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ABSTRACT

Plant stress can be divided into two major categories: abiotic stress and biotic stress. Abiotic
stress happens when plants are exposed to the environment either physically or chemically.
There is an emergency in developing crop varieties that are tolerant to abiotic stresses to
ensure food security and safety in the coming years. Multiple abiotic stress like drought, heat,
frost at flowering and nutrient deficiency can cause an erratic fruiting behavior or following
extreme events, the death of the plants. Plants require an optimal level of nutrients and
essential minerals for their growth and development that are mainly acquired from soil by
their roots. Nutrient deficiency is an environmental stress that can seriously affect fruit
production and quality. In the past decades, agriculturalists relied only on the traditional
methods to identify the stresses. In this postgenomic era, called the “omic” era, transcriptional
and translational research on model plants has provided many valuable information on many
horticultural species.

In the present dissertation, the objective of the first study was to identify, and map key genes
involved in drought response on leaves across different crops. The study is the first to provide
RNA-Seq data analysis related to transcriptomic responses towards drought across different
fruit tree crops. The second study was conducted to identify essential genes involved in
general plant abiotic stress conditions and those involved in specific and unique in different
abiotic stresses. A pipeline composed of pathway and gene set enrichment analysis, protein-
protein interaction networks, and gene visualization tools were employed. The next study
aims to identify genes that serve as potential targets to develop cultivars with enhanced
drought and salinity resistance and/or tolerance across different fruit tree crops in a
biotechnological sustainable way. An “omic” experimental plan was developed to investigate
and understand a physiological stress presumably due to nutritional deficiencies causing
premature flower bud abscission in pistachio that leads to alternate bearing behavior. The aim
of this analysis was to provide insights into the transcript changes between inflorescence buds
and fruits in bearing and non-bearing shoots to identify the molecular mechanism causing
premature inflorescence bud abscission, which is linked to alternate bearing in the Italian
pistachio cultivar Bianca.

Key molecular physiological conclusions were generated based on the identification of
conserved gene sets, pathways, and gene networks involved in abiotic stress
resistance/tolerance. The experiment provides a valid approach to ask additional questions
with respect to how plants respond to stress. Identifying key information in transcriptomic
data is very important, especially when the “omic” study deals with plant responses to
stresses in field conditions where a high number of variables and disturbing factors may
affect the analysis. The proper understanding of plant stress response mechanisms under
specific stresses can draw a better view for improving worldwide food production.



1. CHAPTER1

1.1.  General Introduction

Plants are exposed to many different environmental stresses, which are also referred to as
some external conditions that adversely affect development, growth or reduces and limit
plants' productivity. These stresses will trigger a plant response by altering gene expression,
cellular metabolism, crop vyields, changes in growth rates, etc. A sudden change in the
environmental condition reflects on plant stress. Several metabolic dysfunctions exhibit on
plants due to it is exposing to some stresses. If the stress is mild or short term as the effect is
temporary, the plants can recover from such injuries, while if the stresses are severe, it leads
to the plant death. Such types of plants can be considered as stress susceptible plants.
However, plants can escape from stress to an extent. The exposure to stress leads to
acclimation to that specific stress in a time-dependent manner in stress-tolerant plant species.
Plant stress can be divided into two major categories: abiotic stress and biotic stress.

Biotic stress is imposed on plants by viruses, bacteria, fungi, nematodes, insects, arachnids,
and weeds. The agents causing biotic stress to deprive their host of its nutrients can lead to
plant death. Dure to the pre- and postharvest losses to the farmers, biotic stresses become a
significant stress condition. However, plants can counteract biotic stresses by some
sophisticated strategies despite lacking the adaptive immune system. Such sophisticated
defense mechanisms that can act against the stress are controlled by the genetic code stored
inside the plant. There are several genes in the plant genome against these stresses (resitence
genes). It is the climatic condition in which the crop lives decide what type of biotic stress
may be imposed on crop plants and the crop species' ability to resist that stress. Since insects
reduce leaf area by chewing and virus infections reduce photosynthesis rate per leaf area,
many biotic stresses affect photosynthesis.

Abiotic stress happens because plants are exposed to the environment either physically or
chemically. Abiotic stress is imposed on plants by non-living factors such as temperature,
sunlight, salinity, floods, cold, and drought. Abiotic stresses such as excessive watering
(waterlogging), extreme temperatures (cold, frost, and heat), drought (water stress), salinity,
and mineral toxicity negatively impact the growth, development, yield, and seed quality of
crop and other plants. In the future, it is predicted that freshwater scarcity will increase, and
ultimately the severity of the abiotic stresses will intensify. Therefore, there is an emergency
in developing crop varieties that are tolerant to abiotic stresses to ensure food security and
safety in the coming years.



1.2.  Abiotic stresses

Global losses in agriculture caused by pests are estimated at 25-40% for the major crops,
representing a value of over €500 billion worldwide. Moreover, crops usually attain only
about 50% of their potential yield because of abiotic stresses (drought, heat, cold, water
logging, high salinity, and toxic compounds). Plants have evolved complex mechanisms to
perceive external signals and translate these into an optimal adaptive response to maximize
the chance for survival, under combinations of various biotic and abiotic stress conditions. So
far plant responses to stress situations have been extensively studied at molecular level,
including their response under multi-stress conditions. In plants, the change in the gene
expression pattern due to the stress response can affect the productivity and growth rate
(Alcazar et al., 2006) and can also cause erratic bearing behaviour. Therefore, it is necessary
to identify the genes responsible for abiotic stresses to understand the stress response
mechanism. The first line of defense of a plant against abiotic stress is in its roots. If the soil
holding the plant is healthy and biologically diverse, the chances of a plant surviving stressful
conditions will be high. At the same time, there will be many disruptions like change at the
osmotic level inside the plant cell's cytoplasm during its fight against abiotic stress, and
changes at hormonal level (Shinozaki et al., 2003).

Some of the major abiotic stresses are explained below:

e Drought
Due to the continuous increase in temperature and CO> levels, drastic climatic changes are
happening worldwide. One of the primary reasons for drought stress is the uneven
distribution of rainfall. Due to the severe drought conditions, the soil water available to the
plants is decreased, which causes the premature death of the plants. The first response of the
plant, which is subjected to drought stress, is the plant growth arrest. The shoots' growth will
be reduced during the drought conditions, which indeed reduce their metabolic demands. The
plants will synthesize the protective compounds under drought by mobilizing metabolites
needed for the osmotic adjustment (Riemann et al., 2015).

e Salinity
The crop yield and production are affected globally due to the soil affected by salinity. Salt
stress reduces the growth of crops and production in many ways. Two immediate effects
imposed on crop plants by salt stress are osmotic stress and ion toxicity. More salt will limit
plants’ ability to take up water and minerals like K* and Ca®* from the soil. Thus, the osmotic
pressure under salinity stress in the soil solution exceeds the plant cells' osmotic pressure.
These direct effects of salinity stress cause some secondary effects like assimilating
production, reduced cell expansion, membrane function, and decreased cytosolic metabolism
(Riemann et al., 2015).

e Cold
One of the major abiotic stresses that decrease the productivity of agricultural crops is cold
stress. It affects the quality and post-harvest life of the crops. In order to prevent themselves
from stress, plants will modify their molecular mechanism to adjust to the stress environment.
The chilling and freezing conditions are harmful to the plant. To adapt to such a situation,
plants acquire tolerance against such lethal cold weather by a process called acclimation.
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However, there are many different crops that are still incompetent in cold acclimation. The
stress will affect the cellular and molecular function of the plant. The cold stress induces
many different signal transduction pathways such as protein kinase, Abscisic acid (ABA),
Ca?*, protein phosphate, and ROS (Ramu etal., 2016).

e Heat
The rise in temperature across the globe has become an important factor that affects the
growth of plants, along with their productivity. The percentage of photosynthetic efficiency,
crop yield, and seed germination decline when plants encounter heat stress. At the same time,
during the heat stress, it was also observed that the anther is dysplastic, and the tapetal cells
also tend to lose their functionality. The combination of salt and heat stress results in
physiologically conflicting responses that are also observed during drought and heat stress.
Heat stress results in increased respiration and will therefore require more water uptake by
the plant to attain turgor pressure. This leads to more salt uptake and will therefore increase
salt stress even further (Mittler e al., 2015). Although with each individual stress plants are
shown to have the ability to survive, the survival rate of plants that encounter a combination
of salt and heat stress is dramatically decreased (Qin et al., 2011).

e Toxin
The use of chemical fertilizers, sewage water irrigation, and growing industrialization has
been a reason for the presence of toxic metals in soil. This, in turn, leads to harmful effects to
the soil-plant ecosystem (Ashraf et al., 2007).

e Nutritional Stress
Plants require an optimal level of nutrients and essential minerals for their growth and
development that are mainly acquired from soil by their roots. Nutrient deficiency is an
environmental stress that can seriously affect fruit production and quality. An excess has a
negative effect on soil biology while scarcity has a negative impact on growth and
development. In addition, nutrient deficiency can disturb the plant’s antioxidant system, as
nutrients are needed for antioxidant biosynthesis. Under nutrient deficiency conditions, some
secondary metabolite compounds, like phenolic compound, are produced in plants (Peleg et
al., 2011).

Multiple abiotic stress like drought, heat, late frost at flowering and nutrient deficiency can
cause an erratic fruiting behavior in plants. Fruit trees exhibit many irregularities in yield,
including failure to produce fruit despite luxurious growth. A common abnormality observed
in fruit trees across the world is alternate bearing. Alternate bearing is an important
characteristic of many tree crops, such as avocados, oranges, apples, olive, almond, pistachio,
pecan.

It is suggested that three mechanisms are apparently involved in the maintenance of the
alternate bearing condition in fruit tree species (Shalom et al., 2012):

(a) Flowering site limitations
(b) Hormonal control
(c) Nutritional control

It is proved that after an “ON” year, in which most of the tree energy is directed towards the
growth and development of the fruits, the energy reserves are significantly reduced. There are
multiple visible causes, decreased shoot growth and flower buds or imperfect flowers, but all
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occur in association with a heavy crop, suggesting a carbohydrate resource limitation to shoot
growth, or flower initiation, induction or differentiation (Khezri et al., 2020). The figure 1.1

showed possible hypothesis associated with alternate bearing.

Abiotic Stress

Genetic
.\
\

Environmental

[ Triggering Events
Factors

|:>[ Alternate Bearing ]<:I Internal Factors

Figure 1.1: Hypotheses associated with alternate bearing intensity (Khezri et al., 2020)
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1.3.  Pre- and Post-genomic era

The earth temperature will increase by 3-5°C in the coming years. Uneven rainfall and an
increase in temperature lead to environmental imbalance. The activities such as inappropriate
irrigation, usage of excessive fertilizers, and exploitation of metal resources can lead to salt
stress. Under these circumstances, plants will probably encounter more frequently,
concurrently, both drought and salinity stresses. Therefore, it is necessary to develop stress-
tolerant cultivars to secure food security. Molecular work is to be done at the genetic level to
develop plants' mechanisms to prevent them from different types of stress conditions.

In the past decades, agriculturalists relied only on the traditional methods to identify the
stresses. The abiotic stress suppresses seed germination vegetative growth, leaf area, and root
biomass . This, indeed, will decrease in average fruit weight or the number of fruits produced
by a plant. In salinity stress, fruit enlargement is suppressed during the cell expansion phase
because of water uptake into the fruit, which is the motive for cellular expansion. During the
pre-genomic era, researchers studied only the physiological changes such as stomal closure,
water intake percentage, root weight, leaf area, photosynthesis, carbohydrate influx, etc. But
recent studies showed that extremely complex traits like stress should be studied at genomic
levels to gain insight into key molecular and genetic features behind the stress.

e Bioinformatics tools and platform

Plants have evolved mechanisms to perceive these environmental challenges, transmit the

stress signals within cells as well as between cells and tissues, and make appropriate

adjustments in their growth and development to survive and reproduce. In recent years,

significant progress has been made on many fronts of the stress signaling research,
8



(7
/h‘t{

5 PANO, 'rf!f,'

\

7}"4’015“'&;\'\\?
particularly in understanding the downstream signaling events that culminate at the activation
of stress- and nutrient limitation-responsive genes, cellular ion homeostasis, and growth
adjustment. However, the revelation of the early events of stress signaling, particularly the
identification of primary stress sensors, still lags behind.

Modern biotechnology tools, such as tissue culture and genetic engineering, offer an
alternative to conventional breeding to generate new cultivars with enhanced agronomic and
nutritional characteristics (Dai et al., 2015). In recent years, sequence-specific genome
editing technologies were found to be useful tools for crop improvement and clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein9
(Cas9) (Cheng et al., 2013) is the newest and most widely used genome editing technology
for the study of the function of genes and for the development of mutant lines with enhanced
tolerance to biotic and abiotic stresses, herbicide resistance or improved yield. In the last
decades, transgenic crops have been developed and genetic modification has been performed
to confer resistance against abiotic stresses like drought, salinity, cold etc. (Meng et al., 2018;
Lynch et al., 2018). The CRISPR/Cas9-mediated genome editing technology has opened a
new opportunity for rapid development of disease resistant crop varieties by either stacking
of disease resistant (R) gene(s) or disruption/deletion of susceptibility genes (Evans et al.,
2011).

Due to the recent progress in next-generation sequencing (NGS) technologies, the emergent
postgenomic era has enabled advances not only for model plants and major cereal crops but
also for horticultural crops, which comprise a great diversity of species. In this postgenomic
era, transcriptional and translational research on model plants has provided many valuable
information on many horticultural species. The physiological basis for these stress responses
is in integrating many transduced events into a comprehensive signaling pathway network. A
central place in this transduction network is occupied by the plant hormones. These hormones
help in coordinating cellular processes such as cell division, elongation, and differentiation,
which are the fundamental basis for higher plant development and related character
expressions.
Next-Generation Sequencing (NGS) methods have been widely adopted over Sanger
sequencing, referred to as "first-generation” sequencing due to their dropping costs and
ability to sequence DNA at an unprecedented speed. The huge amounts of data generated by
NGS have extended the understanding of structural and functional genomics through the
concepts of "omics,” providing new insight into the workings and meaning of genetic
conservation and diversity of living things. NGS technologies can be applied for multiple
applications such as
e Sequencing the Whole-Exome (WES) to identify the genetic variants
e Whole transcriptome sequencing (RNA-seq), which helps to understand the
expression of transcripts
e Targeted (TS) or candidate gene sequencing to sequence only the genomic
regions of interest to identify variants.
e Methylation Sequencing (MeS) or Bisulfite Sequencing to investigate
epigenetic modification.
In plant research, NGS technologies have become crucial tools for the assembly of crop
reference genomes, transcriptome sequencing for the study of gene expression, whole-
genome molecular marker development, and identification of markers in known-function
genes. Plants respond to abiotic stresses via dynamic and complex reactions that accompany
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molecular, cellular, and physiological changes in plant tissues. To understand the responses
of plants to abiotic stresses, diverse crop breeding approaches have been applied from
traditional breeding methods to variable -omics methods, such as next-generation sequencing
(NGS).

RNA sequencing (RNA-Seq) uses the capabilities of high-throughput sequencing methods to
provide higher coverage and greater resolution of the dynamic nature of the transcriptome.
Thereby elucidate different physiological and pathological conditions. This technology
consists of converting RNA molecules to a library of cDNA fragments with adaptors. These
fragments are sequenced, and the resulting reads are either aligned to a reference genome (if
available) or assembled de novo, followed by transcript quantification.

