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1. INTRODUCTION




INTRODUCTION

1.1  Plant Growth and Development

The plant life cycle comprises two major phases: embryogenesis and post-embryonic growth.
While plant morphology is fundamentally dependent on the tight coordination of asymmetric
cell division, cell expansion, cell fate specification and positional signalling during the post-
embryonic stage; these processes are ultimately the reiteration of the developmental program
defined during embryogenesis (ten Hove et al., 2015).

1.1.1 Embryogenesis and Seed Germination

Plant embryogenesis constitutes the beginning of the diploid phase in higher plants and
includes all processes that take place between the fertilization of the egg cell until the
formation of the mature embryo (Goldberg et al., 1994).

Embryo development is started by a morphogenesis phase, during which the basic body plan
of the plant is defined after coordinated cell divisions and the establishment of an apical-basal
polarity and radial pattern (Figure I-1) (Park and Harada, 2008; Nodine et al., 2011). This is
followed by a maturation phase that involves cell expansion and differentiation processes,
accompanied by the storage of macromolecules and entry into metabolic quiescence. These
last steps are essential to prepare the embryo for desiccation, germination and early seedling
growth (Baud et al., 2002; Park and Harada, 2008).

Cotyledons

SAM

Proembryo Hypophysis
Apical cell Upper tier
Lower tier
Basal cell Protoderm Hypocotyl
E RAM
QcC
Columella

®e6e6 & ©® O

Suspensor

FigureI-1. Schematic simplified overview of early embryogenesis based on Capron efal, 2009 and Llavata Peris
etal, 2010. (1) The zygote is formed after fertilization of the egg cell by one sperm cell. (2) The newly formed
zygote elongates and divides asymmetrically to generate the apical (blue) and basal (green) cells. (3) In the 4-
Cell state, a new division in the basal lineage generates the extra-embryonic suspensor (green), while the
proembryo is generated after division of the apical lineage (blue). (4) Upper (dark blue) and lower tier (purple)
are formed in the octant stage after division of all 4 cells. (5) In the dermatogen, radial patterning takes place
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INTRODUCTION

after a tangential division of each of the eight “octant” cells, resulting in the formation of the inner cells and the
outer epidermis (protoderm) cells. (6) Subsequently, during globular stage, the hypophysis (orange) is generated
after specification of the uppermost cell of the suspensor. (7) The hypophysis undergoes an asymmetric cell
division and gives rise to a lens-shaped cell (yellow), from which the quiescent center (QC) will derive and a
basal cell (orange), from which stem cells and columella cells of the root tip will be generated. (8) During the
heart and torpedo stages, subsequent cell divisions will produce all structures necessary for seedling
development including cotyledons, the shoot apical meristem (SAM), hypocotyl and root apical meristem
(RAM).

There are diverse molecular mechanisms tightly regulating the specification of different cell
identities during embryogenesis, including auxin signalling and transcriptional induction of
the WUSCHEL-RELATED HOMEOBOX (WOX) transcription factors (ten Hove et al.,
2015). Apical and basal axis formation is correlated with the specific expression (in each
daughter cell resulting from the first asymmetric zygotic division) of WOX2 and WOX8
respectively (Breuninger et al., 2008). Apical cell fate is also associated with auxin activity,
transport and the correct establishment of auxin maxima (Park and Harada, 2008).
Consequently, loss of auxin transporters PIN1, PIN3, PIN4 and PIN7 in quadruple
pinl,3,4,7 mutant leads to severe defects in apical-basal organization (Friml et al., 2003; Park
and Harada, 2008).

A coordinated genetic regulation has also been documented during the maturation phase. For
example, starting at the torpedo embryo stage, B3 domain and basic leucine zipper (bZIP)
factors coordinate the expression of genes encoding seed storage proteins (SSPs) (Kroj et al.,
2003). Additionally, the establishment of a quiescent dehydrated state can cause cellular DNA
damage, which is why several proteins, including heat shock and late embryogenesis
abundant (LEA) proteins, are synthesized during the late maturation stage to prevent protein
aggregation (Hoekstra et al., 2001; Hundertmark and Hincha, 2008).

