAACAAAAACCCTARTTCACAAMACC T TATCORT ICATTTC TR AACCTT T TATATATACACTCCAMAGAAT CTCGTT TG TR IAATGAAT > 655 . . . . . . . . . .
1 601> ATCAARACATARTCGAGATA TTTTATTTIGETGT I66GATG ITTACGGTTCAGCTGOCACGTTR>2700
1 > 1

rrTacserrcascTcccaAli T

99<ATCARAACATARTCGAGATATITTATTTIGETGT

TATTTTATITIGETCT 037
1401>TTATARGTTTIGATTTCATTTIT 7 TITITIIT TTTCGACA TAA>1500 . . N . . . . . f .
956>TTATARGTTTTGAT TTCATTTTIGTTCCCTOGGTATGTGACTICTCGCRTGCACT T TT TTTTTGETCRGARRACKATT TCGACARCARRAGGARRATTAA> L 0SS 2701566TGECCCATARCTAGACCCAGCTTICTT T TGCITATCARTTTAT 8
1 1 138
1 T :

Fig. 44. Alignment results between the pDONR207::YAB3 expected sequence and the sequencing result
of the DNA fragment amplified with the 1767, 1768 and 1777 primers.
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1800

138

- 1053
GTGGTGTGGC TAT: TICCTC>333
CATCGAACTITGOSTOGITT TTTCATCCAATTGAAT TIAGAT>1500

e L A i e A A A e ot e A <51 148
1082

TCATCGAACTTTGOGTCCT TTCATCCAATTGRAT TAGAT>433

o AATGCTITTTTA 00
105 1053 20013 ATATGTGCAT AT AGAAACAAAATATCTAGCTATATGACCACTITTAACTC ANTATGOCARGGACTTICIGGAGAICCACCACRACAC3 2100
1 128
0s3
T
ARG CAGGCTTCANCTTCGACECCT TG T 6T CeT CoT O TT T AATGTTCT ST CTTTCTCTCCAT TCATAGTTTATCTTA 500
7 . . . . . . . . . .
210054 : 2200
14 L14e
10524 \TCTCTGCATARGTATATITICACL02T
634> ACAT TCANGT TCAAGTICTGCTGCT T TTAGG ICTATGRACAAGACCARCCT TAT TT ICATATIGTTCTCTC LT TATCTCATGAATARGTATATITICA 133
501 [TTCATTTCATATCCTTACTICTTTITIC T ICTAGACGHAT TGARRCARN T TOCAARACTT TATGAGT ITIIIR>600
58> T TCAT T ICATATCC T TAC IO TT T T TC TACARRCAR T AT CTAGACGAR T TGAAACAAA T TTCCRAKAC TT TATGASTATRIRTRGERTRT T TTA> 15T . . . - . . . . . .
1053¢ <1053 1 c 5 2300
1 118
folrceorerrzarrricatecTrTTadireATATT TGl TATIGIATTATC
THSTATTGTT . o33
700
TTAGTCCCTACGATGARTATTTCATCCTATAGRACATCRTRTGATTGA> 257 . . . . . . . . .
T 2301560 TAACCAAR TAGAR A CCT TARCAN TTCCARTAT AT TTTCTGTTAT TGCAT TATCARTTATCATCAAATTTTTTTCCACTGTIGEATTATCATCATT 52400
114e: 128
27<GCTTARCS 6 T CAATATATTTICTGTIATTGOAT TGCATTATCATCATT<828
=30 o33
0L ACAT! ATATATAAGATATGAGCCTC 800 . . . . . . . . . .
258TIACT TTTTGANEACTCTATTAGGACA TAAGTGST AT i o I rraeee
e 108
> TARCRATT T TAKTATTATCTTANIT <728
A CAAARTGCATANCCARRATAGAARACCTTAR AR T TCCRACT TTAACATGTGRATTART AT TRICTTRRTT> 1033
801> AT AT GOCAA L TG T TACG T TG GAAGCOGACASTCTGAT AT CaTAT CAGCCCCGATCOGCAGATACT CARCCOGATCCRCATCGGTCOBECC 900 ' . . . . . . . . .
358> TCCACCTATTGCARTTAGTTTTACET ARCCCRRTCCACATCBTCOGOCCHS T 25015 TTTGEATOTICOACATT TTAATCTICTAT TATTAGCCARATIGRR> 2600
1148 128
N > T2CTTIGERTGTT e
10345 T TTGGA TG TTCOA AT T A AR ACTCC AT TANACC TATAGATAT GO TTART CTT CTATACATG TGTCACGTACGACACT TATTAGCCARATTGAAS L 133
501> CARTACT TGGCC0GCCAT COATGCCCARACATATCEAGATCA T66CTAGANGAACCATCAT CTOGASGE66CGTAT TAGGGATAXTATCOCACATCGE 1000 . . . . . . . . . .
456> CARTACTTG0CC0GC0GATCCATOCCCARACATATGOACATCARTGOCTAGRAGAACCAT CATCTCGAGG6G0CTAT TAGGGAT AR TATCOCACATCGG 557 2601>GITITEITIIT ATAAGOGOTTTRARTRGT TAGCATGTT 252700
< 1148 12
> 27 \AGCGCTTTAARTAGTT
\TerrrerrTieceea
10015 MG T TGANTAAGATC T AAGTGETATATA TAAGA TATGGECCTCTTCACCT AT TGCC AR TTGGT T TTAGS TTGEARACCCACACTCTANTATGSTATCAG 1 100 . . : Lo N : . . .
556> AAGTTGRATARGATCTTAAGTGOT RTATATARGATATGGGCCTCTTCACCTAT TGOCAR TGO T T TTAGGTTGGARACCCHCACTCTARTRTGGTRICAG €57 2T T A AT AT AT A T 50
528<TCTTOTCOTTATANACTTTGARATCTTT TCCTCACCGA GATAATGATARTTAGTCL!
115 1157
1101 >ABCCTGATCCGC G . . . . . . . . . .
E38>AGCCT 2801>AGTTTTTATCTGATTA: ToceSTTTGN GGATAGGAATANTANAGAAGATARACCEGTTCS 2500
os3c 1083 :
“’ 420<AGTTTITATCT TOCGSTT T
s 1=
12005 AT AT CT e EEC T T T A S aN AT T CACA T A ST GG T CATCT TAR S TCA T TAT KT AGATATGAGCCT T CCATCTATIGE >1 300 , ' . " . . . . .
758 AT CATCTCGAGGGGGCTAT TAGGGAC AR TG O A AT CGARAGTTGAGTAGGATCTT AGTGATATATATARGATATGAGCCTTTCCATCTATTGC 857 250100 2 TeTTT TCTCTTEATATTE>3000
10 1 108
- TIGTTT TCATATTT<225
115 157
A AT TR TR AR T CA T AN TACT ARG T TECARCAACTRTACTAT, . . . . . . . . . .
TGCHBACRACTRTACTAT 3001 ICITICICTIONT TeARCT 100
1 1. 118
i R — 123

e e e e s e 51 15T

TACARAAAT CATATTCTATETCTACACTATATATTGTGARACCBEATRECCATART AT TACRAARRCTTARACT AT TTCRGATATAR > 1 500 . . B R . . » . . .
958>GGATTTTGACTTACARRART CATAT TCTATGTCTAC! T c CTTARACTANTTICAGATATAR> 1057 3200
1053< 1053 e P——— B— . 1188

- I, T 13T AT T CRGHT AT 33 z et

1501 AT T TTANAT TTCACTATGACCT AGT) cxec TATTATGAAATTTAGCGARACS
050> TAMA T TTAATTTCACTATGAC TG TR TATCAClACIA TGO T TACCACA A TG TGO TCC T TAT A TGGANT IAGCRAACE -

3UATAIATTIA c coTAGTR

= CGAAT

1601-CTTGGEET TGGAATTGACGAGG>1700 3301>CAACGA AFTATTTGOBTO S ATTGEAC
148 1

1083¢ <1053

134>CTTE0GGGTARRART ARTEATGAL T RTATACARATACT: TGGATTGACGAGG>233 7

Fig. 45. Alignment results between the pPDONR207::p YAB3 expected sequence and the sequencing result
of the DNA fragment amplified with the 1771, 1772 and 1779 primers.
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1000>MtgatatcacaagtttGTACAAAAAAGCAGGCTATGTAT>1099

1184 <AAACAAACAACAAACAECATTICAATTTACTATTCTAGTCGAC CTGCAGGCGGCCGCACTAGEGATATCACAAGTTTGTACAAAAAAGCBGGCTATGTAT< 1085

* * * * * * * * * *

1100>GGGAAGAGGCCTTTT GGAGGTGATGAATCTGAAGAAAGGGAAGAAGATGAGAACTTGTTCCCGGTCTTCTCGGCCCGATCT CAACACGACATGCGTGTTA>1199
> 1 P A 1 CGGARGIAN GITCAGAACTTGTTCCCGETCTTCTCGGC CCGATCT CAACACGACATGCGTGTTAS 7 5

1084<GGGAAGAGGCCTTTTGGAGGTGATGAATCTGAAGAAAGGGAAGAAGATGAGAACTTGTTCCCGGTCTTCTCGGCCCGATCT CAACACGACATGCGTGTTA<985

* * * * * * * * * *
1200>TGGTCTCGGCCTTGACTCAAGTAATCG—GARACCAACAAAGCAAATCTCATGATAACATCAGCTCTATTGATGATAACTATCCTTCTGTGTATAATCCAC>1298
1 6>TGGTCTCGGCCTTGACTCAAGTAATCGEGAAACCAACAAAGCAAATCTCATGATAACATCAGCTCTATTGATGATAACTATCCTTCTGTGTATAATCCAC)l 75
984<TGGTCTCGGCCTTGACTCAAGTAATCG-GAARACCAAC GCi TCTCATGATAACATCAGCTCTATTGATGATAACTATCCTTCTGTGTATAATCCAC<886