The first step in transcriptome sequencing is the isolation of RNA from a biological sample.
To ensure a successful RNA-Seq experiment, the RNA should be of sufficient quality to
produce a library for sequencing (Deokar et al. 2011). Following RNA isolation, the next step
in transcriptome sequencing is the creation of an RNA-Seq library, which can vary by the
selection of RNA species and between Next Generation Sequencing (NGS) platforms. The
construction of sequencing libraries principally involves isolating the desired RNA
molecules, reverse-transcribing the RNA to cDNA, fragmenting, or amplifying randomly
primed cDNA molecules, and ligating sequencing adaptors. Many protocols focus on
enriching mRNA molecules before library construction by selecting polyadenylated (poly A)
RNAs. In this approach, the 3’ poly-A tail of mRNA molecules is targeted using poly-T
oligos covalently attached to a given substrate (e.g., magnetic beads). In RNA-Seq
preparation methods, RNA is converted into cDNA because most sequencing technologies
require DNA libraries. Most cDNA synthesis protocols create libraries that were uniformly
derived from each cDNA strand, thus representing the parent mRNA strand and its
complement. The overview of RNA-Seq library preparation is given in Figure 1.1.

Many reads that can be generated per sequencing run (e.g., a single lane of an Illumina HiSeq
2500 generates up to 750 million paired end reads) permits the analysis of increasingly
complex samples. The introduction of unique 6-bp indices, also known as “barcodes,” to each
RNA-Seq library enables the pooling and sequencing of multiple samples in the same
sequencing reaction. The barcodes identify which sample the read originated from. Most
high-throughput sequencing platforms use a sequencing-by-synthesis method to sequence
tens of millions of sequence clusters in parallel. In recent years, the sequencing industry has
been dominated by Illumina, which applies an ensemble-based (i.e., sequencing many
identical copies of a DNA molecule) sequencing-by-synthesis approach.

10
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Figure 1.2: Overview of RNA-Seq library preparation (Kukurba et al. 2015)

Global gene expression profiling using RNA-Seq technologies has been widely used to study
biological and cellular responses to plants' oxidative stress responses. Since the number of
such transcriptome studies is growing, it is very significant to have a comprehensive analysis
by integrating multiple studies to identify robust gene expression signatures that would be

subtle in individual studies. Such studies are known as meta-analysis.

Systematic literature review and meta-analysis are increasingly popular in agricultural
sciences. The meta-analysis technique has been applied in numerous fields, for example,
psychology, law, management, education, medicine, and even policy formulation. Across

various fields, meta-analysis has been used to examine the following:

strength of the relationship between two variables
effectiveness of treatments or interventions
accuracy of theories

validity of measuring instruments

YV YVYY
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Meta-analysis facilitates derogating or decimating potential biases associated with individual
studies and improving statistical power to detect subtle but biologically meaningful variations
through increased sample sizes (Balan et al., 2018).

e Plant stress perception, signaling and responses

Since the development of NGS, the transcriptome has been widely studied to gain insights
into the molecular mechanisms by which plant species adapt to their environment. Currently,
transcriptome data analyses of plants are performed in various organisms under diverse
conditions, including exposure to abiotic stresses. The first layer of protection against abiotic
stress is the construction of structural barriers such as waxy cuticles, pigments, trichomes and
antimicrobial metabolites to prevent or attenuate invasion and stress induction. If the first
layer of protection is breached or it is not sufficient, plant immune system takes action by
recognizing non-self-molecules and signals from stressed or injured cells, and respond to that
by activating an effective counter response (Hoang et al., 2017; Imran et al., 2018). Potential
threats can be perceived by the plant via both extracellular and intracellular receptors that
bind to substrates. Although the receptor substrates for abiotic stresses remain unknown,
these stress signals are known to be perceived by different receptors including
CALCIUM/CALMODULIN-REGULATED RECEPTOR-LIKE KINASE 1 (CRLK1),
RECEPTOR-LIKE PROTEIN KINASE1 (RPK1) and CYSTEINE-RICH REPEAT
RECEPTOR-LIKE KINASE 5 (CRKS5), which are involved in cold stress and drought
tolerance and abscisic acid (ABA) signaling, respectively (Kawasaki et al., 2005; Mao et al.,
2011).

Abiotic and biotic stress perception subsequently leads to the phosphorylation and activation
of receptor Kkinases resulting in a rapid calcium (Ca2+) influx and phosphorylation of
receptor-like cytoplasmic kinases (RLCKSs) and calcium-dependent protein kinases (CPKSs)
that recruit and phosphorylate respiratory burst oxidase homolog D (RbohD; Orcheski et al.,
2016; Najafi et al., 2018). Activation of RbohD results in the production of extracellular
reactive oxygen species (ROS) that depolarizes plant cells within minutes after elicitor
application (Pandey et al., 2013). Both Ca2+ and ROS were shown to act as second
messengers and spread throughout the plant, activating plant stress signaling.

Besides rapid second messengers induced signaling, receptor activation leads to downstream
mitogen activated kinase (MAPK) signaling that activates transcription factors (TFS)
involved in stress signaling and regulation (Mittler et al., 2011). These include TFs from
different families such as, ABA-responsive element-binding proteins (AREBs), WRKYsS,
APETALA 2 (AP2)/ethylene-responsive element-binding factors, myeloblastosis (MYB)
TFs, myelocytomatosis (MYC) TFs, basic domain-leucine zipper (bZIP) TFs (e.g., TGA
binding TFs), and zinc finger proteins (ZFPs; Cao et al., 2017; Li et al., 2017). These
transcription factors are known to regulate different stress-driven signaling pathways
including the production of phytohormones that amplify stress signals.

Depending on the nature of the stress, plants make use of phytohormone-driven signaling
pathways to amplify stress signaling, including the production and accumulation of ABA,
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salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) Phytohormonal accumulation was
shown to be linked to early plant stress signaling involving ROS production, showing the
importance of general and early stress responses in stress specific phytohormonal regulation.
The figure 1.3 showed a simplified working model of a signaling network of plant responses

to abiotic stress.
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Figure 1.3: A simplified working model of a signaling network of plant responses to abiotic
stress (Khadka et al., 2019)

1.4. Research Objectives

The main objective of my Ph.D. projects was to perform a comprehensive study of the
genetic basis of environmental and physiological stress in fruit tree crops through the
application of meta-analytical technique and RNA-Seq analysis. The study helped in
obtaining the gene expression data pertaining to abiotic stress in fruit tree crops to detect the
strongly associated genes, pathways, and gene set categories. Identifying key information in
transcriptomic data is very important, especially when the “omic” study deals with plant
responses to stresses in field conditions where a high number of variables and disturbing
factors may affect the analysis. A wide range of stress due to drought, salinity, and heat
adversely affects plant growth and productivity worldwide. There were individual
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transcriptome studies based on individual stress on different crops, which lacks the
significance of identifying the potential genes, which are vulnerable to any abiotic stress. The
proper understanding of plant stress response mechanisms under specific stresses can draw a
better view for improving worldwide food production.

In this first study, the objective was to identify, and map key genes involved in drought
response on leaves across different crops. In this work, I have conducted a meta-analysis of 9
RNA-Seq studies conducted in 7 crops to deliver conserved and reliable genomic information
exploitable by breeding to enhance drought resistance in crops. | analyzed (in a most
comprehensive manner as possible) RNA-Seq data in crops (herbaceous, tree fruit crops,
model plant) under drought using the same bioinformatics pipeline to deliver functional
genomics knowledge that will guide molecular breeding to enhance drought tolerance and
resistance in crops. Data were dissected using an integrated approach of pathway- and gene-
set enrichment analysis, Mapman visualization tool, gene ontology analysis, and inferred
protein-protein interaction network. In summary, taken together with all the findings, I
propose a model of plant response to drought; and | anticipate that these insights will assist in
the development of genetic resistance and implementing strategies to enhance resistance. My
study is the first to provide RNA-Seq data analysis related to transcriptomic responses
towards drought across different crops.

The second study was conducted to identify essential genes involved in general plant abiotic
stress conditions and those involved in specific and unique in different abiotic stresses.
Bioinformatics analysis of previously published RNA-Seq studies on leaves was performed
by carefully selecting published studies related to four abiotic stress factors: drought, salinity,
cold, and heat. To achieve my aim, | considered the following steps which helped me to
increase the specificity of the study, which were a) download row data from the literature for
analysis b) use single bioinformatics pipeline for data analysis, c) use reference genome
downloaded from a single source (phytozome), and d) remove the genes which play a role in
tree and fruit development. So, my focus was to conduct raw data analysis by developing a
bioinformatics pipeline using the reference genome from a single source. A pipeline
composed of pathway and gene set enrichment analysis, protein-protein interaction networks,
and gene visualization tools were employed. The study provided insights into molecular
regulatory systems controlling resistance/tolerance/susceptibility to four significant abiotic
stresses in plants.

The next study aims to identify genes that serve as potential targets to develop cultivars with
enhanced drought and salinity resistance and/or tolerance across different fruit tree crops in a
biotechnological sustainable way. In that study, | conducted a meta-analysis by selecting six
RNA-Seq studies with similar experimental design (timing and intensity of stresses)
conducted in five fruit tree crops in order to deliver conserved and reliable genomic
information for enhancing drought and salinity crop resistance/tolerance. | analyzed, in the
most comprehensive manner possible, RNA-Seq data in fruit tree crops under drought and
salinity using the same bioinformatics pipeline used in my previous analysis. The most
important players among the huge amount of data generated by every single RNA-Seq study
were identified and mapped on the chromosomes to develop next-generation markers (i.e.,
based on epigenetic mechanisms). Key molecular physiological conclusions were generated
based on the identification of conserved gene sets, pathways, and gene networks involved in
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abiotic stress resistance/tolerance. The experiment provides a valid approach to ask additional
questions with respect to how plants respond to stress.

From these experiments, | came up with a bioinformatic approach that can serve as a
common pipeline to answer many major abiotic stress issues faced by fruit crops. One such
issue that was least studied was alternate bearing in pistachio tree. An experimental plan was
developed to discuss and understand the molecular mechanism causing premature flower bud
abscission that leads to alternate bearing in pistachio. This study can be considered as the first
study reporting and documenting the gene expression profiling associated with inflorescence
bud abscission. The aim of this analysis was to provide insights into the transcript changes
between inflorescence buds in bearing and non-bearing shoots in order to identify the
molecular mechanism causing premature inflorescence bud abscission, which is linked to
alternate bearing in the Italian pistachio cultivar Bianca. The results demonstrated the
nutritional theory and the involvement of a complex network of hormonal signals and cross
talk in the inflorescence bud drops of fruiting shoots. These findings have important
implications for the horticultural management of this fruit species.

The final study was done on fruit samples from Italian pistachio cultivar Bianca to identify
the molecular mechanism causing premature inflorescence bud abscission and therefore to
complete the previous analysis. In this study, RNA seq analysis was carried out in fruits of
“ON” and “OFF” shoots of the cultivar Bianca, for two consecutive years to investigate the
presence of inhibitory signals or genes relate to hormone biosynthesis directly or indirectly
linked to the premature fall of the inflorescence buds, considered the main cause of alternate
bearing behavior of Pistachio tree. From my findings, it is evident that one of the leading
causes of premature inflorescence bud abscission is the shortage of nutrients. Hormone
applications may mitigate the phenomenon; however, accurate management of resources like
carbohydrates and mineral elements directly or indirectly linked to the mechanism can
modulate the rate of alternating production. At the same time, the finding of putative
biomarkers, in the future, may lead to a reduction of the inflorescence buds and the
possibility to balance the alternate bearing phenomenon.
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2. CHAPTER?2

Experiment 1: Identification of key genes and its chromosome regions linked to drought
responses in leaves across different crops through meta-analysis of RNA-Seq data

DOI: https://doi.org/10.1186/s12870-019-1794-y

2.1. Introduction

Drought is one of the most severe and increasing environmental factors affecting agricultural
production. The water uptake, plants adaptation and long-term evolution of plant species are
affected by drought stress (Lynch et al., 2013). Plant requires a substantial change in the
metabolism, which includes regulation of transcription and gene expression and extensive
transcriptome reprogramming to withstand with adverse environmental stress conditions like
drought (Janiak et al., 2018). Therefore, transcriptomic studies offer great insight into the
mechanisms of plant stress responses. Among the small plant molecules, hormones play an
important role in the modulation of the complex plant physiological and molecular responses
to drought. Abscisic acid is the key hormone modulating water loss and cellular growth
maintenance (Peleg et al., 2011). However, this is only one among the many key players in
the complex molecular networks underlying crop responses to environmental stresses. The
outcome of the responses is regulated by complex crosstalk where small molecules (such as
hormones) play a specific role of inhibition/induction of key proteins in stress signal
reception, transmission, and responses such as kinases, phosphatases, and transcription
factors, defensive responsive genes (Krasensky et al., 2012). Some key transcription factor
(TF) families such as MYB, WRKY, and bZIPs have been involved differently depending on
the type of stress. Some TFs have been object of genetic engineering to improve stress
tolerance in model and crop plants (Qin et al., 2011). Transcriptomic studies are essential in
gaining insight into the crop responses to drought by identifying specific genes involved in
plant responses to water stresses highlighting each crop's peculiarities and identifying which
genes are the base of diverse drought tolerance and resistance mechanism. Since data of each
study are typically related to only one season, this may lead to reduced reliability of the
conclusions driven by each study. Indeed, it is essential to find a pipeline to compare data
across species in order to strengthen the meaning of every single study, validating published
works across species and reducing the environmental variability that affects their reliability.
This kind of works named meta-analysis is lacking in crops, especially at the transcriptomic
level. Therefore, it is highly desirable to put more efforts in developing extensive studies to
systematically understand drought-stress-related mechanisms in crops, which will accelerate
the development of new crop varieties with improved stress resistance to increase agricultural
sustainability and food supply for a highly growing world population.

RNA-Sequencing (RNA-Seq) is a rapid technique for genome-wide gene expression analysis
(Martinelli et al., 2013). With the emergence of this technique, the high-throughput
transcriptomic technologies have been revolutionized. This technique can be considered an
efficient way to identify genes and gene families encoding proteins involved in different
metabolic pathways related to the study's object. Next-generation sequencing methods have
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enabled to understand the gene expression data in both quantitative and qualitative manner
(Zhao et al., 2018) and can be used for obtaining sequences on a large scale with high
sequencing depth. It is crucial to gain insight into the complex networks of crop
environmental stress responses by elucidating the molecular basis of drought-stress
transduction pathways and drought tolerance mechanisms to assist in developing drought-
tolerant crops. Omic approaches have been used to validate RNA-Seq data related to
environmental stress responses. However, transcriptomic studies present some drawbacks
represented by the following: 1) high presence of false-positive results that requires
validation with other platforms, 2) data are generally affected by environmental,
experimental, developmental and genetic conditions, 3) experiments are typically not
repeated and conducted in only one season, 4) data are highly affected by the environment,
especially when performed in field conditions, 5) few replicates are usually performed due to
the high costs of these analysis and the scarce integration between transcriptomic and other
omic platforms. Meta-analysis improves the reproducibility of RNA-Seq studies because: 1)
it filters the most meaningful information linked with the object of study, 2) eliminates data
affected by environmental variability, 3) reduces false-positive results, 4) increase the
number of virtual replicates, 5) integrates multiple datasets. Meta-analysis studies should be
combined with statistical modeling for each sample to unveil intrinsic mechanisms (Zhai et
al., 2017).

