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Abstract

Abstract

One of the challenges that living organisms face is to respond promptly to
genotoxic stress to avoid DNA damage. To this purpose, they developed complex
DNA damage response (DDR) mechanisms. These mechanisms are highly
conserved among organisms, including plants, and need to be finely regulated to take
place properly. In this scenario, microRNAs are emerging as active players, thus
attracting the attention of the research community. The involvement of miRNAs in
DDR has been investigated prominently in human cells whereas studies on plants
are still scarce. Besides, recently, miRNAs started to be envisioned as trans-kingdom
molecules able to exert regulatory functions in evolutionarily distant organisms.
Particularly, attention is drawn to plant miRNAs ingested with the diet; the evidence
is accumulating on their ability to regulate genes in organisms other than the one in
which they were synthesized, including humans and pathogens.

In the present Ph.D. thesis, different bioinformatics approaches have been
developed aiming at identifying plant miRNAs along with their endogenous and
cross-kingdom targets to pinpoint conserved pathways between evolutionarily
distant species. Alongside model organisms, the developed pipeline may find an
application on any species of interest to address species-specific cross-kingdom
interactions or to perform large-scale investigations involving several plant/animal
species. The emergence of DDR-related miRNAs in plants and humans constitutes
fundamental pieces of information obtained from these approaches.

To experimentally investigate the involvement of plant miRNAs in the
regulation of DDR-associated pathways, an ad hoc system was developed, using the
model legume Medicago truncatula. Specific treatments with camptothecin (CPT)
and/or NSC120686 (NSC) targeting components of DDR, namely topoisomerase 1
(Topl) and tyrosyl-DNA phosphodiesterase 1 (Tdp1), were used. These treatments,
imposed on M. truncatula seeds for 7 days, do not influence the germination process,
but result in inhibition of seedling development, causing an increase in cell death
and accumulation of DNA damage. To demonstrate that the imposed treatments
affected DDR, the expression of SOG! (suppressor of gamma response 1) master-
regulator was investigated by qRT-PCR. Importantly, a phylogenetic study
demonstrated that M. truncatula possessed a small SOGI gene family, composed of
MtSOGIA and MtSOGIB genes. The expression of both genes was significantly
enhanced in a treatment-specific manner. Additionally, the expression of multiple
genes playing important roles in different DNA repair pathways, cell cycle
regulation, and chromatin remodeling, were differentially expressed in a treatment-
specific manner. Subsequently, specific miRNAs identified from the bioinformatics
approach as targeting genes involved in DDR processes were investigated alongside
their targets, thus providing the first step in their function validation.

To investigate plant miRNAs #rans-kingdom potential, additional studies were
conducted using apple (Malus domestica) since it can be eaten raw and hence, can
be a better system for feeding trials. As a proof of concept, artificial miRNAs



Abstract

(amiRNAs, designed based on most express miRNAs identified in apple fruits) were
delivered to human colorectal adenocarcinoma cells and the expression of these
microRNAs and their in silico predicted targets were evaluated by qRT-PCR.
Specifically, amiRNAs mimicking mdm-miR482a-3p and mdm-miR858 were
transfected into HT-29 cell lines. After 72 h, amiRNAs were clearly detected inside
the cells and the performed qRT-PCR analysis showed significant downregulation
ofthe /L4R (Interleukin 4 Receptor) gene, involved in promoting Th2 differentiation,
suggesting the possibility of apple miRNAs to regulate the activity of human genes
in vitro.

Taken together, the results presented in the current PhD thesis demonstrate the
involvement of plant miRNAs in DDR-associated processes as well as present
evidence on the plant miRNAs trans-kingdom potential, by using both in silico
approaches and specifically designed experimental in vitro systems.
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1. Introduction

1. Introduction

1.1.DNA damage response (DDR)

Preservation of genome integrity is essential for all living organisms. However,
cells are constantly at risk of DNA damage coming from either endogenous
processes (replication, transcription, DNA metabolism) or external cues (UV
radiation, high soil salinity, drought, chilling injury, air, and soil pollutants). Apart
from DNA metabolism, metabolic by-products such as Reactive Oxygen Species
(RON), join the plethora of endogenous stressors that can cause DNA damage. In
human cells, DNA damage induced by spontaneous hydrolysis or ROS arises at a
frequency spanning from a few hundred to over 10° per cell, according to the type
of damage (Bray and West, 2005). To cite some examples from plants, in maize
seeds, the estimated number of abasic (apurinic and apyrimidic) sites generated in
root tips during the first 20 h of imbibition was equal to 3.75 x 10° per genome and
cell. Whole-genome sequencing of Arabidopsis thaliana lines obtained from single
seed descent after 25-30 generations, revealed a genome-wide average mutation rate
around 7 x 10 per site per generation; this could be translated as less than one single
mutation per generation (Ossowski et al., 2010; Weng et al., 2019). This low error
rate due to the replication machinery per single cell is strong evidence of the
efficiency with which DNA lesions are recognized and repaired in plant cells.
Indeed, even though plants lack mobility as known in animals, they are provided
with incredible genomic plasticity. Plant genes and proteins have been considered as
processing units with biochemical connections, forming an information-processing
system referred to as “perceptron”, since plants can select the most suitable options
for coping with a changing environment (Scheres & van der Putten, 2017). Within
this context, DNA Damage Response (DDR) is among the strategies used by plant
cells to safeguard their genome and therefore their growth and development.

1.1.1. Causes of DNA damage and activation of DDR

During their lifespan, plants are continuously exposed to stress conditions that
can compromise genome stability, physiological growth, and development. The
DNA metabolism itself, both during the replication and repair processes, is among
the major causes of genome errors and mutations. In 1953, in describing the structure
of the DNA double helix, Watson and Crick wrote, “It has not escaped our notice
that the specific pairing we have postulated immediately suggests a possible copying
mechanism for the genetic material.” Since then, understanding the mechanisms
through which DNA is copied and faithfully transmitted from one cell to another has
been one of the main fields of interest in biology.

Apart from DNA metabolism, metabolic by-products such as ROS can cause
DNA damage. This is likely to happen when there is an imbalance between ROS
production and removal by scavenger mechanism, as in the case of biotic (pathogen

5



1. Introduction

infection) and abiotic stresses (e.g. drought, salinity, extreme temperature, metal
toxicity). The high oxidizing potential of ROS can damage a large variety of
molecules, including the electron-rich bases of DNA by causing single and double-
stranded breaks (SSBs, DSBs) (Amor et al., 1998; Dizdaroglu et al., 2002; Roldan-
Arjona & Ariza, 2009; Yi et al., 2014). One problem is represented also by the fact
that ROS can move between the different cellular compartments such as nucleus,
cytosol, and organelles (Cimini et al., 2019). Alongside the endogenous stressors,
external cues such as solar UV radiation, high soil salinity, drought, chilling injury,
air, and soil pollutants (including heavy metals) contribute to impair plant growth
and development. Plant DNA damage is also observed upon microbial infection and
a family of DNA-damaging effectors was recently identified in plant-pathogenic
oomycetes (Camborde et al., 2019).

1.1.2. Conserved DDR features between animals and plants

DDR is defined as a complex signal-transduction network consisting of DNA
damage sensors, signal transducers, mediators, and effectors (Yoshiyama et al.,
2013), evolutionarily conserved between organisms (Fig. 1). To take place properly,
this system requires sophisticated regulatory mechanisms. Starting from the
detection of a DNA lesion by the sensors, various pathways are activated leading to
responses that span from the activation of cell-cycle checkpoints to programmed cell
death (PCD) when the repair of the DNA lesion is not possible. Several studies have
highlighted the evolutionarily conserved features of the core DDR machinery
through eukaryotes, including plants and mammals (Yoshiyama et al., 2013; Nikitaki
et al., 2018).

DDR sensors are proteins able to recognize DNA damage, and this in turn
activates a series of events (e.g. phosphorylation cascades) that lead to the regulation
of downstream processes (e.g. cell cycle checkpoint, DNA repair, programmed cell
death) (Petrini & Stracker, 2003). In both animals and plants, the MRN complex,
composed of MRE11 (Meiotic Recombination 11), RADS51, and NBS1 (Nijmegen
breakage syndrome 1), as well as the RPA (Replication protein A) proteins,
constitutes the main DDR sensor (Fig. 1). This complex is required for the
recognition of strand breaks in pathways involving ATM (ataxia telangiectasia
mutated) and ATR (Rad3-related) kinases (Yoshiyama et al., 2013). Specifically, the
MRN complex is required for DSBs recognition in a pathway involving ATM
(Yoshiyama et al., 2013). ATM and ATR are the main signal transducers of DDR.
The role of these transducers is to amplify and transduce signals to downstream
effectors. They are responsible for the phosphorylation of proteins such as the
histone-variant H2AX (Dickey et al., 2009) which, in the phosphorylated form
(YH2AX), acts as a DNA damage signal and recruiter of several proteins to DSB site
(Petrini & Stracker, 2003; Yoshiyama et al., 2013).
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Fig. 1. DNA damage response pathways in animals (A) and plants (B). Schematic representation of
DNA damage signal through the sensors (green), signal-transducing kinases (red), mediators (gray),
and effectors (blue), leading to the activation of downstream pathways. Dashed lines denote
hypothetical situations (Yoshiyama et al., 2013).

While ATM is recruited at the DSB sites, ATR responds primarily to lesions
associated with DNA replication (Cimprich & Cortez, 2008). In this case, RPA is
the sensor binding to single-stranded DNA (ssDNA). Like ATM, ATR initiates a
phosphorylation-mediated signal transduction cascade that leads to cell-cycle arrest
and repair of DSBs or eventually to apoptosis (Balestrazzi et al., 2011a). In yeast
and mammals, the CHK1 (Checkpoint kinase 1) and CHK2 (Checkpoint kinase 2)
are the main factors that receive signals from ATR and ATM (Bartek et al., 2001;
Chen & Sanchez 2004). Apparently, 4. thaliana has no CHK1 and CHK2 ortholog.
Considering that substrates of CHK1 and CHK2, such as the mediator BRCA1
(Breast cancer susceptibility gene 1), and E2F (E2 promoter binding Factor), are
present also in plants (Lafarge, 2003; Inzé & de Veylder, 2006), it is hypothesized
that other kinases may work as functional homologs of CHK1 and CHK2 in plants
(Yoshiyama et al., 2013).

Mediators are temporal-spatial regulators and activators of the different factors
involved in DDR. They work to recruit additional substrates and control their
association with damaged DNA (Stewart et al., 2003; Stracker et al., 2009). Several
mediators are known in human cells, such as MDC1 (mediator of DNA-damage
checkpoint protein 1), 53BP1 (p53-binding protein), BRCA1l, TOPBP1
(topoisomerase 2-binding protein 1), and CLASPIN involved in the co-regulation of
the ATR pathway (Fig. 1A). Differently, the knowledge about mediators in plants is
still scanty (Fig. 1B).

Signals from transducers activate downstream effectors which then stimulate
appropriate responses. The most important effector in animals is the p53 protein,
known as a tumor suppressor (Lavin & Kozlov, 2007). In animal cells, p53 decides
the fate of the cell after DNA damages, namely cell-cycle arrest and DNA repair or
apoptosis (Helton & Chen, 2007). The SOG1 (suppressor of gamma response 1)
protein, a component of NAC (NAM, ATAF1/2, and CUC2) family, is the p53
functional homolog in plants (Yoshiyama et al., 2013). SOG1 acts as a DDR key
regulator that governs the transcriptional response of DNA damage and coordinates
the responses to several stimuli. Like p53, its activity decreases if the cell undergoes
cell-cycle arrest and DNA repair or programmed cell death (PCD). Unlike human
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1. Introduction

cells, plant cells can undergo endoreduplication (Fig. 1B), a process in which the
nuclear genome is replicated without cell division with a consequent increase of
genomic DNA content. It is thus clear that most of the DDR factors are well
preserved between animals and plants. However, various key components are unique
in plants.

1.1.3. Peculiar DDR features in plants

Although carcinogenesis is not an equally compromising phenomenon in plants,
accumulation of DNA damage is still a significant cause for growth inhibition and
developmental defects. For example, A. thaliana seedlings subjected to DNA
damage-inducing agents exhibit a significant loss of biomass (Hartung et al., 2006,
2007). Similarly, endogenous DNA damage derived from deficient DNA repair
machinery leads to aberrant organogenesis and development (Wang & Liu, 2006;
Cools & De Veylder, 2009; Boltz et al., 2012; Leehy et al., 2013). Therefore,
increasing efforts have been dedicated to examining the mechanisms that help plants
to cope with DNA damage. Interestingly, although some of the DDR components
are conserved across species, the sessile nature of plants may have prompted them
to develop a subset of unique DDR regulators, in particular at the level of cell cycle
control. Checkpoint control in plants in response to different types of DNA stress is
controlled by components that are conserved in other eukaryotes as well as by
elements that are plant-specific (Fig. 2).

As mentioned before, although the general roles of ATM and ATR kinases are
conserved in plants and mammals, some differences exist. While ATM/ATR loss-
of-function in mammalian cells leading to enhanced carcinogenesis (Awasthi et al.,
2015), in A. thaliana plants lacking ATM or ATR no developmental abnormalities
had been evidenced in the absence of genotoxic stress (Culligan et al., 2006; Cools
& De Veylder, 2009). However, the atr mutant displays sensitivity to replication
stress-inducing agents such as aphidicolin (DNA polymerase inhibiting drug) and
hydroxyurea (HU, deoxynucleoside triphosphate depleting drug), whereas the atm
mutant is susceptible to DSB-inducing agents such as ionizing radiation and methyl
methanesulfonate (MMS) (Garcia et al., 2003; Culligan et al., 2004). ATM is
activated in response to DSBs and its activation is related to the MRN complex, as
indicated by the fact that y-H2AX foci are not observed in rad50 and mrel I mutants
(Amiard et al., 2010). Again, although the loss of any component of the MRN
complex results in embryonic lethality in vertebrates, A. thaliana mrell and rad50
mutants are viable and display only hypersensitivity to genotoxic compounds
(Gallego & White, 2001; Bundock & Hooykaas, 2002; Gherbi et al., 2001).
Moreover, the fact that mrell and rad50 mutants are fully sterile suggests that the
corresponding genes play an essential function during meiosis, similar to their role
in Saccharomyces cerevisiae. Orthologs of subunits of the RPA complex have also
been described in plants. Though, differently from yeast and most animal species
that possess a single copy of each of the three RPA complex subunits, plants have
multiple RPA1, RPA2, and RPA3 subunits. Genetic analysis of the five Arabidopsis
RPA1 subunits showed that they can be functionally distributed in two groups:



1. Introduction

RPA1la, RPAlc, RPAle, involved in DNA repair and recombination, and RPA1b,
RPAI1d, responsible for the control of DNA replication in the absence of stress
(Aklilu et al., 2014). This data derives from DNA damage sensitivity tests
demonstrating that only rpalc and rpale mutants are sensitive to ionizing radiation
and that only rpalc mutants are sensitive to camptothecin which blocks DNA
replication by inhibiting DNA topoisomerase 1.

Despite the conserved features of ATM and ATR, increasing evidence indicates
that how the DNA stress signaling pathways affect the cell cycle seems to be
different in plants than in yeast and mammals, which might be an outcome of their
sessile lifestyle (Nisa et al., 2019). Unlike mammals, where mutations in checkpoint
regulators often result in embryo-lethal phenotypes, the presence of this type of
mutations in plants is still compatible with life and drive only to conditional
phenotypes. This features the exclusive possibility to isolate the downstream
components of the ATM and ATR signaling cascades through genetic approaches.
These approaches are useful to identify signaling cascade components that link plant
development and environmental stresses to DNA checkpoint control. Moreover, the
absence of embryo-lethal phenotypes permits to study the consequences of defective
checkpoints over multiple generations. The mechanisms that regulate DNA damage
response-dependent cell cycle arrest, are well described in mammals (Harper and
Elledge., 2007; Ciccia & Elledge., 2010), mostly because of their relevance in
preventing carcinogenesis.

E2Fa [T

Cell cycle arrest Endoreduplication

Fig. 2. Overview of the plant DDR. ATM and ATR signaling converge to the SOG1 transcription factor
that controls the expression of hundreds of genes involved in cell cycle regulation, cell death control,
and DNA repair. E2Fa/RBR complexes also control DNA repair by regulating DNA repair genes and
by recruiting RAD51 and BRCA1 at DNA damage sites. The role of E2F/RBR complexes in DDR
depends on CYCB1/CDKB and ATM/ATR activity, but the exact molecular mechanisms are unknown
(Nisa et al., 2019).
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Although the mechanisms of DNA damage detection are well preserved across
species, plants seem to lack orthologous genes for most of the mammalian
checkpoint signaling components such as p53 and the Chk1/2. Nonetheless, plants
have a set of specific proteins to block the cell cycle in response to DNA damage,
including SOG1, which is considered as the p53 counterpart (Yoshiyama et al., 2009;
Yoshiyama et al., 2014). SOG1 was initially identified in a screen for mutants
avoiding the y-irradiation-induced G2 arrest typical of uvhl (UV hypersensitive 1)
mutants (Preuss & Britt, 2003). The block of these mutants in G2 is the result of a
SOG1-mediated delay of progression into mitosis probably through indirect
suppression of M-phase-specific genes such as CDKB2, 1 and KNOLLE (Y oshiyama
et al., 2009; 2013). The mechanism by which SOGI stops G2/M has not been yet
totally clarified, but some hypotheses exist (Fig. 2). The plant-specific CDK
inhibitors SIAMESE/SIAMESE-RELATED (SIM/SMR) are regarded as ideal
candidates for G2/M arrest. Thirteen SIM/SMR family members have been found in
Arabidopsis (Yi et al., 2014). These members are divided into two different
biochemical groups according to their interaction with the canonical A-type
CDKA;1, which operates at the G1/S to mid-M phase, or with the plant-specific B-
type CDKB1;1, active at the G2/M transition point (Boudolf et al., 2004; Inagaki &
Umeda, 2011).

1.1.4. Suppressor of gamma response 1 (SOG1) as master-regulator of plant
DDR

As already mentioned, SOG1 is the p53 functional homolog in plants and hence,
the key-regulator of DDR. SOG1 is a transcription factor (TF) belonging to the NAC
(NAM, ATAF1/2, and CUC2) family. The protein was first identified in the
Arabidopsis sogl-1 mutant characterized by a missense mutation resulting in the
substitution of a highly conserved amino acid residue in the NAC domain (Preuss &
Britt, 2003; Yoshiyama et al., 2009). In Arabidopsis, more than 100 genes belonging
to this family of TFs have been identified and divided into ten major groups, making
this protein family one of the largest in plants. Although it was demonstrated that
NAC TFs play critical roles in different processes such as environmental stress
responses, xylem cell specification, lateral root formation, or the establishment of
the shoot apical meristem, the function of most NAC proteins is still uncertain (He
et al., 2005; Olsen et al., 2005). Orthologs have been found in most land plants as
well as in gymnosperms.

Aside from the well-conserved NAC domain, the C-terminus of SOGI is
characterized by the presence of five serine-glutamine (SQ) motifs, which are
preferential targets for phosphorylation by ATM and ATR. The DNA damage-
dependent SOG1 hyperphosphorylation detected in wild-type plants disappeared in
transgenic plants bearing mutant SOGI1, which encodes serine-to-alanine
substitutions at all five SQ motifs, suggesting that one or more of the SQ motifs are
effective targets for the hyperphosphorylation. Considering that these motifs are
conserved in eudicots, monocots, an ancient flowering plant (Amborella
trichopoda), and gymnosperms, Yoshiyama et al. (2014) proposed that SOG1 had
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already been acquired starting from gymnosperms. More sequence data on ferns is
necessary to perform detailed analyses to find out when the SOG1 genes appeared
in the evolution of plants. The presence of SOG1 in mosses is still a matter of
discussion as this protein possesses the conserved NAC domain but a structurally
different region for protein-protein interaction (Yoshiyama et al., 2014).

SOGTI is the first TF whose function was associated to DDR in plants. When
DSBs occur, SOG1 is activated through ATM-mediated phosphorylation, similarly
to animal p53. As a master-regulator, it drives the cell fate towards cell cycle arrest,
DNA repair, apoptosis or senescence, and endoreduplication (Fig. 2). Despite its
similar function to the mammal p53, these transcription factors lack significant
amino acid sequence similarity and are examples of divergent proteins. As reported
by Hu et al. (2015), SOG1 plays a key role in the replication checkpoint activated by
the deficiency of RTELI1 (an ortholog of human Regulator of Telomere Length 1).
This implies an involvement not only in DDR but also in the replication checkpoint.

To expand the knowledge of plant-specific DDR, it is necessary to study SOG1
in greater detail. The identification of genes regulated by SOGI is essential to
understand how signal transduction takes place in response to DNA damage.
Furthermore, the identification of factors that interact with SOG1 may contribute to
understanding how SOGI activity is regulated. Another aspect to investigate is
whether SOG1’s functions differ in different species. It is already known that in 4.
thaliana SOGI plays different functions in different cell types. Addressing these
open questions will have important implications for understanding the evolution of
DDR in plants, and how plants’ specific responses to DNA damage have helped
them to overcome stressful environments.

1.1.5. DDR in seed germination

Seeds are propagation vectors of quiescent embryos which, under favorable
conditions, germinate to give rise to a new plant. They are part of the array of
strategies that plants adapt to ensure their survival. In close interconnection with
their role in plant reproduction, seeds enclose the versatility and adaptability of the
plant to different types of stresses, including genotoxic stress (Haak et al., 2017).
Their vigor, influenced by the environment, time of harvest, and storage conditions,
and thus their ability to generate a robust plant, rely on the capacity to safeguard the
integrity of their genome (Rajjou et al., 2012; Waterworth et al., 2019). A decrease
in nuclear size and chromatin condensation occurs to maintain genome stability
during seed maturation, conditions that persist through desiccation, and germination
(van Zanten et al., 2011).

In mature, desiccated seeds, the embryo enters in a state of quiescence
characterized by reduced metabolism, although transcriptional and post-
transcriptional modifications in response to environmental signals remain partially
active (Holdsworth et al., 2008). Quiescent orthodox seeds possess a specialized
glassy structure and molecules accumulated during maturation that protects the
embryo. After imbibition, the reactivation of seed metabolism, leading to ROS
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production, requires the ex novo synthesis of antioxidant molecules and the
activation of DNA repair mechanisms (Kranner et al., 2010).

Molecular studies have recognized the crucial role of DDR and DDR-related
pathways in maintaining the viability of the quiescent seed (Rajjou et al., 2012; Sano
et al,, 2016; Waterworth et al., 2015, 2019). The activation of such pathways
influences seed longevity and there is evidence that plants are capable of adapting to
environmental changes to promote seed viability over a relatively short timescale
(Mondoni et al., 2014). Precisely, cellular survival relies on the coordinated action
of several DNA repair pathways. Stress-dependent accumulation of DNA damage
and regulation of DDR and DDR-related genes are featured during early seed
imbibition in the plant model 4. thaliana (Waterworth et al., 2010, 2015) but also in
the model legume M. truncatula (Macovei et al., 2010, 2011; Balestrazzi et al.,
2011b; Pagano et al., 2017, 2019). For instance, the expression levels of OGGI (8-
Oxoguanine glycosylase) and FPG (Formamidopyrimidine-DNA glycosylase)
genes, belonging to Base Excision Repair (BER) pathway are increased in response
to copper- and polyethylene glycol (PEG)-induced stress in M. truncatula plantlets
(Macovei et al., 2011). Other featured DNA repair components are associated with
seed quality. This is the case of DNA ligase IV and the plant-specific DNA ligase
VI, both involved in the processing of DSBs and essential to maintaining seed
longevity in A. thaliana (Waterworth et al., 2010). Genes involved in Nucleotide
Excision Repair (NER), such as TFIIS (transcription initiation factor S-II), are
activated during seed germination in both M. truncatula (Macovei et al., 2011) and
A. thaliana (Grasser et al., 2009). Interestingly, the 7DPI (Tyrosyl DNA
phosphodiesterase 1) and Top! (Topoisomerase 1) genes are also upregulated during
seed imbibition in M. truncatula (Macovei et al., 2010; Balestrazzi et al., 2011Db).
The crucial role of ATM kinase in maintaining genome stability in seeds has been
demonstrated as well (Waterworth et al., 2016). The master kinases ATM and ATR
control the cellular response to DNA damage also in seeds through activation of
downstream responses at the transcriptional and post-transcriptional levels (Fig. 3).
ATM controls the advancement of germination in aged seeds, based on the
transcriptional control of the cell cycle inhibitor SMRS. Both ATM and ATR
influence seed viability but the molecular mechanism is still not well understood;
however, it is believed that this is due to the transcriptional DDR which includes
hundreds of genes encoding proteins involved in DNA repair, chromatin remodeling,
and DNA metabolism (Waterworth et al., 2019). In the early stages of imbibition,
seeds exhibit a large and rapid ATM-dependent transcriptional DNA damage
response and DNA repair synthesis. It is believed that during seed aging the radicle
emergence is delayed resulting in a lag phase that is accompanied by an ATM-
mediated delay of cell cycle activation in the root apical meristem and extension of
DNA repair activities (Fig. 3).

12



1. Introduction
DNA damage

ATM ATR
Phosphorylation
Transcriptional response / \ \PCD?
Repair Cell cycle

/ \ checkpoints
N

> » —_—
Imbibition Lag period Germination

Fig. 3. The DNA damage response (DDR) in seeds. Activation of ATM and ATR following DNA
damage leads to the activation of phosphorylation cascades and transcriptional responses coordinating
downstream pathways (e.g. DNA repair, cell cycle checkpoints, programmed cell death). In damaged
seeds, the inhibition of cell cycle checkpoints leads to delayed or even failed germination (Waterworth
et al., 2019).

To conclude, seed quality and vigor are essential features for crop productivity.
These properties are responsible for the fast and uniform seed germination. The
endogenous metabolism of seeds together with environmental stresses and improper
storage conditions enhance cellular and DNA damage and require an extended repair
period with a consequent delay of germination that is characteristic of low-vigor
seeds (Powell & Matthews, 2012). Within this context, the availability of molecular
hallmarks of seed vigor, associated with DDR function, is expected to positively
impact seed technology both in public and private sectors (Paparella et al., 2015;
Aratjo et al., 2016; Macovei et al., 2017).

1.2. A focus on DDR downstream pathways

As mentioned, DDR effectors relate to a series of pathways that comprise DNA
repair, cell cycle checkpoints, programmed cell death (PCD), and endoreduplication.
Although well-connected among themselves, in the present chapter, these pathways
will be described separately, focusing on their implication and recent discoveries
within the plant kingdom.

1.2.1. DNA repair pathways

The main DNA repair pathways include photoreactivation (PR) or direct repair
(DR), mismatch repair (MMR), base excision repair (BER), nucleotide excision
repair (NER), DNA-protein crosslink (DPC) repair, and double-strand break repair
(DSBR), which comprises nonhomologous end-joining (NHEJ) and the homologous
recombination (HR) (Fig. 4). Gaining knowledge about the regulation of DNA repair
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systems is essential to understand the biological importance of DNA repair
mechanisms in plant resistance to the cytotoxic and mutagenic effects of
environmental and endogenous DNA-damaging agents.

Alkylating agents
(mono-/ bi-/polyfunctional)

x gy Radiomimetics
Ionizing radiation
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Ultraviolet light
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Fig. 4. Diagram of the major DNA lesions induced by different external and endogenous factors, and

the types of DNA repair mechanisms activated to remove them from the plant genome (Manova &
Gruszka, 2015).

PR is a light-dependent pathway in which the damaged DNA is reverted to a
normal configuration through the activity of enzymes called photolyases. These
enzymes are highly specialized in recognizing a specific substrate. All photolyases
contain the two electron-reduced forms of FAD (FADH™) as photocatalyst (Sancar,
2003). After specific binding to the DNA lesion, the enzymes remove the damage
through the absorption of blue light in the 300-600 nm range (Tuteja et al., 2009).

The MMR mechanism corrects replication and genetic recombination errors that
result in poorly matched nucleotide. During replication, the DNA polymerase
enzyme first exerts a proof-reading action removing the incorrect nucleotide and
then continues the polymerization. Alternatively, the cell is equipped with enzymatic
complexes that act at the post-replication level. These complexes can recognize the
error and remove it through an endonucleolytic cut on the neo-synthetized strand,
thus restabilizing the correct sequence through the action of specific polymerases
(Marti et al., 2002).

DSBs repair involves the HR and NHEJ pathways. HR takes place only when
two DNA duplexes contain extensive regions of homology, while NHEJ allows the
repair of DSBs without using sequence homology. HR is restricted to the S and G2
phases of the cell cycle due to the requirement for the sister chromatid as a template,
while NHEJ is active throughout the cell cycle and does not rely on a template
(Brandsma & Gent, 2012). The balance between both pathways is essential for
genome stability. In NHEJ, the Ku70-Ku80 heterodimers (Ku) are the first players
in the repair of DSBs. The lack of homology sequence leads to an error-prone type
of repair, frequently resulting in small insertions, deletions, or substitutions at the
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break site. On the other side, HR is highly error-free and acts through the activity of
RADS51 recombinase (Chapman et al., 2012).

NER pathway is responsible for the repair of major DNA lesions causing more
relevant distortion in the helical DNA structure, such as UV-products and bulky
covalent adducts (Kunz et al., 2005; Balestrazzi et al., 2011a). While NER
mechanism removes the extended DNA lesions, BER is responsible for the repair of
single damaged-base residues in DNA (Tuteja et al., 2009). This process is known
to remove the most frequent types of damage such as deamination, alkylation,
oxidized bases, AP (apurinic and/or apyrimidinic,) sites, and SSBs. Basically, it
consists of the damaged base excision by a DNA glycosylase followed by
substitution that requires the consecutive action of at least three enzymes, an AP
endonuclease, a DNA polymerase, and a DNA ligase (Stivers & Jiang, 2003). Other
enzymes with functions in BER include poly(ADP-ribose)polymerasel (PARP1).
PARP1 is involved in the recruitment of additional BER components to the damaged
site (Doucet-Chabeaud et al., 2001). Studies in Arabidopsis thaliana demonstrated
that most of the animal BER proteins have functional and/or structural homologs in
plants (Roldan-Arjona & Ariza, 2009).

Another important DNA repair mechanism, although not enough investigated in
plants, is the DPC repair. DPC intervenes when proteins become covalently blocked
to DNA and, due to their bulky size, these cause DNA impairment. To maintain cell
viability and access to important genetic regions, plants have evolved at least three
independent pathways to repair this kind of highly toxic lesion (Enderle et al., 2019).
DPC is subdivided into four different classes, depending on the presence and type of
DNA adjacent breaks (Hacker et al., 2020) (Fig. 5).

DPC Type Natural sources Common chemical
crosslinkers
TY 1: * UV-ight Broad range chemical crosslinker:
pe 1: +  lonizing radiation +  Formaldehyde
% de: *+  Cisplatin
. al compounds - Alsocauses DNA-DNA crasslinks
*  Reactive oxygen species
¥ Mechanistic crosslinker:
1 *  S5-2zaD
o + Zebularin
= Linking DNMT to the DNA
Type 2: *  Increased amount of AP Broad range chemical crosslinker:
2 sites . MMS
+  Alkylating agents
+  Imbalance of repair A atharitic crosinhen
. e SEY +  Olaparib
*  MK4827
+  veliparib
4 = Trap PARP1 at the DNA
3: +  Closely located AP sites Mechanistic crosslinker:
wp. & *  Bulky DNA adducts . CPT
*  Nicked DNA = Prevents DNA-backbone from re
ﬁ ligating
”
DX
a: *  Closely located AP sites Mechanistic crosslinker:
Type 4: +  Bulky DNA adducts +  Etoposide
+  Nicked DNA + Teniposid
~ om -3 Prevent DNA-backbone from re-

ligating

Fig. 5. Schematic representation of different types of DNA-protein crosslink (DPC)
(Hacker et al., 2020).
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Type 1 DPC is not associated with DNA breaks and the protein is bound to an
intact DNA strand. The formation of this adduct is caused by UV light, irradiation
(IR), accumulation of ROS, or reactive aldehydes. Relating to the chemical
compounds that can be used to induce its formation, formaldehyde, cytosine analogs,
like 5-azacytidine (5-azaC) and zebularine, can be cited. Type 2, 3, and 4 consists
only of enzymatic DPC. These are spontaneous products caused by failed enzymatic
reactions in which covalent DNA-protein intermediates get stabilized. Type 2 DPC
are formed next to an AP site, which arises during BER in the course of the activity
of either PARP1 or Polp (Polymerase ) when they remain trapped on the DNA.
Type 3 and 4 DPC consist of trapped topoisomerase cleavage complexes, which can
occur spontaneously during processes like DNA replication, recombination,
transcription, or chromosome segregation. In type 3 DPC, Topl remains trapped to
DNA via a tyrosyl-phosphodiester bond at the 3’-end of an SSB. In contrast, in the
type 4 DPC, Topll remains trapped with the DNA via two tyrosyl-phosphodiester
bonds at the 5'-ends of a DSB (Hacker et al., 2020).

The presence of DPC results in steric hindrance to DNA replication and
transcription machinery and can lead to blocked replication forks, chromosomal
aberrations, or even cell death if not repaired in time. Cells possess specialized and
canonical mechanisms to repair this kind of lesion. Canonical mechanisms mainly
include NER and HR, where HR seems to contribute to the repair of bulkier but also
small DPC during S- and G2-phase of cell-cycle (Vaz et al., 2017). Zebularine-
induced DNA damage in Arabidopsis demonstrated the involvement of NER and
HR in DPC repair (Pecinka et al., 2009). The mechanisms directly involved in the
repair of DPC in plants include endonucleolytic cleavage, proteolytic degradation,
and enzymatic hydrolysis (Hacker et al., 2020). The endonucleolytic cleavage of
DPC is mainly performed by MUS81 (methyl methanesulfonate UV sensitive).
MUS8I1 belongs to the family of XPF/MUSS81 endonucleases and is highly
conserved in the eukaryotic kingdom (Interthal & Heyer, 2000). The mechanism of
action of MUSS1 provides the formation of DSBs which requires the activity of other
repair pathways, such as HR or replication fork regression (Regairaz et al., 2011).
Another endonuclease that might contribute to DPC repair in plants is MRE11,
which is part of the conserved MRN-complex. MREI11 is responsible for 3'-end
resection and RADS0 is needed for the induction of HR or long-range tethering of
two DNA ends (Gallego et al., 2001). The proteolytic degradation is performed by
the metalloprotease WSS1 (weak suppressor of SMT protein 1) which specifically
degrades the protein part of a DPC (Stingele et al., 2014). After proteolysis of the
DPC, a small peptide remnant remains attached to the DNA and it is thought to be
subsequently removed by NER (Stingele et al., 2017). The crosslink bond itself can
also be directly resolved by enzymatic hydrolysis. It has been demonstrated that in
the animal kingdom, the aforementioned TDP1 enzyme, capable of hydrolyzing 3'-
adducts of bulky lesions, is involved in the repair of both Type 3 and Type 2 DPC
(Mao et al., 2001). To allow the access of TDP1 in Toplcc (cleavage complex) a
preceding partial degradation by the proteasome is needed before TDP1 can
hydrolyze the phosphodiester bond (Interthal & Champoux, 2011). The 3'-phosphate
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remains at the DNA after the hydrolysis preventing relegation, meaning that further
processing of the lesion is required. Studies of the TDP1 enzyme in Arabidopsis
indicated a similar function in plants as in yeast (Lee et al., 2010a). TDP2 is another
specialized enzyme whose function is associated with the hydrolysis of the two
phosphotyrosyl bonds between Topll and the DNA. TDP2 prefers to process the 5'-
phosphotyrosyl termini of Type 4 DPC and plant homologs were found in Medicago
truncatula (Confalonieri et al., 2014; Fa¢ et al., 2014).

1.2.1.1. DNA topoisomerases

Replication, transcription, and recombination cause the formation of supercoils
in DNA which leads to topological stress. These changes in topology are resolved
by members of a ubiquitous family of enzymes known as DNA topoisomerases
(Ghilarov & Shkundina, 2012). Topoisomerases bind to DNA through the tyrosine
residue of their catalytic site, forming a transient phosphodiester bond, cleaving
either one or both strands of the double helix (Fig. 6). Among topoisomerases, Topl
breaks and binds a single-strand DNA forming a covalent DNA-enzyme
intermediate that allows the broken strand to rotate around the intact one until DNA
supercoiling is dissipated.
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Fig. 6. Schematic representation of the Topoisomerase 1 mechanism of action (Pommier et al., 2014).

Protein sequence information acquired about topoisomerases helped to identify
conserved motifs in eukaryotic organisms. All conserved motifs of animal type I
topoisomerases are present in the same spatial arrangement in the plant type I
topoisomerases, suggesting evolutionary conservation of the overall structure among
Topl gene family (Caron & Wang, 1994). Type 1 topoisomerases are monomeric
proteins, further divided into two subfamilies, namely, type IA and type IB, based
on their mode of action. The members of each family subtype are entirely unrelated
in terms of primary amino acid sequence and tertiary structure; however, they
perform similar functions. Type IA topoisomerases are attached to the 5' phosphate,
while type IB topoisomerases are attached to 3' phosphate of the nicked DNA strand.
Importantly, in plants, two Topl genes had been identified, namely Topla and Toplf
(Balestrazzi et al., 2000), with 7Toplf being the most active isoform (Balestrazzi et
al., 2003). Studies on the expression levels of Topl during the cell cycle were
reported in tobacco cell cultures, showing an increased expression from G1 phase
onwards, attaining a maximum during S phase (Mudgil et al., 2002). The Top1f gene
activity was studied in carrot protoplasts where it was shown that it was arrested by
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starvation in GO/G1 and became activated when protoplasts are induced to re-enter
the cell cycle during the G1/S phase (Balestrazzi et al., 2003).

Considering their important function in DNA repair and maintaining genome
integrity, topoisomerases are widely studied both in plants and animal systems.
Many of the studies regarding topoisomerases were carried out using topoisomerase
inhibitors, which, in mammalian cells, are considered also as important medicinal
drugs, widely used in anticancer therapies. Molecular pharmacology and structural
studies of topoisomerase inhibitors have led to the conceptualization and
demonstration of the interfacial inhibitor concept. Indeed, these drugs can trap
topoisomerase cleavage complexes by forming ternary complexes with a drug
molecule bound at the interface of the enzymes and the cleaved DNA (Pommier &
Marchand, 2011). Topl inhibitors reversibly stabilize the enzyme -cleavage
complexes by inhibiting their relegation. Drugs bind at the interface of the enzyme
and DNA break by stacking with the DNA bases immediately flanking the cleavage
site, altering the enzyme-DNA interactions, and preventing their dissociation. After
the collision with replication forks, both DNA and RNA synthesis convert reversible
cleavage complexes into DNA lesions causing DSBs (Pommier et al., 2006). The
most studied Topl inhibitor is camptothecin (CPT), isolated from the bark of the
Chinese tree Camptotheca acuminata, and developed by the US National Cancer
Institute (NCI) (Wall & Wani, 1996). CPT intercalates between the DNA base pairs
flanking the Topl cleavage site (Fig. 7). These Topl cleavage complexes (ccTopl)
are reversibly trapped by CPT or other pharmaceutical derivatives. It was seen that
high levels of cellular ccTopl can accumulate owe to DNA modifications (Pourquier
et al., 2001; Pommier et al., 2003, 2006) or apoptosis (Sordet et al., 2004). The
mechanism of CPT targeting has been shown in yeast cells that become resistant to
the agent when the Topl gene is removed (Eng et al., 1988). Moreover, vertebrate
cell lines, selected for resistance to CPT, presented specific point mutations in the
catalytic site of Topl (Pommier et al., 1999). CPT penetrates vertebrate cells readily
and targets the Topl enzyme within minutes of exposure. In plants, studies in maize
cells shown that CPT was able to inhibit cell growth and induce genomic DNA
degradation (Sanchez-Pons & Vicient, 2013). Moreover, several studies in A.
thaliana have implemented the use of CPT to characterize the function of plant
topoisomerases. For instance, the Arabidopsis top3a-2 mutant was described as
having fragmented chromosomes during mitosis and high sensitivity to
camptothecin, providing an important role in chromosome segregation of this type
IB topoisomerase (Hartung et al., 2008). In another study, CPT was used to target
Arabidopsis TOPla resulting in reduced DNA methylation and H3K9me2 levels
(Dinh et al., 2014). Considering the effect of CPT on plant growth, initial studies
have shown that the addition of concentrations higher than 50 nM resulted in the
abortion of both roots and shoots in wild type Arabidopsis plants at the seedling
stages, although the seedlings of the fopla-1 mutant presented a reduced sensitivity
to the treatment (Takahashi et al., 2002).
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Fig. 7. Mechanism of camptothecin (CPT) binding to topoisomerase I. (A) Intercalation of CPT in the
DNA break between the base pairs flanking the Topl cleavage complex. (B) Overview of the Topl-
DNA cleavage complex. Topl is shown in blue, DNA is shown in green, and CPT is shown in purple
(Pommier et al., 2010).

Hence, CPT is a very important tool to explore replication-mediated (and
transcription-mediated) DNA damage in various organisms, providing a powerful
way to study the genetic factors that are implicated in checkpoint regulation and
DNA repair in response to Topl-mediated DNA damage (Pommier et al., 2006).

1.2.1.2. Tyrosyl DNA phosphodiesterase 1

The repair of trapped Topl-DNA covalent complexes is mediated by Tyrosyl
DNA phosphodiesterase 1 (TDP1). This enzyme catalyzes the hydrolysis of the
covalent linkage between the catalytic tyrosine residue of topoisomerase I and the 3’
end of a DNA phosphodiester bond. TDP1 protein belongs to the phospholipase D
family (PLD), is characterized by the presence of two catalytic HKD (histidine,
lysine, aspartic acid) motifs (Interthal et al., 2001). Inhibition of TDP1 enzyme can
provide a convenient approach in exacerbating the sensitivity of cells to CPT
(Kawale and Povirk, 2018). By releasing the tyrosyl-linked covalent topoisomerase
peptides from the DNA, TDP1 enzymes accompany the activation of the repair
pathway. Thus, TDP1 helps in rescuing the genome from the threat of atypical
relaxation brought about due to aberrant topoisomerase activity.

The TDP1 function was first identified in the yeast Saccharomyces cerevisiae
and shown to repair Topl-covalent complexes (Pouliot et al., 1999). TDP1 genetic
inactivation had been shown to confer hypersensitivity to CPT both in S. cerevisiae
and human cells (Vance & Wilson, 2002; Interthal et al., 2005). In human cells, it
was demonstrated that TDP1 hydrolyses the 3” end of tyrosine residues in two
sequential reactions, as shown in Fig. 8. It can also resolve the 5’end albeit with poor
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efficiency (Nitiss et al., 2006). TDP1 can process 3 peptides ranging from one to
more than 100 residues and it induces the digestion or denaturation of Topl
(Debéthune et al., 2002). TDP1 can also hydrolyze a wide range of physiological
and pharmacological 3’ blocking lesions. For example, it hydrolyses 3’-deoxyribose
lesions resulting from base alkylation after AP lyase processing and the
hydrolyzation of synthetic DNA adducts such as biotin and fluorophores (Murai et
al., 2012).
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Fig. 8. The TDP1 catalytic mode of action as described in human cells. (A) Nucleophilic attack of the
phosphodiester backbone by the imidazole N2 atom of H263. H493 donates a proton to the tyrosyl
moiety of the leaving group. (B) Phosphohistidine covalent intermediate. (C) Second nucleophilic
attack via an activated water molecule by H493. (D) Generation of a final 3’-phosphate product and
free TDP1 (Pommier et al., 2014).

When the crystal structure of the human TDP1 protein (hTDP1) was solved in
2002, it was confirmed that the two-step catalytic mechanism (specific for the PLD
family) is followed with a unique approach since it possesses a chemically
asymmetric active site where H263 acts as a nucleophile in the first step reaction
(Davies et al., 2002). To briefly summarize the catalytic mechanism, the first step
consists of a nucleophilic attack of the Topl-DNA phosphotyrosyl bond by H263
residue (HKD motif 1), resulting in a transient covalent phosphoamide bond.
Subsequently, the H493 residue (HKD motif 2) hydrolyzes the covalent intermediate
using an activated water molecule and generating a product with a 3’ phosphate end
that will be further processed by the endogenous DNA repair machinery (Pommier
et al., 2006). Though the course of time, TDP1 had been extensively studied in
human cells due to its implication in cancer progression (Dexheimer et al., 2008;
Perego et al., 2012). This is based on the idea that TDP1 is a target for several DDR
(DNA damage repair) kinases (Zhou et al., 2005), involved in the activation of cell
cycle checkpoints, apoptosis, and DNA repair pathways (Jackson & Bartek, 2009).
For instance, the 3’phosphatase activity is carried out by PNKP (polynucleotide
kinase 3'-phosphatase) (Jilani et al., 1999) forming a complex with TDP1, and other
DNA repair enzymes such as XRCC1 (Excision repair cross complementation group
1), PARPI1, Polf, and Lig3 (Ligase III) (Plo et al., 2003). Orthologues of these human
genes were also functionally characterized in Arabidopsis (Waterworth et al., 2009;
Kim et al., 2012; Martinez-Macias et al., 2013; Li et al., 2015; Spampinato, 2017)
but their specific mechanism are not yet completely understood. The N-terminus
regulatory domain of TDP1 has been shown to directly bind the catalytic domain of
PARP1 in human cells (Das et al., 2014). PARylation stabilizes TDP1 in response
to ccTopl-induced DNA damage, and recruits both TDP1 and XRCC1 to the DNA
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damage sites. In this way, the N-terminal domain acts as a molecular switch that
determines whether ccTopl are repaired by TDP1 when PARP1 is activated or by
other alternative endonuclease pathways (Das et al., 2014).

As in the case of topoisomerase I, two isoforms of TDP1 gene (TDP1a and TDP1)
had been identified in plants (Macovei et al., 2010). The two genes, first found in M.
truncatula, contain the two HKD motifs essential for the catalytic activity of the
enzymes. TDP1 was investigated in 4. thaliana, where a tdpl mutant was shown to
be sensitive to vanadate and CPT (Lee et al., 2010a; Kim et al., 2012). This loss-of-
function mutation resulted in a dwarf phenotype with developmental defects and
reduced fertility. Despite the low level of sequence conservation with hTdp1, both
components of the active site and those of the DNA-binding groove are present in
the plant TDP1 proteins. A unique feature of the Tdp1p protein is the presence of a
HIRAN (HIP116, Rad5p, N-terminal) domain flanked by the two HKD catalytic
sites (Macovei et al., 2010). M. truncatula MtTdplo-depleted plants revealed
different levels of transcriptional modulation in genes involved in DNA damage
sensing, DNA repair, and chromatin remodeling. Up-regulation of senescence-
associated genes and telomere shortening was observed. Because the MtTdplo-
depleted cells showed altered nucleolar architecture, it is supposed that the gene may
be involved in the nucleolar checkpoint (Dona et al., 2013). Additionally, even if the
MtTPDIp gene resulted in up-regulated in the MtTDPIa-depleted plants, this was
not sufficient to rescue the altered phenotype, suggesting that the two genes do not
have an overlapping function. This is supported also by the different expression
patterns of the two genes in response to several types of stresses, indicating that the
TDP1p had an immediate response while TDP1a is activated later on (Sabatini et al.,
2017). It has been hypothesized that this might be related to the presence of the
HIRAN domain, previously predicted to function as a DNA-binding domain that
may recognize several features associated with DNA damage and stalled replication
forks (Iyer et al., 2006).

Similar to the role of CPT in the study of Topl functions, the use of TDP1
inhibitors have the potential to assist in the characterization of TDP1 multilevel
activities. The strongest inhibitors of the hTdpl so far identified are classified as
Tdpl phosphotyrosine substrate mimetics since they share the same structural
features of the natural phosphotyrosine substrate (Huang et al., 2011). The
NSC120686  (2-chloro-6-fluorobenzaldehyde  9H-fluoren-9-ylidenehydrazone)
compound has been identified by Weidlich and colleagues (2010) as a
pharmacophore able to inhibit hTdp1 activity. The biological effects of NSC120686
had been tested in different human ovarian carcinoma cell lines selected for
resistance to the CPT-derivative gimatecan. In these lines, increased 4#7dpl gene
expression was registered, confirming the involvement of Tdp1 in the cell response
to the treatment (Perego et al., 2012). The effectiveness of a combinational therapy
including hTdpl inhibitors and Topl inhibitors was also tested in human
carcinogenic lines (Al-Keilani, 2013). The NSC120686 molecule was supplied to
the malignant glioma cell line U87 in the presence/absence of different
topoisomerase inhibitors. When delivered alone, the NSC120686 treatment revealed
strong dose-dependent toxicity levels whereas no significant correlations were

21



1. Introduction

observed between the h7dpl gene expression level and cell resistance to the
inhibitor. On the other hand, NSC120686 treatments of M. truncatula calli resulted
in similar effects as the MtTdpIa-depletion when considering cell growth inhibition
and gene expression profiles (Macovei et al., 2018).

1.2.2. Cell cycle regulation/checkpoints

The cell cycle is a process controlled by a series of events that eventually leads
to the reproduction of two daughter cells. The cell cycle is subjected to regulation by
environmental cues, such as hormones, nutrients, light, temperature, and
developmental cues. It is also a way to protect the cell if DNA damage is detected
through the stopping or slowdown of cell proliferation. In plants, as in all eukaryotes,
the four basic phases of the mitotic cell cycle are conserved. The widely conserved
cyclin-dependent kinases (CDKs) and their cyclin (Cyc) partners are the driving
forces of cell cycle progression regulating mitosis (M), cytokinesis, postmitotic
interphase (G1), DNA synthetic phase (S) and post-synthetic interphase (G2) (Wang
et al.,, 2004). In plants, CDK/cyc complexes activate the retinoblastoma-related
protein (RBR) through its phosphorylation. RBR activates a set of genes that are
regulated by the E2F/DP transcription factor and are necessary for S-phase entry and
DNA replication. In G2 phase, the activity of CDK/cyc complexes induces entry into
mitosis. Degradation of mitotic cyclins and inhibition of kinase complexes permit
exit from mitosis (Francis, 2007).

The major effectors that control the cell cycle are the serine/threonine cyclin-
dependent kinases (CDKs). Specifically, CDKs bind one or more cyclins, a family
of proteins involved in the control of the cell cycle. Due to extracellular and
intracellular signals, they modulate gene transcription and cell division (Malumbres,
2014). Two classes of CDKs, CDKA, and CDKB, have been found in plants. CDKBs
are plant-specific kinases and comprise four members divided into two subfamilies,
CDKBI1 and CDKB2. CDKBI1s are involved in the control of M phase (Nowack et
al., 2012) whereas CDKB2 is associated with the progression from G2 to M
(Yoshiyama et al., 2013). CDKA is of central importance in controlling both the G1-
S and G2-M transitions. It was seen that the expression of the CDKA gene is crucial
during root stem cell function. Indeed, in the 4. thaliana cdka mutants, the growth
of both primary and secondary roots has been almost completely stopped (Nowack
etal., 2012).

Cyclins (Cyc) are abundant proteins in both animal and plant kingdom where 10
and 13 classes of cyclins were identified in Arabidopsis and human genomes. Five
types (A, B, C, H, and L) are common to both species. Cyclins D are present in
animals and plants, but no affinity was shown in phylogenetic analysis (Wang et al.,
2004). Three classes, G1/S cyclins, S cyclins, and M cyclins, are directly involved
in the control of cell cycle events. The fourth class, the G1 cyclins, controls the entry
into the cell cycle in response to extracellular growth factors or mitogens. During the
G1 phase, G1 cyclins (belonging to the cyclin D family) are stimulated by growth
factors. In the G1/S phase, G1/S cyclins (E family) drive the cell in proceeding to
DNA synthesis even if the growth factors are withdrawn. During G2, the A-type
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cyclins are degraded by ubiquitin-mediated proteolysis, whereas B-type cyclins are
actively synthesized (Yang, 2012). Analysis of the completed genome sequence of
Arabidopsis reveals a total of 10 genes belonging to the CycD family. There are a
single CycDI1 gene, three genes in the CycD2, and three CycD3 genes. Also, three
cyclin genes do not lie in these groups and may arise from separate CycD classes
with single members. Both CycD2 and CycD3 interact with CDKA and are
stimulated by sucrose. After sucrose removal, the CycD3 protein disappears rapidly
while CycD2 protein is relatively stable and appears to be regulated post-
translationally or by protein associations (Oakenfull et al., 2002). Plants lack the E-
type cyclins which are involved in G1/S checkpoint control in animals; although, it
was reported that CycA3;2 can control cell division and differentiation (Yu et al.,
2003), functions that are analogous to those of cyclin E in animals. In plants, it was
also shown that CycB1;1 is specifically activated after DNA damage, and this
activation is directly controlled by SOG1. Moreover, RADS1 is a substrate of
CDKBI1-CycB1 complexes and they are involved in blocking the cell-cycle activity
after DNA damage and in mediating HR (Weimer et al., 2016).

Another master regulator, present in both plants and animals, is TOR (Target of
Rapamycin). In plants and animals, TOR signaling regulates conserved and
specialized cellular and developmental processes (Shi et al., 2018). In Arabidopsis,
TOR expression is strongly induced in meristematic regions and associates with
photosynthesis-derived glucose energy signals specifically dedicated to controlling
the proliferation of stem cells (Xiong et al., 2013; Li et al., 2017). TOR directly
phosphorylates and activates the transcription factor E2Fa, playing an essential role
mainly in root meristem regulation. Moreover, glucose-TOR signaling governs the
transcriptional reprogramming of an impressive amount of genes involved in central
and secondary metabolism, cell cycle, transcription, signaling, transport, and protein
folding (Van Leene et al., 2019).

1.2.3. Programmed cell death (PCD)

PCD is a very important mechanism to protect organisms from accumulating
mutations. The capacity of specific cells to activate PCD emerged very early during
evolution, as different genes and molecules engaged in PCD are common to distant
phyla, belonging to different kingdoms. Intriguingly, although PCD had been
initially related to eukaryotic multicellular organisms, it also takes place in
eukaryotic unicellular organisms and in bacteria, where the death of a single cellular
organism correlates with the multifunctionality of the colony (Ameisen, 2004).
Generally, the term PCD presupposes a "genetically programmed" process activated
by cells in response to “appropriate” stimuli as opposed to "accidental cell death”
caused by severe insults (Galluzzi et al., 2015). Currently, mainly three types of
animal PCD are recognized: apoptosis, autophagic cell death, and necrosis.
Although, it must be considered that agents that cause apoptosis can also cause
necrosis, and the distinction between the two forms of cell death in cultures depends
on the severity of the insult (Lennon et al., 1991; McCabe et al., 1997; O’Brien et
al., 1998; Mammone et al., 2000). Among the three, apoptosis is probably the best-
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characterized typology of PCD. It is defined by specific morphological markers,
such as cell shrinkage, chromatin condensation, and nuclear destruction, followed
by the breakup of the cell into fragments known as “apoptotic bodies.” This
definition of cell death attributed to animals is only partially applicable to plant cells.
In fact, in plants the cells and their nuclei are not always fragmented into separate
bodies and, the generated fragments are never engulfed by adjacent cells. These
differences are due to the presence of specific cell compartments and to the absence
of external phagocytosis events (Greenberg, 1996; Pennell & Lamb, 1997). In plants,
this type of death is referred to as apoptotic-like PCD or simply PCD. The PCD
morphotype commonly observed in plant cell cultures under abiotic stress is
characterized by the presence of cytoplasm shrinkage, condensation of chromatin,
and rupture of nuclei (De Pinto et al., 2012; Reape & McCabe, 2008).

Based on plant cytological events, the point of no return, ensuring the death of a
plant cell, is that in which not only mitochondria but also chloroplasts are involved
(van Doorn, 2005). From a biochemical point of view, there is evidence that some
plant proteases digest the substrates of caspases, master regulators of animal PCD,
and that plant PCD is inhibited by caspase inhibitors. Currently, in plants some
groups of caspase-like, the metacaspase I e II are known (Woltering, 2004). The
plant caspase-like enzymes share some similitude with animal caspases in terms of
their activities. In fact, they both are involved in PCD, their proteolytic cutting occurs
always on aspartate residues and they are not affected by generic inhibitors of
cysteine and serine proteases. In mammals, PCD is activated during physiological
cell development but also in severely damaged cells, thus reducing the risk of
accumulating cells with a damaged genome (Borges et al., 2008). This is also true
for plants. Plants activate PCD in a series of physiological processes such as
embryogenesis or the emergence of new plants during mature seed germination
(Dominguez & Cejudo, 2014). Selective removal of cells by PCD is also required to
prevent the propagation of negative genetic characteristics in progeny such as in the
self-incompatibility mechanism used by several plant species to hinder inbreeding
problems, thus promote outbreeding. This mechanism consists of PCD activation in
the pollen tube to evade self-pollination in plants with bisexual flowers (Bosch &
Franklin-Tong, 2008).

It is thus clear that PCD is involved in a plethora of processes spanning from
common and specific organ shaping and morphological adaptive responses to
defense strategies activated against abiotic and biotic injuries.

1.2.4. Endoreplication

In addition to stimulating cell cycle arrest, DNA repair, or cell death, cell cycle
checkpoints can activate the endocycle as a DNA stress response. Activation of
endoreplication has been observed when plants accumulate DNA DSBs (Adachi et
al., 2011). Contrary to the induction of cell death, ATM and ATR kinases play a
redundant role in regulating endoreplication. Transcriptome analysis demonstrated
that the SOG1-dependent onset of endoreplication following DNA stress, take place
together with a suppression of G2/M-specific cell cycle genes (including mitosis-
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specific cyclins) and activation of cell cycle-inhibitory genes such as SIM, SMR1,
SMRS5, and WEEIl (Adachi et al., 2011). The reasons why plants activate
endoreplication in response to DNA lesions remain to be elucidated. It is assumed
that an endoreplication cell only rarely proceeds to cell division, thus preventing the
transmission of DNA errors to tissues or offspring. In addition to preventing the
spread of mutations, endoreplication could explain the persistent growth in the
absence of cell division. This is true in UVB stress responses, where the initiation of
endocycle is likely mediated by the atypical transcription factor DP-E2F-
LIKE1/E2Fe (DEL1/E2Fe). Six E2F transcription factors, divided into two
subclasses, were identified in the model plant 4. thaliana. Transcription factors such
as E2Fa, E2Fb, and E2Fc, play an essential role in the transcriptional control of
processes associated with replication and chromatin (Lammens et al., 2009). Other
E2F factors include DELI1/E2Fe, DEL2/E2Fd, and DEL3/E2Ff, acting as
transcriptional repressors that link cell cycle control with cell differentiation. In the
case of UVB stress, the specific expression of DEL1/E2Fe is suppressed and this in
turn determines the transcriptional activation of its CCS52A2 target gene, which is
an endocycle activator. The endocycle-driven cell enlargement might help plants
adapt to UVB stress. For example, an increase in the endoploidy might compensate
for a drop-in leaf cell number. Indeed, DEL1/E2Fe-overexpressing plants with low
DNA ploidy levels are hypersensitive to UVB while knockout plants with high
endoploidy are more tolerant (Radziejwoski et al., 2011). Beyond the repression of
endocycle onset, DEL1/E2Fe represses the promoter activity of the gene encoding
for PHR1 photolyase, a photoreactivation enzyme involved in the removal of
cyclobutane pyrimidine dimers, which are the primary lesions induced by UVB, that
block the replication fork. Thus, the endocycle onset is accompanied by increased
DNA repair activity, which might be essential to allow the cell to perform
endoreplication, possible when DEL1/E2Fe is repressed or lost.

1.3. Chromatin remodeling in the context of DDR

A critical aspect to consider when studying DDR is to ensure that the DNA repair
complexes and checkpoint proteins can have access to the DNA damage sites.
Although the basic principles of DDR are phylogenetically similar, it must be taken
into account that eukaryotic DNA is organized in compact and dynamic chromatin
structures, with nucleosomes as basic units followed by multiple high-order levels
of organization. Specifically, chromatin structure is constituted by the nucleosomes
in which a segment of DNA (146 bp) is wrapped around eight histone proteins
forming the so-called octamers. Each octamer is made up of two molecules of the
four histone types H2A, H2B, H3, and H4. A histone H1, not part of the nucleosome
itself, stabilizes the internucleosomal DNA (Dona & Mittelsten Scheid, 2015). The
electrostatic interactions between the opposite charges of the DNA and the histones
mediate the association between them. These associations may be weakened or
strengthened through the introduction of specific histone modifications, leading to
chromatin relaxation or condensation (Murr et al., 2007). The best-known chromatin
remodeling processes include the activity of ATP-consuming chromatin remodellers
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that shift or remove nucleosomes, the replacement of histones with histone variants,
and the introduction of post-translational modifications in the histone subunits.
These processes affect DNA accessibility, thus influencing the activity of DNA
repair machinery.

1.3.1. Chromatin modifications involved in DDR

Chromatin remodeling is among the evolutionarily conserved pathways that
contribute to efficient DNA repair in eukaryotes (Gursoy-Yuzugullu et al., 2016).
Histone acetylation, methylation, phosphorylation, and ubiquitination are among the
most widely studied post-translational modifications (PTMs). These chemical
modifications are added or removed from histone amino acid residues by specific
complexes and strongly influence chromatin architecture, nucleosomal positioning,
and access to DNA during many processes, including cell cycle regulation, cell
proliferation, apoptosis, DNA replication, transcription, and repair (Dona &
Mittelsten Scheid, 2015; Zhang et al., 2017). The acetylation of specific lysine
residues on the N-terminal of H3 and H4 tails that extend out from the nucleosome,
adds a negative charge inducing repulsion of the wrapped DNA and thus, chromatin
relaxation (Murr et al., 2007). The dynamic acetylation/deacetylation process is
regulated by the Histone Acetyl Transferase (HAT) and Histone Deacetylase
(HDAC) complexes, that promote chromatin decondensation and condensation,
respectively. A genome-wide study of histone acetylation in maize under stress
conditions revealed the hyperacetylation is correlated with slower cell cycle
progression and subsequent growth inhibition (Zhao et al., 2014). In Arabidopsis,
the HAT complexes HAM1 and HAM?2 (histone acetyltransferase of the MYST
family, orthologs of the mammalian TIP60) are known for their involvement in stress
response and developmental processes, while MSI4, a WD-40 repeat-containing
protein, part of HAM complexes, was shown to be phosphorylated by ATM and
ATR in the context of DDR (Xiao et al., 2013; Roitinger et al., 2015). Links between
DDR and histone acetylation has been observed in other plant systems as well,
including M. truncatula and Petunia hybrida. For example, Pagano et al. (2017,
2019, 2020), demonstrated that TRRAP (transformation/transcription domain
associated protein) gene, encoding a transcriptional activator required for the
assembly of different HAT complexes involved in DNA repair, was upregulated
during seed germination. In animal cells, TRRAP has been proposed as a shared
element between DNA repair and chromatin remodeling (Murr et al., 2006).