* * * * * * * * * *
1299>AAGACCCTAATCAACARAGTTGCGCCTACT CATCAAGACCAA >1398

176>ARAGACCCTRATCARCAEGTTGCGCCTACTCATCAAGACCAAGGTATATATATACATGCTCATATCGATCTTTGAATCTTTTTTGGTTGARACAARTGTTAG>275
885<AAGACCCTAATCAACAEGTTGCGCCTACTCATCARGACCAAGGTATATATATACATGCTCATATCGATCTTTGAATCTTTTTTGGTTGARACAATGTTAG<786

1355 G AT T AR T TG TG C AR T T T CAT AT CAGAA A A TC TCARAC T A A GG T T T T ACTGT T AT TTCANTACTCAT TIACCARRAGAR » 1452
276>GATATATTGAAATTATGTGCAAATTTCATATCAGAAGTAARATCTCARACTTAAAAGGTTATTATTATACTGTTTATTTCAATACTCATTTACCAARAGAA>3T75
T85<GATATATTGAAATTATGTGCAAATTTCATATCAGAAGTAAATCTCARACTTARRAAGGTTATTATTATACTGTTTATTTCAATACTCATTTACCARAAGARLGS6E

145 A O TAG GO T AT TACCAN A T TA T T T T TAA CATGEACA T T T T TCE TAC T AT TG T TCACCACCARTAT TAGGTGACGATATATAT TTATA > 552
376>ARAACGATTAGGCTATTACCAAAATGTAATTTTTAACATGGAGATTTTGTTGGTAGTATATGGT TTCAGCACCAATATTAGGTGACGATATATATTTATA>475
685<ARAACGATTAGGCTATTACCAARATGTAATTTTTAACATGGAGATTTTGTTGGTAGTATATGGTTTCAGCACCAATATTAGGTGACGATATATATTTATA<S86

1599 >CACATARACTATGAGCATATACARAGT TTACATACTATGCACATGTATGAGTAGACCATACCAAAGATTTTCTGATTTCAACT TTTGTGATTTCAATARA 1 €95
476>CACATARACTATGAGCATATACAAAGT TTACATACTATGCACATGTATGAGTAGACCATACCARAGATTTTCTGATTTCAACTTTTGTGATTTCAATARA>575
565<CACATARACTATGAGCATATACAAAGT TTACATACTATGCACATGTATGAGTAGACCATACCARRGATTTTCTGATTTCAACTTTTGTGATTTCAATARAS 46

* * * * * * * * * *

1699 >IGGGAC TTGAGGAGGAGACATTATAGAGGTGTARAGGCAAAGGCCATGGGGARAGT GGGCAGCTGARATCCGAGACCCARARAAGGCGGCACGTGTGTGGC>1798
576>GGGGACTTGAGGAGGAGACATTATAGAGGTGTAAGGCAAAGGCCATGGGGARAGTGGGCAGCTGAAATCCGAGACCCARAARAGGCGGCACGTGTGTGGC>675
485<GGGGACTT! TTATAGAGGTGTAAGGC] GGCCATGGGG: GTGGGCAGCTGARATCCGAGACCCAAARAAAGGCGGCACGTGTGTGGC<386

* * * * * * * * * *
1799>TCGGGACATTTGAAACCGCTGAATCTGCGGCCTTAGCTTATGATGARGCAGCCCTARAGTTCARAGGAAGCARAGCARAACTCAATTTCCCGGAGAGGGT >1898
676>TCGGGACATTTGAAACCGCTGAATCTGCGGCCTTAGCTTATGATGAAGCAGCCCTARAGTTCARAGGARAGCARAGCARAACTCAATTTCCCGGAGAGGGT>775
385<TCGGGACATTTGAAACCGCTGAATCTGCGGCCTTAGCTTATGATGAAGCAGCCCTARAGTTCARAGGAAGCAAAGCARAACTCAATTTCCCGGAGAGGGT<286

* * * * * * * * * *
1899>TCAGCTTGGAAGTAACTCTACATATTACTCCTCCAACCAAATTCCACAAATGGAACCACARAGTATACCGAACTATAAT CAATACTATCATGATGCGAGT>1998
776>TCAGCTTGGAAGTARCTCTACATATTACTCCTCCAACCARATTCCACAAATGGARCCACARAGTATACCGAACTATARTCAATACTATCATGATGCGAGT >875
285<TCAGCTTGGAAGTAACTCTACATATTACTCCTCCAACCARATTCCACAAATGGAACCACARAGTATACCGAACTATAATCAATACTATCATGATGCGAGT<186

* * * * * * * * * *
1999>AGTGGTGATATGCTAAGTTTTAATTTGGGCGGTGGGTATGGGAGTGGTACCGGATATTCAATGTCTCATGATAATAGTACTACGACTGCTGCTACAACTT>2098
876>AGTGGTGATATGCTAAGTTTTAATTTGGGCGGTGGGTATGGGAGTGGTACCGGATATTCAATGTCTCATGATAATAGTACTACGACTGCTGCTACAACTT>975
185<AGTGGTGATATGCTAAGTTTTAATTTGGGCGGTGGGTATGGGAGTGGTACCGGATATTCAATGTCTCATGATAATAGTACTACGACTGCTGCTACAACTT<86

* * * * * * * * * *
2089>CTTCGTCTTCTGGTGGCTCTTCTAGGCAACAAGAAGAGCAAGATTATGCCAGATTCTGGCGCTTTGGGGATTCTTCTTCCTCTCCTCATTCGGGATATT >2197

976>CTTCGTCTTCTGGTGGCTCTTCTAGGCAACAAGAAGAGCAAGATTATGCC-AGATTCTGGCGCTTT ATTCTTCTTCCTCTCCTCATTCGGGATATR>1073
85<CTTCGTCTTCTGGTGGCTCTTCTAGGCAACAAGAAGAGCAAGATTATGCCEAGATTCTGGCGCTTTGGGGATTCTTCTTCCHC

* * * * * * * * * *

2198>ARACCCAGCTTTcttgtacaaagtagt

1074>ARACCCAGCTTTCTTGTACAAAGTGGTGATATCCCGCGGCCATGCTAGAGTCCGCAARAATCACCAGTCTCHC
4<

Fig. 46. Alignment results between the pB2GW?7::ERF114 expected sequence and the sequencing result
of the DNA fragment amplified with the 1765 and 1766 primer pair.
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x * * ¥ x * * x x *

1601>CAGECTTGARRACGTCRACARATGGCTATTGATCACACTATARATTTTCCOTCARATARATCARTAGTTAGGTATCACATCTGATCTARGATTTAGATGA>1700
- | T2 TCA CACTATARATTTTCCGTCARATARATGARTAGTTAGGTATCACATGTGATCTAAGATTTAGATGAS 76

1079< 1079
x * x x x * x x x *

1701>GGETETCCARAGTGAAGACCARATACATTTAACAGT AR GCTACAGTTTAGAGARATTTTGATCATARACATARATAAACAGCTGETTAGEEARGTGETA> 1800

77>GGETGTCCARRGTGARGACCARRTACAT T TARCAGTAARGC TACAGTTTAGAGRAATTTTGATCATAARCATARR TAAACAGCTGET TAGGGAAGTGETAS1T6

1078< 1078

0 * * ¥ x * * 0 x *
1801>GTTGRRCCTARCACCARCGCAGTACACRCATGATCGATCRAGTTAGTC CTGGCTGTGGATTACATTTACARGTCTTACATTATTATATCCGTACTTG>1900
177>GTTGRRCCTARCACCRACGCAGT ACACACATGATCGAT CAAGTTAGTCARACTGGCTGTGGATTACATTTACARGTCTTACATTATTATATCCGTACT TG 2748
1075< 1078

x * ¥ A x * ¥ x x *
1801 >TCACACATTGTACAT AR T T T T T TACCTGTCARCT TAGTTAGCTCT TGACT T TTTTGAGTGARTARTTTTTCARATGTCARATTTTITACATACAAGCCT >2000
277> TCACRC AT TGTACAT AR T T T T T TACCTGTCARCT TAGT TAGCTCT TGACT ITTTTGAGT GARTARTTITTCARATGTCARRTTTTTTACATACRAGCCT >378
1078< 1078

x . P x x . P x x .
2001>ATARTATGTAGATAGGCARGRGCTCCATTGAGTARARATTARATACCTCCTTTCGGACGTAGAARCGTGTACACARCCCTARCACTTGCARTTTARACAR>2100
377>ATRATATGTAGETAGGCARGRGCTCCATTGAGTARARAT TARATACCTCCT TTCGGACGTAGRARCGTGTACACALCCCTARCACTTGCARTTTARACAR>4TE
1o« - - T2 ACACTTGCAATTTARRCARS 1054

x * ¥ A x * ¥ x x *
2101>TTTCTAC TGTARCACTARCCATTTARTCART TTCATCATACTACGACATAGARCARTARTCACTTTGTTTAACTCARTTCGACTGTETACACEATA>2200
477> TTICTACAAR R TGTARCACTARCCAT T TAATCAR T TTCATCATACT ACGACATAGARCARTARTCACTITGTITARCTCARTTCGAGT GTGTACRCGATA>5T7E
1‘353<TTTCTACAAAATGTAACACTAACCATTTEATCAATTTCATCATAITACGACATAGAACAATAATC.'ACTT1'Gl'TTEACTCAATTIGAGTGTGTACACGATA<954

0 * ¥ * 0 x ¥ * 0
2201>CTTGEATTTAGAGGTTI T TARRRCGTCTITTIGTIGI TGCARRTTT-TAGTCARCCAGTCTTTARRTARRTTARTAGGTTCACTICTTACGTRACGL] CTC>2299
S77>CTTGERTTTAGRGGTITTTARRACGTCTITIGTIGI IGCARRTTT-TAGTCARCCAGTCTITARATARRT TARTAGGTTCACTICTTACGTACGCRARRACTCSETS
953<CTTGGATTTAGRGGTTTTTARRACG CTTTTGTGTTGCA.’-)ITTTITBGTCA}&CCAGTCTITA}&ATAAATTA}-\TAGSTTCACTTCTTACGTACGC CTC<855