2.2.  Aim of the research

In the present work, a meta-analysis was conducted with 9 RNA-Seq studies conducted in 7
crops to deliver conserved and reliable genomic information exploitable by breeding to
enhance drought resistance in crops. The RNA-Seq data were analyzed (in a most
comprehensive manner as possible) in crops (herbaceous, tree fruit crops, model plant) under
drought using the same bioinformatics pipeline to deliver functional genomics knowledge
that will guide molecular breeding to enhance drought tolerance and resistance in crops. The
aim was to shed light into drought response mechanisms conserved across crops instead of
identifying specific responses in each crop. The purpose was mainly to answer the two
following unresolved questions:

1. Which genes and molecular mechanisms are conserved across species and can be
considered strictly modulating drought responses in plants?

2. How leaf development affects crop molecular responses to drought and which genes
are playing a key role in drought resistance at different developmental stages?

2.3. Materials and Methods

e Search strategy for selection of RNA-Seq studies

Articles published dealing in response to drought in both tree fruit crop and herbaceous
species were collected. These studies were identified from Scopus and PubMed if they
respect the following criteria as follows: (i) consist of RNA-seq analysis, (ii) included at least
one of the following terms in title and abstract: drought, leaf, stress, abiotic stress, water
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stress, (iii) studies provided raw data submitted in public databases. These criteria resulted in
a selection of 9 articles comprising of total 42 samples (Table 2.1).

Table 2.1: Articles, crops, number of samples, tissue and sample description (control vs
treatment) included in the analysis

Atrticles

Clauw et
al. (2015)

Song et al.
(2016)

Corso et
al. (2015)

Li et al
(2017)

Pieczynsk
i et al
(2018)

Orcheski
et al.
(2016)

Liu et al.
(2017)

Crops

Arabidopsis | 6
thaliana

Zea mays | 2
Cv. B73
(Study1)

Vitis vinifera | 4
cv. M4

Zea  Mays |4
CV. B73
(Study 2)

Solanum 10
tuberosum
cv. Gwiazda

Malus X4
domestic

Solanum 4
lycopersicum

No. of | Tissue
sample

Seedling
leaves

Mature
leaves

Young
leaves

Mature
leaves

Mature
leaves

Seedling
leaves

Seedling
leaves

Sample Description

Control

Controll
(ERR754071)
Control2
(ERR754083)
Control3
(ERR754090)

Control
(SRR4054956)

Controll
(SAMNO023935
71)

Control2
(SAMNO023935
72)

Control 1
(SRR3984708)
Control 2
(SRR3984749)

Gwiazda_DO01
(SRR5448182)
Gwiazda_D02
(SRR5448183)
Gwiazda_DO03
(SRR5448184)

WR1
(SRR3160181)
WR2

(SRR3160208)

SCK
(SRR5282480)

18

Treated

Treated1
(ERR754061)
Treatedl
(ERR754065)
Treated3
(ERR754082)

Treated
(SRR4048280)

Treated1
(SAMNO02393596)
Treated2
(SAMNO02393595)

Droughtl
(SRR3984782)
Drought2
(SRR3984791)

Gwiazda_D6_1
(SRR5448185)
Gwiazda_D6_2
(SRR5448186)
Gwiazda_D6_3
(SRR5448187)
Gwiazda D10 1
(SRR5448188)
Gwiazda_D10 2
(SRR5448189,
SRR5448190)
Gwiazda_D10_3
(SRR5448191)

PR1
(SRR3160081)
PR2

(SRR3160180)

)
(SRR5282481)

Duration of stress

The third seedling
leaves were
harvested at 10

DAS (Days after
stress)
Leaves were

collected after 15
DAS

Leaves were
collected after 10
DAS

Plant were grown
without  watering
until  their  third
leaves were fully
expanded

Leaves were
collected after 6
DAS and 10 DAS

Seedling leaves
were harvested after
14 days

The third seedling
leaves were



Atrticles

Salman et
al. (2016)

Liu et al.
(2015)

Crops

cv. M82

Vitis vinifera
cv. Summer
Black

Triticum
aestivum
cv. TAM107

No. of | Tissue

sample

Mature
leaves

Mature
leaves

Sample Description

Control

TCK
(SRR5282476)

Control
(SRR3466603)

Controll
(SRR1542404)
Control2
(SRR1542405)

Treated

D
(SRR5282478)

Treated
(SRR3466604)

Treatedl
(SRR1542406)
Treated2
(SRR1542407)
Treated3
(SRR1542408)
Treated
(SRR1542409)

Duration of stress

harvested at 10
DAS (Days after
stress)

Mature leaves were
collected with the
interval of 5 days
from 0 to 20 days

Leaves were
collected at 6 h after
stress

If different time point series were present in the same study, a single time point was selected
(10 DAS or whichever is nearer). This selection was done since most of the analyzed studies
were performed at 10 DAS. The selected studies were grouped based on leaf developmental
stage (seedling leaves, young and mature leaves). Raw data were downloaded and analyzed
through a pipeline generated for the meta-analysis. The complete pipeline used for this study
is provided in Figure 2.1.
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Figure 2.1: Workflow of the meta-analysis of the 9 transcriptomic studies related with
drought stress in leaf tissue. Functional and statistical data analysis were indicated.

e Read alignment, gene differential expression and annotation

For all the 9 articles, the latest available version of the corresponding crop genome and its
annotation file were downloaded from Phytozome (https://phytozome.jgi.doe.gov). The raw
data files were downloaded from NCBI SRA (https://www.ncbi.nlm.nih.gov/sra) and EMBL
ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) according to the accession number given
in the article and converted to FASTQ format using SRA toolkit version 2.3.5. Raw data
underwent pre-processing by trimming low-quality bases followed by adaptor sequence
removal to obtain high-quality clean reads using cutadapt version 1.8.1. The pre-processed
high-quality reads were mapped to the corresponding genome with HISAT2 version 2.1.0
(Kim et al., 2015) using the default parameters. The resulted output of HISAT2 was then used
for the identification of differentially expressed genes using Cuffdiff tool in Cufflinks version
2.2.1 pipeline with default parameters. Up- and down-regulated genes with p-value <0.05
were considered for downstream functional analysis. The DEGs selected were annotated
using corresponding crop genome mapping file downloaded from the Phytozome. Custom
made in-house Perl script was used for the selection of genes and mapping.
e Statistical and cluster analysis

The DEGs corresponding to each study separately analyzed, with p-value <0.05, were then
taken for the statistical analysis. Using p.adjust function of R, all the statistical tests were
corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate. This
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approach can make the FDR at the desired level of a (in this study 0.05) by adjusting the P-
values. R software was used for the statistical analysis. Differences among the selected
studies were adjusted using the sample normalization. In order to remove systematic variation
between different species, the normalization procedure served as a crucial pre-processing step
to adjust for the different sample sequencing depths and other confounding technical effects. |
used the geometric normalization method where FPKMs and fragment counts are scaled via
the median of the geometric means of fragment counts across all libraries, as described in
(Anders et al., 2010). The dendrogram was generated for identifying the clustering patterns of
the considered studies. The grouping of the clusters for dendrogram was done using
the Euclidean distance measure.

e Gene set enrichment analysis
I mapped the entire differentially regulated gene IDs of each plant species to Arabidopsis
thaliana and found out the corresponding best hit TAIR ID using the annotation file
downloaded from Phytozome. | used MapMan (Thimm et al., 2004) with the Arabidopsis
thaliana mapping file (http://mapman.gabipd.org/) to map and visualize the metabolic
overview, hormone regulation, secondary metabolism, transcription factors, and protein
targeting. Firstly, | visualized the drought-regulated genes in common in at least 6 of 9
studies. Secondly, | visualized the drought-regulated genes in common between the three
studies in seedlings and finally in common between the five in mature leaves. The PageMan
analysis, plugin of MapMan, was used to visualize differences among metabolic pathways
using Wilcoxon tests, no correction, and an over-representation analysis (ORA) cutoff value
of 3. All the homologous TAIR IDs of the 9 studies were searched against the Database for
Annotation, Visualization and Integrated Discovery (DAVID) version 6.8 (Huang et al.,
2009) Web server (https://david.ncifcrf.gov/). The gene ontology information related to
the biological process was extracted from the DAVID result.

e Gene mapping in crop chromosomes
The drought-regulated genes involved in abiotic stress, hormone metabolism and
transcription factors were selected for the chromosome mapping. | found out the
corresponding chromosome number, start and end of the drought-regulated gene IDs from the
annotation file downloaded from Phytozome (https://phytozome.jgi.doe.gov) using custom
made Perl script. These genes were then mapped towards the chromosome according to their
chromosome number, start and end points.

e Protein-protein interaction network
NetworkAnalyst (Xia et al., 2014), a web-based tool for network-based visual analytics of
protein-protein interaction networks, was used. The list of homologous TAIR IDs from 6 of 9
studies were uploaded and mapped against the STRING interactome database with default
parameters (confident score cutoff=900 and with experimental evidence) provided in
NetworkAnalyst. The networks between drought-regulated genes in seedlings and in mature
leaves corresponding to the list of the visualized genes in MapMan were also obtained. To
study the key connectives and to simplify the large network, I selected “Minimum Network”.

2.4, Results

Based on the search criteria described in Methods, found 22 RNA-Seq were studies: 7 were
performed in roots, 12 in leaves, 3 in fruits. Among leaf studies, 3 of them have no raw data
available. Indeed, the analysis was performed using 9 studies (Clauw et al., 2015, Song et al.,
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2017, Corso et al., 2015, Li et al., 2017, Pieczynski et al., 2017, Orcheski et al., 2016, Liu et
al., 2017): 5 dealing with mature leaves, 1 in young leaves and the other 3 in seedlings. The 9
studies comprise of 2 fruit tree crops and 5 herbaceous ones. The selected species belong to
C3 and C4 plants. Photosynthesis is the process that plants use to turn light, carbon dioxide,
and water into sugars that fuel plant growth, using the primary photosynthetic enzyme
Rubisco. C3 plants do not have the anatomic structure nor the abundance of PEP carboxylase
to avoid photorespiration like C4 plants. The articles and crops selected for the study, number
of up- and down-regulated genes were listed in Table 2.2.

Table 2.2: Table 1 The number of up-regulated and down-regulated genes in response to
drought for each study. Number of up- and down-regulated genes in common in at least 6, 7,
8, 9 of 9 studies

Acrticle Crop Sample Information
Total Up Down

Clauw et al. (2015) Arabidopsis thaliana 17,230 8184 | 9046
Song et al. (2016) Zea mays cv. B73 (Studyl) 11,693 5611 6082
Corso et al. (2015) Vitis vinifera cv. M4 11,114 6154 | 4960
Li et al. (2017) Zea mays cv. B73 (Study 2) 10,601 | 5225 | 5376
Pieczynski et al. (2018) Solanum tuberosum cv. Gwiazda 10,843 6409 | 4434
Orcheski et al. (2016) Malus X domestica 16,700 8545 8155
Liu etal. (2017) Solanum lycopersicum cv. M82 9746 5164 | 4582
Haider et al. (2017) Vitis vinifera cv. Summer Black 9420 2866 6554
Liu et al. (2015) Triticum aestivum cv. TAM107 11,556 5830 | 5726
Commonly regulated in 9 of 9 articles 0 0 0
Commonly regulated in strictly 8 of 9 articles 12 5 7
Commonly regulated in strictly 7 of 9 articles 15 11 4
Commonly regulated in strictly 6 of 9 articles 351 147 204

The analysis resulted in the identification of a total of 108,903 genes in which 53,988 were
up-regulated and 54,915 were down-regulated. For each of the analysis, the total number of
genes range from 9420 to 17,230. The number of genes up-regulated was in a range of 2866
to 8184 and down-regulated genes were span from 4582 to 9046. The two Vitis
vinifera studies form a cluster showing an overall transcriptomic similarity towards the
analysis to drought (Figure 2.2).
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Zea mays cv. B73 (1)
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Arabidopsis thaliana

Malus X domestica

Solanum lycopersicum (M82)

Solanum tuberosum (Gwiazda)

40 30 20 10 0

Figure 2.2: Dendrogram showing the hierarchical relationship among the RNA-seq studies
selected for the meta-analysis. Resulted log2FC values of the analysis were used for
generating the tree. Plant species used for the analysis (9 studies) were indicated

Although the transcriptomic responses in the two maize studies were very similar, the
closeness of one maize study to wheat study was higher than between the two maize studies.
The similarity in drought responses among apple, Arabidopsis thaliana and tomato were
related since they dealt with drought responses in seedling leaves.
e Gene set and pathway enrichment analysis

DAVID software was used to identify the common biological processes affected by drought
at transcriptomic level considering the drought-regulated genes in at least 6 of 9 studies.
Metabolic pathways divided in up- or down-regulated by drought along with GO ID, its GO
term, count, p-values and Benjamini values were shown (Table 2.3).

Table 2.3: Significantly regulated biological processes (FDR <0.05) which are commonly
regulated in at least 6 of 9 transcriptomic studies
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GO_ID

G0:0006633
G0:0015031
G0:0016192
GO:0046777
G0:0006468
G0:0006839
G0:0006096
G0:0006412
G0:0000398
G0:0071555

G0:0006349

G0:0010025
G0:0009611
G0:0006855
G0:0009409
G0:0009553
G0:0048364
G0:0006629
G0:0009058
G0:0009416
G0:0016310
G0:0009826
G0:0009723
G0:0009751
G0:0006508
G0:0009555

G0:0006886

GO_TERM

DOWN-REGULATED

fatty acid biosynthetic process
protein transport
vesicle-mediated transport
protein autophosphorylation
protein phosphorylation
mitochondrial transport
glycolytic process

Translation

MRNA splicing, via spliceosome

cell wall organization

regulation of gene expression by genetic

imprinting

wax biosynthetic process
response to wounding

drug transmembrane transport
response to cold

embryo sac development
root development

lipid metabolic process
biosynthetic process
response to light stimulus
Phosphorylation
unidimensional cell growth
response to ethylene
response to salicylic acid
Proteolysis

pollen development

intracellular protein transport
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Count

3

P-value

7.02E-250
2.93E-129
1.08E-117
3.73E-117
4.54E-32
8.95E-26
1.83E-23
7.14E-23
3.95E-21
3.95E-21

4.28E-21

5.84E-21
4.47E-19
1.07E-17
7.87E-15
2.10E-12
2.84E-12
5.96E-11
3.39E-09
3.48E-08
4.45E-08
5.57E-08
7.02E-08
7.02E-08
1.36E-07
2.58E-07

3.09E-07

Benjamini test

5.80E-247
1.21E-126
2.96E-115
7.70E-115
7.49E-30
1.23E-23
2.16E-21
7.38E-21
3.62E-19
3.62E-19

3.54E-19

4.39E-19
3.08E-17
6.77E-16
4.65E-13
1.15E-10
1.47E-10
2.90E-09
1.56E-07
1.51E-06
1.84E-06
2.19E-06
2.64E-06
2.64E-06
4.89E-06
8.86E-06

1.02E-05



GO_ID
G0:0032259
G0:0055085

G0:0045893

G0:0051301

G0:0006511

G0:0006952
G0:0006457
G0:0006979
G0:0008152
G0:0007275

G0:0016567

G0:0006351

G0:0006355

G0:0055114
G0:0006970
G0:0009737
G0:0009845
G0:0006396
G0:0042542
G0:0009636
G0:0009408
G0:0009624
G0:0009414
GO0:0009734