Although the mechanisms that determine histone acetylation and therefore
chromatin decondensation are clear, the relationships between histone modification
and DDR show different and peculiar facets. For example, it has been demonstrated
that X-ray treatments of Arabidopsis plants result in H3 histone acetylation and H4
histone deacetylation (Drury et al., 2012) while the opposite effect was induced by
y-rays in Triticum aestivum plants (Raut & Sainis, 2012).

In addition to the histone acetylation/deacetylation processes, histone
methylation/demethylation by methylase and demethylase can modify histones with
opposite effects based on the amino acid residues that are methylated. Cytosine
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methylation of DNA is another epigenetic modification that influences gene
expression and silences the activity of transposable elements (TE). In plants,
cytosine methylation is found in three distinct sequence contexts: CG, CHG, and
CHH (where H stands for C, A, or T) (Law & Jacobsen, 2010). The RNA-directed
DNA methylation (RdADM) pathway is responsible for all types of de novo cytosine
methylation, especially within small TEs or at the boundaries of large TEs.
Arabidopsis mutants of components belonging to the RADM pathway were shown
to be viable and fertile. This is not true in crops with large genomes, where TEs are
also abundant in gene-rich chromosome arms. To date, knowledge about the
associations between RdDM and agronomic traits is still scanty (Kawakatsu &
Ecker, 2019).

1.3.2. DNA damage signaling and repair in the context of chromatin

The activation of eukaryotic DDR to sense or suppress DNA damage and allow
DNA repair must be considered in the context of chromatin (Fig. 9) since chromatin
mobility contributes to, and equally jeopardize, genome stability (Dion & Gasser,
2013). Thus, understanding chromatin dynamics is crucial in regulating DDR in
eukaryotes (Nair et al., 2017). Both ATM and ATR kinases are activated by
chromatin perturbations for the actuation of DDR and its downstream pathways,
such as DNA repair, cell cycle checkpoints, cell death, and senescence (Bakkenist
& Kastan, 2015).
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The recognition of nucleosomes by DDR sensors and transducers induce or
mediate DNA damage signaling and repair within the chromatin (Agarwal & Miller,
2016). The MRN complex senses the DNA ends and chromatin at DSB sites,
whereas the ATM bound to the MRN is induced by DNA ends and acts as an initial
signal transducer (Dupré et al., 2006). Conversely, ATR is exclusively activated
when the ssDNA and ssDNA/dsDNA terminals at the DNA damage sites are
recognized by DDR sensors, namely RPA and ATRIP (Cortez et al., 2001; Zou &
Elledge, 2003). Once activated, ATM and ATR phosphorylate and/or regulate the
secondary downstream transducers H2AX, SOG1, and
RBR1(RETINOBLASTOMA RELATEDI)/E2FA (Kim, 2019). As the key DDR
player, SOG1 phosphorylation leads to transcription of the tertiary downstream
transducer NAC103, and the effectors SMR4/5/7, CycB1, WEE1, AGO2 (Argonaute
2), BRCAI1, RAD17/51/54, PARP1/2, RPAIE (Ogita et al., 2018). During DDR,
chromatin remodeling rearranges nucleosomes and higher-order chromatin
structures. The occurrence of chromatin remodeling as well as the binding of specific
chromatin proteins, such as H2AX and H2AZ at DNA damage sites, may influence
the damage recognition, signaling, and repair processes (Widlak et al., 2006;
Rossetto et al., 2010). Increasing evidence demonstrates how chromatin remodellers
modulate DNA damage signaling and repair in eukaryotes. The human NuRD
chromatin-remodeling complex accumulates within DSB-flanking chromatin and
coordinates proper signaling and repair of DSBs. This accumulation allows the
histone ubiquitylation at DSB sites to aid the accumulation of BRCA1 and the E3
ubiquitin ligase RNF168 (Smeenk et al., 2010). The interaction between the
chromatin remodeler SMARCAS/SNF2H and RNF168 in DNA damage- and PARP-
dependent manner is required for the RNF168-dependent signaling of DSBs to
trigger H2AX ubiquitylation and BRCA1 accumulation at DSB sites (Smeenk et al.,
2013). The yeast INO8O0 (Inositol-requiring mutant80) complex binds H2ZAX at DSB
sites and affects the dynamics of both H2AX- and H2 AZ-containing nucleosomes
surrounding the DSBs for signaling and repair (Morrison, 2017). In plants, six major
subfamilies of ATP-dependent chromatin remodellers (ACRs) have been
recognized: INO80, SWI2/SNF2 (SWitch2/Sucrose NonFermentable 2), CHDI
(Chromodomain helicase DNA 1), ISWI (Imitation SWitch), RAD54 (Radiation
sensitive 54), and SNF2 (Dona & Mittelsten, 2015; Han et al., 2015). Among them,
the INO80, SWR1, and RAD54 chromatin remodeling complexes play a pivotal role
in plant DDR.

1.3.3. Chromatin remodeling and seed germination

Chromatin remodeling, required to allow the access of DNA repair enzymes at
the damaged sites, is part of the versatile seed repair response. This aspect is still
poorly explored in plants, although it is already known that major transcriptional
changes and chromatin rearrangements mark the developmental transition from dry
seed to germinated seed (Tanaka et al., 2008; Boychev et al., 2014; Wang et al.,
2016a). The molecular events that characterize early seed germination represent an
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intriguing model for exploring the link between chromatin remodeling and DNA
repair in plants.

Crucial players in chromatin remodeling are HDACs that remove acetyl groups
from histones, resulting in chromatin condensation and consequently gene silencing
(Grandperret et al., 2014) and HATs that transfer acetyl groups to the lysine residues
at the N-terminal region of histones and interact with transcription factors, promoting
gene expression (Boychev et al., 2014). The association of specific HDACs to the
molecular networks underlying seed germination and early seedling development
has been described as in the case of HDA19/HD1 which takes part in the
transcriptional repression of the AtABI3 (Abscisic acid Insensitive) gene promoter
during early seedling development in Arabidopsis. Therefore, the ABA (abscisic
acid) signaling pathway is suppressed, granting the establishment of young seedlings
(Ryu et al., 2014). A significant reduction in the nucleus size and/or a notable
chromatin condensation have been observed in dehydrating Arabidopsis seeds,
indicating an adaptive response to dehydration and drought stress also at the
chromatin level (van Zanten et al., 2011; Waterworth et al., 2015).

To address chromatin remodeling in the context of seed germination and
seedling development, Pagano et al. (2017) investigated the TRRAP gene in M.
truncatula, codifying for a transcriptional adaptor known in humans for its role in
the recruitment of HAT complexes to chromatin during DNA repair. It has been
speculated that DDR components might preferentially recruit the TRRAP-
containing HAT complexes at the DSBs sites. DSBs-induced DDR networks
probably result in chromatin alterations, such as the presentation of methylated
lysine 79 of histone H3, that facilitate the binding of TRRAP-containing HAT
complexes at the damaged site (Huyen et al., 2004). In M. truncatula, the biological
significance of chromatin rearrangements has been investigated through the
induction of genotoxic stress resulting from the administration of the HDAC
inhibitors like trichostatin A (TSA) and sodium butyrate (NaB) (Pagano et al., 2017,
2019). The TRRAP gene, along with its predicted interacting partners HAM?2
(Histone Acetyltransferase of the MYST family) and ADA2A (Transcriptional
Adaptor), displayed tissue- and dose-dependent fluctuations in transcript levels.
Furthermore, correlation analyses suggested a new putative link between DNA
repair and chromatin remodeling involving OGG1 and TRRAP genes, in the context
of seed germination. Intriguing correlations also connected DNA repair and
chromatin remodeling with antioxidant players and proliferation markers. Alongside
processes that favor chromatin decondensation, other mechanisms are activated to
promote chromatin condensation in seed-specific contexts. Similarly, in P. hybrida
seedlings exposed to NaB enhanced expression of HAT/HDAC genes along with
repression of genes involved in DNA repair was observed, suggesting the
involvement of chromatin modification- and DNA repair-associated pathways in
response to NaB exposure during seedling development (Pagano et al., 2020).
Moreover, a metabolomic analysis carried out in M. fruncatula seedlings exposed to
NaB, revealed significant changes in seed nucleotide, amino acid, lipid, and
carbohydrate metabolism along with the up-regulation of antioxidant, DNA repair,
and polyamine biosynthesis genes (Pagano et al., 2019). Significant changes in N'-
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methyladenosine and N'-methylguanine metabolites resulted associated with the up-
regulation of ALKBH1 (alkylation repair homolog) gene. These analyses provided
a comprehensive picture of metabolic changes happening in seeds challenged with
this specific HDAC inhibitor.

1.4. microRNAs: master-regulators of gene expression

To take place properly, DDR system requires sophisticated regulatory
mechanisms. In this context, microRNAs (miRNAs) may contribute to the
implementation of this essential mechanism. Although more pieces of information
exist in the mammalian system, this specific topic is substantially less investigated
in plants, thus requiring more dedicated attention. This chapter will provide a general
overlook of the processes related to the evolution, biogenesis, mechanisms of action,
and prediction tools, culminating with the general relevance of miRNAs in plants,
and specifically end with the few information related to their possible involvement
in DDR.

1.4.1. Evolution, biogenesis, and mechanism of action in animals and plants

MicroRNAs are defined as small (18-22 nucleotides), endogenous, non-coding,
single-stranded ribonucleic acids, acting as regulators of biological and
physiological processes (Jones-Rhoades & Bartel, 2004; Voinnet, 2009). Indeed,
miRNAs can regulate the expression of specific target genes by post-transcriptional
silencing or translational inhibition, thus regulating specific processes. In plants and
animals, the regulation of gene expression by miRNAs constituted a step towards
the development of more complex gene regulatory networks (Jones-Rhoades &
Bartel, 2004; Bartel, 2009). Various authors theorized miRNAs as drivers to a
multicellular state allowing the evolution of complex organisms (Bartel, 2004;
Peterson et al., 2009; Erwin et al., 2011). Common and unique features characterize
miRNA biogenesis among kingdoms. These similarities and differences are taken
into account to understand if plants and animal miRNA pathways evolved in a
common ancestor or independently. The predominant view is that the miRNA
evolved convergently in plants and animals (Jones-Rhoades et al., 2006; Axtell et
al., 2011; Tarver et al., 2012, 2015). This would indicate that miRNA pathway
evolved independently at least nine times (Lee et al., 1993; Wightman et al., 1993;
Reinhart et al., 2002; Molnar et al., 2007; Zhao et al., 2007a; Grimson et al., 2008;
Huang et al., 2012; Robinson et al., 2013). However, Moran et al. (2017) suggested
an alternative explanation according to which it might be possible that because of
the high sequence turnover rates in plants and non-bilaterian animals, no trace of
shared miRNA sequences between contemporary lineages could be found (Fig. 10).
The fact that plant miRNA genes are born and lost at high rates support this
hypothesis (Fahlgren et al., 2010; Cuperus et al., 2011), hence only a few miRNA
families are conserved among distant plant lineages (Axtell et al., 2007).
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Fig. 10. Possible scenario of miRNA evolution in plants and animals in which the last
common ancestor possessed a miRNA system. Gaining and losses of proteins and traits
are shown in the relevant branches (Moran et al., 2017).

Comparison between A. thaliana and A. lyrata revealed that only 33% of the
miRNA families are not conserved and were gained or lost throughout the ~10
million years (Myr) since they diverged (Cuperus et al., 2011). Genome data analysis
and small RNA sequencing from Capsella rubella, a very close relative of
Arabidopsis, indicated that the net flux rate (birth-death) for miRNA genes in
Arabidopsis is 1.2-3.3 genes per Myr (Fahlgren et al., 2010). In animals, a recent
study demonstrates that despite the notable examples of conservation, miRNA loss
is much more represented than previously thought (Thomson et al., 2014). However,
while the turnover of most animal miRNAs might be higher than previously thought,
it is still lower than in plants. For example, in Drosophila it has been estimated
around 0.8—1.6 per Myr (Lu et al., 2008; Berezikov et al., 2010).

These small molecules are transcribed by POLII (RNA POLYMERASE II) from
MIR genes mainly located between protein-coding genes. While in animals 30% of
MIR genes are located in introns, only three tested examples of intronic miRNAs are
known so far in plants (Rajagopalan et al., 2006; Joshi et al., 2012). Moreover, in
animals, approximately 50% of miRNA genes are found in clusters, often consisting
of several mature miRNAs (Kim & Nam, 2006; Axtell et al., 2011). In plants, fewer
cases of miRNA clusters are described, mostly codifying miRNAs from the same
family with evident homology (Merchan et al., 2009; Axtell et al., 2011). However,
some clusters of non-homologous miRNAs were identified in plants, which are
expected to target related proteins.

A schematic representation of the biogenesis of miRNAs in both animals and
plants is shown in Fig. 11. After transcription, the stem-loop regions of long primary
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transcripts are processed by specific enzymes to give rise to a mature miRNA
(Reinhart et al., 2002; Xie et al., 2005). In animals, the first step is performed by a
specialized microprocessor complex consisting of the RNAse III Drosha with the
cooperation of the RNA binding protein Pasha (DGCRS in vertebrates). The second
step of cleavage is conducted by the RNAse III Dicer (Kim et al., 2009). Differently,
in plants, a Dicer homolog, DICER-LIKE 1 (DCL1), oversees both processing steps
mandatory for miRNA maturation (Jones-Rhoades & Bartel., 2006; Voinnet, 2009).
In both animals and plants, Dicer enzyme is essential for processing the precursor
miRNA (pre-miRNA) into mature miR/miR* dsRNA duplexes (Cerutti & Casas-
Mollano, 2006; Jong et al., 2009; Kim et al., 2009; Voinnet, 2009). In plants, the two
processing events conducted by DCL1 occurs in the nucleus. Otherwise, in animals,
the first processing event performed by Drosha takes place in the nucleus while the
second step by Dicer takes place in the cytoplasm (Bartel, 2004; Axtell, 2011).
Nevertheless, different studies in animals reported the presence of Dicer in the
nucleus (Burger et al., 2015). Whether the nuclear localization of Dicer in animals
is a relic of an ancient miRNA-processing pathway or a secondary adaptation is still
a matter of debate. Both in animals and plants Dicer necessitates protein partners to
accurately cleave pre-miRNAs (Kim et al., 2009; Voinnet et al., 2009). In plants,
DCL1 1is supported by the RNA binding proteins SERRATE (SE) and
HYPONASTIC LEAVES1 (HYL1), both fundamental in miRNA biogenesis and
development (Han et al., 2004; Vazquez et al., 2004; Voinnet et al., 2009). In
animals, Ars2 (arsenite resistance gene 2, a Serrate homolog) has been identified as
a partner of the microprocessor and Dicer (Sabin et al., 2009). As concern HYL1
protein, no animal homologs have been identified. Plant miR/miR* duplexes are
very similar to those of animals. In fact, they are both ~ 22 nt long with imperfect
complementarity between the two strands and a 2-nt 3’ overhang (Bartel, 2004; Kim,
2009; Voinnet, 2009). Despite these similarities, the stem-loop precursor in plants
appears longer and more variable (Axtell et al., 2011).
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Fig. 11. Schematic representation of canonical miRNA biogenesis pathways in
animals and plants. Protein homologs carrying similar functions such as Dicer of
animals and DCL-1 of plants are represented in the same colour (Moran et al., 2013).

In both animals and plants, the binding of small RNAs widely complementary
RNA targets leads to degradation of the small RNA by adenosine or uracil addition
(‘tailing’) and 3’-to-5" exonucleolytic decay (‘trimming’) (Ameres et al., 2010;
Ameres & Zamore, 2013). Plant miRNAs are protected from these processes by 2"-
O-methylation of their 3" ends performed by the methyltransferase Hua enhancer 1
(HENT) (Yu et al., 2005; Voinnet et al., 2009; Ameres et al., 2013).

MicroRNAs are responsible for translational repression or gene silencing by
binding to the target mRNA transcripts through sequence complementarity, thus
regulating their target genes at the post-transcriptional level (Jones-Rhoades et al.,
2006). In both animals and plants, miRNAs necessitate a class of AGO (Argonaute)
proteins, a core component of the RNA-induced silencing complex (RISC), to exert
gene regulatory functions (Drinnenberg et al., 2011; Swarts et al., 2014). Once
processed, the mature miRNA duplex is loaded onto AGO and the guide RNA strand
selected by AGO directs RISC to the complementary RNA transcript (Bartel, 2004).
AGO proteins are evolutionarily conserved from Archaea and Bacteria to Eukarya,
where they take part mostly in small non-coding RNA related mechanisms. In plants,
miRNA-directed cleavage is mediated primarily by AGO1. The binding of a plant
miRNA to the target necessitates a nearly-full complementarity between the miRNA
and its mRNA target which generally allows the endonucleolytic cleavage of the
target by AGO between position 10 and 11 of the miRNA, often with a strong effect
on a small number of targets (Qi et al., 2006; Luo & Chen, 2007). In contrast, every
animal miRNA potentially regulates a large number of targets because the
recognition by the miRNA of the correspondent target does not require perfect
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complementarity but only a seven-nucleotide seed sequence, placed in positions 2—
8 of the miRNA. Differently from plants, in animals, the vast majority of animal
AGO proteins do not lead to miRNA target cleavage. Preferably, animal RISC brings
to translational repression of targets through the block of translation initiation or
elongation or deadenylation (Hutvagner & Simard, 2008; Ameres & Zamore 2013).
This mode of action leads to a relatively weak modulation of less than twofold both
at the RNA and protein levels (Baek et al., 2008; Selbach et al., 2008). This
mechanism of action is advantageous as it is reversible thus allowing rapid
expression of existing blocked mRNAs in a specific condition, time, or location
(Bhattacharyya et al., 2006; Muddashetty et al., 2011). The degree of
complementarity between the miRNA and its mRNA target is considered a major
factor influencing the mode of target repression. High complementarity, as seen in
plants, induces target cleavage by AGO while seed-matching promotes translational
inhibition as mostly seen in animals (Hutvagner & Simard, 2008; Huntzinger &
Izaurralde, 2011).

The existing differences between plant and animal miRNA mode of action are
becoming blander considering that there is more translation inhibition in plants than
previously appreciated (Brodersen et al., 2008; Iwakawa & Tomari, 2013; Liu et al.,
2014; Reis et al., 2015). However, even this type of inhibition necessitates nearly-
perfect complementarity as short matches limited to the seed region do not result in
target inhibition in plants (Iwakawa & Tomari, 2013; Liu et al., 2014).

1.4.2. Advances and limitations of bioinformatics databases and tools to
investigate plant miRNAs

Staring from the first miRNA cloning examples in plants, several additional
miRNAs, both conserved and non-conserved, have been identified through a
combination of computational predictions, forward genetics, and genome-wide
miRNA profiling, especially in Arabidopsis (Jones-Rhoades & Bartel, 2004; Adai et
al., 2005; Allen et al., 2005; Fahlgren et al., 2007). Because miRNAs interact with
their target mRNA by sequence complementarity, public tools and databases
available online were developed to support miRNA research. For example, miRBase
and psRNATarget are most used by plant scientists. miRBase is a public repository
for all published miRNA sequences and associated annotations, while psRNA target
is a plant small RNA target analysis server (Dai et al., 2018; Kozomara & Griffiths-
Jones, 2019). Sequencing analysis in plant systems different from Arabidopsis,
including additional eudicots, dicots, basal plant lineages but also the unicellular
algae such as Chlamydomonas reinhardtii, allowed the identification of both deeply
conserved and species-specific miRNAs in different other species (Axtell & Bartel,
2005; Willmann & Poethig, 2007; Axtell et al., 2007; Zhao et al., 2007a). High-
throughput pyrosequencing of miRNAs contributed to the knowledge of the
regulatory roles played by plant miRNAs within diverse pathways.

As regards the mRNA targets, for many of the identified miRNAs, they have
been computationally predicted and subsequently validated through molecular
analysis. The validations indicated that some miRNA-target relationships are
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ancient, while others have evolved more recently (Axtell, 2013). Molecular
techniques may be employed to validate mRNA targets. For example, a modified 5’
RACE allowed researchers to map the 5° ends of RNAs containing a 5’
monophosphate and not a cap. Both modifications are characteristics of the 3> RNA
cleavage products originated after miRNA-directed cleavage. The modified
technique skips the 5° cap removal step that normally proceeds RNA adaptor
ligation, RT-PCR, cloning, and sequencing. miRNA targets commonly are cleaved
between the positions that pair to nucleotides 10 and 11 of the miRNAs, and this
pattern of cleavage is characteristic for most miRNA targets (Llave et al., 2002;
Kasschau et al., 2003). In plants, the transient or stable overexpression of MIR genes
results in reduced accumulation of their full-length target mRNAs. Thus, the
increased accumulation of short, cleavage fragments, is indicative of miRNA-
directed cleavage. Techniques such as RNA gel blot, quantitative reverse
transcription-polymerase chain reaction (QRT-PCR), or transcriptome analyses are
used to monitor the accumulation of full-length target mRNAs. Caution is needed
when using this technique because false-positive miRNA targets might be detected
when miss expressing or overexpressing MIR genes. MIR gene mutations
responsible for a decrease in accumulation of miRNAs results in increased target
mRNA accumulation, sometimes in a tissue-specific manner, that may be visualized
by RNA gel blot, qRT-PCR but also in situ hybridization and transcriptome analyses
(Sieber et al., 2007). The accumulation of RNAs and the phenotypes resulting from
the expression of transgenes holding predicted miRNA binding sites or miRNA
resistant binding sites where miRNA complementarity has been disrupted may be
monitored in vivo. This technique may be coupled with reporter gene fusions and
MIR gene overexpression to follow the changes in both mRNA and protein
accumulation (Mallory & Vaucheret, 2006).

Despite enormous advances at the computational and molecular level, there are
still limitations in the techniques applied for a more in-depth study of miRNAs. The
unavailability of the target genome in bioinformatics tools is an example. Many of
the hitches require the construction of tailor-made pipelines which, even when
decisive, lead to greater consumption of time. Another difficulty in the analysis of
miRNAs is due to their small size and their fluctuations even within the same species
due to interspecific variability or environmental conditions. Ligation of adapters and
strategies to increase amplicon size contributes to their specific capture and
synthesis. Considering the advantages but also the limitations of current techniques,
new efforts are needed to improve the understanding of the role of miRNAs and its
effects in the most disparate fields of biology and beyond.

1.4.3. The multifaced role of plant miRNAs

MicroRNAs are known for their involvement in a myriad of processes in plant
life. Their implication in various aspects of plant developments, cellular processes,
response to stresses, signal transduction, and even their biogenesis, is ascertained
(Fig. 12). Organ maturation (Juarez et al., 2004; Guo et al., 2005), hormone signaling
(Liu et al., 2009), developmental timing (Achard et al., 2004), and responses to
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pathogens (Sullivan & Ganem, 2005; Navarro et al., 2016) as well as to
environmental abiotic stresses such as drought (Zhao et al., 2007b), salinity (Zhao et
al., 2009), heavy metals (Huang et al., 2009), and cold (Zhou et al., 2008) are among
the biological and metabolic processes regulated by plant miRNAs. More than 50%
of the targets of miRNAs belonging to conserved families are transcription factors
and proteins implicated in developmental programs and cell differentiation (Jones-
Rhoades et al., 2006; Mallory & Vaucheret, 2006). Among these, miR171 is among
the plant conserved miRNAs playing multiple roles in plant development. This
miRNA is involved not only in leaf morphogenesis and shoot branches but also in
pollen ontogenesis. MiRNAs also participate in the growth of the primary and lateral
roots constructing the architecture of the root system, particularly by modulating the
signaling of plant hormone auxin (Wang et al. 2005; Curaba et al. 2014). There is
increasing evidence that miRNAs regulate not only plant development but also
responses to biotic or abiotic stresses (Shriram et al., 2016) and that environmental
stresses lead to the synthesis of new miRNAs (Khraiwesh et al., 2012). To date, more
than 40 miRNA families have been observed to be involved in responses to abiotic
stresses in plants (Sunkar, 2007, 2010), many of which are involved in responses to
salt and drought stresses (Xiong et al., 2006; Peng et al., 2014).
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Fig. 12. Schematic representation of the roles that miRNAs play in plants.

Among the numerous conserved and novel miRNAs identified, many are
implicated in the regulation of nutrient deprivation (Zhao ef al., 2012; Panda and
Sunkar, 2015), and trace element toxicity (Huang et al., 2016; Cakir ef al., 2016). In
fact, miRNA abundances are influenced by nutrient availability such as phosphorus
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(P) and copper (Cu). Four different miRNAs are currently known to be Cu
responsive, namely miR397, miR398, miR408, and miR857, three of which
(miR397, miR398, miR408) belonging to conserved plant miRNA families. Another
function recently assigned to miRNAs is the regulation of secondary metabolite
productions such as flavonoids, lignins, terpenes and terpenoids, and alkaloids
(Wagner & Kroumova, 2008; Gupta et al., 2017, Araujo et al., 2018). For example,
anthocyanin accumulation is regulated by the miR156 targeted SPL9 (Squamosa
promoter binding protein-like 9) gene in Arabidopsis (Gou et al., 2011).

Plant miRNAs are also capable of regulating genes necessary for the miRNA
pathway, such as DCL1 and AGO1 (Xie et al., 2003; Vaucheret et al., 2004, 2006;
Rajagopalan et al., 2006). Plant miRNAs also constitute key regulatory modules in
the process of seed development, dormancy, and germination. It is already known
that some miRNA families (e.g. miR156, miR159, miR164) are down-regulated,
while others (e.g. miR398, miR408, miR528) are up-regulated (Li et al., 2013;
Araujo et al., 2018) during seed development and germination. Other examples
include miR159 and miR160, demonstrated to contribute to the regulation of seed
germination by influencing seed sensitivity to ABA and auxin (Reyes & Chua,
2007; Nonogaki, 2010).

Taken together, all the above-mentioned processes regulated by miRNAs have
vast implications in the agricultural field and the development of modern
technologies for its improvement. Considering their importance, the unknown
regulatory properties and functions of many miRNAs deserve to be deeply explored.

1.4.3.1. Regulatory properties of miRNAs in the context of DDR

MiRNAs are emerging as new players in DDR and DNA repair. The
involvement of miRNAs in the regulation of DDR players is quite recent and
insufficiently explored, especially within the plant kingdom. Conversely, studies in
human cells have already shown that miRNAs are involved in the regulation of
DDR-associated genes and their activity is intricately weaved with traditional
elements such as ATM and p53 (Kato et al., 2009; Landau & Slack, 2011; Wan et
al., 2011).

DNA lesions influence miRNA expression at the transcription and post-
transcription levels as well as miRNA degradation, whereas miRNAs regulate the
components of DDR machinery such as sensors, transducers, and effectors (Zhang
& Peng, 2015). It has been demonstrated that microRNAs, in both plants and
animals, are responsive to IR-induced oxidative stress and may be responsible for
the epigenetic regulation of some DDR genes (Joly-Tonetti & Lamartine, 2012; Kim
etal., 2016). In animals, miR-24, miR-138, miR-182, miR-101, miR-421, miR-125b,
and miR-504 are crucial regulators of H2AX, BRCA1, ATM, or P53, (Joly-Tonetti
& Lamartine, 2012; Lhakhang and Chaudhry, 2012). Additionally, miR-96, miR-
155, miR-506, miR-124, miR-526, and miR-622b are involved in HR or NHEJ repair
by targeting RADS51 or KU70/80, respectively (Choi et al., 2016a, 2014; Thapar,
2018). Plant specific miRNAs responsive to genotoxic stress includes the IR-induced
Arabidopsis miR840 and miR850, which remain to be further characterized in terms

37


https://www.frontiersin.org/articles/10.3389/fpls.2017.00374/full#B12
https://www.frontiersin.org/articles/10.3389/fpls.2016.00658/full#B68
https://www.frontiersin.org/articles/10.3389/fpls.2016.00658/full#B68
https://www.frontiersin.org/articles/10.3389/fpls.2016.00658/full#B62

1. Introduction

of their roles in DDR and DNA repair (Kim et al., 2016). Some miRNAs (e.g.
osamiR414, osa-miR164e, and osa-miR408), were demonstrated to target specific
helicases playing roles in recombination, replication and translation initiation, DSB
repair, NER, or maintenance of telomere length. These miRNAs and their target
genes were differentially expressed under different stress conditions, like salinity
and irradiation, in the expected negative-correlation manner; when miRNAs are
upregulated the genes are downregulated, and vice versa (Macovei & Tuteja, 2013).

It is thus clear that research on miRNAs involved in plant DDR is currently
poorly represented in the scientific literature. Considering the implications of the
DDR on the viability and quality of plants and seeds, it is also worth investigating
these fine-tuning aspects in order to gain new and useful insights on this compelling
topic.

1.4.3.2. miRNAs and chromatin remodeling

Chromatin remodeling processes are fundamental for gene activation/repression.
Among the chromatin modifications, histone acetylation plays an important role in
chromatin remodeling and is required for gene activation. By analyzing the
accumulation of miRNAs in mutants of Arabidopsis, Kim and co-workers (2009)
showed that the histone acetyltransferase GCN5 (General control non-repressed
protein 5) induce repression on miRNA production, whereas it is necessary for the
expression of a specific subset (e.g. stress-inducible) of MIRNA genes. The
repressive effect of GCN5 in miRNA production is probably due to indirect
repression of the miRNA machinery genes including DCLI, SE, HYLI, and AGOI.
Chromatin immunoprecipitation assays showed that GCNS5 targets a group
of MIR genes and is needed for acetylation of histone H3 lysine 14 at these loci.
Furthermore, inhibition of histone deacetylation by TSA treatment or in histone
deacetylase gene mutants compromised the accumulation of specific miRNAs.
These data suggest that GCNS affects the miRNA pathway at both the transcriptional
and post-transcriptional levels and that histone acetylation/deacetylation is an
epigenetic mechanism implicated in the regulation of miRNA synthesis.

Another example of a chromatin modifier is constituted by the ATP-dependent
SWRI1 chromatin remodeling complex SWR1-C. It is involved in changing the
histone H2A-H2B dimer with the H2A.Z-H2B dimer, leading to wvariant
nucleosomes. In Arabidopsis, SWR1-C participates in the active transcription of
many genes, but also the silencing of genes responsive to environmental and
developmental stimuli. SWR1-C is required for miRNA-mediated developmental
regulation. In SWR1-C mutants, miR156 and miR164 levels are reduced at the
transcriptional level resulting in the accumulation of target mRNAs and associated
morphological changes. MiRNA sequencing proved that the level of many miRNAs,
including miR156, decreased in specific SWR1-C mutants, though some miRNA
levels increased. Thus, SWR1-C contributes to transcriptional activation via
nucleosome dynamics. Furthermore, SWR1-C contributes to the fine-tuning of plant
developmental processes by generating a balance between miRNAs and target
mRNAs at the transcriptional level (Choi et al., 2016b).
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1.5. The trans-kingdom valence of plant miRNAs

Aside from the well-known, canonical functions of miRNAs, a new hypothesis
started to emerge recently, where miRNAs appear as molecules that can be
transferred from one species to another (Knip et al., 2014; Han & Luan, 2015) in a
trans-kingdom fashion. The knowledge on this aspect is rapidly expanding, offering
unique opportunities to identify miRNAs shared between the animal and plant
kingdoms. This chapter focuses on the mobility of miRNA molecules from the
perspective of trans-kingdom gene silencing. The mobility of miRNAs within the
organism is a well-known phenomenon, but recent studies started to investigate also
examples of miRNA exchange occurring between organisms of different kingdoms.
These examples are predominantly found in interactions between hosts and their
pathogens, parasites, and symbionts; although, recently, novel evidence was
provided showing that that food-derived exogenous plant miRNAs can be passed to
and influence the expression of mammalian genes, including humans.

1.5.1. From plants to humans

Plenty of evidence showing that plant miRNAs are present in human/animal
plasma and can target cross-species genes, with potential beneficial or detrimental
effects was reported (Vaucheret & Chupeau, 2012; Liu et al., 2017). The first study
showing the assimilation of miRNAs through the diet and their potential interaction
with human/mammal genes was published by Zhang et al. (2012), who observed the
permanence of the miR168a in the sera and tissues of animals and humans. This
miRNA was demonstrated to target the liver low-density lipoprotein (LDL) receptor
adapter protein 1 (LDLRAP1), subsequently resulting in decreased removal of LDL
from plasma. On the contrary, Dickinson et al. (2013) did not detect measurable
uptake of any rice miRNAs in mouse feeding trials. Other recent studies pointed the
attention to the miRNA cross-kingdom inhibition of cancer growth. Studies
performed using synthetic plant miRNAs showed miRNA absorption at the
gastrointestinal level along with a reduction of tumor burden in mice. The plant
miR159 was abundantly found in human sera and associated with a decreased
incidence and progression of breast cancer. This was explained by the specific
binding of miR159 to the TCF7 (a Wnt signaling transcription factor) gene encoding
a protein that interacts with MYC (Avian Myelocytomatosis Viral Oncogene
Homolog) proteins, playing essential roles in cell cycle progression (Chin et al.,
2016). Another example is the Atropa belladonna aba-miRNA-9497, shown to be
highly homologous to Homo sapiens hsa-miRNA-378and thus being able to target
the 3-UTR of the mRNA encoding for a neurologically relevant protein called
ZNF-691 (Zinc-Finger Transcription Factor). It is believed that this could explain
the potent neurotoxic actions of the alkaloids found in 4. belladonna neuroregulatory
activity, induced by modulating the expression of ZNF-691-sensitive genes (Avsar
etal., 2019).
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Wet lab (Philip et al., 2015; Cavalieri et al., 2016; Liu et al., 2017) versus dry
lab (Shu et al., 2015; Zhang et al., 2016a) experiments are being designed to prove
or disprove this hypothesis. These compelling studies highlight the particular role of
plant miRNAs in cross-kingdom communication. To date, plant miRNAs detected
in human plasma belong to evolutionary conserved families (e.g. mi168, miR156,
miR166, miR319, miR167) (Liang et al., 2014; Yang et al., 2015). These miRNAs
were found to be resistant to RNase A activity, whereas they can also resist
processing and cooking. Probably, this ability results from miRNAs association with
other molecules such as proteins or lipids which protect them against degradation
(Liang et al., 2014). Moreover, the methylated configuration of plant miRNAs grants
them higher stability against degradation (Zhang et al., 2012). By these means,
exogenous plant miRNAs can be released into mammalian cells where they can
regulate multiple target genes based on sequence complementarity, similarly to how
endogenous miRNAs act (Liu et al., 2017). This concept may envision plant
miRNAs as natural bioactive compounds with potential health-promoting benefits.

1.5.2. From plants to pathogen and symbionts

Many of the existing examples of miRNA cross-kingdom transfer come from
plant-pathogen interactions (Zhang et al., 2016b; Wang et al., 2017; Zhang et al.,
2019; Gualtieri et al., 2020). The cross-kingdom transfer of endogenous plant
miRNAs to pathogens is associated with the inhibition of their invasive attributes
while, on the other side, miRNA transfer from parasitic eukaryotes to plants may
suppress the immunity of the host plants. In the case of symbiotic and/or mutualistic
relations, miRNA transfer from plants may influence the growth and development
of these organisms (Zhu et al., 2017). Indeed, miRNAs have been observed to move
in a cross-kingdom fashion from plants to fungi and vice versa. The transfer of
miRNAs from plants to pathogenic fungi has been observed in the case of Gossypium
hirsutum miR159 and miR166 transferred to Verticillium dahliae (Zhang et al.,
2016b). These specific miRNAs, found to be present in fungal hyphae isolated from
infected cotton tissues, were predicted to target two specific proteins related to
fungal virulence, namely the isotrichodermin C-15 hydroxylase (HiC-15) and Ca?'-
dependent cysteine protease (Clp-1). To prove this relation, experiments were
conducted by transiently expressing miRNA-resistant HiC-15 and Clp-1 in tobacco
and V. dahliae, showing that the transfected plants acquired resistance to the fungal
pathogen (Zhang et al., 2016b). The delivery of small RNA molecules from fungi to
plants was also observed, as in the case of the novel miRNA-like RNA, Pst-milR1,
from Puccinia striiformis f.sp. tritici (Pst), the agent causing the wheat stripe rust
disease (Wang et al., 2017). This miRNA was identified by high-throughput analysis
and predicted to target the 1,3-glucanase SM638 (pathogenesis-related 2) gene in
wheat. This prediction was subsequently confirmed by co-transformation analyses
and RACE (rapid amplification of the cDNA ends) validation in tobacco leaves.
The cross-kingdom transfer of miRNAs has been investigated also for its
communication role between plants and plant-feeding insects, like in the case of
Plutella xylostella (Zhang et al., 2019), and, most importantly, in pollinator insects.
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Several studies reported prominently on the dietary intake of plant miRNAs by
honey bees (Ashby et al., 2016; Gismondi et al., 2017; Zhu et al., 2017). In bees, the
dietary intake of pollen-derived miR162a was proven to regulate caste development
at the larval stage (Zhu et al., 2017). It was shown that miR 162a specifically targeted
TOR mRNA, thus downregulating its expression at the post-transcriptional level.
This mechanism was found to be conserved also in Drosophila melanogaster,
although this is a non-social type of insect (Zhu et al., 2017). As in the case of
miRNAs transfer from plants to humans/mammals, contrasting results were reported
also in this situation. As an example, Masood et al. (2016) shown that although plant
miRNAs are accumulated after pollen ingestion in adult bees, no biologically
relevant roles could be associated with them.

In the future, the study of this particular phenomenon of miRNA transfer may
help researchers to develop increasingly sophisticated agricultural technologies
based on miRNAs. For example, artificial miRNA (amiRNAs) may represent a
valuable tool to combat current and future challenges in the agricultural sector (Chen
et al., 2013; Mitter et al., 2016). Given this, miRNA-based strategies exploiting the
potential of plant miRNAs to move across kingdoms and silence specific genes in
distantly related organisms could prove to be useful, efficient, and sustainable
solutions.
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2. Aims of the research

Although involved in a significant number of relevant processes, the regulatory
properties, and functions of many miRNAs are still unknown and deserved to be
explored, especially when regarding miRNA trans-kingdom valence and
involvement in DDR pathways, as evidenced by the cited literature (see
Introduction).

Given the miRNA vastness of functions and their relevance to both plants and
animals/humans, this study aimed to investigate the potential of plant miRNA trans-
kingdom valence along with their involvement in DDR. In this variegated scenario,
the present research proposes to:

1. Identify miRNAs targeting common biological processes between plant and
human cells focusing on a particularly conserved pathway, namely DDR, by
performing in silico bioinformatic analyses;

2. Develop an appropriate experimental working system to inhibit specific
DDR pathways;

3. Analyze the expression of plant DDR-related genes and their putative
miRNAs in the developed system.

4. Investigate the cross-kingdom valence of plant miRNAs predicted to target
human genes in an in vitro system.

The model legume Medicago truncatula (barrel medic) has been chosen as a
target to achieve the objectives from 1 to 3 because, aside from being a model legume
system, it is also economically relevant as a forage crop and it has gain attention as
having nutraceutical properties (Tava et al., 2011). To achieve objective 4, Malus
domestica cv Golden Delicious was chosen as the target. Along with olive oil, red
wine, greens, and a plethora of vegetables and other fruits, apples are part of the
Mediterranean diet associated with health benefits such as lower cancer incidence
(Berrino & Muti, 1989; Gallus et al., 2004). The fruit, available all year round in a
variety of forms, is perceived as healthy food and consumed fresh or in the form of
derivatives. Apples are rich in phenolic compounds (especially flavonoids and
hydroxycinnamates), pectin, sugar, macro and microelements that give it
antioxidant, antimicrobial, antitumor properties, and many other beneficial effects
with potential applications in the food, pharmaceutical, and cosmetic industries.
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3. Materials and methods

3.1. In silico analyses

3.1.1. Datasets used for the bioinformatics analyses

The list of M. truncatula miRNAs used in this study was obtained from the
public database miRBase (http://www.mirbase.org/, Kozomara et al., 2019) and
consisted of 756 sequences (426 unique).

The human 3’UTRome sequence dataset and the M. truncatula transcript dataset
(Mt4.0 vl) were obtained from the psRNATarget
(http://plantgrn.noble.org/psRNATarget/) and amounted to 21,233 sequences
(18,167 unique human genes) and 62,319 transcripts (50,894 unique barrel medic
genes), respectively.

The target gene and protein sequences were recovered from the NCBI RefSeq
database (https://www.ncbi.nlm.nih.gov/refseq) for human targets and from the
Medicago Genome Database (www.medicagogenome.org).

For the de novo M. truncatula network construction, six microarray datasets
were retrieved from the ArrayExpress repository
(https://www.ebi.ac.uk/arrayexpress):

(i) E-EMEXP-1097 — describing the transcription profiling of all major organ systems
to generate a gene expression atlas, developed by Benedito et al. (2008);

(ii) E-MEXP-3719 — containing the transcription profiling by array of seven
developmental stages of M. truncatula cultivar A17 during seed maturation (from
24 DAP to dry seeds), developed by Verdier et al. (2013);

(iii) E-MEXP-2883 — containing transcription profiling of border cells, root tips, and
whole roots (Tang, 2014);

(iv) E-EMEXP-3190 — consisting of transcriptome profiling of irg/ mutant leaf of M.
truncatula, developed by Uppalapati and colleagues (2012)

(v) E-MTAB-3909 — enclosing a transcriptome analysis of secondary cell wall
development, published by Wang et al. (2016b);

(vi) E-GEOD-43354 — containing the cell- and tissue-specific transcriptome analyses
of root nodules, published by Limpens et al. (2013).

These amounted to a total of 117 raw expression samples that were used for M.
truncatula co-expression network reconstruction.

3.1.2. Tools and parameters for miRNA target prediction

To predict miRNA targets in M. truncatula and H. sapiens, the tools used were
psRNATarget (Dai et al., 2018) and RNAhybrid (Kruger and Rehmsmeier, 20006),
respectively. The list of M. truncatula unique miRNAs was used as input for both
tools, together with the M. truncatula transcript dataset or the human 3’ UTRome.
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The parameters of the two target prediction tools were set to obtain a balanced
number of network nodes (about 700 for A. thaliana and H. sapiens) in the network-
based pipeline, and of unique target transcripts (about 1,700 for M. truncatula and
H. sapiens) in the alignment-based pipeline.

A highly specific hybridization in seed region (typical for plants) was set in
psRNATarget, which was used to find plant target genes for the network-based
pipeline with the following parameters: number of top targets = 50, Expectation =
2.5, Penalty for G:U pair = 0.5, Penalty for other mismatches = 1, Extra weight in
seed region = 1.5, Seed region = 2—-13 nucleotides, Mismatches allowed in seed
region = 0, HSP size = 19. For the alignment-based pipeline, the list of targets was
obtained using the same parameters, except the number of top targets set to 15.

The predicted target list from RNAhybrid was filtered by fine-tuning the
Minimum Free Energy (MFE) at a threshold of —36.5 kcal/mol for the network-based
approach, and at —34.7 kcal/mol for the alignment-based pipeline. In both cases, a
maximum of 50 targets per miRNA was considered, as previously reported as
necessary for accurate analysis (Zhang et al., 2016a).

3.1.3. Development of a bioinformatics pipeline to assess plant miRNAs #rans-
kingdom valence

Taking advantage of miRNAs ability to cleave mRNA targets according to
sequence complementarity in both plant and animal, bioinformatic approaches are
useful tools to predict cross-species targets. The bioinformatic pipeline was designed
and performed in collaboration with Dr. L. Pasotti’s group from the Bioinformatics,
Mathematical Modelling and Synthetic Biology (BMS) Laboratory (University of
Pavia). Several strategies have been developed and implemented to achieve the
common goal of identifying shared features (miRNAs targeting similar processes)
between these evolutionary distant organisms:

(1) a gene network-based approach was used to compare the targeted biological
processes in plants and human, using an 4. thaliana homology-based system for
plant network reconstruction;

(2) an alignment-based approach was used to identify nucleotide and protein
similarities between M. truncatula and H. sapiens putative targets;

(3) another network-based approach using a de novo reconstructed M. truncatula
gene network was used to further assess the common biological processes targeted
in human and barrel medic.

A schematic representation of the employed strategies, steps, and methodologies
used is shown in Fig. 13.
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Fig. 13. Schematic representation of the pipeline used to conduct bioinformatics analyses to investigate
plant miRNAs trans-kingdom valence (Bellato et al., 2019).
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6. Biological Process Comparison

For the development of the network-based approach, the obtained predicted
targets were used to construct the plant and human target networks using GeneMania
(https://genemania.org/, Warde-Farley et al., 2010) taking into consideration all the
genetic and co-expression interactions available within the tool. Since GeneMania
does not contain M. truncatula among the available organisms, this procedure was
used to construct a genetic interaction/co-expression network of A. thaliana by
mapping the homologous genes of the M. truncatula predicted targets list using the
Phytomine tool (https://phytozome.jgi.doe.gov/phytomine/begin.do, Goodstein et
al., 2012). The relative threshold similarity between the species was set above 85%.
Human and plant networks were imported and analyzed using Cytoscape (v.3.7.1)
(https://cytoscape.org/, Shannon et al., 2003) and its applications. Clustering was
carried out using the glay (Su et al., 2010) and ClusterOne (Nepusz et al., 2012)
algorithms. The parameters set for ClusterOne were as follow: minimum size = 50,
minimum density = 0.25, unweighted edges, node penalty = 2, haircut threshold = 0,
merging method = Multi-pass, Jaccard similarity, overlap threshold = 0.15, seeding
method from unused nodes. The gl.ay algorithm does not have free parameters. For
each cluster, enrichment analysis was carried out using ClueGO (Bindea et al., 2009)
to find statistically overrepresented Gene Ontology (GO) terms in the Biological
Process (BP) category, using a right-tail test with the Benjamini-Hochberg
correction for multiple testing (75% detail level). GO terms having a p-value < 0.05
were considered for further analysis.

For the development of the alignment-based approach, the nucleotide and
protein sequence of the predicted transcript targets found in M. truncatula and H.
sapiens were compared by sequence alignment for each miRNA. A custom
MATLAB R2018a (MathWorks, Natick, MA, USA) script was programmed to
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automatically carry out this analysis and to evaluate the statistical significance of
each comparison. The Smith-Waterman method (Smith and Waterman, 1981) was
used to perform local alignment via the swalign function and get the optimal
alignment score (in bits) as output. A random permutation-based statistical analysis
was used to evaluate the significance of each alignment and to obtain a sequence
length-independent scoring value (p-value) (Tiengo et al., 2015). For each sequence
comparison, 200 random permutations were considered for the human
nucleotide/protein sequence and an alignment was performed for each
randomization. The resulting distribution was used to obtain the final p-value. Low
p-values correspond to statistically significant alignments with a considered
threshold of 0.05.

For the reconstruction of M. truncatula co-expression network, raw expression
values were globally normalized using the Robust Multichip Average (RMA)
method (Irizarry et al., 2003), and annotated using the MedtrA17 4.0 reference
genome assembly. Co-expression analysis of the obtained expression panel was
performed using ARACNE (Margolin et al., 2006). All the analyses were performed
in the R environment, using /imma (Ritchie et al., 2015) and biomaRt (Durinck et
al., 2009) packages for the expression data preparation, and minet (Meyer et al.,
2008) for the co-expression estimation. The obtained matrix was used to reconstruct
a co-expression network for the miRNA targets of M. truncatula, with a Python
(v.2.7) script, exploiting the NetworkX package (Hagberg et al., 2008) to create
networks in a Cytoscape-compatible format. The miRNA targets of M. truncatula,
were mapped into the network to extract their co-expression interactome. The
resulting sub-network was filtered to eliminate the smallest units composed of single
nodes or less than ten nodes because these are not informative in terms of
interactions. The remaining giant component was analyzed using glay clustering
procedure and the obtained clusters were subjected to the ClueGO enrichment step.

3.1.4. Identification and in silico characterization of SOG1 in M. truncatula

The A. thaliana AtSOG1 (AT1G25580) peptide sequence was retrieved from
Phytozome (vs. 12.1) and used to recover SOG1 homologs in the M. truncatula
genome (Mt4.0v1) by using the BLASTP tool, with default parameters, of the same
database. Apart from the M. truncatula genome, AtSOG1 peptide sequence was also
used to retrieve SOG1 homologs in other plant species by blasting this sequence
against all the plant genomes accessible in Phytozome database (vs. 12.1).

The genomic, transcript, coding, and peptide sequences of M. truncatula SOG1
(MtSOG1)  were  retrieved from  Phytozome  portal.  PhytoMine,
(https://phytozome.jgi.doe.gov/phytomine/begin.do) was used to find the precise
positions of the exons on genomic sequences, average length, and distribution. Pfam
(http://www.pfam.xfam.org) and InterPro (http://www.ebi.ac.uk/interpro/) were
used to confirm and locate the NAM/NAC characteristic domain. Subsequently, the
coding and the peptide sequences of MtSOG1 were aligned by CLUSTALW tool
(https://www.genome.jp/) to find common and different features. The STRING
(https://string-db.org/) online database (vs.11.0) was used to identify AtSOG1 and
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MtSOGT putative interactors. STRING is a database of known and predicted protein-
protein interactions, both direct (physical) and indirect (functional). The AtSOG1
and MtSOGI peptide sequences together with the organism of origin were used as
STRING input to obtain the functional protein-protein interaction networks.

3.1.5. Phylogenetic tree construction

To generate the phylogenetic tree, the retrieved SOGI1 peptide sequences with
an E-value <-100 were first selected and aligned with MAFFT (Multiple Alignment
Fast Fourier) (Katoh et al., 2002), using FFT-NS-i algorithm (Katoh et al., 2002).
After alignment and trimming, the sequences were used to build a phylogenetic tree
through MEGAX (Molecular Evolutionary Genetics Analysis) (Kumar et al., 2018)
and using neighbor-joining (NJ) as a statistical method. The following parameters
were imposed: (i) bootstrap method with 1000 replications; (ii) evolutionary
distances calculated with Jones—Taylor-Thornton substitution model; (iii) rates
among sites were gamma distributed with a value of 1 for the parameter (Carocha et
al., 2015; Soler et al., 2014).

Sequences from the following species were used to construct the phylogenetic
tree:  Amaranthus hypochondriacus, Amborella trichopoda, Ananas comosus,
Aquilegia coerulea, Arabidopsis halleri, Arabidopsis lyrata, Arabidopsis thaliana,
Boechera stricta, Brachypodium distachyon, Brachypodium stacei, Brassica
oleracea capitata, Brassica rapa, Capsella grandiflora, Capsella rubella, Carica
papaya, Chlamydomonas reinhardtii, Citrus clementina, Citrus sinensis,
Coccomyxa subellipsoidea, Cucumis sativus, Daucus carota, Dunaliella salina,
Eucalyptus  grandis, Eutrema salsugineum, Fragaria vesca, Glycine max,
Gossypium raimondii, Kalanchoe fedtschenkoi, Kalanchoe laxiflora, Linum
usitatissimum, Malus domestica, Manihot esculenta, Marchantia polymorpha,
Micromonas pusilla, Micromonas sp., Mimulus guttatus, Musa acuminata,
Oropetium thomaeum, Oryza sativa, Ostreococcus lucimarinus, Panicum hallii,
Panicum  virgatum, Phaseolus vulgaris, Physcomitrella patens, Populus
trichocarpa, Prunus persica, Ricinus communis, Salix purpurea, Selaginella
moellendorffii, Setaria italica, Setaria viridis, Solanum lycopersicum, Solanum
tuberosum, Sorghum bicolor, Sphagnum fallax, Spirodela polyrhiza, Theobroma
cacao, Trifolium pratense, Vitis vinifera, Volvox carteri, Zea mays, Zostera marina.

3.2. Wet-lab analyses
3.2.1. Experimental setup

M. truncatula seeds (cv. Jemmalong, M9-10a genotype), gently provided by
Fertiprado L.d.a. (http://www .fertiprado.pt/en/), Portugal, were used for this study.
Seeds were treated with different concentrations of camptothecin (CPT, 25 uM, 50
uM, 100 uM) (Sigma-Aldrich, Milan, Italy), and 25 uM NSC120686 (NSC, 2-
chloro-6-fluorobenzaldehyde 9H-fluoren-9-ylidenehydrazone, provided by National
Cancer Institute, Bethesda, USA). Following the selection of the most appropriate
CPT dose, a synergistic CPT+NSC treatment was implemented. The concentrations
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were selected based on preliminary phenotypic results in the case of CPT treatments
and previous studies in the case of NSC (Macovei et al., 2018). Because these
compounds are dissolved in 100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
Milan, Italy), specific DMSO controls, corresponding to each concentration used in
the indicated treatments, were set up. Specifically, DMSO 0.29% (subsequently
denominated as DMSO_C) corresponds to the concentration used for the CPT
treatments, DMSO 0.17% (subsequently denominated as DMSO_N) corresponds to
the concentration used for the NSC treatments, and DMSO 0.23% (subsequently
denominated as DMSO_CN) corresponds to the concentration used for the
CPT+NSC treatments. A non-treated control (NT) was also used for all experiments
carried out. A schematic diagram of the proposed experimental design is shown in
Fig. 14. The designated treatments were applied to M. truncatula seeds placed in
Petri dishes (30 seeds per dish) containing a filter of blotting paper moistened with
2.5 mL H,O (NT, non-treated control) or indicated solutions (CPT, NSC, CPT+NSC,
DMSO_C, DMSO_N, DMSO_NC). Petri dishes sealed with parafilm were kept in a
growth chamber at 22°C under light conditions with a photon flux density of 150
umol m~2s™!, photoperiod of 16/8 h, and 70-80% relative humidity. To keep the
seeds moistened, 1 mL solution was added for each treatment on the third day. The
experiment was followed for a time period of seven days and subsequently the plant
material was used fresh or frozen in liquid nitrogen for subsequent analyses.

TN TN TN N

\ / \ / \it ,//i N

CPT 25 uM NSC 25 uM NSC + CPT

/\/\\f\
NELVAN VARG LY

DMSO00.29% DMS00.17% DMS00.23 %

Fig. 14. Schematic representation of the experimental design set up to evaluate the effect of
selected treatments on M. truncatula seed germination and seedling development. CPT,
camptothecin; NSC, NSC120686; DMSO, dimethyl sulfoxide.
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3.2.2. Phenotypic evaluation

M. truncatula seeds subjected to the above-mentioned treatments were
monitored every 24 h for seven days. At the end of the experiment (7™ day), several
biometrical parameters were measured:

e germination percentage (%), consisting of the percentage of total germinated
seeds; a seed is considered germinated when the radicle protrusion reaches
at least 1 mm of length;

o seedling length (millimeters, mm), measured using millimetric paper;

o seedling fresh weight (FW, grams, g), measured using an analytical weight
scale (Mettler AJ100, Mettler Toledo, Germany).

Data are represented as mean + standard deviation (SD) of at least three independent
measurements.

3.2.3. Single Cell Gel Electrophoresis (SCGE)

Nuclei were extracted from M. truncatula radicles isolated from 7-days old
seedlings (corresponding to each of the imposed treatments). For nuclei extraction,
radicles were placed into 2 mL Eppendorf tubes with 50 uL. Tris HCl EDTA (0.4 M
Tris HCl pH 7.0, 1 mM EDTA pH 8) and frozen in liquid N> were chopped in a Petri
dish placed on ice. Subsequently, 300 pL Tris HCl EDTA containing the extracted
nuclei were collected and mixed with 200 uL. 1% low melting point (LMP) agarose
in phosphate-buffered saline (PBS: 140 mM NaCl, 2.7 mM KCI, 10 mM Na,;HPOs,
1.8 mM KH>PO4). Two drops (100 pL) of the resulting suspension were then
pipetted onto glass slides coated with 1% LMP (prepared the day before and air-
dried overnight at room temperature), covered with glass slips, and solidified on ice.

The two different versions of SCGE were used, namely alkaline and neutral. In
the case of alkaline SCGE, samples are exposed to pH > 10.0 and DNA unwinding
takes place, allowing visualization of SSBs and DNA-protein crosslinks (Ventura et
al., 2013). With neutral SCGE, lysis and electrophoresis are carried out at pH 8.3, a
condition that prevents DNA unwinding, and consequently only DSBs can be
detected. For the alkaline SCGE, the glass slides containing isolated nuclei were
subjected to electrophoresis in an alkaline buffer (0.3 M NaOH, 1 mM EDTA pH
>13) at 25 V and 300 A, for 25 min in a cold room (4°C) after 20 min of nuclei
denaturation in the same buffer. For neutral SCGE, the slides were electrophoresed
in TBE (Tris-borate-EDTA) (89 mM Tris Base, 89 mM Boric Acid, 2 mM EDTA,
pH 8.3) at 20 V and 10 mA, for 8 min in the cold room (4°C) as well. Following
electrophoresis, the slides were washed twice with Tris HCI pH 7.5 for 5 min and
rinsed in 70% ethanol (v/v) for 12 min. All the wash steps were performed in the
cold room (4°C). After an overnight drying at room temperature, the slides were
stained with 20 pL 4°,6- diamidino-2-phenylindole (DAPI, mg mL™" stock solution)
(Sigma-Aldrich) and visualized at a fluorescence microscope (Olympus BXS51,
Olympus, Germany) with an excitation filter of 340-380 nm and a barrier filter of
400 nm. For each slide, about one hundred nuclei were scored. The visible nuclei are
classified into 5 different classes according to the length of their tails, which reflects
the entity of the damage (Collins, 2004). The results were expressed in arbitrary units
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(a.u) calculated according to the formula proposed by Collins (2004): [(Nc % ¢) x
100]/Ntot, where Nc = number of nuclei of each class, ¢ = the class number (e.g., 0,
1, 2), and Ntot = total number of counted nuclei. All analyses were performed in
triplicates.

3.2.4. DNA diffusion assay

The DNA diffusion assay was performed to evaluate cell death events and
distinguish cells subjected to PCD or necrosis from viable cells as described by
Macovei et al. (2018). Nuclei extraction was performed from radicles of 7-days old
seedlings using the same methodology described for SCGE analyses. The glass
slides containing nuclei embedded in 1% LMP agarose were prepared as described
in paragraph 3.2.3. Once prepared, the slides containing nuclei were incubated in
high salt lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris HCI pH 7.5) for 20
min in a cold room (4°C) to disrupt the nuclear membrane and permit DNA
diffusion. Subsequently, the slides were immersed in neutral TBE for 5 min for three
consecutive times to remove lysis solution and rinsed in 70% ethanol for 5 min at
4°C. In the last steps, the slides were rinsed in 70% ethanol for 5 min and
subsequently in absolute (99.8%) ethanol for an additional 5 min and air-dried
overnight. After drying, the slides were stored at room temperature under dark
conditions until observation. To evaluate the nuclei morphology, the prepared slides
were stained with 20 pL. DAPI and observed with an Olympus BX51 fluorescence
microscope with a 100W mercury lamp. The removal of HO molecules from both
DAPI and DNA determines the emission of blue visible using a fluorescence
microscope with an excitation filter of 340-380 nm and a barrier filter of 400 nm.
For each slide, about one hundred nuclei were scored and each experiment was
performed in triplicates. The overall cell death level was scored in arbitrary unit
(a.u.) while an additional analysis was used to represent the percentage of each class
of'nuclei (0-nuclei from viable cells, 1-nuclei from PCD cells; 2-nuclei from necrotic
cells).

3.2.5. RNA Extraction, cDNA Synthesis and Quantitative Real-Time
Polymerase Chain Reaction (QRT-PCR)

Total RNA was isolated from treated and untreated M. truncatula seedlings as
described (Ofiate-Sanchez & Vicente-Carbajosa, 2008). Briefly, plant material
frozen in liquid N2 was ground using sterile clean mortar and pestle. The obtained
powder was transferred into cold Eppendorf tubes containing 550 puL Extraction
Buffer (0.4 M LiCl, 0.2 M Tris pH 8.0, 25 mM EDTA, 1% SDS in DEPC water) and
550 pL chloroform. The solution was mixed by vortex for 10 s. Then, the samples
were centrifuged at 10000 rpm for 3min at 4°C. The obtained supernatant was
transferred into a new tube with 500 pL of water-saturated acidic phenol. The
solution was mixed by vortex for 10 s and 200 pL of chloroform was added. A
subsequent centrifuge step was performed at 10,000 rpm for 3 min at 4°C. The
supernatant was transferred into a new tube and a 1/3 volume of 8 M LiCl was added.
The tube was mixed by inverting, incubated at 4°C for 1 h, and centrifuged at 10,000
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rpm for 30 min at 4°C. The resulting pellet was washed with 70% ethanol and air-
dry for 15 min in ice. Finally, the pellet was suspended in 30 uL of DEPC (diethyl
pyrocarbonate) water. All the buffers were prepared with DEPC water. An
electrophoretic analysis was performed to test the RNA integrity, in a cold room.
The RNA was treated with DNase as follows: 1 pg of RNA was incubated with 1 U
RNase-free DNase I (Thermo Scientific) in 10 uL of enzyme buffer, as indicated by
the manufacturer. The DNase digestion was performed at 37°C for 30 min, then the
enzyme activity was stopped by adding 1 pL. of EDTA and further incubating for 10
min at 65°C. Subsequently, the amount of RNA was quantified with a NanoDrop
spectrophotometer (Biowave DNA, WPA, ThermoFisher Scientific). cDNAs were
obtained using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher
Scientific) according to the manufacturer’s suggestions.