¥ A x * ¥ x x ¥ A x
2300>ATATTTCCTTTTTAATTCACGT TTGEATCCACARCARGEETGTCEETTTACATTATAT TATAGATTTTCTTAATACCTTTTTCTTGAGAATGCAGETCGA>2399
BTE>ATATTTCCTTT T TAAT TCACGT T TGEAT CCACARC A AGGETGTCGGTTTACATTATAT TATAGATTTTCTTARTACCTTTTTCTTGAGAATGCAGGTCGASTTS
854<ATATIICCTITITAATTCACGT T TGEATCCACARCARGEGTGTCEGETTTACATTATATTATAGATTTICTTAATACCTITTITCTIGAGRATGCAGSTCGATSS

x ¥ * 0 * ¥ * x * ¥
2400>ITITTGACG R TGTGTCGGTTTARR T TACATATACALCTARGACCACGACAGTGCTTTITTATAGT TTARRTTATARTTTAGRCARARRACAC 2455
T76>TITIIGACGARR AR LA TG TGTCGGTTTARRTTACATATACARCTARGACCACGACAGTGCTTTTITATAGT TTARATTATARTTTAGRCARARRACACSETS
T54<TITITGACGARR AR LR TCTGTCGGTTTARRTTACATATACARCTARGACCACGACAGTGCTTTTTATAGT TTARATTATARTTTAGRCARARRACACCESS

x * ¥ x * * ¥ x * *
2500>TATTAGTCTATATCTTTCCCTCAATTCCATGRRATGTGTT. CCCTTTTCACAC T TGATT ] CATGRACATGCATGCGCAATTTTLC>255%
BTe>TATTAGTCTATATCT TTCCCTCRAATTCCATGRAATGTGT TARACCCTTTTCACAL T, TeATTAfAC CATGAACATGCATGCGCAATTTTCC>97S
E54<TATTAGTCTATATCTTTCCCTCRAATTCCATGRAATGTGT TARACCCTTTTCACAL T, TGATT. (3 CATGARCARGCATGCGCARTTTTCCS5S

x ¥ ¥ 0 * ¥ ¥ x * ¥
2600>TCICTTCTITATTT T AT T T I TTCACT TTTGCRTGTTTAGTTTTCCCATCTCGTGTAGTATITTATAGTARTCTTTATARRATATCCTCICTTITIGATAT>2659%
STEDTCTCTTCTTTATTTIATTCTTTTCAdTTTGCATGTTTAGTTTTCCCATCTCGTGTAGIAITTTATAGTAATCTTTATAAAATATCC CICTTTIGATAT>1072
554« TCICTTCTITAT T T IATICT I TICACT TTTGCRTGITTAGT T I TCCCATCTCGTGTAGTATITTATAGTAATCTITATARRATATCCTCTICTTITIGATAT <455

x . " % ' . " x ' .
2700>TTAAATACACATGCACTTTCCTCAATARGARRAGTTTAACARACATTCTCATTATACATGCCTTCATTACARRACATTGATCCETACTCETCETACAAGC 2799
1073>TrA28TACRCATSCACTTTCCTCAlT iR GR R A TTTAA R ACATTCTC A R T AR CRA T CTT o TAcR 2 acaT TR TCCoTAC TR C TCo R Rl > 1 163
454<TTARATACACATGCACTTTCCTCARTAAGAR R AGT TTARCAARCATTCTCATTATACATGCCTTCAT TACARR ACATTGATCCGTACTGGTCGTACAAGC <355

x ¥ ¥ 0 * ¥ ¥ x * ¥

2800>ATATTTITITARATACGATAACAG C] CACATATARG, TTATT, TACG GALTGTG, TCAARCTT, CATATTT 2899
11642 G ] >1167
354<ATRTTTTTTARATACGATARCLG. C] CACATATRRG] TTATTRREATACG GRRIGTG TCRRRCTT CATATTT<255

x * ¥ 0 * * ¥ x * *
2500>GTTITAGGTCATATGTTCACACGTAGRACGRRTTCCTCTAT GCCTCAG! TTGC (CCCCCCCI TACTTTACTCTCTCTTTCTTCA=2959%
1167> >1167

254<GTTTTAGGTCATATGTTCACACGTAGRACGRATTCCTCTATARRAGED CAGAAABTTGCTAAACCCEZECAAAAAAATAZTTTBETCTCTETTICTTC}-\cl55

x ¥ A x * ¥ A x * ¥
3000>TITACTTCARTCT AT T T T ICTCCT AT CATCCTCT TGTTCTTGATGTTCAACGATGCCATARAGARAAACTGAACARCCCTARAGTACTGTATARATC 3099
117> »1187
154« TITACTTCRRTCTARTTTC T ICTCCT AT CATCCTCTIGTTICTIGAT ST ICARCGATGUCAT ARAGRRR R A CTGRACRRCCCTARAGTACTGTATRARRTCCSS

x . " x . . " x . .
3100>CTATATCARATTTTTTTTTTGGEARGARRAGECTATATTTARARGARAATCALGCAR AGTAGATCCTCGGARCCCAGCTTTor T tacaaagrygrgatas31ad

1167> >1167

S4<CTATATCAAATTTTTTTTTGGARGARARGECTATATT TAR ARG - [ o - e 1 . sl

Fig. 47. Alignment results between the pBGWFS7::.pERF114 expected sequence and the sequencing
result of the DNA fragment amplified with the 1769 and 1770 primer pair.
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0 ¥ ¥ * * * * x x 0
S701>TGRACRAATGGCTATTGATCACACTAT TTTTCCGTC T. TGAATAGTTAGETATCACATGTGATCTARGAT TTAGATGAGGGTGTCCARAGTG>5300

5[ T 1 GATCACACTATARATTTTCCGTCARATARATGARTAGT TAGETATCACATGTGATCTARGAT TTAGATGAGGGTGTCCARRGTG>91
1067¢ 1067

0 * * ¥ ¥ * * x x 0
8801>RAGACC] TACATTTARCRGT GCTRCAGTTTAGAG. TTTTGATCAT. CAT] T CRAGCTGGTTAGGGRAGTGGTAGTTGRACCTARCACE900
42>RAGRCCRARATACATTTAACAGTARAGCTACAGTTTAGAG TTTTGATCAT CAT: T CRAGCTGETTAGEGAAGTGETAGT TGARACCTARCAC>191
1067 1067

x A A ¥ ¥ * * x x x
S801>CARCGCRGTACACECATGATCGRTCRRGTTAGT CAR L CTGGCTGTGGAT TACATTTACARGTCTTACATTATTATATCCGTACTTGTCACACATTGTACR>3000
152>CARCGCRAGTRACACRCATGATCGRTCRAGTTAGTC CTGGCTGTGGATTACATTTACAAGTCTTACATTATTATATCCGTACTIGTCACRCATTGTACR =291
1067< 1067

x ¥ ¥ * * * * x x x
8001-TAATTTCTTTACCTGTCAACTTAGT TAGCTCTTGACTTTTITGAGTGARTARTTTTTCARATGTCARATTTTTTACATACARGCCTATAATATGTAGATA>9100
2825 ARTTTCTTTACCTGICRACTTAGT TAGCTCTIGACT I T TTTGAGT GARTARTTTTTCARATGTCAARTTTTTTACATACARGCCTATARTATGTAGATA» 391
1067« 1067

x N N . . . . x x x
9101>GGCARGAGCTCCATTGAGTARARRTTARATACCTCCTTTCGGACGTAGRRACGTGTACACAACCCTARCACTTACAATTTARACARTTTCTACARAATGT>5200
392>GGCARGAGCTCCATTGAGTARARRT TARRTACCTCCTTTCGEACGTAGRRACGT GTACACARCCCTARCACT TGCAATTTARACAATTTCTACARARTGT>491
1056 1 CCAATTTARACARTTTCTACRRAATGT< 103

0 ¥ ¥ ¥ ¥ * * x x 0

S0l >ARC TR CC AT T TR TCA R TTTCATCATACTACGACAT AGARC AR TR R TCACTT TG TTARCTCAAT TCGRGTGTGTACRCGRTACTTGGATTITAGRGE>3300
452> RCRCTRARCCATTTARTCARTTTCATCATACTACGRCATAGRRC AR TARTCACTTTGT T TARCTCRAATTCGAGTGTGTACACGRTACT TGGATTTAGAGS 591

1035<RACACTRARCCATTTRATCARTTT L'ATSATAZTIZS}QZATAGAAZAATAATL‘AZTTTGTT TAACTCAATTCEAGTGTGTACRCGATACTTGGATTTAGAGE<93%

x ¥ ¥ * * * * x x x
8301-TTTTTARRACGTCTTTIGTGTTGCARRTTTTAGTCARCCAGTCTTTARATARATTARTAGGTTCACTICTTACGTACGC CTCATATTTCCTTTITTAR>S400
582>TTTTT CGTCITTIIGIGTIGCARRTITTAGTCRRCCAGTCTITARRTARRTTRARTAGGT TCACTICTTACGTACGL] CICARTATTICCITTITAR>E91
938<TTTTTARRACG CTITTGTGTTGC}-\A})TTTTAGTCHCCAGTITTTmTAAAITHTAGGTTCBCTTCTTBCGT}-\CGCMCTC}-\TBTITCCTTTTT}-\A(B-}D