G0:0009738

G0:0009908

GO_TERM

Methylation

transmembrane transport

positive regulation of transcription,
DNA-templated

cell division

ubiquitin-dependent protein catabolic

process

defense response

protein folding

response to oxidative stress

metabolic process

multicellular organism development

protein ubiquitination

UP-REGULATED

transcription, DNA-templated

regulation
templated

oxidation-reduction process

of  transcription,

response to osmotic stress

response to abscisic acid

seed germination

RNA processing

DNA-

response to hydrogen peroxide

response to toxic substance

response to heat

response to nematode

response to water deprivation

auxin-activated signaling pathway

abscisic
pathway

acid-activated

flower development

signaling
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3

14

15

P-value
3.09E-07
3.09E-07

4.61E-07

7.84E-07

7.84E-07

9.34E-07
2.42E-06
2.42E-06
3.55E-06
4.73E-06

5.79E-06

7.89E-06

8.21E-06

1.23E-05
3.37E-05
3.64E-05
3.82E-05
3.84E-05
5.36E-05
5.78E-05
5.78E-05
6.12E-05
6.12E-05
6.53E-05

7.53E-05

1.07E-04

Benjamini test
1.02E-05
1.02E-05

1.47E-05

2.40E-05

2.40E-05

2.76E-05
6.90E-05
6.90E-05
9.78E-05
1.26E-04

1.49E-04

1.98E-04

1.99E-04

2.90E-04
7.74E-04
8.11E-04
8.29E-04
8.13E-04
0.001106
0.001163
0.001163
0.001203
0.001203
0.001253

0.001412

0.001968



GO_ID GO_TERM P-value Benjamini test
G0:0006470 protein dephosphorylation 3 1.29E-04 0.002319
G0:0006810 Transport 5 1.29E-04 0.002319
G0:0009651 response to salt stress 6 1.36E-04 0.00238
G0:0015979 Photosynthesis 3 1.36E-04 0.00238
G0:0009733 response to auxin 4 1.38E-04 0.002364
G0:0007165 signal transduction 5 1.51E-04 0.00255
G0:0009873 ethylene-activated signaling pathway 3 1.90E-04 0.003131
G0:0009735 response to cytokinin 3 2.35E-04 0.003805
G0:0035556 intracellular signal transduction 3 2.61E-04 0.004137
G0:0042742 defense response to bacterium 3 2.61E-04 0.004137
G0:0046686 response to cadmium ion 3 3.34E-04 0.005191
G0:0005975 carbohydrate metabolic process 3 3.35E-04 0.005117
G0:0009793 embryo development ending in seed | 3 3.35E-04 0.005117
dormancy

No GO-terms related to the biological process were commonly drought-regulated in at least 7
of 9 studies. Among at least 6 of 9 articles, 38 GO-terms were down-regulated while 28 were
up-regulated. Among them, it is worthy to mention some of the biological pathways that are
known to be repressed by the drought stress such as wax biosynthesis and cell wall
organization, fatty acid biosynthesis, protein phosphorylation. On the opposite, the study
identified some GO-terms that were up-regulated in response to water stress such as response
to osmotic stress, response to abscisic acid, response to water deprivation, abscisic-activated
signalling pathway, response to salt stress, response to hydrogen peroxide.
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e Abiotic stress responses
Genes mapped in the abiotic stress-related GO-terms identified by DAVID are shown in
Figure 2.3.

ABIOTIC STRESS RESPONSE

Responseto osmotic stress Responseto abscisic acid
m AT3G03740: BTB-POZ AND MATH DOMAIN 4 = AT2G46680: HOMEOBOX 7

m AT4633950: SUCROSE NONFERMENTING 1-RELATED = AT5G59320: LIPID TRANSFER PROTEIN 3
PROTEIN KINASE 2 m AT4G22200: POTASSIUM TRANSPORT 3
m AT4G17615: CALCINEURIN B-LIKE PROTEIN 1 m AT2G04550: DUAL SPECIFICITY PROTEIN PHOSPHATE 1E
® AT3G17510: CBLINTERACTING PROTEIN KINASE 1 m AT3G02850: SHAKER FAMILY POTASSIUM ION CHANNEL
m AT1G58340: BUSH-AND CHLOROTIC DWARF m AT4G33950: SUCROSE NONFERMENTING 1-RELEATED
Responseto water deprivation PROTEIN KINASE 2
BAT2G46680: HOMEOBOX 7 m AT3G17510: CBLINTERACTING PROTEIN KINASE 1
m AT5G59320: LIPID TRANSFER PROTEIN 3 = AT1G58340: BUSH-AND-CHLOROTIC DWARF
m AT4G33950: SUCROSE NONFERMENTING 1-RELATED Responseto salt stress
PROTEIN KINASE 2 m AT5G09650: PYROPHOSPHORYLASE 6
m AT4G17615: CALCINEURIN B-LIKE PROTEIN 1 = AT2G01980: SALT OVERLY SENSITIVE 1
= AT1G52340: SHORT CHAIN DEHYDROGENASE m AT4G33950: SUCROSE NONFERMENTING 1-RELATED
REDUCTASE 1 PROTEIN KINASE 2
Abscisic acid activated signaling pathway m AT3G04120: GLYVERALDEHYDE-3-PHOSPHATE
mAT2G46680: HOMEOBOX 7 DEHYDROGENASE
m AT2G04550: INDOLE-3-BUTYRIC ACID RESPONSE5 ™ AT4G17615: CALCINEURIN B-LIKE PROTEIN 1
® AT4G33950: SUCROSE NONFERMENTING 1-RELATED ™ AT3G17510- CBLINTERACTING PROTEIN KINASE 1
PROTEIN KINASE 2 o )
= AT4G17615: CALCINEURIN B-LIKE PROTEIN 1 Fatty acid biosynthesis process
mAT1G68530: 3-KETOACYL-COA SYNTHASE 6
Cell call organization m AT2G33150: 3-KETOACYL-COA THIOLASE 2
® AT5G13000: CALLOSE SYNTHASE 3 m AT1G01120: 3-KETOACYL-COA SYNTHASE 1

m AT1G55850: CELLULOSE SYNTHASE LIKE 1
WAT3G07160: GLUCAN SYNTHASE LIKE 10

= DOWN-REGULATED GENES = UP-REGULATED GENES

Figure 2.3: Drought-regulated genes involved in abiotic stress-related categories which are
commonly regulated in at least 6 of 9 studies were indicated. Genes were identified
as Arabidopsis thaliana orthologs of each gene of the analyzed plant species. Red indicated
up-regulation and green indicated the down-regulation in response to drought

Among the drought up-regulated genes involved in osmotic and salt stress, it is worth to
mention the sucrose-related protein kinase and the CBL interacting protein kinase, the salt
overly sensitive 1, and pyrophosphorylase 6. In the category of “response to water
deprivation”, there was up-regulation of homeobox 7, lipid transfer protein 3, open stomata 1,
calcineurin B-like protein. Four genes were up-regulated by drought and involved in
“abscisic acid-activated signalling” while 8 of the drought up-regulated genes were involved
in “response to abscisic acid”. Drought repressed three genes involved in fatty acid
biosynthesis such as 3-ketoacyl-coa synthase 1 and 6 and 3-ketoacyl-coa thiolase 2.
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e Secondary metabolism, cellular responses, signalling

MapMan web-tool was used to identify transcriptomic effects of drought in key selected
categories such as secondary metabolism, cellular responses and signalling (Figure 2.4).

SECONDARY METABOLISM / CHLUTARBESRONGES \ / SIGNALING
/

1. AT5G49910 : CPHSC70-2EAT
2. AT5G48030 : GFA2 (Chaperone Protein)

3. AT2G46240 - BAG6 (Large prolinerich protein) 1. ATSGA8380 : CRR Famiy
1. AT1G59960 : Aldo/Keto reductase 4. ATAG13830 - 120 2. AT2GI6250 : LRR transmembrane
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Figure 2.4: MapMan overview showing transcriptomic effects of drought in key categories
selected such as secondary metabolism, cellular responses and signaling. Genes were
identified as Arabidopsis orthologs of each genes of the analyzed plant species. Red means
up-regulated and green means down-regulated.

Among the secondary metabolism, the drought-repressed genes were involved in terpene
pathways such as terpene cyclase, phytoene synthase, farnesyl pyrophosphate synthase 2.
Cellular response genes were mostly inhibited by drought. MADS transcription factors like
AGL8 (agamous-like MADS-box) and SCL3 (scarecrow-like protein) were enhanced.
Relating to signalling mechanisms, genes encoding for 2 leucin rich repeat genes, 3 protein
kinases, a proline-rich extension like receptor kinase, a lectin protein were repressed. On the
other hand, a protein kinase (AT5G56890), and two serine/threonine Kkinases were up-
regulated.
e Transcription factors and hormones

Among the drought-up regulated transcription factors, it is worthy to mention the induction of
AL1 (alfin-like), UGKYAH (trihelix), WRKY20, zinc ion binding, two homeobox genes
(one CDF2 and an SDG26 (SET domain)). Among the repressed ones, there were two bHLH
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members, a MYB factor (TKI1), two ABA-related TF (ABI3VP1), and ARR2 (cytokinin-
related) (Figure 2.5).

TRANSCRIPTION FACTORS

T Up-Regulated

l Down-Regulated

B AT5G05610 : Alfin-like 1 [BIAT4G04890 : Protodermal factor 2
BAT4G17050 : Ureidoglycine Aminohydrolase BAT4G17880 : MYC4

BIAT1G68810 : TMOS-liket
BIAT4G26640 : WRKY20 BIAT2G36960 : TSL-kinase interacting protein 1
lAT4G22140 : Zinc ion binding BIAT5G49160 : Methyltransferase 1
.AT2G46680 - Homeobox 7 .AT4G32010 : HSI2-Like 1
W AT4G40060 : Homeobox 16 BlAT2G46870 : NGA1

[BIAT4G29000 : Tesmin CXC domain protein
[BIAT4G38890 : FMN-linked oxidoreductases
[BAT5G04560 : DEMETER

[BIAT4G29160 : SNF7

B AT4G16110 : Response regulator 2
[BIAT5G64220 : Calmodulin-binding activator 2
B AT4G40030 : Histone 3.3

AT5G39660 : Cycling DOF factor 2
M AT1G76710 : Set domain group 26

IAT5G54680 : IAA-Leucin resistant 3

Figure 2.5: Drought-regulated genes involved in transcription factors which are commonly
regulated in at least 6 of 9 studies. Genes were identified as Arabidopsis thaliana orthologs of
each gene of the analyzed plant species. Red indicated up-regulation and green indicated the
down-regulation in response to drought

Figure 2.6 summarized the drought-regulated genes involved in hormone-related categories.
Ethylene and salicylic acid pathways were repressed by drought whereas auxin, abscisic acid,
cytokinin, ethylene pathways were mostly up-regulated. Water deprivation down-regulated
three genes responsive to ethylene and three responsive to salicylic acid (such as glutathione-
s-transferase 2) while it up-regulated several genes responsive to auxin, abscisic acid,
cytokinin and ethylene activated signalling pathway. Among the auxin-responsive genes it is
worth to mention the enhancement of indole-3-butyric acid response 5 and the phytochrome
associated protein 2. Relating to abscisic acid there was an up-regulation in homeobox 7,
lipid transfer protein 3, shaker potassium ion channel, SNF1, potassium transport 3. The
cytokinin responsive gene, heat shock protein 93, and three ethylene-related genes, ERF1,
SKP1 and DREB were enhanced.
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Figure 2.6: Drought-regulated genes involved in hormone-related categories which are
commonly regulated in at least 6 of 9 studies were shown. Genes were identified as
Arabidopsis orthologs of each gene of the analyzed plant species. Red indicated up-regulation
and green indicated the down-regulation in response to drought.

e Protein-protein network analysis

The protein-protein interaction (PPI) network analysis comprises of 351 drought-related
genes commonly regulated in at least 6 of 9 studies. Minimum default settings were used to
reduce the number of interacting proteins and the complexity of the networks (Figure 2.7).
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U1A : U1 small nuclear ribonucleoprotein A

MEES : Ribosomal protein S5/Elongation factor G/II/V family
RPL10 : Ribosomal protein L10

RPL7AB : Ribosomal protein L7a-2

TOPP4 : Serine/threonine-protein phosphatase PP1 isozyme 4
RPS16C : Ribosomal protein S16-3

LOS1 : Low expression of osmotically responsive genes 1
ARP8  : Actin-like protein

ACT7 :Actin-7

RPL7D : Ribosomal protein L7-4

ATL5 : RING-H2 finger protein

CLPC1 : ATP-dependent Clp protease ATP-binding subunit
RPS19 : Ribosomal protein S19

UBQ3 : Polyubiquitin 3

RPS13B : Ribosomal protein S13-2

CR88 : Chlorate-resistant

HSP90-4: Heat shock protein 90-4

HTR8 : Histone 3.3

TTL1 : TPR repeat-containing thioredoxin

ASHH1 : Histone-lysine N-methyltransferase

emb2726: Elongation factor Ts, mitochondrial

ATJ20 : Chaperone protein dnal 20, chloroplastic

GAPC1 : Glyceraldehyde-3-phosphate dehydrogenase
RBR1 : Retinoblastoma-related protein 1

CDKA-1 : Cyclin-dependent kinase A-1

UBC2 : Ubiquitin-conjugating enzyme E2 2

RAD23C: Ubiquitin receptor RAD23c

SKP1B : SKP1-like protein 1B

Up-Regulated genes . Down-Regulated genes

Figure 2.7: Protein-protein interaction network analysis predicted for genes commonly
regulated in 6 of 9 studies based on Arabidopsis knowledgebase. Proteins encoded by genes
having high degree of betweeness are shown in red color (up-regulated) and green color
(down-regulated)

Some key genes with a high number of interactions (>20) were highlighted. Among the up-
regulated hub (highly interacting) proteins it is worthy to notice some key proteins that may
play a key role in drought response such as LOS1 (Low expression of osmotically responsive
genes 1), HSP90—4 (heat shock protein 90-4), SKP1B (SKP1-like protein 1B), CR88
(chlorate resistant). Interestingly, drought down-regulated highly interactive proteins such as
ATL5 (ring H2 finger protein), UBQ3 (polyubiquitin 3), TTL1 (TP repeat-containing
thioredoxin), ATJ20, (chaperone protein DNAJ 20), CDKA-1 (Cyclin Dependent Kinase A-
1). PPI network analysis was performed for drought-regulated in common between the three
seedling studies and between the five studies on mature leaves. In seedling, two major hub
proteins  WDRS5A (histone methylase component) and ASHH1 (histone lysine N
methyltransferase) were up-regulated. In mature leaves, an LRR receptor-like
serine/threonine protein kinase was repressed while CDKF-1 (cyclin dependent kinase F-1)
was up-regulated.
e Chromosome mapping of key drought-regulated genes in crops
Key genes encoding genes related to abiotic stress responses, transcription factors, hormone
metabolism (obtained from DAVID software) were mapped in the respective chromosomes
of the 7 crops. There was a total of 55 genes. Interestingly, | observed that in some species
there was not a homogeneous distribution of these genes across chromosomes since some
chromosomes contained a higher number of them. While in apple, potato, and tomato there
was a similar distribution of these genes in the chromosomes, whereas, in Zea mays, Triticum
aestivum and Arabidopsis thaliana there was a higher presence of these genes in some of the
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chromosomes. In maize, a total of 29 abiotic stress-related genes were mapped to
chromosome 1 implying that the chromosome 1 regions should contain more genes involved
in drought resistance than the other chromosome regions. In Arabidopsis thaliana, 17 genes
were mapped to chromosome 4. In Triticum aestivum chromosome 2 (2A +2B +2D) and 5
(5A + 5B+ 5D genome) mapped respectively 15 and 12 genes. This work allowed to identify
which chromosome might contain more genes involved in drought resistance and will guide
the identification of new molecular markers linked with drought resistance.

e Drought-regulated transcriptomic responses at different leaf stage
Attention was paid on the drought-responsive genes at different leaf developmental stages.
Comparing the three studies dealing with drought transcriptomic responses in seedlings
(tomato, Arabidopsis thaliana and apple), 934 commonly drought-regulated genes were
identified (Figure 2.8).