Quantitative real-time polymerase chain reaction (QRT-PCR) was performed with
the Maxima SYBR Green qPCR Master Mix (2X) (ThermoFisher Scientific)
according to supplier’s indications, using a Rotor-Gene 6000 PCR apparatus
(Corbett Robotics Pty Ltd., Brisbane, Queensland Australia). Amplification
conditions were as follows: denaturation at 95°C for 10 min, and 45 cycles of 95°C
for 15 s and 60°C for 60 s. Oligonucleotide primers were designed using Primer3Plus
(https://primer3plus.com/) and further validated through the online software Oligo
Analyzer (https://eu.idtdna.com/calc/analyzer). The list of investigated genes along
with their Phytozome accession numbers, forward and reverse primers are given in
Table 1.
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Table 1 List of oligonucleotide sequences used for the gRT-PCR reaction.

GENE | ACCESION NO. | FW PRIMER (5’-3°) | RV PRIMER (3’-5°)
REFERENCE GENES
MIELFla Medtr6g021805 | GACAAGCGTGTGATCGAG TTTCACGCTCAGCCTTAA
MtACT Medtr3g095530 | TCAATGTGCCTGCCATGTATG ACTCACACCGTCACCAGAATC
MtTub Medtr7g089120 | TTTGCTCCTCTTACATCCCGTG GCAGCACACATCATGTTTTTGG
MtUbi Medtr3g091400 | GCAGATAGACACGCTGGGA AACTCTTGGGCAGGCAATAA
MitPDF2 Medtr6g084690 | GTGTTTTGCTTCCGCCGTT CCAAATCTTGCTCCCTCATC
MtPPRrep Medtr6g079830 | GGAAAACTGGAGGATGCACG CAAGCCCTCGACACAAAACC
MtGAPDH Medtr3g085850 | TGCCTACCGTCGATGTTTCAGT TTGCCCTCTGATTCCTCCTTG
GENES OF INTEREST
MtTOR Medtr5g005380 | TGATGTTACCGTACGCCACT TAAAGCGGCAAATACTGCAC
MtTopla Medtr0172s0010 | ATACACGTGGGCTATTGTCG TCACTTGGATGAATGCGTT
MtTop2 Medtr3g031040 | AGGATCCGTCGTGGGATTGTAAGGC | ACAACAGAGAGGCCAGCCATAG
MiTDPla Medtr7g050860 | ACGAGTTGGGAGTGCTCTTT GGGATTTATCCTTCGATTGTTT
MitTDP2a. Medtr4g132300 | CAGATGTTCAGCAAGGAACG CCCGTCTTGCAAAGGATATT
M(TDPIS Medtr8g095490 | GGTTGGTTTGAGCCATCTTT GCAGGCACATTGTGATTTCT
MtH4 Medtr2g096100 | CCGTAAGGTGCTTCGTGA CAAACCGCTTATACGCTT
MtPARPI Medtr1g088375 | AAACCCACCCTCCTTCGT GTCCCTCGGTCTCTTTCC
MINBS1 Mednr5g076180 | TGCAAACCCGATTTCAATAA GATGAAATAAGCACGCATGG
MItRADS0 Medtr3g084300 | GGCGAGAAAGTTGTTTGCCTTAG GCCAATTTGCTTCATCTTGA
MtERCCI Medtr1g082570 | CGTTCGTCAAATCCTCAGAA TGAAGCTGCAGGAGCATTAT
MtMRE11 Medtr2g081100 | TCCAAAGTGGTGCTGATGA ATGGATTCATTGTCCGAACTG
MMUS81 Medtr3g022850 | AAGAAGCCACTGGATTGTTCC ATTTGGATGGCTTCTGGAAA
MitCDKA1 Medtr4g094430 | CGTCTTGAGCAGGAAGAT TCCTGTGCTGCATTTCTT
MiCycD2 Medtr5g032550 | GGCTCTTGATTGGATTT ACAAGTCACACCTTCTGGA
MitCycB1 Medtr5g088980 | AACTCATGGCGAGCTTTC AGCAACAGCACAACGATC
MiCycD3 Medtr3g102310 | ACAGCGTTGAGCCTAGTTTAG TTCATACCCTGACCACAG
MIACYLTR | Medtr2g089765 | CGCCTCTTGATCTTCCTTCAC GAATCTCGAACCAAACCCGC
MIAGOIA Medtr6g477980 | TGACAGTGGCTCAATGACAA GGGGTCTAACAGCAGCATTA
MIATUBC2 | Medir4g108080 | TACGATGTTGCTGCGATTCT TCACGCTTGTTCTCACTGAA
MIE2FE-like | Medtr4g106540 | CAGGCGCCTTTATGATATTGC AGCCACCTGAATGCTGGTTT
MDNAM Medtr1g086590 | TGCATGCTTTCGTTAGGTGG AGTTGAGTTCACTGCTGCTT
MtRAD54- Medtr5g004720 | CGTTGCCAAAACAATGATGGG AGCCTGCAATCTCAGCAAATC
like
MiSOGIA Medtr5g053430 | TGGTGCGAAGGGACAGATAA TCACACAAGGACAATGCGTC
MiSOGIB Medtr1g093680 | GGAAGCCGAAAGCGTAGAAA TTCTGAAGCCCGTTCAAGAG

The relative quantification was carried out using the MtAct (actin-related protein 4A,
Medtr3g095530) and MtELF 1o (elongation factor 1a, Medtr6g021805) as reference
genes as they resulted as the most stable under the tested conditions following the
geNorm (https://genorm.cmgg.be/, Vandesompele et al., 2002) analysis. For each
oligonucleotide set, no-template water control was used. The raw, background-
subtracted fluorescence data provided by the Rotor-Gene 6000 Series Software 1.7
(Corbett Robotics) was used to estimate PCR efficiency (E) and threshold cycle
number (C;) for each transcript quantification. The Pfaffl method (Pfaftl, 2001) was
used for the relative quantification of transcript accumulation. All reactions were
performed in triplicate. The data is presented as fold change (FC), where values for
each treatment were normalized to their corresponding DMSO control. The
heatmaps were constructed  using  the shinyheatmap software
(http://www.shinyheatmap.com/, Khomtchouk et al., 2017) freely available online.

3.2.6. MicroRNA expression analysis

After isolation of total RNA (Onate-Sanchez & Vicente-Carbajosa, 2008) from
treated and untreated M. truncatula seedlings, a two-tailed qRT-PCR technique was
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performed (Androvic et al., 2017). The expression profiles of 6 miRNAs (mtr-
miR156a, mtr-miR168, mtr-mirl72c-5p, mtr-miR2600e, mtr-mir395e, mtr-
miR5741) were analyzed in 7-days old untreated and treated seedlings. Sequences
of the mature miRNA oligonucleotides were obtained from the miRBase database
(http://www.mirbase.org/, Kozomara et al., 2019). Different sets of primers were
used to perform reverse transcription (RT) and qRT-PCR for each mature miRNA,
one to synthesize the cDNA and two for the SYBR qPCR amplification). cDNAs
were obtained using the qScript® Flex cDNA Synthesis Kit (QIAGEN, Beverly,
Massachussets). The RT primers (Table 2) were designed to have a two-tailed
structure as shown in Fig. 15. Basically, a two-tailed primer has the following
fundamental functions: (1) it promotes the specific reverse transcription of the target
miRNA template; (2) it provides additional sequence to the cDNA making it long
enough for PCR amplification; (3) it includes the sequence of the forward PCR
primer. Specifically, the two-tailed primers are made of two hemiprobes connected
by a hairpin folding sequence of about 37 nucleotides. Following specific rules, the
hairpin folding sequence can be developed but some of them have been already
described (Fig. 16). The two hemiprobes are complementary to separate regions of
the microRNA of interest. When designing the primer, the first 10 nt of the miRNA
are added in reverse complementary order to the 5’-terminus, and the last 5/6 nt of
the miRNA are added in reverse complementary order to the 3’-terminus of the
hairpin. The 5’-hemiprobe promotes the discrimination between highly similar
miRNA sequences, especially when the differing nucleotides are in the center or
close to this terminus. The short 3’-hemiprobe provides high discriminatory power
to mismatches at the 3’-terminus. RNAfold WebServer
(http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi) online tool was
used to predict the stable secondary structure. This stable structure is characterized
by a high final melting temperature (65-70°C). To obtain the ¢cDNA, a forward
primer specific for the designed region in the 5’-terminus of the two-tailed RT-
primer and a reverse primer specific for the miRNA target sequence, were used.
Subsequently, qRT-PCR was performed as described in paragraph 3.4.1, and the
obtained values were expressed as fold change to each relative DMSO control. The
sequence of oligonucleotide primers used for qRT-PCR are presented in Table 3.
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Table 2. List of two-tailed primers used for the RT reaction. Accession numbers, relative to miRbase
database are indicated.

miRNA ACCESION NO. | RT PRIMER (5°-3°)

mtr-miR156a MIMATO0001654 TCTTCTGTCAGCTTGAGTCCTCGTAGAGTTGCTACGAGATATGATAATGTGCT
mtr-miR168a MIMATO0011089 CACCAAGCAACAACGACCAGAGCTAGAGAACCTAGCTCACCCACTACTTCCC
mtr-miR172¢-5p MIMATO0021265 ATGATGCTACCGACGAATACTGCTAGAGTTGCTAGCAGAGCCCTTAATGTGA
mtr-miR2600e MIMATO0021331 CACAATGCTTCAACGACCAGAGCTAGAGAACCTAGCTCACCCACTACGCCAA
mtr-miR395e MIMATO0003858 ACACTTCATCAACGACCAGAGCTAGAGAACCTAGCTCACCCACTACGAGTTC
mtr-miR5741a MIMATO0023118 TTAGTCCCTATCAAGCTCTCCAGGTACAGTTGGTACCTGACTCCACGCAAACC

Table 3. List of oligonucleotide se

uences used for the qRT-PCR reaction.

miRNA ACCESION NO. | FW PRIMER (5°-3°) RV PRIMER (3’-5%)

mtr-miR156a MIMATO0001654 CGATGCTACCGACGAATACTG GCCATCATCATCAAGATTCACA
mtr-miR168a MIMATO0011089 GCCACCAAGCAACAACGAC GATGGTGCTGGTCGGGAA
mtr-miR172¢-5p MIMATO0021265 ATGATGCTACCGACGAATACTG GTAGCATCATCAAGATTCACA
mtr-miR2600e MIMAT0021331 CACAATGCTTCAACGACCAGAG AAGCATTGTGGCATTGTGATTGGC
mtr-miR395e MIMATO0003858 ACACTTCATCAACGACCAGAG ATGAAGTGTTTGGGGGAACTC
mtr-miR5741a MIMATO0023118 TTAGTCCCTATCAAGCTCTCCAG TAGGGACTAAATTGATGGTTT

5 h(-miprnblf" \

A

miRNA 3

LELeLnl

Two-tailed RT primer
Fig. 15. Two-tailed qRT-PCR primer design. (A) Two-tailed RT primer is composed of two
hemiprobes connected by a hairpin folding sequence. (B) The hemiprobes bind cooperatively, one at
each end of the target miRNA, forming a stable complex. (C) Reverse transcriptase binds the 3'-end
of the hybridized two-tailed RT primer and elongates it to form tailed cDNA. (D) The cDNA is
amplified by qPCR using two target-specific primers (Androvic et al., 2017).

Fig. 16. Example of hairpin
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3.2.7. Experimental setup to test plant miRNAs frans-kingdom valence in
human cells

To investigate miRNA trans-kingdom valence, in vitro experiments were set-up.
Malus domestica cv. Golden Delicious together with human colorectal
adenocarcinoma cell line HT-29, were chosen to gain insight on the ability of plant
microRNAs to target human genes in vitro.

3.2.7.1. Identification of miRNAs abundantly expressed in Malus domestica cv.
Golden Delicious

RNA was extracted from the Malus domestica cv. Golden Delicious and cv.
Stark fruits and from a commercially available fruit mix using mirVana™ miRNA
Isolation Kit (Thermo Fisher Scientific, MA, USA), following the manufacture’s
instruction. Briefly, tissues were minced in small pieces using a scalpel. For each
tissue, 1 gram of minced tissue was transferred into 15 mL conical centrifuge tubes
containing 10 mL of Lysis/Binding Buffer (1:10 w/v), and the samples were further
homogenized using Turrax homogenizator (Ika) until visible clumps were dispersed.
Subsequently, miRNA homogenate additive was added to 1 mL of tissue lysate and
the tubes were inverted and kept on ice for 10 min. The organic extraction was then
performed by adding to the tubes a volume of acid-phenol:chloroform equal to the
initial lysate volume. The solution was vortexed for 30-60 sec. A subsequent
centrifuge step was performed at 10000 rpm at room temperature to separate the
aqueous and organic phases. The aqueous (upper) phase was carefully removed
without disturbing the lower phase and transferred into a fresh tube. The removed
volumes have been noted and an enrichment procedure for small RNAs was carried
out. This enrichment was accomplished by first immobilizing large RNAs on a filter
cartridge (glass fiber filter). To do so, 1/3 volume of 100% ethanol was added to the
aqueous phase recovered from the organic extraction and passed through the filter
cartridge, thus immobilizing the large RNAs on it and collecting the flow-through
containing mostly small RNA species. A centrifuge step was performed at 10000
rpm at room temperature to pass the mixtures through the filters that were then
recovered and collected into new tubes. Then, 2/3 volume 100% ethanol was then
added to these filtrates, and each mixture was passed through a new filter cartridge
to immobilize small RNAs. A centrifuge step to favor the passage of the filtrates was
performed at the above-mentioned conditions and the filtrates discarded. The filter
was then washed a few times (with a specific wash solution supplied by the
manufacturer), and the small-RNA enriched samples were eluted. Subsequently, the
amount of miRNA was quantified with Epoch2 spectrophotometer (BioTek).

cDNAs were obtained using the TagMan™ MicroRNA Reverse Transcription
Kit (ThermoFisher Scientific) according to the manufacturer’s suggestions. qRT-
PCR was performed in 96-well optical reaction plates with the TagMan™ Universal
Master Mix I, NO UNG, and TagMan™ MicroRNA Assay (ThermoFisher
Scientific) using a Quantum5 machine (Thermo Fisher Scientific, MA, USA). All
reactions were conducted in triplicate. Different sets of primers were used to perform
reverse transcription (RT) and qRT-PCR for each mature miRNA, one to synthesize
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the cDNA and two for the TagMan qPCR amplification. The Assay name along with
their Assay ID and the catalog number are illustrated in Table 4. Pre-validated
TagMan MicroRNA Assay was used for all the miRNAs investigated (ath-miR159a,
ath-miR160a, ath-miR166a, ath-miR390a, ath-miR396b) except miR-482a-3p and
miR-858 which were specifically designed using the Custom TagMan Small RNA
assay design tool (Thermo Fisher Scientific, MA, USA). Amplification conditions
were as follows: polymerase activation at 95 °C for 10 min, and 40 cycles of 95 °C
for 15s and 60 °C for 1 min. Quantitative normalization was performed using U6 as
an internal control. Relative quantification was performed using the AACT method.

Table 4. Assays used for the TagMan qPCR amplification.

Assay name Assay ID Catalog No.
ath-miR159a 000338 4427975
ath-miR160a 000341 4440886
ath-miR166a 000347 4427975
ath-miR390a 001409 4427975
ath-miR396b 000367 4440886
mdm-mir482a-3p 476846 _mat | 4440886
mdm-miR858 472525 mat | 4440886

3.2.7.2. Artificial miRNAs delivery to human colorectal adenocarcinoma cells

The human colon cancer cell line, HT-29 cells (ATCC, M1, Italy) were grown
in McCoy's added with 10% FBS and 1% Pen/Strep and kept at 37°C with 5% CO,.
Artificial microRNAs mimicking specific plant miRNAs (miRNA-mimic, Thermo
Fisher Scientific, MA, USA) were transfected into the HT-29. Data relating to
miRNA-mimics are shown in Table 5. MirVana™ miRNA Mimic, Negative Control
#1, random sequence miRNA mimic molecule extensively tested in human cell lines
and tissues and validated to not produce identifiable effects on known miRNA
function, was used as a negative control. The miRNA-mimics were resuspended at
the final concentration of 5 uM with Nuclease Free Water, before their use.

Table 5. Products used for transfection analyses.

Product miRBase ID Assay ID |Catalog #
mirVana™ miRNA Mimic, Negative

Control #1 4464058
mirVana® miRNA mimic mdm-miR858 MC25773 14464066
mirVana® miRNA mimic mdm-miR482a-3p MC25918 14464066

TransIT-X2 Dynamic Delivery System (Mirus Bio LLC) was used to transfect
miRNA-mimics into HT-29 cells following the manufacturer’s instructions.
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Transfection was carried out on a 12-well multiwell plate, according to the scheme
in Table 6.

Table 6. Experimental design of multiwell plates used for transfection.

HT29 HT29 HT29 Medium
+miRCTRL | +miRCTRL | +miRCTRL | ¢
HT29 HT29 HT29 Medi
+miR482 | +miR482 | +miR482 edium
HT29 HT29 HT29 Medi
+miR858 | +miR858 | +miR858 edium

Briefly, 100 pl Optimem Serum, 11 pl miRNA-mimic (5uM), and 3 pl TransIT-X2
were added into a 1.5 mL sterile Eppendorf tube, pipetted gently to mix completely
the solution and incubated at room temperature for 15-30 min in dark conditions to
obtain the TransIT-X2:miRNA complexes. Subsequently, 50000 cells were
resuspended in 1 mL medium and added to each well. Thus, 1.1 mL of the TransIT-
X2:miRNA complexes previously prepared was added to the well containing the
suspended cells. An incubation step at 37°C, 5%CO; was performed for 72 h. After
incubation, cells were harvested and assessed for knockdown of target gene
expression.

RNA extraction was carried out using mirVana™ miRNA Isolation Kit (Thermo
Fisher Scientific, MA, USA) according to the manufacturer’s suggestion, to obtain
both the fraction enriched with microRNA and the fraction of total RNA. To evaluate
the transfection success TagMan qRT-PCR was performed following the same
procedure described in paragraph 3.2.6.1.

3.2.7.3. qRT-PCR of miRNA putative targets in HT-29 lines

Total RNA was isolated using MiRVana, following the manufacture’s
instruction. To avoid possible DNA contamination, RNA was treated with DNAase
(Thermo Fisher Scientific, MA, USA). cDNA was synthesized by retro-transcribing
1 pug of total RNA in a total volume of 100 pl using High Capacity DNA Kit (Thermo
Fisher Scientific, MA, USA) according to the manufacture’s suggestions. The
sequences of primers used to detect mRNA expression levels are listed in Table 7.
These genes were identified as putatively targeted by M. domestica selected miRNAs
through RNAhybrid using miRNA sequences retrieved from miRBase database and
human 3’UTRome sequence dataset. qRT-PCR assays were performed in 96 well
optical reaction plates using the QuantStudioS machine (Thermo Fisher Scientific).
The assays were conducted in duplicate wells for each sample. The following
reaction mixture per well was used: 5 pl Power Sybr Green (Thermo Fisher
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Scientific, MA, USA), 1.2 ul of primers at the final concentration of 150 nM, 0.8 pul
RNase free water, 3 ul cDNA. Amplification conditions were as follows:
denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s then at 60°C
for 60 s. Quantitative normalization was performed using Cyclophilin and GAPDH
as reference genes. Relative quantification was performed using the AACT method.

Table 7. List of oligonucleotide sequences used for the qRT-PCR reaction.

Gene Primer Sequence
Cyelophilin FW S'TTTCATCTGCACTGCCAAGA3'
RV S'TTGCAAAACACCACATGCT3'
GAPDH FW 5'CAACTTTGGTATCGTGGAAGGAC3'
RV S'ACAGTCTTCTGGGTGGCAGTG3'
RXRa FW 5'GAGCCCAAGACCGAGACCTA3'
RV S'AGCTGTTTGTCGGCTGCTT3'
SMAD3 FW 5'CCTACCACTACCAGAGAGTAGAGACACC3'
RV S'ATCTCTGTGTGGCGTGGCA3'
IL4R FW 5’CTG ACC ACG TCA TCC ATG AG3’
RV 5’GTG GAA GAT GAA TGG TCC CAY¥’
PROMI FW 5°CAT CCA AAT CTG TCC TAA GAA CG3’
RV 5°TCC ATC AAG TGA AAC CTG CAA3’
ROCK?2 FW 5’CTC GCC CAT AGA AAC CAT CAC3’
RV 5’ GGC ACG TGT ATG AAG ATG GAT3’

3.3. Statistical analyses

For statistical analysis, data were subjected to Analysis of Variance (ANOVA)
and the statistical significance of mean differences was determined using the
Student’s t-test. All analyses were performed in triplicates.
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4. Results

4.1. A bioinformatics workflow to assess trans-kingdom miRNAs and DDR
players

Because of the high availability of information and advances in high-
performance computing technologies, big data analyses are emerging as descriptive
and predictive tools to be used on a massive amount of data to formulate intelligently
informed hypotheses (Kashyap et al., 2016). This massive data can be put to use in
multiple fields, ranging from personalized medicine (Alyass et al., 2015) to industrial
microbiome applications (van den Bogert et al., 2019).

In recent times, much focus is being directed towards trans-kingdom
investigations. As so, it worth mentioning the current pandemic crisis where viruses
from animals are transmitted to humans resulting in situations difficult to control and
manage also given the amount of big data generated worldwide. Besides this specific
case, other examples concerning the plant kingdom can be cited. For instance, recent
evidence of a trans-kingdom plant disease complex between a fungus Verticillium
dahliae) and plant-parasitic nematodes belonging to the genus Pratylenchus has been
presented using machine learning methods (Wheeler et al., 2019). Moreover,
addressing the model system used in the present work of thesis, Medicago
truncatula, an ambitious project has reported that engineering trans-kingdom
signaling in plants can result in controlling the expression of genes in rhizosphere
symbiotic bacteria (Geddes et al., 2019). The concept of cross-kingdom miRNA
transfer, thoroughly presented in the Introduction part (section 1.5), can be as well
included in these examples. To address these issues, complex systems biology
approaches, advanced computerized methods, and trans-kingdom networks are
needed to allow an appropriate identification of causal relationships between
different taxonomic groups (Rodrigues et al., 2018). Additionally, bioinformatics
tools can be also put to use to investigate the evolutionary relationships among
different filla and kingdoms. In this case, phylogenetic trees (based upon multiple
sequence alignments of proteins from different species) are regularly used to figure
out evolutionary relationships between homologous sequences, thus providing
insights into the evolution of a protein family and the functional specificity of the
members of the family (Palidwor et al., 2006).

Based on these premises, the results presented in this part of the thesis using
different bioinformatics approaches implemented to address questions relative to the
potential of plant miRNAs to target genes in human cells, predictions of plant
miRNAs possibly involved in DDR, and an evolutionary perspective of the key
master-regulator of DDR in plants, namely the Suppressor of Gamma-ray 1 (SOG1).
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4.1.1. In silico data mining and development of networks and alignment
analyses between plants and humans

Starting from a list of 426 M. truncatula miRNA deposited in miRase, it was
possible to predict their targets (using psRNATarget and RNAHybrid, respectively)
as 3,468 M. truncatula transcripts (2,680 unique transcript and 2,083 unique genes)
and 936 H. sapiens target transcripts (825 unique transcripts and 758 unique genes).
Additionally, 2,297 M. truncatula target transcripts (1,739 unique transcripts and
1,376 unique genes) and 2,226 human target transcripts (1,754 unique transcripts
and 1,549 unique genes) were investigated through the alignment strategy. The
number of targets was tuned to obtain a balanced number of elements between the
two species. The target genes could be associated with one or more than one miRNA
(Fig. 17).
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Fig. 17. Homo sapiens and Medicago truncatula miRNA targets found in the two bioinformatics
pipelines. Bars represent the numbers of predicted genes that are targeted by one or more miRNAs. (A)
Gene targets derived from H. sapiens network-based pipeline and (B) alignment-based pipeline. (C)
Gene targets derived from the M. truncatula network-based pipeline and (D) alignment-based pipeline.
The y-axis is shown in logarithmic scale to better visualize the bars with a low number of target genes.

The network-based approach was used to focus on the biological processes
enriched among the genes targeted by the set of M. truncatula miRNAs. Because the
GeneMania tool used to build networks does not have M. truncatula as an available
organism, an additional step had to be carried out to map these genes to the
Arabidopsis thaliana genome. Among the 50,894 M. truncatula genes and the
27,416 A. thaliana genes annotated in PhytoMine, 18.763 M. truncatula genes (37
% of the genome) were mapped in 12,537 A. thaliana genes (46% of the genome).
As for humans, the construction of the network was straightforward with the
GeneMania tool. The resulting gene networks obtained based on these inputs were
composed of 704 nodes for A. thaliana and 753 nodes for H. sapiens (Fig. 18).
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Fig. 18. Coexpression networks obtained from GeneMania tool for (A) A.
thaliana and (B) H. sapiens.

Unlike the network-based pipeline in which over-represented biological
processes were searched in the network of all the miRNA target genes, the
alignment-based approach focused on sequence similarities among the targets of a
given miRNA. In this approach, the analysis included alignments of every single
targeted gene (and corresponding protein sequence) between M. truncatula and H.
sapiens, resulting in a total number of 9,626 alignments. By applying a threshold p-
value of 0.05 for nucleotide alignments, 2,735 sequences corresponding to 115
miRNAs, resulted significant. These miRNAs were predicted to target a total of 315
genes in M. truncatula and 801 genes in H. sapiens. When considering both the gene
and protein sequences, 242 similarities between plant and human transcripts were
found, accounting for 93 genes (targeted by 54 miRNAs) in M. truncatula and 149
in H. sapiens.

Giving the absence of M. truncatula organism in readily usable bioinformatics
tools for network development and analysis, the construction of a new M. truncatula
co-expression network (using publicly available gene expression microarray
datasets) was pursued. An expression panel of 24,777 genes was obtained and used
to build a genome-scale co-expression network with 62,857 undirected edges (Fig.
19A). Among the 2,083 predicted target genes, 1,251 were mapped in this network,
resulting in a subnetwork of 6,081 nodes and 9,534 edges (Fig. 19B). The giant
component of this sub-network included 5,943 nodes (of which 1,208 were target
genes) and 9,405 edges (of which 3,102 were direct interactions among miRNA
target nodes). The clustering procedure found 45 clusters which were analyzed via
enrichment analysis (Fig. 19C).
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A. Gene Co-Expression (CoE) Network B. miRNA Targets CoE-Subnetwork C. CoE Clustering and Enrichment
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Fig. 19. Construction of the M. truncatula co-expression network using a customized network-based
approach. (A) Genome-scale co-expression network and (B) miRNA targets network are shown, where
blue nodes represent genes not found among miRNA targets, while orange nodes are miRNA targets.
(C) A representative set of the clusters resulted from the miRNA targets network analysis. Each cluster
was analyzed via enrichment analysis using ClueGO. (Bellato et al., 2019)

4.1.2. M. truncatula miRNAs putatively target common functions in plants and
humans

The generated datasets were used to identify common functions putatively
targeted by M. truncatula miRNAs in plant and human cells by comparing the Gene
Ontology (GO) nominatives. When considering identically named GO terms
between A. thaliana and H. sapiens, the common biological functions included
‘vesicle docking involved in exocytosis’ (G0O:0006904), ‘modulation by virus of
host morphology or physiology’ (GO:0019048), ‘cellular response to virus’
(GO:0098586), ‘positive regulation of posttranscriptional gene silencing’
(GO:0060148), and ‘branched-chain amino acid metabolic process’ (GO:0009081)
(Table 8). The identification of identical terminology underlines the evolutionarily
conserved functions between distant species. Besides the identical GO
terminologies, other common processes were present in both networks (e.g. nucleic
acid and amino acid metabolism, response to stress, signaling).

When comparing the obtained biological processes between M. truncatula and H.

sapiens from the point of view of the de novo network reconstruction, these are
shown to be related to exocytosis, DNA replication, transcription, and modifications,
amino acid activation and transport, RNA related processes, histone modification,
and protein modifications (Table 9).
On the other hand, when analyzing the alignment-based approach, the genes
involved in similar functions between M. truncatula and H. sapiens were mainly
related to transcription factors, hormone-responsive elements, and cell division
(Table 10).
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By comparing the network-based and alignment-based approaches (Table 8 vs.
Table 9), it is possible to observe that the results do not always overlap. To focus on
one specific example, mtr-miR 168a (part of a highly conserved plant miRNA family,
abundantly found in plant tissues and extensively studied from the point of view of
trans-kingdom approach) targets are shown in Table 11 using both approaches.
However, drawing attention to the ‘response to virus’ function, it is possible to
observe that this GO term was identified in both approaches, as demonstrated by the
common predicted target gene PVR (Poliovirus Receptor). Therefore, the results
obtained show the network-based and the alignments approaches are complementary
rather than equivalent.
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Table 8. Common biological processes shared between 4. thaliana and H. sapiens resulted from the
network-based approach. The ID corresponding to each GO term (GO ID) along with putatively target
genes and corresponding miRNAs are provided.

Biological process GOID A. thaliana H. sapiens
Gene miRNA Gene miRNA
vesicle docking involved in GO:0006904 EXO70B1 mtr-miR5244 SNPH mtr-miR399t-5p
exocytosis EXO70D1 mtr-miR2653a
EXO70H7 mir-miR397-5p
KEU mir-miR5559-3p
SECSA mtr-miR7698-5p
SECS8 mtr-miR2679a
modulation by virus of host GO:0019048 AGO2 mir-miR2673a BCL2L11 mir-miR5273
morphology or physiology DCP2 mtr-miR5238 KPNA4 mtr-miR169k
mtr-miR2655b
cellular response to virus GO:0098586 AGO1 mtr-miR168a BCL2L1l mtr-miR5273
SDE3 mtr-miR168¢-5p PUM2 mtr-miR160c

mtr-miR2592a-3p RIOK3 mtr-miR160a
mtr-miR2592bm-3p

positive regulation of G0:0060148 DRDI1 mtr-miR2650 FXR1 mtr-miR482-3p
posttranscriptional gene PUM2 mtr-miR160c
silencing

branched-chain amino acid GO:0009081 BCAT3 mtr-miR5212-3p BCKDK  mtr-miR5273
metabolic process CSR1 mtr-miR2660 VD mtr-miR2640

Table 9. Common biological processes shared between M. truncatula and H. sapiens resulted from the
de novo reconstruction of the network-based approach. The ID corresponding to each GO term (GO
ID) along with putatively target genes and corresponding miRNAs are provided.

Biological M. rruncatula H. sapiens
process GO ID Gene miRNA GO ID Gene miRNA
Exocytosis GO:0006887 Medir4gl02120 mtr-miR5559-3p GO:0006887 SNPH mir-miR395t-5p
Medtr8g023330 mtr-miR5558-3p GO:0006904  RIMS3 mir-miR482-5p
SYT1 mir-miR5211
SYT2 mir-miR2640

NOTCH1 mtr-miR5266
RAB3GAPl mir-miR5209
RPH3AL mtr-miR2589

SYTIs mtr-miR166d
DNA replication,  GO:0006261 Meditr4gl06540 mtr-miR5741a GO:009032¢  INOSO mir-miR399t-5p
transeription, and  GO:0090329 GO:2000104 LIG3 mir-miR5294a
modifications GO:0006268 HMGAL mir-miR5276
GO:0044030 GRHL2 mir-miR2589
GO:2000678 PER2 mtr-miR169k
GO:0032786  SIN3A mtr-miR156b-3p
BRD4 mir-miR5266
Amino acid GO:0043038 Medtr7g083030 mtr-miR2657 GO:0009081 BCKDK mir-miR5273
activation and G0:0043039 GO:0009083 IVD mir-miR2640
transport GO:0006418 GO:0051955  PER2 mtr-miR169k
GO:0051957 RAB3GAPl mtr-miR5209
GO:0009065 NTSRI1 mtr-miR408-3p

TINAGL1 mir-miR166d
NANOS2 mtr-miR160c

PRODH mir-miR169d-3p
RNA related GO:0016071 Medtr3g077320 mtr-miR2629f GO:0050686 CELF1 mtr-miR2670f
processes G0:0006397 GO:0006376  CELF2 mir-miR399t-5p
GO:0008380 GO:0061014  GIGYF2 mtr-miR166d
GO:0000375 GO:0061157 TNRC6B mtr-miR5211
GO:0000377 GO:0050686 KHSRP mtr-miR398b
GO:0000398 MEX3D mtr-miR2673a
RNPS1 mtr-miR398b
SUPTSH
Histone GO:0016570 Medir1g086590 mir-miR395e GO0043981 KANSLIL mir-miR482-5p
modification GO:0016573 Medtr4gl08080 mtr-miR156a G0:0043982
Protein GO:0043543  Medtr1g086590 mtr-miR395e GO:0018345  CLIP3 mtr-miR527
modifications GO:0006473 GO:0006517 ZDHHCI18 mir-miR168b
GO:0006475 GO:0036507 MARCH6 mir-miR390
GO:00183%94 GO:0036508 UGGT1 mtr-miR5270a
G0:0018393 GO:0042532 NF2 mtr-miR5206b
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Table 10. M. truncatula miRNAs and their putative target genes are related to similar functions in M.
truncatula and H. sapiens as revealed by the alignment-based approach. The genes and their respective
accessions are provided for each organism.

mtr-miRNA

mitr-miR166d
mtr-miR160a
mtr-miR2673a

mtr-miR2673a

mtr-miR164b

mtr-miR164d
mtr-miR5287b

M. truncatula H. sapiens
Accession Gene Accession Gene
Medtr2g086390  ABA response element-binding factor NM_006484 DYRKIB
Medtr5g061220  auxin response factor NM_175914 HNF4A
Medtr2g014260  zinc finger C-x8-C-x5-C-x3-H type protein NM_001170538 DZIPIL
Medtr4g082580  WRKY transcription factor 3 NM 021973 HAND?2
NM 032772 ZFN503
Medtr2g078700  CUP-shaped cotyledon protein, putative NM_001099694 ZNF578
Medtrdg108760 NM 001040653 ZXDC
Medtr3gd35150  NAC transcription factor-like protein NM_001018052 POLR3H
Medtr7g088980  cell division cycle protein-like/CDC48 protein NM_001277742 CYP26BI

Table 11. Predicted genes targeted by mtr-miR168 in human cells as revealed by the network-based
and alignment-based approaches.

Network-based approach Alignment-based approach
Predicted target Gene description GO Term Predicted target Gene description
ST8SIAL Sialyltransferase 8A sphingolipid CDANI1 Codanin 1
biosynthetic process
RGS6 Regulator of G Protein regulation of G- NISCH Nischarin
Signaling 6 protein coupled
receptor protein
signaling pathway
IL18RAP Interlenkin 18 Receptor ~ positive regulation of CEMP1 Cementum Protein 1
Accessory Protein natural killer cell
mediated immunity
PVR Poliovirus Receptor positive regulation of PVR Poliovirus Receptor
natural killer cell
mediated immunity
SYN2 Synapsin 2 neurotransmitter HTRA3 HitrA Serine Peptidase 3
secretion
PPFIA] Protein Tyrosine regulation of actin ZNF710 Zinc Finger Protein 710
Phosphatase Receptor filament bundle
Type F Polypeptide- assembly
Interacting Protein
Alpha-1
ZDHHC18 Zinc Finger DHHC protein
Domain-Containing palmitoylation
Protein 18
B3GATI Beta-1,3- glycosaminoglycan

Glucuronyltransferase 1

biosynthetic process
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4.1.3. Putative microRNAs signatures in DDR from a trans-kingdom
perspective

DDR-associated functions were investigated considering that information
relative to miRNAs targeting this essential process is still scarce, especially in plants.
Each approach provided different sets of information some of which were used in
subsequent analysis. Some examples are reported in Table 12 which summarize a
series of processes related to the DDR pathway and downstream processes putatively
targeted by M. truncatula miRNAs in both plant and animal kingdoms. This data
shows that some genes that are involved in DNA repair are also involved in
chromatin remodeling, emphasizing the connection between the two processes. For
example, the network-based approach showed that A. thaliana DME (Demeter) and
DML1 (Demeter-like 1) are associated with both DNA repair (BER-base excision
repair, GO:0006284) and chromatin modification-related functions (GO:0006306,
G0:0044728). In human cells, PPP4C (Protein Phosphatase 4 Catalytic Subunit) is
known for its involvement in different processes among which DNA damage
checkpoint signaling and regulation of histone acetylation (Zhou et al., 2002; Lee et
al., 2010). Other genes and respective miRNAs and GO Terms are related to
functions such as cell cycle and senescence in plants (or aging in animals). In plants,
genes identified as involved in such functions are ASF1B (Anti-Silencing Function
1B, histone chaperone) and KU80 known for their role in the S-phase replication-
dependent chromatin assembly (Zhu etal. 2011) and maintenance of genome
integrity (West et al., 2002), respectively. In human cells, the SIN3A (Histone
Deacetylase Complex Subunit Sin3a) and HMGA1 (High Mobility Group Protein
Al) genes, have roles associated with chromatin regulation and cell cycle
progression (Silverstein & Ekwall, 2004; Pierantoni et al., 2015).

Within the alignment-based approach, mtr-miR2589 was predicted to target the
M. truncatula Medtr6g047800 (tRNA methyltransferase complex GCD14 subunit)
and the H. sapiens SETD1A (SET Domain Containing 1A, Histone Lysine
Methyltransferase), functions involved in chromatin organization in both organisms
(Table 13). The alignment-approach also led to the identification of a conserved
miRNA (mtr-miR319d-5p) predicted to target genes associated with cell death
functions in both M. truncatula (DCD-development and cell death domain protein)
and H. sapiens (MESD, PRR5L). Another interesting finding is represented by mitr-
miR2600e. This miRNA is predicted to target an anthocyanin acyltransferase
(Medtr2g089765) in M. truncatula and the UVSSA (UV Stimulated Scaffold Protein
A) gene in H. sapiens and so is potentially related to antioxidant functions both in
plants and humans (response to UV irradiation in plants and transcription-coupled
nucleotide excision repair in humans).
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Table 12. Biological processes related to DNA repair, chromatin remodeling, cell cycle, and cellular
senescence common to A. thaliana and H. sapiens resulted from the network-based approach. The ID
corresponding to each GO term (GO ID) along with putatively target genes and corresponding miRNAs

are provided.

Biological
process
GO ID
GO:0006284
GO:0045003
GO:0000724

DNA repair

‘Chromatin
remodeling

GO:0006306
GO:0044728
GO:0006305
GO:0006304
GO:0031056
GO:0031058
GO:0031060
GO:0031062
G0:1905269
GO:1902275
GO:0000075
GO:0045930
GO:0007093

Cel l-l cycle

Cellular GO:0000723

senescence

A. thaliana H. sapiens
Gene miRNA GO ID Gene miRNA
DME mtr-miR2086-3p  GO:2000779 FOXMI  mur-miR169d-3p
DML1 mtr-miR2651 PPP4C mur-miR169k
AT1G75230 mir-miR5240
RADS4 mtr-miR172¢-5p
RECAL mir-miR5558-3p
ASFIB mtr-miR1509a-3p
GMI1 mtr-miR 1691-3p
KUS80 mtr-miR5272f
DME mir-miR2086-3p  GO:0043981 KANSL1  mtr-miR482-5p
DMLI1 mir-miR2651 GO:0043982 HMGAl  mir-miR5276
DRDI mir-miR2650 GO:0070828 TNRCI8  mu-miR2589
mtr-miR7696¢c-5p GO:0031507  GRHL2 mir-miR2589
EMB2770 mir-miR26350 G0:0031936 PHF2 mir-miR 160¢
SDG14 mir-miR2086-3p  GO:0006268  SIN3A mtr-miR156b-3p
mtr-miR7696¢-5p GO:0044030  ZNF304 mitr-miR166e-5p
GO:0031935
GO0:0031937
ASFIB  mir-miR1509a-3p GO:1901989  BRD4 mtr-miR5266
RAD9  mtr-miR2638b GO:1901992  EIF4G1 mtr-miR166d
G0:1902751  PHB2 mtr-miR5266
GO:0010971  SIN3A mtr-miR156b-3p
GO:0071157 MDM2 mir-miR169k
MDM4 mtr-miR5266
KU80 mtr-miR5272f G0:2000772  ABLI mtr-miR5276
TRBI mtr-miR5558-5p HMGALI mtr-miR5276
VASHI mtr-miR160¢

Table 13. Examples of mtr-miRNAs and their putative target genes in M. truncatula and H. sapiens as
revealed by the alignment-based approach. The genes and their respective accessions are provided for

each organism.

mir-miRNA M. truncatula H. sapiens
Accession Gene Accession Gene
mtr-miR2600e Medtr2g089765 anthocyanin 5-aromatic NM_020894 UVSSA
acyltransferase
mtr-miR5285b Medtr8g105290 nuclear pore complex Nupl55-like NM 000370 TTPA
protein
mtr-miR319d-5p Medtrdgl34770 translation elongation factor NM 015154 MESD
EF1B, gamma chain
Medtrdg084080 DCD (development and cell death) NM 001160169  PRR5L
domain protein
mtr-miR2589 Medtrigl03100 408 ribosomal protein S3a-1 NM 003565 ULK1
Medtr6g047800 tRNA methyltransferase complex ~ NM_ 014712 SETD1A
GCD14 subunit
mtr-miR482-5p Medtr5g079860 23S rRNA m2A2503 NM 014747 RIMS3
methyltransferase NM 012318 LETMI
mtr-miR5286b Medtr4g038400 ribosomal protein S12/S23 family = NM 001010858  RNF187

protein
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The results obtained through the three developed bioinformatic approaches were
used as a starting point to identify and investigate conserved and function-specific
miRNAs and their putative targeted genes such as those involved in DDR-related
processes like DNA repair and chromatin remodeling. Specifically, the following
miRNAs and genes were taken into account for further analyses:

1) mtr-miR156a, identified as putatively targeting MtATUBC2 (ubiquitin-
conjugating enzyme, Medtr4g108080), involved in histone modification
processes;

2) mtr-mirl72c-5p, putatively targeting MtRADS54-like (DNA repair and
recombination RADS54-like protein, Medtr5g004720), involved in DSBs
repair;

3) mtr-miR2600e, putatively targeting MtACYLTR (anthocyanin 5-aromatic
acyltransferase, Medtr2g089765), involved in antioxidant defence;

4) mtr-mir395e, putatively targeting MtDNAM (DNA methyltransferase 1-
associated protein, Medtr1g086590), associated with histone modifications;

5) mtr-miR5741a, putatively targeting MtE2FE-like (E2F transcription factor-
E2FE-like protein, Medtr4g106540), involved in DNA-dependent DNA
replication;

6) mtr-miR168, targeting MtAGOIA (argonaute protein 1, Medtr6g477980),
involved in the cellular response to virus both in plant and human, and use
as a control since the relation between this miRNA and target bene are
already experimentally validated.

Hence, together with the identification of microRNAs putatively targeting

common functions in plants and humans, the in silico analysis paved the way for
subsequent molecular analysis of miRNAs signatures in plant DDR.

4.2. Bioinformatic investigation of the SOG]I gene family in plants

The SOGT1 transcription factor has been widely investigated in the model plant
A. thaliana. The knowledge is still scanty in agricultural species and other plant
models, including M. truncatula. Considering the central role played by SOG1 as
DDR effector and the importance of legumes as an essential food and feed resources,
in silico investigation was performed to identify and characterize SOG1 putative
homologs in M. truncatula model legume. Subsequently, the search for putative
SOG1 homologs in other species was performed as well. A phylogenetic tree was
constructed to analyze the relationship between different taxa.

4.2.1. Identification of SOG1 homologs in M. truncatula

The search performed in Phytozome allowed the retrieval of two MtSOGI genes
in M. truncatula, identified as the accessions Medtr5g053430 and Medtr1g093680.
The former shows a higher percentage of similarity (70.2%) to AtSOG1I than the
latter (63.9 %). For this reason, Medtr5g053430 was labeled as MtSOGIA and
Medtr1g093680 as MtSOGIB. The MtSOGIA is localized on chromosome 5 while
the MtSOG1B on chromosome 1. The genomic sequence of MtSOGIA is 4743 bp
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long while the length of its transcript, coding, and peptide sequence is 1744 bp, 1329
bp, and 442 aa, respectively. Concerning MtSOGIB, its genomic sequence is 5664
bp long whereas the length of its transcript sequence 1889 bp, and its coding and
peptide sequences are 1446 and 481 aa long. Fig. 20 shows the transcript
organization and chromosome location for the two MtSOGI genes in comparison
with the well-known A. thaliana AtSOGI. 1t is thus possible to observe that all three
genes have six functional exons (orange boxes). Since two SOG1 homologs were
identified in M. truncatula, several bioinformatic tools were used to investigate their
degree of similarity among themselves. The alignment of the MtSOGIA and
MtSOGIB amino acid sequences shows that the two sequences have a high
percentage of similarity, namely 74.8%. A schematic representation of the alignment
between the two sequences is shown in Fig. 21, along with evidencing the presence
of conserved protein domains. The NAM (No Apical Meristem) domain and the
serine-glutamine (SQ) motifs on the C-terminal region are shown in green and
orange boxes, respectively. In the MtSOG1A (445 aa) and MtSOGIB (481 aa)
sequences, the NAM domain is located starting from aa 59 to aa 197, respectively.
From literature, it is known that the C-terminal region of AtSOG]1 protein sequence
contains five SQ motifs which are located at positions 350, 356, 372, 430, 436,
respectively (Yoshiyama et al., 2013). These motifs are the preferred target for
phosphorylation by human ATM and ATR kinases. The alignment of the MtSOG1A
and MtSOGIB peptide sequences with AtSOG1 showed that these SQ motifs also
present in M. truncatula. The SQ motifs are located at positions 342, 348, 364, 425,
and 431 at the C-terminal region of MtSOG1A.

AtSOG1T (AT1G25580.1)

MtSOG1A (Medtr5g053430.2)

MtSOG1B (Medtr1g093680.1)

+ Em— - L]

Fig. 20. Schematic representation of gene organization as evidenced in the Phytozome
(https:/phytozome.jgi.doe.gov/) genome browser. (A) AtSOGI. (B) MtSOGIA. (C) MtSOGIB. Exons
are presented as orange boxes.
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Fig. 21. Alignment of MtSOG1A and MtSOG1B protein sequences performed using ClustalW web
tool. The presence of NAM (No Apical Meristem) and SQ (Serine, Glutamine) motifs is evidenced
in green and orange boxes, respectively.

4.2.2. Putative protein-protein interaction networks associate MtSOG1A and
MtSOG1B with DDR

To investigate the putative function of MtSOG1A and MtSOGI1B, putative
protein-protein interaction networks were performed using STRING. Together with
the two proteins identified in M. fruncatula, the well-characterized Arabidopsis
AtSOG] sequence was also used for this search. The results of this analysis are
shown in Fig. 22A and 22B, for A4. thaliana and M. truncatula, respectively. In the
case of M. truncatula, it is important to underline the fact that both sequences led to
the generation of the same network (Fig. 22B), thus corroborating the high sequence
similarity. The ATR (Rad3-related protein), ERCC1 (Excision Repair 1), GTF2ZHA
(General Transcription Factor 2HA) and WEE1 (G2 Checkpoint Kinase) proteins
appear both in the AtSOG1 and MtSOG1A/B-derived protein-protein interaction
networks. Nevertheless, some proteins are present in one network and not in the
other. This is the case of FEN1 (Flap endonuclease 1). This structure-specific
nuclease has a 5’-flap endonuclease and a 5°-3 exonuclease activity, being involved
in DNA replication and repair. During DNA replication, it cleaves the 5’-
overhanging flap structure that is generated by displacement synthesis when DNA
polymerase encounters the 5’-end of a downstream Okazaki fragment. It enters the
flap from the 5’-end and then tracks to cleave the flap base, leaving a nick for
ligation. Also involved in the long patch base excision repair (LP-BER) pathway, by
cleaving within the apurinic/apyrimidinic (AP) site-terminated flap (Shen et al.,
1996). The presence of putative protein interactors linked to the transduction of DNA
damage signals (ATR), DNA repair pathways (FEN1), and cell cycle checkpoint
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regulation (WEE1), suggest that the in silico identified MtSOG1 proteins have a role
in DDR.

A. A. thaliana B. M. truncatula
PA2
@ GTF2H2
NoA

SMR5
6 XP-C-l \ks NAC domain protein |
MtSOG1A; MtSOG1B)
"4 S
) ON kK

I GTF2HA

AT3G02555

A

Fig. 22. Putative protein-protein interaction networks generated by STRING for (A) AtSOG1 and (B)
MtSOG1A/B proteins.

4.2.3. Phylogenetic tree of SOG1 homologs across different plant taxa

The BLASTP alignment of AtSOG1 peptide sequence against the sequences of
all the species available on Phytozome v.12 allowed the retrieval of 72 SOG1
putative homologs from 49 species. The subsequent alignment of the retrieved
peptide sequences through MAFFT led to the selection of 69 gene models. Some
accessions were discarded because of the low similarity to AtSOG1 and/or the lack
of SQ motifs at the C-terminal end. The retained sequences were used to generate a
phylogenetic tree by employing the MEGAX software. This phylogenetic tree,
presented in Fig. 23, shows the relationship between different plant taxa based on
the sequence similarities of SOG1 homologs. According to the phylogenetic tree,
most of the Phytozome database classification, based on plant evolutionary
phylogeny, is maintained as concerns with the distribution and features of the SOG1
sequences. For example, all the members of Brassicaceae family (A. helleri, A.
lyrata, A. thaliana, B. stricta, B. oleracea capitata, B. rapa, C. grandiflora, C.
rubella, E. salsugineum) are clustered together. The same it is evidenced for the
Fabidae family (F. vesca, G. max, M. domestica, M. truncatula, P. Persica, P.
vulgaris), except for C. sativus. In this particular case, it is also necessary to
underline the fact that two clusters are observed in the Fabidae clade: one of the
legumes (G. max, M. truncatula and P. vulgaris) and the other one for fruit trees and
plants (F. vesca, P. Persica, P. vulgaris). Nevertheless, the clades generated based
on SOGI sequences are highly similar to what is expected from taxonomy. To this
purpose, it is worth mentioning that the Fabidae Group generally includes: (1) the
nitrogen-fixing clade (Rosales, Fabales, Cucurbitales, and Fagales); (2)
Zygophyllales; and (3) a weakly supported clade of Celastrales, Oxalidales, and
Malpighiales (Endress & Matthews, 2006).
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For the majority of species, it is possible to observe the presence of only a single
SOG1 homolog (gene model), except for B. rapa, G. max, K. fedtschenkoi, K.
laxiflora, L. usitatissimum, M. domestica, M. esculenta, M. truncatula, P.
thricocarpa, P. virgatum, S. italica, S. purpurea, S. viridis, which presented multiple
homologs. Among these, G. max, K. laxiflora, P. virgatum are the species with the
highest number of putative SOG1 sequences (4 gene models).
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Fig. 23. Phylogenetic analysis of SOGI1 proteins in 49 plant species present within the Phytozome
database. The phylogenetic tree was constructed using MEGAX using the Neighbor-Joining (NJ)
method. The Brassicaceae and Fabidae families are evidenced in green and red, respectively.
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4.3. In planta experimental setting

In the previous chapter, the proposed bioinformatics approaches have led to the
identification of M. truncatula miRNAs putatively targeting genes involved in DDR-
associated pathways. To evaluate if these miRNAs may be involved in the regulation
of DDR, the first step consisted of setting up an original experimental system.
Moreover, the fact that M. truncatula possesses multiple SOG1 homologs, possibly
representing master-regulators of DDR, allows their use as indicators for the
efficiency of the designed experimental system. Hence, the next subchapters of the
results will present how this novel system was developed and all the analyses
performed to prove that the types of conditions hereby used affect the level of the
DDR pathway.

Due to the crucial role that DDR plays in maintaining genome stability, DNA
damage dynamics, and DNA repair pathways, it represents a promising field of
research to study seed quality. Within the context of seed germination, where active
cell proliferation is determinant for the development of healthy seedlings, DNA
damage must be repaired before the start of cell division to ensure the generation of
robust plants. Although considerable progress has been made in recent years, the role
of DDR and DDR-associated pathways during seed germination is still poorly
understood, reason why we decided to focus on this fundamental aspect of plant
development. To implement an experimental setting that induces genotoxic stress
and subsequent DDR activation, two chemical agents were taken into consideration:
camptothecin (CPT), an inhibitor of Top1 enzyme, and NSC120686, an inhibitor of
the human TDP1 enzyme.

4.3.1. Development of the experimental setup

The CPT and NSC120686 inhibitors require to be dissolved in DMSO, which,
at certain concentrations, can impair plant development (Zhang et al., 2016¢). Thus,
it was necessary to first identify the CPT concentration at which minimal or null
DMSO effects are evident at the phenotypic level. In view of this, three different
concentrations, namely CPT 25 uM (CPT_1), 50 uM (CPT_2), and 100 pM
(CPT_3), along with their corresponding DMSO concentrations (DMSO 0.29%,
DMSO 1, 0.58%, DMSO 2, and 1.16%, DMSO 3) were tested during M.
truncatula seed germination. Seeds are considered germinated when radicle
protrusion reaches at least 1 mm. Biometrical analyses, consisting of measuring the
seed germination percentage (%), seedlings length, and fresh weight (FW), were
used to establish the phenotypic effect of CPT and DMSO after 7 days of treatment
(Fig. 24). No significant differences (P > 0.05) between NT and treatments were
observed regarding germination percentage (Fig. 24A), as germination rates varied
between 44.4+31.68% (DMSO 3) and 82.2+8.39% (NT). This indicates that
treatments at the imposed DMSO and CPT concentrations do not affect germination
percentage. Nonetheless, growth inhibition was observed in seedlings at the end of
the seventh 7" day. A significant (P < 0.05) decrease in seedling length is evident
when comparing NT (56.27+1.35 mm) with CTP_1 (13.73+£0.19 mm), CTP 2
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(12.87+£0.46 mm), and CTP_3 (12+0.17 mm) treatments (Fig. 24B). Among the
tested DMSO concentrations, only DMSO 3 (36.5348.24 mm) appeared to
negatively affect seedling growth in a significant manner. When considering the
seedling fresh weight (FW), no significant differences were observed between NT
and treatments (DMSO, CTP), as all samples weighted between 0.12 - 0.22 g (Fig.
24C). These analyses allowed the identification of an optimal CPT concentration,
able to cause an evident phenotypic effect, considering also its corresponding DMSO
concentration in such a way to not cause any phenotypic effect on seedling growth.
Hence, the concentration of CPT that met these requirements was 25 pM dissolved
in 0.29% of DMSO. The subsequent experiments were carried out using this
concentration.
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Fig. 24. Biometric analyses to evaluate the phenotypic effect of camptothecin (CPT) and dimethyl
sulfoxide (DMSO) treatments on 7-day-old Medicago truncatula seedlings. (A) Germination
percentage (%). (B) Seedling length (mm). (C) Seedling fresh weight, FW (g). Data are represented as
mean + standard deviation of three independent replicates. Statistically significant (P < 0.05)
differences between treatments and non-treated (NT) samples are represented with an asterisk (¥). CPT,
camptothecin; DMSO, dimethyl sulfoxide.

Regarding the selection of the NSC120686 concentration, this was performed
based on previous results obtained using the agent on M. truncatula calli (Macovei
et al.,, 2018) and still considering the minimal amount of DMSO used for the
dissolution of the agent. Consequently, the selected concentration of NSC120686
was 25 uM (NSC) dissolved in 0.17% DMSO.

The last treatment within the proposed experimental design consists of
synergistically exposing M. truncatula seeds to 25 uM CPT and 25 uM NSC120686
(denominated as CPT+NSC), dissolved in 0.23% DMSQO. As described in “Materials
and methods, each corresponding DMSO concentrations, hereby denominated
DMSO N, DMSO C, and DMSO_CN, were also tested together with the non-
treated (water) control (NT).

4.3.2 CPT and NSC treatments have no effects on seed germination but affect
the development of M. truncatula seedlings

To verify whether CPT and NSC influence seed germination, a phenotypic

characterization was performed by evaluating the germination percentage (%),
seedling length (mm), and fresh weight (g) after 7 days of treatment (Fig. 25).
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Fig. 25. Biometric analyses to evaluate the phenotypic effect of CPT, NSC, and CPT+NSC treatments
and corresponding DMSO concentrations (DMSO_N, DMSO_C, DMSO_CN) on Medicago truncatula
seed germination. (A) Germination percentage (%). (B) Representative image of 7-days old seedlings.
(C) Seedling length (mm). (D) Fresh weight, FW (g). Data are represented as mean + standard deviation
of three independent replicates. Statistically significant (P < 0.05) differences between treatments and
control (NT) are represented with an asterisk (*). CPT, camptothecin; NSC, TDP1 inhibitor
NSC120686; DMSO, dimethyl sulfoxide.

When comparing the non-treated (NT, 60.00+13.33%) to the treated samples, a
significant decrease in the germination rate was observed only on the first day for
the DMSO_C (16.66+12.01%) and CPT+NSC (4.44+5.09%) treatments. The high
standard deviations in the germination percentage bars are indicative of non-uniform
seed germination. No significant differences were observed during the following
days until the end of the experiment. The maximum percentage of germinated seed
(plateau) was reached between the second and third day with a mean germination
rate spanning from 78.8+5.09% (CPT) to 87.77+£6.94% (DMSO _C) (Fig. 25A).
These analyses suggest that imposed treatments do not influence the germination
process per se. Fig. 25B shows the morphology of the 7-days old seedlings, grown
in the presence of CPT, NSC, CPT+NSC, and their corresponding DMSO controls
(DMSO_N, DMSO_C, DMSO_CN). Treatment with the NSC inhibitor did not
result in a visible change in seedling morphology while seedlings treated with CPT
and CPT+NSC appear shorter and stockier than control seedlings. Significant
differences are registered when measuring the seedling length and fresh weight (FW)
(Fig. 25C and 25D). Both parameters show a similar trend in terms of reduced
seedling length and fresh weight caused by CPT and the combination CPT+NSC.
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The comparison between NT and these treatments indicated that radicles were more
severely affected than the aerial parts (Fig. 25C). Regarding seedling development,
the average of the aerial part and the radicle length was reduced also in NSC and
DMSO N treated samples, respectively. Significant differences relative to the fresh
weight (FW) of the seedlings were detected for DMSO_C and DMSO_N in terms of
increased weight, as well as for the NSC+CPT-treated samples in terms of decreased
weight (Fig. 25D).

In conclusion, the imposed treatments do not affect germination percentage but
have a major effect on seedling development. Indeed, significant differences were
revealed for seedling length and FW parameters, showing similar results regarding
the impairment of seedlings growth caused by CPT and CPT+NSC treatments. It
may be hypothesized that CPT contributed the most to the impairment of the seedling
growth since a lesser effect was observed when the NSC agent was delivered alone.

4.3.3. The imposed treatments induce different cell death profiles

A DNA diffusion assay was performed to evaluate cell mortality in 7-day-old
M. truncatula seedlings subjected to CPT and NSC treatments. Fig. 26A shows
representative images of nucleus morphology characteristic for viable (class 0), PCD
(class 1), and necrotic (class 2) events. For each treatment, the results of the diffusion
assay were expressed both as percentage of nuclei per class (Fig. 26B), and arbitrary
units (a.u.) to express the overall level of mortality (Fig. 26C).

The data show that the NT and DMSO_N samples are both characterized by high
percentage of viable nuclei (86.36 + 6.00%, NT; 83.63 +3.16%, DMSO_N) and low
percentage of PCD (11.36 + 2.00%, NT; 13.70 £+ 3.65%, DMSO_N) and necrosis
(2.27 £ 1.00% ; 2.68 £0.00%, DMSO_N). Seedlings treated with DMSO_C and
DMSO_CN show a decrease in viable nuclei (47.60 + 3.40%, DMSO_C; 55.74 +
4.74%, DMSO_CN) towards PCD, while the nuclei classified as belonging to
necrotic cells (class 2) are not present. Nuclei classified as class 2 are mostly present
in CPT and CPT+NSC samples, while the NSC treatments evidence the presence of
class 1 nuclei characteristic for PCD events (Fig. 26B). Concerning the NSC- and
CPT+NSC-treated samples, there is a more marked decrease in viable nuclei (27.18
+ 6.76% NSC; 31.52 + 11.18 %, CPT+NSC) and an increase in nuclei subjected to
PCD (52.12 +5.49%, NSC; 46.53 + 12.77 %, CPT+NSC) and necrosis (27.38 + 6.20
% 21.96 + 6.20 %). Similarly, a reduction in viable nuclei is observed for CPT-
treated samples (21.05+£2.91), where the most represented nuclei belong to class 2
(57.13 + 6.82 %), characteristic for the presence of necrotic events.

When considering the overall level of mortality, an increasing trend is noted
passing from NT to CPT (Fig. 26C). Mortality progressively increases in samples
treated with DMSO_C (FC=2.78), DMSO_CN (FC=3.29), NSC (FC=5.10), CPT
(FC=8.56). The highest level of mortality was observed in seedling treated with CPT
(136.08+6.11 a.u.).
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Fig. 26. The level of cell death induced by the imposed treatments in M. truncatula 7-days old seedlings.
(A) Nucleus morphology and its related class identification number. (B) Cell mortality represented as
percentage of nuclei per class. (C) Cell mortality scores represented as arbitrary units (a.u.). Values are
expressed as mean + standard deviation of three replicates. Statistical significance, as per the Students
t-test, is shown with an asterisk (*, P < 0.05). CPT, camptothecin; NSC, TDP1 inhibitor NSC120686;
DMSO, dimethyl sulfoxide.

Briefly, the NSC, CPT, and CPT+NSC treatments decrease cell vitality and induce
different cell death events. The most severe effects are observed in camptothecin
treatment characterized by a high level of necrosis. This finding represents a step
towards understanding the aberrant phenotype of seedlings treated with the CPT
inhibitor.