0 ¥ ¥ * * * * x x 0
5401>TTCACGTTTGGATCCACARACARGGETGTCGGTTTACATTATATTATAGATTTTCTTARTACCTTTTTCTTGAGRARTGCAGGTCOATTTTTGACGRAARRAR=5500
692-TTCACET TTGEAT CCACAACAAGGET G TCGGT I TACATTATATTATAGATTITCT TAATACCTITTICT TGAGARTGCAGETCGATTTTTGACGAARRAR TS 1
838« ITCRCGITTGEAT CCACRACRAGEETGTCGGTITACRTIATAT TATAGRTTITCTTARTACCTITITTCTTGAGRRTGCAGGTCGRATTTTTGACGRRRRRRT40

0 ¥ ¥ ¥ ¥ * * x x 0

S50 1>ACARTGTGTCGGTTTARATTACRTATACARCTRRGRCCACGACRAGTGCTTTTITATAGT TTARATTATARTTTAGRACAR AR RCACTRTTAGTCTATATCT 3600
752>ACARTGTGTCGGT TTARATTACATATACARACTAAGRCCACGRCAGTGCTTTTTATAGT TTARATTATAATTTAGRACARAARACACTATTAGTCTATATCT>E91
T39<ACAATGIGTCGET TTARATTACATATACARCTARGACCACGACAGTGCTITTITATAGT TTARATTATARATTTAGACARRAARCACTATTAGTCTATATCT<640

¥ ¥ * * * * x x x x
9601>TTCCCTCAATTCCATGAATGTGT TARACCCTTTTCACACAARRTARATGATTARACAARACATGARCATGCATGCGCARTTITTCCTCTCTTCTTITATTTT >S700
892>TTCCCTCARTTCCATGARTGTGTTAARCCCTTTTCACACRAAT caTTAfRC CRTGRACRTGCATGOGCRRATITICD CTCTTCTTIAITTT>E< 0
838<TTCCCTCARTTCCATGRATGTGT TARACCCTTTTCRACAL] T TGATT. Cl CAlCARCATGCATGOGCARTTTTCCTCTCTTCTTTATITT <540

¥ ¥ * * * * x x 0 0

4701>ATTCTTTTCACTTTTGCATGTTTAGT TTTCCCATCTCGTGTAGTATTTTATAGTAATCTTTATARAATATCCTCTCTTTTGATATTTAARTACACATGCA>S300
991>AIT... TITCACTITIGCATGTTIAGT TTTCCCATCTCGTGTAGTATTT TAGTAATCTTTBTAAAATATCCTCTCTTTTGATATTIAAATACACATGCA>1' 88
538 RTIQTIITCACTITIGCRTGTI T IAGT TTICCCATCICGIGTAGTATITIATAGTAATCTTIATARRATATCCTCTCTITTGATATTTRARATACACATGCR <440

x x x x . . x x x x
9301>CTTICCTCARTARGARRRGTTTARCARACATTCTCATTATACATGCCTICAT TACAARACATTGATCCGTACTGGICGTACRAGCATATTTITIARATAC> G500
10895 CTTTCCTCAR T ARG A T T TR AR A T TC T T - | 24
439<CTTTCCTCAATARGARARGT TTAACARACAT TIRTCATTATACATGCCTTCAT TACARARCATTGATCCGTACT GG TCETACARGCATAT TTTTTARATACS 340

* * * ¥ * * * * * *

9901 >GATAACRG, Ci CACATATAAG, TTATT. TACG, G GIG; TCAARCTT, CATATTTGTTTTAGGTCATATG>10000
1124 »1124
335<GATRACAG ] CRCATATARG TTATTARATACG GRATGTG TCARRCTT CATATTTGTTITAGGTCATATG240

¥ ¥ * * * * x x 0 0
10001>TTCACACGTAGARCGRATTCCTCTAT GCCTCAG TTGC CCCCCCCI TACTTTACTCTCTCTTTCTTCATTTACTTCAATCTAR»10100
1124, »1124

239<TTCACACGTAGARCGRATTCCTCTALT. GCCTCRG. TTGCTAAACCCCCCCAAAAAAATACTTTACTCTCTCTTICTTCATTTACTTCAATCTAA(L]D

¥ ¥ ¥ ¥ * * x x 0 0
10101>TTICTICTCCTTATCATCCICTIGTICTIGATGTTCARCGATGCCATARRGRAR AR CTGARCARCCCTARRGTACTGTATARATCCTATATCARRTTTTT »10200
1124 »1124

138<TTICTICTCCTTATCATCCICTIGTICTIGATGTICAACGATGCCATARAGAR AR RCTGARCARCCCTAARGTACTGTATARATCCTATATCARATTITTT <40

" " x x X X x x X X
10201>ITITTGEANCAARRGECTATATTTARAACARRATCARGCARAAGTAGATCCTCEEAACCCAGCTTTot byt acaaagtgut tYatagettggcycgccte>10300

1124 >1124
ss<tlirrrecancanancecTaTaTTTARRRGAR A N I - I - <1
x x x P . . x x x x
10301> >10400
1124 »1124

Fig. 48. Alignment results between the pMT589::pERF114 expected sequence and the sequencing result
of the DNA fragment amplified with the 1769 and 1770 primer pair.
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P2 caaacaacaaacaacattacaatttactattetagtegal E
1174 =
3
1101>GCATGTCCATGICGICCTCCTCAGCTCCAGCTTTTCCACCGGA-CCACTTCTCA! \CCAGCTCTGT TACGTCCATTGCAGCTTCTGCGACACTG>1199
T~ ~<1174
4> T CGTCCTCCTCAGCTCCAGCTTTT BCCACTTCTCATCT! TCTGTTACGTCCATTGCAGCTTCTGCGACACTG>93

1200>TCCTTGCTGTAARTTT TGGATTATTCTTATATCTCATCTCAATATTTCAAATTTATAACTCTAGCTAGGGTTTCACATGAATTACTAGTTAAT TAATGTG> 1299
1174 74

1
94>TCCTTGCTGTARATTTTGGATTATTCTTAT CATCTCAATATTTCARATTTATAACTCTAGCTAGGGTT TCACATGAAT TACTAGT TART TARTGTG> 193

1300>PEATAT" CIC AAGACGGTGAC GGCCACTGTTCGARCCTTTTGT CGETGACCGTGAGE > 1399
1174<~ ~<1174
134> TGATATTAATTGGCAGGTGAGTGTTCCTCCGAGTAGT TTGT TCAAGACGGT GACGETCAGATGCGGCCACTGT TCGARCCTTTTGT CGGTGACCGTGAGC>293

1400>ATGAGAGCTCTTCTTCTTCCATCCGTTTCCARCCTTGGCCATTCCTTTTTACCTCCCCCTCCTCCTCCTCCTCCTCCARATC ATCGETTTC>1499
1174
294>ATGAGAGCTCTTCTTCTTCCATCCGTTTCCARCCTTGGCCATTCCTTTTTACCTCCCCCTCCTCCTCCTCCTCCTCCARATCTTTTGGTACATCGGTTTC>393
1500>ATTCATCGARACA; AAAAA C AAC TCARTCCARA>1599
1174<~~ ~~<1174
3%4>ATTCATCGARACARRT TAGGGTTCTTTC TGTGARACTCAATCCARA>A93
* * * B * - * - + *

1600 >AATGTTTAAT" TAAC TT C TIGG>1699
1174 e e e 1174
494 >AATGTTTAATTTTGTTAGCATCCCGGGATAGATC TAAGTAGTTTGGCAATGGCTAGTTAACTAGGGTTT CTTTCGAAAACATCATATCAAAGTAGTTTGG>593
1700 TT. TTTTT C TGCTGATT \GGGC! TGAACATGAT>17%%

e e A - i - EA£ i e SEe—ewTn
594>TT‘TGATTAGTGTTTTAAGTTTTTTTIGCCMTTAGTTTGCTGATTTCATTTATT GGAGG! TGCGAAG! GAATAT TGAACATGAT>692
* + + + + + N + + +
18005 TTCAC TGGTTATGGCGACT GATCATC: 1899

FER 7R — S P~ e 1174
693 >GATGAGCCATCACGCTTCAGCTCACCACCCGARCGAGCATT TGGTTAT GGCGACT CGCAACGGAAGATCAGTGGAT CATCTACAAGAGAT GCCTCGGCCA> 792

1900 >CCACCAGCCAATAGACGTAACCTTCCATCTTCTACTCTTTATTTCARCATCT TCATATATATATAT AACCCTAATTCAC] T>1999

e

o e 11T

793>CCACCAGCCAATAGACGTAACCT TCCATCTTCTACTCTTTATTTCAACATCTTCATATATAT ATATATAAGAAAACARAAACCCTAATTCACARAACCTT>892

* + N + * * N + + +
2000>ATCCATTCATTTCTTCAACCTTTTATATATACAC CTCGTTTGTTTATAATGAATTTATAAGTTTTGATTTCAT TTTTGTTCCCTCGGTAT »20% %
7 - o - e 1174
893>ATCCATTCATTTCTECAACCTTTTATATATACACTCCAAAGAATCTCGTTTGTTTATAATGAATT TATAAGT TTTGATTTCAT TTTTGTTCCCTCGGTAT> 992
2100>GIGACT TCTCGCATGCACTTTTTTTTTGGT 1 AC] [1AATAAGIGATGTGI TTATCCCCCGGARATCTAGCTARA> 2159
1173¢~ GTTTATCCCCCGGARATCTAGCTAAB1149
993>GTGACTTCTCGCATGCACTTTTTTTTT GGTCAGH T | TTAATAAGT GATGTGT TTATCCCCCG! TCTAGCTARA>1091
2200 >CCTATAGATGCCAACTGATATAGTTTTGGGGGTAGATCET TARTGATGAAGTGATGATGATARCGAGCARAG! 2299
1148<CCTATAGATGCCAACTGATATAGT TTT GGGGGTAGATCGTAAGAAAGA TAATGAT GAAGTGATGATGAT ABCGAGCARAGTGAGAGGGAG. 1050