SEEDLING LEAVES MATURE LEAVES
Solanum tuberosum

Arabidopsis thafiana 1196 (Gwiazda)

Vitis vinifera (Summer Black] Zea mays cv. B73 (1)

961
Triticum aestivum
(cv. TAM107)
: RS 59 eamsyscv.873(2)
Solanum lycopersicum (M82)
Commonly regulated
Commonly regulated among aI‘I’tlig 5 studies Commonly regulated
among all the 3 studies among 4 of 5 studies
- .
\\‘
Commonly regulated among 012 2 443 | Commonly regulated among
seedling leaves | mature leaves

Figure 2.8: Comparison between transcriptomic responses to drought during leaf
development (in seedlings and mature leaves). Venn-diagram showing the number of
commonly regulated and unique genes responsive to drought in the three seedling studies and
in the five studies dealing with mature leaves.

On the other hand, 465 genes were commonly drought-regulated in at least 4 of 5 studies in
mature leaf tissues. Finally, comparing the two lists of drought-regulated genes, 912 genes
were specifically drought-regulated in seedlings, 443 in mature leaves and 22 in common
between the two types of leaves. These results demonstrated that transcriptome
reprogramming in response to drought depends on different leaf developmental stage.
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e Drought-responsive genes in seedlings
Among the genes that were regulated by drought in seedlings, | paid attention to those
belonging to key categories playing an important role in drought response modulation such as
hormones, transcription factors and abiotic defence responses. Relating to hormones, two
ethylene-related genes (ERF4 and ethylene-responsive element binding protein (ESES3,
AT5G25190)) were up-regulated in all the three seedling studies. In addition, there were
other 5 up-regulated genes involved in auxin (TIR1, auxin-responsive protein (AT4G38840)),
abscisic acid (HVA22), gibberellin (KAO2, GA4). On the other hand, there were 8 down-
regulated hormone-related genes: oxidoreductase B2 and AIR9 (auxin-related), AREB3
(abscisic acid), BAK1 (brassinosteroid-related), CKX7(cytokinins), gibberellin-20-oxidase2
and gibberellin-2-beta-dioxygenase (gibberellins). Three genes involved thioredoxin
pathways were also up-regulated: APRL5, PDIL5-1, ATY1. Unexpectedly there were also
some heat stress-related genes repressed such as (HSP17.8, ARL1, GFA2, HSP98.7).
Regarding with transcription factors, there were some key categories that were commonly up-
regulated among crops such as MYBs (MYB3, MYB94, MYB1), bHLH, and homeobox.
Relating to the WRKY family, two genes were up-regulated (WRKY53 and WRKY20) while
one gene was repressed (WRKY22). Interestingly, the SET-domain family was mainly up-
regulated.
e Drought-responsive genes in mature leaves

Genes involved in the same categories that are commonly drought-regulated in at least 4 of 5
studies (cellular responses, hormones, transcription factors) were studied in detail. In total 4
hormone-related genes were drought-repressed such as an auxin-responsive (RRT4; O-
fucosyltransferase family protein), two ABA-related genes (NCED4, HVA22A) and one
salicylic acid-related (UDP-glucosyltransferase). ERF1, akey player in jasmonic acid-
ethylene crosstalk was up-regulated by drought in mature leaves. Unexpectedly | observed
that most of the genes encoding transcription factors were repressed by drought including
YABBY5, ARR2, BLH6, TRFLZ2, three zinc finger proteins and other 5 genes. Alfin-like 1
was the only up-regulated transcription factor. Relating to another primary metabolism, it is
worth notice that two genes involved in phospholipid biosynthesis were repressed
(phosphatidylserine synthase and galactolipid galactosyltransferase).

2.5.  Discussion
e Common drought responses across plant species in all kind of leaves

This study enabled the identification of drought-regulated genes conserved across species,
addressing the first question of the aim of the analysis. Twenty-seven genes were up- or
down-regulated in response to drought in at least 7 of 9 studies. Some of them required
particular attention considering that they have been previously linked to drought responses in
single studies. They were ERF1 (involved in ethylene signalling), WRKY20 and Alfin-like 1,
zinc finger ocre domain protein 1 (transcription factors), serine carboxypeptidase 27 and
protein kinase 2B (involved in signalling). The involvement of these genes in drought
responses is discussed below.

Among the drought-regulated 351 genes in at least 6 of 9 studies, attention was paid on the
hormone, transcription factor and stress defence categories. Among those genes related to
osmotic stress, the up-regulation of sucrose nonfermentingl-related protein kinase2 (SNF1-
related protein kinase; also named as SnRK2) was conserved across species. This member
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belongs to a family of genes that have been previously associated with osmotic stresses
(Boudsocq et al., 2005). Kobayashi et al., 2004 showed that these members are induced by
osmotic stress and that three of them are activated through an ABA-dependent manner. Its
role is extremely important in guard cells where it is playing a key role as a central hub to
mediate ABA signalling (Yoshida et al., 2005). Taken together, the meta-analysis confirmed
that this gene should be an important player in sensing water deprivation in leaf tissues in
different crops. This gene should be considered as a target for crop genetic engineering for
the development of molecular markers associated with drought-resistance in crops.

The work identified two genes involved in abiotic stress signalling: a calcineurin B-like
(CBL) calcium sensor protein and a CBL interacting protein kinase 1. Calcineurin B-like
proteins (CBLs) represent a unique family of plant calcium sensors that relay signals by
interacting with a family of protein kinases, designated as CBL-interacting protein kinases
(CIPKs). A previous study indicated that CIPK23 play this important role in water stress
response by interaction with the calcium sensors CBL1 and CBL9 that synergistically
regulates CIPK23. As suggested by (Cheong et al., 2007), the different combination of CIPK
and CBL members should be responsible for cell-specific signalling responses (osmotic stress
or potassium uptake) in different organs (leaves or roots). Based on these findings, it is
possible to speculate that the simultaneous induction of calcineurin B-like calcium sensor
protein (AT4G17615) and CBL interacting protein kinase 1 (AT3G17510) across 6 of 9
studies implies that the two proteins should play a major role in the activation of rapid
drought sensing. This hypothesis implies that these two genes might be also considered as
good targets for molecular breeding to enhance abiotic stress resistance.

Relating to GO term “response to water deprivation”, three additional genes were up-
regulated such as homeobox 7, lipid transfer protein 3 (LTP3), short dehydrogenase reductase
1 (ABA2). Homeobox 7 belongs to Homeodomain-leucine zipper (HD-Zip) family proteins
which are transcription factors related to environmental stress responses in plants. A member
of homeobox family has been shown to confer resistance to drought in Helianthus
annuus (sunflower) through over-expression (Dezar et al., 2005). LTP3 is known to bind to
lipids and its over-expression enhanced drought tolerance through the action of MYB96 that
directly binds to its promoter (Guo et al., 2013). ABA2 is a NAD- or NADP-dependent
oxidoreductases involved in ABA biosynthesis. This gene is responsive to ABA exogenous
treatment (Zhou et al., 2014). The analysis showed that a SOS3 like calcium binding protein
was commonly induced by drought in 6 of 9 crops. This gene encodes a member of the
calcineurin B-like calcium sensor gene family and mediates salt tolerance by regulating ion
homeostasis in Arabidopsis. | also observed an up-regulation of salt over sensitive 1 (SOS1)
that is a key player of the Salt-Overly-Sensitive (SOS) pathway, essential for maintaining a
normal ion ratio in the cytoplasm in salt conditions (Huang et al., 2012). Salinity is biphasic
stress composed by an initial change of osmotic conditions followed by a subsequent stage of
ionic modifications. Indeed, SOS1 plays an important role in the second phase of salinity
stress. Transgenic over-expression of this gene has shown to induce drought tolerance
in Arabidopsis thaliana demonstrating that improved resistance to salt stress can be obtained
by limiting Na+ accumulation in plants (Shi et al., 2003). Being drought mainly osmotic
stress, the induction of this gene implies a possible role of this gene in the response to
osmotic changes too. This might be explained by the fact that water deprivation has the
consequence to increase the levels of soil ion concentrations which indirectly causing salt
stress. The meta-analysis highlighted the repression of fatty acid biosynthesis in response to
drought in leaves. It is known that water deficit inhibits fatty acid desaturation and drought
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resistance has been linked with a reduction of fatty acid metabolism in cotton resulting in
greater stability of the membrane system (Pham-Thi et al., 1985).

Relating to hormones, | found several drought-regulated genes in common between 6 of 9
studies. Three genes were involved in ABA biosynthesis and signalling, two genes in auxin
response, two genes involved in ethylene-related pathways. ABAZ2 Arabidopsis
thaliana mutants showed a reduced drought tolerance in comparison to wild type implying
that the up-regulation of this gene should be a benefit for drought resistance. The meta-
analysis showed another unexpected result: ABA3 was repressed in response to water stress
in 6 of 9 crops. This gene is a basic leucine zipper (bZIP)-type ABRE-binding protein that
was shown to be up-regulated by drought in vegetative tissues (Uno et al., 2000). Although at
first glance, the results on both AREB2 and HVA22 seem to be in contrast with published
findings, the repression of this gene in response to drought might be due to differences in the
analyzed time points and drought intensity between studies.

Relating to ethylene biosynthesis, | found that ACS12 was constitutively repressed by
drought. It is generally accepted that ethylene is involved in mediating plant responses to
abiotic stress. ACS cereal mutants showed to have delayed leaf senescence in drought
conditions. Mutant leaves continue to be photosynthetically active under water stress
implying that leaf function is maintained (Young et al., 2004). These findings showed that
ethylene may serve to determine the onset of natural senescence and regulate drought-
induced senescence. Based on these findings, | may speculate that the repression of ACS12 in
leaves should be beneficial to inhibit ethylene biosynthesis and consequently improve
drought resistance. ERF1 is known to be involved in plant disease resistance (Singh et al.,
2002) but its role in abiotic stress responses is less clear. ERF proteins are characterized by
an ERF DNA binding domain. These transcription factors bind to multiple cis elements such
as DRE/CRT and CE1l elements, involved in stress responses (Zhang et al., 2009).
In Arabidopsis thaliana, the expression of ERF1 enhanced tolerance to drought. hypothesized
that ERF1 was linked with enhanced drought resistance in rice through the induction of
ABAZ2. Since | found that both ABA2 and ERF1 were induced in 6 of 9 crops, the findings
confirm this hypothesis rendering these two genes potential targets for enhancing resistance
to drought. Among the conserved drought up-regulated transcription factors, it is worth to
mention WRKY20, a member of WRKYs. This finding agrees with published works that
demonstrated an increased drought tolerance due to the over-expression of WRKY20
in Arabidopsis thaliana (Luo et al., 2013).

e Drought-regulated genes at different leaf developmental stages
I answered the second question by identifying the drought-regulated genes commonly
expressed among the three transcriptomic studies dealing with seedling responses and among
the five studies performed on mature leaves. The findings highlighted that drought has very
different transcriptomic effects on leaves depending on their developmental stage. Indeed, the
identification of expression QTLs for drought resistance in leaves should clearly take in high
consideration which developmental stage is considered. Among the 22 drought-regulated
genes commonly expressed seedling and mature leaves it is worth noticing a transcription
factor (alfin-like 1) and a heat shock protein (HSC70-7). Several members of Alfin-like TFs
were up-regulated in response to different abiotic stresses in Brassica oleracea. The role
Alfin-like TFs in enhancing salt stress and drought resistance is well-known when it is over-
expressed in roots (Winicov et al., 2000). Alfin-like 1 is a transcription co-activator (Lee et
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al., 2009) that contains a typical PHD finger binding promoter element of PRP2, a salt
inducible gene. This study meta-analysis lets hypothesize that the role of this transcription
factor might have a similar function in leaves.

e Drought-regulated genes in seedlings

The up-regulation of two ethylene signalling genes in seedlings (ERF4 and one EREBP
(ESER)) implies that ethylene might have a promoting effect in drought response at early leaf
development. These findings agree with previously published works that showed that the
over-expression of ERF4 promoted adaptation to salt stress and drought (Seo et al., 2010).
This gene is a transcriptional repressor that suppressing a repressor of defence response genes
positively regulates shoot growth and water-stress tolerance in rice during early growth stages
(Joo et al., 2013). ESE3 belongs to a family of ethylene response factor (ERF) genes that are
involved in enhancing salt tolerance. Results of the work confirmed that the up-regulation of
ethylene signalling should play a key role in drought resistance. HVA22 is an ABA-
responsive gene regulated by environmental stresses. The up-regulation of HVA22 has been
shown to be tissue-specific and in response to drought in barley. The analysis confirmed this
evidence showing an opposite trend of expression between seedlings and mature leaves. The
results challenged the hypothesis that this gene should enhance drought resistance in mature
leaves.

MYB is a large family of transcription factors well-known to be involved in drought. The
transgenic over-expression of MYB1 enhanced drought resistance (Dai et al., 2007). MYB94
activates cuticular wax biosynthesis in Arabidopsis thaliana and might be important in
drought response (Lee et al., 2017). The analysis confirmed the role of these two MYB
factors in seedling response to drought implying that they should be considered potential
targets for enhancing drought resistance. The induction of MYB factors in drought is reported
in the selected articles (Liu et al., 2017). I also found that WRKY53 was up-regulated in
seedlings in response to drought confirming previous findings that showed WRKY53 drives
the inhibition of stomatal closure by reducing H>O> content facilitating stomatal opening by
promoting starch degradation and consequently inhibiting drought tolerance. The induction of
WRKY 20 in response to drought should allow a positive effect on drought tolerance in crops
since the over-expression of this gene improved plant yields in soybean and enhanced
drought tolerance in alfalfa (Ning et al., 2017). The protein-protein interaction analysis
showed that WDR5A was up-regulated in all three seedling studies in response to drought.
This confirmed the important role of this protein in drought responses. WDR5A is a
regulating nitric oxide accumulation and NOS-like activity in guard cells to modulate
stomatal closure for adaptive plant response to drought (Liu et al., 2016). In seedlings, this
gene should drive the closure of the stomata and the survival of leaf cells under water
deprivation.

e Drought-regulated genes in mature leaves
In mature leaves, this meta-analysis showed that ERF1 was up-regulated. The same result can
be seen in (Song et al., 2017). The role of this gene in drought response has been previously
discussed. Considering the mature leaf datasets all together, the role of ERF1 in modulating
the expression of antioxidant and detoxifying proteins that protect cell components in leaf
mature tissues is highlighted. ERF1 should work as a ‘regulatory gene’ under different stress
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conditions, changing the expression of ‘functional genes’ acting as detoxification and osmotic
adjustment enzymes or proteins to protect cells from damage.

BAGS6 is a Calmodulin (CaM)-binding transcription activators (CAMTA), which translates
calcium signatures into different biochemical, and molecular pathways (Evans et al.,
2011)and acts as a multi-functional protein that regulates apoptotic-like processes involved in
different abiotic stresses.