The reduced metabolic state acquired at the end of the maturation phase is called dormancy
and enables the seed to delay germination until favourable environmental conditions.
Dormancy break is mediated by two antagonistic phytohormones: abscisic acid (ABA),
responsible for maintaining the seed in a dormant state, and gibberellins (GA), which promote
seed germination and seedling growth (Li et al., 2019). Moreover, due to the high levels of
DNA double strand breaks (DSBs) accumulated during desiccation, the checkpoint DNA
damage kinase ATAXIA TELANGIECTASIA MUTATED (ATM) was shown to limit and
control germination in aged seeds (Waterworth et al., 2016).

1.1.2 Apical meristems and post-embryonic growth

As previously discussed, the establishment of an apical-basal axis is essential during
embryogenesis and is most prominent by the octant stage (Figure I-1), in which the three
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INTRODUCTION

distinctive domains from which all morphological structures will derive are formed. The top
and bottom halves of the proembryo give rise to the apical and central domains, respectively,
while the uppermost cell of the basal lineage (hypophysis), corresponds to the basal domain.
The apical domain generates the shoot apical meristem (SAM) and most of the cotyledons,
while the hypocotyl, radicle, part of the root apical meristem (RAM) and the rest of the
cotyledons derive from the central domain. Finally, the basal domain produces the quiescent
center (QC) and central root cap initials of the RAM (Parker and Harada, 2008).

Apical meristem formation is particularly important in higher plants because organ
morphogenesis throughout their entire life cycle is dependent on the activity of the RAM, from
which the root system is derived, and the SAM, which produces all above ground organs
(Weigel and Jiirgens, 2002). These meristems are reservoirs of pluripotent stem cells, which
are able to self-maintain and produce all cells required for organ initiation (Mayer, et al.,
1998).

1.1.2.1  Root apical meristem

The RAM sustains root growth and development and is responsible of the root architecture.
A pool of pluripotent cells is localized at the tip of the root meristem surrounding a small group
of undifferentiated cells called the quiescent center (QC). Together they conform the stem cell
niche (SCN) (Figure I-2). Self-maintenance of the stem cells is regulated by signals from the
QC, which acts as an organizing center that inhibits differentiation of the stem cells so that
they remain competent for cell division (Laux, 2003; Scheres, 2007; Perilli et al., 2012). Post-
embryonically, stem cells undergo asymmetric cell divisions which generate self-renewing
cells and daughter cells that go through several rounds of cell division and constitute the
proximal meristem (PM). Subsequently, stem cells exit the cell cycle and differentiate to
acquire tissue-specific traits in the elongation/differentiation zone (EDZ). The transition zone
(TZ) is found in between the PM and the EDZ and defines the boundary between dividing and
expanding cells (Perilli et al., 2012).

RAM organization and specification is highly dynamic and requires a tight regulation during
the transition from a pluripotent to a differentiated state in the stem cells (Drisch and Stahl,
2015). Thus, complex regulatory mechanisms take place in the RAM, including the
transcriptional repression of III HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP III)
transcription factors - master regulators of embryonic apical fate - mediated by transcription
factors of the PLETHORA family (PLT), which are responsible for root pole specification.
Likewise, SAM specification is dependent on the inhibition of PLT factors by HD-ZIP III
(reviewed in Perilli et al., 2012). PLT proteins also enhance the expression of auxin PIN
transporters, which are necessary to establish the apical-basal auxin gradient required for
SCN maintenance and root formation (Blilou et al., 2005; Perilli et al., 2012). Therefore,
while loss of PLT transcription factors leads to severe developmental alterations in the RAM
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such as shorter meristem size and loss of QC specification in pltIplt2 double mutants (Aida et
al., 2004; Drisch and Stahl. 2015), ectopic overexpression results in higher accumulation of
stem cells and abnormal production of ectopic roots from the shoot apex (Galinha et al., 2007;
Drisch and Stahl. 2015).
SRR 1
il l‘ “:1] EDZ
i ]

| PM

ac ] SCN

Root cap

Figure I-2. Schematical representation of the root apical meristem in Arabidopsis thaliana based on Perilli etal,
2012. QC: quiescent center (yellow); SCN: stem cell niche; PM: proximal meristem; TZ: transition zone and
EDZ: elongation/differentiation zone are pointed out. The root cap is represented in darker orange.