1092>CCTATAGATGCCAACTGATATAGT TTTGGGGGTAGAT CGTAAGARAGA ~

N + ‘ * * + + N * +

2300>AGAAAGGAGGAAGAGTCGARGAGTGATTGTTTTTTTITTTTTAATTGTT TTTTTTTGETGAATTITTAGATTTT TTGGGGAGGCACAATARAAACCAATA > 2 399
1049<AGAAAGGAGGAAGAGTCGAAGAGTGAT TGTTTTTTTTTTTTTAATTGT T TTT T TTTGGTGAAT TTTTAGATTTTTTGGGGAGGCACAATAAAAACCAATACIS0

11 >1139
2400>BTCTTTTTIT ITGATTTGGAAT TARRATTGAATATGT TCTGTTTGTTTGTTTGT CAGAGAAGCGAC] 2499
49<ATGTTTTTTTTAACAARAGGGTTTGAT T TGGAATTAAAATTGAATATGT TCTGTTTGTTTGTTTGTGGAANAGCAGCCCCAGAGAAGCGACARAGAGTACSS 50
11395~ 139

2500>CATCTGCATACARCCGATTCATCAAGTAATAAGT TTATTCCTTTGCTTAAAAT GGCATAATTAAATTTCCCTAATTAACCATTTTACTCATATAATTAAG > 2 599
849<CATCTGCATACAACCGATTCATCAAGTAATAAGTTTATTCCTTTGCTTAAAAT GGCATAATTAAATTTCCCTAATTAACCATTT TACTCATATAATTAAGS ] 50
11

>1139
2600>GETCEAT TTGATTTCATTATATGATA 1 CAAC (GGCARCCCTGATATE »2 699
149<GETCGATAGATGTGACAGATTTGAT TTCATTATATGATATAAAAATARAAAT G TTGACAGAGAGGAGATCCAAC GTATAAAGGCAGGCAACCCTGATATC <650
1139>~ ~>1139
27100>AGCCACAGAGAAGCCTTCAGTGCTGCT! GTACCATTTCTTTTTTTAATA TAATTTTCTATATTGCATTATATCCATAATCATAC>? 799
649<AGCCACAGAGAAGCCTTCAGTGCTGCT CGTACCATTTCTTT 'ATAAAACTAATTTTCTATATTGCATTATATCCATAATCATAC<550
11395~ >1139
2800>AATCICATTTTAGI CTTTATGAATTGAACCTAGCTAGATTATTGTGGAGCTACAT TGATACT CACATTGCT TTARAT TARAARCATARAACARAATAGTT >2 399
549<AATCTCATTTTAGTCTTTATGAAT T GAACCTAGCTAGATTATTGTGGAGCTACATTGATACTCACATTGCTTTAAAT TARAAACATAAAACAAAATAGTT<4 50
1139~ ~>1139
2%00>ACCCTAATAATCCATAATTCATAAGCTTTATCCAGC! 'AGGACTAGCC! “AGTAAAGTTCCCTAGCAGA >2 %4 %
449<ACCGTAATAATCCATAATTCATAAGCTTTATCCAGCATACATTAGCTAGGACTAGCCT TAGGAT CTA TCTAGGGTTTCAGTAAAGTTC(
1139, >1139
* N x . * . - B N x
3000 TC TET C 3099
349<TATTTTAGTCTGGCTTTGTATTCGTATATT TTTGACCAAGT 'ATGTTATGTATAAGATAAATACACATTAATGTTAAAAGAGCTAAGTATATGATGT <250
3 G e R R L R A A s e s 51139

* * * * * * x * * *
3100>AATATGTAT GAMACAGTGEGCTCATTTCCCTCACATACACT TTGGACTCAT GGCTGACCATCCTCCCACGAAGAAGGCTAACGTGCGCCARCAGGTTACT >31 56

249<ARTATGTATGARACAGTGGGCTCATTTCCCBCACATACACTTTGGACTCAT GGCTGAC CATCCTCCCACGAAGRAGGCT ARCGTGCGCCAACAGGTTACT <150
1139, >1139

* * + B * * * * * +
3200>TACTACTACTACA:

1139, >1139

Fig. 49. Alignment results between the pB2GW?7::YAB3 expected sequence and the sequencing result of
the DNA fragment amplified with the 1767, 1768 and 1777 primers.
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TACTTCTT>1700

- <928

Ten CrTCTT>60
001 s v T TAACTTCGTTTATTTTACATTAT>3100
. B . . . . . . . . - e
17015 I LTAMTTGE>16800 356>ACTTTGCGTCCTT TARAGAAARG AR RAAACAAAACAT T TT CATCCART TGART ATTAG G " 155
8< 11515 >1151

e

28

ITrEG>1900
~<s28

18150 TrrTrT

TTAGT GATTACT TITTTC>280

TAGITTTA>2000
= <a28

<
CTGARCGAGTTGEATTCACTGCGAGTGTATATGTGCATATAGARACAARATAS 555

CACACATTCAAGTTCAAGITCTGCTGE> 3300
CAACACACATTCAAGTTCAAGTTCTGCTGO<BO8

TTCAAGTTCTGETCC 655

3201 >TCTAGCTATATGACCACTTTT,
027<

5565TCTAGCTATATGACCACTTTT?
1151

1151
TCOGARGTTGAGTAGGAT < cr CAATTAGTTTTA>380
. . . . . . . . . . 0T T O A AR A A A CA AR O TA T T T T AT AT TG T CTCTCT T AT CTCATGCATA AG A TATT T AT TG T TCCCTCT T TATTTCATG
20024 7 AT TTTAGGTCTATGAAAACAACACCAACCTTAT T CATATHCTTCTCTCTTT AT CTCATGCATA AGTATAT T TTCATATTGITCCCTC T T TATTTCATC.
R o 656> TTTTAGE TATIGITCT T G 65755
o o 1 1181
381>C0T CACAGTCTC GATCCACATCGGT CARTACTTGGCCCGCCORTCERTG>4B0
. . . . . . . . N . 3401>CTTTTAGTIGATATTTI T TG T TATIGTAT TATCAT TAGT GCGACGACACAAAGTCACAAACCAT GT AMCAARATGCTTAACCAAAATAGARRACCTTA 3500
10 798 CTTTTAG ATTATCATTAGTGCGACGACACARAGTCACAARCCATGTAACARAATGCTTARCCARARTAGARAACCTTAS 10
o s 756>CTTTTAGTTGATATTTTTT TG T TATTGTATTATCATTAGTGCGACGACACARACTCA TGTAAC SCrT TG TTA>855
o 36 151> S1151
481> COCARACATATCGAGATCARTGOCTAGAAG: CAT TTAGGGATART ATCCCACATCGGARGTTGARTRAGATCTTARGTGGT> 580
. . . . . . . . . 3501 >ACAAT TC CAATATAT T TCTGTTAT TGCATTATCAAT TATCATCRRRT T T TTCCACTGTT GCAT TATCAT CRTTGCACGACACARGGTCRCRRACCA> 3600
2201 300 699 <ACAATTCCRATATATTTTCTGTTATTGCATTATCART TRTCATCRARTTTT T TICCACTGTT GCRT TATCAT CRTTGCGACGACACARGG TCRCARACCAS 600
[ T T T Tsvev 11 56>ACAAT TCCAATATATTTTCTG TTAT TGCATTATCAR T TATCAT CRRATTTTTTTCCRCTGTTGCAT TATC, CA>955
¢ 11515 151
581 T T6GTTTTAGE: @
. . . . . . . . . . ATTCAAATAR> 3700
2301 e CRACTTTARCAT GIGRAT TAATATTATC ATTCAARTAA<500
9z0< CATGTGANT TARTAT TATGTTANTTTTTGGRT CaT
¢ 151
Et 180
: * * + : - + : * . 3701>ACTCCTART TANACCCTATAGATATGG! (CGTACGACACTTATTAGCCAAAT TGARGT TCCGCAARTATAT> 3800
2401 rGTCCCACATCE 1 ITCCATCTATTC = 00 429 ACTCCTANT TAMACCCTATAGATATGG T TANTCTTCTATNCATGTGTCACGT ACGRCACT IATTAGCCAANT TGANGI TTTGTI T TICCGCRANTATAT 400
20w w2 S T 22 e <920 IGANGTTT 155
¢ us1 151
781
. . . . . . . Ancece: GG\ AANARARAGT T AGCATGT T TGTC
2501>ACACTCTARTARACT r IATTTGCITGAAGITC e ATCATA>2600 TGGTAARARAJAARAAARGTTAGCATT TTGTC!
e E 528 . - -
ss>acacTC e T
N . . . . . . o0
2601>TICTATGICTAC] 161G crm TRRATTTCACTATGACC>2700 3000
28 <s2n
2 5
as1>T
2701>TAGTART
az6<

56>TAGTARTTAT AnG GTATTATGGAATT GTARRAATAATGATGACS1 55
1081>TAGTAN ARG GTATTATGGAATT: o115

CRTGGARTTE

11515 1181

CAGCTTATCTCTACHS oy

11015 o TG TTTAGGTACAGTGTCTCTTCATAT T TACATARATAGATATCTCTC!
CAGCTTATCTCTACAATG CGCCARTTTGTTTAGGTACAGTGTCTCTTICATATTTACATARATAGATATCTCTCTC

q

c TCT>4200
=

TCTTCATCACATG:
TCTTCATCACATG!