From this analysis it is evident that this gene was up-regulated in mature leaves across the
different crops. Indeed, it is possible to speculate that this gene should be involved in
signalling mechanisms in response to drought stress. Calcium (Caz+) works as a secondary
messenger in plants, and it is involved in different responses to different environmental
stresses (Pandey et al., 2013). These transcription factors modulate many functional genes
involved in stress tolerance in plants including drought and regulate the expression of ERFs
(Janiak et al., 2015). Based on these findings it is possible to hypothesize that the two genes
BAG6 and ERF1 might be linked in a common signalling response to drought in crops in
mature leaves. Interestingly the analysis showed that HSP70 was repressed by drought. The
heat shock protein 70s (Hsp70s) and heat shock factors (Hsfs) play key roles in protecting
plant cells or tissues from various abiotic stresses (Li et al., 2017). It was observed that heat
shock proteins play as activators or repressors, suggesting that these proteins might be
modulated by both the activation and the repression mechanisms under stress condition (Wen
et al., 2017). Indeed, the effect of the repression of HSP70 in mature leaves under drought
must be further investigated. Cyclin dependent kinases (CDKSs) are signalling proteins
induced by stresses such as drought (Campo et al., 2014). Since this gene was a highly
interacting protein in drought-related gene networks, it can be speculated that the induction of
CDKFL1 in mature leaves should play an important role in the promotion of drought resistance
in crops.
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2.6. Conclusion

Taken together all these findings, | proposed a model of plant response to drought shown in
Figure 2.9.

DROUGHT Hormone Response Hormones

4 HB-7, HVA22, ABA2 €= ABA a*
D ERF1 < cthylene B

oo Salicylic Acid
Transcription factors

4 Alfin-like 1, WRKY20, SDG26
- MYC4, MET1,
I

Signaling
4 camTA2
4@ Ca% signaling
Kinases (KIN2,
‘ PP2AA2, SNF7)
Defense Responses

t S0S1, GAPC1, BCD1,
HSPI0, LOS1, WDRSA

IPhysiological Responses!

+ Stomatal closure

* Inhibition of fatty acid biosynthesis
* Increase of cell osmotic potential

* Protein folding protection

Figure 2.9: A model of transcriptional modulation of plant responses to drought in leaves.
Important genes identified by the meta-analysis belonging to key functional categories and
their consequent involvement in physiological responses were indicated

The first plant response should be the induction of the biosynthesis of key hormones such as
ABA and ethylene driving the activation of key signalling proteins (ERF1, ABA2 and HB7).
These proteins should promote the fine-tuned transcriptional modulation through the cross-
talk of a complex network of transcription factors (Alfin-like 1, WRKY20, SDG26). The up-
regulation of key proteins in the signal transduction (CAMTAZ2, KIN2, and SNF7) should
provoke the induction of proteins involved in physiological defensive responses represented
by stomatal closure, inhibition of fatty acid biosynthesis, an increase of osmotic potential and
protection of protein folding. Molecular breeding for drought resistance should focus on these
genes.
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3. CHAPTERS3

Experiment 2: Identification of conserved genes linked to different abiotic stresses in
leaves among different plant species.

DOI: https://doi.org/10.1071/FP20028

3.1. Introduction

Various environmental stresses such as drought, salt, cold and heat will affect the
development, productivity, and quality of plants (Najafi et al. 2018). Due to the global
climate change, some stress factors (e.g. heat, drought, and salinity) are becoming more
prevalent and therefore the impact of these abiotic environmental stresses is becoming more
significant. The simultaneous occurrence of several abiotic stress factors is particularly lethal
to crops, and as a response, plants have evolved complex molecular networks to cope with
and survive such environmental stresses (Najafi et al. 2018). Due to the rapid progresses of
the next-generation sequencing technologies, the number of transcriptomic studies has
increased exponentially in ISI/Scopus databases in the last 10 years. Hence, numerous
transcriptomic studies dealing with abiotic environmental stress responses have been
conducted in a few plant species including Arabidopsis thaliana. (Ding et al. 2013; Imran et
al. 2018), Malus domestica Borkh. (Wu et al. 2015; Yang et al. 2017) and Vitis vinifera L.
(Rienth et al. 2014; Zenoni et al. 2016; Benny et al. 2019a). Although each of these studies
allows insights into the genes, pathways and functional gene categories implicated in specific
combinations of stress and plant species, obtained data are characterised by low reliability
because of high external and uncontrolled environmental variability. Transcriptomic studies
are usually conducted in a specific environment, using a single time of sampling, and usually
with a low number of biological replicates, so results are often highly speculative. The power
of these studies is reduced by the evidence that the potential key players in abiotic stress
resistance/tolerance are regulated by a high number of physiological, developmental, and
environmental conditions. Thus, conclusions about the key transcriptomic mechanisms
behind plant abiotic stress responses in plants are generally unreliable, and evidence to
support hypotheses is weak. In an environmental context that becomes increasingly hostile
and complex, a meta-analysis could provide a valuable tool since it aims to compare different
transcriptomic studies concerning the same research purposes, identifying common molecular
features and strengthen the power of next-generation sequencing (NGS) approaches reducing
environmental variability and virtually increasing biological replicates. A meta-analysis could
aid in a better understanding of the mechanisms underlying the problems of environmental
stress that can compromise crop productivity and food security. Further, a meta-analysis
could compare differentially regulated genes and affected pathways among different studies
using the same bioinformatic methods (Rawat et al. 2015). In addition, a comparison of the
molecular mechanisms related to different stress conditions would allow validation of
potential candidate genes involved in specific and exclusive plant abiotic stress responses.
Such information is crucial to shed light on the molecular regulatory networks related to
abiotic stress responses in plants and to deliver stronger scientific evidence that could be used
for next-generation crop breeding programs. This approach has been already used to identify
key conserved genes involved in both biotic and abiotic stresses (Balan et al. 2017, 2018;
Benny et al. 2019b).
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3.2.  Aim of the Research

The present study was conducted to identify key major genes involved in general plant
abiotic stress conditions and those involved in specific and unique pattern of different abiotic
stresses factors. | performed a bioinformatics analysis of previously published RNA-Seq
studies on leaves through a careful selection of published studies related to four abiotic stress
factors: drought, salinity, cold and heat. Finally, a meta-analysis could also provide
information about an early alert for plant physiological status under stress and aid the
development of more sustainable management strategies.

3.3.  Materials and Methods

e Search strategy to identify published studies for bioinformatic analysis

The published RNA-Seq studies related to abiotic stress responses in leaf tissues were
searched using Scopus and PubMed with the combination of keywords ‘transcriptomics’
‘leaf” and ‘abiotic stress’ that were published in or before June 2018. | found 11 articles
related to my purpose of meta-analysis of abiotic stress responses in plant leaves using next
generation sequencing approaches and with availability of raw data in public databases.
Among these, | selected eight articles with publically available raw data (Xu et al. 2014;
Corso et al. 2015; Forestan et al. 2016; Haider et al. 2017; Li et al. 2017a; Liu et al. 2017,
Orcheski and Brown 2017; Shumayla et al. 2017). From these considered studies, one
manuscript was related with salinity (Forestan et al. 2016), four other works related to
drought (Corso et al. 2015; Haider et al. 2017; Liu et al. 2017; Orcheski and Brown 2017),
one paper related to cold (Xu et al. 2014), one related to heat (Shumayla et al. 2017) and the
last one was related to salinity, heat and cold (Li et al. 2017a). So, in total, | gathered four
articles related to drought, two works related to salinity, two studies dealing with cold and
two related to heat. The raw files (SRA format) of the eight articles dealing with abiotic stress
responses in leaves were downloaded from NCBI SRA (https://www.ncbi.nlm.nih.gov/sra).
In total, 68 samples were analysed. | downloaded the raw data of all the ‘abiotic stress’
selected studies and performed RNA-Seq analysis using a single analysis pipeline in Figure
3.1 to obtain the differentially expressed genes (DEGS).
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Figure 3.1. Workflow of the meta-analysis of the 10 transcriptomic studies related with
abiotic stress in leaf tissue. Functional data analyses are indicated.

e Read alignment, gene differential expression and annotation
For all the articles selected, the latest available version of the corresponding crop genome and
its annotation file were downloaded from Phytozome (https://phytozome.jgi.doe.gov). The
raw data files were downloaded from NCBI SRA (https://www.ncbi.nlm.nih.gov/sra) and
EMBL ArrayExpress (https://www.ebi.ac.uk/arrayexpress) according to the accession
number given in the article and converted to FASTQ format using SRA toolkit ver. 2.3.5.
Raw data underwent pre-processing by trimming low quality bases followed by adaptor
sequence removal to obtain high-quality clean reads using cutadapt version 1.8.1. The pre-
processed high-quality reads (Phred-score > 30) were mapped to the corresponding genome
with HISAT2 ver. 2.1.0 using ‘-novel-splicesite’ option along with the default parameters.
The resulted output of HISAT2 was then used for the identification of differentially
expressed genes using Cuffdiff tool in Cufflinks version 2.2.1 pipeline with default
parameters. Only up- and downregulated genes obtained with fold change cut-off (log2 FC >
0.5 or log2 FC < _0.5) and P-value < 0.05 were considered for the meta-analysis. The DEGs
selected were annotated using corresponding crop genome mapping file downloaded from the
Phytozome. Each of the Arabidopsis IDs were then selected and searched for identifying the
corresponding orthologs using PANTHER and the functional similarities were identified
using the UniProtKb and ensembl plants compara. DEGs were subjected to functional and
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enrichment analyses after identification of the corresponding orthologous genes in
Arabidopsis thaliana (L.) Heynh. Since each study involving plants different from
Arabidopsis, the entire list of gene IDs corresponding to DEGs was mapped to A. thaliana,
and the best corresponding TAIR (The Arabidopsis Information Resource) 1Ds were found by
using the annotation file downloaded from Phytozome. During mapping to Arabidopsis
orthologs, cases of ‘many-t0-one’ mapping were solved by calculating an average expression
value (log2 fold change).

e Gene set enrichment analysis

| used MapMan (Thimm et al. 2004) with the A. thaliana mapping file to map and visualise
the hormone regulation, secondary metabolism, and transcription factors The unique genes
present in each of the stress separately were visualised. The PageMan (Usadel et al. 2006)
analysis, plugin of MapMan, was used to visualise differences among metabolic pathways
using Wilcoxon tests, no correction, and an over-representation analysis (ORA) cut-off value
of 3. All the homologous TAIR IDs of the studies were searched against the Database for
Annotation, Visualisation, and Integrated Discovery (DAVID) ver. 6.8 (Huang et al. 2009).
The gene ontology information related to biological process was extracted from the DAVID
result.

e Statistical analysis

The DEGs corresponding to each study were analysed separately when they had a P-value <
0.05 and log2 FC >0.5 or log2FC<_0.5. All statistical tests were corrected for multiple
comparisons using the Benjamini-Hochberg false discovery rate using p.adjust function of R.
By adjusting the P-values, this approach can make the FDR at the desired level of a (in the
present study = 0.05). Differences among the selected studies were adjusted using the sample
normalisation. To remove systematic variation between different species, the normalisation
procedure served as a crucial pre-processing step to adjust for the different sample
sequencing depths and other confounding technical effects. The geometric normalisation
method was used where FPKMs and fragment counts are scaled via the median of the
geometric means of fragment counts across all libraries.

e Protein—protein interaction network

NetworkAnalyst, a web-based tool for network-based visual analytics of protein—protein
interaction networks, was used (https://www.networkanalyst.ca). The list of unique
homologous TAIR IDs for each gene uniquely modulated by each abiotic stress were
uploaded and mapped against the STRING interactome database with default parameters
(confident score cut-off = 900 and with experimental evidence) provided in NetworkAnalyst.
The networks between drought-regulated genes in seedlings and in mature leaves
corresponding to the list of the visualised genes in MapMan were also obtained. To study the
key connectives and to simplify the large network, I selected ‘minimum network’.

3.4. Results

The articles and crops selected for the study, number of up- and downregulated genes are
listed in Table 3.1.
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Table 3.1: Transcriptomic studies dealing with abiotic stress responses used for meta-
analysis. Number of up-regulated and down-regulated genes were indicated for each study

No. of Sample description Sample Information
Authors Crop Stress
sample Control Treated Total | up | down
Controll Salinityl
LiP et . . (SRR3984708) (SRR3984762)
al, 2017 | Maize | Salinity |4 Control2 salinity? 264 1264 |0
(SRR3984749) (SRR3984771)
Forestan Controll Treated1
elal, Maize | Salinity |4 (GSM1826055) (GSM1826057) | 1oy | 424 |0
2016 Control2 Treated2
(GSM1826071) (GSM1826073)
Controll Heatl
LiPet . (SRR3984708) (SRR3984794)
al., 2017 Maize Heat 4 Control?2 Heat2 228 228 |0
(SRR3984749) (SRR3984795)
Shumayl Control 1 Treated1
aetal., Wheat | Heat 4 (SRR1542404) (SRR1542412) 154 |0 154
2017 Control 2 Treated 2
(SRR1542405) (SRR1542413)
Controll Cold1
LiP et . (SRR3984708) (SRR3984802)
al, 2017 | Maize | Cold 4 Control2 Cold2 219 1219 10
(SRR3984749) (SRR3984815)
Xu et al., . Control Treated
2014 Vitis | Cold 2 (SRR922004) (SRRo22126) | +7° | 170 |0
Haider et . Control Treated
al, 2017 | Viiis | Drought |2 (SRR3466603) (SRR3466604) | 174 | 174 |0
Orcheski Control 1 Treatedl
and (SRR3160181) (SRR3160081)
Brown, Malus Drought 4 Control 2 Treated? 432 178 | 254
2017 (SRS1283365) (SRR3160180)
SD
Liuetal., SCK (SRR5282480) | (SRR5282481)
2017 Tomato | Drought | 4 TCK (SRR5282476) | TD 159 88 71
(SRR5282478)
Treatedl
Controll
SAMNO0239359
Corsoet | \iic | Drought | 4 SAMN02393571 Treated2 2889 | 2141 | 748
al., 2015 Control2 SAMNO239359
SAMNO02393572 5

e Hormone-related pathways
Drought stress enhanced expression of some brassinosteroids like 3-oxo-5-a-steroid 4-
dehydrogenase, STEROL 1 and DWARF 5 and have opposite effects on the expression of
cycloartenol synthase 1 and brassinosteroid insensitive 1 (Figure 3.2).
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Figure 3.2. Abiotic stress-regulated genes involved in hormone-related categories that are
uniquely regulated in the studies are shown. Genes were identified as Arabidopsis orthologs
of each gene of the analysed plant species. Red indicates upregulation and green indicates
downregulation in response to stress.