4.3.4. Comet assay reveals the presence of different types of DNA damage

To quantitatively measure DNA damage, SCGE was performed using both the
alkaline and neutral versions of the assay. Within the neutral version (performed at
a neutral pH), the DNA is kept as double strands so that the assay is used to detect
double-stranded DNA breaks (DSBs). In contrast, the alkaline version is carried out
at pH > 10.0 and a denaturing step is included so that different types of breaks can
be revealed, namely, SSBs are formed from alkali-labile sites, DNA-DNA or DNA-
protein cross-links (Ventura et al., 2013). The results of these analyses are shown in
Fig. 27. Representative images for each comet class (0 to 4) are provided (Fig. 27A).
Concerning the NT (13.68+0.00 a.u and 10.86+4.49 a.u under alkaline and neutral
conditions, respectively), the NSC treated samples showed a 7.22-fold increase in
the level of DNA damage in alkaline condition while only a 1.99-fold increase was
observed in neutral conditions. A 5.86- and 5.79-fold increase in the level of DNA
damage was observed in CPT treated samples in alkaline and neutral conditions,
respectively. The CPT+ NSC treated samples showed a 13.7-fold increase in the
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level of DNA damage in alkaline conditions while an 8.4-fold increase was detected
under neutral condition.
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Fig. 27. DNA damage induced by the imposed treatments in M. truncatula 7-days old seedlings. (A)
Nucleus morphology and its related class identification number. (B) DNA damage scores represented
as arbitrary units (a.u.). Values are expressed as mean + SD of three replicates. Statistical significance,
as per the Students t-test, is shown with an asterisk (*, P < 0.05). CPT, camptothecin; NSC, TDP1
inhibitor NSC120686; DMSO, dimethyl sulfoxide.

Considering the DMSO controls, no significant differences in the accumulation of
DNA damage as DSBs are evident under neutral conditions. However, a small but
significant increase in the levels of DNA damage was registered under alkaline
conditions. This may suggest that DMSO, could generate SSBs, alkali-labile sites,
incomplete excision repair sites, DNA-DNA/DNA-protein crosslinks rather than
more extensive damage like DSBs. As regards the NSC and CPT+ NSC treatments,
both revealed a major accumulation of SSBs formed from alkali-labile sites, DNA-
DNA, or DNA-protein cross-links. The non-significant differences in DNA damage
found by comet assay performed in alkaline and neutral conditions in CPT-treated
samples suggest the occurrence of similar SSBs and DSBs levels in the sample
treated with this inhibitor.

Overall, the observed results indicate that the administration of CPT/NSC agents
cause an accumulation of both SSBs and DSBs, but at different levels depending on
the type of treatment. While in the case of NSC, SSBs and associated damage types
are prevalent, for the CPT treatments an additional increase in the presence of DSBs
is observed. The combination of the two agents (CPT+NSC) resulted in the highest
level of DNA damage, combining both DSBs and SSBs, the latter being prevalent.
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4.3.5. Identification of suitable reference genes for gRT-PCR analyses

Given that CPT/NSC treatments resulted in reduced seedling growth, increased
cell mortality, and accumulation of DNA damage, the next step consisted in the
analyses of expression profiles of DDR-related genes using qRT-PCR. Before
starting the experiment, it was necessary to identify the most stable reference genes
under the imposed conditions to be used for the relative quantification of the
transcripts. To this purpose, a geNorm analysis was carried out to evaluate the
stability of the following endogenous genes: MtPDF2 (protodermal factor 2),
MtGAPDH (glyceraldehyde-3-phosphate  dehydrogenase), MtPPRep (prolyl
endopeptidase), MtTub (tubulin), MtUbi (ubiquitin), MtAct (actin), and MtElfla
(ETS-related transcription factor). The expression level of these six internal control
genes was evaluated in the seven different samples derived from non-treated
seedlings, DMSO-treated, and CPT/NSC-treated samples. GeNorm is a popular
algorithm used to determine the most stable reference genes from a set of tested
candidate reference. The program enables the elimination of the worst-scoring
housekeeping gene (the one with the highest M value) and recalculation of new M
values for the remaining genes to determine the most stable gene (the one with the
lower M value) (Vandesompele et al., 2002). The results of this analysis showed that
MtAct and MtEIflo had the most stable expression under the imposed conditions
(Fig. 28).
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Fig. 28. GeNorm analysis for the selection of reference genes. The gene expression normalization factor
(geNorm M) was calculated for each sample based on the geometric mean of the reference genes. The
cDNA extracted from treated and non-treated 7-day-old M. truncatula seedlings was used for this
analysis.
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After the selection of reference genes, it was possible to proceed with the
investigation of the following genes:
(1) the first group of genes is constituted by the in silico identified MtSOGIA and
MtSOGIB genes. Similar to what reported for AtSOG1, we hypothesize that these
genes may have a crucial role in the regulation of DDR downstream pathways;
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(2) the second group is composed of MtTDPla, MtTDPIf, MtTDP2a, MtTopla.,
MtTop2; these are the genes that encode proteins directly affected by the CPT and
NSC inhibitors;

(3) the third group including MtMRE11, MtRADS50, MtINBS1, MtPARPI, MtERCC]I,
and MtMUSS1; these genes are involved in several DNA repair pathways, considered
as alternative to the function of TDP1 genes;

(4) the fourth group is made up of MtTOR, MtCDKAI, MtCycBl, MtCycD2,
MtCycD3, MtH4 genes, known to regulate the cell cycle;

(5) the fifth group of genes is constituted by MtACYLTR, MtAGOI1A, MtATUBC?2,
MtDNAM, MtE2FE-like, and MtRADS54-like genes identified through the
bioinformatics pipeline as involved in DDR-related processes and putatively
targeted by specific M. truncatula microRNAs.

4.3.6. MtSOGI genes are upregulated in response to CPT/NSC treatments

Given the importance of SOG1 protein as DDR effector, the expression profiles
of MtSOGIA and MtSOGIB genes have been investigated as they may reflect the
effective impact of CPT/NSC treatments on DDR.

In the previously shown analyses, the used DMSO concentrations did not
influence seed germination and seedling development, but a minimal negative effect
on cell viability and DNA damage accumulation was observed. Thus, it was
necessary to consider a possible effect of DMSO on the expression of the selected
genes. Fig. 29A represents the data relative to mean values £ SD of the expression
levels in water-treated samples (NT) and the three used DMSO concentrations
(DMSO_N, DMSO_C, DMSO_CN). The figure clearly shows changes in the
expression profiles of MtSOGIA and MtSOGIB genes in the DMSO samples
compared to NT. For example, MtSOG1A4 seems to be downregulated by DMSO N
and upregulated by DMSO_CN, while MtSOGIB seems to be downregulated by all
the DMSO concentrations used to dissolve the NSC and CPT compounds. It is also
important to note that in the non-treated control (NT) samples, MtSOGIB is more
expressed than MtSOGIA.

To investigate the effect of CPT/NSC treatments, the relative expression values
obtained for MtSOG1 genes are presented as fold-change (FC) to each correspondent
DMSO concentration (DMSO_N for NSC, DMSO_C for CPT, and DMSO_CN for
CPT+NSC) (Fig. 29B). The results show that both MtSOGIA and MtSOG1B genes
are upregulated in response to the imposed treatments. Nonetheless, the degree of
upregulation is different between the two genes during the treatments. While the
MtSOG1A gene expression is highly induced by the NSC treatments, the MtSOGIB
gene expression is highly triggered by the CPT treatment. The expression levels
observed for MtSOGIB were compared to the expression levels obtained for
MtSOGI1A (FC to MtSOG1A). Specifically, the level of MtSOG 1B transcript is 2.64-
fold higher than MtSOGI1A in seedlings treated with CPT inhibitor.
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Fig. 29. Expression profiles of MtSOGIA and MtSOG1B genes in 7-days-old M. truncatula seedlings.
(A) Relative gene expression levels in non-treated (NT) and DMSO-treated samples. (B) Gene
expression profiles reported as fold-change to DMSO controls, during CPT, NSC, and CPT+NSC
treatments. Values are expressed as mean + SD of three replicates. Statistical significance, as per the
Students #-test, is shown with an asterisk (*, P < 0.05). CPT, camptothecin; NSC, TDP1 inhibitor
NSC120686; DMSO, dimethyl sulfoxide.

The concomitant exposure to NSC+CPT had a reduced effect on gene expression
than the individual treatments; the genes are still upregulated compared to their
DMSO controls, but at lower levels: 0.72+0.10 FC and 0.35+0.06 FC for MtSOG1A
and MtSOG1B, respectively.

The observed expression patterns of the two MtSOGI genes indicate that the
imposed treatments have a significant effect on the DDR pathway. Furthermore, the
opposite behavior of MtSOGIA and MtSOGIB genes in response to different
treatments suggests that they can be selectively activated in relation to specific
stimuli.

4.3.7. CPT/NSC treatments induce differential expression of genes involved in
DDR downstream pathways

Subsequently, genes involved in specific DDR downstream pathways (e.g. DNA
damage, cell cycle) were taken into consideration to evaluate their expression
patterns in response to CPT/NSC treatments. As summarized above, these included
MtTDPla, MtTDPI1pS, MtTDP2a, MtTopla, and MtTop2, as genes that encode
proteins directly affected by the CPT and NSC inhibitors, several genes specifically
involved in MtTDP1-alternative DNA repair pathways (MtMREI1, MtRADS50,
MINBS1, MtPARPI1, MtERCCI, and MtMUSS81) and genes involved in cell cycle
regulation (MtTOR, MtCDKAI, MtCycB1, MtCycD2, MtCycD3, MtH4).

Also, in this case, since the expression of the tested genes was affected in presence
of DMSO (Fig. 30), results are presented as fold-change (FC) to each respective
DMSO control so that it would be possible evaluate the effect that CPT/NSC
treatments.
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Fig. 30. Expression profiles in untreated (Ctrl) and DMSO-treated samples. (A) TDPs and
topoisomerases genes. (B) Genes involved in TDP1-alternative repair pathways. (C) Genes involved in
cell cycle regulation. Data are represented as mean + standard deviation of technical replicates.

The FC values were subsequently used to generate a heatmap comprising all the
afore-mentioned genes and shown in Fig. 31 where blue color indicates down-
regulated genes while red color indicates upregulated genes. Based on FC values,
samples treated with NSC and CPT are distributed according to opposite color
gradients.
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Fig. 31. Heatmap representing fold changes (FC) in genes expression values in response to CPT, NSC,
and CPT+NSC treatments in 7-day-old Medicago truncatula seedlings. For each treatment, the values
were normalized to their corresponding DMSO controls. The heatmap was constructed using the
Shinyheatmap software.

MtTDPla, MtTDP1, MtTop1p, MtCycB1, and MtRADS50, upregulated in NSC-
treated samples, are downregulated in CPT-treated samples, while MtTop2,
MtCycD3, MtMRE11, MtNBS1, MtPARPI show an opposite trend being upregulated
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in CPT-treated samples and downregulated in NSC-treated samples. M¢TOR,
MtCDKAI, MtERCCI expression levels did not change significantly compared to
the relative DMSO N control in the seedling treated with NSC. Instead, they are
upregulated in CPT treatment. When considering the CPT+NSC treatment, the only
upregulated genes are MtTDP2a, MtCycD2, MtH4, and MtMUSS81. The same genes
are mostly downregulated in the other two treatments. Briefly, the selected genes are
differentially expressed according to the imposed treatments. Most genes show
opposite expression profiles when comparing NSC and CPT treatments.

When looking into the group of functions, samples treated with NSC revealed a
general upregulation of the MtTDP1 (MtTDP1a, MtTDP1f) and MtTop1pf genes, but
not for MtTDP2a and MtTop2. An opposing effect was observed in samples treated
with CPT where an overall downregulation of MtTDPla, MtTDPI1p, and MtToplf
genes is encountered while M¢Top2 is upregulated. The combination of the two
treatments (CPT+NSC) show a different profile, where MtTDP2o is the only
upregulated gene of this group. With regards to the genes belonging to alternative
DNA repair pathways, these are upregulated only in CPT treated samples, except for
MtRADS50 and MtMUS81 which are upregulated in NSC and CPT+NSC treatment,
respectively. Concerning the group of genes involved in cell cycle regulation, the
NSC treatment resulted in the upregulation of M¢tCycB1 while MtCycD2, MtCycD3,
and MtH4 are downregulated. In the same treatment, M¢TOR and MtCDKAI do not
change their expression relative to DMSO_N control. In the case of CPT treatment,
this group of genes is upregulated, except for MtCycBI and MtH4 which are
downregulated. The MtCycD2 gene does not change its expression levels relative to
DMSO C control. The CPT+NSC treatment resulted in the upregulation of
MtCycD2 and MtH4 while all the other genes belonging to the group of genes
involved in cell cycle regulation are downregulated.

Overall, the present investigation revealed the contrasting effect of a single
administration of NSC and CPT treatments on M¢tTDPla, MtTDPI1f, and MtToplp
and MtTop2 genes involved in alternative DNA repair pathways and cell cycle
regulation and a different response in case of concomitant administration of
CPT+NSC. The combined approach revealed that the most affected genes were
MtTDP2a, MtH4, MtMUSS81, MtCyCD2, showing upregulation, and MtERCCI,
MtTOR, and MtCDKA I genes showing downregulation in response to the CPT+NSC
treatment.

4.3.8 Expression analyses of selected microRNAs and their putative targets
identified from the in silico approach as being involved in DDR

Since one of the main goals of this work was to identify miRNAs able to regulate
DDR-associated processes, the following qRT-PCR analyses were conducted to
evaluate the changes in expression patterns of miRNAs and putative target genes
previously identified from the bioinformatic pipeline.

To this purpose, the following miRNAs were selected: mtr-miR 168, mtr-miR156a,
mtr-miR2600e, mtr-miR395, mtr-miR5741a, mtr-miR172¢-5p and their expression
evaluated in 7-days-old M. truncatula treated and untreated seedlings. For these
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miRNAs, the in silico analysis suggested the involvement in different processes such
as cellular response to virus both in plant and human (mtr-miR168a), histone
modification (mtr-miR156a, mtr-miR395¢), antioxidant defence (mtr-miR2600e),
DNA-dependent DNA replication (mtr-miR5741a), and DSB repair (mtr-miR172c-
5p). The putative targets of the chosen miRNAs, MtAGOIA, MtATUBC2,
MtACYLTR, MtDNAM, MtE2Fe-like, and MtRADS54-like were also investigated
through qRT-PCR as mentioned above.

The expression profiles of miRNAs and putative target genes are shown in Fig.
32. First, their expression in non-treated (NT) samples were monitored to evaluate
their behaviors in physiological conditions. As shown in Fig. 32A, while all the
tested miRNAs are highly expressed (except for mtr-miR395¢) the expression of
their putative target gene is significantly reduced, thus corroborating the expected
trend where miRNAs activity inhibit the targeted gene expression. The ability of
miR168 to target AGOIA gene is a well-known fact to the scientific community
(Vaucheret et al., 2006), therefore, this miRNA was chosen as quality control for
function/target validation. Indeed, a low level of Mt4GOIA expression corresponds
to a high level of miR168a expression in NT samples (Fig. 32A). Looking into the
expression of this specific miRNA and its target gene during the imposed treatments,
it is evidenced that while the expression of miR168 is low, the expression of AGOIA4
is high, especially in the NSC- and NSC+CPT-treated samples (Fig. 32B).

Since we have previously reported that gene expression is influenced by DMSO
treatments, also in this case we decided to represent the data as FC to DMSO. The
effect of CPT, NSC, and NSC+CPT treatments on miRNAs and target gene
expression is thus shown as a heatmap in Fig. 32C, where blue color represents
downregulation and the red color represents upregulation. Overall, the heatmap
shows that when a miRNA is upregulated the corresponding candidate target gene is
downregulated. Although not always evident, this is observed for all three treatments
that were imposed. This is visible for the couple mtr-miR5741a/MtE2FE. Looking
at the miRNAs expression according to each treatment, in the CPT-treated samples,
they do not change their expression relative to DMSO_C, except for mtr-miR156a
which is upregulated. As regards the NSC treatment, all miRNAs are downregulated
except for mtr-miR172c¢c-5p which is upregulated. The combined treatment reveals
that the most affected miRNAs are mtr-miR395e and mtr-miR5741a, being highly
upregulated. Although the expression profile of mtr-miR156a in NSC and
CPT+NSC seems unchanged, its putative target MtATUBC?2 is markedly expressed
in the combined treatment but not in the NSC treatment. The high variability of
miRNAs expression profiles between samples subjected to the same treatment and
different treatments gives a more nuanced picture of the role of these small
molecules in the studied system. Anyway, these data support the hypothesis that the
selected miRNAs target the predicted genes identified by bioinformatic approaches.
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Fig. 32. Expression profiles of selected miRNAs and their putative targeted genes in 7-day-old
Medicago truncatula seedlings (A) Relative expression of miRNAs/genes couples in non-treated (NT)
samples. (B) Expression levels of MtAGO1A and mtr-miR168a in CPT-, NSC- and CPT+NSC-treated
seedlings. (C) Heatmap representing fold changes (FC) to each corresponding DMSO of miRNAs and
putative targeted genes in response to CPT, NSC, and CPT+NSC treatments. The heatmap was
constructed using the Shinyheatmap software (http:/www.shinyheatmap.com/). Statistical
significance, as per the Students t-test, is shown with an asterisk (*, P < 0.05).

4.4. Proof of concept of the potential role of plant miRNAs in human cells

Based on the bioinformatics pipeline developed to predict miRNA target genes
with potential action on human genes, 3 miRNAs (mdm-miR 160, mdm-miR 166, and
mdm-miR390) were selected whose sequences are conserved in different plant
species, including M. truncatula, A. thaliana and M. domestica. These miRNAs were
used to predict the probabilities of pairing to human genes (using the human genome
deposited in NCBI as a reference) based on the alignment of sequence and
hybridization energy (MFE, minimum free energy). Besides these 3 miRNAs, 4
different miRNAs (mdm-miR159, mdm-miR396, mdm-miR482a-3p, mdm-
miR858) were selected as they are reported in the scientific literature as prominently
expressed in M. domestica fruit and peel (Xia et al.,, 2012; Ma et al., 2014).
Considering the availability of genome and miRNA database for M. domestica cv.
Golden Delicious, the species was selected to investigate the trans-kingdom
potential of plant miRNAs, alongside with cv. Stark. Fig. 33 shows the relative
expression profiles of the M. domestica miRNAs analyzed compared to a mix of
fruits used as control. All the analyzed miRNAs are highly expressed in M.
domestica cv Golden Delicious, except for mdm-miR390 and mdm-miR396. The
same miRNAs show a similar pattern in M. domestica cv Stark, except for mdm-
miR160. Among the studied miRNAs, mdm-miR482a-3p and mdm-miR858 show
the highest level of expression and hence were selected for subsequent analyses.
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Fig. 33. Expression profiles of selected miRNAs in Malus domestica cv Golden Delicious and Stark.
Control is represented by a mix of fruit.

Fig 34 shows expression levels of these two miRNAs in peeled apple (PA) and apple
with peel (AWP). The observed trends show no major fluctuations when one or the
other condition (PA or AWP) is considered. However, in view of future studies, it
should be considered that the apple is frequently consumed without the peel.
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Fig. 34. Expression profiles of mdm-miR482a-3p and mdm-miR858 in peeled (PA) and unpeeled
(AWP) fruits of Malus domestica cv Golden Delicious.
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MiRNAs mimicking mdm-miR482 and mdm-miR858 were subsequently
employed for transfection assay in HT-29 human cells. After 72 h these amiRNAs
are detectable inside the cells (Fig. 35). Subsequent expression analyses were
performed to evaluate the ability of these amiRNAs to regulate the activity of human
genes in vitro (Fig. 36). To this purpose, the following human genes were tested:

- RXRa (Retinoid X Receptor Alpha), involved in the attenuation of the innate

immune system in response to viral infections,

- IL4R (Interleukin 4 Receptor), involved in promoting Th2 differentiation,

- SMAD3 (SMAD Family Member 3), functioning as a tumor suppressor,

- PROM]I (Prominin 1) involved in stem cell maintenance,

- ROCK2 (Rho Associated Coiled-Coil Containing Protein Kinase 2),
involved in the modulation of processes related to cytoskeletal
rearrangements such as focal adhesion formation, cell motility, and tumor
cell invasion.

RXRo., IL4R, and SMAD3 are the predicted targets of mdm-miR482a while PROM1
and ROCK? are putatively targeted by mdm-miR858. The transfection into HT-29
cells of mdm-miR858 miRNA mimic doesn’t show a clear fluctuation of the putative
targets. When considering mdm-miR482 putative targets, a downregulation in
mRNA levels is observed for RXRa and /L4R genes. However, these results obtained
from one-shot experiments need to be further validated.

mdm-miR482a-3p mdm-miR858

Relative Expression
Relative Expression

Negative Control HT28+miRESE HT28+miRA82 Negative Control HT29+miR858 HT29+miR482

Fig. 35. Expression levels of amiRNAs mimicking mdm-miR482a-3p and mdm-miR858 from Malus
domestica cv Golden Delicious, following transfection of human colorectal adenocarcinoma cells, HT-
29.
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Fig. 36. Expression profiles of human genes putative targeted by mdm-miR482a-3p and mdm-miR858,
conducted in the human colorectal adenocarcinoma cells HT-29 following transfection with the
designated amiRNAs.
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As already evidenced, plenary of information dealing with the effects of
genotoxic stresses in plants and ways evolved to cope with these conditions are
currently available. Nonetheless, the unexplored and unexplained variables are
abounding as well. In this context, the present work of thesis focused on shedding
light on the possible involvement of miRNAs in the regulation of DDR-associated
processes, alongside investigating the trans-kingdom valence of plant miRNAs. This
work aimed to look into these complex issues by tackling different approaches, both
bioinformatics and experimental.

In silico investigations significantly contributes to the ongoing efforts to gain
insight into miRNA properties and functions and provide the basis for further
experimental validation. Model organisms, like 4. thaliana, are used as driving
systems to examine big data-driven questions connected to putative cross-species
miRNA targets (Zhang et al., 2016a). The great interest in this field promoted the
development of databases capable of predicting the functional impact of food-borne
miRNAs in humans (Chiang et al., 2015; Shu et al., 2015). However, the existing
databases cover only a small number of edible plant species (Chiang et al., 2015),
hence there is a need to significantly expand the information and include alternative
species with a potential impact on food safety. Alongside the fascinating trans-
kingdom potential, miRNAs may contribute to the fine-tuning of DDR genes and
this may affect the adaptive response of the plant to the environment, therefore its
vitality, biomass production, and consequently the agricultural yields.

Within this framework, the multifaced bioinformatics approach pipeline hereby
developed aimed at identifying plant miRNAs with their endogenous and cross-
kingdom targets to look for conserved pathways between evolutionarily distant
species and eventually obtain new insights into miRNAs associated with DDR.
Starting from a list of publicly available M. truncatula miRNAs, it was assumed that
any miRNA may potentially target genes in both plants and humans. Based on the
presence of miRNAs belonging to conserved families, this pipeline will further aid
translational research covering other economically relevant plant species and
potential human target genes. Regarding specifically this aspect, as illustrated in Fig.
37, miR164, miR166, and miR390 share 100% sequence similarity in M. truncatula
and other dicot plant species such as tomato and apple; miR166 was also previously
found to be abundant in different human body fluids and tissues (Lukasik et al., 2018;
Zhao et al., 2018). So, the putative human targets identified through the different
bioinformatics approaches may serve as potential candidates to aid medical
interventions. To give one example, inhibition of the AOC3 (Amine Oxidase Copper
Containing 3), acting in adipogenesis and putatively targeted by miR166, might
result in decreased fat deposition (Carpéné et al., 2007; Shen et al., 2012), thus
addressing the big issues related to obesity and the many obesity-associated diseases.
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Fig. 37. Schematic representation of conserved plant miRNAs potentially targeting
human genes. Alignments between three conserved miRNAs (miR390, miR164,
miR166) from different plant species, namely Solanum lycopersicum (sly), Malus
domestica (mdm), and Medicago truncatula (mtr), show 100% sequence similarity.
The predicted human target genes found in the enriched biological processes of the
network-based approach and among the genes with significant sequence similarity
in the alignment-based approach are shown in red and blue circles, respectively
(Bellato et al., 2019).

It is essential to underline that the design of these bioinformatics approaches was
conceived in such a way to empower the identification of conserved
pathways/players between evolutionarily distant species. In view of this, three
different bioinformatics pipelines were developed (two network-based approaches,
considering A. thaliana and M. truncatula model species, and one alignment-based
approach) to confront plant and human targeted biological processes. From a
biological point of view, the employed strategies led to both complementary and
divergent observations. For example, ‘exocytosis’ was a common denominator in all
three investigated species (M. truncatula, A. thaliana, and H. sapiens) when using
the network-based approaches. In fact, the generated networks illustrated conserved
biological processes (e.g., same function vs. same/different miRNAs). On the other
hand, the alignment-based approach led to more direct identification of miRNAs
targeting genes in M. truncatula and H. sapiens (e.g., same miRNA vs.
similar/different functions). Given that evidence of miRNAs involvement in the
regulation of DDR-related pathways is still limited in plants and considering the
conservation of some DDR functions between plants and animals (Yoshiyama et al.,
2013; Nikitaki et al., 2018), a dedicated focus was given to these specific pathways.
In view of this, miRNAs predicted to target genes involved in DNA repair,
recombination, and replication, chromatin remodeling, cell cycle, and cell death
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were pinpointed in plants. To cite some examples, mtr-miR172¢-5p, mtr-miR2638b,
mtr-miR5272f, and mtr-miR2086-3p, were predicted to target the Arabidopsis
RADS54, RAD9, KU80, and DME genes. In M. truncatula the ‘DNA-dependent
DNA replication” (GO:0006261) process is represented by Medtrdgl106540 (E2F
transcription factor-E2FE-like protein) as a predicted target of mtr-miR5741a.
Within the alignment-based approach, mtr-miR2589, mtr-miR482-5p, mitr-
miR5287b, and mtr-miR319d-5p were predicted to target two methyltransferases
(Medtr6g047800, Medtr5g079860), the CDC48 (Medtr7g088980), and DCD
(Medtr4g084080) genes. All these results have a relevant impact on plant research
since they associate specific, previously unknown, miRNAs to the regulation of
DDR functions. The bioinformatics analyses additionally uncovered mtr-miRNAs
predicted to target human genes with roles in DNA repair and related processes. For
example, PPP4C (putative target of mtr-miR169d-3p) catalyzes the
dephosphorylation of RPA2 in response to DNA damage, thus permitting the
recruitment of RADS1 to the damaged site (Lee et al., 2010b). FOXM1 (putative
target of mtr-miR169k) is among the most overexpressed oncoproteins in many
types of cancer and therapeutic interventions to suppress its function are of great
interest (Halasi et al., 2018). Consequently, aside from the implications of plant
science itself and considering the implications that some of these putative
interactions could have for the biomedical sector, the obtained results from
bioinformatics approaches offer novel hypotheses for future experimental
validations.

Considering the main focus of this work of thesis on plant DDR related aspects,
SOG1, the master-regulator of DDR, was also investigated from an in silico point of
view. The presented data show the existence of multiple variants of this factor in
different plant species. Specifically, in M. truncatula two SOG1 homologs, namely
MtSOGIA and MtSOGIB, were identified, showing high sequence similarity
(70.2% and 63.9 %, respectively) with the Arabidopsis AtSOGI, present in a single
form. Its structure and role have been widely studied in the model plant A. thaliana
(Preuss & Britt, 2003; Yoshyama et al., 2009, 2013, 2014, 2015). The MtSOG1A
and MtSOG1B homologs found in M. truncatula show the presence of all the
AtSOG]1-characteristic features. By analyzing the peptide sequence, it was possible
to observe that as AtSOG1, the C-terminus of MtSOG1A and MtSOG1B have five
copies of the SQ motif that is commonly regarded as the preferred site for
phosphorylation by ATM and ATR. The in silico putative protein-protein interaction
studies suggested their involvement in DDR. Indeed, the ATR, ERCC1, GTF2HA,
and WEEI1 proteins appeared in both AtSOG1 and MtSOG1A/B-derived protein-
protein interaction networks. Alongside common characteristics, the two Medicago
proteins show unique interactions (DNA helicase, FEN1, RAD51, XP-C-like),
indicating possible functional differences between these proteins. It is important to
understand how SOGI1 is distributed among plants. When the AtSOG1 peptide
sequence was used to search for SOG1 protein homologs in other plants, putative
SOGT1 proteins were identified in most of the species covered in Phytozome. Indeed,
it is already known that SOG1 homologs are present from moss to angiosperms
(Yoshiyama et al., 2014). The clades generated in the phylogenetic tree are
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distributed according to the current taxonomy. For the majority of species, it is
possible to observe the presence of only a single SOG1 homolog, except for few
species covering legumes and trees. No AtSOG1 homologs were identified for
Chlamydomonas reinhardtii, Dunaliella salina, Volvox carteri, Coccomyxa
subellipsoidea, Micromonas pusilla, Micromonas spp., Ostreococcus lucimarinus.
The presence of NAC proteins, although attested in mosses, lycophytes,
gymnosperms, and most of the angiosperms, has not been reported for species such
as C. reinhardtii or other green algae (Zhu et al., 2012).

Following the extensive bioinformatics analyses, the second part of the thesis
focused on developing an appropriate experimental system to demonstrate the
involvement of miRNAs in the regulation of DDR associated processes. This system
had to be original and had to display characteristics of impaired DDR. For this
purpose, seed germination and early seedling development were targeted since
during seeds desiccation, storage, and imbibition, high ROS levels are being
produced as products of internal cellular metabolism and they are known to cause
DNA damage (Kranner et al., 2010). Genomic protection and stability are crucial to
assure proper seed germination and cell-cycle control and repair of DNA lesions are
essential mechanisms contributing to genome maintenance and avoidance of the
onset and propagation of mutations. Within the context of the seed germination
process, characterized by active cell proliferation, DNA damage must be repaired
before the start of cell division to ensure the development of robust plants (Macovei
et al., 2017). It is thus necessary that an efficient DNA damage response (DDR)
system be activated to deal with these common types of DNA damage. Therefore, it
is important to understand the mechanisms of DDR during seed germination and
early seedling development. The designed experimental system to induce genotoxic
stress, and subsequent DDR activation, was based on the use of two chemical agents:
camptothecin (CPT), an inhibitor of Topl enzyme, and NSC120686 (NSC), an
inhibitor of the human TDP1 enzyme. CPT is a cytotoxic drug, a strong inhibitor of
nucleic acid synthesis, and a potent inducer of strand breaks in chromosomal DNA.
It has been widely studied for its medicinal properties as it constitutes a potent
antitumor drug (Wall & Wani, 1996). Together with topoisomerase inhibitors,
NSC120686 has been used as a pharmacophoric model to restrain the Tdp1 activity
as part of a synergistic treatment for cancer. In plants, the knowledge of its specific
functions is still scarce. Macovei et al., (2018) tested the activity of this compound
in M. truncatula calli in active proliferation to investigate plant Tdp1 genes. These
two inhibitors were delivered to M. truncatula seeds, alone or in combination, to
exploit their function in altering the enzyme-DNA interactions.

The administration of CPT and NSC alone or in combination had no effects on seed
germination; however, the CPT and CPT+NSC treatments inhibited seedling
development. The seedlings treated with NSC did not show any remarkable
differences compared to the control from a phenotypic point of view; this may
suggest that the aberrant phenotype observed in CPT+NSC treatment is mainly due
to CPT administration. Early studies indicated that CPT treatments result in arrested
cells in S phase by inhibiting the progression of the DNA replication forks; this
inhibition is due to the presence of the cleavable complexes induced by CPT and
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ultimately may lead to cell death. It has been demonstrated that cell death induced
by CPT mainly occurs by apoptosis. A significant increase in cell death was also
observed in calli treated with NSC (Macovei et al., 2018). Thus, a DNA diffusion
assay was performed to evaluate cell mortality in 7-day-old M. truncatula seedlings
subjected to CPT and NSC treatments. The results showed that the imposed
treatments induce an increase in the levels of cell death compared to the non-treated
samples, and different cell death profiles are detected according to the treatments.
The most severe effects are observed in CPT treatment characterized by high levels
of necrosis. Although CPT is widely reported as an inducer of apoptosis, it is not
surprising to observe that a fraction of cells undergo necrosis. Agents inducing
apoptosis may also cause necrosis, and the distinction between the two forms of cell
death in cultures depends on the severity of the insult and/or used concentration
(Lennon et al., 1991; McCabe et al., 1997; O’Brien et al., 1998; Mammone et al.,
2000). Moderate stress causes apoptotic-like PCD while severe stresses induce
necrosis (Reape et al., 2008). This suggests that the concentration of CPT used
generated severe stress in the cells. Besides an increase in cell death, an
accumulation of DNA damages was observed, thus confirming the induction of
genotoxic stress due to the administration of the two compounds. The presence of
DNA damage, in form of both SSBs and DSBs, may induce DDR pathways and
therefore the activation of processes such as cell cycle arrest and cell death.

Overall, the root of the seedlings was the organ most affected by the imposed
treatments. The reduced root length in CPT and CPT+NSC treatments can be
explained by examining the types and levels of death. Plants employ PCD when
affected by DNA damage, especially in stem cells (Fulcher et al., 2009). Considering
that all tissue cells are derived from stem cell niches, it is critical to maintaining the
genome integrity of this fraction of cells (Dinneny & Benfey, 2008). Since stem cells
are the progenitors of all cells that make up the entire plant body and presumed
offspring, mechanisms that prevent their loss due to cell death triggered by DNA
damage are present. The solution to this problem might come from the existence of
a subpopulation of stem cells in both the shoot and root apical meristems (SAM,
RAM) called the quiescent center (QC) in the roots, that divide at a much slower rate
than other cells. The QC cells seem to be more resistant to DNA damage than non-
QC stem cells (Heyman et al., 2014; Clowes, 1959), a characteristic probably related
to their slow-paced cell division. Indeed, when inducing QC cell proliferation, their
sensitivity to DNA damage agents increases leading to impaired root growth (Cruz-
Ramirez et al., 2013). Therefore, cell cycle slowdown could be the explanation for
smaller root sizes in CPT and CPT+NSC treatments in an attempt to decrease
exposure to the imposed genotoxic stress. In the event of stem cell loss as a result of
DNA damage, Arabidopsis QC cells seems to be engaged in a cell division program
to supply the lost stem cells, thus enabling rapid recovery of root growth following
plant transfer from DNA stressed to non-stressed conditions (Heyman et al., 2013).
Similarly, the replacement of impaired root meristem cells by dividing QC cells was
observed in X-ray damaged corn roots (Clowes et al., 1959). These observations
boost the possibility that, through their cell division, QC cells serve as a sub-pool of
stem cells that afford new stem cells with an intact copy of the genome after
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genotoxic stress. Therefore, another possible explanation for the aberrant phenotype
observed for CPT and CPT+NSC treatments may be that the induced genotoxic
stress is severe to the point of not allowing the restoration of a normal phenotype.
In plants, the PCD and DNA repair pathways are under the control of SOG1. The
Arabidopsis sogl-1 mutant was characterized as a second-site suppressor of the
radiosensitive phenotype of seeds defective in the repair endonuclease XPF.
Therefore, MtSOG1A and MtSOGI1B, identified through the in silico analysis, were
used as indicators for the efficiency of the designed experimental system. The
expression analyses of the two SOG1 genes indicated that they are differentially
expressed in CPT/NSC-treated samples. Specifically, the MtSOGIA gene
expression was highly induced by the NSC treatments while the MtSOG1B gene
expression was highly triggered by the CPT treatment. The increase in their
expression suggests that DDR has been activated.

Because the implemented treatments resulted in reduced seedling growth and
accumulation of cell death and DNA damage, the expression profiles of several
genes involved in DNA repair and cell-cycle regulation, were investigated by qRT-
PCR. In the case of CPT administration, a downregulation of Topla is evident, in
agreement with the proposed activity of the inhibitor. An upregulation of Topll gene
was registered, indicating its potential backup function when Topla is inhibited. The
Tdp1 (o and B) and Tdp2 genes were downregulated while PARP1 is upregulation.
Likely, the upregulated PARP1 is indicative of its involvement in this repair through
the activity of pathways alternative to Tdp1l. Both MRE11 and NBS1 resulted to be
upregulated, indicating the presence and active sensing of DSBs in the cell. Since
also MUSS81 and ERCCI1 genes were upregulated, it seems that these endonucleases
also have a major contribution to solving Topl-cc. Among the cell-cycle tested
genes, CdkA1 and CycD3 were upregulated, suggesting high gene activity for cell-
cycle regulation. Downregulation of CdkB2, CycAl, and CycB2 was observed in
Arabidopsis tdpl mutant plants showing severe growth defects (Lee et al., 2010a).
The reduced seedling growth observed during CPT treatment may be due to the
activity of other cell-cycle regulators that were not investigated in this work. In the
presence of NSC, Tdpla and Tdplp genes are upregulated, suggesting they are
trying to compensate inhibitory effect on the enzyme. The observed downregulation
of PARP1 gene, concomitant with the upregulation of Tdp1la, was also evidenced in
M. truncatula calli exposed to high concentrations of NSC (Macovei et al., 2018).
The majority of genes involved in alternative DNA pathways resulted to be
downregulated. The upregulation of CycB1, specifically activated by DNA damage
in a SOG1-dependent manner (Weimer et al., 2016), indicate for active DNA repair
and cell cycle progression. The CPT+NSC treatment showed the inhibition of both
Tdpl and Topl genes confirming that the treatments hit both Topl and TDP1
activity. Instead, the inhibition of Tdp1 induces the backup function of Tdp2a gene,
and consequent inhibition of the Topll activity as the Topll gene was downregulated.
The presence of CPT+NSC caused an overall downregulation of genes involved in
alternative DNA repair pathways, except for MUSS1. This indicates that the possible
DNA-protein crosslinks are being repaired through the activity of MUSS81
endonuclease. To summarize, the phenotypic and molecular effect of CPT/NSC
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treatments on M. truncatula seedling development, the following assumptions are
hypothesized:
- during CPT treatment, Topl enzyme is blocked, Topl-DNA covalent
complexes accumulate and cause DNA damage. In this situation, Tdpl and Topl
genes are inhibited while the alternative DNA repair pathways are highly active, and
the cell cycle is delayed allowing the repair of the induced DNA damage.
- when NSC is given, the TDP1 enzyme is blocked, still resulting in
the accumulation of DNA damage. Although, in this case, the Tdp1l and Top1 genes
are active, the alternative DNA repair is inhibited, and the cell cycle is progressing.
- the CPT+NSC combination resulted in the downregulation of most
of the investigated genes, affecting both DNA repair and cell cycle progression.
The development of this system has allowed the study of specific miRNAs (mtr-
miR156a, mtr-mirl72¢-5p, mtr-miR2600e, mtr-mir395e, mtr-miR5741) and their
putative targets (MtATUBC2, MtACYLTR, MtDNAM, MtE2FE-like, MtRAD54-
like) identified as involved in DDR and DDR-related processes from the
bioinformatic analyses (Bellato et al., 2019). For these miRNAs, the in silico analysis
suggested the involvement in different processes such as histone modification (mtr-
miR156a), antioxidant defense (mtr-miR2600e), DNA-dependent DNA replication
(mtr-miR5741). Among these, miR156 is an evolutionarily conserved miRNA
family observed in 51 plant species ranging from mosses to high flowering plants,
but characterized by significant evolution and diversification in its sequences,
members, and functions (Sunkar & Jagadeeswaran 2008; Cui et al. 2017). Regarding
the miRNA172 family, only a few members have been previously identified in plant
species including R. communis, V. vinifera, A. thaliana, P. trichocarpa (Barvkar et
al., 2013). This family has been reported to take part in regulating starch and sucrose
metabolism but also flowering, vegetative growth, normal ovule, and seed
development (Okamuro et al. 1997; Niu et al., 2013). Together, miR156 and miR172
acting sequentially, regulate developmental timing in Arabidopsis (Wu et al., 2009).
Furthermore, high-throughput sequencing of M. truncatula seedlings found these
two miRNAs as involved in salt/alkali stress (Cao et al., 2018). On the other side,
miR395 family members were suggested as main regulators of rhizome shoot
development. They are also known as general components of the sulfate assimilation
regulatory network in Arabidopsis and rice (Guddeti et al. 2005; Matthewman et al.
2012). Alongside miRNA conserved families, others are species-specific. This is the
case of miR2600 conserved in only few plant species including Capsicum annum,
and the legumes C. cajan and M. truncatula (Xu et al., 2015; Nithin et al., 2017).
Moving on to miR5741, this miRNA has been reported as targeting genes encoding
ethylene-responsive factors and cytokinin dehydrogenase, playing relevant roles in
the defense response (McGrath at al., 2005; Siemens et al., 2006).
It is therefore clear that these miRNAs have been studied mainly in plant
development and response to various types of stress. However, the qRT-PCR
analysis performed in this work of thesis indicates that they are also involved in the
response to genotoxic stress, as indicated by their differential expression induced by
the CPT/NSC. For example, mtr-miR172¢-5p that is upregulated in NSC treated
sample is downregulated in CPT treated samples. By observing the expression
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profiles of the putatively targeted genes by the selected miRNAs, it is shown that an
upregulation of the miRNA is accompanied by a downregulation of the gene
predicted to be its target. These observations support the hypothesis that the selected
miRNAs target the predicted genes identified by bioinformatic approaches. This
information contributes to enrich the information relative to plant miRNAs known
for their involvement in the DDR by adding a relevant piece to the puzzle of roles
played by these small molecules.

Alongside the poorly investigated role of plant miRNAs in DDR, particular
attention has been given to the emerging possibility that plant miRNAs can be
transmitted to other species through diet. As a proof of concept, amiRNAs
mimicking selected miRNAs abundantly found in the apple fruits were delivered to
the human colorectal adenocarcinoma HT-29 cell line and the expression of these
microRNAs (mdm-miR482a-3p and miR858) and predicted targets, were evaluated
by qRT-PCR. Namely, the RXRa, IL4R, and SMAD3 were predicted as targets of
mdm-miR482a while PROM1 and ROCK2 were predicted as targets of mdm-
miR858. The results show that the mdm-miR482 putative targets RXRa and IL4R
are downregulated upon amiRNA transfection. Although promising, these results
obtained from one-shot experiments need further validations. An interesting result
that will be further verified is the downregulation of IL4R by the amiRNA
mimicking the apple mdm-miR482. This specific receptor is known to have well-
defined roles in the immune system. For example, Mirel et al. (2002) evidenced that
it is involved in the progression of type 1 diabetes. Furthermore, IL4 receptors show
over-expression in many epithelial cancers and might be a promising target for
metastatic tumor therapy. Indeed, it is already known that IL4 neutralization
determines the attenuation of mammary metastatic tumor growth in the lung by
decreasing the pro-tumorigenic properties of both innate and adaptive immune cells
of the tumor microenvironment such as CD4(+) T lymphocytes (DeNardo et al.,
2009). Understanding the roles of miRNAs in DDR and along with their implications
in complex diseases such as cancer (He et al., 2016; Arjumand et al., 2018), pave the
way for the development of diagnostic tools or alternative treatments (Huang et al.,
2013; Badiola et al., 2015).

In conclusion, the in silico analysis allowed the identification of Medicago
truncatula miRNAs belonging to conserved families and specifically involved in
conserved pathways such as DDR. The developed bioinformatics pipeline is useful
to explore these connections also in species of agri-food interest such as Malus
domestica. Focusing on specific DDR-related functions, the hereby presented results
significantly contribute to enriching the current knowledge regarding the role of
plant miRNAs in DDR both for plant and human cells, considering the trans-
kingdom potential. Concerning the wet-lab analyses, since the imposed treatments
(CPT, NSC, NSC+CPT) influenced the seedling phenotype, caused accumulation of
cell death and DNA damage, upregulation of SOGI genes, and differential
expression of genes involved in DDR-associated pathways, it was possible to
conclude that these treatments actively influence DDR. This system was then used
to evaluate the expression of specific miRNAs/target genes, thus showing their
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specific involvement in DDR-related processes. Furthermore, the in vitro
transfection of HT-29 cell lines with plant-derived artificial miRNAs suggests a
possible functional role of these exogenous miRNAs in human cells. Future studies
covering feeding trials in animals and humans will be conducted to ascertain the in
vitro obtained results.
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INTRODUCTION

The classical definition describes micaRMAs {mi BN As) 25 small
non-coding, single-standal maleale that bind to mEMA
by seuence complementarity and inhibit gene expression
posttranscripional regulation (Barte, 2004 Pasquins b,
m]zl'ﬁpd.ndngm\.rm'RNﬁsmimdmdinmw eellular and
developmentl proesses, acting as master-regulatars of gene
apason. It is well-known that miRMNAs are evolutionarily
mhm.wmdﬂaﬁmuﬁm
mdxmkuidphﬂh_madﬂyrdd.ﬂdloﬂdrhdnﬁcnﬂisuﬁdtxﬂel
recognition mechanism (see reviews by Millar nd Waterhouse
2005 Maomn et al., 20171 In phnts microBNAs are produced
in nucleus and exparted to cytoplam, whereas in animals pri-
microRMA and pre-microBMA are produced in the nudens
while the microR NA fmicraRMA* are produced in the cyoplasm.
indispensable for miRMA activity, in the cptoplam. In animals,
pri-miBMAs are first cleaved by Drosha BMase I while in plants
this is @rried ow by Dicer-like (DCL)L. Plant miBNAs have a
-+ methylation on the 3'terminal muclentide which is not
present in animal miRMAs. Considering the target recognition
mechanisms, in plants this is based on near-periect or perfect
sequence complementarity (leading mostly @ mENA decay),
whereas in animals the sequence complementarity is imperfect,
mndlphuedmﬂlg‘mdnie’{hsepﬂinﬁmﬂuf:ndd
miRMAs, especially nucleotides 2-7) {Lewis o al, 2005).
Emﬁqrmﬁmamﬂmﬂmmﬂ
Iypothesis indicating that miBNAs an be tramsferred from one
spedes to anather and potentially target genes acroess distant
spedes. This mmncept has been devdoped starting from evidence
shawing that small RNAs can move from cell o el { Molnar et
d.m]ﬂﬁﬂmminﬁmdhﬁlﬁ{ﬁmimhm
spedes (se= reviews by Han and Luan, 2015 Weiberg =t al,
20150 While the transler of miRMAs from plants or humans/
animals i their pathogens (Valudi et al, 2007; LaMonte = al,
201% Buck e al, 2014) is less disputed, the situstion gets mare
avmplicated when addressing the phnt miENA trnder to
humans. This is due to several open questions and contrasting
results regarding plant miBNA - stahility, shundance, maode
Jmmﬂ\nﬁmﬁpﬂw\ﬁa]mﬁﬂsinhmmodh
{Dickinson =t al, 201% Tosar =t al, 2014 Michd =t al, 2 1&
Cavallini et al, 2018). The first direct indication that n\ﬁ\ﬂ.ﬂd
pant miBNAs, derived from food, can target genes in a cross-
kingdom fshion had been provided by Zhang et al. (2012). The
authars showed that a rice miBNA (om-miB168a) stably evists
in the sera and fissues of animak md humans and it specifically
targets the liver low-density ipoprotein (LDL) receptor adapier
protsn 1 W]Lmﬂ:mﬁmﬁm
Pasma '&:idh. this ressarch proposes that plank miRNAs are
released from destroyed cells (during mechanical mastication)
and transferred tothe intstinal epithelial cells, whers they could
be incorpomated into vesides (exosomes or micrvesicles) and
enter the circubitary system to be delivered o trgeted olls. Plant
miRNAs can resist the activity of digestive enzymes and knw pH
thrmughout the gastrointestinal tract due to ther methylation
md high GO content (Zharg et al, 201% Philip 2 al, 2015

FThom et al, 2015 ). Maoreover, immunaprecipitation experiments
with anti-AGO? antibodies have shown that miR1 682 assodaies
with AGO?2 in Caco-2 cells, thus enahling miBMAs function
(Thang et al, 2012). This was also confirmed in another study
where immunoprecipitation data revenled that honeysuckle
{Lavdcera japoriza) miB29 11 assaciated with the AGO2 complex
in mirovesicles (Thou et al_, 2015). In this study, miR2911 has
been demanstrated to be resishnt to processing and proposed
& targe genes involved in the resistancee @ virl idfluenza.
Hence, resistant exogenous plant miBMNAs may regulstemultiple
trget genes based on sequence complementirity, similardy to
how endogenous miBNAs act (Lin et al. 2017). This conapt
expands the known types of miRNA funcions to key natuml
hicactive compounds with potential health promoting benefits
{depending an the mEMA targat). 50 fr, compelling evidence
has demimstrated that plant miRMAs are present in human/
amserved fanilies {(Waucheret and Chupean, 2012 Zhangetal ,
1 Liang et al, 2014; Yang et al, 20150 Yang et al, 201 5h;
Cavalieri et al, 2016} Plant miBNAs not anly from edible
plant species (rice @blege boccadi, watermeln, soybean,
stawherry, alive) butako from model | Arabidopis, poplar) and
medicinal plants (Maoringa, honeysuckle, turmeric, ginger) had
been evaluated for ther patential trans-kingdom tramsder (Zhang
etal, 201X Liang et al, 2014 Zhou et al, 2015 Cavalier etal,
201 & Chin et al, 201 & Pired etal., 2016 Liuet al, 2017; Sharma
etal., 2017 Mimutolo =t 2l, 2018 )

Aside from the biomedical interest, miRNAs frans- kingdom
interactions can bhe weful to beter undemstand svolutionary
distant conserved pathways Some emmples of preserved
mthways between plnts and animals indude the innate
immune signaling pathways {Auwsubel, 2005), programmed cell
death (PCD)-rélated pathways (Godbole et al, 2005; Lord and
Cunawardena, 2012), some basic functions {r_ﬁ. Ca™*ATPase,
Cat* Nt -K* jon -:n:'hxtﬁu:l of calcium s:lFu]mﬁ pathway
(Magata et al, 2004), and the DNA dxnaﬂe respomse | DDR)
(¥shiyama et al, 201% Nikitaki et al, 2018). Among these,
DDR is defined as a complex signaltmansduction pathway
cmnsisting of DNA damage sensors, signal transducers,
mediators, and effectors whidh in turn activate a seties of events
(eg phosphorylation cascades) that lead to the regulation of
downstream processes ltﬁ.ﬂﬂu cycle chackpaint, DNA repar),
comman hetwesn the plant and animal l:inﬁd.wns {¥ashiyama
etal, 2013} The involvement of miRMAs in the regulation of
DIDR playems is quite recentand insuffid entl yexplored, especially
within the plant kingdom. Comversely, studies in human cells
have already shown that miRMAs are invalved in the regulation
of DDR -assaciated genes and ther adivity is intricaely weaved
with traditional elements such as ATM (atxiz-telingiectasia
mutated) and p53 (Kato o al, 2009; Landau and Skdk, 2011;
Wan et al, 2011). In plants, some miBMAs (=g osa-miRd 14,
asa-miRl6de, and osa-miR408), have been demonstrated to
targetspecifichelicaseswith rales in DNA repair, recombination,
replication and translation initiation {Macovei and Tuteja, 30123
Maayvei and Tuteja, 2013 )L

The current work aims to investigate the m sl frans-
]:inﬂd.u'n\n]mcfp]mﬂmik}{ﬁsaap-ﬂu\ﬁa]mn]m
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bridge conserved pathways between plnt and human cdls,
inquiring their implication in DDR. To do sa, 2 multi- oeted
higinfmatics approach was developed by combining and
ol The modd legume Madicaps trengatils { barrel medic) has
been chasen as target for this analysis because of its potential
medicinal properties (high content in saponins) (Tava et al,
2011}, sequenced genome and avaikbility of different databases
{Goadstein et al , 2012), aswell as its conserved synieny amang
hﬁu:mu {Gujaria-Verma et al, 2014; Lee et al, 2017) which
ecanamically relevant species. Mareaver, in view of promoting
future sustzinable agriculture practices and fod security
microgreens, defined as seodlings harvested when the fimt
leaves appear, are ganing momentum as newvel functional fod
sources with high nuritional mntent and health- promoting
benefits (Choe et al, 2018) In this context, legume species
previously used anly as kudder, like Tripliem spp, Medicago

and Astragahus are now being propased as microgreens
E‘crphu:m mm]‘:lt'l since they been demonstraied to
mmntain high protein and phytochemial contents as well as low
levels of carhohydmates (Buthuté et al |, 2018). Hence, starting
fram 2 collection of M. trivcatida miBRMNAs, we retreved
andidate targets in plant and human trnscriptomic datases
:idauul}udﬂlmwiﬂldjﬁerunmmeﬁie:{ﬂaﬁuumk-
hscdﬂ:at:ﬁymumdhunm:ﬁgtzg:mdlidqiﬂ
procesies in plant and human, wsing an Arabidopsis thaliana
homolagy-hased approach for plint network reconstruction;

{2) an alignment-based strategy was used to identify nucleotide
anud protein simlarities hetween M. tnemmtils and Hameo sapiens
putative targets; (3] another netwark-based strategy was carmied
outby using a dr novo reconstrucied M._trmcatula gene network
i further assess the comman Iidq;i:ai rocesses tm;dﬂl in
human and herrel medic. All the ahove-mentioned strategies
have been used for the common purpose of identifying shared
featunes (e micoBNAs agding similr processes) between
these distantly rdated organisms.

MATERIALS AND METHODS

The warldlow folkowed in this study is ilustrated in Figure 1
and its parts are discussed below. Three different strategies wene
emplayed, namely anetwork-based pipdine, m alignment -based
pipeline, anda M. frimmacs network reconstruction approach.

Datasets

The list of M. runcatida miBNAs was retrieved from miRBase
(Emmomara et al, 2019) and inchuded 756 sequenaes, amaong
which 4% were unique The human 3 UTRome ssquence
Mmmmﬁmmpmﬂmmﬂﬂsiﬁe[m
etal, 2018 ) and inchuded 21,233 sequences, amang which 18,167
were rdative to unique genes. The M tremcanela transeript
dataset (M0 v 1) was retrieved from the psRHATarget tool web
site and inchided 62319 transcripts, comesponding o 50,894
unique genes.

Hiimas

4, Gann Mintwork Chustlering

8. Chugters Ennichment

B. B Procaes G

IFRELARE 1 || B i v e wacbdiowns filowaacadim i o inacilacling napweorle- anad alonmans basad anabels pipolinas. This miin o B of thas rabwork-basad piping
ar numbarad o tha ke, atths s ama ke as the @ pein blccks ind oaing inpa and autpar of cach siop Rad and daib g blocs ind ass fuman and plare
inpits foutpus, reapac el and dita fow i raporad with, amows. The main sofwarns tooks of Lnctons (daabed in the main 5 ae & ummantsed abows ach
Bdock. Lighs gnean bl ocks incios Seinpubsfouspuns for the Miciosgo Suncaiuil nawork- based pipsing, alsoinclucing genomss s oaks nebwornk consinacion. and ks
chats fhoww |5 Ao Chashd @imoawes. Thi DUIRLSS o M aliarmant b et i i i MGEomaclas & 6 noks 3y b ook ind Sating th saquanos wih sinficant
similaly afhar ol inmant. Bl blcek indicate s ini Sl and final g B himear and plant in B anal ek pipdlines
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The gene sequences and the related protin sequences of the
predicted targets were retrieved from the OBl Refieq database
{for hurman targets ) OFLeary etal, 20146), and from theannotted
ading sequence and protein dutasets from the M tnencatula
Genome Datatase (for plant) (Krishnalumar etal , 201 4)

Six micmarmay datases from the ArmyExpress (Kolemikov
o al, 20 15) repository wene used: E-MEXP-1097 {Benediio etal,
2005), E-MEXP-37 19 {Verdier etal, 2015),E- MEXP- 2883 (Tang,
201 4), E-MEXP-3190 (Uppalpat ot al, 2012}, E-MEXP-3909
(Wang et al, 2016), and E-GBOD- 43354 (Limpens et al, 20140
These amounted 1o 2 iotal of 117 raw sxpression samples (in CEL
format) that were used for M. tnmcatida co-expression. network
recanstruction. The dataset samples measural under perturhed
amalitions (eg salt ar drought stress, infections ) were excluded.
All the considered experiments were conducted on the mme
micmarray platform (Affymetric GeneChip Madicago Genome
array), therely avoiding genome annottion hizses

miRNA Target Prediction
The psRMATarget (Dai & al, 2015) and BNAhybrid (Kruger
md Rehmsmeier, 2006) online wols, specific for miBNA target
prediction in plants and mammalians, respectively, were wed
The list of M. runcanda unique mikNAs was used a5 input for
bath tools, tagether with the M. trimcfela transcript datase or
the human 3" UTRome (unless differently indicated ). The 3 UTR
region was chasen under the assumption that plnt miRMAs
an regulate human targets in the same manner a5 endogenous
human miBMAs (Bartd, 2004) This assumption is consisbent
with 2 number of recent bicindrmatic works, which were in
smme ases further validated leading to experimental evidence
of cross -kingdom regubition (Shu etal, 2015 Chin etal, 2016
Zhang et al, 2016a; Hou et al, 2018 Zhao et al, 201 8a). Despite
this commm]y perfirmed assumption, it is worth noting that no
ldenstndard exists for plant miRMA & getprediction inacross-
kingdom context (Lukasik et al, 201 8L A small number of ather
warks additionally considered 5' UTR and/or coding sequences
= podential target regions (Lin o al, 2017; Lukasik =t al_, 2015
Ml et al, 30 18). This was maotivated by studies in which different
tramcript regions have been reported as non-3" UTR &rgets for
both endogenous and cross-kingdom regulations (Li =t 2l, 2015
Wang etal, 2018). With the availibility of additional validation
studies and madds for coss-kingdom regulation, this gap will be
filled. Impartantly, the propossd wordlow can be easily adapted
Iy changing the target sequences files.

The parameters of the two frge predidion ool were s=t
i otain 2 balinced mumber of network nodes (about 700 for
A. thaliama and H sapiens) in the network -hasel pipeline, and

pipeline was dbtained via the same parameters asahave except the
mumber of op targets which was set to 15. The predicted target
list from FMAhybrid was fikered by tuning the sole algorithm
parameter that is Minimum Free Energy (MFE), whose threshold
was set to—36.5 koal fmal, while for the alignment-based pipeline
it was —34_7 koalimol In both cases,a maximum of 50 targets per
miBMA was mmchﬂl{}"hul.g etal, MlGal

Network-Based Pipeline

The lists of predicied targets were wed in construct plant and
human trget networks using GeneMania, |Warde-Farlay
etal, 2010), and considering all the genetic and ar-expression
interactions available within the tool Since GeneMania does
nat contain M. tnngituls among the available organisms, the
fnllowing, procedure was used to construct a genetic interaction
@-expression netwark of A thaliana, by mapping the
homakegous genes of the M trimafula prediced orgets list. The
Phytomine toal (Goodstsin = al_, 201 2) of the Phytomome partal
{TGI) was used tooltain 2 mapping from the M. tnencatida target
genes o A thaliana genes, hased on homology. Correspondences
between the species were considered with a relative threshold
similarity ahove 8 5%,

Human and plant netwarks were impaorted and analyed using
Cymacape (v37.1) (Shannon et al, 200%) and its applications.
Clustering was arried out using the glay (Su et al_, 2010) and
ClusterOme (Mepusz et al, 2012) algorithms, considering the
naworks as undireded and umweighted. Chister{ine was used
with the fllowing pramsters minimum size = 50, minimum
density = 0.25, unweighted sdges, node penalty = 2, haincut
threshold = I, merging method = Multi-pass, Jacard similarity,
averlap threshold = 0L15, seeding method from mused nodes. The
glay algorithm does not have free pameters. Far each cluster,
emichment analysis wa arred out wing ChieGO (Bindea stal |
20049) tor find statistically over -represenied Gene Ontology (GO
terms in the Bidlogical Process {EF) caegory using a right-
wil st with the Benjamini-Hodhberg ayredion for multple
testing, and 2 75% detail level GO terms were considered for
further analysis if they had pvalue < 005 and if at least one of
the related genes was presentin the ariginal orget gene list (since
(G=neManiz indudes interactor genes not bdonging to the inmput
wrget list). The analysis procedure followed in this network-
hased pipelineis summarized in Figure 2.

Alignment-Based Pipeline
For each miRMA, the nudentide coding sequene and protein
sequence of the predicted trmscript frgets found in M

of unique tamget rasoips (zhouwt 1,700 for ML da and

o da and H._sapiens werecompared via sequencealignment.

H sapiens) in the dignment-based pipeline. A highly specific
hhridimtion in seed region, typially ocorring in plnts, was
setin pa BN ATarget, which was used i find plant trget genes for
network-hased pipdine with the folkwing pammeters number
af top targets = 50, Expectation = 25, Penalty for GeLJ pair= 05,
Penalty for other mismatches = 1, Exira weight in seal region =
].‘LSeed:eginm:2-]3nudmﬁd.ﬂ.kﬁsmﬂlﬁa]]mdh smeed
region=0, H5Psiz= 19 Thelistof rgets for thealignment-based

A cmom MATLAE R0 18 (MathWorks, Matick, MA, USA)
script was programmied to automatically carry out this anabysis
and to evaluate the statistical significance of each comparison.
The Smith-Waterman method (Smith and Waerman, 198 1) was
wed to perform bocal alignment via the swalign function and
get the optimal alignment sare (in bits) a5 oupu. A mndom
permutition-hased sttistical amlysis was adopted to evalate
the significance of each alignment and to obtain a sequence
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length- independent scoring value {pvalue) (Teng et al, 2014
Tiengo et al, 2015 ). Specifially, for each sequence mmparismn,
200 random permutatins were constructed for the human
mucleofideprotein sauence med an alignment was performed
for each randomizmtion. The resulting distribtion of bits scares
was used toobtain the final p-value as thenumber of alignments
gmnﬁahtsmu’e}uﬁhﬂ'ﬁmﬂwmgma]mdﬂ:dﬂdbp
the mumber of mndymizaions. Low p-values mmepond to
statistically significant alignments with 2 comsidered threshald
of 105, The ana bysis prowdure followed in this alignment-hased
pipeline is summarized in Figure3.