151>

ST

Fig. 50. Alignment results between the pBGWFS7::.pYAB3 expected sequence and the sequencing result
of the DNA fragment amplified with the 1771, 1772 and 1779 primers.
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* * * * * * * * * *
€896>) atccgaattcggtaccatgccctcagcaagatcaagtgcacgttcgatctcgacgtegecacgcga>6995
9500> atccgaattchtaccATGCCCTCAGCAAGATCAAGTGCACGTTCGATCTCGACGTCGCCACGCGA)9599

* * * * * * * * * *

6996>aatcccactggacggacagegttecttgaatataatcttgatcgatgcggcegcecggcaatggcagegetcttcgaggcecgecggagacggcggecategtg>7095
9600>AATCCCACTGGACGGACAGCGTTCTTGAATATAATCTTGATCGATGCGGCCGCCGGCAATGGCGGCGCTCTTCGAGGCCGCGGAGACGGCGGCCATCGTG»9699

9700>GCTGCGCTGACGCGCGTCATTGCCGACGGCGEGGCGTGGAGGCGGCGGCEGGCGTCTGCGTGCCGCCGCCCGCGCCGTCGTTGGTCGTGCCGCCGCGGGCGG>9799

* * * * * * * * * *

Tl19é>gaacaggcggcgggcggcgcgtegacgttgcgcgggaggaggagatagteggcgtegtetecgatacctetgtttgttagctecatectagtactgctcgac>7295
9800>GAACAGGCGGCGGGCGGCGCGTCGACGTTGCGCGGGAGGAGGAGATGGTCGGCGTCGTCTCCGGTACCTCTGTTTGTTGCTCCATCCTGTGCTGCTCGAC>9899

* * * * * * * * * *
7296>ccgcggaacggatgatgatgatgtgtgtttatgttgtgttgtgtactgegatgtttaatttacagegggagatcacgccgacggggcaaacgtggecgag>7395

9900>CCGCGGAACGGATGATGATGATGTGTGTTTATGTTGTGTTGTGTACTGCGATGTT TAATTTACAGCGGGAGATCacgccggcggggcaaacgtggecgag>9999

* * * * * * * * * *
R R Y R GV RRURUPWG KWAU AZETIRD
CGCaggTACCgcGGGItgAGGEggCGAccyTEGggcAAGEggGCGgcgGAGatcAGGgact
73%96>gcggcqgcggcggatagtgatagcggecgccggcgacagecgegcaggtacegegggatgaggcagcgacegtggggcaagtgggcggcggagatcagggacc>7495

10000>gecggcggeggeggtggtggtggeggegeeggegacagegegecaggtacegeggggtgaggeggegacegtggggecaagtgggeggeggagatcagggacce>10099

* * * * * * * * * *

P R K A ARVWUL G TFRTAZEUDA AA AR AYD- ARAARARATLUI RYZ FZRUGIZ RIRERA
CGaggAAGgcgGCGegeGTCtggCTGggeACCtteCGCaccGCCgagGACgegGCGegeGCCtacGACgeceGCCgegCTAcgeTTCcgeGGGegeCGCge
749&>cgaggaaggcggcgcgcgtetagetgggcacctteccgcaccgecgaggacgeggcgecgegecctacgacgcegecgegectacgettecgegggegeegege>7595
10100>cgaggaaggcggcgegcgtetggetgggecaccttecgecaccgecgaggacgecggegegecgectacgacgecegeecgegetacgetteccgegggegeegege»>10199

K L N F P EEVYV S RPW Q GHDVDHMSTCS PP S I S NA ATZERTFTL
cAAGCtCcAACttcCCCgagGRGYtgTCCCegeCCGtggCAGYgtCACatGTCgatCACatgTCCtgeTCGCegCCGtegATCLeqRACGCECGCLLECTG
7596>caagctcaacttccccgaggaggtgtcccgccegtggcagagtcacgatgtcgatcacatgtcctgctcgcecqgccgtcgatctecgaacqecteqotttectg>7695
10200>caagctcaacttceccecgaggaggtgtceccgecegtggcagggtcacgaTGTCGATCACATGTCCTGCTCGCCGCCGTCGATCTCGARCGCTCGCTTTCTG>10299

* * * * * * * * * *
G S W T F G P P Q P
ggtTCGtggACCttcGGAccgCCGecagClCt

Te9e>ggttcgtggaccttcagacegecgcagecgccatecgegatecategeggeggecggegacgactetgcttggtgggagecatggaggcaacggagecagaga>7795
10300>GGTTCGTGGACCTTCGGACCGCCGCAGCCGCCATCGCGGTCCGTCGCGGCGGCGGCGACGACTCTGCTTGGTGGGAGCCATGGAGGCARCGGAGCAGAGA>10399

* * * * * * * * * *

T796>acgggagggaatagcagcgcgadgacaaaaagggctggagagataggaategtegteecggatactectagtccacagaacttgagtcgacccatggaaget>7895
10400>ACGGGAGGGAATAGCGCGCGAGACARRAARGGGCTGGAGAGATGGGAATCGTCGTCCCGGGTACTCCTAGTCCACAGAACTTGAgEEgacccatggaagect>10499

* * * * * * * * * *

7896>tctagactagtgagctcgaatttccce >7995
10500>tctagactagtgagctcgaatttcccc >10599

Fig. 51. Alignment results between the pBY02::ERF98 expected sequence and the sequencing result of

the DNA fragment amplified with the 29 and 30 primer pair.
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- B . + N . + * . +
3501 >TAGARGCTTCCATGEE TGGAGCAGCGARAATECTCTACAGCTCATTCACGTCET CETCGICTCCGECGECGECCEACELGTCGECGCTCTTCTTG»3600
12125<tagaagettecatqggEegacT GGAGCAGCGARRATGCTCTACAGETCATTCACGTCGT CaTCGTCTCCGEC6ECGECCEACECETCEECGCTCTTCTTG 12026

B N N N . . N N N N
3601>TAGACCTGCTTGAT GATCEGECCGCACACCTGCTCCACCTCCTTCAGCTTCTCCTCOTAGT CCTCCTTCT CCGCCGTCCETGEGCCGCCGTCATTRTCCT>3700
12024 <TAGACCIGCTTGATGATCGGgcegeacacctgctocacateottcagattotoctegtagtectecttotcogecgtacgtycgecgeegtogttgtect <1156

3701>CCAGCCACTCCAGAGCCTCCGTCAGGGCGGACT CCATCCTCT CCCTGTCGTCGTCGCCGAT CTTGCCGGCCATGCCGCCGTCCCGCACGGCGCTCCGCAT>3800
11525 <ccagecactecagagectecgteagggeggact coat oot ot coctgtegtogtegecgat ot tgocggecatgeegecgtoccgeacggegetecgeat « 1 Li 26

3801 >GCGGETACACGTAGT TCTCEAGGCEET TGCECECET CEACGCECT CCCEEACGCEECEET CCTCCTCCECEAACT CCTCGECCTCGCGCACCAT CCGETCG>3900
11525 <3099t acacqtagt EotogagaeagtEaegeqogteTacgegoTaeeagacIeqqegat e TCCTCCROOARCTCCTOORCCTOGCRCACCATCEGTO < 1 1722

* * * * * . * * * *
3901 >ATCTCCTCCTGGCTGAGCCGECCCTTGTCETTGETGATGATGATCGACTTGEACCGECCCGCCGCCT TETCCGACGCCGTCACGTGEAGGATGCCGTTCT>4000
11725 <ATCTCCTCCTEECT GAGCCGECCCTTRTCETTGETGATGGTGAT CGACTTGGACCECCCCGECGOCTTETCCGACGCOATCACGTGEAGEATGCCGTTCT 1 L6 2h

N » . + N . + » . .
4001 >CGTCEACCTCGARCGTCACCTCRATCTGCGGCACGCCGCGCEECGCCGGCGCART CCCGEACAGETCGAACCGCCCCAGCTCGCGGCAGTCCTTCGTCAR>4100
11425 <CETICGACCTCGAACGTCACCTCGATCTGCGGCACGCCGCGCGECGCCGECGCARTCCCGGACAGGTCGAACCGCCCCAGCTCGCGGCAGTCCTTCGTCAAS 11526

* * * * N * * * * *
4101>GCTCCGCTCGCCCTCGARARCCTGAARRAGAART TCAGAGCTTCGTCAGTCTCARGAACT GARGARTCART GTTATCAGGT CARTGCACGAGCT GARATG >42 00
11525<GCTCCGCTCGCCCTCGARRACCT GAAAARGAAAT TCAGAGCT TCGTCAGTCTCAAGAACT GAAGARTCARTGT TATCAGGT CAATGCACGAGCTGAARTG 11426

* * + % . % * * + *

4201>TGCTTACCTTGATCGAGACCGTGGTCTGETGATCCT CGTAGGTCGTGAAGACCTGCGACTTCTT CACCGGGATCCTCGT T TCCOGGGGATCAGCTTGGT>4300
114254 <11326

4301>CATCACGCCGCCGECEGTCTCGATCCCGAGCETCAATCGCGT CACGT CGAGCAGCAAGAT GT CT GOTCACCAAGAACAGCAAT GTGTGAGGAGGACTCAT>4400
11325 CATCAC GE B oC6aC GG TC T CATCCCEACE CTC AR TCGEETCAC ST CCACCAGCARGATCTC TG TCACCRACAACAGCANTCTCTGAGSAGEACTCAT < 11226

* * * * * * * * * *
4401>GECGTGACCAGCCEANCACGC TGETART TCARACGCAT T TGCETTACCT TTGEICTCEECECCGCCCTCGECGCTGATGAT GCTGCCCTEEACGECEGCE>4500

11725« GGCGTGACCAGCCGARCACGC TGRTARTTCARACGCATTTGCGTTACCT TTGGTCTCEGCG0CGCCCTCGOCGCTGATGATGCTGCCCTEEACEECGGCG< 11126

* * + * . + * * + *

4501 >CCATAGGCGACAGCCTCETCAGEETTGATCCCCTTGETTGGCTCCTTGCCGTCEAACATCTCCT TGAGEAGCTCCTGCACCTTEEGEATCCTGETGCTGE »4600
11125<CCATAGGCGACAGCCTCGT CGEGGTTGATCCCCTTGETTGECTCCTTGCCGTCGARCATCTCCTTGAGGAGCTCCTGCACCTTGGGGATCCTGETGCTGC 11026