Two key jasmonate genes were upregulated by drought stress. All the gibberellin related
genes (GASAL, gibberellins 2-oxidase 1 and 2-oxoglutarate-dependent dioxygenase) were
downregulated by the effect of drought. Several genes involved in ethylene biosynthesis and
signalling were enhanced by drought stress such as MBF1B, AP2andERF1. Heat stress
downregulated one ethylene related gene — oxidoreductase. Cold stress upregulated ABA
(GRAM domain containing protein), cytokinin (UDP-glycosyltransferase and WOL) and
gibberellin (RGA1). Heat stress enhanced the expression of a gene involved in IAA (non-
phototrophic hypocotyl) response.

e Secondary metabolism

Secondary metabolism was significantly modulated by the expression of genes involved in
the different analysed stress studies (Figure 3.3).
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Figure 3.3: Abiotic stress-regulated genes involved in secondary metabolism categories
which are uniquely regulated in the studies were shown. Genes were identified as
Arabidopsis orthologs of each gene of the analyzed plant species. Red indicated up-regulation
and green indicated the down-regulation in response to stress

| noted that of the different stress related categories that come under mevalonic acid (MVA)
pathway, terpenoids and alkaloids were upregulated. Heat stress repressed most of the
flavonoids (aldo-keto reductase, TRANSPARENT TESTAY7), lignin and lignans (mannitol
dehydrogenase and CINNAMYL ALCOHOL DEHYDROGENASE 6), phenylpropanoids
and glucosinolates (branched chain aminotransferase 3) but upregulated the CINNAMYL
COA REDUCTasE 1 and ISOPENTENYL PYROPHOSPHATE. The expression of cold
stress-related genes involved in terpenoid (terpene synthase 21 and solanesyl diphosphate
synthase 1) and alkaloids (STRICTOSIDINE SYNTHASE).

e Transcription factors
| used MapMan software to demonstrate the effect of abiotic stress in transcription factors
and to identify the crucial and specific genes response in each type of abiotic stresses,
Transcription factors were drastically affected by three of four analysed abiotic stresses
(drought, cold, heat stresses; Figure 3.4).
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Figure 3.4: Abiotic stress-regulated genes involved in transcription factors categories which
are uniquely regulated in the studies were shown. Genes were identified as Arabidopsis
orthologs of each gene of the analyzed plant species. Red indicated up-regulation and green
indicated the down-regulation in response to stress

Drought stress induced key genes encoding AP2-EREBPs such as AP2 domain containing
transcription factor, PLT1 and TINY, one MADS box transcription factors (AGL42), a
WRKY factor (WRKY22), four MYB factors (MYB6, MYB12, MYB78, MYB71), four
homoebox genes (HB6, HB13, KNAT7, HAT3.1), four bZIP members (TGA1l, HY5-
Homologue, bZIP TFs, TGAG), three bHLH TFs (Bhlh protein, ICE1, ILL3). Among the
downregulated genes in response to water deprivation there were two MYB factors (MYB111
and MYBG66), one C2C2-CO-like member (B-box zinc finger), one WRKY gene (WRKY51),
one bZIP transcription factor and one bHLH member. Cold stress enhanced two AP2-
EREBPs genes (ACA4, ERFs), three bZIP members. | also found that another three well
known drought-regulated transcription factors (MYB7, BELL1 and 1 bHLH member) were
enhanced. Heat stress specifically induced one bZIP TF. Other genes were repressed in
response to heat, such as three C2C2-CO-LIKE (B-box zinc finger, Salt Tolerance, STH),
two MADS box (AGAMOUS-LIKE 12, AGAMOUS-LIKE 19) and one homeobox
(HOMEOBOX3).

e Gene set enrichment analysis
Gene enrichment analysis was conducted using PageMan to identify any relation between the
expression and function of differentially expressed genes in different abiotic stress conditions
(Figure 3.5).
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Figure 3.5: The PageMan analysis was used to visualize differences among metabolic
pathways using Wilcoxon tests, no correction, and an over-representation analysis (ORA)
cutoff value of 3.

Analysis showed that drought stress downregulated several genes categories such as those
implicated in cell wall degradation, lipid metabolism (fatty acid synthesis, phospholipid
choline kinase synthesis), secondary metabolism (phenylpropanoids, flavonoid, flavonoid
chalcones), hormone metabolism gibberellin (synthesis and degradation), RNA processing
(miscRNA), lipid transfer protein (LTP), RNA regulation of transcription C2C2(Zn) co-like
constans-like zinc finger family genes, and genes involved in RNA regulation of transcription
MADS-box transcription factor family. Other genes involved in protein targeting process
were also downregulated by drought stress. In contrast, aromatic amino acid metabolism
genes, protein degradation ubiquitin ligases HECT genes, genes involved in signalling, in
light signalling and key genes encoding major intrinsic proteins such as those encoding
tonoplast (TIPs), where upregulated by drought. Heat stress enhanced specifically key genes
implicated in ubiquitin-mediated protein degradation and repressed glutaredoxin genes. Cold
stress upregulated key genes implicated in RNA regulation, and involved in initiation of
protein synthesis, and encoding MAP kinases signalling pathways.

e Biological process enrichment analysis
DAVID software was used to identify the gene ontologies (biological process, cellular
component, molecular function) that were significantly affected by the three types of abiotic
stresses. Metabolic pathways were divided into those up- or downregulated by drought, and
gene-onthology (GO) ID, GO terms, count and P-values are shown in Table 3.2.
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Table 3.2: Significantly regulated biological processes (FDR <0.05) which are uniquely
regulated transcriptomic studies

GO _ID ‘ Description ‘ Count ‘ P-Value ‘ Expression
Unique genes in Drought
G0:0015992 proton transport 3 0.032473 Down
G0:0045087 innate immune response 9 0.00227 Up
G0:0015979 photosynthesis 13 0.003343 Up
G0:0006096 glycolytic process 8 0.011903 Up
transmembrane receptor protein tyrosine
G0:0007169 Kinase signaling pathway 11 0.015973 Up
G0:0008652 cellular amino acid biosynthetic process 7 0.033405 Up
photosynthesis, light harvesting in
G0:0009768 photosystem | 4 0.040003 Up
Unigue genes in Cold
G0:0006874 cellular calcium ion homeostasis 3 0.03036 Up
G0:0006816 calcium ion transport 3 0.0322 Up
Unigue genes in Heat

G0:0008152 metabolic process 10 1.39E-05 Down
G0:0009813 flavonoid biosynthetic process 5 5.08E-03 Down
G0:0052696 flavonoid glucuronidation 4 0.016338 Down
G0:0009992 cellular water homeostasis 3 0.010365 Up
G0:0006457 protein folding 5 0.03212 Up

| identified GO terms that were upregulated by drought such as innate immune response,
photosynthesis, photosynthesis, light harvesting in PSI, glycolytic process, transmembrane
receptor protein tyrosine kinase signalling pathway and cellular amino acid biosynthetic
process. In contrast, proton transport was downregulated in response to water stress. Heat
stress downregulated GO terms related to metabolic process, flavonoid biosynthetic process
and flavonoid glucuronidation, but upregulated those related to cellular water homeostasis
and protein folding. Cold stress enhanced cellular calcium ion homeostasis and calcium ion
transport.

e Protein—protein network analysis
The protein—protein interaction (PPI) network analysis was comprised of unique genes from
each of the abiotic stress selected for the study. Minimum default settings were used to
reduce the number of interacting proteins and the complexity of the networks (Figure 3.6).
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Figure 3.6: Protein-protein network analysis is shown using STRING software among
uniquely differentially regulated genes in response to drought, cold and heat. Key highly
interactive proteins were indicated. Red means upregulated and green means downregulated
by each stress.

Among the upregulated hub (highly interacting) proteins I noted some key proteins that may
play a key role in drought response such as HLL, RPS12C, RPS4D and RPPOA. Further,
drought downregulated highly interactive proteins such as RPS30C, RPL24 and RPS19. PPI
network analysis was performed for unique genes in cold stress, and showed a
downregulation in IAA34, IAA9 and IAA20 and an upregulation in ARF5 and IAA3. Among
the genes uniquely modulated by heat, | could find only upregulation in MRPL11, RPS3C,
RPL10AC, RPS7B and RPS2D.

3.5. Discussion

The present study was conducted in order to shed light onto the abiotic stress response
mechanisms in plants, and to identify specific responses to each abiotic stress condition. It
was hoped that the identification of commonalities between similar independent studies
would help us discover the most associated genes to the subject of the study and allow us to
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focus on the functional analysis only on those common findings (Benny et al. 2019a).
Available RNA-Seq datasets related to abiotic stress responses in leaf tissues were used in
order to deliver functional genomic information linked with exclusive molecular responses to
specific types of abiotic stresses. The selection of papers included in the meta analysis was
based on four points. First, the type of tissue subjected to the transcriptomic analysis: |
selected studies related to leaves but excluded studies concerned with other tissue types.
Second, the availability of raw data (many of the published papers that | selected; the raw
data were unavailable). Third, the type of stress: | focused on the most significant abiotic
stresses affecting crops today, these being drought, salt, heat and cold stress. Finally, the read
alignment of the reference genome had to be of sufficient quality (i.e. have a high percentage
of read annotation, mapping and homology with correspondent Arabidopsis orthologue).
These selection criteria resulted in 10 transcriptomic studies dealing with the chosen abiotic
stress factors among a number of species. Similar meta-analyse of transcriptomic data have
been conducted in single plant species including as A. thaliana (Rest et al. 2016), rice
(Muthuramalingam et al. 2017) and sunflower (Ramu et al. 2016a).

e Transcription factors
Regarding transcription factors, the study revealed that drought stress significantly
upregulated three APETALAZ2/ethylene-responsive element binding protein (AP2/EREBP)
transcription factors (AP2 domain containing transcription factor, PLT1 and TINY), whereas
two of them (ACA4, ERFs) were induced by cold stress. AP2/EREBP family of transcription
factors are well known to be involved in various environmental stresses responses including
biotic and abiotic stresses such as pathogen infection, drought salinity and temperature (Dietz
et al. 2010; Liu and Zhang 2017; Balan et al. 2018). Sun et al. (2008) reported that the
expression of TINY, a DREB-like factor was induced by drought stress in Arabidopsis, and
suggested that TINY plays a role in the crosstalk between biotic and abiotic stress-responsive
gene expressions by connecting the DRE- and ERE-mediated signalling pathways (Sun et al.
2008). Previous studies have reported that overexpression of ERF family genes increases
tolerance to a wide range of abiotic stresses in different plant species such as Arabidopsis,
rice, tomato and tobacco (Park et al. 2001; Aharoni et al. 2004; Guo et al. 2004; Zhang and
Huang 2010; Schmidt et al. 2013). These observations are in agreement with the data. | found
that one MADS box transcription factors (AGL42) was induced by drought, whereas two of
them (AGAMOUS-LIKE 12, AGAMOUSLIKE 19) were repressed in response to heat.
MADS-box genes are known to be key players in many developmental processes in plants
such the flower development and floral induction (Causier et al. 2002), as well as crucial
regulators in response to abiotic stresses (Gupta et al. 2012). However, MADS-box genes are
also important molecular regulators of plant responses to low temperature, photoperiod and
plant hormones such as cytokinin, ethylene and gibberellins (Lozano et al. 1998; Ando et al.
2001; Duan et al. 2006; Lee et al. 2008; Li et al. 2016). In addition, Jia et al. (2018) suggested
a probable involvement of LcMADS1, LcMADS2, LcMADS3, LcMADS7 and LcMADS9
genes in abiotic stress responses in sheep grass (Jia et al. 2018). Indeed, LcMADS1 and
LcMADS2 genes were significantly upregulated by cold stress, LcMADS3 gene was
upregulated in response to mannitol and ABA and LcMADS9 was induced by salt stress (Jia
et al. 2018). In Oryza sativa, OSMADS26, an AGL12-class gene, have been reported to be
involved in drought tolerance (Khong et al. 2015). These data partially agree with the meta-
analysis, which showed that AGL42, AGAMOUS-LIKE 12, AGAMOUS-LIKE 19 may be
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crucial regulators involved in abiotic stress responses. The meta-analysis revealed that
WRKY?22 and WRKY51 are drought-regulated genes conserved across different plant
species. WRKY family is well known to play important roles in abiotic stress responses,
including, salinity (Niu et al. 2012; Liang et al. 2017), drought (Luo et al. 2013; Sun et al.
2015; Li et al. 2017b) oxidative stress (Yan et al. 2014), nutrient stress (Chen et al. 2009; Su
et al. 2015; Dai et al. 2016), heat (Cai et al. 2015; He et al. 2016) and pathogen infection (Liu
and Bai 2005; Maoet al. 2011; Chen et al. 2013; Dey et al. 2014). Sanchita et al. (2014)
reported that WRKY51 was found to have differential expression under abiotic stresses
whereas WRKY22 and WRKY51 were enhanced by drought and cold stresses in Chiifu
Brassica rapa. In addition, it was reported that WRKY51 enhanced the lateral root formation
in response to abiotic stresses or nutrition in wheat (Hu et al. 2018). MYB family is a well-
known TF category that plays a major role in organ development, regulation of primary and
secondary metabolism, flavonoid biosynthesis and response to various biotic and abiotic
stresses (Jin and Martin 1999; Li et al. 2015; Qi et al. 2015). However, the large number of
members of this family makes identification of orthologs commonly regulated by each abiotic
stress across plant species very difficult. The results showed that four MYB factors (MYBS6,
MYB12, MYB78 and MYB71) were enhanced in response to water deprivation whereas two
(MYB111 and MYB66) were repressed. In contrast, cold stress enhanced MYB7. Many
studies reported the induction of MYB factors under drought conditions (Clauw et al. 2015;
Li et al. 2017a; Benny et al. 2019a). Thus, the overexpression of MYB1 enhanced drought
resistance in transgenic Arabidopsis plants (Dai et al. 2007), and it was also reported that
both MYB96 (Lee et al. 2014, 2016) and MYB94 (Lee et al. 2016) activated cuticular wax
biosynthesis in A. thaliana. Additionally, Lee et al. (2014, 2016) suggested that these genes
might play important role in drought stress responses in plants via activating this adaptive
mechanism. | found that flavonoid pathways were modulated by each abiotic stress. In this
regard, MYB12 has shown to increase flavanol biosynthesis and accumulation, which
contributes to reduced water loss and enhanced drought tolerance in Arabidopsis
(Nakabayashi et al. 2014). Further, two MYBS in the meta-analysis (MYB12 and MYB111)
were found to be regulated by different light spectra in the turnip B. rapa, suggesting roles in
light stress responses in addition to drought (Wang et al. 2012). Moreover, the MYB7 played
a key role in the ABA-mediated regulation of salt and osmotic stress via ABA insensitive 5
(ABI5). In fact, MYB7 repressed ABI5 expression during seed germination, positively
influenced the content of anthocyanins (which are crucial pigments in the abiotic stress
responses), and positively regulated the lateral root growth under salinity (Kim et al. 2015;
Skubacz et al. 2016). Ruan et al. (2018) reported that MeMYB111 transcription factor was
responsive to ABA, drought, and cold stresses in cassava leaves, and suggested that this gene
might has a role in ABA signalling during abiotic stress responses. Four HOMEOBOX genes
(HB6, HB13, KNAT7 and HAT3.1) were enhanced under drought, conditions, whereas
HOMEOBOX3 was repressed in response to heat.