Reconstruction of M. fruncatula
Co-Expression Network

Faw expression valueswere globally narmal ized using the Bobast
Mubtichip Average (RMA) methad (Irisarry et al, 2003), and

then annaotated using the MedtrA 17_40 M. truncaticla reference
genome assembly Array probes mapping the same gene were
median-averaged and those lading funcional annottion were
discarded. Co-expression analysis of the obtained expression
mnel was perdformed via ARACNE (Margolin et al, 2006) by:
(i} building the Mutual Iformation Matrix using the Spearman
carrelation, and then (i) pruning the obtained interactions
amang all possible gene triplets with null mutal inkrmation.
All the analyses were perfrmed in the R envimnment, using
the imma (Ritchi= et al, 2015) and the biomaRt (Durinck
au_,mmhwhmmmdﬂmm
the minet package (Meyer et al, 2008) for the co-expression
estimation with ARACNE. The oblainal adjacency matrix
was then used to reconstruct a co-expression netwark for the
miBNA targets of M. trungatuls, with a asom Python (w27)
script, explaiting the MetwarkX package (Hagherg =t 2L, 2008)
o create networks in a Cytscape-compatible format. The

FMGURE 3| Schamat ¢ reprecaradion of th ol @ mart- beed dpeina. Tha coding seduence E05 and amin ad dseouents caTesponding 1o the miFkA T
s e Pl aacecd fricm oiling: Pascincos RSy and Mo g e el Goenomas DRtabasa). For aach miRiA, the CDEE andaming acid saaarass of human
andd plant R Wi comipanad vl sacuanos algnment (Smith. Wanaman mashod, by the swalion Miatdab funcion], 1o compaune a s milarky scon ([povdedas

s lign outpet for aach humans fant tand pair. The statetical s pnificanos of the dmillaky scoe i fnaly compuied folosing & randomizedon mahod i whick, fo
vy alignmens, human secpancas (CDE of prosein) wars ranchmized and thi dsorbusion of swallan 5 0o was Uied oo compuie T p- vl

e
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miRMA targets of M. fruncatuls, obtained as described ahawe
(see miRMA Target Prediction section), were mapped omto the
nawark to extract their co-oxpression ineracioome. Target
gens= were mapped and all the co-expresed modes which
interact with at least one miRNA target node were inchuded
The resulting sub- netwark was filtered, eliminating the smallst
@mmpanents, mmpased of single nodes or less than ten nodes
because these are not informative in terms of interactions. The
remaining giant component was considered as the final miRMA
frget gene network. The giant com ponent was analyzed via the
glay clustering procedure md, 25 performed abave for the ather
netwarks, the obtained clusters were subjecied to the ClueGO
enrichment step.

RESULTS

Target Prediction

Folliwing the in siio target pradiction, a list of 3468 M
trumcatiuls trnsoipts (2680 unique trnscrips and 2083
umique genes) was ohtained. Conversely, 2297 argettranscripts
aof M. trimcatida, @mesponding to 1,73 wmique transcripts
and 1,376 unique genes, were idered far the alig
Analognsly, for the network-based anahyis, a list of 936 target
transcripts {825 unique transcripts and 758 unique genes) was
abtdined for H. sapisns. For the alignment-hased pipeline, 2226
frget ranscripts, which commespand 1o 1,754 uniquetranscripts
and 1,549 unique genes, were obtained. The number of targes
was tuned to obizin a balnced number of elements between the
two species (see belowl. The trget genes muld be associated
with ane or more than one miBMNA, as shown in Supplementary
Figure 1.

Mtr-miRNAs Targeting Shared Functions
Between Plants and Humans From

the Perspective of the Network-Based
Approach

Inthispipeline, we frcused an the biokogical processes enriched
amang the genes targeted by the set of M. trunatela miBEMNAs
o uncover shared functions between phnt and human
Folliwing the procedure summarized in Figure 2, plant and
human miBMA target networks were constructed using the
(GeneMania web tool While the construction of the human
netwark was strightforward with this toal, the construction
af the plant network relied on the mapping from M. tnencatula
targets to homokgous genes in A. thaliana, therely enabling
i exploit the deep knowledge (datasets and resources) of
A. thaliana, since M. trimcatula i not currently supparted
by GeneMania. The resulting networks were analyzed using
two different topology-based graph clhustering methods, to
decompase the target network, based on highly connected
nades, implyiing densely-interacting functional modules. The
wse af twa different clustering methods was devised to increase
the sensitivity of the pipeline for the detection of functional
madules and, subsequently, amociated hiological processes

The features of the constructed target gene networks are
summarized bekiw:

(1)A. thaliana—7H nodes (of which 20 were induded by
(Genedlania as interctars), 13752 alges, 4 glay clusters, 6
Chister(ne clusters.

(ZVH. sapiers—75% nodes (of which 21 were included by
(Genehlania as interactars), 2,795 alges, 5 glay chsters, 3
Clhister(ne clusters.

The target genes and network chisters obtained in this
analysis are reparted for each species in the Supplementary
Drataset | e

By perfirming an enrichment analysis for each cluster,
we identified the common hiclogical processes (GO terms)
rgeted by M. tnencatila mi BN As in both spedes. The identified
shared hiological functions inchude “vesicle dodking involved
in eocytosis' (GOA000690M), ‘modubtion by virus of host
marphology or physiology” (GO0 204 8), ‘cellular response o
virud ((H1098586), positive regubition of postranscriptional
gene silencing’ (GOR0060 148), and “branched -chain amino add
metabolic process” (GO000908] ). The miRMAs and pu'erhcled
frget genes associated with the shared GO terms are listed in
Table L Aside from the identical GO terminologies, other
avmman procsses wene present in both networks (eg nuclEc
add and amino acid menbaolism, response o stress, signaling)
(Supplementary Drataset 1)

Exocyinsis generally implies the active (hence, energy-
dependent) tramsport of newly synthesized lipids and proteins
w the plsma membrane alang with the secretion of vesicle
enchised comtents to the extracelllar matric Experimental
evidence that exocytosis-rdated events can he conserved
hetween plants and animak has beenrecently provided by Zhang
etal |Eﬂlﬁh:l,udmthnmwdﬂuis]mciﬁcmnhculsinundy
endosidin 2) are able to inhibit EXCF0 proteins, invalval in
intracellular vesicle rafficking, in both plants and animals. The
fact that M. tnencatuls miRMA s are prediceed to trget functions
related i exacytosis in bath A. thalisna and H. sapiars, further
indicate the conservation of these pathways between distant
fBxa As an emample, the KEU (KEULE) and SEC (EXDOYST
COMPLEX, OOMP R ENT) genes in Arabidopsis as well = the
human SHPH (Symtaphilin} gene are part of the SMARE (soluble
M- ethylmalsimide-sensitive factor attachment protsin recptar)
amplex, which is required for veside dodking and fusion (Lao
etal , 200 Kamniket al, 2015}

The hypaothesis that innate immunity is an evoluionanly
conserved process, started in the ancient unicellular eukarynte
that pre-dated the divergence of the plhnt and animal
kingdoms (Ausubel 2005), may explain the shared plant
and human response o virus. The network-based approach
applied in our study allowed to find commaon phyers invohed
in the response to viml attacks in plants (AGO, AGO2,
D{IPZ, SDE3, DRDI) and humans (BCL2LLL, KPMNAL,
PUM2, FXRI1, RIOES) (Table 1) Particularly, the EPNA4
(Karyopherin Subunit Alpha 4) mediates the mclear impart
Jhmnmq-lmnega]m'irus TLE4 (Lischla et al, 2003 ), PTTM2
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(Pumilio RWA Binding Family Member 2} plays a role in
cytoplasmic sensing of viral infection (Warita et al_, 201 4), and
BICHD3 (right open reading frame-RI0 Kinase 3) is invohred
in regubtion of type | intedemn (IFN)-dependent immune
respanse, with a critical role in the innate immune response
against DNA and RMA viruses (Feng et al, 2014}

The rebtionship between miRl6ka and  AGDI
[ARGOMAUTE) has been long studied and experimentally
validated in plnts (Vaucheret et al, 2006), whereas several
ather targets of the plant miR 1682 have been identified andfor
validated in humans (Zhang o al, 2002; ved etal., 201 7). Aside
heing imvohed in miBMA hiogenesis and regulation (Mallory
mad Vaucheret, 2010}, AGD proteins have a myriad of other
functions inchuding plant antiviml responses and DMA repair
{AGO2) (Harvey =t al, 2011; Oliver o al, 2014 Carbonell and
Carrington, 2015), miRNA-directed target cleavage (AGOS),
i BN A-directed DNA methylation (AGO9) {(iver et al,
2014} Differently, the validated osa-miR 1682 target in humans
is LDLRAP 1, with functions in cholesteral metabolism (Zhang
 al, 2012), while ather predictal targets inchuded RPL34 (Large
Ribosomal Subunit Protein EL34), ATXNI (Ataxin-1), and
ALS2 (Alkin Rho Guanine Nudentide Exchange Facior) with
e in trasaiption, dhosome biogenesis, and cell trafhicking
{Javed et al., 2017} (rher genes (STASIAIl, RGSG, ILISRAE
PVE, 5YN2Z, PFAAL, ZDHHCIS, B3 GAT]) were predided in
our netwark-hased pipeline to be tagetel by mir-miR168 in
humans (Supplementary Table 1) This may be due to the fact
that, even if miR168a is mrt of omserved miBENA ﬁmﬂy, same
differences in mucleotide sequences are present among manocot
andl dicot species and these can alter the structural acessihility
andl target sdection (Lang e al, 2019). When aligning the osa-
miR 168 with its counterpant in M. tnoncatula, the sequence

similarity was of 80L95%, showing important mismaches in the
se=d region (Supplementary Figure 21 This, along with the fact
that we took inin consideration anly the 3' UTR region, explains
the aheene of LDIRAP] among the mir-miFRlé6ka targets in
human. We confirmed this by @mparing the M. fnencatla
{mitr-} or rice {osa-) miR 168 targets found within the human
transcript colledion (retrieved from WOEI BefSeq) ar in the 3
UTRame, as performed in our pipeline. As srpected, we found
ﬁatmh:gﬂmsdgbcledﬁwbnﬂlmmhﬂml' UTRame=,
while targets in the LOLR AP coding sequence were found with
relevant MFE. In particular, osz-mik 1682 showed a —35.3 kcalf
mal MFE with IDLRAP], which appeared in the top 5 of the
mifNA targes, while mir-miRl68 showed a —33.8 keal'mal
MFE with LDLRAP] in the 100* position of the knwest- MFE
wargetlist (Supplementary Figure 2

miRMNAs Targeting Shared Functions in

M. truncatula and H. sapiens Through the
Lens of the Alignment-Based Approach
Unlike the network-hased pipeline in which over-represented
hicdogical proaesses were searchad in the network of all the
miRMA target genes, here we fos on sequence simiarities
amamy, the tamges of 2 given miRMA In this approach, the
amlysis induded alignments of every single targeted gene
{and corresponding proten sequence) hetween M. fremgatila
and H. sapiens, resulting in a total number of 9,626 alignments
(Supplementary Diataset 2} By appying 2 threshold pvalue of
005 for muclsotide alignments, 2, 735 sequences, cormes ponding to
115 mi B As, resubted significant. These miRMAs were predicted
o targeta total of 315 genes in M. tnemgatila and 501 genes in H
sapiens, respectively. Similarly, when this threshold was applisd
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for the protein alignments, from 637 alignments (induding &1
miRMAs) 352 genes were identified in H. sapiens and 192 in
M runcatda When @nsidering both the gene md protein
sequences, 242 similarities between plant and human transcripts
were fvund, acoounting for 93 genes (targetead by 54 miBMAs)in
M rumcanels and 149 in H. sapiens |Supplementary Dataset 2}

Foouwsing on the identification of genes involed in similar
functions between the two organisms, the main hits were
relued to tnsoipton fackoms (inchuding zinc finger proteins),
hormuone-responsive elements, and @l division (Table 2
The adivity of tensaiptim fadoms (TE), consisting of the
interaction with enhancers to coomdinate gene expression, is a
mymmian denominatar for all lvingforms. In eukanyotes, another
level of regulation is given by miRMA 5 these reknown to target
mastly TFs, at keast in phnts (Samad et al, 2017L Moreover,
murdinated action of TFs and phytchormones guide muost
pant developmental processes as well as cellular proliferation
and dedifferentigtion {Long and Benfey, 2006} The predicted
fargets of mik164 belong to CUP and NAC fmilies of TFs, and
these had been previowsly validaed in plants in other works
(Fang =t al, 2014} Hiwever, 2 piece of interesting information
is the fact that this miRMA could target TFs alsoin human cdls
For instance, IXDC (predicted = a target of mir-miR 164hb),
belonging to the zinc finger X-inked duplicated { ZXD) fmily of
TFs, is involved in the regulation of histocompatibility (Ramsey
aad Fontes, 2013 Ekeway, HAND2 (Heart and Meural Crest
Derivatives Expressed 2), putatively targeted by mir-miR:3675%,
is 2 member of the helix-loop-helix family of TFs invohed in
ardiac morphogenesis, vascubr deve opment, and regulation of
angiogenesis (McFadden o al, 2005). Another interesting fact
is that this amalysis predicted that conserved miBMA families
(miR160, miR166 ) mrget genes with mles in homone regubation
in both M. mcatida [ABA respomse element-binding fador
axin response factor) and H. sapiens (DYRKIE, HNFA)L In
humans, DYREE (Dual Specificty Tyrosine Phosphory lation
Regulated Kinase 1B), encoding for a nuclearlocalived
protein kinase, and HMWF4A (Hepatocyte Muclear Factar 4
Alpha), belonging to the nuclear hormane recepinr family are
wsociated with semid hormone activity (Sladek =t al, 1990
Stz et al, 200d). (ther interesting hits reveled thrmugh

this pproach are presenisd in Supplementary Tahle 2. An
example is represented by mir-miB 260 0e, predicted to frget an
anthocyanin acyhmnsierse | Medtr2g 089765 ) in M. tnongatila
and the UVESA (UV Stimulated Scaffold Protein A) gene in H
sapiens. Anthocyanins are well-known sscondary metabolites
with antioxidant function, being able to mitigate photood dative
injury {eg UV irradiation) at the cehular and nuclear level by
efficiently scavenging readive oxygen species (Gould 2004).
UVESA encodes a protein imvobved in ubiquitination and
dephasphorylation of RMA polymerase 11 subunits, heing
imvalved in the ramscription-coupled nudentide excision repair
(TC-MER ) pathway associated with UV irmdiation |5 chwer tman
etal., 20130

‘When comparing the network-hased and alignment-bhased
gppmoaches, in the case of mir-miR1 682 targets, it is possible to
evidence the same predicted trget in plants (AGO1) along with
different predicted targets in humans (Supplementary Table 2,
Supplementary Dataset 2). However, drawing the attention to
the ‘response to vins' function, it is possible to cbserve that this
was hit with both approaches, & demonstrated by the commaon
pradiced target gene PVE {Poliovirus Receptar L

Novel Co-Expression Network Reveals
Shared Functions Targeted by mtr-miRNAs
in Both M. truncatula and Humans

The third approach used in this study pumsued the mnstruction
af a new M. tnimaatuls co-expression network using publichy
availahle gene expression miomwarmydatasets since this organism
is not currently supported in readily wsble hicinkrmatic tools
for network analysis and construction. An expression panel
of 24777 genes was obkinal md used o buid a genome
scale co-expression network for M. rorcancla. The resulting
24,777 node netwark had 62857 undireded edges | Figune 4A4).
Amang the 208% predicted target genes, 1,251 were mapped
in this network, resulting in a sub-network of 6,081 nodes and
9,554 alges. The giant component of this sub- nawork inchuded
5543 nodes (of which 1,208 were tirget genes) md 9,405 edges
(of which 3,102 were direct interadtions among miRMA target
naules), a5 shown in Figure 4B. The dustering procedure found

TABELE 2 | Mor-mifile and thair posatie Dangar Qo ek i 6 milar furdions ind. iuncail and M sapdens e enkd by the alignimeant b ad apprcach. Tha
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45 clusters (Figure 4C) which were analysed via enrichment
analysis. All the resulting GO terms alng with the co-expressed
genes and assacided mik MAs ane reparted in the Supplementary
Dataset 3 file.

The herein generated netwark was compared with the first
neatwork-based appmach made with the toals available for A
thaliana to evaluate i the two different network construction
procedures lead o the same target hiokgical processes, thenety
amessing the mbustness of the condusions for the network-
hased approach. The GO terms identified within the M.
trumcaticls network were mainky relaed tor gemeral processes
such as metahalic pathways (g, nudlsc acids, proteins, and
G.rhcil}'d.mtﬁ metabalism}, plant d.cvdo]rucrl. {Lﬁ..fnﬁi.seod.
ambryo develpment), or hormane signaling (Supplementary
Dataset 3. Om the other hand, the Arahidopsis network was
much mare varied and specific {Supplementary Dataset 1),
mastly berause A thaliana is de facto mnsidered the plnt maodel
pwrzﬂmuid]lﬂbm. much mare information, databases,
and bioinformatics resources are available in this case. Despite
a systematicoomparison hetween the hisogical processes in the
twir plants could not be carrisd o, identical GO terms identified
hetween A. thaliana and M. tnmatuls inchde emocytosis,
folic acid metabalism, and ﬂqd.l.hid membrans ocrga:Lizaﬁnm
(Supplementary Table 31 In this case, it can he underdined
alwy the fact that some miRNAs (2§, mir-miR5559-3p, mir-
miR5558 - 3p, mirmiR3662, mir-miR5212-3p) are predicted
o brget the same genes/fnctions in both plant species
“ﬂmmwﬂpﬂiﬂﬁﬂ!ﬂuﬂdﬁdq{iﬂ]msﬂm
M. tocatwls and H sapias, thess are shown tor e related to
exocyinsis, DNA replimtion, transcrption, and maodifiations,
aming ackl activation and transport, RMA rdated processes,
histone modification, and protein modifications (Table 31 To
dteanseample histone modification functions associated with

bmhw!p:l.imsindud.cﬂl.eum methyl ransferase l-associated
protein { Medir] gl86590) in plants and the KANSLL (KATS
Begulainry N5L Complex Subunit 1) histone acety hransferase
in humans.

Eken together. the results obiinal confirmed that both
matwork -hased approaches Jead to comistent condumiom, even
if M tnemcatula is chaacerizedby ales dﬂdhdﬂmﬁntdngy
which prevents strong maiching between the two plants.

Do mtr-miRMAs Putatively Target Genes
Involved in DDR in Plants and Humans?

The three hisinkrmatic approaches used in the present study
allywed 1 search for comman biokgial processes trgetal by
M. trumcatula miRMAs in both plant and human cells. Each
appmach provided different sets of indrmation that can be
either complementary or d:i\agent_ hased on the assumptions
af each u:nnd.meﬂm-ddqp Besides the results presented so far,
we ako wanted to frcus on 2 paticularly @nserved pathway
in plants and humans, namely DDR (Yoshivama = al, 2013;
Mikitald e al., 2018), because informaion relative to miRMAs
targeting this essential process is still scarce, especially when
mﬁqphmuﬂﬂmwaduid! SUTNMANATE 3 Series
af processes related & the DDR pathway and downstream
processes in both kingdoms.

DMA repair, recombination, replication, and chromatin
dynamics are tightly connected, as modifications of DNA
confarmation is required in arder to allowaccess of the repair
machinery to the &:maﬁed sites. This interplay & svidenced
akohpﬂlcfxlﬂutz\m]gﬂm ms]‘medummﬁﬂlﬂe
processes; for instance, the A thaliana DME {Demeter) and
DMLI {Demeter-like 1) are assaciated with hoth DNA repair
(BER-base ewcision repair, GO006284) and chmmatin
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TABLE 3| Comman biokod ol P i i sharnsd bt M. funosib and A, sarding as nes ubed from tha rabwork- Bassd appneach inaokd ng the M fnancaik
PiaRwTh conatrieton. Tha 1D Cor mapaoniing to aach G0 neim (530 104 along with putathaly tar 0ed gene and comasnond ng mifiiees e provided

Bedogical pesctdd M, Fuscaild H. sipvaves
L] i) [ i FA o0 I [ EaRH
M S aEE0 mir-miREES-3p [cmBuu. uty RMEE mar-miFdEE- S
i mar-miFEz T
ENTE mir-miREEA0
MOTCH m-miFEIEE
FRABEEART ma-miFesln
RP-EAL ma-miREEEe
BNTiS mar-mid E5d
08 rapdl cathor, anacripdon, and = mB =g ) Bty R0 mr-miRET 4% [ mBuircan] IRDED mar-miREad- 5p
rcaifion dons
[c mBiirizr] 0 A00 04 (1 =] mar-miFEiada
[ mBui: o) [ clh] mar-miREETE -
0O GRHLE MRS
SOCAOETE PERZ mar-mi Edk
SOOI ES =L mar-mi S-S
BRD4 mir-mFEZEE
Emine achd e waion and Tans pors [c mBi e tniid My TG0 iR IEST [c By BN mY-miFEETE
[c mBi o) E0OD0a0ES T mr-miREeal
EODOEE [cmBuiy - PERZ mex-miF Ed
0O ET RABSGAPT  mar-miE2in
[ mBuinr =] WTarR mar-miRdOs- Sp
THAGL 1 mar-mid E5d
MANCEE  mar-miFi el
PROOH mar-mid Bad- 3
A it porcecia s [csBiap=ng ] MBS T TEE0 iR e EOOIEESE caFi mar-miRzETd
EOIDOET EOODOEETE CEFE mar-miREad- 5p
EOIDOESED [cmBui=y b [=lehiz-d mar-mid E5d
EODOOETE OISt ST THRCEE mar-miReE i
EODOOETT EOOIEESE HHERP mar-miREaa
[cmBiinizr=] MENED mar-miREETEa
RHPE1 mar-miREaa
BPTEH
H st ] o] oy EOEETD Mot EEE G0 [ 210 an = [ mBuits rog ) KAREL1 mar-miRd SR Ep
eSS Boctorad i D00 iR Eea [ mBu it £
Prodin modifion don EOIIOEESE Mot EEE G0 [ 210 an = 0O BR4E CUPE mar-miREET
EODETE EOODEEAT TMHHCE  mo-miFiedn
EODETE [ mBuic: urg MARCHE  mar-miRE00
OISR [ mBuic: us) (L= mar-miREE e
GO B EOONEST MFZ mar-miRESTER

madification-related functions (GCe0006306, GO-D044728),
whereas RATS4 (DNA Repair and Recombination Protein),
RECAI { Recombination A | protein), and KUSD (helicase Kus
subunit of KU complex) are coupled with DMA repair (DSB,
double-strand break repair, GOH0045003%; HE-homal ogous
recombination, GOODM0724) and DMNA recombination
{GO-0D063 10 ) processes (Tabled ) Similrly, teratureavailable
from medical research ﬂinﬂd mes in DINA damiﬂe Tepair
and chromatin remadeling o some of the genes predicted
as fmgets of mir-miRMAs. To cite some examples, PPP4C
(Protein Phosphatase 4 Catalytic Subunit), is involved in a
mmyriad of processes spanning from microtubule arganization,
o apoptosis, DNA repain, DNA dauniﬁe chedcpaint signaling,
r:ﬁu.'lat'ln'l of histone acetylation (Zhou et al, 200% Lee et
al, 2010}, while INOSO (INOS0 Complex Subunit) is the
catalytic ATPase subunit of the INOS0 chromatin remadeling

complex, being however rehted also to DNA DSB repair
{Conaway and Conaway, 2009 ). Functions related to DMA and
chromatin/histone moadifications were identified also in the M.
trumatcla network-hased approach (see Table 3). This is the
case of Medir Ig0865%0 (DNA methyhransferase 1-asadated
protein), Medir4gl08080 (ubiquitin-conjugating enzyme),
and Hﬂdhllﬁ][ﬁ.‘dl] (E2F transcription  factor-E2FE-like
protein) accessions. Within the iﬁmﬂﬂm appraach,
mtr-miR2589 was predicted 1o target the M. trencatuln
Medirég47800 (tRNA methylransdfernse compler GCDI4
subunit) and the H sapiens SETD 1A (SET Domain Containing
14, Histone Lysine Methyhranserase), functions invalved in
chmmatin arganization in both arganisms (Supplementary
Table 2).

Other processes tightly correlated with DDR indude
cell cycle and cell death (apoptosisinecrosis/ programmed
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TR E 4 | Bickogd ol proec s mo abcd 5o TRA rapain ieocmiinat on, raplcation, and chromiatn ramaockelng comimon 04 falang and M. sapions e eadsod fom b
Wik b ad approach:. Thi D eomseponcing b aach GO Dem (50 10 akong with putatvely TIet genes andcomasponding miRfes ae provded

Beslengiall gt AL i H. s apvarsd
GO D rAHA L 1ed i) [ ErAHA
P& rapsain EOOIDETES OME mr-miR s Sp OO PR i Ekd-3p
EOOHEINE DaLA mr-miRES1 PPPIC - Bk
[csBunnar-2d AT WATEZE0 r-miRER40
RADES iR T2 50
RECA1 mr-miRESE Sp
ASFIB r-mif 0GR -3
= 2] T-miR ed -Sp
BLRED mr-miRETE
A racomdbinetion and E00I0EE0 ASFIB r-miR B0 -3 (e miirucn] IMDED mir-miRzae-Ep
ol aion
= 2] -l E-En E0C00008 s MT-mREIRG
BLRED mr-miRETE EOIO0ETE PERZ iR B
RADES mr-miR T35 EOOERTEE BlGA ma-mifiEb-2p
RiH mr-miRETE4 BRD4 ma-miREZEE
RECAT Mr-miRSEsE 2p
RAATOE mr-miR s Ep
Chicmad m emccklng EO0I0EA0E OME mr-miR s S (e mi e tor oy ] BARELA mar-mifdER-Ep
EOOEATIE DaLA mr-miRES1 (e mictorong HRMGAT mar-miREETE
EO0IDEATE DFD mr-miR2Es0 EO0FOERE THRC1E MT-miRISEn
[ sBunn =ty EMBZTTO iR TEgEr £ EO0OEA ST ERHLZ mr-miRIEE0
[c mEascylu j=-nicy Y mr-miR S (e micscylrc:) PHFZ - E0c
GOOEIES mr-miR s Sp EOI0EREE BlGA ma-mifiSEb-2p
[c mEscylv =il -l TR E00CA0ED THFEOS MT-miR EE-Ep
[c sBuscyle =g EOOEI GRS
EOI0EIES EOOEAGET
EOI0EEE
EOOEOES

cell death). DMA replication, recombination, and repair are
mare active during certain phases of the cell cycle and the
success of these processes can decide the fate of the cell The
mb:cﬁnnbctmpﬂhwysisﬂddﬂmdhygﬂbﬁﬂui
play imporant functions in both DNA repainf replication,
chmmatin mnn-d.ding_ amd cell cycleicell death (Tahle 5}
This is the case of the ASFIB (Anti-Silncing Function 1B,
hisinne chaperone) and KUS) functions in plnts, invohed
in the 5.phase replication-dependent chromatin assembly
(Fhu etal, 2011) and maintnance of genome integrity
[West et al, 2002), respectively, and the SIN3A (Histone
Deacetylase Compler Subunit Sinda) and HMGAL (High
Maobility Group Protein Al) genes in humans, with mles
associated 1 chromatin regu lation and cell cycle progression
(Silversizin and Ekwall, 2004; Picrantond et al., 2015). While
the A. thaliama network-based appmach has not identified
genes Lpu'edxled targets of mitr-miRMA =) associated with cell
death in plants, this however led to the identification of many
putative targets related to apoptosis in human cells. To cite a
few, BOLILL {BCL2-Like 11 apopiosis facilitator ), NOTCHI
[Motch Receptar 1), and TP53EP2? (Tumor Protein P33
Binding Protein 2) are amang the most essential apoptotic
fctors. NOTCHI, part of the Notch signaling pathway, is
imvalved in many proceses related o cell fate specification,
differentiation, praliferation, and survival, while its activation
kidiiudmmmyq'pﬁocfﬁmigﬁ. cervical, colon, head
acrbd.nod'.]unﬁ, renal, pancreatic, Jeukemda, and hreast cancer)

(Xiao et al, 2016). Hence, dietary miFMAs tau'gehnﬁ this
specific func tion may have positive implications in sustaining
cancer therapies The alignment-hased approach allowed to
identify 2 comserved miRMA (mtr-miR319d-5p) predicted to
target genes amociated with cell death functions in bath M.
trungatula | DED -devel opmentan d cel]l death domain protein)
and M. sapiens (MESD, FRESL) (Supplementary Table 2).
While MESD (Mssoderm Devebpment LREP Chaperane)
is related to the Notch pathway (Hsich et al., 2005), PRRSL
(Praline Rich 5 Like) Iquhﬁﬂuﬂﬁﬁﬂ&ﬁgmmm
{mechanistic target of mpamycin) complex controlling cell
migration {Gan et al_, 2012).

Hence, to answer the hersin propmed question, the
netwark-hased as well as the alignment-hased approaches
pinpainted mir-miRMAs predicted to arget genes imohved in
TR and downstream processes in A thaliana, M. tnoncatula,
and H. sapiens.

DISCUSSION

In view of the controversies raisal by the recent ‘dietary
zenomiB hypothesis (Witwer, 2012}, bivinformatics studies
have the potential to aid the angoing dforts to reinforce new
methodalogies and provide the basis for further experimentl
validation. Maodel cl;a'lisms.]ilzﬂ. Ernﬁmmusedaﬁu.i‘lm
systems to explore hicinformatics data-driven questions related
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TABLE 5| Bickogd cal procans as mal abed i ool oy de and call death aommmaon 0o A faliane and Al 5a0ins as meibed fiom the netvar k-basad apprcsach. Thi I
‘T P gy S by G0 S, 30 10 ko with: putally Sl anas and aormedaparaoing miFfl ans provicad

Eedesginal pesoteid A, thalara H. & dpeaves
o0 I Gere e A oD Gere i FA
Coll oy e OOIDOTE ASFIB - i S 5 G0 SRS BFD4 - SRS
A0 OOEGED RADG - miRZEsEh G000 EIRGE r-miF e
000 00 E0A0ETE PHEZ mor-miREREE
[csliliry] EAMEA mr-md b -Ep
EOO0THET MOMZ i 0k
IR 4 - miREREE
Crlular & aran O OONT I KLEDQ - RS EOIETE a1 mor-miREETE
e - miRSEES SR [ Leth] mor-miREETE
WS - S0
Apopaaia ol daat - - - (= skl ali-] BMF mr-miRETE
OG0 - miREREE
G0 O (=g mor-miR2ET &
EOO0EEE BN mr-miREETE
EOO00EE mor-miREREE
G007 BIOTCH mor-miREREE
EOOOTEE VDR mIr-miREETE
OO0 AHAD mor-miR2ET &
E0A0CE mor-miR e £
GO0 DFFA mor-miR e £
G0 G00E0 TREEPZ mor-miR e £
EOIOTEE mor-miREREE
EOO00TIeE mr-miRETE
G040 - S0
G0 SOREEE AT - S0
mor-miREREE
DFFA mor-miRaae £
FDELR1 r-miF e
ARHGEEFT iR 2SS
(=g mr-miR2ET 5
BAD mor-miREREE
mor-miREETE
mor-miR e £
mor-miR2ET &
814 mir-miR e £
I mr-miR R
FEATE - S0
THFREFIZA - S0
TRAFZ mor-miR2ET &
(= ] mr-miR e S
(=g oA 1
= mor-miR e £

o pubitive cross-species miRMA targets (Zhang etal, 20 16a). The
high interest in this field prompted thedevelopment of dathases
ahle to predict the functional impadt of food-borne miRMAs
in lumans (Chiang et al, 2015; Shu et al., 2015} The DMD
(Dietry MicoBMA Dathase) dathase covers anly very few
alible plant species (Chiang et al, 2015), hence there is the need
spedes with a potential impact on food security. Within this
framewark, the current study aims at identifying plant miRMAs
akng with their endogenous and cross-kingdom targets to
pimpaint @nserved pathways between evolutionary distant
spedes. Starting from a list of publicly avaibble M. trunatula
miRMAs, we made the assumption that any miRMA may have
the potential to target genes in both plants and humans. Given
that the bioinformatics approaches do not allow the predictionof
miRMAs stahility and funcion validation within the arganisms,

there is the need to further experimentally andirm the proposed
Iypothesss. The chaice of plant species is driven by the fact that
M.m;mﬂnisnﬂmmmdbzm:mdﬂwpﬁm
(in the case of legume research) and economically relevant
spedes, given it potential 1se as micogress to support mone
both as guidelines to be applied to other plant species as wellas
1 test new hypotheses exploring the potential bendits of food-
bome mir-miRMAs trgeting human gene. When considering
the conserved fmilies of miBNAs, this study could aid the
transhitional research mwvering other emnomically relevant plant
spedes (with 100% sequence similarity) and potential human
frget genes. As exemplifisd in Figure 5, miRl64, miR166,
and miR¥0 have a 100% sequenc similarity betwesn M
truncatidn and other dicot plant species such as omatao (So lamem
Iyoperdaom) and apple (Males domestioa). Amaong the selected
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examples, miR 166 wa previously demomtrated to be abundant
in different human body fluids and tisswss (Lukasik et al, 3018
Zhao et al, 2015h). The putative human identifial &ther
through the netwark- or aligmment appmaches could
serve a5 potential candidates to aid medical inerventions
Tor cite one example, inhibition of the ADC3 (Amine Oxidase
Copper Containing 3), phying impartant roles in adipogenesis
and putatively targeted by miR166, could result in decemed
fat depasition (Carpéné et al, 2007; Shen et al_, 2012}, hence
addressing the big issues related to abesity and the many dbesity-
msociated diseases
Itisimpartant to underline that the experimental design of this
smd.}-wusﬂwu.ﬁhtm sucha way in potentizte the identification of
mnservedpatiwaysplayers betwesn evalutionary distant species.
Ty dhiy sy, three dlifferent bioindormatics pipeline were developed
(twonetwork- based approaches, considering A. thalina and M.
trunatuls maodel species, and one alignment-hased approach)
o confront plnt md human biological processes
Form 2 methadological paint of view, ﬂmdz\-dnp-ada.ppunadﬂ
enahle the explontion of different assumptions supparied by
rohust statistical methods. The netwark -hased approachs rely
an extensive hln'n"bd.g: availhle an the interactions among
miRMA target genes in a given species. The knowledge was
explaited for ﬂmmm&wmupsmm

natworks, from which a set of bickogical processes predicted to
bewgeledhpﬂm]im::ﬁmﬁsmhmbimisappmdlim
1o study the regubtary potential of the full list of M. trunatila
miRNAs Two network-hased approaches were implemented,
differing from the point of view of plant network construction.
In ane appraach, the pradiced M tnonmneda target genes wene
mapped to the genome of A. thaliana, which is 2 supported
arganism in widdy used network construction took, while M
trumcatida is not. The other netwaork -based approach relies onthe
mnstruction of 2 novel co-expression netwark for M. tnomaatila,
rohustness of the performed assumptions on the plant network.
Fnally, the a]iﬁ:umt-bzed approach was mdially different,
since it anly relies on target gene and protein sequences, with no
ather assumption, and aimed o dismver sequence similarities
miRMA. In this context, this appmach enabled the inference
an the potential effed of every single mRNA of the initial
list Importantly, none of the proposed strategies is fcuwsed
mﬂ!mdrmmo&:rﬁ\ududﬁngmmlpﬂ!m
sharing statistically aver processes (in network
tmedip]:lnﬂl.ci:\.uhawnﬁﬂwmuemgcmtﬁmm;ndi
statisticallysignifiant nucleotide and protein ssquence similarity
{in ﬁﬁ:umt-hued appmaches) were detected and discussead in
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this work. The prediction of individual targets relied on existing
mmputational tools used in the arly sieps of the workilow
umder smmptions smilar to the ons of previous studies
{Zhang et al, 2016a), despite no standandized pipeline i well
amepied to aomplish this task due to the lad of genome-wide
experimental validations across species. The main imitations of
the proposed ppraches are that: (i) no assumption was made
an which miBMNAs @n be delivered between plants and human,
(i} anly the 3' UTR region was ssumed to be the tamget region
of plant miRMAs in humans. In addition, we decided to rely on
mmputational methods io predict the binding between miRMA
anal putative target ranscript; alernative approachs could also
aplait homalogy between plant and human miRMAs, which
might share the same seal region and then identify human
trgets hased on experimentlly validated target genes in human
ks (Lin et al, 20171 However, such alternative woukd have
led tor the @nsideration of a smallesr mumber of plant miRMAs,
since anly the anes with homologous features could have been
inchuded in the aralysis, therehy bising the possibility to study the
whale plant mi BN A regubation podential Nonethdes, webelieve
that the methodaological approaches are sulfidently generl to
he extendad onin the desired miFNA list and candidate target
list {eg. 3'/5' UTRome transcriptome, ar collection of coding

Juences) as input My ., the interpretation of the enriched
hindogicl processes identified from nawork analysis is affected
by Gene Ontol ogy terms of different specificity and name (Zhang
a al , 201 6a), thereby limifing the discovery of all the potentially
rgeted fimctions.

From a hiolgical pempective, the employed strategies
resulted in both complementary and divergent chservations.
For instane, ‘emocyinsis’ was 2 common denomingor in all
three investigated species (M. tnoncatida, A. thaliama, and H
sapiens) when using the network-based approaches. Om the
ather hand, thealignment-based apprmadh allowed a more direct
identification of miRMAs targeting genes in M. mumancla and
H sapiens (eg. same miBNA vs similaridifferent fundions)
whereas the generated networks illustrates conserved hinlogical
processes | e, mme fimction ve same/different miBMAs). The
two gppmaches also indicated connecting elements. Forexample,
mir-miRl 682 was predicted to tamget AGO1 in plnt and
PVP in lumans, funciions associated with pathogen (namely,
virmes) delence, in both ppmaches. The miR 1682 is part of 2
mnserved family of plnt miRMAs among different spedes, but
& we seen in Supplementary Figure 2 and other cited literature
(Lang et al, 2019), differenes exist baween diat and monacot
spedes. The predicied human tamgets chserved in previously
pu.lli:i.'.'lwd.:uﬂ:dm{z hang etal., 2012 Javed etal ., 2017), were
ot found in the enriched procss or sequence similarity with
aur approaches (== Supplementary Table 1) This can have
different explanations: (i) four seyuende mismatches (two cated
within the seed region) are present hetween osa-miB 1682 and
mitr-miRl 682, including a G at pasition 14, recently reported to
generate a GoU woblle that Emits its binding to LDLRAP] { Lang
e al, 2019); (i) only 3 UTR regions were considered in our
study, and since osa-miR 168 targets the LDIRAP] CDS region
(Thang et al, 2012), we did not find this match in the target lisg
(i) we used the entire length of the miRMA and 1 00% s equence

mmplementarity instead of only the miBM A seed region (Zhang
et al, 2012; Javed et al, 2017 ). By searching for mtr-miR168a
and osma-miR 1682 targets in the full transcript sequences, a
muare relevant annealing sare to the LDLRAP] gene was found
with osa-miR168a thn mirmiRl6ia probably due i the
sequenos mismatches

Considering that the purpase of the study was to identify
of mir-miBMAs, our reults report vesicle dodking involved in
enrcyinsis; modulation by virus of host morphoksgy or physiokogy’,
gme slencing, and ‘Branchedchain amino add metabedic
prowess’ as aommaen biological processes hetween A mbidopsis and
humans (Tahle 1) A different study designed to ook into the mole
of plant mENAs in inter-spedes regulatary networks indicated
im transport and stress response as shared functions between
Arabidopsis and humans (Zhang e al, 16}, However, this study
ik into consideration anly 25 miBMAs to construc the redative
species-specific networks while we sarted from a st of 426 M
uncatcla miRMAs to dischse the full regulgory potentid. When
mmidering the alignment-hased approach, the most represented
predicive frgets in M. memaancla coverad transcription fadors and
hormone-rspomsive genes. Interestingly, some of these miRMAs
(eg., mir-miRl60a mir-miRl &dh, mir-mi R166d, mir-mi R267 3a)
were pradicteal to target TR (HANDZ, ZXDC) and hormone-
relaterl fundtions (DY RE1E, HNF4A) also inhuman cdls Thisis in
agreement with the concept that miR MAs may behave ina hormone-
like marmer since hormones md miBN As are reciprocally regulaied
in both plant and animalkingdorms (1 & al, 20181

Because  evidence of miFNAs imwhement in  the
regulation of DDR-reated pathways is still limited in plants
and considering the conservation of some DDR functions
between plants and animals (¥oshiyama et al., 201% Nikink
et al, 2018), we decided i focus our atention on these specific
pathways. Hence, miRMAs predicted to target genes involved
in DNA repair recombination, and replication, chromatin
remadeling, cell cyde, and cell death were herely identified
in plants (see Tables 4 and 5). For instance, mtr-miR 172~ 5p,
mir-mik2638h, mirmiR5272L and mir-miR2086-3p, were
predicted to target the Arabidopsis BATS4, RADS, KUBQ, and
DME genes, respectively. In the M. runcatiuls network- hased
approach, the THN A-dependent INA replication’ (G0:0006261)
hinlogical process is represented by Medirdg 106540 (E2F
transcription factor-EXFE-like protein) as a predicied target
of mtr-miR574 12 [see Supplementary Dataset 3. Within the
alignment-hased approach, mir-miR2589, mir-miR482-5p,
mitr-miR5257h, and mir-miR3 19d-5p were predicied to target
two methyltranderases (Medtrig 007800, MedrSg79860), the
CDCA8 {Medtr7g083980), and DD genes {Madirdg08 4080)
(see Table 2 and Supplemen tary Table 2). All these hits bring
an added value dor plant science as they asocite specific,
meviously unlnown, miRMAs to the regulation of DDR
functions. To date, there are anly a few reparts predicting DDR-
assnciated funcions as putative targets of miRMA 5 for instance,
MEEI] {Meiotic RBecombination 11, 2 DEE repair nudease) has
heen predicted as target of miR526] in Citrus simensis (Liang =t
d.m]?kuﬂ'&{x:ﬂﬂ'mp'gmmmtypeﬁ.mudsm

Friondars in Plant Scianas | waasafrondorsin.cg

145

Bicwmbear 2080 | Woume 10 | Adlds 1555



Blallare ot al

List of original manuscripts

Plars-Human Maofies Sgraius in DOR

repair helicase) predicted as target of miR122c-3p in Triticum
aestivaem {Sun =t al., 2018L In human o] research, miRNAs
involvernent in the regulation of DDR is much more advanced
anal it is associated with the development of new therapeutic’
dizgnostic wols (Hu and Gatti, 2011; He et al, 2016L A
mmber of studies document that p53, the master-regulatar
of DDR, is targeied by endogenous miBNAs {Hu ot ol, 2010
Fumar et al, 2011} This is the case of miR-25 and miR-30d,
amsociated withps 3 downregulation along with the suppression
of dewnstream interactors p2 1, BAX, and Puma, hence being
iiwnhadhapnpl.nﬁ:pumuﬂfwﬂal.m]]:l.mhﬂ
aample, in relation to DMA remir pathways, indicates that
hsa-miR-526b targets the Eubl) mBMNA, with subsequent
alterations of DSE repair and cdl cycle arrest (Thang et al,
20151 Cur bioinformatics approach also revealsd mir -miR MAs
predicted to target human genes with rales in DMA repair and
related processes {see Table d). To reiterate some examples,
PPP4C (putatively targeted by mir-miR1694-3p) catalyses
the dephsphorylation of RPA2 {Replication Protein A2) in
response to DNA damage, thus permitting the recruitment of
RADS] (an essential recomhinase for the HR repair) i the
damaged site (Lee et al, 2010} Likewise FOXMI (Forkhead
Box M1}, predicted as a target of mir-miR 169k, is among the
mast oversrpressed oncoprotens in many types of cancer and
therapeutic interventions to suppress its function are of great
interest (Halasi et al, 2018L. Hence the identifiction of 2
miFMA helonging to conserved plant miRMA families {in this
e, miB 169 ) as 2 putative farget of this gene may bring further
suppart to angaing cancer remedies In rebtion o this, ako
many of the predicted targets associated with apopinsis (see
Table 5}, kike the presented example of NOTCH] {putatively
targeted by mitr- miR5 266}, could have similar implications. The
e of plant miRMAs as adjuvants in cancer therapies has been
already tested; for example, plnt miR 159, abundantly found in
human serum, has besn asociated with reduwced inddenos and
progression of hreast cancer hecause it targets the TCF7 (2 Wt
signaling tanscription fuctor) gene, causing decreased levels
of MYC (Avian Myehoytomatosis Virl Onmgene
profeins, essential for od] cyde progression { Chin et al., 2016 L
In amcheion, the current study prowides @ymprehensive datases
{sbtzinal b mwmhining ad-hoc hisidormaics toals) releed 1o
M tnnmiels miEMNAs potential to putatively target genes acroes
functions, the hereby presenied results signifiantly contribute to
enrichingthe current knowlalge regarding the conservationof DOR.
inplant and human cdls Considering the implications that some of
ﬁmewﬂ!hmmﬂhwfuﬂlﬁmnﬂﬁﬂ]m,ﬂﬁs
validated. The developed pipeline can be applied to @y species of
interest to address spede-spedic coss-kingdom interadions ar
i carry out large-scal e imvestigations involving 2 mumber of plant/
animal speces. The application of the proposed methods to other
an data, software, and kniowledge aailhility: (i) the miFMNAs of 2
‘domor’ arganism (e.g..a plant) and the trmscripome of the donar®
and *receiving’ e, @ mimal) arganism shoukd be zvailble from
public dotasets ar de-now sequendng, annottion and expression

studies; (i) the mi BMA dataset could be further refmed bysdecting
aperimentlly nown or computationally prediced miBMNAs that
are provecied from degradation duringincorporation in the receiver
arganism. The pralicion miFNA frgets in both spedes @n be
amial out via hicindrmmatic tools anline aaibble, although ool
specificty for the target species should he tken into acanmt and
the parameter s ) of the algori thms should be fine-tuned acardingly,
inorder to havea halancal mumber of frgets to he amalysed inboth
species (rthertarget prediction algorithms may be wal to ;veramme
the so Brweak know] alge on cross-k ingdom regulation mechanisms
i identify the target ramscripts of hetemlogows mi BMAs For the
miR MA trget network reconstruction, an homalogy-based stategy
their maode] arganisms in the same kingdom {eg., A. thalana kr
plant)ontheother hand, ad'e now arganism-spedfic o -expression
netwark reconstrudtion relies on the availshility of gene expression
data from public datasets (25, GEOY) ar novel micrmarmay B Aseq
eperiments. A1l the networks @n be anah=al via specific software
(eg- Cyiscape) i fmd cheters of co-expressed geves and to carry
outemrichment analyses on the desired gene sets. The experimental
validation of the predicied targets can e subsequently perommed
via degradome analysis
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Flaniz ame continuously feced with complex emvironmental condiions which can
affect the oxidative metaboksm and photosynthetic efficiency, thus lsading to the
over-production of mactve owygen species [ROS). Cwer a certain threshold, ROS
can damage DMA. DA damage, unless repaied, can affiect genome stabilty, thus
interfering with call survival and seversly reducing crop productivity. A comples network
af pathways invohled in OMNA damage responss ([DDR) needs to be activated in ordar
to maintam genome integrity. The expression of specific genes belonging to thesa
pathweys can be used as indicators of oxidative DOMA damage and effective DMA
repair in plants subjacted o stress conditions. Managing ROS levals by modulating
thair production and scevanging systems shifts the role of these compounds from toxc
miolaculas to key messangers involed in plant tolerance scquisition. Ceidative and anfi-
cwidative signals normally mowe among the difierent cell compartments, including the
mucieus, cytosol, and organalles. Muclkei are dynamically equipped with different redox
systems, such as glutathione (G5H), thicl reductases, and redox regulated transcription
fectors (TFe). The nuclear redox network participates in the reguiation of the DMA
mataboliam, in teems of franscriptional events, rephcation, and repair mechanisms.
This manly occurs through redox-dependent regulatory mechanisme comprising redox
buffering and post-translafional modifications, such gs the thiol-disulphide switch,
ghutathionylation, and S-nitrosylation. The reguiatory role of microRMAs (miRMAS) is also
emerging for the maintenance of genome stabiity and the modulation of anticxidative
machinery under adverse ervironmental conditions. In fact, redox systerns and DOR
pathweys can be controlled at & post-transcriptional level by miRMNAs. This review
reports on the interconnections betwesn the DDR pathways and redox balancing
gystems. It presants a new dynamic picture by taking into account the sharad regulatany
machanizm madated by miENAs in plant defense responses to stress.

Koywords: redox balance, DOA, miRNA, redox-soersitve TFs, call cycka checkpoints
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INTRODUCTION

The maintenance of the cellular redox balance is a major
biological attribate infloencing growth, development and
survival in plant and animal systems (de Pinto et al, 1599, 2005
]"eun:r et al, 2009 Chiu and Dawes, 2001 2). In animal systems,
a mild oxidative environment has been observed to activate a
signaling pathway leading to cell proliferation (Menon et al,
3% Menon and Goswami, 2007). Interaction between the
epidermal growth factor and their specific receptor stimuolates
cell proliferation by the g tion of a bow t of reactive
oxygen species (ROS Menon and Goswami, 2007). In plants, a
strong correlation between the cellular redox state and cell cycle
block has been clearly observed in the rool guiescent center,
a group of spatially defined cells that are blocked in GO (Jiang
and Feldman, 3005; Jiang et al, 2006 Dinneny et al, 2008).
An increase in RDS production generally causes a cell cycle
arrest before the activation of the cell death program (Chiu and
Dawes, 301% de Pinto et al, 2012). As a common feature of
enkaryotic organisms, it has been hypothesized that cell cycle
progression is driven by an intrinsic redox cycle consisting in
regulated reductive and oxidative phases (Chiv and Dawes,
20172}, Glutathione (GSH), the most abundant non-frobsin thinl
in the cell, seems to be a major actor in the redox fluctnations
normally accurring during cell proliferation in animal and plant
cells (Garcia-Giméner et al., 2013). Alerations in the cell redox
potential may also be responsible for the shnormal proliferation
of cancer cells which have a "constitutive” decrease in the cellular
redox potential, and therapies able to adjust their cellolar redox
balance have heen proposed (Hoffman et al., 2001, 2008). In
plants, phythogen toxins blocking cell proliferation induces an
alteration in GSH fluxes between nucleows and cytosal (Locato
et al, 2015). Thos, sensing the redox state at tissue, cellular
and subcellular levels is needed to accarately allow cell cycle
progression in the right redox eovironmental conditions, linking
the cell stress response to the cell opde checkpoint pathway
{Pearce and ]!umphrey,ll)ﬂ-l}.

The maintenance of the cellular redox balance is also a crucial
attribute influencing plant development. Flant embryogenesis
has indeed been correlated to a shift in the cell environment
toward a more oxidited state (Belmonts and Stasclla, 2007;
Stasolla =t al, 2008; Becker et al.,, 2014) and the circadian dadk
also seems to be regulated at the redox level and vice versa
(Lai et al, 2012). Moreover, the cell redox state is intrinsically
correlated to the cell metabolic status and conssquently it is
presumed to be tightly linked to cell energy efficiency. In
aerohic organisms, perturbations in the cell redox status are
reflected in metabolic efficiency, cloulated as the ratio betwesn
oxygen consumption and ATF production (Giancaspero et al,
2005). In line with this, in plants, environmental stressing
conditions that perturh the cellular redox status have been
found to impair the mitochondrial metbolism (Vacca et al,
I0M0M; Valenti et al, 2007). Thus, metabolic efficiency can be
monitored by assaying the mitochondrial respiration pathway. In
the yeast model, the metabolic cycle, which consists of respiratory
(oxidative phase) and fermentative/non-respiratory (reductive
phasa) phases, saems to be synchronized to cell cycle progression,

with mitosis and DNA replication occurring during the redoctive
phase and Gl doring the oxidative phase (Tu et al, 2005).
This synchronifation may act as a protective mechanism toward
genome integrity, thus enabling DMA synthesis to occur in a
nan-axidative environment (Chen =t al, 2007).

Flant exposure to stressful conditions, hoth EROFETONS {solar
UV radiation, high soil salinity, drought, chilling injury, air
and soil pollutants induding heavy metals) and endogenous
(metahalic by-products) in nature, can compromise genome
integrity. Due to their sessile lifestyle, and the presence, for all
the lifespan, of a small population of the same meristematic
cells continuously dividing for allowing organism growth, plants
have evolved warious strategies to cope with envirommental
constraint conditions (Spampinato, 2017 Among these, the
continuous exposure to sunlight represents a dramatic challengs
to genome integrity and to genome transmission to the
subsequent generation (Roy, 2014). The DDR specifically aims to
aid plants to cope with the detrimental effects of genotoxic siress.
DDR is a complex signal transduction pathway, which detects
DMA damage signals and transduces those signals to execute
cellular respomses. Both redox systems and DDR pathways
are wsually tightly regulated throwgh the coordinated activities
of cellular omidantsfantioxidants and DMA  damage/repair-
signaling pathways (Figure 1). It is well-known that intracellular
ROE acts both as a cellular damaging compound and as a
signaling molecule, all depending om ils concentration and
localimation (Foyer and Moctor, 200% Jeevan Kumar et al,
2015 Mittler, 2017). Links between ROS and DDR pathways
have been hypothesized but not yet clearly demonstrated. For
imstance, stisdies on animal cells treated with neccarrinostatin (a
radiomimetic that causes the formation of double-strand breaks)
have shown that ROS induction s partly mediated by increasing
levels of histone HEAX, a biomarker for DIJR (Eang et al, 2002).
Hence, ROS generate DNA damage while being regulated by the
DA damage-signaling pathways.

All the evidence outlined above makes controlling the cell
redax balance a major regulator of virtually all plant metzhalic
re-arrangements occurring in growth, development and defense
strategies. Regulation of all the metabolic transitions experienced
by DMA (Arst and foremost, transcription, replication, and
repair) within the cells is expected to be tightly connected
with redox signaling pathways. Furthermore, the maintenance
of cellular redox homeostasis and genomic integrity can be
modulated by the activity of microR™As (Figure 1; miRMNAs).
This review reports on the influence of warious redox active
systems on DMA  damage response pathways and plant
transcriptome as well as on post-transcrigtiona] gene expression
regulation mediated by miRNA_

DDR AS A KEEPER OF GENOME
STABILITY

DMA damage response is an evolutionary conserved, complex
netwark that indudes signal transduction pathways compossd
of sensars, transducers, mediators, and effectors, dedicated to
safeguard genome integrity. Several comparative stodies have
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highlighted the conserved features of the core DDR machinery
across eukarpotes, including plants and mammals, as well as
the of unigue characteristics in plants (Ruggiero
et al, 1959; Singh et al. 2010; Spampinato, 2017; Nikitaki et al,
1018). Most DDE components are ancestral genes that appearsd
early in the phylogenetic tree and subsequently expanded and
shaged throughout evolotion. Based on the detection of a
DMA lesion by dedicated sensoms, various pathways may be
triggered, leading to the activation of cell cycle checkpoints, DNA
repair, or programmed cell death (PCD). Endoreduplication,
consisting of DNA replication in the absence of cytokinesis,
represents a plant-distinctive process, which is also part of DDR
ﬂ‘l:'ush.i.}'a.rna etal., 2013k).

Most of the knowledge regarding DDE and DMA repair
pathways, gained through decades of studies on yeast, bacteria,
and mammals, has highlighted #ts function in plant biology
(Spampinato, 2017). Indeed. fonctional andfor stroctural
homalogs of various DDR factors found in animals have been

identihed in modal plants such as Ambidopsis (Spamgpinato,
2017) and Medicapo truncatula (Balestrazs et al, 20110 Some
exhanstive examples arec MREL] {Meiotic Recombination 11],
RADSI, NBSl (Mijmegen breakage syndrome 1) proteins,
constituting the MEM complex, and RPA (Replication protein
A). The MEN complex is required for dooble-strand break
{DSB) recognition in the DDA pathway involving ATM (Ataxia
T:l:mp'u:la.:ia Mutated) kinase {'I:'ush.i.}u.rna et al, 3013a), while
BFA hinds to single-stranded DMNA (ssDMA) lesions associated
with DNA replication in a pathway involving the ATR (ATM
and HRad3-related) protein. The ATM and ATH transducers
amplify and transduce signals to subsequent effectors through
a phosphorylation-mediated cascade of events resulting in
the activation of downstream processes (cell cycle arrest with
the critical choice between DMA repair and PCD) (Colligan
ot al, 004, 1005 "t'ushi}u.rna et al, 2003ak). Por instance,
ATM and ATE transducers induce phosphorylation of the
histone-variant H2AX t]]i.rJu.-f et al,, 2009 Yuan et al, 2010}
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which, in the yHIAX phosphorylated form, acts as a DMA
damage signal and recruits several proteins to the DSB sie
{Petrini and Stracker, 2003; Yoshiyama et al, 2013a). In yeast and
mammals, after ATR activation, serine/threonine-protein kinases
CHEI (chedepoint kinase) and CHE2 were phosphondated by
ATE and ATM, respectively, with a consequent activation of
c:“-cpr_'le cﬁach‘.lod.nls {Bartek et al, 2001; Chen and Sanchey,
2004). Arhidopsis appears to have no CHEl and CHEZ2
orthologs. Considering that some of the substrates of CHE1
and CHEZ in animals, such as the mediator BRCAD (breast
cancer susceptibility gene 1), and E2F1 (E2F Transcription
Factor 1), are also present in plants (Lafarge and Montané,
1003 Inxe and de Veylder, 2006), it has been suggested that
other kinases may work as functional homologs of CHEL and
CHEZ (Yoshiyama et al., 200 3b). Studies on the Arabidopsis mtm
and afr muatants have shown that in addition to the conserved
function in DDR, ATM and ATR play a different role in the
life of plnts (Garcia et al, 2003; Culligan et al, 2004). Yan
et al (2013) reported an intriguing finding linking the plant
immune system to DMA damage They demonstrated that the
plant hormaone SA induces DNA damage in the absence of a
genotoxic agent, and the DDR components, ATE and RADIT
(radiation sensitive) are required for adequate plant immune
responses, thus suggesting the role of DDR in the defense against
pathogens. In contrast, Rodrigner =t al. (2018) reported DMA
damage as a conssquence of autnimmune response rather than
actively produced host-DMA damage aimed at stimulating
resistance to pathogens.

The wvarious factors iovolved in DDR are temporally and
spatially regulated and activated through the action of mediators
that recruit additional substrates and control their association
with damaged DNA (Stewart et al, 2003; Stracker =t al, 2009).
Several mediators are known in homan cells, such as M1
(mediator of DNA-damage checkpoint protein 1), 53BF1 (p53-
binding protein), BRCAL {Breast cancer suscepishility 1), related
to the ATM pathway, TOFEFP] (topoisomerase 2-binding protein
1}, and CLSPN (Claspin), involved in the co-regulation of the
ATE pathway. Planis lack counterparts for some DR mediators
{eg. M1 and 53BF1)} (Yoshiyama et al., 201 3h; Mikitaki et al,,
1018}, However, there are DDR companents udu.!i'l.dy found in
plants, such as SMR (Siamese-related) cyclin-dependent protein
kinase inhibitors, some chromatin remodelers (CHE complexes),
and several DA and histone methyltransferases such as CMT3
|DMA (cytosine-5)-methyltransferase 3], SDG26 (SET domain
groug 26), SUVHS (histone-lysine M-methylransferase, H3
Iysine-9 specific) (Mikitaki et al, 201E). Interestingly, the p53
effector, which & a TF acting as tumor suppressor in animal
cells, does not exist in plants. In animals, the master regulator
P53 rales the fate of the cell following DNA damage, which
triggers cell-cycle arrest and them DNA repair or apoptosis
(Helton and Chen, 2007). A simiar role in plants has been
ascribed to the TF 500E] (suppressor of gamma response
1), a component of the MAC (MAM-ATAF1/2-CUC2) family
{Prewss and Britt, 2003; Y-ud:iyamnet al., 2008). 3DG1 reg;nla.l.:s
more than 100 genes and similarly to p53, induces several
pathways induding cell cycle arrest, DNA repair, PCIL and
endoreduplication (Yoshiyama et al., 2013b; Yoshiyama, 20015).

It is thus clear that most of the DDR fctors are well preserved

in animals and plants, although variows key components are
unique to plants.

DNA Damage Repair Mechanisms
Activated by DDR Pathways

Of the pathways triggered by DDR effectors, DNA repair
mechanisms are crucial in maintaining genome integrity. Several
pathways are involved in the correction of variows types of DMA
lesions including: (1) direct repair (DR) or photoreactivation
([iang et al, 1597}, (2) mismatch repair (MMR], (3) base- and
nucleatide excision repair (BER, NER) (Shuck et al., 2008; Fefia-
Diax and Jiricoy, 2002; Jiricny, 2013), (4) double-strand break
repair ([XSBR), which indudes non-homologous end joining
{NHE]), and homologous recombination (HE) mechanisms
(Puchta and Hohn, 19961

The DR is a light-dependent pathway that relies on the activity
of flavoenrymes, called photolyases, carrying the two dectron-
reduced forms of FAD (FADH) as photocatalysts (Sancar, 2003).
After binding to the DMNA lesion, the enrymes remove the
damage following absorption of blue light in the 300-600 nm
range (Tubsja et al, 2009). The activity of photolyases is specific
to plants, since it seems to be absent in humans and other
placental animals (Essen and Klar, 2006). On the other side,
MMR is present in all organisms, and corrects replication and
genetic recombination errors, which result in poorly matched
nucleotides. In enkaryotes, the lesion detected by MutS homaolog
(MSH) proteins is repaired throogh enrymatic com
operating an endonuclealytic cut on the neo-synthetived strand,
thus restoring the correct sequence through the action of specific
DMA polymerases (Marti et al., 2002 Spampinato, 2007).