B . + N . B B . + .
4601>CGCCGACGAGGACGATCTCGTCGATGTCGGACTTCTTGAGCT TGECGTCGOCaATGGCCTICCOGACAGGTCCCAGCGTCTTCTTGAACAGETCCATGTT 4700
11025<CE0CGACGAGGACGATCTCGT CGATGTCGGACTTCTTGAGCTTGECGICEGCEATGGCCTICCOGACAGGTCCCAGCGICTICTIGAACAGGTCCATGTT <1052

4701>GAGCTCCTCGARCTTGGCCCT CGTCAGCGTCT CUGAGAAGTCGACGC CGACGARCAGCGCCT CGATCTCGACGCGGACCTGGT GCTGTCTGCTGAGCGCG>4800
10925<] 10826

B + * * * B * + * *
4801>CGCTTGECGCECTCRCACTCGCGECGEAGCTTECCGAGCGCGCGECCGTCECCGCCGATGTCCCTGCCGTRCTGCCGCTTGACGAGGCGEATGAAGTGET>4900
10425<CBCTTGGCRCECTCRCACTCGegu cagagettaoegagegcdodascgtegscacegatatocstaccatactaceactisacaaggcagatgaagtagt<10720

* * * * * * * * * *

4901 >CCATGACGCGECGETCGARGTCCTCGCCGCCGAGETGCGTGTCACCGCTGETGECEAGCACCTCEAACACGCCETGETCEAGECTCAGCACGCTCACGTC>5000
10725<Cceatgacgeggeggtegaagtoct cgcegecgaggtyeytytegeegetygTGECEAGCACCTCRRACACGCCGTGOTCGRGGCTCAGCACGCTCACGTCS 10626

* * - . * * * * - .
5001>GAACGTCCCGECGCCGAGGTCETACACCAGCACGTTCGT CATCTCCCCCGCCCCCTTECTGCCGAGCCEGTACGCGATCGCCGECGCCGTCGECTCGTTG>5100
10225 GAACGTCCC G CGCCGAGGTCOTACACCAGCACGTTCETCATCTCCCCCGCECECTTCCTGICGAGE CCGTACGCGATCRCCGECGCCGTCORCTCRTTGS 10528

51015ATGATCCGECGECACGTICAGCCCEGCGATCEIGCCEECETCCTTGEICECCTGLCTCTGCGCGICGT TGRAGIACGCTGCARRTCARGCAGAGCACACTT>5200
10525+ ATGATCCGCGGCACGTTCAGCCCEGCEATCGTGCCEECETCCT TGRTCECCTGCCTCTGCACGTCET TGAAGTACGCTGCARAT CAAGCAGAGCACACTT< 10426

. + B “ . . . + . .
5201>AGCATAAGT CGTCGTCGTCGTCAACC TCTGGAGCGECGGCCAGAAGCTTTCGCATTACARACCAGGCACGETGACGACGECETCGETGACGCGCTGGCCG>5300
10425<AGCATAAGTCGTCGTCGTCGTCARCCTCTGEAGCGECGGCCAGAR GCTTTCGCAT TACARACCAGGCACGETGACGACGGCOTCEGTGACGCGCTEE0CE. 10326

. + » « . . . + » «
5301>AGGETAGEACTCGGCTETCTCCT TCAT CTTGGCGAGEATCAT GECGCTGATCTCCTCGGEGCTEAACACCTTCACCTCGCCGECCTTGACCCGCACCTCER> 54 00
10325 <AGGTAGGACTCGGCTGTCTCCTTCAT CTTGECGAGGATCATGGCGCTGATCTCCTCGGGGCTGAACACCTT CACCTCGCCGGCCTTGACCCGCACCTCGA 1022
. N . . . B . N . .
5401>COTACGOCT TCCCGCCCTTGTCCACCACCTTOTACGGEAGATACT TCACGT CTCGC TGCACCTCCTCGTCTCGRAACCTGCCGGCGACAGGCCGGARRARS 5500
10225 <CETACEECTTCCCGCCCTIGTCCACCACCT TG TACGEGAGATACT TCACGT CTCEC IGCACCTCCTCETCETCGAACCTGCCGECGACAGECCEGARRRAS L0 126

550 1>TCCACCCAAAT CAATCAATCAACCACGGCTAGCTTCTCCATTTGCATCGAGAGAGC TCAGGAAGAAGAAGAARACCTAGTGAGGAACATTTACCTACGGC>5600
10125 T CCA O AAR T CANTCRTCARCCAC GGCTAGC T T TCCRT T GCATCEAGAGAGE TCAGGAAGANGAN GAARAGCTAGTGAGAACRTFTACCTACGEE- 1007 &

B . . + . . N . . +
5601 >CGATGAGGCGCTTGATGTCGAAGATGGTGCGGT CCGEGT TGAGCGLCGCCTGGTTCT TGGCGGCCTCGCCGACGAGGCGCTCGTCGTCGETGAACGCCAC>5700
10025 <CEATGAGGCGCTTGATGTCGARGATGETGCGGT CCGGGTTGAGCGCCGCCTGGTTCTTGEC6GCCTCROCGACGAGGOGCTCGTCGTCGETGARCGCCAC 4426

* * * * * ® * * * *
5701 >CCACGACGGCGTGATCCGGTTGCCCTGGT CGTT GGCGACGAT GTCCACGTGGCCGTT CCGGTACACCCCCACGCACGAGTAGETCGTCCCGAGGTCGATG»5600
9925¢] <9826

* * . N N . * * . N
5801 >CCGATCACCGGCCCTTTCGTCTTCCICCCTCCCTTCGCCCCATCTGCAACT CCGCACAAACACCCTACAGGAACCAARMAANARANGAAGT ARRRAACCG>5900
9525 <CCEATCACOGECCC T TCaT T CoTCCCTCCC T TCECCCCATC IGCAACTCCGCACAAACACCCTACAGGARC CARAARARARAAGRAGTARARAACCG < § 720

5901 >AICAANT TTGAGCACAT TGCARATTT TCAAAACARATCAAAC CAMGCATCAT TCCATGETCCITACCTCAACAGACCACTACGAACGCTGCCACCATITAA> 6000
5725 < RTCARNT T TGRGCACAT TGCARAT T T TGAAAACAAATCARACCAAGCATCAT TCCA TGS TG CTTACCTGAAC AGRGGAGTACGARCSCTGOGRCGATTAR < 52

- B » + N - + B » +
6001 >AGCAGATTGCTTAT CTCTCGCCATGTTTCTTGCT ACTTGTCT T C TTCGGATCTGCAAGA>6100
9625 <AGCAGATTGCTTATCTCTCGCCATGT TTCTTGC TCTGCTCATGCAACACTTGTCTCTACGATGTGCGATTTGGTGAggtackaat t cgya ¢ < 952 6

6101>AATAATCAC;AARC}\GATA:}GGTAAGAAC:‘AGCACAAGA;‘TMGGACAC;ACAACGGAT;AAACAGCAA}:CATATTCCA;CAGAACATA;ATGTATTCH;)G200

*- . ‘aataatcaccaaacagatagggtaagaactagcacaagattaaggacacaacaacggatcaaacagcaaacatattccaacagaacatacatgtatteaa 4o
Fig. 52. Alignment results between the pBY02::BIP2 expected sequence and the sequencing result of the
DNA fragment amplified with the 31 and 32 primer pair.
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* * *
1340 ~mmmmmm e e ATAANNCCTNNNNNNNTTTNNNGTT 1316

1401 aaccctgtggttggcatgcacatacaaatggacgaacggataaaccttttcacgecccttttaaatatccgattattctaataaacgectettttetettag 1500
* * * * * * * * * *

* * * * * * * * * *
1315 TCCCCCNNAATATTCCTCTCCCANCCTNAAATTTTTAAAATTAAGGGGGGGGACCCCCAATTTTTTCCAARARAACCGGGTTCCGAATTTTGGAGTCRARAA 1216

1501 gtttacccgcecaatatatcctgtcaaacactgatagtttaaagctagagacggggatc)
* * * * *

ccgaattatggagtcaa 1600
* *

* * * * * * * * * *
1215 GTTTCARATGGGGGCCCTACCAGACTTCCCCGTAAAGACTGGCGAACCAGTTCATACAGATTTTCTTACGACTCAATGACAAGAAGAARATCTTCGTCAA 1116

BT e e et el

1601 aqattcaaataqaggacctaacagaacr_cgccgtaaagactggcgaacagttcatacagagtctcttacgactcaatqacaagaagaaaatctthtcaa 1700
*

* * * * * * * * * *
1115 CCATGGTGGAGCCCGACACCCTTGTCTACTCCAAAAATATCAAAGATCCAGTCTCAGAAGACCAAAGGGCAATTGAGACTTTTCAACAAAGGGTAATATC 1016

RN (RN IR RN RN RN RN IR R RN RN RN RN NN AN A RN R NN NN RN AN RRN NN

1701 c-atggtggagcacgacacacttgtctactccaaaaatatcaaagatacagtctcagaagaccaaagggcaat S oNEIIEEEEEEUUUESEEEEE 179
> * * * * * * * *

* . * * * * * . * .