SCN maintenance and QC specification is regulated in parallel by the GRAS-transcription
factors SCARECROW (SCR) and SHORTROOT (SHR), whose loss of function mutants
present arrested root development and aberrant QC (reviewed in Drisch and Stahl, 2015).

Additionally, the homeodomain WUS-RELATED HOMEOBOX 5 (WOX5) transcription
factor, whose expression is controlled by SCR transcription factors, is also essential for stem
cell maintenance signalling in the RAM, playing an analogous role as its homolog WUSCHEL
(WUS) in the SAM (Sarkar et al., 2007; Perilli et al., 2012). Furthermore, WOX5 arrests cell
division in the QC by repressing CYCD3;3 expression and is therefore important for
preserving the quiescence of the RAM organizing center (Forzani et al., 2014; Drisch and
Stahl, 2015). Consequently, loss of WOX5 function results in premature differentiation of
stem cells in the proximal meristem (Sarkar et al., 2007).

1.1.2.2  Shoot apical meristem

The SAM provides all cells necessary for the development of above ground tissues such as
leaves, flowers, branches or internodes (Perales and Reddy, 2012). It is a dome shaped
structure which contains a pool of slowly dividing stem cells at the tip that constitute the
central zone (CZ) (Figure I-3). As it happened in the RAM, there is a distinctive domain called
the organizing center (OC) located bellow the CZ, which provides cues for stem cell
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specification and is defined by the expression of the stem cell regulator WUS (Perales and
Redy, 2012; Fuchs and Lohmann, 2020). When stem cells in the CZ undergo cell division,
they are passively pushed laterally towards the peripheral zone (PZ) or basally towards the rib
meristem (RM). Cells in both the PZ and RM divide more rapidly and, after specific spatio-
temporal signals such as auxin (Ma et al., 2019), differentiate into lateral organs and
meristems (e.g., leaves or flowers) at the organ primordia, or become part of the stem and
vascular tissues, respectively (Perales and Redy, 2012; Fuchs and Lohmann, 2020).

Leaves, lateral
meristems and

/ flowers

@ CZ
@ OC

Main stem @ IPZ

and_ @ OPZz
Vascular tissue @ OF
O RM

Figure I-3. Schematical representation of the shoot apical meristem in Arabidopsis thaliana based on Perales
and Reddy, 2012. CZ: Central zone (red); OC: Organizing center (purple); IPZ: Inner peripheral zone (pink);
OPZ: Outer peripheral zone (green); Organ primordia (yellow) and RB: Rib meristem (grey) are indicated.
Organ primordia differentiate into leaves, lateral meristems and flowers, while cells in the rib meristem will
conform the stem and vascular tissue after differentiation. The IPZ can de-differentiate upon downregulation of
CLV3, while the OPZ remains differentiated even when CLV3 is expressed at low levels.

WUS was identified to act in a negative feedback loop with CLAVATA 3 (CLV3). Genetic
studies have shown how specific WUS expression in the OC positively regulates CLV3
expression in overlying cells of the CZ, which subsequently promotes cell differentiation.
Additionally, CLV3 restricts WUS expression and limits it to the OC. Therefore, the
WUS/CLV3 negative feedback loop regulates the size of the SAM by coordinating the balance
between stem cell fate and differentiation (Perales and Reddy, 2012; Fuchs and Lohmann,
2020).

A similar negative feedback regulation takes place during flower formation in the flower
meristem: WUS activates the expression of AGAMOUS (AG), which regulates floral organ
identity and proliferation. In turn, AG represses WUS expression and thus prevent over-
accumulation of floral stem cells (Fuchs and Lohmann, 2020).
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Finally, WUS transcriptional activation is also dependent on cytokinin and auxin signalling,
which antagonistically regulate ARABIDOPSIS RESPONSE REGULATORS (ARRs) 7 and 15
expression. ARR7/ARR15 mediated cytokinin signalling induces WUS levels via CLV-
dependent and CLV-independent feedback loops. Per contra, auxin modulates this response
by inhibiting ARR7 and ARR15 via the transcription factor AUXIN RESPONSE FACTOR
5/MONOPTEROS (MP) (Fuchs and Lohmann, 2020). Additionally, WUS also influences
auxin signalling and response in the SAM to ensure the balance between stem cell fate and
differentiation. Consequently, in c/v3 mutants, where WUS is overexpressed, the increase of
stem cells in the SAM is accompanied by a reduction of auxin levels (Ma et al., 2019).