The BER mechanism is responsible for the repair of damaged
single bases resulting from dexmination, alkylation, oxidized
hases, ahasic (apurinic andfor apyrimidinic, AF) sites, and single-
strand breaks (55Bs) (Tuteja et al, 2008). It consists of the
excision of the damaged base by a DMA glycosylase followed
by the consecutive action of at least three enrymes, an AF
endonuclease, @ DNA polymerase, and a DNA ligase (Stivers
and Jiang, 2003). The B-oxogonanine DA glycosylase (GG,
uracil DMA glycosylase (UMNG), and formamidogyrimidine DMA
glycoaylase (FPG), are some examples of plant DMA glycosylases
with roles in stress respanses (Gutman and Miyogi, 2009; Macovei
et al, 2011). Aside being extensively studied in model plants,
the pathway has also been characterized in potato mitnchondria
where it is mostly involved in the repair of DNA damage
related to ROS production (Ferrando et al., 2008). While BER
removes small [MNA lesions, the NER pathway repairs the
main DMA lesions causing extensive distortion in the double
helix, such as UV-products and bulky covalent adducts (Kunz
et al, 2005). The MER mechanism has mostly been studied in
Arabidogsis and rice and investigations on NER genes have also
been conducted in other plants such as poplar and sorghum
{Si:ng}l. et al, 2000 Spampinatn, 017). Proteins belnug;ing to
the RAD family are involved in DMA lesion recognition in
MER. For instance, the RAD23 family of genes has been well
characterized in Arabidopsis by developing multiple mutant
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plants. The triple and quadnmgple mutants for red23a, rd23h,
rad23c, and md23d genes have shown clear phenotypic changes
resulting in dwarfed plants or reproductive lethally mutants.
However, single and double mutants have not shown evident
differences, thus suggesting a mostly overlapping function
of the four genes.

Repairing the D5Bs is mostly carried oot by DBESR systems.
Studies on DBSE mechanisms have been increasing, not only
because of their importance in DMA repair but also as tools
to modify plant genomes (Baltes and Voytas, 1015 Sprink
et al, 2015). DBSE mechanisms mainly inclode the HR and
NHE] pathways. HR occurs only when two DMA duplexes
contain extensive homalogy regions, while NHE] enables DSBs
to be repaired in the absence of sequence homology. Given
the requirement of a sister chromatid as a template, HR is
restricted to the 5 and (5 phases of the cell cycle, while
NHE] is active throughout the cell cycle and does not rely
on a Irmplah: [Brandsma and Gent, 2012} The erroc-free HR
pathway wses several enzymes induding the sDMNA-binding
protein RADS] recombinase (Chapman et al,, 2012; Spampinata,
2017). The balance between the HR and NHE] pathways is
enm'l.la]‘nrp:nnmeﬂabll:ty Besides the well—characterized

u—dependent WHE] pathway (dassical non-homologous end-
joining, C-WHE]J), an XROCL{X-ray cross-complementation
pm.q:l}depmdcnl paﬂ!.mp {alternative non-| bmnlngnns end-
joining, A-WHE]) has been observed both in humans and in
plnts ([Decottignies, 201% Bétermisr et al, 2014; Williams
et al, 2014; Sfeir and Symington, 2015 Spampinato, 2007)
C-MWHE] & dominant in the Gy and Gp phases of the cell
cycle, while A-MHE] preferentially acts in the 5-phase (Eararam
et al, 2002 Truong =t al, 2003). A-NHE] takes place in the
absence of key C-WHE] factars, and requires the alignment of
microhomologous sequences. The pathway is thus also refernsd
to as microhomology-mediated end-joining (MME]). Unlike HE,
the lack of 2 homology sequence in NHE] leads to an error-prone
type of repair, frequently resulting in small insertions, deletions,
or substitutions at the break site (Chagman et al., 2012).

DDA in Relation to Redox-Based
Mechanisms

Redox-based mechanisms would seem to play a key role in
the modulation of DMA damage sensing, signaling, and repair.
Although there is extensive knowledge in animal systems (Kim
et al, 2013 Mikhed et al, 2015 Somyajit et al, 2017), there
are few reparts on redox signaling and redox-mediated contral
of DMA repair in plants [Fhang, 2005). Duee to the complexity
of such molecular networks and in an attermpt to draw a
representative picture of the state of the art in the plant kingdom,
attention has fooosed on specific players that have been identifisd
at the crossroads of the redox and DR pathways.

Ome case relates to FPe-containing proteins (eg. Fe-5 cluster
proteins and hemoproteins) which use Fe as a cofacor and
play critical roles in several aspects of genome maintenance,
including telomere maintenance and cell cpde control in both
animals and plants {Zhang, 2014, 2015). In Ambidopsis, several
Fe-containing proteins with key functions in genome stahility,

incdluding DNA helicases and DMA glycosylases, have besn
characterized. For example, RAD3 (also known as UWVHSE),
the plant homolog of the human XPD and yeast RAD3
proteins, is an essential helicase required for WER function
(Liu et al, 2003). Among the known 26 DMA glycosylases,
only DEM (DNA glycosylase DEMETER), DMLI (DEMETER-
like 1, AtROSI), DMLI, and DML3 proteins contain a
Fe-5 cluster and participate in DMA methylation (Ortega-
Galisten =t al,, 2008). The hiogenesis of Fe-5 proteins requires
dedicated cluster amembly pathways (Lill and Mithlenhof, 2008).
The highly conserved cytosclic Fe-5 duster assembly (CIA)
machinery is required for the transfer of these clusters to
target proteins, including thoss involved in genome maintenance,
and impairment of the C1A pathway possibly compromises
genome integrity (Wetr et al, 2014). Other pathways are
located within subcellular compartments such as 15C (iron-
sulfur duster) in mitochondria and SUF (sulfisr mohilzation)
in plastids (Couturier et al, 7013} Mutations that target genes
coding for the CIA suhanit, indwding AE? (A51/2 enhancer
7) and ATM3 (ABC transporter of the mitochondron 3),
result in DMA damage accumulation and enhanced HR rates
(Luo et al, 2012). Seedlings of the Ambidopsis @e7 mutant
hawe shown increased sensitivity to the DMNA damage agents,
methylmethane sulphonate and cisplatin. The ae7 mutant cells
have also been shown to be blodked at the GLM transition
of the cell cycle and revealed increased expression of DDR
genes, induding FARF (Polyl ADP-ribose) polymerase], BRCAL
GR1 (Gamma response 1), and TOS2 (Ribonoceotide reductase-
like catalytic subunit), iovolved in DSE repair and genome
maintenance {Luo et al, 2012). The defective CIA pathway
would seem to cause genotoxic damage, which triggers cell cycle
arrest and DR Similarly, increased sensitivity to genotoxic
agents and up-regulation of DR genes have been observed
in the Arshidopsis mm3 muotant lacking the ATM3 function
(Luo et al, 20012).

Chromatin remodeling is also a key aspect since it is necessary
for the access of the DDR protein to the damaged DMA
site. Evidence of the redox-mediated modulation of chromatin
remodelers has been provided in animal systems. Duquetie et al.
(2018) reparted that lysine demethylase 1 (LSDI/EDMIA), a
flavin adenine dinuclectide (FAD)-dependent amine oxidase able
to demethylate the lysine 4 residue of histone H3, triggers
HyD; accumulation as a by-product of its chromatin remodeling
activity during the early steps of DIIE. This is the first evidence
that RO% can be generated ex move in human cells as part
o‘DDR.alnfpeciﬁcda.rmgadsi.tg In addison, the bocal
production of H2On can control the activity of DMA repair
enirymes recruited at the lesion. This suggests that the bocal
redox environment might modulate the two major DBES repair
pathways, namely HR and NHE] (Duquette et al, 2018). It is
possible that a similar mechanism also takes place in plant cells.
The Anmbidopsis genome encodes four L5101 homologs named
1501-like (LSDL), of which LSDL] and LSDL2 control histone
H3 methylation only around and within the heterochromatin
region containing the floral repressoms FLC (FLOWERING
LOCUS) and FWA, which is crudal for the timing of the
developmental transition to flowering (Jiang et al, 2007). Unlike
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for animals, there is currently no evidence of the role of plant
LS -like proteins in DIVE.

In the complex and variegated scemario of intersecting
DDR and redox mechanisms, it & also possible that the
sme protein folfills 2 dml role, acting in a redox context
as well 25 maintaining genome stability. In the PARP-like
genes, found in eukaryotes, the PARP catalytic domain is
associated with other functional domains (Vainanen =t al, 2008).
The Arhidopsis protein RCD1 (inactive poly [ADP-ribase]
palymerase) contains a WWE domain (Trp-Trp-Gly, invalwed
in protein-protein interactions occurring in whiquitination and
ADF rbosybtion) (Aravind, 2001) and an RST (RCD-SRO-
TAF4) domain also responsible for protein-protein interactions.
Proteins that contain this domain combination, specific to
plants, are named SIMILAR T RCD-ONE (SRO) (Jaspers
et al, 2010). Accarding to Lin et al. (2014), overexpression of
the ThSR( gene in Arabidopsis provides increased tolerance
to genotoxic stress indwced by UV irmadiation and Hilz
treatments. The authors ascribed genome integrity to the
enhanced PARP activity detected in the TaSRO-overexpressing
cells that positively affected DDH, resulting in higher levels of
the ATM ROS sensor. Interestingly, the TaSRO-overexpressing
cells accumulated maore ROS than the contral lines, onder
both non-stressed and stressed conditions, combined with an
efficient antioxidant response that ensured redox homenstasis
(Liw et al, 2014). Thus, the particular stroctural features of
ThSR() enable this protein to play a dual role in the stress
response, acting through the modulation of redox parameters and
genome maintenance.

Arabidopsis apxl/ont? doubls mutants that constitutively
activate DDR at a transcriptional level represent an interesting
example of redox-DDR interaction [Vanderaowera et al, 2001).
This confers tolerance against various stresses in the double
mutants, since the induced DR is active also in the absence of
DMA damage DDR induction was inhibited under high €0z
in the double mutants, suggesting that the ROS5 production
derived from photorespiration cansed DDR induction at a
constitutive level in the douhle mutants also under standard
condifions. In addftion, the WEE] serinefthrecnine kinase-
dependent cell cyde checkpoint was activated in aporliont2
mutants, which suggests that cell cycle arrest is part of the
signaling pathway activated by ROS involving DDR induction
{Vanderaurwera et al, 20010

ROLE OF REDOX BALANCE IN
TRANSCRIPTIONAL CONTROL

Redox Regulated Transcriptome
RBe-programming

Redox-based mechanisms play a key role in the regulation of
gene expression. Several studies based on omics approaches have
demonstrated that ROS induce transcriptiona] modifications by
direct or indirect mechanisms. This experimental evidence has
been mainly ohtained by manipubting cell ROS levels and/for
redox balance in pharmacological or genetic contexts. Effective

case-hy-case studies were obiined by using mutants defective
in enrymatic antioxidant systems (such as catalase, ascorbate
peroxidases and ascorbate oxidase - ALk Vandermowera et al.,
2005 Gadjev et al, 2005; Pignocchi et al., 2006 Rasoal et al.,
20171 as well as treatments with ROS-genemting systems, with
electron transfer inhibitors in chloroplast and mitechondria or
oxidative siress iriggering ageots (Gadjev et al, 2006 Broda
and Van Aken, 2018). The tramscriptomic changes appear to
be fnely tuned depending cn ROS types and production site
within the cell (Locato et al, 2018). In fact, variows enviroomental
bu:kwmds cn promote BOS increases, above all in the
apaplast, chloroglasts, mitochondria, and peroxisomes. To give
some examples: hiotic stresses as well as high light (HL), sale,
and drowght have been related to apoplastic ROS accumulation
by the activation of plasma membrane-locatsd NADPH oxidases
helonging to the family of respimtory burst oxidase homaolog
proteins (RBOH; Ma et al, 2012; Kadota et al, 2015 Kurusa etal.,
2015; Li et al,, 3015; Evans et al, 2016 He et al., 2017; Karpinska
et al, 2018} HL abo indoces chloroplast ROS production
(Foyer and Shigeoka, 2011), whereas photorespiration mainly
canses ROS production in the peroxisomes (Foyer et al, 20049),
and a number of abiotic stresses increase ROS production in
mitochondria (Foyer and Moctor, 2003). Controlled Bumes of
redox active molecubes (oxidants and antioxidants) between
organelles and cytosol, regulate redox mechanisms which, in
turn, results in the control of gene expression within the nudei
(Locato et al, 2018). This gene expression reprogramming
possibly enable plants to by-pass 2 stressful sitwation or a
metabolic impairment. Sewelam et al. (2014) demonstrated
that hydrogen peroxide (H;0,) production triggered by the
activation of photorespiratory pathway induced a different
set of noclear genes depending on the ROS production site.
Their study used Arshidopsis plants overexpressing gheoolate
oxidemse 5 (GOS5), prodocing ROS in the chloroplast under
photorespiratory conditions, and a catalase defective line (omt2-
3), where RO over-production occurred in the peroxisomes
during photorespiration. When ROS were mainly produced in
the chloroplasts, the induced genes mostly belonged to the
fanctional categories of the transcrigtion factors (TFs), proteins
involved in signaling and metabolic pathways, and in defense
or detoxification. Differently, peroxisome-derived ROS mainky
induced the expression of genes involved in protein folding and
repair (such as chaperones and heat shock proteins - HSPs),
along with defense and detoxihaation processes. Therefore,
different RS resporsive genes were identified to be linked to
redox impairment occurring in specific intracellular contexts.
A meta-analysis (Vandeobroucke et al., 2008} revealed that
yeast, plants, and animals share at least four families of Ha(Oz-
responsive genes: a class of HSPs, GTP-binding proteins, Ca®*-
dependent protein kinases, and ubiguitin-conjugating enrymes.
Antioxidant genes shows an H;O;-dependent wp-regulation
oaly in prokaryotes. This probably depends on the fact that in
eukaryotes antinxidant genes show a high constitutive expression
probably as an evolutionary acquisition. Thus, in eukaryotes,
antioxidant systems are mainly controlled at post-iranslational
level (Vandenhroucke et al, 2008). For examgple, the synthesis of
G5H is controlled by post-transhtional modification based on a
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thial switch medhanism. Oxidative conditions [alse determined
by stressful conditions) activate the enryme that catalyres
the limiting bicsynthetic step in GSH production, -Glutamyl
cysteine synthetase (y-ECS), by disulphide bond formation in the
v-ECS homodimer. This also represents a contralled redox loog
irrvolving GSH {reviewed by ¥i et al, 2010).

Glutathione is 2 major redox saluble metabalite contralling
the cell redox balance wnder physiological and perturbed
situations in both developmental and defense contexts (Moctor
etal, 701% Herndnder et al., 2017; Locato et al., 2017). The effesct
of GSH on the transcriptome has been investigated in various
studies (Cheng et al, 2015 and references therein; Hacham
et al, 2014). G5H feeding of Ambidopsis seedlings appears to
induce the expression of stress-related genes and down-regulates
developmental correlated genes (Hacham et ol , 2014). High GSH
levels have also often been correlated to increased stress tolerance
{Cao et al, 2017; Ferrer =t al, 2018; Pormentin ot al, 2018).
Comversely, GSH deficiency in Arabidopsis root meristerm less
I mutant {rmil} has been shown to afect root growth and
architecture through a massive transcriptome re-programming.
This result has been confirmed in other GSH deficient mutants
{cad2-1; pad2-1; raxl-I) preseoting different mutations in the
(G5HI gene, encoding the GSH biosynthetic enryme ECS, and
in condition of G5H depletion by treatment with buthionine
sulfoximide (B%0), an inhibitor of GSH bicsynthesis. In all these
contexts, GSH deficiency affected above all the expression of
those genes invalved in cell cycle progression, especially those
imvolved in G2-M transition. On the other hand, the expression
of several genes related to redox signaling were less modifed
probably becamse the GSH redox state did not change in the
mentioned experimental conditions. Om the other hand, heat
shock (HS) responsive genes were down-regulated, suggesting
that the lack of GSH afected redox signaling leading to the
expression of these genes. This suggests that GSH is generally
required in the induction of oxidative-stress related genes The
redox state of oudeus and cytosal in Arbidopsis root cells
has also been monitored in rmi] mutants and in wild type
nndﬂ'BSDl.meu.lml. In both compartments, the G5H depletion

an increase in the redox state, suggesting that the
link between root development, growth, and cell redox state is
strongly dependent on the GSH level controlling transcriptome
re-programming (Schnaubelt et al, 2015). Karpinska et al
(2017) demonstrated that the noclear redox state is also
prome to oxidstion when different plant tissues and cell types
were ireated with inhibitors of mitochondrial and chloroplast
electron lmnﬁr.ﬁﬂmﬁhuﬂmhmhnpﬁrwﬂhnﬁe
cells. The authars observed transcriptome re-programming as
a comsequence of nucdeus oxidation, leading to the retrograde
regulation of the expression of genes, mainly related to crganelle
functions. The GSH-dependent contral of the nudear redox state
thus appears to be crucial in interconnected signaling networks
which are irvolved in the coganelle cross-talk determinant for
gene expression regulation. It has also been demonstrated that an
increase in GSH, obtained by exogenous treatment or genetically,
enhances the translational efficiency of Armbidopsis plants. This
enhancement can be inferred from the changes chserved in the
palysomal fraction profile, which is indicative of the number of

active translation events. An increase in the GSH level seems
to activate the translation of pre-existing mAMNAs of closter
genes related to hormone biosynthesis, proline biosynthesis,
stress. response, incloding TFs imvolved in defense response,
root growth, cell cyde, metabolism, and sulfor assimilation.
These data are in accordance with the protective role of GSH
supplementation against a plethara of different stress conditions.
It also suggests an overall control of the translatome and
transcriptome of GSH in plants, probably also correlated to
the control played by this metabolite in development and cell
proliferation (Cheng et al, 2005 Locato et al, 2015).

Another nop-enrymatic  antioxidant molecule  which
intracellular concentration affecting the cellular redox state
is the ascorhate (ASC). The ASC level and redox state have
been correlated to cell proliferation (de Pinto et al. 159%;
F\eun:r et al, 2008 de Simone o al, 2017 Kka = al, 2008),
plant development (Foyer and Woctor, 200% Paradiso et al,
2012 Cimini et al, 2005) and defense (Kiddle et al, 2003
Sahetta et al., 2009). In fact, ASC treatment of quiescent center
cells re-activated the cell division process (Liso et al, 1988).
However, according to the literature, the possible inwolvement
of ASC in the control of transcriptional events has not been
characterized as well as it has been for GSH. A recent system
biology study (Stevens et al, 2018) investigated the effect of ASC
metabolism perturhation on the transcriptomes, metabalomes,
and proteomes of tomato fruits. The study took into account the
BMAi lines for AD, L-Galactono-1,4-y-lactone dehydrogenase
{GLI}M and mnmd-ﬂ:.f\d.rmmbab: reductase (MDEHAR), which
are all enrymes involved in the control of ASC levels and the
redox state. Although in this stady the analysis was carried
out on a particular non-photosynthetic tissoe and reported no
differences in metabolite and protein levels, it did reveal the
role of the ASC poal in controlling those core genes involved in
ribosome biogenesis, structore, translation, and protein folding
(Stevens et al, 2018). Another study performed a comparative
analysis of the leaf transcriptome of Arabidopsis mutants which
showed reduced levels of GSH (rmil), ASC (wifcl, vifcZ) and ROS
detouification in peroxisomes (catalase 2 defective mutant; cat 2}
and chloroplasts (th ascorbate peroxidase defective
mutamt; tapr) (Queval and Foyer, 2012). It revealed that both bow
G5H and ASC caused significant transcriptome reprogramming,
although deficiencies in the two antioxidants seemed to affect
different sets of genes. Interestingly. there was a 30% overdap
among the s=ts of genes regalated by low antioxidant levels and
impairment of ROS detoxification systems, whereas only 10% of
the genes regulated by Ha0; increases observed in cat2 and fapx
miutanis mrlapped [eval and Faoyer, 201 21

The Role of Redox Sensitive TF

Regulation in DNA Transcnptional

Control

Reactive oxygen species can regolite gene expression by
moduolating the activity of numerous TPz Several redox-
dependent mechanisms controlling TP activity have heen
described in plants, although this i still an onder-investigated
field Redox regulation may indude conformational changes in
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TFs and TF-binding proteins (positive or negative regulabors),
or an alteration in their intracellular compartmentaliation as
well as redox-dependent TF proteolysis. Table | summarizes
the information related to 12 redox-regulated Ts that directly
target several genes involved in plant siress responses. A more
detailed descrigtion of these TFs and their medchanism of action
is provided in the sub-chapters below.

Redox Sensitive TF Belonging to the ERF/AP2 TF
Family

Different proteins belonging to the ERF/APZ TF family
undergo redox regalation. Of these TFs, the Redox Responsive
Transcrigtion. Factorl (RRTF1) seems to be imvobred in redox
homeostasis under adverse conditions. The RRTF] transcript
levels were shown to be stromgly and rapidly increased in
respanse to singlet axygen and other ROS as well as hiotic- and
abiotic-induced redox si.an.il!- such as ap]!.id infection, HL, and
salt stress exposure (Matsui et al, 2008; faspers and Kangasjarvi,
w1k Heller and Tudtpnsk.i. H01); Jiang =t al, 11} The
regulation of the activity of this TF is still not well understond.
An increase in RETF] expression was found afier Alternaria
brasricecea infection andfor Hy(; treatment In this contest,
WREY18/40/60 has been shown to be required for this up-
regulation [Matsuo et al, 2015). In particular, a dynamic sub-
nuclear re-localimtion of WREY40 is induced by abscisic acid
{ABA) treatment in a phosphorylation-dependent manner. Once
in the nuclens, WRE Y40 binds the promoter region of RRTFL
thereby controlling its gene expression (Pandey et al, 20010).
RRTF1 binds to GOC-box-like motifs located in the promoter of
RETFI-responsive genes, thereby favoring an increased defense
response under constraint conditions (Matsuo et al., 2015).

The Related to Apetala-Z (RAF2) TFs are abo one of the
main groups of redox regulatsd proteins belonging to the
ERF/AFZ family. The Archidopsis RAPL4 TF class consists of
eight members characterized by highly conserved DMA-binding
domains with overlagping and specific functions. These RAPL4
proteins constitute a regulative network in which RAP24a is
the transcriptional activator of dhloroplast peroxidase activity.
Other RAF14 proteins may function 2s important modulators
since an imbalance in the RAP2.4 pattern can, either positively
or negatively, affect the expression of target genes by altering the
RAPL4a transcription (Rudnik et al, 2017). The RAPL4a TF
undergoes dimerization under slightly oxidizring conditions and
regulates the induction of three chloroplast peraxidases, namely
1-Cys peroxiredoxin A (3CFA), thylakoid and stromal ascorbate
p:rn:idm [LAPX and sAPX), as well as ather enrymes inwalved
in redox homeostasis, such as CuZn-superaxide dismutase (3015
Shaikhali =t al, 2008). Under severe oxidative stress, RAPEda
oligomerizes, thus suppressing its DMA-hinding affinity and
consequently reducing the expression of target genes (Shaikhali
et al, Z008L The interaction of RAP24a with RADICAL
INDUCED CELL DEATH 1 (RCIDN) sapports the activation of
RAFZ da transcriptional activity (Hiltscher et al, 20140

Anather member of the ERFAP2 TF family involved in the
regulation of gene expression in a redox dependent manner is
RAFLI1L This TF is anchored at the plasma membrane within
an Acyl-CoA binding protein 1 and 2 (ACBP1/2) ander serobic

conditions (Gibbs et al, 2011). Upon hypozia, the interaction
RAF212-ACBF1/2 is suppressed and RAP212 is translocated to
the nucleus by a mechanism imvalving an N-terminal cysteine
{Cys). Omee inside the nucleus, RAP2.17 activates the sxpression
of hypoxia-responsive genes, such as pyrnate decarbarylase 1
(PDC1) and alcohol dehydrogenase | (ADHL) (Licawsi et al,
2011). After re-oxygenation, RAF212 is subjected to 2 redox-
dependent proteclysis wia the oxygen-dependent branch of
the M-end role pathway (Licausi et al., 2011; Licausi, 2013
Kosmace et al, 2015). An caygen-dependent oxidation of the
penultimate Cys residuoes at the N-terminus of RAF21Z occurs
under normozia conditions. This reaction, catalyzed by plant Cys
axidases, leads to RAP2.12 destabilivation [Weits et al., 2014).

Redox Sensitive TF Belonging to the Zinc Finger TF
Family
Proteins belonging to the rinc fingsr TF (ZF-TFs) family can
also be redox-regulated. For emmple, the ZE-TF SNO-regulated
genesl {(SRE1), which has been a5 a nuclear nitric
oxide (MO) sensor (Cai et al, 701EL NO is a reactive signaling
molecule that modulates the exp af def: related genes.
In response to pathogen attack. 2 nitrosative burst sooars leading
to transient MO accumulation. Following pathogen recognition
and MO accumulation, 584G s expressed and binds a repeated
sequence ACTMsACT or ACTMACT within Promaters of
genes coding for immune repressors. This ZF-TF contains an
EAR domain reguired for the recruitment of the co-repressar
TOFLESS, thos favoring the transcriptional suppression of target
immune refiressors [Fla:nm 1). An additional increass in MO
levels induces the 5-nitrosylation of SRG1, above all at Cys87. The
SRGI S-nitrosylation relisves DMNA binding and transcriptional
repression, thos enabling the expression of negative regulators
of plant immunity (Figure 11 The 5 nitrosylation of Cys&7, and
possibly other Cys residues paired to the ZF motifs, may lead to
Zn'+ release and to conformational changes responsible for the
altered activity of this ZP-TF ({Cui et al, 2018).
Another redox regulated FF-TF is the ZINC FINGER
OF ARABIDNOPSIS THALIANA 12 (ZAT12) which has been
suggested to be imvobved in the ahiotic stress signaling network.
Under irom (Fe) rl.:ﬁ-cimcr conditions, H;{); content showed a
marked increase, which leads to the establishment of oxidiring
conditions. Hy0; may function as a signaling molecule that
induces the transcription of the FER-LIKE IRON DEFICTENCY-
NDUCED TRANSCRIFTION FACTOR (FIT). The increase
in the Hilh content occurs in 2 FIT-dependent manner.
Under pm]nngad Fe rlcﬁcimq conditions, HyOz reduces FIT
transcription and activates the transcrigtion of its direct binding
pariner ZATI2 (Le et al. 2016} Im J'i.l'.l]!u:ln]m.l, ZATI12
transcription has been shown tobe up-regulated as a conssquence
o‘mp&aﬁdgmlnnﬂﬂq‘]w{xuetaL.Il:IIT}LZ.ll.TIZ:Im
as negative regulator of FIT: in the noclens, ZAT12 engages FIT
through its C-terminal EAR motif in 2 protein complex therehy
altering the balance between active and inactive FIT pools. ZAT12
is alsn required for the up-regulation of other stress-related genes
such, as APX] and BHLHO3 TFs (Davletova et al., 7005 Le
et al, 2006). ZAT12 has also been found to undergo proteasome-

dependent degradation in the presence of high HzOn levels. The
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TABLE 1 | List of madox soreive TFs and thalr soguiainng mmachanism.

TFs family TF Resdox reguiabory Relurances
machanism
ERRAFZ TFs RATF1 Pheosphaic. caparcant nuckes Jaspors and Kangmshine, 2000;
r-incalmtion of WREYAD that Panday et al, 200; Hallar and
achaic RRTF gane Tudryrek, 201 1; Jiang ol al,
Epression 2011; Matsuo ot al, 2HE
R&FZ.4a Conlomagonal sialo- prokain Ehalkall gl al, 3008; HEschar
homa-dimerizbion o ., 24
R&F2A2 Riescion oonbrol of tha Inlaracion Gibbs ot al, 2104 1; Lol
with a binding periner andl ot o, A0 Lol 200
ok se-acalizadon Wails o al., 2014; Kosmace
of al, A0S
ZF-TFs BRO1 Post-ransinSonal modicaiion Culolal, 2018
anad ssdow oonired ol tha
Iniaraction Wikh a oo-FapRssor
TATZ Cane aegwsesion inducion and Disviolows of al, 200E;
profcolyic Brumitanme ot al, 2008 La
dapanding on ROE Inracalulsr ot oL, A0E; Mu el &, 2017
el
bIP-TFs PN ko sorediva st ol 2005; Cussche and
ooiisola 7y disulphica bridgn Zachgn, 2ME
fommagon and post-Eanskhiional
modification
WIF Huciay o ocallmdon Tokaso and Ho, 27
dapandon on redn-sansive
niaraction with a nagate
Lo
TaAT e depandant Toda of al | 2008; LindonmaT
ooniomational change of tha of al., 2010; Knacshas ot al,
oo-acieaior peoicin MPFR1 i 2014; Koreans of al., 2015
ol B ruckeer re-localzation
anadl Infarnciion with, TOA TR
NAC TFs WMOT Post-ransindonal coddabva Kavenba ol &, 2018
modification hat afiect TFs
Eansactiation acthity
HEFs HaFAE Rado-tepandant Cinaguih b 2l 2015
oodTiomational changs reouined
for nuciaar re-incitrabion
HaRWA Piroer-Sadamid ol ol 2014
HEFABE ‘voshidia o &, 2090; Huang

ol ArE

EAR motif seems to be crucial for this proteasome-targeting
{Brumbarova et al, 7016 Le =t al., 2008).

Zipper TF Family

The basic lencine wipper TF (bZIP-TFs) is another family
including TFs that undergo redox control A representative
example of a redox-sensitive TF belonging to this fmily is the
Arahidopsis TF PERIANTHIA (PAN), which regalates flower
organ development and, in particular, the formation of Boral
organ primordia (Running and Meyerowitz, 1996). PAN was
found to bind the AAGAAT motif located in the second intron
of the Boral homeotic protein AGAMOUS (AG) (Maier et al,
1009). The nudear interaction of PAN with ROXYL, a plant-
specific glotaredoxin (GRX), is cudal for petal development
in Ambidopsis (Li et al, 2009). PAN strongly interacts with
the AAGAAT motif only under reducing conditions, and

redox-sensitive DMA-binding & controlled by the activity of
five M-terminal cysteines. Under oxidiring conditions, Cys&8
and CysB7, two N-termimal cysteines, can form a disulphide
bridge which may alter the conformational structure of this
TE, thus changing its ability to bind the DMA (Gutsche and
Fachgo, 2016; Figure 1). PAN also undergoes redox-dependent
post-transhiional modifications It has been demonstrated that
Cys30, located in a pubstive transactivation domain, can be
5-glutathionylated, thus modifying PAN activity (Figare 1). The
S-glutathionylation of Cys340 does not afect the PAN DMA
hinding actiwity, however, it might indicate an additional redax-
dependent strategy capable of altering TF activity (Li =t al, 2008
Gutsche and Fachga, 2016}

The VIREZ-interacting protein 1 (VIP1) is a TE belonging to
the bIP-TF family whose redox-sensitive regalatory medhanism
depends on a subcellular relocation due to an altered interaction
with a negative regulator. Under control conditions, VIFL
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has three phosphorplated serine residoes in the HXRXXS
maotif. In 2 phosphorylated state, VIFl can interact with 14-
3-3 proteins in the cytosol, and this interaction might inhibit
WIFl nodear import Mechanical and hypo-osmotic stress
exposure caused de-phosphorylation of VIFL, which resulted in
a dissociation of 14-3-3 proteins thereby Bvoring its ooedear
location (Takeo and Tto, 2017

TGACG-sequence-specific protein-binding (TGA) TFs are
bZIP-TFs involved in the redox-regulated activation of defense
responses triggering plant immunity under pathogen attack
In Arabidopsis, the salicdic acid (SA)-dependent responses,
activated upon pathogen infection, are mediated by the
redox-regulated nudear translocation of WOM-EXFRESS0R OF
PATHOMGEMESIS-RELATED GENES 1 (NPR1) and by an altersd
interaction between WPR] and TGEAL and TGA2 THs (Tada
et al., 2008; Knesshaw et al., 2014). NPR] is a co-activator
protein whose status is tightly controlled by redox changes
occurring after pathogen infection or 54 treatment (Mow et al,
2003). This protein is kept in the cytosol in 2 disalphide-
bound cligomeric homocomplex. A reduction in the disulphide
bond in MPR]1 was found to occur in response to SA-indusced
changes in cellular redox statns. The conssquent monomerimtion
unmasked a nuclear location signal, which enables the protein
to relocate into the oudeus Thioredoxins hS and h3 (THXhS
and TRXh3) reduce the disulphide-binding oligomers thershy
favoring MPR] monomerization and its nuclear translocation
{Ensachaw et al, 20014). In the nudens, NPR] seems o interact
with TGA TFs and this triggers the expression of defense genes,
such as pathogenesis-related protein 1 (PRIY (Tada et al,, 2008).
MO controls the translocation of NPRI into the nuclens {Tada
et al, 2008) and the DNA binding activity of ils interactor
protein TGAL ELi:nd.:r.mA}'r et al, 2010). The nlig:mer—h:-
maonomer reaction imvalves transient site-specific - nitrosylation.
The MO donor S-nitrosoglstathione (GENO) thus promotes the
nodear accumulation of NPRI, PRI expression induction and
increased GEH concentration upon Pseudomonas infection. GEH
accumulation has been shown to be crudal not anly for cellular
redox homeostasis but also for 54 accumuolation and activation of
the NPRI-dependent defense response {EKovacs et o, 2015).

Redox Sensitive TF Belonging to the MAC TF Family

A member of the NAC TF family, named VASCULAR-RELATED
NAC DOMAIM 7 (VND7), appears to undergo a reversible
axidative modification (Eawabe et al, 2018). VIND7 is invalved in
xylem wessel cell differentiation {Yamaguchi et al., 2008). Kawabhe
et al (2018) found that WND7 is S-nitrosylated at Cys264 and
Cys320 located in the C-terminal region near the transactivation
domains. The increased S-nitrosylation of VM7 suppresses the
transactivation activity of VND7. In this context, a critical role is
played by GSNO reductase 1| (GENOR]) which is thooght to be
respansible for maintaining cellular S-nitrosothiol homeostasis
by regulating the equilibrium between 5-pitrosylated proteins
and GEMO. The phenotypic tmits of the recessive mutant
suppressor of the sctopic vessel cell differentiation induced by
VMD7 (seiwl), ie., an inhibited rgﬂ.em cell differentiation, have
thus been attributed to a loss of function mutation in gsnorl.
Consequently, cellular redox state perception by GSNOR] ssems

to be important for cell differemtiation in Ambidopsis by
regulating the post-translaticnal oxidative modification of the TF
VND7 {Kawahe et al., 2018).

Redox Sensitive TF Belonging to the HSF, WYRKY,
and MYE TF Families

Typical redox sensitive TFs may also be recruited in response
to specific adverse environmental situations, for example heat
shock factors (HEFs) which acthate protective genes in plants
subjected to high temperatures or other stress conditions.
HSFs recognire the heat stress elements (HSEs) located in
promaters of heat-induced targets. Plants have nomerous
dasses of HSFs that are encoded by 21 genes in Arabidopsis
{Scharf et 2l, 2012). HSFs remain inactive in the cylma‘l
by interaction with HEPs. This interaction masks the nodear
location signal and the oligomerisation domain Under stress
conditions, HSPs act as maolecular chaperones and H5Fs
olipomerize and are translocated into the noceus where they
modulate the expression of target genes (Hahno =t o, 2011;
Mittler et al, 2012 Scharf et al, 2002). A redox-dependent
translocation of HEFAS from the cytosol to the nucleus has been
described in Arabidopsis plants subjected to HyOy treatment
(Giesguth et al, 2005). Two Cys residues act as redox sensors
in ALHSFAS: Cys2d, which is located in the DNA binding
domain, and Cys269, which is located in the C-terminal part
of the protein. Diisulphide bond formation between Cys24
and Cys269 may cause a drastic conformational change and
induce AtHSFAE translocation into the nudews probably by
its release from multi-heteromeric complexss (Figure 1). In
single mutants (AtHEFAB-CI45 and AtHSPAS-C2695) and
in the double mutant [AtHSFAR (C24/2685), HSFAR nodear
translocation is thus suppresssd undsr oxidative stress (Gissguth
ot al, 2015). Simikarly, Arabidopsis HSFA4A, described as an
H:zOh sensor, has been reported to form homodimers (or
homaotrimers). This mechanism is thought to be required for
the transactivation activity of this TF (Pérer-Salamd et al,
2014). HEFA4A expression is enhanced by numerous adverse
conditions koown to induwce ROS accumulation such as salt,
paraquat, heatfeold t t, drought, hypoxia and several
]Ju.l]mgm [Sun et al, 2001; Libault =t al, 2007; Peng et al.,
2012). HSFA4A, in turn, seems to modolate tnm:npl.l.nnal
activation of a set of target genes involved in me i
responses to ahiotic and biotic stress conditions, ru.d! as APX,
HEP176A, ZATE, ZATIZ, CTFL, WREY3D, and CREI13. In
Arabidogsis-related species, the formation of redox-sensitive
disulphide bonds of Cys residues may be a requirement
for HEFA4A homodimeriration. In addition, Ser309, located
betwesen two activator domains, has been identified as the
preferential phosphorylation site catalyred by MPE3 and MPES
(Péres-Zalamd et al.. 2014).

HSFAGE is another redox-regulated HEF which might play a
role in the ABA-dependent pathway under salt and dehydration
(Yoshida et al, 3010 Huang et al, 2016). HSFASHE is a protein
located in baoth the cytosol and nuclens under normal growth
conditions. After ABA or leptomycin treatment, there is an
increase in its nuclear location. In the mecleus, HSFAGE may
interact with other HSF proteins such as HSPALA, HSFAIB,
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and HSFAZ, thereby forming hetero-oligomeric complexes and
significantly activating the transcriptional activity of defense
genes such as HSPIR.I-CI, DREBZA, and AFX2 (Huang
et al, 2016). HSFASB seems to have a functioral redundancy
with the HSFASA protein during salt and drought stresses.
HSPAGA s present at the nucleus and cytosol simultanecusly
under physiological conditions. However, after salt and drought
trentment, HSFASA has been mainly detected in the noclews.
HSPAGA functions as a transcriptional activator of target genes
imvolved in the enhancement of stress tolerance by its C-terminal
maoiety. This TF is, in tumn, transcriptionally activated by various
TEs such as ABF/ARER proteins, MYB96, MYBZ, MYCZ, and
WREY TFs under salt and drought stress in Arabidopsis {Abe
et al, 2003 Seo et al, 2009 Miu et al, 2013 Hwang et al,
2014). In addition, the VOZ] protein may interact with the DIMA-
binding domain of HEFAGA under normal growth conditions;
however, under high salinity conditions, VI3ZI expression
slightly decreases together with fis protein content. Thus, freesd
from interaction with V0Z1, HSFABA protein can fanction as
a positive regulator of the gene expression involbved in tolerance
acquisition (Hwang et al,, 2014).

A core set of ROS-responsive transcripts has been identifisd
in the systemic acquired accimation response of Arabidopsis
following HL application. Four different TFs, namely GATAS,
WREY48, WRKYS3, and MYB3, were found to contral HL-
dependent transcriptome re-programming. The expression of
these TFs peaked 2 min after HL exposure both in local
and systemic leaves. They were found to be associated with
ROG/Ca"* waves generated under these stress conditions
(Zandalinas et al, 2015). MYB30 ako regulates oxidative and
heat stress responses by modulating cytosolic Ca®* levels
in respomse to HyOy wvariations through annexin expression
modulation. During ROS/Ca™* wave profagation, MYB30 binds
the promoters of ANMN] and ANMA, and represses their
expression thereby regulating cytosolic Ca® lewels (Liao et al,
1017). WREY4E and WREYST are involved in pathogen-
and drought- induced defense responses (Ming et al. 2008
Van Eck et al, 2004 Sun and Yu, 2005) and GATAB
acts as a positive regulator of Ambidopsis seed germination
(Liu et al, 2005).

The examples discussed abowve suggest that under hiotic
and abiotic stress conditions, ROS cause drastic changes in
nuclear gene expression by altering the activity of specific
TEs that regulate the synthesis of proteins related to plant
stress adaptation.

THE IMPLICATION OF MIRNAS IN
REDOX- AND DDR-ASSOCIATED
PATHWAYS

Gene expression can be modolated also at post-transcriptional
level. At this regard, miRMAs, a type of short non-coding BMAs,
have been indicated as promising candidates in the precise
regulation of genes by targeting messenger RNAs (mBNAs)
for deavage or directing transational inhibition. miRNAs are
genenally prodoced from a primary miRMA transcripe, the

pri-miRMA, through the activity of nodear BNase DICER-
LIKE 1 (IMZL1), while mature miEMNAs are incorporated into a
protein complex named RISC (AMA-induced silencing complex)
(Figure 1; Reinhart et al | 2002; Bartel, 2004).

In human cells, recent studies have investigated the
interactions hetween DDERE components, redox  signaling
pathways, and miRMAs (for reviews see Hu and Gatti, 2011; Wan
et al, 2004; Bu et al, 20070, An interplay between miRNAs, DDER
and redox signaling pathways is possible. Indeed, both DR and
redox signaling can modulate milNA expression, while miRMNAs
can directly or indirectly modulate the expression of proteins
that are part of DDR and redox sigraling. Undemstanding the
roles of miflNAs in DDR and redox signaling along with their
implications in complex diseases such as cancer (He et al., 2016
Arjumand et al, 2008), or throughout the aging process [Bu
et al, 2006, 2017), are viewed as diagnostic tools or alternative
therapeutic treatments {Huang et al . 2013 Badicla et al, 2015).

The stuation is guite different in plants, where only very few
studies have started to address this complex picture. Yet, miRMNAs
have heen extensively studied in terms of stress responses and
exhanstive reviews regarding this aspect are available (Moman
et al., J017; see recent reviews by Djami-Tehatchou et al., 2007
‘Wang et al, 2017; Idam et al, 2018). To understand the rales
of miRMAs within the redox balance-DDR-miEMA triangle,
recent literature was consulted to examine the direct or indirect
implication af mifNAs in ROS production/scavenging and DDR
pathways, based on their predicted/validated target genes.

miANAs and ROS

Az above described, ROS are by-products of cellular metahalic
pProcesses that can act as secondary messengers in specific
signaling pathways In homans, miRMAs targeting central
regulators of the ROS signaling pathway have been identified,
such as the Nudear Factor Erythroid-Derived 2-Like I (Nrf2),
or Tumor Mecrosis Factor-Alpha (THFa), and ROS scavengers,
such as 500 or CAT (Wang et al., 2014). Similarly, studies in
plants have rewealed the presence of milNAs targeting genes
imvolved in ROS production and scavenging (Table 2). The
influence of miRNAs in these processes can be dassified as
(1) direct. when directly targeting genes coding for proteins
with axidant or anticxidant properties, and {2) indirect, when
the targeted genes affect redox signaling pathways downstream.
miR53 is an example of an indirect influence. This miRMA
targets some of the genes belonging to the SOUAMODSA
promater-hinding protein-like proteins (SPLs), a plant specific
transcription factor iovolved in regulating plant growth and
development (Bhoades et al, 2002). Recently developed rice
lines overexpressing MIRS28a have heen shown o have
increased resistance to oxidative stress imposed by applying
exogenows HyO;, because of enhanced levels of 500 and
peroxidase (POD, POX) enrymes (Yue et al, 2017). The
authors demonstrated that the over-accumulation of miR5282
resulted in an enhanced seed germination rate, root tip cell
vighility, chlorophyll retention, and redoced leaf rolling rate
during exposure to HiOp. Regarding the miR52%a targets,
ont of the five predicted genes (OsSPLI, OsSPLI4, (:SPLIG,
Os5PLI7, OsSPLIE) only two, (SPL2 and OsSPLI4, were

Feontiars In Fiant Soanca | wwa Fontiarsinoom

160

Ll

Auguet 200 | Vol 10 | Ariicks D89



Cminl etal

List of original manuscripts

Facox Ealnce DDA-miFM THanga

TABLE 2 | List o miFfia Saling ponas with i in AOS production and scavanging.

miANA Epmcias Targeded geres Relafed stress Raleances

mifEls Arabiiopsls Pndarm ATPS, SLLTRET Hutriani debokancy Herey MatthasTman o &, 2012;
Brassion rayas meatal Zang L W.etal | 2013;
Crym safen Jagarccawarn of A, 2014;
Noofarma ishecom Paredn and Sunkar, 2015; Yuan

of all, A8

miREEn Poncius Ffnksin A0 Cold Jang o ., 2018

miFEgT Arabiiopsls Pndarm LAC Hutriani delolancy HxDn Liatal., 207 1; Do Luis ot o,
Crym =g 20132; Thang ¥. .ot al, 2013
Lo paponions Wang ol A, 2094

miRza Arabidopsts Podvm COET, CTESE, Nod 15, DONGh Heariry mmatal Deoughit Tringiecio ob &l 20905 Mg
WS vinfor Eailiity of oL, P01 Kayhan o ol
TS acsium 209E; Lang et al, 2047 L.
Prissaods vuigrs o ol 20T Lt A, 20T
Maricagn func

miFiE Arabiiopsis Pndam FOY, ALE, LAC, UCT, Uole Biofic shuss Droughl Thingisc ot al . 2040; Thang
Crym s Exlinity -amadiation ot al, 2017T; Panal o, 2018
Nootors babaoumy Bong of o, 2018
Mcricagn funcevuin

MR8 Fevioum wrgsim AT iy B, R0, - ¥ ol A, 2010

AOH_LbDindesin Oifidihsn,
HEFR OO

miFiTE Cirus sinanss PO, MAD-depondant malic Bomn dalicianoy Jrang of ., 2008; Luot al,
Y TIPS ATET ENTERREnCE 2014

MR Favium wirgsm FR-GOEAT [Denught ¥oa ol &, 200 Aiogan of o,
THSOUT acsthum 20E

mifE2a Crym s FOVER, LAC, MODOs, QLTS Deoughl Ealinity Hoowy Luetal, 2015 Yuancl al,
Agrnats Sioonin A miakals 2015; W ot al, M7

mifEH Fancum Wrgsum HEF T, FOOE2, PO, OFF Emronmantal polutanis Mo elal, 2090 L. at al,
THSOUT aasthvum ReE0, Aanon 2017

miFETTE THliourm acsim CVP PsD Emnvronmantal polluianis Ul ata, JHT

miRi21 TS acsium AT 1, POOE, MT3 ks Emironmanial pollutanits Ll atal, 217

mifSEssD THSOUT aasthvum L0k protain Emvronmantal polutants Ul ata, 2T

miRi1E Fanum wrgsium CYPETALS - Mool al, 230

miR143E Fantum wigium AonE Haal Mool al, 2090; Mangrauinia
Crym satvay of oL, 01T

miR1E3E Fantum Wiium CYPT4ET - Moolal, 200

MRz Fanioum srgim CVP PIS, 300, OO W, PO, Amonic Maelal, 2000 SFosra ol al.,
Crym s A0) 2015

PCERZIH T4 o RS Fo0 Loy sz wigor Congatal., 2Ms

PH-Z013 THSoum acsthvum MOHAR Hofo shuss Fangal al, 2014

el il _ 120 Braciypodium cisioiyon SO T sutunit 12 Hz 0% Lygtal, 2096

el _miFi_4 Braoiypodiam dsiaoiyon VP PIS0 T34 T Hz s Lyatal, 2096

nawel_miF_234 Bracfynodium dsiaofyon FTR Hz 05 Lyctal, 2096

el i1 Braciypodium cisioiyon CVP PIsD ol HyTg Lygtal, 2096

downregalated in seedlings overexpressing MIE52%, therefore
suggesting that these two were the direct targets of miR5T9a
This also induced the upregulation of other stress-related genes
such as OsCPRS (Constitative expression of pathogenesis-related
genes 5), proline synthase (Os10g0519700), amino acid kinase
(LOC_Cs05g38150), peroxidase precarsor (LOC_Os0dgs915),
and sVPEI (Vacuolar processing enryme-3). Based on these
findings, the authars proposed a potential complex network of
mil519a-5PLs-downsiream genes in the ROS signaling pathway
in response to oxidative stress (Yoe et al., 20017)

Table 2 summarizes the information related o0 23
mikMNAs that directly target several genes with roles in

ROS production/scavenging in varions phnt species. Of
these, the most studied in relation to oxidative stresses are
mik3%5 and miR398. The predicted and validated targets
of miR395 are the ATP sull:l.u'ﬂm {ATPS) and lmn-:ﬂ;nil:r
sulfate transporters SULTRZL] (Matthewman et 2l, 2012
Jagadeeswaran et al, 2004). ATPS catalyres the activation of
sulfate by transferring sulfste to the adenine monophosphate
moiety of ATF to form adenosine 5-phosphosulfate and
pyrophosphate (Fatron et 2l, 2008). SULTRE] is responsible
for the mternal transport of solfate from roots to shoots
(Takahashi et al, 2000). The modulation of miR385 thuos
seems ideal to address the sulfate assimilation pathway and
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develop crops with increassd etficiency of sulfate uptake (Yuan
et al, 2016). A key question is how this is related to redox
signaling. When sulfate reaches chloroplasts and mitochondria,
it is reduced At to sulphite and then to sulfide, which is
essential for the synthesis of cysteine and methionine, two
fundamental amino acids for supporting redox reactions in
plants. The reduced form of cpsteine functions as an elsctron
domor, while its oxidized form acts as an electron acceptor.
This different redox state allows to hypothesize a role of redox
signaling in inducing mutrient-related or stres-responsive
millNAs. Abowve all, it refers to the intracellular thid redox
status, which regulates a wariety of cellular and molecular
events such as the activity of proteins, signal transduction,
transcription and several other cellubr functions (Panda and
Sunkar, 2015). Another well-studied example is miR3I%E, which
targets the metal-induced superoxide dismutases, CIIS1 and
CIEL in a number of different species (see Table 2; Trindade
et al, 2010; Maya et al, 20014 Kaphan et al, 2006 Leng
et al, 20017; Li J. et al, 2017; 1i L. et al, 20017). Because of
its role in regulating this important ROS scavenger enryme,
milt3%8 has been found to ke involved in plant responses to
a multitude of stresses, inchuding droaght (Trindade et al,
10y, ulmlly ﬂ-‘:ng et al, 2015), metal-inducsd toicity (¥
et al, 2013}, and other pollutants sach as sulfur dicxide (S0z)
(Li L etal, 2017)

Other miRMAs (eg., miR4ld, miR531, miR1121, mikl434,
mil2102} that target other ROS scavenging enrymes such
as CAT, 500, POD, and POX have besn identified and
their involvement in the plant stress response has been
prowen (Xie et al, 2000; Sharma et al. 2015% Li [ et al,
017 Table 2). A particular examgle is miRAld, which
targets a myriad of genes with different functions in
plant stress metabolism and antioxidant respomses.  As
shown by Xie et al (2010} in switchgrass, miR414 was
predicted 1o target 44 different mBMAs, several of which
dealing with oxygen/ROS  including CAT  isoryme B,
polyamine ocoidase (PAO), cytochrome ¢ omidase (COX),
and MADH-uhiguinone oxidoredoctase Bl66  subuonit
(MADH_UbOyplasio?_OxRdiase).

miRMAs and DDR

The ability of DDR to sense DNA damage, transduce
signals and promote repair, depends om the coordinated
action of a series of factom. OF these, the MEN complex
represents the first “line of defense” as it acts as a2 sensor
of dumage signaling by recruiting DDER-related proteins,
incloding ATM and other mediators, to the DSB sites
(Goldstein and Kastan, 2015).

In human cell research, mifMAs are being investigated for
their modulator role in the regulation of DR (for review s=e
Hu and CGatti, 2011; He et al, 2017). For example, miR-18a and
mil-412 have been proved to negatively regalate ATM exp
and reduce the capacity of DMA damage repair in tomorigenic
cells challenged with irradiation or chematherapy (Song et al.,
1011; Mansouar et al, 7013} Other studses have demonstrated
that milNAs are invobved in the post-transcriptional regalation
of p53 (Hu et al,, 2000; Kumar et al, 2001]), the master-regualator

of DDR that drives the fate of the human cell directing it
to DMA repair, cell cycle arrest, apoptosis, or senescence. For
instance, miR-25 and miR-30d have been shown to interact
wil]:pS_';.a.nrl.ma-'r noe, its ok u"----].eu.d.l
to the suppression of some of its target genes (p20, BAX,
Puma) resulting in reduced apoptosis (Kumar et al, 2001).
Downstream effectors, such as the DNA repair pathways, are
abso influenced by mifMNAs at least in animals, as shown in
several studies investigating human cancer cell lines. Moreower,
v:nmp]es- of miENA involvement in N'H:E[{F_a.. mil-101} or HR
repair mechanism (eg, mil-107, milt-103, miR-222) have been
repaorted in animal and plant cells {Yan et al, 20010; Huang et al.,
2013 Neijenhu.is- et al, 7013). In the case of the hsa-milt-536h,
which targets the Kuf0 mBMA, in addition to DSB repair, the
plant cell cycle progression is also affected in the Go/G) phase
(Zhang, 3015}

In plants few studies have addressed the potential
ol of miBMAs in the regulation of DDR-associated
genes. Most of this evidence comes from high-throughput
transcriptomic studies dedicated to iovestigating specific stress
responsesfadaptations. Table 3 summarizes a collection of
miRMNAs predicted to target several genes with different roles in
the DDE pathway.

In a study on changes in miRNA expression during
magnesium  (Mgl-induced starvation in  omnges  roots,
the authors collected different miRMAs affecting several
fanctions, ranging from the anticxdant response, adaptation
to  low-phosphorus  and  activation of  transport-related
genes, to DMA repair (Liang et al, 2007). The study
identified the MUTL-homolog 1 (MLHI) and MREEIL
as targets of miR5176 and miR5261, respectively. The
MLHI gene is part of the MMRE pathway, one of the
DMA repair defense systems responsible for maintaining
genome  integrity during cell division. Previous studies
in yeast hawve identified four Mutl, homologs that form
fonctionally distinct  heterodimers, of which MIh1/Fmsl
and MIk1/MIh2 are involved in the correction of different
types of DMA mismatches (Wang =t al, 1999). In plants,
the MLH] has heen less investigated compared with other
Mutl/Muts homologs. However, interaction  between
MLHI and MLH3 has been shown to be reguired for
the formation of double Holliday junctions and normal
levels of meiotic cossovers in Arbidopsis phnts (Jackson
et al, 2005). Thuos, identifying a miRNA capable of
suppressing the activity of MLH] would also help to
better charify the fonctions of this gene The particular
case of miR5176 showed that its induction wnder Mg-
deprived conditions resulted in  the activation mather
than the inhibition of MLHI associated with enhanced
MME activity in response to Mp-deficiency (Liang et al,
2017). This could be due o other post-transcriptional
modifications or the activation of alternative regulatory
mechanisms. In addition, the MREI! gene that encodes
DMA repair and meiosis proteins belonging to the MNR
complex, was identified as being trgeted by miR5261,
and indwced in Mg-deprived roots. In this case, the down-
regulation of miR5261 resulted in enhanced levels of MREIL
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TABLE 3 List of miFfAs Swrgating ganas with mics In [IHA damage seponsa.

miANA Epacies Targeled gores Falabed stross Rafarances
miRiiZTa THiCUm S ivurm EMARCAILE - Eun gl al, 2018
MIREITE THiCUm S ivurm TR Droughl Esmagllal al, 2017; Sun ol al
Prunue porskon 2018
iR -3 THiCUm S ivurm XPEZ - Eun gl al, 2018
miRElTS Citrs shonss WAL hovmiciog 1 Mg-caficiancy Ling of &, 2097
miRE2E Citrs shonss WRE11 Mg-caficiancy Ling of &, 2097
miREZEN Hordaum bulhosum FRAAC Sy L and Bum, 2097
s ] Hofardfues s AGOA, B0 Sy Etrahimi ¥haksofidl of A,
2015; Bumar ol &, 2018
MR Fanioum wrgesiurm TFID subunit 90 drsanic Mool al, 2090; Shosma o al,
Orpm sathva AME
miRdTT Fanioum wrgesiurm ReD23 Droughl Mool al, 2090; ARoogan of al,
THiCUm S ivurm 2B
novelmin_322 Ernciypocim dsiachon TFID subunit 12 HgzOz Lwetal, 2096
novelmin_120 Ernciypocim dsiachon TFID subunit 12 HgzOz Lwetal, 2096
novel-mie_08 Ernciypocim dsiachon TFID subunit 12 HgzOz Lwetal, 2096
novelmie_B9 Ernciypocim dsiachon ReDE0 HgzOz Lwetal, 2096
novelmin_147 Ernciypocim dsiachon ENLER-2 HgzOz Lwetal, 2096
novelmi_4 Braciypodim dsantyon EACAZD HgOg Lwetal, 2096
miRd 14 Orpm sathva DaARF holcans Salinfy - Imzdabion Manowal and Tulogs, 2012;
Manowal and Tulog, 2013
miRd0E Orpm sathva QalEEHCT holcass Salinfy - Imzdabion Manowal and Tulogs, 2012;
Manowal and Tulog, 2013
MR B Orpm sathva QslEH halicasa Salinfy - Imzdabion Manowal and Tulogs, 2012;
Manowal and Tulog, 2013

and, as a comsequence, better detection of DNA damage
and repair of D5Bs.

In another study aimed at determining miBMNAs responsive to
Hy(; during seedling development in Brackypodium distachyon,
a novel miRMA called novel_mir_6% was identified as targeting
the RADS0 mBNA (Lv et al, 2016). Using next generation high-
throughput sequencing. a total of 144 known and 221 new
millNAs wers identified as Being respansive o HzO-induced
stress in B, distachyon. In addition to RADSD, other genes
with a role in DNA damage repair were shown to be targetsd
by several other newly identified miRMAs in this stody. For
imstance, the DINA-binding protein encodsd by SMUBF-2 was
predicted to be targeted by novel_mir_147, the nowe_mir_4
targeting the SAGA-associated factor 29 homolog, while the
transcription initiation factor 11D (TFIID) was predicted to be
targeted by novel_mir_120. The 5MUBP-2 is a transcription
regulator which also has a 5 to 3 helicase activity. Its RH3
helicase domain and AN1-like zinc finger domain have been
shown to hind single-stranded DMNA (Lim et al, 2012). The
SAGA-associated factor 2 homaolog is a chromatin reader
component of the transcription regulatory histone acetylation
(HAT) complex (Kaldis et al, 20011). On the other hand,
TEID is a key component of the transcription pre-initiation
complex (FIC), responsible for recogniring and hinding to
specific promaoter DNA sequences (e.g., TATA elements). Studies
on yeast have demonstrated that both TFIID and SAGA can be
sequentially recroited at the DMA damage site in a differential
manner, based on the type of stress indwced (Ghosh and

Pugh, 2011} For instance, when the methylmethane sulphonate
mutagenic agent was uwsed, the indwced genes underwent
transcription complex assembly sequentially, first through SAGA
and then through a slower TFIID recruitment. However, when
heat shock was applied, the induced genes used both the
SAGA and TFID pathways rapidly and in paralled Simikarly,
studies in plants have demonstrated that TFIID associates
with essential proteins involved in DMA regair and chromatin
remodeling, such as MRE1] and TAF] (TATA-binding protein
Associated Factor 1, histone acetyltransferase), in an attempt
to maintain genome integrity under genotoxic stress conditions
(Waterwaorth et al, 2015)L

The fact that miRMNAs were predicted to directly or indirectly
interact with chromatin remodeling associated genes further
adds to the complicated layers of regulation of this complex
phenomenon. In a bivinformatics study on switchgrass, TFIID
mAMA was predictsd to be targeted by miEMAs (miR2102)
(Xie et al, 20010). In the same study. another DMA repair
gene, namely RADZ3, was predicted to be targeted by miR477.
The RADZ} gene, encoding for the UV excision repair
protein RAD23 homdlog A, is invalved in the NER pathway.
By interacting with several other components of the DMA
repair machinery, it also plays an important role in BER
DMA damage recognition (Sturm and Lienhard, 1998). In
Arabidopsis, RAD?3 have also been demonstrated to have an
essential role in the cell cycle, momphology, and fertility of
plants through their invobement in whiquitination pathways
(Farmer et al., 2010). Another component of the NER pathway

Feontiars In Fiant Sclanaa | weana bonbiarsinoom

163

Auguet 2070 | Wohame 10 | Ariica D80



Camind ot al

List of original manuscripts

Raox Exlanoe. DOFR-miFMS Tianga

pmd:.dzdmbehrg;emdl:fmm.b{humztbmmlngnf
Xeroderma pigment ation group BIL In a
transcripiome malym p:t‘nmad dunng anther ﬂ:vdn])m-cnl
in male sterile wheat lines, XPHZ a DMA repair helicase,
was shown to be targeted by tae-miR1122c-3p (Sum et al,
2018). The induced expression of XPB2, acting as a DMA
damage detector, has been suggested to be necesary for
DA damage repair during pollen formation. It is worth
noting that this srudj msed a ])uri.icul.l.r wheat line {3375),
which is semsitive to both long-day-length/high-temperature
and short-day-lengthi/low- temperature, to imvestigate the miRMA
imvolvement in the regulation of male sterility by looking
at the pre-meiotic and meiotic cell formation (Sun = al,
1018). Besides XPBZ, other DMA repair and chromatin
remodeling associated genes have been identified as targets
of miklMAs For instance, tae-miR2275 tageted the CAF!
(OCRA-associated factor 1), involved in early meiosis, whereas
tae-mif1127a targeted the SMARCASLY (2 new member
of SWISNF factor SWLSNF-related matriz-associated actin-
dependent regulator of chromatin subfamily A, member 3-
like 3), believed to be involved in the progression of
meicsis in male reproductive cells. In yeast, the CCR4-Nat
{Carbaon Catabolite Repressed 4-Negative on TATA-less) complex
has been shown to be involved in replication stress and
DMNA damage repair, as well as maintzining heterochromatin
integrity (Mulder =t al, 2005 Cotobal et al, 2015). The
SWI/SNF chromatin-remodeling complex is, instead, an essential
component of chromatin remodeling, and its imvolvement
in DMA response s dependent on the CCRA-Not
complex (Mulder et al, 2005). By showing interactions between
tae-miR2275-CAF] and tae-miRl127a-SMARCA3ILS, this study
demonstrated that the diversified roles of SMARCA3IL3I and
CAFL in DNA repair and chromatin remodeling helped to
maintain chromatin and genome integrity during meiosis
{Sun et al, 2018).