1015 CGGAAACCTCCTCGGATTCCATTGCCCAGCTATCTGTCACTTTATTGTGAAGATAGTGGAARAGGAAGGTGGCTCCTACAAATGCCATCATTGCGATAAA 916
R N N R T AR ARy

' cggaaacctocteggattccattgoccagotatetgteactttattgtgaagatagtggaaaaggaaggtagetectacaaatgocatcattgegataad - ¢

* * * * * * * * * *

* - * * . * * N x .
915 GGAAAGGCCATCGTTGAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGT 816
N N N T A N AR NN
. ggaaaggccatcgttgaagatgcctetgocgacagtggteccaaagatggacececacccacgaggageategtygaaaaagaagacgttecaaccacgt Lot

* * * * * * * * * *
* * - * * * * * * *
815 CTTCAARAGCAAGTGGATTGATGTGATTGGCAGACATACTGTCCCACAAATGAAGATGGAATCTGTARAAAGAAAACGCGTGAAATAATGCGTCTGACARAG 716
(RN R R R RN R R RN RN NN RN RN A RN RN R AR RN RERREEANARY

2000 I NEEEENEEN t g gcagacatactgteccacaaatgaagatggaatctgtaaaagaaaacgegtgaaataatgegtctgacaaag 2099
* * * * * * * * * *

* * * * * * * * * *
715 GTTAGGTCGGCTGCCTTTAATCAATACCAAAGTGGTCCCTACCACGATGGAARAACTGTGCAGTCGGTTTGGCTTTTTCTGACGAACAAATAAGATTCGT 616
(RN RN NN RN AN R RN RN A RN RN ARNN RN EAY]

2100 gttaggtcggctgcctttaatcaataccaaagtggtccctaccacgatggaaaaactgtgcagtcggtttggetttttctgacgaacaaataagattegt 2199

* * * * * * * * * *

* * * * * * * * * *
615 GGCCGACAGGTGGGGGTCCACCATGTGAAGGCATCTTCAGACTCCAATAATGGAGCAATGACGTAAGGGCTTACGAAATAAGTAAGGGTAGTTTGGGAAA 516

FErrrerrrreeeererreretrrreeertereeer e rere e e e e e
2200 ggccgacaggtgggggtccaccatgtgaaggcatcttcagactccaataatggagcaatgacgtaagggcttacgaaataagtaagggtagtttgggaaa 2299
* * * * * * * * * *

* * * * * * * * * *
515 TGTCCACTCACCCGTCAGTCTATAAATACTTAGCCCCTCCCTCATTGTTAAGGGAGCAARATCTCAGAGAGATAGTCCTAGAGAGAGAAAGAGAGCAAGT 416
FErrer et e rer e err e e e e e e e e e e e

2300 tgEccactcaceegteagtetataaatacttagcccctecctcattgttaagggagcaaaatct: tagtcctagag. aagagagcaagll 2399
* * * * * * * * * *

* * * * * * * * * *
415 AGCCTAGAAGTAGTCAAGGCGGCGAAGTATTCAGGCACGTGGCCAGGAAGAAGARAAGCCAAGACGACGAARACAGGTAAGAGCTARGCATCTAGAAAGT 316
[LLEEE et errrer et err e et reer e e e e e e e e e e e

2400 HECCTEGEEGEagEEaagG cggcyaagtattcaggcacgtggccaggaagaagaaaagccaagacgacgaaaacaggtaagagectaagcatctagaaagt 2499
* * * * * * * * * *

* * * * * * * * * *
315 TGAAAACAATCTTCAAAAGTCCCACATCGCTTAGATAAGARAACGAAGCTGAGTTTATATACAGCTAGAGTCGAAGTAGTGATTGAACARAGTTCACTGC 216
Frrrerrrrrrererrerrreerer e rerrerrerr et e rerr e e e e e e e e e
2500 tgaaaacaatcttcaaaagtcccacatcgcttagataagaaaacgaagetgagtttatatacagctagagtcgaagtagtgattgaacaaagttcalllill 2599
* * * * * * * * * *

* * * * * * * * * *
215 CGTATAGGCAGGCAGTGCAGCTGAGAGAGTAAGTTTARGAGCTATGCTGGAAACAGCATAGCAAGTTTARATAAGGCTAGTCCGTTATCAACTTGAARRRA 116

R N e AR AR ERR NN
2600 [EEEEESES aagtttaagagctatgetggaaacageatagcaagtttaaataaggetagtecgttatcaacttgaaaaa 20ae
*

* * * * * * * * *

* * * * * * * * * *
115 ACCGAGTCGGTGCTTTTTCCATTAATT-NNNNNNNNNNCTCAGCCTTTARACCGCGGT TNTANNNNGT TACGCGTTAAACCAACTAGAAAGT-—- 20

\IIHIIHIIIIII\IIHII!IIIHIIH sae2444 4 |NRNNNNNNNNNNNRANRRNN - N : + + INNNRRNNNNANANNRNRRARRNRNY - - |
gtggeaccgagteggty,

2700 ctttttccattaATTCTAGAATctctcteageCTTTARACCCggttetatctagttacgcgttaaaccaactagaaagttca 2799
* * * * * * * * * *

19 19

2800 EEGCCOEEtaggeag:ctttttttgatatctceggggetaattgad) 2899
* * * *

*
*
*
*
*
*

19 —m -— -— 19

. v agttigtgttittttcttggctgttgtgttatgaatitgtggctttitctaatattaaatgaatgtaagatcteattataatgaataaacaaatgtitd .
*

Fig. 53. Alignment results between the pAG731::PE YABBY7 expected sequence and the sequencing
result of the DNA fragment amplified with the primer 50.
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* * * * * * * * * *
llOl>aataaacttattacTTGATGAATCGGTTGTATGCAGATGGTACTCTTTGTCGCTTCTCTGGGGctgcttttccacaaacaaacaaacagaacatattcaa>l20O

* * * * * * * * * *

* * * * * * * * * *
l401>cgatctacccccaaaactatatcagttggcatctataggtttagctagatttccgggagataaacacatcacttattaattttccttttgttgtecgaaat>1500

212>CGATCTACCCCCAARACTATATCACTTGGCATCTATAGCGTTTAGCTAGAT T TCCCEEGCEATAAACACATCACTTATTAATTTTCCTTTTGTTGTCGARAT>311

* * * * * * * * * *

1501>tgttttctgaccaaaaaaaaagtgcatgcgagaagtcacataccqaqgqgaacaaaaatgaaatcaaaacttataaattcattataaacaaacqgagattct>1600
312>TGTTTTCTGACCAAARAAAAAGTGCATGCGAGAAGTCACATACCGAGGGAACAAAAATGAAATCAAAACTTATAAATTCATTATARACAAACGAGATTCT>411

* * * * * * * * * *

1601>ttggagtgtatatataaaaggttgaagaaatqgaatggataaggttttgtgaattagggtttttattttcttatatatatatatatgaagatgttgaaata>1700
412>TTGGAGTGTATATATAAAAGGT TGAAGAAATGAATGGATARGGTTTTGTGAATTAGGGTTTTTGTTTTCTTATATATATATATATGRAAGATGTTGAAATA>511

* * * * * * * * * *
1701>aagagtagaagatggaagattacGTCTATTGGCTGOTGETCCECEAGEEATCTETTGIAGATEAT CCACTGATCTTCCGTTGCGAGTCGCCATAACCAAR>1800
512>AAGAGTAGAAGATGGAAGGTTACGTCTATTGGCT GGTGGTGGTUCGAGGUAT CT Cn ~nn e mm e v e e e e e e e e e e e e e e >565

* * * * * * % * % *
1801> >1900
L N A i i iii B A e A s e O B e e B >565

Fig. 54. Alignment results between the mt band for the yab3 arabidopsis mutant line with the AtYAB3

sequence.
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	3.6.​Expression pattern of AtYAB3 
	Fig. 25. Histochemical analysis of GUS activity in pistils and anthers of A. thaliana transformed with the pAtYAB3::GUS construct. A-D - GUS activity driven by the YAB3 promoter in reproductive tissues of Arabidopsis: A - whole flower, B - anther, C - stigma. D – Absence of GUS activity in ovules. (pg) - pollen grain; (s) - stigma; (st) - style; (ov) - ovule.      

	3.7.​Phenotypic analysis of the yab3 knock-down mutant 
	3.7.1. Confirmation of the T-DNA insertion 
	Fig. 26. Electrophoretic separation of the genotyping PCR results for yab3 mutant plants. mt: mutant band, amplified using the primers 1803 + LBb3.1; WT: wild type band, amplified using the primers 1803 + 1804. 1-17: tested plants; (+): positive control; (-): negative control; GR: Gene Ruler (molecular size marker – 1Kb Plus DNA Ladder, ThermoScientific). 
	Fig. 27. T-DNA insertion site in the yab3 line, indicated by a blue triangle. Rectangles represent exons, and lines represent the non-coding regions of the gene. 
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	Fig. 28. Relative expression of AtYAB3 in WT and yab3 plants. A non-significant reduction in yab3 expression was observed in this mutant line. Expression levels were normalized to the reference genes AtACT8 and AtRUB1. Each bar represents the mean of three biological replicates. (ns) - non-significant difference according to Sidak test (p≤0.05). 
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	Fig. 29. Aniline blue staining of self-pollinated pistils from WT flowers under control (N) and HS conditions, and quantitative analysis of fertilized ovules (receiving a PT at the micropylar region) and unfertilized ovules (not receiving a PT) under both conditions. A, B, C - control conditions (N); D, E, F - HS conditions. A - Pollen grains deposited on the stigma surface and PT growth through the pistil tissues toward the ovules in control conditions; B - PTs reaching the micropylar region of ovules; C - Detail of an ovule receiving a PT at its micropylar region; D - Pollen grains on the stigma surface and PT growth through the pistil tissues toward the ovules in HS conditions; E - One ovule receiving a PT and two ovules without PT entering through the micropyle (indicated with asterisks); F - Detail of an ovule without PT entering through the micropyle, showing callose accumulation in this region (circled). (PG) - pollen grain; (st) - stigma; (PT) - pollen tube; (ov) - ovule. G - Percentage of fertilized 
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	3.7.3.2. Clearing of siliques 
	Fig. 31. Ethanol-fixed siliques observed under a magnifying glass. A - WT siliques under control (N) conditions. B - WT siliques developed from flowers subjected to HS. C - yab3 siliques under control (N) conditions. D - yab3 siliques developed from flowers subjected to HS. The red asterisks indicate empty spaces, indicating seed formation failure inside these siliques. 
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