1.1.3 Vegetative and Reproductive growth

Plant development is defined as the sequential combination of qualitative (germination,
flowering, etc.) and quantitative (number of leaves, number of siliques, etc.) changes in plant
structures. Researchers distinguish two major developmental phases: vegetative and
reproductive (Figure I-4) (Dramberville et al., 2015).

1.1.3.1  Vegetative growth

After germination is completed, plants undergo a series of events where their size, mass and
photosynthetic capacity is rapidly increased. This process is collectively called vegetative
growth and is usually further divided into the juvenile phase, in which true leaves and axillary
buds are formed, and the adult vegetative phase.

The juvenile to adult transition is characterized by a change in growth pattern and body form
and the acquisition of flower competence (Huijser and Schmid, 2011). Representative
phenotypical traits of the juvenile to adult transition in Arabidopsis are the formation of
trichomes on the abaxial side of the leaf blade, an increase in the leaf length/width ratio, a
decrease in cell size and an enhancement in the degree of serration on the leaf margins (Guo
et al., 2017). During the vegetative transformation both juvenile and mature shoots are
produced on the same plant, a phenomenon known as heteroblasty (Huijser and Schmid,
2011).

microRNAs (miRNAs) miR156 and miR159 antagonistically coordinate the timing of the
juvenile to adult transition in Arabidopsis: While miR156 acts as a repressor of several
transcription factors involved in the vegetative phase change such as SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (SPL) proteins; miR159 inhibits miRI156,
predominantly via the R2R3 MYB domain transcription factor MYB33. Hence, miR159
facilitates vegetative phase change by preventing the activation of miR156 by MYB33.
Moreover, miR156 levels are controlled by exogenous cues such as temperature or CO2
concentration (Guo et al., 2017). Recent publications also report the importance of glucose-
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and sucrose-signalling modules in the juvenile to adult transition by decreasing miR156 levels
(Meng et al., 2021).

Additionally, the miRNA miR172 also impacts the juvenile-adult transition in an opposite
way of miR156, with higher levels of miR172 accelerating the production of characteristic
adult stage traits such as the formation of abaxial trichomes (Huijser and Schmid, 2011).

1.1.3.2  Reproductive growth

Once flower competency is acquired, plants undergo another phase transition termed
reproductive phase change which marks the transition from vegetative to reproductive growth
(Huijser and Schmid, 2011). Following the reproductive phase change, the SAM changes its
identity by converting into an inflorescence meristem (IM) and ceasing to produce vegetative
leafy shoots. The IM can remain on an indeterminate state, characterized by the production
of lateral meristems that may convert to floral meristems or self-convert into a floral meristem
(Huijser and Schmid, 2011). A single flower that bears both male (stamen) and female (pistil)
reproductive organs is generated by each floral meristem (Walker et al., 2021).

Timing and transition to flowering is strongly regulated since it has a strong impact on the
plant fitness (Huijser and Schmid, 2011). A complex regulatory network including five major
genetically defined pathways (photoperiod, ambient temperature, age, autonomous and GA-
dependent pathways) has been described to adapt flowering time to different environmental
and endogenous cues in Arabidopsis (Figure I-4) (Yamaguchi et al., 2012).

The photoperiod pathway coordinates the reproductive phase change based on day length,
with longer day conditions accelerating flowering through the induction of the FLOWERING
LOCUS T (FT) protein by circadian clock regulated zinc finger protein CONSTANS (CO)
(Songetal.,2013; Choetal.,2017). FTis produced in the leaf phloem and, after translocation
to the SAM, promotes the meristem identity switch from vegetative into inflorescence by
activating SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) via its
interaction with the bZIP transcription factor FD (Huijser and Schmid, 2011; Cho et al.,
2017). The FT/FD and SOC1 complex subsequently activates floral meristem identity
regulators LEAFY (LFY), APETALA1 (AP1) and FRUITFULL (FULL). These proteins
further activate each other, whereas they negatively impact SOCI expression, thereby
promoting the transformation of the indeterminate IM into a floral meristem. This
phenomenon is restricted to lateral meristems, since specific expression of TERMINAL
FLOWERI in the Arabidopsis inflorescence maintains its indeterminate state (Huijser and
Schmid, 2011). SOCI and LFY expression is also activated by gibberellins (Kim et al., 2009).