Other miBMNAs that putatively contral different helicase genes
have besn identified by i silico amalysis in rice (Umate and
Tuteja, 2010). OFf these, csa-MIR414, osa-MIR40E and osa-
MIR164e have been experimentally validated as targeting the
OsABP (ATP-Binding Protein), OsDSHCT ([OB1/5K1 2 hel Y-
genes (Macovei and Tuateja, 201Z). The expression of miRMNAs
and their targeted genes correlated negatively in responss to
salinity stress and gamma-irradiation treatments, which caused
DMA, damage (Macovei and Tuteja, 2012, 2013). Given that
helicases are enrymes that catalyre the separation of double-
stranded nucleic acids in an energy-dependent manner, they are
|m-n]wr| in a wide range nf praceses such as recombination,
rephi and ion, double-strand break repais,
mmnlmmuen&'bdmﬂ'elengﬂx nucleotide excision repair, and
cell division and proliferation {Tuteja, 2003). Hence, by targeting
nwiﬂ:lug:dhdh:x:.uﬂbmbyﬂu]imtm:ihﬂdhm
milMAs are responsible for regulating all this array of processes
associated with helicase activities.

An interesting aspect of miFMNAs is their capacity to regulate
their own biogenesis. This hagpens by targeting ARGOMAUTE
genes [AG0] and AGO2), as in the case of miR403 and miR172

(Ehrahimi Ehakssfidi et al, 2015). Aside from their involvement
in small RMA pathways and epigenetic silencing phenomena
{S:hmi'r\ag:l and Meister, 2014), AGOs have also been shown
o be associated directly or indirectly with DMA repair {(Oliver
et al, 2014). The particular case of miR403 and mik172 shows
that in addition to targeting AGO, they also interact with DML1
and DML3 {involved in DMA methylation), thos suggesting the
multiple role of thess miRNAs in small RMA pathways and DINA
methylation (Ebrahimi Khaksefidi et al, 2015).

CONCLUSION

This review has explored the interconnections betwesn the
molecular mechanisms controlling the cell redox balance
and gene expression regulation, occurring at transcriptional
and post-transcriptional levels, as well as the maintenance
of genome integrity (Figare 1) In particalar, evidence here
reparted, underline the influence of the redox signaling in the
modulation of molecular pathways activated in response to
developmental and environmental stimuli Interestingly, specific
players involved in redox sensing and homeostasis, influence
plant metabaolism at different levels. During evolution, plants,
as all other living organisms, have developed cpability for
using specific molecular players in a cross-cutting manner both
in developmental processes, in defense responses activated by
environmental stimuli and in DMA reglication and regair. GSH
and correlated thicl systems represent 2 case in point of key
actors controlling the redox buffering capability of plant nudei
and they are crucial also for DMA replication and repair, and
consequently cell cycle progression, as well as for the regulation
of gene expression in different contexts {Diaz-Vivancos =t al.,
2000; Martins et al., 2008; Ratajcrak =t al. 2019). Moreover,
numerous TFs, regulating the expression of genss involved
in plant development, DDR or in the activation of stress-
related responses, are described to be redox-regulated The
activity of these TFs is mainly influence d by alterations in
the cell redox bhalance, which lead to conformational changes
and their possible subcellubar re-location. Recently, evidence
of the involvement of a continnowsly increasing number of
milNAs in several Processes is opening new scenarios on the
complexity of redox signaling and homenstasis. Although some
mikMAs targeting genes with didfe roles redated to defense
systems, ﬂ:\'\rlnplm and DDR pathways have been predicted
ar validated in different plant species, this field requires forther
imvestigation. Interestingly, some miRMAs have been predicted
to target genes bedonging to the ahove-indicated pathways.
Examples inchude miRA0R and miR414, which target the helicases
irvohved in DMNA repair as well as several genes implicated in the
redox system (see Tables 2, 3). Similarly, miR528 is predicted
to target REAIC (replication & 70 KDa DNA-binding subanit
), involved in DMA replication and efficient DMA repair and
recombination (Longhese et al, 1994), as well as antioxidant-
related genes (e.g., phytochromes, oxidases). Switchgrass miR47T
has also been shown to target the Rad23 DNA repair associated
factor as well as Ferredoxin-Dependent Glutamine-Oxoghitarate
Amidotransferase (Fd-GOGAT), acting as electron donor in
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glutamate metabolism (e et al, 2010). The evidence here
reported highlight an interconnectivity between the redox and
DIDE pathways created by 2 network of miRMNAs Further
studies aimed at clarifying these complex regulatory networks
are strongly encouraged.
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Plant miRNA Cross-Kingdom
Transfer Targeting Parasitic and
Mutualistic Organisms as a Tool to
Advance Modern Agriculture

Carla Gualtieri”, Pacla Leonati® and Anca Macove '™
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MicroRNAs (miRMAs), defined as small non-coding FMA molecuies, are fine equistors of
gens expresson. In plants, miAMNAz ars welkbnown for mguisting processes apanming
fom el development to biotic and asbiotic s¥ress responsss. Recardy, miBMAs hawe
been imvesigated for their potential transfer o distantly related organiams whers ey may
exart regulaony unctionsin a cross-Hdngdom fshion. Cross-kingdom miRNA transfa has
been obsered in host-pathogen reletions 2= wel as symibiotic or muiuslistic reetions. A
thess can haes important implications a5 plant miRNAs can be esploied o inhikst
pathogen deselopment or &d muiuslisiic reltions. Simiardy, mBNAs fom eulanoic
organiams can be ransfemed D plants, thus suppressing host immunity. Ths two-way
lane could have a dgrificant mpact on understanding inter-species relafons and, mors
importantly, could leversge miRMNA-based technologies for agricuitural practices.
Additionally, artificial mBMNAs (amiRNAs) producad by enginesred plants can be
transfemed to plant-fesding organiams in order to specifically reguiste their cross-
kingdom target genes. This miniresdew provides a bref overdew of cross-kdngdom
pant miRNA fransfer, focusing on paradtc and mutusisic reletions that can have an
impact on agrcufturd practices and discusses some opportunifes rdated fo miRNA-
based technoiogies. Although promising, miRMA cross-kingdom fransfer remains a
deinated argument. Seversl mechanstc agpects, such a3 the avaishilty, transkr, and
umtake of mBMAz, a5 well a3 ther potantial to alter gene expression in a cross-Hngdom
manner, reman to be addressed.

INTRODUCTION

Plants have evolved sophisticated mechanisms to adapt to envimnmental changes and to inemct
with different arganisms. Many of these strategies are based onthe adivation and repression of large
sets of genes, and miRMA s are important regulatnr molecul s in this scenario. They may he induced
ar repressed i subsequently regulate the expression of trget genes thmugh post-tanscrptional
silencing ar transhitional inhibition of their mBNA targets. MicroRMAs are definal a5 small,
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non-coding, single-standed RMAs acting as regulators of
multiple hidogial md physiological proesses. In plants, theses
small malecules derive from stem-loop precursom that are
processed through a Dicer-like (DCL) enzyme and loaded, in
association to Argonaute {AGO) proteins, into the RMNA -induced
sil encing aymplex (RT50) that serve to direct them i ther target
site where cleavage of mBMNAs or inhibition of tanshtion
happens (Jones-Rhoades & al, 2006

Nowadays, miRMAs are starting to be envisioned for their
ahility to move not only within an organism, but abo across
kingdoms and influene gene expression in evolutionary distant
arganisms {Lahionte o al, 2012; Cheng et al, 20 1% Shahid et al,
2018 Fhang etal . 2019%). The presence of 2 methyl gmoup anthe
ribise of the last nucleatide together with the association with
RMA binding proteins and packing into exosomes may
cantribute to the stahility and tramsfer of plant miENAs aooss
kingdoms (Valadi et al, 2007; Thao et al, 2012} The miRWA
crss-kingdom transier may e fivared by the mnserved features
of the BNA silendng machinery among eularymes, though
tamom-spedfic variations exist Such differences are mainly
related to the ahility of organisms to incorpomte RNA
mlecul s, systematically tansmit the BENA sigmls 1o other
timsues and to the magnitude and dumtion of the RNA
sllencing, response (Winston o al., 2007; Shamnon et al, 2008;
Wang et al, 2015; Wang et al, 201 6). Most emmples of miRNA
cross-kingdom transfer come from plant- pathogen) pa rasite
interactions (Zhang =t al. 2016; Wang = al, 3017z Thang
etal., 201%). The cross-kingdom transfer of endogenous plant
miENAs to pathogens or pamsites may inhibit their invasive
powers while the miRNA transfer from pamsific sukaryotes o
plants may suppress the immunity of the host plants In the case
of symbiotic/mutmlistic rebtions, the miRNA transfer from
plnt may influence essential processes such as growth and
development (Zhy etal, 20171

Understading the complex netwark of interactions between
plnts and eularyotic organisms and the tanslation of these
information from the bench to the field can pave the way for the
develppment of new technologies. In view of this, miBMA- hased
strategies exploiting the potential of plant miRNAs to move
acroes kingdoms and silence spedfic geness in distantly reated
arganisms, are gaining gound The wse of artificial miRNAs
(amiRMNAs) can be regarded as wvaluable tools that can
complernent the already existing techmologies to fae the global
climate changes and associsted agriculiural challenges (Chen
etal, 2015 Mitter & al, 2016}

The current minireview focuses on the htest indbrmation
related to cross-kingdom miBNA addressing plant-pamasite/

mutmlistic relations. Specific examples of cross-kingdom
transferring plant miBNAs and potentia gene tigeting are
provided and their potential implication in improving
agricutural practices are discssed Since this is still a highly
dehated topic where both positive and negative resuls are
available with regard i plant miBMNA stability, abundance, and
eprecially cmss-kingdom trgeting ahility, several open questions are

PLANT-PARASITE MIRNAS CROSS-
KINGDOM TRANSFER: ALTERNATIVE
TOOLS TO FIGHT PLANT PESTS AND
DISEASES

Amang plnt diseases, agricultural crop infection by fingal
and chemical sprays, these have negative impects on human health
and surmumding envimmment (Almeida o al, 2019) The croes-
kingdom miR MAs delivery betwesn plants and fungi may represent
ahernative, envimmmental-frimdly appmaches o fight fungal
disemses and conder crop protection (Wang et al, 2016) To date,
miRMAs have heen oleervad o mow in a2 goss-kingdom mammer
from plants o fungi and vicee versa (Table 1) An eample of plmt
miRNA transder 1o pathogenic fingi is constituied by mik 159 and
miR 166 from @ton {(ossypien hiseaem), shown i confer
resistance to Veridloom dahlia (Thang et al, 2016) These
miRNAs, found in fungd hyphee isdated from infeced mitan
tissues, were predicied to hit the vimulence related proteins Fi(:-15
{isotrichodermin €15 hydrorylase) and Clpe1 {(C2™ dependent
cysteine protemse). The targets were validated by tansienty
erpressing miFN A resistant FiC15 and Cpl in toheem and V.
dahliae. Subsequent analysis of V. dahlias mutants mmhimmed that
the trgeted fimgal genes had an importat mole o ply during
fungal virdene and that they were spedfially tmgeed by the
miBNAs exparted from the infeced cotton plnts to achieve
silncing, hence conferring resistmce to the fungal mthogen
(Thang et o, 2016} An example of fungal miBNA delivery
host plants is the case of 2 novel miRMA -like BN A fom Pueotima
strigformis £ s erificd (Fr), the ment cusing the wheat sripe rust
disense, ahle i act & apathogen dfecior and suppres wheat innate
immunity (Wang = al, 20172). Pst-miR], identified by high-
throughput malysis of Pst sRNA limary, vwes pradided o taget
the [i-1,3-gluanmxe SMA18 (pathogenesis-related 2) gene in wheat

TABLE 1 | Esampkas o diods- Mg mifthe mans b rakatad oo fart pand 1o and mutskade raton.

Dncsei Rzl el e HA Target (% = Rl & eiecats

O Mkt wrm W cha i Pt miR S RS Fangal wiuking Tharget d, I8
miR s Cip-d

P sl il vl T i Pt ezl SMERE Ininase imimuniy Wang o al . 0TTa

A ealiares P el Pt iR S BiREF P chavsiopmant Thargget d, 2008
roval -TOE-Ep 222"
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argeted by Pst-milR1.

When mnsidering insect pests, the cross -kingdom tansfer of
miBMAs has heen investigated for its communication role
bhetween plants and plant-feeding insects, such as Phetella
xplostdla (diamondback or cabbage moth) (Thang et al,
01%). RNA sequendng analysis has evidencal the presence
of 39 plant miRNAs in the math hemalymph. The plnt-derived
miR15%, miR 166 3p, and the novel-7703 -5p were predictad o
influence cellubar and metabolic promsses in P xplostella
thmugh binding and suppresing BIHSPI, BJHSP? (basic
juvenile hommone-suppressible protein 1 and 2), and PPO2
(polyphenal oxidase subumit 2) genes QRT-PCR analyses
carried out following treatment with the specific miRNA
agomir sequences, demonstrated the downregulation of the
predided argets wheres a hdlermse asay proved the hinding
to their respective targets. Further insect development studies
revealed that revtments with agomir-7703-5p resubtal in the
development of abnormal pume and deresed adult emergence
rates {Zhang e al, 2019}

Orther examples focumeal on showing the presence of plant-
derived miR M As in insect pests. For instance, Zhang et al (2012)
investigated this aspect in several Lepidoptera and Coleopiema
spedes subjected to mntrolled feeding experiments. This study
focused on determining the presence of conserved miR 168
sequences in insects by means of northern blot and deep
s=quencing; while northemn blot analyses were mnegative, the
desp sequencing data revealsd the presence of miR168 in
maderate quantitiss. Henee, the authors discuss the possibility
of mmple @mntamination evidencing the existence of some
artefacts during sequencing dat analysis (Zhang & al, 2012}
Deep sequendng was used to reveal plant miFNAs in cereal
aphids {Schizaphis gramimum, Sipha flava) @using serious loses
in sorghum (Sorghum bicalor) and switchgrass (Panicum
virpatum) crops (Wang et al, 2017b). Thirteen sorghum
miRMAs and three bardey miRNAs were detected and
predicted to target aphid genes playing importint moles in
detaxification, starch and suoose metabolism

MiBMA croes-kingdom transier probably accurs also during
the interplay between plants and parasitic nematodes
bhpmmmtn-du:l {Jaubert-Possamai et al, 2019} Plmt-
pamsitic nematodes are responsible for considerable crop
losses worldwide. Understanding how plnts respond 1o thess
arganisms is neessary to bridge the gap beween agricutunl
produdion and the growing fod demand. Most of the scientific
literature an gene silendng mechanisms comes from nemaindes,
specfially from Casnorabditis degans. However, thae studies
mastly focus on the ability to uptake double stand FNAs
(dsBMAs) from the emvionment (Humg et al, 2006 Tian
etal, 2019) mther than on the cross-kingdom transier of plant
miFMAs May studies have investigated the involvement of
plant miFM As mad ther comesponded gene targets in response
tophytonematodes infection (Hewes et al, 2008 Li et al, 2012;
Lei e al, 2019; Pan et al, 2019). Transcripomic analyses
evidenced extensive reprogramming of gene exp at the
Mnahdghed.‘htgsitﬂ,mndﬂa‘bdbyphtmﬁmﬁs als0, some

conserved miRMAs were shown to have analogous roles in
feeding site formation in different plant species (Jaubert
Possamad et al, 2019)

The cited examples depict 2 promising research area
Undemstanding the complex interactions between host plants
and perasitic arganisms would pave the way for the development
of new technologies for a mare sustainable antral of plant pests
and disenses.

MIRNAS CROSS-KINGDOM TRANSFER IN
PLANT MUTUALISTIC INTERACTIONS

Several studies on mutualistic rdations have regarded many
mikMAs tamget processes related to hormone-responsive
pathways and innate immune fundion (Formey et al, 2014
W et al_, 2016 ). The majarity of these processes cormespand i
turning off defense pathways that would otherwise block fungal
ar hacterial proliferation within plant tissues (Plett and Martin,
M018) In a recent study, Sihvestri et al (2019) have looked ini
the symbimis between the arbuscular mycorthiza (AM)
Rhizophagus irgularis and the model legume Medicago
truncatula, showing the presence of fungal micraRMA- like
sequences patentially ahle to target phnt tensoips. The
silicn analysis, verified through 2 degradome analysis, prediced
mare than 200 plant genes as putative tagets of spedfic fungal
sRMAs and miFMAs, many of which had specific mles in AM
symhbiosis For nstunee, three miRNA-like sequences (Rir-
miRNA ke 341, 342 and 828) shown to be wpermulaed in
the intraradical phase were suggested to be respomible for the
regulation of AMF genes requirad to manipulate fungal or host
plant gene expression. The predicted target genes encode for a
TYHHC -type zin finger protein (AES59413), intsgral membrane
family protein (AES9131), and carhoxy-terminal region
remarn [AESS1A67L

In recent years, evidence that plant miRMA s target genes ina
trans-kingdom fashion in pollinator insects is steadily
acomulating Currendy availahle studies repart pre- eminenty
an dietary intake of plnt miRN As by honey bees {Apis melljra)
(Ashby e al_, 2016; Gismondi et 2l , 2017; Zhu et al, 20171 The
plant pollinainr rebtionship is prtly mutalistic mnsidering the
nuirients intzke in exchange for the pollination service that
enahles plant reproduction. The presence of plant miRNAs in
honey was reportal by Gismond and collegues (2017) who
detected and quantified severa] miBN As bdanging to mnserved
families (miR482h, miR156a, miR3%c, miR1712, miR&5E,
miRl62a, miR15%, mif¥ 5, mik2l 15) in diferent types of
honey. The authomn found that the most entiched in plant-
miRMAs was the honey obtained from sweet chestnut
(Castanea sativa) flowers. In bees, the disary intake of pollen-
derived miRl6i2a was proven to regulate caste development at
larval stage (Zhu et al, 2017 It was shown that miRt 162a targets
TR (target of mpamycin) mBMA downregulating its expression
at the post-transcriptional level. Interestingly, this mechanism
mmmhmhwihmwm{m
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MNimethelems, contrasting results are also reported. Although
Masood et al | 2016) ohserved acurmbtion of plnt miRMNAs
afer pollen ingestion in adult bees, they did not find any
evidence of hiologially relevant mls of these phnt miRNAs
in hees Likewise, sxpression analysis of pollen-derived miRMAs
ingested by bes, revenlad the atwence of substantial uptke and
systemic delivery of miR 156, highly expressed in bee bread and
haney (Snow et al, 2003L In a different system, sillworm
{Boambyx mori) and mulberry (Mones spp.) wa used as modd
to study the proposed miR W A-mediated crosstalk hetween plants
and insects (Jia & al, 2015). Sanger sequencing and digital PCE
demanstrated the presence of mulberry-derived miFMAs in
silkworm tissues while the administration of synthetic
miR166h did not influence silkworm physiologial progress.

CROSS-KINGDOM TRANSFER OF
AMIRMAS FOR AGRICULTURAL
PURPOSES

The Inowledge acquired an endogenous miBNAs as regulatons
of gene fundions within and among organisms led reserchens o
develop increasingly sophisticated agricultural technologies
based on miBNAs Among these, the amiBNA (artificial
miBMA) strategy was developed to produce spedfic miRMAs
that can effectively silence designated genes. (Zhang et al, 2018).
e of the main characteristics of amiFMAs is the mnserved
secandary foldhack structure that has i he similar to that of a
typial pre miBNA In this @se the orginal structure of the
miRMA-5pmiRNA-3p sequence will be replaced by an
engineeral miBMA targeting a designated mRMA, and the
mast preferred structures are those existing in conserved
miBMA Bmilis. In this way, amiFNAs can be engineered o
target any mBNA with higher specificity compared to other
strategies like dsRNA overexpression or SENA acmmulation.
Since pre-amiBMNA processing results in a2 single amiBENA
targeting a designated sequence, this eliminates the off -target
eflects and the production of secondary siRNAs is quite hmited
(Manavella et al, 2012 A highly relevant attribute for
agricultural purposes is the fact that amiBNAs are stable and
inheritable. Mareover, the amiRNA-mediated silencing is
believed to pose less problems regarding bio-safety and
environmental security with nespect to other straegies (Lin
and Chen, 2010 Toppino et al, 2011), due o the small size of
the inserts and redued probahilities for horiontal transfer.
Agide the study of gene hmctionality (Schwab et al, 2006;
Warthmann et al, 2008), amiRNA technology has been

applied to knock out genes from insect pests, nematodes,
viruses, and other phyiopathogens (Miu et al., 2006 Fzhim
etal, M1% Guo e al, 2014; Kis et al, 2016 Wagaba st al, 2016)

Several pre-miRMNAs have been used as backbones to
mynthesize artificial miRMA s in engineered plants with the aim
ta control agriculural pests (Table 2. This sttegy is hased on
the pmsibility of miRMAs o be trnsfermed thmugh diet aooms
lingdoms and the ahility of these small molecules to exercise ther
bicdogical activity in recipient oganisms. Indeed, the miBNAs in
the tansgenic plant may be tken up by plant feding organisms
and then suppress selected genes swch as those related to
metahalism, development but also i pthogensis/parasitism by
exploiting the endogenous silencing machinery of the plant
feeding organism. Essential genes either involed in pathogen
metahalism, or @using resistnce to plant toxins, or encoding
eflectars invoheed in pathogenicity, have been mmnsidered as
potential targets. For imstance, enhanced resistance to the aphid
amifMA s trgeting the MpAChE? (aphid acetylcholinesterase 2)
gene (Guo et al, 2014} The AChE gene enmdes for hydmolase
emyme that hydmolses the neurotmnsmitter acetylcholine and
plays vital rles in imect growth and development (Kumar et al,
HE) In a recent investigation, amiRMA-based technology
targeting AChE was alo applial by Saini and co-workers
(2018) 10 dedeat Heiooverpa anmigera. They demonstrated that
the silencing of Hadcel gene by host-delivered amiBMNAs
disrupted growth and development in the pohphagows insed.
Ancther erample relates o the use of amiR-24 targeting the ¥'-
UTR of the chitinase gene. Transgenic tobacco plants producing
amiR-24 were fal H armigrra caterpillass, resulting in deayad
molting and enhanced lethality (Agrawal et al, 20151 In a
different study, amiR15 was used to design transgenic rice
plants resistant to the stripal stem borer, Chilo suppressalis
{Jiang =t al, 2016). The amtR15, design stiring from the insect
spedtic miBMA, CoermiR-15 tagets the CsSpo (Cytochmome
P450 307al) and CFcR (Ealysone recepinr) genes involved in
the ealysone signaling pathway. Feeding trials carriad 0wt wming
the tansgenic miR-15 rice resubed into incressal morklity and
develnpmental defects in the targeted insect pest The efec of
amiR MA 5 was studied also an the Avra gene, the target tanscript
of Phywophtora infstans. AmiB N As targeting different regions of
the Avria gene imparted moderate type of lae hlight resistance
into two tanskrmed Indian potatn cohivans (Thalur = al, 201 5L

AmiRMA ddivery may be considered as a species-specific
pesticide and as a potential and powerful ahemative i the
chemical strategies used so far. This miRMA -hased technology
may he considerad a5 an alemative method for intragenic aop

TABLE 2 | Bamphas o oces- Hingcbim: ranatr of ardfidal migofils (amiiis) froam managan o phints oo i mn fecia pahogarspansion

s pllari Par®rosge rufar aiite Targei Fureton Reterere

M. ke W parsicag MpAhER SyA C T G o al, Tow
R H i Hadcad Sy C AT Saini gt al, 018
LT H ammipaa Lert i i st Ao o, S0AS
0L e S apyreasail CaSpo CREA Emnbryonic chvalopimet Jang o al, 2018
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enginesring @using less public concern. Far beneficial insects,
such as honey bess, amiRNA-hasad technology may be used o
counteract virus indections by feeding them in Lrge field
treatment with amiBM As able to redue the expression of viral
genes. Apert from transgenic plnts permanently expressing
amiRMAs, amiBMAs sprayed onto lesves in anjundion with
miRNAs enriched soil can minimize pest damages (Cagliar
etal, 2019

CONCLUSIONS AND FUTURE
PERSPECTIVES

Plnt mthagens place 2 ghohal burden on majar crops being
respansible for reduced crop yiekds with great repercussions on
fond production and fod security (Savary et al, 2019 Omn the
has the potential to better assist sustainahle agricultural practices
{Duhame] and Vandenkoorshuyse, 20130

As shown in the presented emmples, ndestinding the
miENA cross-kingdom transfer and mode of adion could
contribute to derese the pathogenicity of fimgi and pets,
hence promating hetter plant produdivity. In the cxe of imects
(pests or pallinators), administration of plant miBNAs (through
Fensic enginesring, nannparticles, ar spraying) may adivdy
contribue o popubtion control, reducing the prevalence of
pets while enhancing the prepanderance of pollinatom. In this
context, resmrches coukd be envisioned to grasp on how plant
miRMNA trams-kingdom regul mmldhetundbmﬂm
extinction of hess, as vmﬂnphﬁudm the studies
their invo in cast development (Zh et al, 2017} Bat, 1o
progress this debatel fidd many questions still need 1o be
addressed md many additional seps must be taken to ducidae
In this highly-technological era, the rapid progress of
bisinformatics studies and tooks to predict cross-kingdam
miRMA trgets (Mal et al. 2015 Bdlato et al, 2019) sets the
stage to advance new hypothesis to be subsequently
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Oxidative Stress and Antioxidant )
Defence in Fabaceae Plants Under Check for

Abiotic Stresses

Carla Gualtieri, Andrea Pagano, Anca Macovei, and Alma Balestrazzi

Abstract Legumes, grown worldwide under various climate conditions, are strongly
appreciated for their nutritional value and impact in terms of environmental benefits
and enhanced sustainability. Several environmental and anthropogenic factors can
affect legume crop productivity, among which are the deleterious abiotic stresses,
namely drought, salinity, temperature, heavy metals. Different abiotic stresses impair
legume growth and performance by triggering a common scenario within the cell
that is extensive oxidative damage. Thus, a better understanding of the molecular
mechanisms underlying the oxidative stress response in legumes will lead to inno-
vative agronomic and scientific developments, promoting the future competitiveness
of the system. The chapter will present and discuss the state of the art concerning the
hallmarks of oxidative damage and plant antioxidant response as well as the impact
of oxidative injury on genome integrity. The focus will be on the DNA damage
response and the way plants use this complex molecular network to cope with stress.
Besides dissecting the cellular mechanisms, an in-depth evaluation of the several
environmental and anthropogenic factors that are stress determinants is provided. In
this context, the role of emerging players as miRNAs will be discussed. This chapter
provides new insights on legume profiles of antioxidant stress response resulting
from ‘omics’, covering issues of model legumes versus legume crops.

1 Hallmarks of Oxidative Damage

The evolution of photosynthesis has led to substantial changes in the composition of
the Earth’s atmosphere since carbon dioxide was progressively replaced by oxygen.
The new living organisms were able to adapt to oxygen and its reduction intermedi-
ates, the cytotoxic reactive oxygen species (ROS), through the parallel evolution of
antioxidant defence mechanisms that carefully regulate ROS levels within the cell
(Apel and Hirt 2004; Gutteridge and Halliwell 2018; Xie et al. 2019). Oxidative
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stress is a complex array of chemical and physiological events associated with all
the different types of biotic (pathogen infection) and abiotic stresses (e.g. drought,
salinity, extreme temperature, metal toxicity) that higher plants face during their life
cycle (Xie et al. 2019). This condition results from the ROS overproduction and
accumulation and compromises crop yields (Moller et al. 2007: Farooq et al. 2009;
Challinor et al. 2014: Zorb et al. 2019).

Oxidative stress impacts the agronomic performance of grain legume crops that
represent a fundamental source of dietary protein and essential mineral nutrients, par-
ticularly in the developing countries (Zhu et al. 2005; Bohra and Singh 2015; Bohra
et al. 2015; Considine et al. 2017). In the context of global climate changes, adverse
environmental conditions combined with improper agricultural land management are
expected to challenge the global productivity of grain legume crops, thus limiting
their benefits to soil fertility as well as their essential role in the cereal-legume-based
cropping systems (Foyer et al. 2016; Considine et al. 2017).

Free radical species as O;~ (superoxide radical), OH (hydroxyl radi-
cal), HOs(perhydroxyl radical) and non-radical molecules (H2O.. hydrogen
peroxide;' O, singlet oxygen) drive oxidative stress { Apel and Hirt 2004). The main
sites of ROS production within the plant cell, in the presence of light, are chloro-
plasts and peroxisomes, whereas mitochondria represent the predominant source
in the dark (Xia et al. 2015: Corpas et al. 2015). Other sites of ROS production
have been identified. e.g. the plasma membrane where this event is mediated by
the NADPH-dependent oxidase (Sharma et al. 2012), the endoplasmic reticulum
(with the involvement of cytochrome P450) (Mittler 2002) and the apoplast (Hu
et al. 2006). Excessive ROS levels cause oxidative injury to membrane lipids, pro-
teins and nucleic acids, impairing the cell structure and metabolism, and ultimately
lead to programmed cell death (Mittler and Blumwald 2015). Thus, the balance
between ROS accumulation and scavenging is a critical parameter for plant survival
and growth under environmental stress conditions. The hallmarks of oxidative stress
damage can be precisely identified through the biochemical and molecular profiles
of specific cellular components.

1.1 Lipid Peroxidation

At the level of cellular membranes, lipid peroxidation occurs when highly reactive
ROS, such as hydroxyl radicals and singlet oxygen, abstract a hydrogen atom from
polyunsaturated fatty acids to form lipid hydroperoxides. The latter are unstable and
decompose to generate reactive aldehydes and ketones. Malondialdehyde (MDA is
a breakdown product of polyunsaturated fatty acid, and the MDA levels are regarded
as a quantitative hallmark of lipid peroxidation induced by oxidative damage (Moller
et al. 2007). Membrane lipids are sensitive targets, and the extent of ROS attack can
be measured under adverse environmental conditions.

Lipid peroxidation is a reliable indicator of cell membrane damage. reported
in several studies focused on the response to drought and heat stresses in alfalfa
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(Medicago sativa L.) (Naya et al. 2007; Wang et al. 2009), white clover (Trifolium
repens L.) (Lee et al. 2007), cowpea (Vigna unguiculafa L.) (Nair et al. 2008) and
Lotus japonicus L. (Sainz et al. 2010). Lipid peroxidation has been reported as one
of the parameters used to assess the degree of oxidative damage triggered by heavy
metals, as in the case of exposure to lead in pea (Pisum safivum L.) plants (Dias
et al. 2019). MDA was also used as oxidative stress marker to monitor the response
of chickpea (Cicer ariefinum L.) roots to cadmium (Kar 2018). On the other hand.,
stress-tolerant genotypes can be selected, based on their ability to maintain low levels
of lipid peroxidation, as reported for the drought-tolerant alfalfa varieties (Zhang et al.
2019). Similarly, lipid peroxidation has been used as hallmark to test the impact of
salt stress on the Medicago fruncatula L.-Sinorhizobium meliloti symbiosis and to
evaluate the protective role of pre-treatments with the polyamines spermine and
spermidine (Lopez-Gomez et al. 2017).

Another interesting use of this oxidative stress marker has been described in the
context of seed germination. Doria et al. (2019) recently provided MDA profiles
during the early step of water up-take by M. fruncatula seeds in order to assess the
impact of imbibitional damage on the lipid membranes. Lipid peroxidation helps the
evaluation of an effective seed priming, the pre-sown treatment used by seed technol-
ogists to improve seed vigour (Bailly et al. 2000; Paparella et al. 20135). Polyamines
are valuable priming agents, which are able to accelerate and increase germination
of white clover seeds (Li et al. 2014). The treatment with polyamines triggered the
pre-germinative metabolism, enhancing the antioxidant defence. Exogenous spermi-
dine was able to improve the seed tolerance to water deficit during germination. and
this was evidenced by the lower lipid peroxidation levels detected, compared to the
untreated samples (Li et al. 2014).

1.2 Protein Oxidation

The irreversible protein oxidation is a major event that regulates the protein biologi-
cal function and fate (Oracz et al. 2007). When free Fe** or Cu* react with hydrogen
peroxide, the resulting metal-catalysed oxidation generates highly reactive hydroxyl
radicals (Fenton reaction; Halliwell 2006) that, in turn, oxidise amino acids. Protein
carbonylation is induced through the interaction with reactive aldehydes generated
by cell membrane lipid peroxides (Moller et al. 2011; Fedorova et al. 2014). Glyca-
tion represents a different type of oxidative post-translational modification, caused
by the reaction of lysine and arginine residues with reducing sugars or their oxi-
dation products. Legume root nodules contain high levels of Fe-proteins (nitroge-
nase, cytochromes and leghemoglobin) that can easily undergo oxidation (Becana
et al. 2000). The occurrence of these oxidative post-translational modifications has
been investigated in bean (Phaseolus vulgaris L.) nodule proteins (Matamoros et al.
2018). Metal-catalysed oxidation of amino acids led to malate dehydrogenase inac-
tivation and leghemoglobin aggregation. The glycated proteins identified included
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the key nodule enzymes sucrose synthase, glutamine synthetase and glutamate syn-
thase (Matamoros et al. 2018). Patterns of carbonylated proteins in maturing seeds of
Medicago fruncatula reported by Satour et al. (2018) revealed a correlation between
carbonylation levels and seed deterioration.

2 The Plant Antioxidant Response

Plants have evolved highly complex defence mechanisms to limit the distructive
effects of ROS. Such mechanisms contribute to the cellular redox homoeostasis
through enzymatic and non-enzymatic antioxidants. The coordinated action of these
players improves the cell ability to detoxify ROS, thus providing protection against
oxidative damage (Mittler 2002; Gill and Tuteja 2010; Sharma et al. 2012).

The antioxidant enzymes mostly investigated include SOD (superoxide dismu-
tase) which is able to catalyse the dismutation of 0O radicals into 07 and H20s.
Depending on the metal cofactor required to activate the catalytic site, they are classi-
fied as MnSODs, FeSODs and CuZnSODs. These classes can be distinguished based
on different molecular features (e.g. their sensitivity to inhibitors) and subcellular
locations. SOD isoforms are found in legume nodules where they play an essential
role in removing the O? radicals released from the oxidation of legemoglobin, as
shown for alfalfa MnSOD (Becana and Salin 1989} and soybean CuZnSOD (Puppo
etal. 1982). The FeSOD isozyme has been identified first in cowpea nodules (Becana
etal. 1989) and then in alfalfa, common bean and mung bean nodules (Becana et al.
2000). The tetrameric hemoproteins catalases are found as multiple isozymes, mainly
located in peroxisomes and glyoxysomes (Scandalios etal. 1997). Catalase is located
in the peroxisomes of determinate nodules, where it removes H;O, generated by
uricase and other oxidases (Kaneko and Newcomb 1987).

All the components of the ascorbate-gluthatione (AsA-GSH) cycle (Noctor and
Foyer 1998; Asada 1999) are found in the cytosol of nodule cells (Dalton et al.
1986, 1992, 1993a, b; Dalton 1995). The AsA-GSH cycle includes four enzymes,
namely ascorbate peroxidase (APX). monodehydroascorbate reductase (MDAR),
dehydroascorbate reductase (DHAR) and glutathione reductase (GR) that act as a
highly effective H20; detoxification route (Sofo et al. 2010). Non-enzymatic antiox-
idants consist of major cellular redox buffers, such as AsA, GSH., flavonoids, toco-
pherols, tocotrienols, carotenoids and alkaloids. AsA participates in several processes
of plant growth and development (Noctor and Foyer 1998) and is found in legume
nodules where it removes ROS (Matamoros et al. 1999). The thiol tripeptide GSH is
a ROS scavenger, participating in the AsA-GSH cycle for H2O; removal in chloro-
plasts and nodule cytosol (Dalton 1995), as well as in sulphur transport and storage.
stress tolerance and heavy metal detoxification (Noctor and Foyer 1998). The leaves,
roots and seeds of some legumes contain homoglutathione (hGSH) instead of or
in addition to GSH (Klapheck et al. 1988). The relative abundance of GSH and
hGSH in different legume tissues and species is determined by the corresponding
thiol tripeptide synthetases. GSH and hGSH play protective roles during N3 fixation
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(Matamoros et al. 1999). Nodules possess other compounds with antioxidant prop-
erties, e.g. soybean nodules contain w-tocopherol (Evans et al. 1999). Polyamines
are organic polycations involved in plant growth, but they are also powerful ROS
scavengers (Fujihara et al. 1994). Uric acid, another potent antioxidant compound.
is an intermediate of purine degradation and ureide synthesis found in peroxisomes
(del Rio et al. 1998). Flavonoids and other phenolics are abundant in nodules, where
they can inhibit lipid peroxidation by intercepting the peroxyl radicals formed in
nodule membranes (Moran et al. 1997).

The antioxidant defence is essential for legume seed viability and successful
germination under stress conditions, as reported in M. fruncatula (Macovei et al.
2011a). The free radical scavenging activity of M. fruncafula seeds was significantly
higher at four and eight hours following rehydration, in presence and absence of PEG
(polyethylene glycol)-mediated osmotic stress (Macovei et al. 2011a). APX and SOD
genes, encoding cytosolic ascorbate peroxidise and superoxide dismutase, were up-
regulated in M. fruncatula seeds, as part of the antioxidant response (Balestrazzi et al.
2011a, b; Macovei et al. 2010, 2011b). The role played by antioxidant mechanisms
in the response to specific abiotic stresses, namely drought stress, soil salinity, heat
stress and heavy metal toxicity, will be described with more details in Paragraph 9.4.

3 Oxidative Injury and Genome Integrity: The DNA
Damage Response

The integrity of genetic information is compromised under severe stress conditions
that trigger oxidative DNA damage and impair genome stability. This results into
reduced plant growth and crop productivity. To overcome genotoxic injury, plants
have evolved an efficient repair machinery that responds to damage perception and
signaling networks, the so-called DNA damage response (DDR) (Yoshiyama et al.
2013; Nikitaki et al. 2018). DDR has been mainly investigated in the model plant
Arabidopsis. however, in recent years, M. fruncatula has become a versatile system
for the study of DNA damage sensing and repair, particularly, in relation to seed ger-
mination and seed quality issues (Pagano et al. 2017, 2019 and 2020), and hopefully.
this knowledge will be translated to the most relevant legume crops (Parreira et al.
2018).

Macovei et al. (2011a) reported on the involvement of the M. fruncatu-
laOGG] (8-oxoguanine DNA glycosylase/lyase) and FPG (formamidopyrimidine-
DNAglycosylase) genes in the seed repair response, as part of the base-excision repair
(BER) pathway (David etal. 2007). In M. fruncatula, the MtOGG I and MtFPG genes
were up-regulated during seed imbibition, with a peak at the timepoint of rehydra-
tion in which the highest levels of oxidative DNA damage, measured in terms of
8-oxoguanine accumulation, were recorded (Balestrazzi et al. 2011b). The contri-
bution of nucleotide excision repair (NER) pathway to genome maintenance during
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M. truncatula seed imbibition has been highlighted as well (Macovei et al. 2010,
2011b).

To date, M. truncatula is the plant system mostly used for the study of tyrosyl-
DNA phosphodiesterases (TDPs) (Macovei et al. 2018a, b; Confalonieri et al. 2013;
Fag et al. 2014; Sabatini et al. 2015, 2017; Araujo et al. 2016). The Tdp1 and Tdp2
DNA repair enzymes are involved in the processing of a wide range of 5"-and 3"-end
blocking DNA lesions, among which the cytotoxicstabilised topoisomerase/DNA
covalent complexes (Pommier et al. 2014). Differently from animals where Tdp1
is encoded by a single copy gene, plants possess a small Tdp/ gene family, first
identified in M. fruncatula by Macovei et al. (2010). Both the Tdp/a and Tdplfg
genes were up-regulated during seed imbibition, and in planta. in response to osmotic
and heavy metal stress (Macovei et al. 2010). The involvement of plant Tdp/ genes in
the complex DDR response of M. truncatula cells has been evidenced using ionising
radiation (Dona et al. 2014), antisense strategy and RNA-Seq-based analysis (Doni
etal.2013,2017; Sabatini etal. 2015). Transgenic lines over expressing the MiTdp2a
gene revealed enhanced tolerance to genotoxic stress caused by PEG6000 and copper
(Confalonieri et al. 2013; Fag et al. 2014).

The knowledge concerning DNA damage response during seed development is
still scarce. A transcriptomic profiling of the expression of genes related to DNA
damage response/chromatin remodeling mechanisms was performed in P vulgaris
seeds at four distinct developmental stages (Parreira et al. 2018). In late embryogen-
esis, the observed up-regulation of genes related to DNA damage sensing and repair
suggested for a tight control of DNA integrity. At the end of filling and onset of seed
dehydration, the up-regulation of genes involved in sensing of DNA double-strand
breaks indicated that genome integrity is challenged (Parreira et al. 2018).

4 Environmental and Anthropogenic Factors as Stress
Determinants

4.1 Drought Stress

‘Water deficit, the main limiting factor for the successful establishment of crop cul-
tivation, is playing a dramatic role in the current scenario of climate change (Boyer
et al. 2013). Drought stress affects plant growth, reducing crop production, espe-
cially during grain filling and the reproductive phase. The extent of decrease in yield
depends on the intensity and duration of drought stress, crop developmental stage
and genotypic variability. Agricultural forage production requires adequate water
supply. and this is problematic in semi-arid climates where insufficient water sup-
ply severely limits the production of forage legumes (Hopkins and Del Prado 2007
Nadeem et al. 2019a).
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Drought resistance is achieved through reduced water loss combined with a more
efficient water up-take, whereas drought tolerance relies on the action of osmopro-
tection and antioxidant mechanisms (Farooq et al. 2009; Fang and Xiong 2015). One
of the biochemical changes occurring when plants experience these harmful con-
ditions is ROS accumulation that is balanced through the antioxidant mechanisms.
Enhanced antioxidant protection and declined lipid peroxidation are tightly associ-
ated with superior drought tolerance in legumes. Alfalfa avoids drought by reaching
the deep moistured soil (Huang et al. 2018); however, several complex cultivar-
specific morphological, physiological and melecular traits, including a robust antiox-
idant response, generally contribute to alfalfa drought resistance (Wang et al. 2009,
2011: Maghsoodi and Razmjoo 2015: Quan et al. 2016). Under oxidative stress,
antioxidants may increase more during the recovery phase than in the stress phase,
as observed in bean (Yasar et al. 2013), pea (Mittler and Zilinskas 1994; Osman
2015), soybean (Guler and Pehlivan 2016), chickpea (Patel et al. 2011) and cowpea
(Carvalho et al. 2019). In the presence of drought stress, SOD, APX, GR, GST, GPX
and POD activities are increased in resistant cultivars of common bean and horse
gram (Macrotyloma uniflorum L.) (Saglam et al. 2011; Bhardwaj and Yadav 2012).
The response of legumes at the onset of drought can vary; however, the final yield
will significantly be reduced (Nadeem et al. 2019a).

4.2  Soil Salinity

Soil salinity exerts a deleterious impact on crops, including legumes, in terms of
oxidative stress, genotoxicity, ionic imbalance, nutrition deficiency and osmotic
stress (Murillo-Amador et al. 2007; He et al. 2015: Nadeem et al. 2019b). Compo-
sition of legume grains and grain yield is also altered (Manchanda and Garg 2008).
This major constraint to crop production affects about 20% of the total irrigated land
area in the world (FAO). Soil salinity is mainly caused by excess sodium chloride
used for irrigation (Flowers and Flowers 2005).Salinity stress disrupts metabolic
pathways by impairing key enzyme activities, while triggering ROS accumulation.
Salt-tolerant legumes rely on effective antioxidant defence systems to scavenge the
toxic-free radical species (Hernandez et al. 1999: Kukreja et al. 2005 Farooq et al.
2015). Under salinity stress, SOD, MDHAR, DHAR, GR and APX activities are
significantly increased in salt-tolerant pea cultivars (Hernandez et al. 2000) and.
similarly, a salt-tolerant common bean cultivar showed enhanced APX and CAT
activities ( Yasar et al. 2008).

185



List of original manuscripts

490 C. Gualtieri et al.

4.3 Heat Stress

Temperature extremes (heat stress and cold stress) can severely damage crop plants at
all stages of development, resulting in loss of productivity. Legumes, such as chick-
pea. lentil (Lens culinaris L.). mung bean (Vigna radiata L.), soybean and peas,
are characterised by different degrees of sensitivity to high- and low-temperature
stresses, and this compromises their performance at different developmental stages
(germination, seedling emergence, vegetative phase, flowering and pod/seed filling
phase) (HanumanthaRao et al. 2016 Sharma et al. 2016). In the case of mung bean,
it has been reported that each degree rise in temperatures above optimum reduces the
seed yield by 35-40% (Sharma et al. 2016). Increasing atmospheric CO; concentra-
tion along with temperature also limits plant growth, particularly in Cs plant species,
like mung bean (Nair et al. 2008). Heat stress decreases the activity of SOD, CAT
and APX and increases ROS levels and membrane damage in the aerial parts of soy-
bean, chickpea and mung bean plants (Djanaguiraman and Prasad 2010; Kumar et al.
2013; Nahar et al. 2015). Application of exogenous GSH enhanced heat stress toler-
ance in mung bean seedling by modulating antioxidant systems (Nahar et al. 2015).
whereas higher levels of antioxidant metabolites have been detected in heat-tolerant
chickpea and soybean genotypes under heat stress (Kumar et al. 2013; Chebrolu et al.
2016).

4.4 Heavy Metal Stress

Heavy metal environmental pollution has become a serious concern for living organ-
isms and ecosystems. Heavy metals accumulated in soil are difficult to degrade
and remove, and their further accumulation in plant tissues can cause higher plant-
tissue toxicity (Nagajyoti et al. 2010). Heavy metal toxicity significantly affects plant
growth as it suppresses antioxidant enzyme activity (Duan et al. 2018). The use of
forages grown on metal-contaminated soil canincrease the risk of heavy metals enter-
ing the food chain and affecting human health. The response to heavy metals has
been investigated in legumes, highlighting the role of antioxidant players. P. safivum
plants exposed to lead (Pb) in soil showed increased GR, APX and CAT activities
in leaves and roots that were triggered by the phytohormone jasmonic acid (Dias
etal. 2019). Similarly, in chickpea plants exposed to increasing vanadium (V) con-
centrations, the antioxidant enzyme activities (SOD, CAT, POD) were increased in
a dose-dependent manner (Imtiaz et al. 2018).
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5 Novel Players in the Response to Oxidative Stress:
MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNA molecules (21-22 nt) which are
able to regulate gene expression at post-transcriptional level. They can silence the
expression of a specific gene by matching to its messenger RNA (mRNA), triggering
degradation or, in some cases, repressing the translation step (Yu et al. 2017; Tyagi
et al. 2019). miRNAs have been retrieved in several legume species including M.
fruncatula, soybean, chickpea, common bean and L. japonicas (Subramanian et al.
2016; Szittya et al. 2008; Arenas-Huertero et al. 2009; Hu et al. 2013; Zheng et al.
2016: Pan et al. 2016: Wu et al. 2017). In a study performed on drought-sensitive and
drought-tolerant soybean seedlings, Kulcheski et al. (2011) identified 256 miRNAs
among the novel MIRO7 and MIR 11. The relative expression of MIRO7 was increased
under water deficit in both the drought-sensitive and drought-tolerant genotypes. In
contrast, MIR 11 expression showed a genotype-dependent response, being stable in
the tolerant plants. Other soybean miRNAs involved in drought tolerance were also
identified by Zheng et al. (2016). High-throughput sequencing was used by Jatan
et al. (2019) to detect and characterise small RNAs in drought-tolerant chickpea
roots in presence or absence of the rhizobacterium Pseudomonas putida, under water
deficit. This study suggested that bacterial inoculation might play a crucial role in
the modulation of miRNAs and their target genes in response to drought stress (Jatan
et al. 2019). The genotype-dependent response of miRNAs to abiotic stresses was
further assessed by Barrera-Figueroa et al. (2011) who investigated and compared the
impact of water deficit on drought-tolerant and drought-sensitive cowpea cultivars.
MicroRNAs also mediate the response to heat stress, as reported in common bean
(Naya et al. 2014) and alfalfa (Matthews et al. 2019).

Members of the miR 156 family control the Squamosa promoter-binding protein-
like (SPL) genes in the context of plant growth under abiotic stresses. Alfalfa plants
overexpressing miR 156 and RNAi-mediated knockdown of the SPLJ3 gene showed
increased tolerance to heat stress associated with increased non-enzymatic antiox-
idant content (Matthews et al. 2019). A significant improvement in drought toler-
ance was also observed in alfalfa plants overexpressing miR156, concomitant with
enhanced accumulation of proline, abscisic acid and antioxidants (Arshadetal. 2017).

The state of the art related to the miRNA word in legumes is rapidly expanding
and databases resulting from the use of high-throughput technologies which are
continuously enriched with huge amounts of information. The legume miRNAomes
need to be integrated with tissue-specific transcriptomes and proteomes captured in
response to abiotic stresses and/or ameliorating treatments (e.g. priming).
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6 Insights on Legume Profiles of Antioxidant Stress
Response Provided by ‘Omics’

In the last decades, the approaches used to study biological systems and explain their
behaviours have changed. The reductionist vision based on functional biology and
aiming at model simplification is being progressively complemented and substituted
by more holistic views based on system biology and aiming at huge dataset integra-
tion. Key functional and regulatory genes involved in abiotic stress resistance have
been identified using next-generation technologies and related bioinformatic tools
that enable the rapid and cost-effective analysis of whole genomes and transcriptomes
in major crops.

In a recent review, Abdelrahman et al. (2018) provided an exhaustive overview of
the knowledge gained on the molecular mechanisms underlying abiotic stress resis-
tance in legume crops. Microarray-based gene expression analyses were initially
used for transcriptome studies in legumes, as in the case of soybean (Le et al. 2012:
Haet al. 2015; Tripathi etal. 2015; Ramesh et al. 2019), L. japonicus (Asamizu et al.
20035), alfalfa(Gaoetal. 2016), M. fruncafula (Cheung et al. 2006), chickpea (Deokar
et al. 2011) and candidate genes for drought, salinity. cold and heavy metal stress
resistance were identified. Garg et al. (2016) performed a comparative transcriptome
analysis of drought- and salinity-tolerant/sensitive chickpea genotypes in response
to drought or salinity at different developmental stages. The study highlighted the
extensive transcriptional reprogramming occurring in the different chickpea geno-
types, showing enhanced drought sensitivity during the early reproductive stage,
followed by pronounced salt stress sensitivity at the late reproductive stage (Garg
et al. 2016).

High-throughput Illumina Hiseq 2500 sequencing allowed to identify drought-
responsive miRNAs from alfalfa roots and leaves. providing 281 novel, pre-
dicted miRNAs (Li et al. 2017). Based on this study, drought-induced miRNA-
related pathways were established, and the most representative families (miR 166,
miR159, miR482 and miR2118) with regulatory roles in legumes under drought were
assessed (Li et al. 2017). Genome-wide analysis revealed auxin-responsive miRNAs
differentially expressed in soybean roots in response to salt stress (Sun et al. 2016)
as well as miRNAs involved in post-transcriptional regulation of gene expression in
chickpea roots under salt and drought stresses (Khandal et al. 2017).

7 Model Legumes Versus Legume Crops

The choice of a model organism is essential to establish a representative experi-
mental system, and it is functional for the definition of specific timepoints, physio-
logical stages and treatments in which the phenomena of interest are to be studied.
Two legume species in the galegoid clade (cool season legumes), M. fruncatula
and L. japonicus. which belong to the tribes Trifolieae and Loteae, respectively.

188



List of original manuscripts

Onidative Stress and Antioxidant Defence in Fabaceae Plants ... 493

were selected as model systems to investigate legume genomics and biology (Cook
1999; Stougaard 2001). Differently from the major crop legumes, M. fruncatula
and L. japonicus own a small genome, ideal for carrying forward and reverse genetic
analyses and well suited for studying biological issues relevant to crop legumes,
among the abiotic and biotic stress tolerances.

M. truncatula was originally chosen for the study of rhizobia-legume symbiosis
and the molecular genetics of nitrogen fixation in legume root systems (Barker et al.
1990). Subsequently, the interest towards M. fruncatula as a model organism has
progressively increased because of other appealing features. Its phylogenetic rela-
tionship and genetic similarity with other legumes, along with his small sequenced
genome (~500 Mbp) and its diploidy (2n = 16) makes it a suitable model system for
molecular genetics. Furthermore, its autogamy, its short generation time (~3 months)
and its in vitro regenerative capacities add practical advantages to its cultivation, both
in field/greenhouse and in vitro (Frugoli and Harris 2001).

L. japonicus is a perennial temperate pasture species, closely related to birds-
foot trefoil (Lotus corniculatus L.) with features useful for genomics (e.g. a short
life cycle of 2-3 months, self-fertility, diploidy (2n = 12) and a small genome of
472.1 Mb). Although both L. japonicus and M. truncafula belong to the ‘temperate’
or “galegoid’ legume group, L. japonicus forms determinate nodules as observed in
‘tropical” or *phaseoloid’ legumes such as soybean and common bean. L. japonicus
is widely used to study plant-microbe interactions, due to its ability to establish a
range of different types of relationship with symbiotic and pathogenic microorgan-
isms, and it has been demonstrated to be amenable to genetic analyses (Handberg
etal. 1992; Sato and Tabata 2006; Mun et al. 2016).

Efforts and investments made to decipher M. fruncatula and L. japonicus genomics
have brought to significant advances in basic and applied research, facilitating know]-
edge transfer from the best-characterised models to related food and feed legumes
(Zhu et al. 2005). Comparative genome mapping has revealed macrosynteny or the
conserved gene order between species as well as microsynteny (conserved gene
content and order at sequence level over a short, physically defined DNA contig)
(Zhu et al. 2005). The conserved genome structure between M. fruncatula and crop
legumes has allowed for map-based cloning of genes required for nodulation in
crop legumes (Zhu et al. 2005). Similarly, these approaches are currently used to
speed up the identification of stress-tolerant phenotypes and design of new breed-
ing strategies to ameliorate legume crop adaptation to adverse environments. In this
context, a promising, integrated strategy aimed at the identification of stress-tolerant
legume germplasm has been recently described by Menendez et al. (2019). The
link between plant physiology and big data resulting from ‘omics” was examined
in order to highlight the gene-to-metabolite networks involved in the abiotic stress
interactions dealing with the ROS scavengers polyamines. These approaches are
expected to accelerate the identification of stress-tolerant phenotypes and the design
of new biotechnological strategies to increase their yield and adaptation to marginal
environments, making better use of available plant genetic resources.
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8 New Avenues for Improving Abiotic Stress Tolerance
in Legumes

Genome resources (physical maps, functional genomics tools) facilitate the isolation
of key genes contributing to abiotic stress tolerance in several legume species, provid-
ing the opportunity for crop improvement. Thus, biotechnologists and breeders will
be able to target more rapidly and precisely the desired agronomic traits. The molecu-
lar profiling of germplasm collections reflecting the global biodiversity will promote
the discovery of novel players in abiotic stress tolerance that will be included breeding
programs. In this context, the focus is directed towards the *orphan’ or underutilised
legumes, suited to withstand harsh environments (e.g. arid regions) (Cullis et al.
2018). Orphan legumes include groundnut (Arachis hypogaea), grass pea (Lathyrus
sativies), bambara groundnut (Vigna subterranea), cowpea (Vigna unguiculata) and
marama bean (Tvlosema esculenfum). They are staple food crops in many develop-
ing countries, with little economic importance, not extensively improved by breeders
(Foyer et al. 2016); however, these plants have evolved successful survival strategies
using a combination of different traits and responses. To date, orphan legumes rep-
resent a unique source of information for breeders who are looking for traits able to
allow for survival in extreme environments.

Genome editing stands as a powerful tool for legume crop improvement, whose
potential is still underexploited. To date, a few studies are available that describe
the use of CRISPR/Cas9 for editing drought-tolerance-related genes in legumes (Cai
et al. 2015, 2018). The CRISPR-based approach requires a deep characterisation of
the target gene(s). their function and regulatory mechanisms, and this might delay
the use in legume crops that still own limited information on stress-related genes.

Due to their peculiar physiology. legumes are expected to play pivotal roles in
the mitigation of the effects of climate changes as well as in the contribution to
sustainable farming. Their broad genetic diversity will be the source of alleles with
relevance in novel adaptive traits. Researchers from different disciplines in plant
science must integrate their expertise to address the open questions and develop new
tools. Traditional and modern breeding must join their efforts and integrate their tools
in order to accelerate genetic improvement.
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Oxidative Stress and Antioxidant Defense
in Germinating Seeds

A Q&A Session

Andrea Pagano, Chiara Forti, Carla Gualtieri, Alma Balestrazzi, and
Anca Macovei

Department of Biclogy and hnology 'L. Spall i; Ul ity of Pavia, Pavia, italy

11.1 Introduction

Seeds are fundamental from both an ecological and agronomical point of view, as they
represent not only the main propagating vectors but also a highly effective strategy to
survive harsh environmental conditions and allow successful transmission of genetic
information to the next generation (Waterworth et al. 2015). Starting from the
primordial state of development on the parent plant, seeds undergo various types of
endogenous and/or exogenous stresses that may undermine cellular structures/
functions. As a consequence, Reactive oxygen species (ROS), defined as chemically
reactive chemical species containing oxygen, are continually produced during all phases
of seed development, from seed dehydration to storing and germination, posing
different outcomes on seed longevity and quality (Chen et al. 2012). Accumulations of
ROS and NOS (nitrogen oxygen species) in seeds have been well documented in several
species and at different developmental stages. Moreover, the literature listing the roles
of hydroxyl radicals (OH") (Schopfer et al. 2001; Richards et al. 2015; Wang et al. 2018),
hydrogen peroxide (H,O,) (Gidrol et al. 1994; Caliskan and Cuming 1998; Hite et al.
1999; Schopfer et al. 2001; Bailly et al. 2002; Morohashi 2002; Lariguet et al. 2013; Biju
et al. 2017; Ellouzi et al. 2017; Ni et al. 2018), superoxide radicals (O,"") (Gidrol et al.
1994; Schopfer et al. 2001; Chen et al. 2009; Kong et al. 2015), nitric oxide (NO) (Caro
and Puntarulo 1999; Sarath et al. 2007; Wang et al. 2015; Gadelha et al. 2017; Yadu et al.
2017; Mao et al. 2018), and many other reactive molecules in the plant stress response,
is in continuous expansion.

The effects and the roles of reactive radicals on the several aspects of seed physiology
constitute a complex and variegated picture whose comprehension remains fundamental
given the importance of seeds for plant reproduction and human use. These address
ROS activity in various seed developmental stages as well as the implications of

Reactive Oxygen, Nitrogen and Sulfur Species in Plants: Production, Metabolism, Signaling
and Defense Mechanisms, Volume 1, First Edition. Edited by Mirza Hasanuzzaman,
Vasileios Fotopoulos, Kamrun Nahar, and Masayuki Fujita.

© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.

199



List of original manuscripts

268 | Reactive Oxygen, Nitrogen and Sulfur Species in Plants

Maturation
Q Mitochondria Nucleic Acid
electron transfer oxidation
§  Desiccation =
Dormancy / Auto-oxidation
Storage
' 5 Imbibition =
Q Dormancy Mitochondria
release electron transfer Protei
rotein
8 Germination —> ROS —> oxidation
Reservoir
mobilization,
Seeding beta-oxidation 0z~
establishment H,0,
Chloroplast "o
electron Lipid
Water transfer oxidation
content

Figure 11.1 Timing and mechanisms of ROS production in seeds and their main effects on cell
macromolecules.

different molecular players (Figure 11.1). New models, describing ROS not merely as
damaging agents but also as key factors (e.g. signaling molecules) that regulate plant
immunity and development, are emerging (Filippou et al. 2016; Lopez-Cruz et al. 2017;
Pucciariello and Perata 2017). Because of this duality, the presence and diffusion of ROS
throughout the cell compartments have to be spatially and temporally regulated in
order to avoid damage and, in the same time, enable them to fulfill their biological func-
tions (Mittler et al. 2011; Wrzaczek et al. 2013). Indeed, integrative approaches carried
out in the Arabidopsis model system had contributed to the identification of a large set
of genes involved in the regulation of ROS (e.g. production vs scavenging), with more
than 150 genes participating in this “ROS gene network” (Mittler et al. 2004, 2008).

In the present chapter, we propose a Q and A session focusing on fundamental
questions relating ROS to seed germination. The structure of the chapter follows the
‘3 W/3H" approach and hence, concentrates on the following six questions: (i) Where
are the ROS production sites in seeds? (ii) Where does ROS act at a molecular level? (iii)
How do seeds protect themselves from ROS overdose? (iv) How does ROS influence
seed dormancy? (v) How does the crosstalk between ROS and phytohormones
influences seed germination? (vi) What are the roles of ROS in seed priming and seed
longevity? As the starting question “What are ROS?” is already addressed in the
introduction, the next sub-chapters will be discussed the six proposed questions.
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11.2 Where Are the ROS Production Sites in Seeds?

Although many mechanisms of ROS production are common to different tissues, a
number of them are particularly prominent in seed-specific physiological states, e.g.
water uptake during imbibition, radicle protrusion preceding seedling establishment
(Bailly 2004). At the cellular level, several components are considered as preferred sites
for ROS production, and these tally for mitochondria, peroxisomes, cell membrane and
apoplast.