Long exposure to cold temperatures, known as vernalization, also promotes flowering in
Arabidopsis by repressing the expression of FLOWERING LOCUS C (FLC). Lack of FLC
function in the SAM enhances the transcription of several transcription factors important for

28



INTRODUCTION

floral transition including FT and SOC1 (Yamaguchi et al., 2012; Cho et al., 2017).
Autonomous pathway genes also modulate FLC repression mostly by RNA
binding/processing or chromatin remodelling, independently of the photoperiod and
vernalization pathways (Kim et al., 2009; Yamaguchi et al., 2012; Cho et al., 2017).

Finally, the aging pathway comprises the biological endogenous processes that influence the
acquisition of floral competency and is strongly regulated by miRNAs miR156 and miR172
(Yamaguchi et al., 2012; Cho et al., 2017). As previously mentioned, miR156 stimulates
juvenile vegetative growth during early development. As the plant matures, it steadily
decreases its levels, which thereby promotes the acquisition of adult leaf traits by allowing the
expression of SPL9 and SPL10 proteins (Huijser and Schmid, 2011). Concomitantly, SPL9
and SPL10 induce miR172 levels, which results in the downregulation of six AP2-like
flowering repressing transcription factors. In addition to SPL9 and SPL10, reduced levels of
miR 156 also release the repression of SPL3, SPL4 and SPL5, which confer floral competency
so that the transition to the reproductive stage can take place (Huijser and Schmid, 2011)
(Figure I-4).

miR156 SPL3
T SPL9 .
T mR156 ~ ———| SPL4
% % SPL10 SpL5
) . AP2-like
e = Adult leaf miR172 fineal
w traits repressors
= O —<¥h>
ﬁ‘ = * Increase in leaf length and
| B2 width ratio , COMPETENCE TO
L m » Trichome production on the FLOWER
> abaxial side
miR172 »  Serration, ...
T Long day
= Autonomous
% 1 pathway 4| @ |7 Vernalization
enes
& [ co J 9 il
W l /@«\— Gibberellins
= // i
Q
=) w —
2 \3‘ T .
[0
o
= | FLOWERING |

Figure I-4. Schematical representation of the juvenile to adult transition during vegetative growth and the
vegetative phase change into reproductive development after acquisition of floral competency based on Kim et
al, 2009 and Huijser and Schmid, 2011 as described in sections 1.1.3.1 and 1.1.3.2. Red and green triangles on
the upper left corner represent the steady decrease and increase of miR156 and miR172 levels respectively
throughout Arabidopsis vegetative growth. SPL: SQUAMOSA PROMOTER BINDING PROTEIN-LIKE;
miRNA: microRNA; AP: APETALA; CO: CONSTANS; FT: FLOWERING LOCUS T; SOC1: SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS 1; FLC: FLOWERING LOCUS C; FUL: FRUITFULL; LFY:
LEAFY.
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1.1.3.3  Flower patterning

Flower patterning follows the ABC model, which states that the combined interaction of the
“A”, “B” and “C” homeotic functions determines the fate of the floral organs (Figure I-5)
(Huijser and Schmid, 2011). In brief, “A” function is coded by APETALAI (API) and
APETALA2 (AP2) genes and specifies sepal identity in the outermost whorl. Combination of
“A” and “B” class protein activity, which is determined by PISTILLATA (PI) and APETALA3
(AP3) generates the petals in the second whorl. Similarly, the overlap of “B” activity and the
“C” class AGAMOUS (AG) protein generates the stamens in the third whorl. Lastly, the
carpels, located in the innermost whorl, are determined by the “C” function provided by AG
(Huijser and Schmid, 2011).

Petals., ~ Carpels  mresm AP1 and AP2

B Pl and AP3
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Figure I-5. Schematic representation of the ABC model based on Huijser and Schmid, 2011 and Irish ef al,
2017. “A” function specified by AP1: APPETALAL and AP2: APPETALA2. “B” function specified by PI:
PISTALLATA and AP3: APPETALAS. “C” function specified by AG: AGAMOUS.

1.1.4 Senescence

Senescence constitutes the final stage of plant development and involves the programmed
disassembly and degeneration of cells, tissues, organs, or whole organisms. It occurs most
distinctively at the leaves, where it is regulated by various endogenous and exogenous factors
including hormonal signalling (Kim et al., 2017; Zhang et al., 2020). While abscisic acid
(ABA), ethylene (ETH), jasmonic acid (JA), salicylic acid (SA) and strigolactones promote
leaf senescence; cytokinins (CK), gibberellic acid (GA) and auxin have an inhibitory function
(Zhang et al., 2020).

The induction of the senescence associated developmental program at the leaf results in leaf
yellowing and remobilization of nutrients to support growth in younger vegetative organs and
reproductive tissues. Furthermore, precocious senescence, which results in reduced seed set,
can take place under unfavourable environmental conditions as a mechanism of evolutional
fitness (Zhang et al., 2020).
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Given it biological relevance, leaf senescence is regulated by multiple and cross-linking
pathways, some of which are linked to stress responses, including oxidative, salt and drought
stress signalling, and involve genes encoding transcription factors of the WRKY, NAC, DREB,
MYB and bZIP family (Kim et al., 2016b; Zhang et al., 2020).
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1.2  Cell proliferation

Plant postembryonic development is sustained by cell division and cell expansion. Therefore,
regulation of cell cycle progression at the molecular level is essential for plant growth and
organogenesis (Li et al., 2005; Shimotohno et al., 2021).

1.2.1 Cell cycle phases

In brief, the cell cycle consists of a synthesis (S) phase where DNA is replicated, and a mitotic
(M) phase followed by cytokinesis, where the genetic material is partitioned between two
daughter cells. Preceding and separating these two processes are two gap phases: G2 (gap
between DNA replication and mitosis) and G1 (gap between mitosis and DNA replication)
(Gutierrez, 2009; Nayeri, 2014). During G1, the number of organelles is increased and the
protein complexes necessary for the activation of DNA replication origins are assembled. In
G2, per contra, genome integrity is monitored, and cells are prepared for mitosis (Echevarria
etal., 2021). Thus, the mitotic cell cycle is a unidirectional sequence of consecutive regulated
events (Figure I-6) (Goldy et al., 2021).

G1: Cell
growth and
duplication of
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S: Genome
replication
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checkpoint

Figure I-6. Schematic representation of the cell cycle progression in plants. G1: gap phase 1; S: synthesis phase:
G2: gap phase 2; M: mitosis phase.
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1.2.2 Regulation of cell cycle progression

Phase transitions during the plant cell cycle are strongly regulated by the activity of conserved
complexes formed by cyclin dependent kinases (CDKs) and their regulatory cyclin (CYC)
subunits (Vieira and de Almeida Engler, 2017; Shimotohno et al., 2021).

CDK-CYC-dependent phosphorylation mediated cell cycle control integrates endogenous
information such as nutrient availability or hormone signalling with biotic and abiotic
environmental conditions and allows the onset of DNA replication and chromosome
segregation during G1/S and G2/M transitions (Noir et al., 2015; Gentric et al., 2021).

CDK:s are Serine/Threonine kinases classified into eight distinctive groups in plants: CDKA-
CDKG and CDC-like kinases (CKL) (Vandepoele et al., 2002; Shimotohno et al., 2021).
Among them, the A and B-type CDKs have been most extensively studied. CDKA transcripts
regulate both G1/S and G2/M transitions, whereas CDKB proteins are mostly involved in the
G2/M checkpoint (Vanderpoele et al., 2002). Additionally, CDKB seem to be plant-specific
and hence coordinate plant-specific developmental processes such as stomata formation and
stem cell niche organization in the SAM (Shimotohno et al., 2021).

Kinase activity of both A and B-type CDKs is controlled by binding to cyclins, and it is
enhanced upon phosphorylation by CDK-activating kinases (CAKs) (Takatsuka et al., 2009).
Similarly, CDK activity can also be modulated upon interaction with CDK inhibitors (CKIs),
which negatively regulate cell cycle progression (Kumar and Larkin, 2017). Two main groups
of CKIs have been identified in plants: Interactor/Inhibitor of cyclin dependent kinase/Kip-
related protein (ICK/KRP) family, which shares similarity to mammalian Cip/Kip family, and
the plant-specific Siamese (SIM) and Siamese-related (SMR) proteins (Shimotohno et al.,
2021).