The reactivation of metabolism during seed imbibition causes an enhanced H;O,
accumulation, resulting from electron leakage within the mitochondrial electron
transport chain. It has been calculated that in mitochondria, approximately 2—-3% of
oxygen (O,) molecules can be converted to H,O, (Chance et al. 1973; Puntarulo et al.
1988; Kranner et al. 2010). Indeed, a transient burst in O,"~ and H,O; has been docu-
mented during seed imbibition and a second O,"” burst during radicle elongation stage
(Kranner et al. 2010). Aside mitochondria, peroxisomes and glyoxysomes represent
other major sources of ROS in seeds mainly due to the type of enzymatic reactions car-
ried out inside these cellular components. For instance, lipid peroxidation results in the
formation of HyO, whereas O," radicals can be produced from the oxidation of xan-
thine (Corpas et al. 2001; Del Rio et al. 2002). The activity of glyoxysomes, specialized
peroxisomes found in oily seeds, reaches a peak in the early stages of seedling develop-
ment with the mobilization of reserve lipids and their conversion to sugars (Huang et al.
1983). The enzymatic activity of NADPH (Nicotinamide Adenine Dinucleotide
Phosphate) oxidases (NOX), responsible for electron transfer from cytoplasmic NADPH
to O, is an important source of HyO, in the plasma membrane and it is regarded as
being involved in the oxidative changes observed in plant-pathogen interactions (Grant
and Loake 2000). The cell wall and apoplast constitute additional sites for the accumula-
tion of HyO; under biotic stress response, mainly because of the enzymatic reactions
catalyzed by peroxidases and amine oxidases (Bolwell and Wojtaszek 1997; Bolwell et
al. 2002). Furthermore, ROS production can result from the non-enzymatic autoxida-
tion of lipids, in particular during the dry storage of seeds, when metabolism and, con-
sequently, enzymatic activities are notably reduced (Priestley 1986; Wilson and
McDonald 1986). In addition to the multiple production sites, ROS are able to diffuse in
different cell compartments through transmembrane aquaporins and peroxiporins
(Henzler and Steudle 2000) and, being highly reactive molecules, can be converted into
other types of ROS that interact with many biological molecules. Such variables have to
be taken into account in order to study the physiological effects of each reactive species.

11.3 Where Does ROS Act at a Molecular Level?

The occurrence of oxidative damage has been reported for a large set of biological
macromolecules, such as lipids, DNA, RNA and proteins (Figure 11.1) (Harman and
Mattick 1976; Osborne 1994; Bailly 2004; Rajjou and Debeaujon 2008; Rajjou et al.
2008) and has been positively correlated to loss of seed longevity (Harrison and McLeish
1954; Justice and Bass 1978; Groot et al. 2012).
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11.3.1 ROS vs. Lipids

Lipids are particularly subject to oxidation both in metabolically active seeds and during
dry storage. Yet, in dormant seeds, the enzymatic reactions normally occurring within
all metabolic pathways are decidedly more reduced due to the dehydrated environment
present in mature seeds or during dry storage (Priestley 1986; Wilson and McDonald
1986). Nonetheless, even in these conditions, alternative ROS sources can still lead to
relevant oxidative damage, mainly through the auto-oxidation processes such as
Amadori and Maillard reactions (Sun and Leopold 1995; Murthy and Sun 2000), protein
carbonylation (Arc et al. 2011) and lipid peroxidation (Priestley et al. 1986; Wilson and
McDonald 1986; Bailly 2004). Such ways of ROS production and its subsequent damage
to macromolecules are among the main processes involved in seed aging and loss of
seed vigor observed during dry storage, driving to economically relevant consequences
(Buitink and Leprince 2008).

Following seed imbibition and dormancy release, all metabolically active cell
compartments can become potential ROS sources. Among these, glyoxysomes reach a
peak of activity immediately after germination, when the metabolic pathways involved
in the conversion of reserve lipids to sugars are particularly necessary for seedling
establishment (Huang et al. 1983). In this context, the oxidation of components from
any type of lipid membranes can result in the production of H;O; and O,"", respectively
(Corpas et al. 2001; Del Rio et al. 2002). The negative effects of extensive oxidation
of membrane lipids has been demonstrated in sunflower seeds, in which the loss of
catalase (CAT) activity and the subsequent inability to detoxify H,O, resulted in a
significant loss of seed vigor and viability (Bailly et al. 1996; Bailly et al. 1998; Bailly
et al. 2002).

11.3.2 ROS vs. Proteins

Proteins are sensitive to oxidative damage mainly because of OH" that can react with
many amino acids and functional groups. On the other hand, some enzymes, such as
the ones involved in the Calvin-Benson cycle, can be inactivated by the reaction of their
thiol groups with HyO, (Charles and Halliwell 1980). Overall, different protein types
can be affected by oxidative damage, including ion channels, receptor proteins and
membrane transporters, leading to irreversible impairment of cell metabolic activities
(Halliwell and Gutteridge 1999).

In seeds, the imbibition phase (characterized by rapid water uptake) has been
associated with significant changes in the redox state of proteins, mainly in the embryo
and endosperm; the state of these proteins is being transformed from an oxidized form
(S-S) to a reduced one (—SH) (Buchanan and Balmer 2005). In particular, seed storage
proteins (SSP), including the abundant globulins, represent one of the main targets of
oxidation in seeds. In this context, they can also act as ROS scavengers, preventing
oxidative damage to other classes of proteins (Job et al. 2005; Arc et al. 2011).

A specific type of protein modification introduced by oxidative reactions is protein
carbonylation. Many amino acidic residues, namely arginine, lysine, proline and
threonine, can undergo oxidation events interfering with the protein function; e.g.
carbonylated proteins often show increased susceptibility to proteolysis (Rivett and
Levine 1990; Berlett and Stadtman 1997; Dukan et al. 2000; Dunlop et al. 2002).
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Carbonylation of Arabidopsis 128 globulin has been observed in both aged and unaged
seeds. Mutations in the genes coding for 12S globulin have been linked to a severe
impairment of seed longevity, suggesting a role of this SSP in seed aging processes
(Nguyen et al. 2015). Furthermore, the carbonylation seems to be selective, acting on
the a-subunit in unaged seeds, and on both o and p subunits in aged seeds (Job et al.
2005; Rajjou et al. 2008; Kalemba and Pukacka 2014). Proteomic approaches also
revealed that protein carbonylation is a targeted phenomenon, with specific subsets of
proteins being preferentially carbonylated. As an example, 125 cruciferins, the most
prominent class of SSPs in Arabidopsis thaliana seeds, have been found to undergo
carbonylation during the early germination phases and this was thought to be positively
correlated with the efficiency of protein cleavage and mobilization; also, in this case,
some cruciferin isoforms were more susceptible to carbonylation than others (Arc et al.
2011; Rajjou et al. 2012). Apart from storage proteins, many enzymes have been shown
to be specifically targeted, e.g. glycolytic enzymes, aldose reductase, methionine
synthase, mitochondrial ATP synthase, the large chain of the chloroplastic ribulose
bisphosphate carboxylase, the large chain and many translation factors and molecular
chaperones (Sano et al. 2016). Hence, carbonylation has been proposed as a marker for
the overall oxidative state of cell proteome (Ballesteros et al. 2001; Das et al. 2001;
Mostertz and Hecker 2003; Johansson et al. 2004) and sensitive assays for its detection
and measurement have been developed (Levine et al. 1990, 1994).

Seeds have evolved a number of strategies to counteract oxidative damage to proteins.
Molecular chaperones, including heat-shock proteins, allow the correct folding and pro-
vide protection against oxidative stress (Nguyen et al. 2015). The positive effects of such
defense mechanisms have been demonstrated by overexpressing the sunflower heat-
shock transcriptional factor A9 (HaHSFA9) in tobacco. The resulting transgenic tobacco
plants developed seeds with a substantially improved seed longevity (Prieto-Dapena et
al. 2006). The oxidized methionine residues of many proteins can be restored by methio-
nine sulfoxide reductases (Weissbach et al. 2005), whose positive effects on seed longev-
ity had been shown in two Medicago truncatula genotypes (Chatelain et al. 2013).
Thioredoxins constitute another class of enzymes involved in the regulation of disulfide
proteins. Their influence on the reduction of disulfide bounds aims at increasing
protein solubility and susceptibility to proteolysis, thus facilitating the mobilization of
storage proteins (Buchanan and Balmer 2005), as demonstrated in M. truncatula
(Alkhalfioui et al. 2007).

11.3.3 ROS vs. Nucleic Acids

Particularly, ROS accumulation is the primary cause of DNA strand breaks due to
modifications of bases and deoxyribose units (Bray and West 2005). The occurrence of
considerable DNA strand breaks has been reported as a major impairment of seed
longevity and vigor (Cheah and Osborne 1978). The most common oxidative base
modification is guanine hydroxylation to produce 7,8-dihydro-8-oxoguanine (8-oxoG),
a potentially mutagenic base (Bray and West 2005; Biedermann et al. 2011). On the
other side, also deoxyribose, purines, and pyrimidines can be subjected to oxidative
modifications (Breen and Murphy 1995).

Base Excision Repair (BER), the pathway involved in the repair of 8-0xoG (Bray and
West 2005; Biedermann et al. 2011; Chen et al. 2012), is one of the processes taking part
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inthe DNA Damage Response (DDR) in all plant tissues, including seeds. Such responses
are important to maintain an enhanced germinability and longevity (Balestrazzi et al.
2011a, b; Waterworth et al. 2015). Indeed, the upregulation of genes involved in BER
pathway (e.g. formamidopyrimidine-DNA glycosylase -FPG-, 8-oxoguanine DNA
glycosylase/lyase-OGGlI, tyrosyl-DNA phosphodiesterases -Tdpla and Tdplf) has
been reported during M. truncatula seed imbibition (Macovei et al. 2010; Macovei et al.
2011a). Similarly, genes with known roles in nucleotide excision repair (NER), like the
transcription elongation factor IIS (TFIIS), were upregulated in M. truncatula and A.
thaliana seeds subjected to stress conditions (Macovei et al. 2010; Murgia et al. 2015).
In addition, upregulation of genes involved in the antioxidant response and ROS
scavenging has been reported both during imbibition under physiological conditions
and osmotic stress; among these are APX (ascorbate peroxidase) and SOD (superoxide
dismutase) genes, required for H,O, and O," scavenging, (Balestrazzi et al. 2011a;
Macovei et al. 2011a, b) and M T2 (type 2 metallothionein), involved in the seed response
to stress (Dona et al. 2013). In maize germinating seeds, an epigenetic control has been
highlighted in aleurone cells, where the SOD gene promoter was hyperacetylated in
response to gibberellins, while abscisic acid (ABA) promoted hypoacetylation and
caused an impaired germination (Hou et al. 2015).

The single-stranded structure of RNA is even more susceptible to oxidative damage
than the DNA double helix. Its cytoplasmic location and the lack of specific repair
pathways makes RNA much more prone to degradation and the translational block
resulting from its massive damage has been suggested as an important cause of longevity
loss in imbibed seeds (Rajjou et al. 2008; Bazin et al. 2011).

11.4 How Do Seeds Protect Themselves from ROS
Overdose?

Nowadays the ability of seeds to germinate fast and uniformly, along with the seedling
capacity to establish a successful harvest, represents a priority to achieve high crop
yields (Paparella et al. 2015; Macovei et al. 2017; Pagano et al. 2017). The endogenous
production of ROS related to the cellular metabolism may compromise the optimal
crop production, affecting these traits by overaccumulation. In addition, given the
sessile lifestyle, plants are exposed to several abiotic and biotic stresses that may further
increase ROS production (Gill and Tuteja 2010; Balestrazzi et al. 2011b). Hence, in
order to protect themselves, plants, as well as seeds, have evolved several defense
mechanisms. Here, we summarize some passive and active mechanisms, alongside the
molecular implication of DDR systems in seeds.

11.4.1 Passive Mechanisms

After maturation, orthodox seeds can survive long periods of storage in dehydrated and
dormant conditions. During dormancy, and especially at low temperatures, cytoplasm
passes from a metabolically active fluid state to a viscous glassy state in which the
mobility of metabolites, macromolecules, and cellular structures is severely restricted
by the reduced water content. This reduction of metabolic activity limits the production
of ROS typical of mitochondria, chloroplasts, and other cellular compartments, thus
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preventing extensive damage to cellular components before germination occurs (Buitink
and Leprince 2008). Nevertheless, in dry conditions, non-enzymatic sources of oxidative
damage are still active, namely lipid peroxidation (Wilson and McDonald 1986),
Amadori and Maillard reactions (Murthy and Sun 2000), thus requiring detoxification
systems to prevent extensive cellular damage.

As during the seeds dehydrated state the activity of antioxidant enzymes is strongly
impaired, many orthodox seeds have evolved non-enzymatic systems to scavenge the
ROS produced during storage. This is also because many classes of molecules are
accumulated during seed maturation. Polyphenols, like flavonoids, are among the most
common and relevant non-enzymatic antioxidants that accumulate in the seed coat,
endosperm, and embryo asaconsequence of specific developmental signals. Polyphenols
have been shown to significantly contribute to maintaining seed longevity in Arabidopsis
seeds (Debeaujon et al. 2000). Other polyphenols, like proanthocyanidins, can
accumulate in the seed coat and are supposed to participate in seed hardening. Indeed,
an increased accumulation of proanthocyanidins was observed in the seed coat of
Arabidopsis seeds maturated on mother plants subjected to low temperature (16°C
instead of the standard 22°C) (Sano et al. 2016). During seed desiccation, the reaction
catalyzed by TT10 (Transparent Testa 10), a laccase-like enzyme, oxides the soluble
proanthocyanidins and produce quinonic compounds that cross-link to the cell wall
forming a stronger barrier against water, mechanical damage, microorganisms and
hostile environments (Pourcel et al. 2007). This cross-linking and subsequent seed
browning was documented in cotton, pea and Sida spinosa seeds (Pourcel et al. 2005).

Besides polyphenols, other molecules were implicated in the seed ROS scavenging.
Such is the case of tocopherols, also known as Vitamin E, which protect membrane
lipids from non-enzymatic oxidation during dry storage. As an example, different
Arabidopsis genotypes with impaired tocopherol biosynthesis were shown to retain a
reduced longevity (Sattler et al. 2004; Giurizatto et al. 2012). Still in Arabidopsis, seed
longevity had also been related to the accumulation of lipocalins. These represent a
class of small hydrophobic proteins that prevents lipid oxidation and enhance adapta-
tion to stress. A number of genes encoding for lipocalins were identified. For example,
AtTIL (temperature-induced lipocalins), induced by high temperature, and AtCHT
(chloroplastic lipocalins), present in the chloroplast, are involved in such mechanisms
of resistance to oxidative stress (Boca et al. 2014). Reduced glutathione is another
abundant regulator of the intracellular redox environment in seeds; its abundance and
redox state have been proposed as a marker for seed aging (Kranner et al. 2006; Nagel
et al. 2015). In addition, SSP particularly abundant in the seeds of many species,
represent one of the primary targets of oxidation. For this reason, besides their role as
reserve molecules, an additional role as ROS scavengers has been proposed for these
type of proteins (Job et al. 2005; Arc et al. 2011).

11.4.2 Active Mechanisms

The activity of the enzymatic machinery implicated in ROS detoxification is strongly
limited during seed dormancy because of the dehydrated glassy state of the cytoplasm
in most orthodox seeds (Rajjou et al. 2012). In these conditions many sources of
oxidative stress deriving from the cellular metabolism are inactive, despite alternative
sources like lipid auto-oxidation, which can lead to extensive structural damages and
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impairment of seed vigor. In addition, during the quiescent state, the activity of DDR
pathways is also limited by the anhydrous conditions.

Following seed imbibition and consequent metabolism reactivation, the metabolic
pathways leading to ROS production, as well as the enzymatic machinery involved in
their detoxification, resume their activities. In plants, a set of different enzymes and
signaling molecules are generally involved in ROS detoxification, e.g. superoxide
dismutases (SOD), catalases (CAT), ascorbate peroxidases (APX), glutathione
peroxidase (GPX), glutathione reductases (GSR), dehydroascorbate reductases (DHAR),
monodehydroascorbate reductases (MDAR), thioredoxins (TRX), peroxiredoxins
(PRX), and glutaredoxins (GRX) (Bailly 2004; Kumar et al. 2015). All these enzymes are
also produced and active at different levels during seed germination. Protection from
stress is also expected during seed maturation and desiccation in order to grant an
enhanced longevity. In this case, polyphenol oxidases (PPOs), catechol oxidases (CO),
laccases (LAC), and peroxidases (PODs), enzymes involved in the oxidation of
flavonoids, were shown to accumulate in the seed coat, leading to browning and
impermeabilization to water (Pourcel et al. 2007). The presence of such enzymes has
been highlighted in the embryo testa of Arabidopsis and Glycine max seeds (Moise et al.
2005; Pourcel et al. 2005).

11.4.3 DDRand ROS in Seeds

As ROS overaccumulation is among the main causes of DNA decay in many organisms,
one case that needs special attention is represented by the levels of damage that ROS
can induce to the DNA double helix as well as the activation of specific repair pathways
(Roldén-Arjona and Ariza 2009; Balestrazzi et al. 2011a, b). In this regard, it was shown
that the perception of DNA lesions, essential to also ensure cell viability in seeds, can
drive the suppression of the cyclin-dependent kinase (CDK) activity and result in a
delay or arrest of the cell cycle (Kitsios and Doonan 2011).

Because the maintenance of genome integrity is essential to preserve the genetic
information and its faithful transmission to subsequent generations (Waterworth et
al. 2016), this aspect is fundamental in the case of seeds. In this regard, plants evolved
sophisticated mechanisms, grouped under the umbrella of DDR, which enable them
to cope with the detrimental effects of genotoxic stress. Because seeds are susceptible
to elevated levels of genotoxic stress, seed vigor and viability are strongly conditioned
by the efficiency of the repair machinery. In fact, the intense activation of DNA repair
pathways during the pre-germinative metabolism triggered by imbibition is critical
for de novo DNA synthesis in embryo cells (Bray and West 2005; Waterworth et al.
2015; Macovei et al. 2017). At this stage, upregulation of several DNA repair genes
involved in BER and NER pathways (Macovei et al. 2010; Balestrazzi et al. 2011a, b;
Macovei et al. 20114, b; Pagano et al. 2017) as well as in the main pathways for the
repair of double strand breaks (DSBs), namely homologous recombination (HR) and
non-homologous end joining (NHE]) (Waterworth et al. 2015, 2016) was highlighted.
Waterworth et al. (2016) identified ATAXIA TELANGIECTASIA MUTATED (ATM)
and ATM RAD3-RELATED (ATR) as important sensor kinases playing crucial roles
in seed germination. Both ATM and ATR are main players of the DDR pathway, being
responsible for DNA damage sensing and hence, the orchestration of the entire pro-
cess (Maréchal and Zou 2013; Yoshiyama et al. 2013; Nikitaki et al. 2018). Both the
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case of ATM and ATR are demonstrative examples of the involvement of DDR genes
in seed longevity and thus, seed quality. In particular, ATM has been identified as the
main factor that controls the progression from the seeds’ dry state to the germination
phase, through its intrinsic role as a surveyor of genomic integrity. Specifically, ATM
operates by controlling the DNA replication during seed imbibition. Its activation is
induced by the presence of DSBs, a highly deleterious form of damage that can cause
chromosomal aberrations (Waterworth et al. 2016). The transcriptional control of the
cell cycle inhibitor SIAMESE-RELATED 5 (SMR5) mediates ATM signaling (Yi et al.
2014). It was also shown that SMR5 is responsible for the delay in the germination of
aged seeds (Waterworth et al. 2016). The strong DSB-specific transcriptional response
is also detectable in unaged seed. While ATM is activated as a result of DSB, ATR
operates when single-stranded regions of DNA arise during replication (Nakabayashi
et al. 2005).

Thus, DDR influences the rate of germination showing a link between levels of
genomic damage and seed vigor and viability, two determinant aspects of plant survival
and productivity. In this framework, ROS are intrinsically influencing the physiological
process of seed development and quality but also, they exacerbate the genotoxic stress
under adverse environmental conditions.

11.5 How Does ROS Influence Seed Dormancy?

Based on their ability to survive desiccation after ripening, seeds are broadly classified
into two main categories: orthodox and recalcitrant. Recalcitrant seeds are unable to
survive dry conditions after their maturation and subsequently cannot stand long
storage periods without deteriorating. Unlike recalcitrant seeds, orthodox seeds can
better survive desiccation events, and this allows them to maintain their viability
throughout maturation and long periods of dry storage, in a state of dormancy
(Roberts 1973; Ooms et al. 1993; Walters, 1998 ; Rajjou and Debeaujon 2008;
Angelovici et al. 2010).

Dormancy is defined as an adaptive trait to increase seed lifespan and survival in dry
environments and to enhance plant reproductive capacity, since it allows seeds to per-
sist in the soil after dispersal, delaying almost indefinitely their germination until the
environmental conditions are suitable for seedling establishment (Sano et al. 2016).
Dormant seeds are able to survive harsh conditions such as low temperature, long
periods of dry storage and many other kinds of biotic and abiotic stress. A key aspect
to achieving survival in dry conditions is seed desiccation; this implies the transforma-
tion of the cytoplasm from a fluid and metabolically active state to a glassy viscous
condition in which mobility of cellular components and enzymatic reactions are
severely limited. As many of the pathways leading to ROS production in metabolically
active tissues are inactive during this phase, the possibility of oxidative damage is
restricted thus, resulting in an enhanced desiccation tolerance and longevity in
orthodox seeds (Buitink et al. 2000; Buitink and Leprince 2008). A combination of
late embryogenesis abundant (LEA) proteins, sucrose, and raffinose family oligosac-
charides (RFOs) accumulates in desiccating seeds substituting water and stabilizing
glassy cytoplasm (Koster and Leopold 1988). These had been also proposed as OH*
scavengers (Nishizawa et al. 2008).
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In dormant seeds, ROS can be produced non-enzymatically through Amadori and
Maillard reactions (Murthy and Sun 2000), lipid peroxidation (Wilson and McDonald
1986), and protein carbonylation (Arc et al. 2011). These autoxidation processes lead to
the progressive loss in viability and vigor also observed during long-term storage in
orthodox seeds. Following seed imbibition, cytoplasm rehydrates and regain its fluid
state. This leads to metabolism reactivation and subsequently ROS accumulation
(Vranovd et al. 2002; Apel and Hirt 2004). On the other hand, with the resumption of all
enzymatic activities the proteins also involved in the active ROS scavenging and
macromolecule repair resume their activity. Coherently with these considerations, two
bursts in H;O, levels have been observed during early seed development before
desiccation and following imbibition (Bailly et al. 2008).

The growing body of evidence related to the implication of ROS in the regulation of
dormancy has led to the individuation of many agents and chemicals able to break
dormancy. For instance, methyl viologen (MV) interrupts dormancy by inducing ROS
production as well as patterns of protein carbonylation similar to those observed after
natural seed ripening (Oracz et al. 2007, 2009; Whitaker et al. 2010). In Bidens pilosa,
the administration of Fenton reagents induced the production of OH® and has reduced
germination timing (Whitaker et al. 2010). Conversely, diphenylene iodonium (DPI),
acting as a NOX inhibitor, when administered to radish seeds had caused a reduction in
the levels of O,*" (Schopfer et al. 2001); additionally, inhibition of germination was
observed in many species, including Arabidopsis, barley, and cress (Miiller et al. 2009a,
b; Ishibashi et al. 2010).

11.6 How Does the Crosstalk Between ROS
and Phytohormones Influences Seed Germination?

Physiology and timing of dormancy induction and release largely vary in different
species and relies on many balanced parameters such as hormonal control, water
uptake, environmental conditions and physical resistance of the seed coat to the rup-
ture during radicle protrusion. Most species, including the model plant A. thaliana,
exhibit a physiologically induced state of dormancy controlled by the balance of
endogenous hormonal signals and released following after-ripening dry storage
or rehydration under specific humidity, light, and temperatures. Generally, the
establishment of a dormant state is enhanced by low temperature and low humidity
levels and its subsequent interruption requires specific conditions or treatments. For
example, in A, thaliana seeds dormancy release requires imbibition under cold (4°C)
and dark conditions in a procedure referred to as stratification (Baskin and Baskin
2004; Long et al. 2015).

Besides the deleterious effects of oxidative damage, there is evidence that ROS may
cover important roles in certain physiological processes, participating in crosstalk
networks along with hormonal signals (Figure 11.2). More specifically, at certain levels,
ROS accumulation acts as a positive signal for dormancy regulation and release by
interacting with ABA, the main dormancy-promoting hormone, and gibberellins (Bailly
et al. 2008). The binary role of ROS is particularly evident for H,O,, which can act both
positively and negatively on dormancy release (Kibinza et al. 2006; Oracz et al. 2007).
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Figure 11.2 Crosstalk between ROS and hormones. ABA inhibits hydroxyl radical (*OH) production
and dormancy release, counteracting the effects of GA. Instead, GA and ethylene promote dormancy
release. Hydrogen peroxide (H,0,) inhibits the biosynthesis of ABA, whereas "OH promotes dormancy
release contributing also to the cell wall loosening required for germination. ABA, Abscisic acid; GAs,
gibberellins.

Experimental evidence of the interplay between ROS and hormones was provided by
administration of exogenous H>O, to stimulate dormancy release and germination in
the seeds of many species, including barley (Hordeum vulgare) (Fontaine et al. 1994;
Wang et al. 1995, 1998), rice (Naredo et al. 1998), apple (Malus domestica) (Bogatek et
al. 2003), and Zinnia elegans (Ogawa and Iwabuchi 2001). In barley seeds, treatment
with H,O; reduced endogenous ABA levels (Wang et al. 1995, 1998) by inactivating two
key enzymes involved in ABA signaling, namely ABI1 and ABI2 type 2C protein phos-
phatases (Meinhard and Grill 2001, Meinhard et al., 2002). ROS, and in particular H,O»
levels, appear to have positive effects on seed germination and seedling establishment
(Schopfer et al. 2002; Miiller et al. 2009a, b; Duan et al. 2014; Smirnova et al. 2014),asa
burst in its production had been detected in embryo and seed coat during germination
of radish seeds (Schopfer et al. 2001).

The specific function of H,O, seems to be related to cell wall loosening to allow radi-
cle elongation. The activity of NOX, POD, and lipoxygenases (LOX), causes a burst in
the production of O,"” and OH" in the extracellular environment (Kranner et al. 2010),
which in turn are responsible for catalyzing the cleavage of pectins and xyloglucans of
the cell wall, causing its loosening and facilitating cell wall distension and radicle elon-
gation (Fry 1998; Schweikert et al. 2000; Fry et al. 2001, 2002; Miller and Fry 2001;
Schopfer 2001; Messenger et al. 2009; Miiller et al. 2009b). Cell wall loosening, caused
by OH" released in the apoplast, facilitates the rupture of the endosperm cap by the
elongating radicle, as observed in Lepidium sativum seeds (Miiller et al. 2009b).
Furthermore, other processes, such as root hair and pollen tube elongation, may involve
ROS production by NOX (Potocky et al. 2012), demonstrating the extent of ROS
participation in plant physiological processes. Seed aging and loss of vigor appear to be
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related to an impairment in O,"" production, normally observed in a successful germi-
nation (Kranner et al. 2010). OH® and O,"” production in the apoplast and the subse-
quent cell wall plasticity are under hormonal regulation. ABA promotes the maintenance
of dormancy by inhibiting the production of OH®, and so, the weakening of the
endosperm cap (Barba-Espin et al. 2011). Conversely, ethylene promotes OH® accumu-
lation during the radicle protrusion stage, contrasting the effects of ABA (Graeber et al.
2010). At specific concentrations, also auxin participates in controlling the levels of
OH?®, asobserved in maize coleoptiles (Schopfer 2001; Schopfer et al. 2002). Furthermore,
it has been suggested that ROS production in seeds may not only facilitate radicle pro-
trusion but also protect the embryos against pathogens (Schopfer et al. 2001; Bailly
2004). These data highlight a set of specific functions for ROS in the seed signaling
network. Nonetheless, their accumulation above certain thresholds leads to their typical
detrimental effects on membranes, proteins, and nucleic acids, responsible for embryo
death, loss of vigor, and decreased viability. Therefore, the concept of an “oxidative
window of germination” has been proposed to define the critical range of ROS
production, sufficient to act as signal molecules for dormancy release but without the
negative effects on seed viability (Bailly et al. 2008).

11.7 Which Are the Roles of ROS in Seed Priming
and Seed Longevity?

Besides the implication of ROS in seed dormancy, other levels of action for these
intriguing molecules can touch seed longevity and seed priming. During both of these
processes, it is essential to balance the activity of antioxidant enzymes to control ROS
accumulation and avoid severe oxidative damage in the seeds (Bailly et al. 2000).

11.7.1 ROS vs. Seed Priming

Priming is defined as a well-established class of treatments which allow the seeds to
undergo the main physiologic and metabolic changes typical of pre-germinative phase
(the so-called pre-germinative metabolism). It is highly important for priming
treatments to be stopped before the loss of desiccation tolerance occurs. These
techniques are usually applied to commercial seed lots in order to enhance seed quality;
however, existing protocols are based on empirical observations and still require the
establishment of dedicated methods to identify the best time point to stop the delivery
of treatments (Paparella et al. 2015). Under these circumstances, being able to measure
and identify the peaks of ROS production during seed imbibition, can provide the
means to reach this goal.

Among the many types of priming, we are going to cite just a few. Hydropriming is
one of the most used due to its simplicity. It is practically a procedure in which seeds are
soaked in water, with or without aeration, under optimal temperature conditions,
followed by subsequent drying. This initiates germination without the radicle emergence
(Taylor et al. 1998). Hydropriming allows the seeds to quickly reach a high level of
moisture with a constant supply of O,, thus increasing the level of metabolites and
enzymes associated with the germination process; in turn, this stimulates a uniform
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seed germination (Paparella et al. 2015). On the other hand, osmopriming consists of
treatments with osmotic solutions (at low water potential) delivered in order to control
the water uptake (Bray 1995). Hence, the main advantage of osmopriming is to limit the
ROS-mediated oxidative injury by delaying water entry (Michel and Kauffmann 1973;
Heydecker and Coolbear 1977). In the case of biopriming, the solution used for priming
is integrated with beneficial microorganisms, bioactive molecules, secondary
metabolites or phytohormones, and these treatments are designed to improve the
antioxidant response (Radhakrishnan et al. 2013). As for thermopriming, as the name
indicates, seeds are treated at different temperatures before sowing. This technique was
shown to improve germination efficiency under adverse environmental conditions by
reducing the thermo-inhibition of seed germination (Huang et al. 2002).

All these procedures have in common the fact that they act at the level of seed
transition from dormancy toward full germination, touching processes like the
activation of DNA repair and antioxidant mechanisms, essential to obtain seeds with
improved quality (Paparella et al. 2015). When considering the antioxidant response,
enhanced enzymatic activity or increased expression of genes encoding these antioxidant
enzymes (e.g. SOD, APX, CAT, GR), were evidenced during seed germination
(Balestrazzi et al. 2011a,c; Lee et al. 2010; Wojtyla et al. 2006; Macovei et al. 2010) and
priming treatments (Macovei et al. 2014). Another indicator of the antioxidant response
in germinating seeds is the expression of metallothionein (MT) genes encoding different
isoforms of a potent ROS scavenger protein (Balestrazzi et al. 2011b), that is indicative
for the activation of the antioxidant defense (Macovei et al. 2014).

11.7.2 ROS vs. Seed Longevity

Seed longevity is defined in terms of seed viability after dry storage and it describes the
total seed lifespan (Rajjou and Debeaujon 2008). This is also related to the rate at which
the germination potential deteriorates over time, hence seed aging. The decrease in
seed quality is manifested as a decline in the rapidity and uniformity of germination,
where a progressive delay of radicle emergence eventually leads to the loss of seed
viability (Waterworth et al. 2015).

Seed longevity varies notably both intra- and inter-specifically, being highly affected
by storage conditions, including temperature and humidity (related to seed moisture
content). It has been shown that both low temperature and low seed moisture content
can prolong seed lifespan during storage (Walters 1998; Groot et al. 2012). Seed
longevity is strongly determined by genetic components. For instance, Quantitative
Trait Loci (QTLs) for seed longevity were identified in A. thaliana, barley, lettuce,
oilseed rape, rice, and wheat (Waterworth et al. 2015). These along with other types of
“omics” studies are starting to reveal the importance of repair processes and mechanisms
that promote seed longevity and safeguard the seed against deterioration (Rajjou et al.
2012). For example, 12 GAAS (germination ability after storage) loci controlling seed
longevity after natural aging were identified in Arabidopsis. Differently, other proteome
analyses revealed that loss of two major SSPs, cruciferins and napins, resulted in a
significant decrease in seed longevity (Nguyen et al. 2015). Alongside, this particular
study was also identified the role of cruciferins in buffering oxidation during aging.

The seed response to oxidative stress also relies on different environmental factors,
as highlighted in a recent study on different Silene acaulis ecotypes (Dona et al. 2013).
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In this case, upregulation of antioxidant genes (e.g. SOD, MT2) along with higher ROS-
scavenging activity were observed in imbibed seeds of low-altitude varieties in
comparison with the high-altitude taxa. Moreover, artificial aging techniques have been
used to demonstrate how these different responses to oxidative stress and DNA damage
affect seed longevity in these S. acaulis ecotypes (Dona et al. 2013).

11.8 Concluding Remarks

Considering the impact that seeds have on both agriculture and environment preserva-
tion, and hence both on nature- and anthropologic-related activities, it would be trivial
to try to explain why it is so important to study them. In relation to ROS, dual molecules
with both negative and positive outcomes, seeds are well studied so far, but these com-
plex associations are not quite yet understood. As we showed in this Q and A session, it
is well known that the activation of cellular metabolism and the subsequent production
of ROS along with the maintenance of DNA integrity are crucial for a successful seed
germination. However, the mechanisms of how the balance between ROS production
and ROS scavenging is preserved during seed imbibition, the step of enhanced water
uptake before the start of germination, are still somewhat elusive. The implications of
hormones, oxidants and antioxidants, passive and active mechanisms of defense against
ROS overaccumulation, had been evidenced by many. In addition, ways to exploit ROS
for breaking the seed dormancy or promoting a more effective and uniform germina-
tion are envisioned as a means of translation from basic to applied research. Further
research concentrating on methodologies to detect and potentiate the positive impact
of ROS on seed germination while combating the negative effects are still required to
propel the transition to more effective and economical applications.
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1 Introduction

Genome editing is a powerful technigue that must be used to accelerate crop improvement. Different from raditional
genctic engmeenng, where genes are msered randomly into the genome, this set of techniques harnesses site-specific
nucleases (SS5Ns) combined with DNA/RNA recognition domains to insert designated modifications at predefined sites
in the genome (Bogdanove and Voytas, 2011; Chen and Gao, 2014; Sun et al,, 2016). This has implicit significance
for human health, agriculture, and the environment. Thanks to genome editing, it is now possible to accelerate basic
research using model organisms for the study of genes of interest and related mutations. By modifying the plant genome
through targeted msertions or deletions, it 15 possible o evaluate how these mutations influence the phenotype (Liu and
Moschou, 2018). This allows more in-depth knowledge of gene func tions and relative regulatory mechanisms. Moreover,
genome editing makes it possible to modify targeted cellular metabolic pathways that allow the development of new vari-
eties of plants of agricultural interest characterized, for instance, by greater tolerance to biotic and abiotic stresses (Baltes
and Voytas, 2015; Shih et al,, 2016; Li et al., 2018; Sedeck et al., 2019; Debbarma et al., 2019).

So far, the mamn tools available for genome editing encompass meganucleases (MNs), zine finger nucleases (ZFNs),
transcrption activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeat-
associated proteins (CRISPR-Cas). Among these, the CRISPR-Cas system is the most used due to its facility for target
design (20 nucleotides long single-guide RNAs), high efficiency, and relatively low cost (Ran et al, 2013; Khatodia
et al, 2016; Jaganathan et al., 2018; Chen et al., 2019). This 1s also reflected by the high number of articles published since
the discovery of this technique by Jennifer Doudna and Emmanuelle Carpentier { Jinck et al., 2012). For instance, a search
carned out on PubMed at the National Center for Biotechnology Information (NCBI, http:/fwww.ncbinlm.nih. gov/
pubmed, on March 8, 2019) using the keywords “({CRISPR) AND plant) NOT review” identified more than 1100 published
papers so far. Allthe available genome editing tools work in a similar manner by generating double-strand breaks (or nicks)
at targeted sites, whereas the repair of the break is performed by the endogenous DNA repair systems (Bogdanove and
Voytas, 2011; Zhang et al., 2017; Puchta, 2017; Shan and Voytas, 2018). As many comprehensive reviews were dedicated
to explaining the structure, functionality, and use of these tools in plants (Chen and Gao, 2014; Baltes and Voytas, 2015;
Khatodia et al., 2016; Malzhan et al, 2017; Baltes et al., 2017; Shan and Voytas, 2018; Chen et al., 2019; Kausch et al,,
2019), this chapter mainly focuses on their relevance for seed research. Hence, this work convenes the application of
genome ediing technigues with regand to seed production (intended as plant productivity or yield), the nutrional and bio-
chemical composition of the seed, and other quality traits that include aspects related to seed vigor, dormancy, and
gemmination.

Advancement in Crop Improvemsnt Techniques. hitps: ! dai ong /10,101 6759 78412 £1 SS510,00005.X
© 20X Elsevier Tnc. All rights reverved. 77
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2 Seeds: The protagonists of agricultural productivity

Seeds are the main propagating vectors in higher plants, as they guarantee plant reproduction. From an evolutionary point of
view, seeds represent the fundamental step in the transition from nonvascular plants to seed plants (Spermatophyta). The
first fossil evidence of seed-like morphological structures refers to the Progymnosperm, a monophyletic taxon dated to the
late Devonian period, about 370 million years ago. This correlates a taxon of extinct “seed ferns” to the first gymnosperms
and to the ancestors of all the modem Spermatophyta (Niklas, 1997; Linkies et al., 2010). Whereas a monophyletic ongin
for angiosperms and gymnosperms was ascribed, the precise e volutionary connections between the two clades have still to
be defined (Linkies et al., 2010).

From seed to seed across their entire lifecycele, plants are unable to physically escape the deleterious fluctuations present
in variable environments. Consequently, evolution has endowed plants with a varegated set of mechanisms and strategies
that allows them to face and survive stress conditions (Haak et al., 2017). Because adaptation for survival 1s a major dnving
force in evolution, the sced itself is regarded as an adaptive trait to enhance plant survival and diffusion under fluctuating
environmental conditions through the production of a quiescent and diffusible form able o wait for optimal germination
parameters to occur. In strict interconnection with their role in plant reproduction, seeds encapsulate plant versatility and
adaptability to different kinds of biotic (c.g.. pathogens ) and abiotic (e.g., drought, flooding, extreme temperatures) stresses
(Hauk et al,, 2017). Among these, salinity stress and soil contaminants were shown to decrease the protein content due to
nitrogen depletion and altered metabolism; drought stress alters the oleic/linoleic acid ratios in kegume sceds; and heat
stress induces protein depletion and oil content increase along with alterations in fatty acid composition (Farooq et al.,
2018). It has been estimated that the average crop yield losses caused by drought, cold, and salinity pass 50%
(Mahajan and Tuteja, 2003). Moreover, abiotic stresses are reported to induce notable changes in seed content composition
and quality (Farooq et al., 2018). Such considerations have relevant outcomes not only on seed survival, but also on agri-
cultural production and human nutntion.

From an anthropological perspective, seeds are essential for several aspects (e.g., nutrition, biodiversity, maintenance of
ccosystern niches, landscape, ete.). Mainly, the nutritional property of seeds is linked to major alimentary resources for all
the populations across different cultures, with cereals, fruits, vegetables, and oilseed crops representing the big portions of
the seed market. The relevance of seeds is reflected by the increase in the global seed market (from $30 billion in 1996 to
$36 billion in 2007), and this trend was mainly observed in emerging economies and developing countries (FAO, n.d.).
Morcover, while facing the food demand of a growing population, the global seed industry was valued at more than
$54 billion in 2016 and constant growth is predicted for the next few years (2017-2023) (Allied Market Research, nud.).

In this context, seed industries, breeders, and biotechnologists have identified the main features of interest to optimize
the quality of a sced lot at many steps of the production process, including storage, transporting, sowing, plant development,
and seed maturation. Thus, seed quality isdefined and quantified by taking into account a set of measurable parameters such
as gemmination speed and rates, the long-term and after-storage viability, the homogeneity and purity of the seed lot, resis-
tance to mechanical damage, and the absence of biological and chemical contaminants (Finch-Savage and Bassel, 2016).
Many of these characteristics are defined and can be improved according to the requirements of the seed industry and
market. Nonetheless, plant and human interests converge in regard to the capacity of a seed to produce a healthy and
resistant seedling able to withstand biotic and abiotic stresses, thus ensuring plant reproduction along with sbundant har-
vests even under vanable environmental parameters, seasonal eycles, and chimate changes. Many traits in the genetic back-
ground of each seed lot contribute o these properties that are collectively referred to as “seed vigor™ (Finch-Savage and
Bassel, 2016), broadly defined as “the sum of those properties that determine the activity and performance of seed lots of
acceptable gemmination in a wide range of environments™ (ISTA, 2018).

Seed quality and vigor are variable not only intrinsically as well as among different crop species, cultivars, and sced lots,
but alsoin response to the different cultivation conditions and schedules. Maturation and gemmination timings are important
hmiting factors. Indeed, most crop seeds reach their optimal vigor at ther physiological matunty, which can be difficult
to synchronize, while strict temporal windows are often required for harvesting, sowing, germination, and growing.
Furthermore, as a general tendency, field cultivation leads to poorer and more varable germination performances than
laboratory-controlled conditions, making standardization even more difficult (Finch-Savage and Bassel, 2016).

The improvement of seed quality and vigor is a challenge that has been addressed since ancient times. The notion entails
that seed germination can be enhanced through specific treatments, and the first attempts i this sense are historically
attested throughout time, from Theophrastus (371-287 BCE), Gaius Plinius Secundus (23-79 CE), Oliver de Semes
(1539-1619), up to Charles Darwin ( 1809-1882). Since the first effective approaches to be discovered, a common element
was a4 water-soaking step before sowing while more recent protocols also implemented solutions containing salts or osmotic
agents (Everari, 1984; Paparella et al., 2015). The development of techniques o improve the germination rate, speed,
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consistency, and viability under stress conditions evolved in the modem concept of “seed priming, ™ broadly defined as “any
treatment that improves seed quality” (Osbum and Schroth, 1989; Paparella et al., 2015). Although different priming pro-
tocols have been devised according to the characteristics and requirements of various species of interest, certain common
elements can be identified.

3 Crop yield: A complex trait that can be undertaken with the use of genome editing

Crop yield and quality are quantitative traits generally controlled by multiple genes localized in specific quantitative trait
loci (QTLs). Within this context, seeds are considered among the main vectors conditioning crop yield. Traditional
breeding, the original method used to improve yield, relies on the production of vanous QTL combinations and subsequent
sclection of the most favomble breeds (Zuo and Li, 2014; Shen etal., 2018), but it isquite a time-consuming process. Henee,
crop yield improvements need to be quickened in order to avoid an eventual food insecurity situation. Todo so, genetically
maodified (GM) crops represent a solid alternative, already proven to be effective when considering the much-studied
examples related to the production of herbicide- and insect-resistant crops (Brookes and Barfoot, 2017; Paul et al., 2018).

With the advent of genome editing technigues, researchers have further plunged into finding more rapid and easier ways
to address these complex traits. Some examples of crops with improved yields developed mainly through the use of the
CRISPR/Cas9 system are given in Table | and discussed here. The considered traits span seed size and number to plant
productivity and heterosis. Starting from the last, heterosis (also known as hybrid vigor) has been extensively applied in
agnculture to improve plant productivity, although hybrid seed production 1s quite difficult and expensive for many crops
(Schnable and Springer, 2013). Manipulating heterosis was achieved by synthetic apomixes, defined as an asexual repro-
ductive strategy in which offspring are generated through seeds in the absence of meiosis or fertilization (Spillane et al.,
2004). A study published this year reported that targeted mutations in multiple genes played moles in meiosis to produce
hybrd rice (Oryza sativa) lines with increased heterosis (Wang et al., 2019). Here, a multiplex CRISPR/Cas9 vector was

TABLE 1 Examples of genome editing used to improve aop yield.

Trait Gene Species Tool References
Seed size Gwz . sativa CRISPR/Cas Xu et al. (2016)
T. aestivum Wang et al. (2018a,b)
GW5 . sativa Xu et al. (2016)
TGWaE O sativa Xu et al. (2016)
RGG2 O, sativa Miao et al. (2019)
as3 O, sativa Li et al. (2016}
GASR? T. aestivum Zhang et al. (2016}
Seed number Gnla . sativa CRISPR/Casy Li et al. (2016}
ARGOSE Z mays Shi et al. (2017)
CLVTA3 B. napus Yang et al. (2018)
Plant architecture and productivity wus 5. Iycopersicum CRISPR/Cast Rodnguez-Leal et al. (2017)
sP 5. Iycopersicum Rodnguez-Leal et al. (2017)
SFT 5. Iycopersicum Rodnguez-Leal et al. (2017)
DEP1 . sativa Li et al. (2016}
IPA1 O, sativa Li et al. (2016}
Heterosis RECE O sativa CRISPR/Cas9 Wang et al. (2019)
PAIRT . sativa Wang et al. (2019)
asD1 O sativa ‘Wang et al. (2019)
MTL O sativa ‘Wang et al. (2019)
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TABLE 2 Examples of genome editing used to improve seed nutritional content.

Trait Gene Species Tool References
Seed oil content FAD2 . sativa CRISPR/Cas% Abe et al. (2018)
A, hypogeaea TALEN Wen et al. (2018)
C. sativa CRISPR/Cas9 Jiang et al. (2017) and Morineau et al. (2017)
G. max TALEN Haun et al. (2014) and Demorest et al. (2016)
DGAT1 C. sativa CRISPR/Cast Aznar-Moreno and Durrett (2017)
FAE1 C. sativa CRISPR/Cas9 Ouzseyhan et al. (2018)
Carotenoids CYPI7A4 . sativa CRISPR/Cast Yang et al. (2017)
DSM2
CCD4a
OsCCD4h
CCD7
SGR1 5. lycopersicum CRISPR/Cas% Li et al. (2018)
LCY-E
Blc
LCY-B1
LCY-B2
Fragrance BADH2 . sativa TALEN Shanet al. (2015)
CRISPR/Cast Shao et al. (2017)
Amylose content SBElb . sativa CRISPR/Cas% Sun et al. (2017)
SBEI nCas9-PEE Li et al. (2017)
Waxy 0. sativa CRISPR/Cast Zhang et al. (2018)
Z. mays Waltz (2016}
GBSS 5. tuberosum CRISPR/Cas9 Andersson et al. (2017)
Gluten a-Glandin T. aestivum CRISPR/Cas9 Sanchez-Leon et al. (2018)
Cadmium NRAMPS . sativa CRISPR/Cpi1 Tang et al. (2017)
Acrylamide Vinv 5. tuberosum TALEN Clasen et al. (2016)
Phytic acid IPK Z. mays ZFN Shukla et al. (2009)
TALEN Liang et al. (2014}
CRISPR/Casd
PAPhy H. vulgare TALEN Holme et al. (2017)
CRISPR/Cas9

Brassicaceae family, for its short growing season and high productivity in diverse regions. C. sativa was engineered
through the use of the CRISPR/Cas9 systemn by targeting several genes involved m the fatty acid biosynthetic pathway.
For instance, aside from FAD2 ( Jiang et al., 2017; Monneau et al., 2017), also the FAET (fatty acid elongase) and DGAT!
(diacylglycerol acyltransferase) genes were targeted to produce plants with altered seed oil composition (Ozseyhan et al.,
2018; Aznar-Moreno and Durrett, 2017). Moreover, ample field rials were also conducted to assess the productivity and
safety of the generated lines while the authors strongly argue against the GM regulation of genome-edited crops in Europe
(Faure and Napier, 2018).

Prodigious work was carried out to enhance the lycopene (a carotenoid synthesized during fruit ripening and considered
a bioactive component responsible for lowering the risk of cancer and cardiovascular discases) content in tomatoes (Li
etal., 20018). The authors used multiplex genome editing dedicated to boosting lycopene producion by hindering the carot-
enoid bicsynthetic pathway. One CRISPR/Cas9 vector was used to induce targeted mutations in five genes, namely SGRY
(stay-green 1), Ble (P-lycopene cyelase), LCY-E (lycopene e-cyclase), LCY-B1 (Iycopene fi-cyclase 1), and LCY-B2, that
resulted 1n the loss of gene function. This strategy allowed specifically increasing by 5.1-fold the lycopene content in the
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fruits (Li et al., 2018). Another attempt o engineer the carotenoid pathway was performed in rice grains to enhance the -
carotene content (Yang et al., 2017). Here, five other carotenoid catabolic genes were singularly targeted for the knockout,
namely two camotene hydrolases (OsCYPO97A4, OsDSM2) and three carotene dioxygenases (OsCCD4a, OQsCCD4b,
OsCCD7). Several types of mutated lines were identified and charactenzed, but these did not accumulate more carotenoids
in rice gruins in cither the mono- or biallelic mutants obtained by targeting the five genes. On the other hand, homozy gous
rice plants for mutations in the OsCCD7 gene presented a dwarl phenotype with an enhanced tiller number, henee increased
seed productivity (Yang et al., 2017).

Rice is often targeted to improve nutrtional aspects mainly because it is a staple food for more than half the worlds
population while also being poor in nutrient import. For this, multiple biofortification programs, using both raditional
breeding and genetic engmeenng approaches, are being conducted to enhance the vitamin and mineral content of nce
(Slamet-Loedin et al., 2015; Trijatmiko et al., 2016; Singh et al., 2017; Descalsota et al., 2018). Additionally, genome
editing tools, and preciscly CRISPR/Cpfl, were used to lower the concentration of damaging minerals such as cadmium
(Tang et al., 2017). This was accomplished by knocking out the NRAMPS (natural resistance-associated macrophage
proteind) metal ransporter, and the resulting lines grown under field conditions showed a significantly lower Cd concen-
tration (less than 0.053mg/kg) in the graing, compared to wild-type lines (0.33-2.90mg/kg). Genome editing techniques
were also used to enhance rice flavor by targeting the BADH2 (betaine aldehyde dehydrogenase) gene, encoding for an
enzyme that obstructs the synthesis of 2-acetyl-1-pyrroline (2AP) responsible for the dominant rice fragrance (Shan
et al.,, 2015; Shao et al, 20017). A more complex trait engineered in rce through the use of genome editing relates to
the production of high-amylose lines (Sun et al., 2017). This was addressed because rice grains with high amylose content
are considered better sources of resistant starch and this was linked with a decreased incidence of gastrointestinal and car-
diovascular disorders (Vonk et al., 2000). Hence, CRISPR/Cas9 was used to generate targeted mutagenesis in genes coding
for starch branching enzymes (SBET and SBEIb, respectively), that catalyzes the cleavage of the a- 1. 4-linked glucan chain
to produce branches in amylopectin (Syahariza et al., 2013). This strategy led to obtaining rice lines with an increased
proportion of amylose and resistant starch only when the SBEND gene was silenced (Sunet al., 2017). In addition, in another
study. the same gene was targeted using a deactivated Cas9 (nCas9-PBE) fused with a cytidine deaminase enzyme to gen-
erated specific eytidine (C) to thymine (T) base editing (point mutations) without inducing any cuts in the genome (Li et al.,
2017). Another gene targeted for the same trait in ree is Waxy, encoding for a granule-bound starch synthase (GBSS)
responsible for the synthesis of amylose specifically in the endosperm. In this case, the Joss-of-function mutants presented
reduced amylose, leading to the generation of low-glutinous rice without yield penalties (Zhang et al., 2018). A similar
approach was also applied for maize lines developed by DuPont Pioneer (Waltz, 2016) whereas in the potato, all four GBSS
alleles were silenced to produce tubers without amylose-containing starch (Andersson et al., 2017).

Aside from enhancing certain nutritional contents, other approaches were focused on lowening the amount of antinu-
tritional elements, such as phytic acid or acrylamide. The development of low phytic acid maize seeds was among the first
traits targeted with the use of genome editing tools. These products have a dual purpose because the IPKT (inositol-
1,345 6-pentakisphos phate 2-Kinase, mvolved in the final step of phytate biosynthesis) gene was disupted while inserting
within its open reading frame another gene (PAT, phosphinothricin N-acetyltransferase) that confers resistance to glupho-
sinate herbicides (Shukla et al., 2009; Liang et al., 2014). In another study, Holme et al. (2017) used both TALEN and
CRISPR/CasY9 to mduce mutations in the promoter region of the barey (Hordewm vulgare) phytase sene (PAP Ay, the main
contributor to the phytase metabolism in mature grains). In this case, the developed lines with very low phytate content were
also associated with a significant delay in gemmination. Acrylamide, a potential carcinogen formed as a byproduct of the
Muaillard reaction, is another example of antinutriional qualities in processed (mainly heated) foods. To decrease the sugar
content (the main substrate for the Maillard reaction) in potato (Selanum tuberosum) tubers, Clasen et al. (2016) used
TALEN to knock out the Vinv (vacuolar invertase) gene, responsible for the breakdown of sucrose into glucose and
fructose, and succeeded in producing acrylamide-free potatoes. An interesting application of genome editing for nutritional
purposes was related to the development of low-gluten wheat, designated for patients suffering from cocliac discase, an
autoimmune disorder triggered by the ingestion of gluten. In this case, the a-gliadin gene was targeted by CRISPR/Cas9
and the produced lines had a decrease of up to 85% in the gluten content (Sidnchez-Ledn et al., 2018),

5 Tackling seed physiology and development through genome editing applications

Due to their importance for both natural biodiversity and agricultural purposes, seed development and related features are
being targeted to optimize ther quality at several levels spanning the production process from storage to seed maturation to
germination. However, because many basic molecular aspects related to seed quality are still meagerdy understood
(Macoved et al., 2017), engineering such complex traits is still a big challenge. Nonetheless, some studies where genome
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editing approaches werne used to develop better products or to understand basic molecular functions were recently published
(Table 3). Among the targeted traits, hybnd seed production has intrinsic value due to its relation to heterosis vigor, hence
substantial yield enhancement. For this, approaches that lead to male pollen sterility are used to develop hybrid seed (Wu
et al., 2016). CRISPR/Cas® was used to target genes involved in pollen development to generate male sterile lines in two
important cereal crops, maize and bread wheat (Chen et al., 2018; Singh et al., 2018). In the first case, the MS¥ (male
sterility 8) gene, encoding a p-1.3-galactosyltransferase enzyme mvolved in anther development (Chen et al, 2018),
was targeted while in the second case, Msd35 (male sterile 45), coding for a strictosidine synthase-like enzyme, was inves-
tigated (Singh et al_, 201 8). Because wheat is a hexaploidy crop, all three gene homologs had to be knocked out, and only the
trple mutants were able to achieve the desired trait. On the other hand, rice continues to remain a species often used in
genome editing approaches related o seed development. Among the most known examples are the SWEET sugar trans-
porters that have roles both in grain filling (Ma etal., 2017) and bacterial blight disease resistance (Zhou et al., 2015). In this
case, however, silencing of the SWEET 11 gene resulted in deficient rice grain filling due to a decline of sucrose release
from the maternal tissue (Ma ctal, 2017). A base editing approach through the CRISPR/Cas9-APOBEC] cytidine deam-
inase was used to create point mutations in the rice SLRJ gene, encoding a DELLA protein with known roles in seed ger-
mination and plant development (Lu and Zhu, 2017). Differently, a multiplex CRISPR /Cas 9 was used to target the Hd2,
Hd4, and Hd5 genes that negatively affect the heading date in rice (Li et al., 2017), resulting in the development of lines
with shortened heading dates.

Sced preservation during processing and storage is a key trait o promote sustainable agricultural practices without
additional economic losses. However, the molecular characterization of seed preservation-related traits is still ongoing.
Nevertheless, two studies were conducted to target genes that resulted in reduced seed shattering during harvest and
enhanced resistance during storage in rapesced (B. napus) and rice, respectively (Ma et al., 2015; Braatz et al., 2017).
In the first case, a CRISPR-Cas9 construct was designed to target the two ALC (ALCATRAZ) alleles in rapeseed plants.
This gene, known to be mvolved in seed valve margin development, 15 responsible for seed shattenng from mature fruts;
henee, by silencing the ALC alleles, an enhanced shatter resistance trait was developed, which permitted averting seed
loss during mechanical harvest (Braatz et al., 2017). In another study, TALEN constructs were used to target the LOXS
(lipoxygenase 3, involved in the deoxygenation of polyunsaturated fatty acids) gene in rce, leading to the development
of lines showing improved seed storability (Ma et al, 2015).

Plant phytohormones have multple roles in plant growth and development. Among them, absci acid (ABA) and
gibberellins (GAs) are involved in mamtaining the equilibrium between seed dormancy and gemmination (Rodriguez-
Gacio et al., 2000). Within this context, the NCED4 (9-cis-cpoxycarotenoid dioxygenase 4) gene encodes a key enzyme
in the ABA biosynthesis (Hoo et al., 2013). CRISPR /Cas9 targeting the NCEDM gene in lettuce (Lactuca sativa) resulted in
the development of lines with an enhanced range of temperatures that condiions seed germination. This study showed that
more than 70% of the seeds were able to gemminate at temperatures up to 37°C, when the usual germmination temperature in

TAELE 3 Examples of genome editing used to add seed physiology and development.
Trait Gene Spedes Tool References
Male sterility M58 Z. mays CRISPR/Cast Chen et al. (2018)
Med5 T CRISPR/Cas% Singh et al. (2018)
aesti vum
Seed development SWEET11 . sativa CRISPR/Casy Zhou et al. (2015) and Ma etal. (2017}
SLR1 . sativa CRISPR/Casy- Lu and Zhu (2017)
APOBEC1
Hd2,4,5 O sativa CRISPR/Cas9 Lietal. (2017)
Seed storability and processing LOX O sativa TALEN Ma et al. (2015)
ALC B. napus CRISPR/Casy Braatz et al. (2017)
Seed permination and NCED4 L. sativa CRISPR/Cas9 Berdier et al. (2018)
cormancy PYLI-13 0. sativa CRISPR/Cas9 Miao et al. (2018)
Seedling development CDF A. thaliana CRISPR/Cas9 Zhao et al. (2016)
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this particular case of lettuce ranged between 15°C and 25°C (Bertier et al., 2018). Still, related to ABA biosynthesis, the
pyrabactin resistance 1 (PYR1)YPYR1-like (PYL) genes encode for regulatory components of the ABA receptor (RCAR)
family of proteins, involved in ABA sensing. CRISPR/Cas9 editing of the PYL{ -3 genes in fice resulted in the generation
of multiple lines with modified plant growth and seed dormaney (Miao et al., 2018). However, within the obtained muta-
tions in single lines, the pyll and pyfi 2 mutants presented significant defects in seed dormancy whereas the pyld/4/6 triple
mutant lines maintained normal seed dormancy and showed improved plant growth and grain productivity under ficld
conditions. When addressing seedling development, a transeription factor known to regulate the cold acclimation in
Arahidopsis thaliana was shown to be involved in other aspects of the plant’s life. This is the case of the C-repeat binding
factors (CBF1, CBF2, and CBF3). coding proteins that are involved in the regulation of the lipid and carbohydrate metab-
olisms, gene transcription, and cell wall modification. When all three genes were targeted by a CRISPR /Cas® construct, the
chf tiple mutants were defective in scedling development and toleranee to salt stress (Zhao et al., 2016). Hence, o produce
mmproved lines, a knock-in or transenption activation approach should be used instead of gene knockout.

6 Computational analysis and technological advancements

Due to the site-specificity of custom-designed nucleases, computational tools are requited to identify the genomic loc ations
of highest interest. To the greatest extent, this is the case of the CRISPR/Cas systemn, where the in silico design of sgRNA s
a ve step for the suceess of planned experiments. Henee, extended efforts are directed to refine the in silico sgRNA
design in order to have high on-target efficacy and reduced off-target effects (Khatodia et al., 2016; Bradford and Pernn,
2018; Adli, 2018). So far, many sgRNA design tools are at hand (e.g., CRISPRdirect, CasFinder, CRISPR-P, CRISFR-
Target, E-CRISP, CHOPCHOP, CRISPRscan), although scrupulous estimation of their applicability and performance
are required to enhance the precision of these valuable techniques (Chuai et al., 2017). Moreover, even specific tools
dedicated for plant CRISPR sgRNA analysis, namely CRISPR-PLANT (Xic et al.. 2014), were developed and are being
constantly updated (CRISPR-PLANT v2, Minkenberg et al, 2019). In addition to in silico analyses, high-throughput
sequencing (NGS) methods are being used for sereening genome-edited lines, leading to a startling amount of big data
accumulation (Shalem et al., 2015). As a consequence, many bioinformatics tools (e.g.. GenomeCRISPR, CRISPRcloud.
CRISPResso, CRISPR-GA) have been developed to analyze the CRISPR-generated NGS data (Guell et al., 2014; Pinello
et al., 2016; Rauscher et al, 2017; Jeong ct al., 2017).

Like wise, the continuous technological improvements of custom-designed nucleases, ranging from cloning and vector
design (Cermik et al., 2015, 2017) to the so far bountiful variety of applications, represent an endless source of beneficial
outcomes for the genome editing revolution (Wolter and Puchta, 2018; Chen et al., 2019). Specifically, the usc of the
CRISPR/Cas system has expanded from the usual gene knockout or gene replacement to transcriptional regulation (deac-
tivated dCas9), epigenome editing (dCas9 fused with effectors that can modulate DNA methylation), base editing (dCas9
used with cytidine deaminases), RNA editing (Cas13, ¢2¢2 systems), and even imaging technigues (dCas fused to fluo-
rescent molecules) (Dreissig et al., 2017; Malzhan et al., 2017; Wolter and Puchta, 2018).

All these, along with future advancements of these technologies, can be put to good use to perpetually improve the plant
agricultural system and develop the erops of the future, following sustainable seed-to-seed applications.

7 Conclusions and future perspectives

Inconclusion, this chapter emphasizes the implementation of genome editing tools to improve seed quality traits, covering
aspects spanning from seed productivity and nutritional content to seed gemmination and dormancy. Further advances in
both technical development and basal research will bring to light more applications of these amazing tools o expand the
number of targeted trats and frame the future of sustainable agriculture.
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