From the more than 50 cyclin genes identified in Arabidopsis, a major cell cycle regulatory
role has been attributed to type-A (CYCA), type-B (CYCB) and type-D (CYCD). CYCA and
CYCB function during G2/M transition, although some CYCA members, such as CYCA3;1
and CYCA3;2, are also highly expressed from late G1 to mid M phase, which suggests a role
in G1/S progression. CYCDs have also been associated with the G1/S transition and are
thought to be essential for plant development (Shimotohno et al., 2021).

Since cell cycle related genes and their encoded proteins are frequently not essential in non-
proliferating differentiated cells, plants have evolved several molecular mechanisms to repress
the cell cycle machinery and allow cells to exit the cell cycle (Fisher and Miiller, 2017).

In this context, cell cycle progression is influenced by the activity of three Myb repeat-
containing plant proteins, also known as MYB3R, which directly modulate the expression of
numerous G2 /M-specific genes. Five genes encoding MYB3R transcription factors have been
identified in Arabidopsis: MYB3R3 and MYB3R5 (Rep-MYBs) directly suppress the
expression of genes involved in the transition to mitosis, whereas MYB3R4 (Act-MYB)
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transcriptionally activates G2/M-specific genes such as CYCBI, CYCB2 or CDKB2. Lastly,
MYB3RI has a dual role as activator and repressor of cell proliferation (Kobayashi et al.,
2015). Moreover, MYB3R association with E2Fs and the RETINOBLASTOMA (RBR)
protein in Arabidopsis generates protein complexes homologous to the mammalian multi-
subunit DREAM (DP, RB-like protein, E2F and Muv core) complex. Different plant-like
DREAM complexes with opposite roles in cell division control are formed by the
incorporation of Act- or Rep-MYBs (Kobayashi et al., 2015; Ning et al., 2020).

Additionally, CDKs activity is also controlled in a post-translational way by the ubiquitin-
mediated proteolysis of key regulators such as cyclins and CKIs by the Anaphase Promoting
Complex/Cyclosome (APC) or the Skpl-cullin-F-box-protein (SCF) FBL17 complex
respectively (Kim et al., 2008; de Lyra Soriano Saleme et al., 2021).

1.2.3 Endoreplication

Endoreplication (also known as endoreduplication or endopolyploidization) is a variation in
the classical cell cycle in which cells undergo genome replication without subsequent cell
division due to the repression of CDK-CYC mitotic promoting complexes. As a consequence,
DNA content and ploidy level are increased. (Lang and Schnittger, 2020; Hendrix, 2022).

This alternative cell cycle has been associated to growth and developmental processes in
specific cells such as trichomes. It is believed to play an important role during plant stress
responses and to be specifically activated upon genotoxic stress (Adachi et al., 2011; Lang and
Schnittger, 2020).
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1.3 Plant DNA damage response

Plant genome integrity is constantly threatened by both endogenous DNA metabolic
processes (e.g., DNA replication and repair) and, due to their sessile nature, exogenous
environmental stresses such as heat or drought. Thus, DNA damage occurs under normal
conditions, but is even more abundant after stress conditions (Nisa et al., 2019). Plants have
consequently evolved various mechanisms to protect their genome stability collectively
known as the plant DNA damage response (DDR). This sophisticated signalling process
involves the induction of DNA repair pathways and the activation of cell cycle checkpoints
that transiently arrest cell proliferation so that lesions can be repaired before the cell divides.
However, higher dosages of DNA damage and inefficient repair of DNA lesions promote
endoreplication and programmed cell death (PCD) to avoid the propagation of cells with a
compromised genome (Figure I-7) (Hu et al., 2016; Nisa et al., 2019).

1.3.1 Types of DNA damage

Two major kinds of DNA damage activate the plant DDR: single- and double stranded. While
the first category refers to lesions affecting only one DNA strand, including base loss, intra-
strand cross-links or single-strand DNA breaks (SSBs); the second one comprises more severe
lesions that disturb both DNA strands su