The results suggest that homeobox genes HB6, HB13, KNAT7 and HAT3.1 may be involved
in drought responses, whereas HOMEOBOX3 TF may be involved in heat responses. In rice,
it was found that OsHOX22/OsHOX24 homeobox proteins might be considered as negative
regulators in abiotic stress responses (Bhattacharjee et al. 2016). KNAT?7 is a component of a
transcription network regulating secondary cell wall biosynthesis, whose function remains
unclear, although in Arabidopsis, KNAT?7 is considered as a negative regulator of secondary
wall biosynthesis (Li et al. 2012). HAT3.1 was one of the first transcription factors
discovered with the typical PHD finger domain in plants (Schindler et al. 1993). Later, 45
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others of this type of TFs were identified in Arabidopsis, 44 in rice and 67 in maize (Wang et
al. 2015). These large families play diverse roles during plant growth and development.
Arabidopsis PHD-domain ALFIN1-like proteins were shown to promote seed germination
(Molitor et al. 2014), and in Arabidopsis, they are involved in regulating flowering by
modifying the SOCL/FT chromatin conformation (LOpez-Gonzalez et al. 2014). It has been
also suggested that MS1 — another member of this family — plays a key role in pollen
development (Fernandez Gomez and Wilson 2014). However, the literature on these TFs is
huge, so the role of this type of TF in environmental stress responses is yet to be fully
elucidated. Wei et al. (2009) reported that the expression of six GmPHDs was induced by
drought stress in soybean. Among them, GmPHD4/5 expression was enhanced under cold
stress conditions, whereas GmPHD2/5 was identified to regulate salt stress responses (Wei et
al. 2009; Wu et al. 2011). In maize, 15 of 67 ZmPHDs were revealed to respond to abiotic
stresses, such as drought and salinity (Wang et al. 2015). Moreover, nine PtPHDs were
differentially expressed under drought, salt and cold stresses (Wu et al. 2016). Sun et al.
(2017) reported differential expression of OsPHDs gene under environmental stresses in rice,
including ABA (abscisic acid), water deficit, cold and high cold (Sun et al. 2017).
OsPHD1/7/8/13/33 were differentially expressed under drought and cold stresses,
OsPHD5/17 were downregulated under water deficit and cold stresses whereas
OsPHD3/44/28 showed differential expression under Cd and ABA stresses (Sun et al. 2017).

| found that four bZIP members (TGAL, HY5-Homologue, TGA6 and an uncharacterized
bZIP TF) were induced by drought, three of them (bZIP 9, bZIP TFs, BZO2H1) were
enhanced by cold stress and one was enhanced by heat. These results suggest a possible role
of this TF family in abiotic stress responses. Xu et al. (2016) reported that the overexpression
of bZIP TF (ZIP110) improved salt tolerance in soybean suggesting its role as a positive
regulator involved in salt stress tolerance. In addition, functional analysis of GmbZIP110
have found in regulating many downstream target genes by binding to the ACGT motif in A.
thaliana (Cao et al. 2017). In potato (Solanum tuberosum), the overexpression of a hot pepper
bZIP like transcription factor CaBZ1 in transgenic plants improved drought stress tolerance
(Moon et al. 2015). Hence, in transgenic alfalfa (Medicago sativa), the overexpression of
ABF3 using sweet potato oxidative stress-inducible promoter SWPA2 improved growth
under water deprivation (Wang et al. 2016). | found that three genes encoding bHLH TFs (an
uncharacterized bHLH protein, ICE1 and ILL3) were enhanced under drought whereas one
was downregulated. A previous study identified TGAL1 and TGA4 transcription factors as
putative regulatory factors that mediate nitrate responses in Arabidopsis roots (Alvarez et al.
2014). A recent study highlighted that bHLH genes are related to biotic and abiotic stress
tolerance in wheat (Wang et al. 2019). For hormone-related pathways, the results show that
drought stress specifically enhanced genes involved in ethylene-related pathways
(biosynthesis, signalling, response), which is known to play an important role in activating
plant responses to water deprivation and flooding (Lee et al. 2009; Ramu et al. 2016b).
Ethylene is responsible in activating signals affiliated with the synthesis of many
transcription factors that controls the gene activation/ repression during stress such as the
ethylene response factor ERF1 (Bastola et al. 1998; Young et al. 2004; Seo et al. 2010). In A.
thaliana, ERF1 has been shown to be induced by both salinity and drought stresses (Cheng et
al. 2013); however, the present study showed that the ERF1 is induced in leaves only by
drought stress. Similar results were found previously, confirming that ERF1 is upregulated in
mature leaves of different crops under drought conditions (Song et al. 2017; Benny et al.
2019a). Brassinosteroids represent another class of plant growth regulator (Adam and
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Marquardt 1986) for which related genes are differentially regulated in response to drought.
Studies have reported that brassinosteroids (BRs) mediate abiotic stresses such as salinity,
heat and drought (Clouse and Sasse 1998). The results show that some brassinosteroids such
as 3-0x0-5-a-steroid 4-dehydrogenase, STEROL 1 and DWARF 5 were upregulated, whereas
two (cycloartenol synthase 1 and brassinosteroid insensitive 1) were repressed. There results
agree with previous findings showing the induction of 3-oxo0-5-a-steroid 4-dehydrogenase in
rice roots under drought conditions (Muthurajan et al. 2018).
Gibberellins are one of the most important groups of phytohormone in plants for the
modulation of growth and development (Bari and Jones 2009). According to the study, a
number of gibberellin-related genes show opposite trends of expression. For example,
GASA1, gibberellins 2-oxidase 1 and 2-oxoglutarate-dependent dioxygenase were
downregulated by the effect of drought, but gibberellin (RGA1) was upregulated by cold.
Similar results have been found by Zhu (2016), which suggests a putative interaction between
RGAL1 and a cold stress sensor required for chilling tolerance (Ma et al. 2015; Zhu 2016).
Moreover, GASAL seems to play an important role under both abiotic (puffing) and biotic
(Huanglongbing) stresses in citrus peel tissues (Martinelli et al. 2015). The results indicate
that the drought stress alters GA metabolism and signalling: GA signalling is reduced in
response to cold, salt, and osmotic stresses (Colebrook et al. 2014). Drought and high salinity
increased the expression of three breadfruit GA2-oxidase genes (AaGA20x1, AaGA20x2 and
AaGA20x4) and their possible involvement in abiotic stress response resistance was
discussed by Zhou and Underhill (2016). The 2- oxoglutarate-dependent dioxygenase
(20GD) superfamily represents the second largest enzyme family in the plant genome whose
members are involved in various oxygenation/hydroxylation reactions. In addition, 2-
oxoglutarate-dependent dioxygenase gene may be involved in chilling stress responses in
tomato by regulating JA accumulation and the expression of genes related with JA
biosynthetic and signalling under chilling stress (Hu et al. 2019).
The phytohormone ABA is known as important factor in plant growth and development in
response to various environmental conditions including drought stress (Riemann et al. 2015).
The main function is the control of stomata opening and closure to reduce water loss via
transpiration (Wilkinson and Davies 2010; Mittler and Blumwald 2015). The induction of
ABA synthesis presents one of the fastest phytohormonal responses to abiotic stresses,
thereby triggering ABA-inducible gene expression (Yamaguchi- Shinozaki and Shinozaki
2006). Shinozaki and Yamaguchi- Shinozaki. (2007) also showed that in plants, high salinity
or drought stress causes ABA accumulation and obvious changes in genes expression.
Nevertheless, | showed that cold stress upregulated a GRAM domain containing protein
involved in ABA-related pathways. The GRAM domain has ~70 amino acids, a length
usually found in glucosyl transferases and other membrane-associated proteins (Doerks et al.
2000). Generally, this domain seems to be involved in membrane-associated processes such
as intracellular protein- or lipid-binding signalling pathways (Doerks et al. 2000).
In relation to heat stress, the meta-analysis highlighted an enhanced expression of a genes
involved in IAA (non-phototrophic hypocotyl) response. The phytohormone auxin, 1AA,
plays an important role in a plant’s responses to abiotic stresses (Bari and Jones 2009). IAA
also plays a crucial part in the adaptation of plants to salinity (Igbal et al. 2014), and
participates in increasing the growth of root and shoot of plants under heavy metal or salinity
stresses (Sheng and Xia 2006; Egamberdieva 2009). Salinity has been reported to reduce IAA
levels in plants such as maize. In fact, auxin tends to enhance the transcription of several
genes called primary auxin response genes, which have been characterised and identified in
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many plant species such as soybean, rice and Arabidopsis (Javid et al. 2011). Thus, auxins
present a powerful constituent in the defence responses via many gene regulations and
crosstalk mediation (Bari and Jones 2009; Ghanashyam and Jain 2009). PPl networks
highlighted the role played by auxin-related genes in cold responses and particularly ARF7
and 1AA8, which were shown to be at a core position of network composed by several auxin-
related genes. The phytohormones Jasmonate (JAs) represent signalling molecules that
regulate plant growth and orchestrate systemically and locally the responses to many abiotic
stress factors (Turner et al. 2002; Pauwels et al. 2009). Many studies have shown that JA
levels are increased after drought and salt stresses exposure (Creelman and Mullet 1995;
Wang et al. 2001). Further, experiments conducted on rice leaves and roots exposed to
drought and salinity showed an increased content of JAs, and induced JA biosynthesis genes
(Moons et al. 1997; Tani et al. 2008). Another study reported that the content of Jasmonate is
enhanced by sorbitol treatment to a degree enough to initiate JA-responsive gene expression
(Kramell et al. 2000). The present study corroborates these previous results and showed the
enhancement of two key genes involved in Jasmonate genes that were also upregulated by
drought stress. Moreover, under drought stress, endogenous JA content increased in maize
root cells (Xin et al. 1997). Nevertheless, the main function of JA in drought stress remains
unclear and controversial, since in some studies JA has been reported to improve the
tolerance whereas it caused a reduction in growth in other works. This may be explained by
the fact that the responses to drought conditions depend generally on the type and tissue of
plant studied, the duration and intensity of the stress applied, and the dosage of JA applied
(Lee et al. 1996; Kim et al. 2009).

e Primary and Secondary Metabolism

It was reported that the overexpression of selenenyl diphosphate synthase 1 (SPS1) enhanced
tolerance to photo-oxidative stress in Arabidopsis plants which was related to their increased
capacities for plastoquinone-9 biosynthesis (Ksas et al., 2015). The work also revealed that
drought stress repressed fatty acid biosynthesis in leaves. Another primary metabolism
pathway that was repressed by drought stress in leaves was phospholipid biosynthesis. Benny
et al. (2019) reported that two genes involved in phospholipid biosynthesis
(phosphatidylserine synthase and galactolipid galactosyltransferase) were repressed under
drought and reported that water deficit inhibits fatty acid desaturation. Another previous
study associated with drought resistance in cotton also produced a reduction of fatty acid
metabolism which results in greater stability of the membrane system (Anh et al., 1985).

The results showed an up-regulation of different categories of genes involved in secondary
metabolism and selectively regulated by drought, salinity, heat and cold. In fact, these stress
related genes come under MVA pathway that is known to be responsible for terpenoid
biosynthesis which comprise a series of metabolites with peculiar protection roles to biotic
attacks (Tholl, 2015). In addition, as chemical signals, several volatile sesquiterpenes are
implied in activating plant defence mechanisms to respond to biotic stresses. Terpenoids are
widespread in plants and should have played an important role in plant evolution as response
to different biotic and abiotic aspects (Balan et al., 2017). Flavonoids are also crucial in
defense against environmental stress such abiotic and biotic stresses. Nakabayashi et al.
(2014) showed that flavonoids played an important role as a mitigator of oxidative and
drought stress in Arabidopsis.
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These molecules are the most abundant hydrophilic antioxidants in fruits and own significant
biological activities in humans playing an important role in the prevention of human disease
and maintaining of good health (Peluso et al., 2018). Flavonoids and anthocyanins are found
in many fruits and vegetables and most of them are coloured compounds, especially red
fruits, grape skins, pomegranate, loquat, blueberries, red cabbages (Rop et al., 2010; Gentile
et al., 2016; Mannino et al., 2019; Passafiume et al., 2019). The results confirmed that
drought stress clearly enhanced flavonoids while heat stress repressed most of these genes
(i.e. aldo/keto reductase, TRANSPARENT TESTAT70). It was reported in previous studies
that aldo-keto reductase activity and gene expression increased with osmotic and salt stress
and abscisic acid (ABA), which plays a key role in abiotic stress responses in rice, wild oat,
barley, and Xerophyta viscosa (Li and Foley, 1995; Mundree et al., 2000; Roncarati et al.,
1995). AKR gene expression increased in Bromegrass under low temperature exposure and
ABA treatment suggesting a role of AKR enzymes in cold stress tolerance (Lee and Chen,
1993). AKR gene expression also increased with various other abiotic stress factors,
including heat, drought, heavy metals, and UV-B in digitalis and alfalfa (Gavidia et al., 2002
; Hegeds et al., 2004; Hideg et al., 2003; Oberschall et al., 2000). An over-induction of
aldo—keto reductase was previously linked to oxidative and heat stress tolerance in rice
(Turocezy et al. 2011). By the same way, the expression of phenylpropanoid genes was
induced by drought and cold but repressed by heat. The protective roles that are played by
phenylpropanoid in plants against both biotic and abiotic stresses, are well-known (Liu et al.,
2015). This beneficial activity is due to the inhibition of the formation of reactive oxygen
species (ROS) as reported by Commisso et al. (2016). In this context, carotenoids are
antioxidant molecules that protect plants from photooxidative processes, performing an
effective scavenging action against ROS. Carotenoids are natural pigments with polyisoprene
structure known to play important roles in plants as antioxidants and constitute
photosynthetic organelles present in all the superior plants, mosses, ferns and algae resulting
attractants for pollinators and seed dispersers for plants (Cazzonelli, 2011; Khoo et al., 2011).
Generally, these molecules are involved in photosynthesis and photoprotection. Carotenoids
are not synthesized by humans and animals, so the diet consisting of fruits and vegetables
only provide the greatest contribution from exogenous carotenoids (Massenti et al., 2015;
Perrone et al., 2016). They can work in different ways to improve health or to slow down a
pathological state, thus counteracting oxidative stress (Perrone et al., 2014, 2016). They have
a fundamental role in counteracting oxidative stress in humans and animals. In clinical and
research settings, carotenoids in the blood or tissues can be detected after dietary intake
(Perrone et al., 2016; Peluso et al., 2018). Therefore, plasma carotenoids or skin carotenoids
may be a suitable indicator of total antioxidant status (Massenti et al., 2015; Perrone et al.,
2016). Regarding with their specific role in plants, a recent function for carotenoids has
recently emerged and relates to the response of plants to environmental stresses. ROS can
oxidize carotenoids and produce reactive electrophilic species (RES), characterized by a
carbonyl function adjacent to a double bond that is able to react with nucleophilic atoms
(such as S and N) common to many biological molecules such as thiols (Farmer and Mueller,
2013). Consequently, thiol modification by these electrophilic lipids (RES) could activate
transcription factors, thus inducing gene responses (Levonen et al., 2004) RES or oxidation of
beta carotenoids derivate are potential signal molecules the concentration of which increases
in plants exposed to environmental stress (such as heat stress). For example, oxidized
carotenoid molecules exogenously have been shown to influence the transcription of genes
involved in cell survival and stress responses (Loeffler et al., 2005). The dominant gene
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families encode glutathione-S-transferases (GSTs), UDP-glucosyl transferases, cytochrome
P450 and transporters. The genes down-regulated by the RES were involved in cell walls, cell
division and auxin signaling. Furthermore, carotenoid oxidation molecules are bioactive
compounds. For example, products derived from the enzymatic oxidation of carotenoids
possess important signaling functions in plants. The abscisic acid hormone is an example of a
molecule derived from the enzymatic oxidation of neoxanthin (Nambara and Marion-Poll,
2005) involved in the responses of plants to the environment stress and to pathogens, and also
plays a role in seed germination, in the early development of the embryo and in stomatal
regulation. My research group has identified the carotenoid cleavage dioxygenase 1 (CCD1)
that was up regulated in drought stress. The gene that encoding the enzyme was involved in
apocarotenoid biogenesis molecule of 20 or 27 atoms of C that originated from the oxidation
of beta carotene. Photosynthesis can be inhibited by high concentrations of carotenoid RES
(Shao et al., 2011). At this regard, my results confirm that the NON-PHYTOCHEMICAL
QUENCHING gene was down regulated by drought stress.

| observed that genes involved in lignin and lignans (mannitol dehydrogenase and
CINNAMYL ALCOHOL DEHYDROGENASE 6), phenylpropanoids and glycosylates were
mostly repressed by heat stress. This evidence is well-documented in literature (Moura et al.,
2010). Commisso et al. (2016) reported that the levels of most metabolites declined sharply
after heat stress as result of cell death and subsequent metabolite degradation due to protein
denaturation and aggregation, affect the RNA stability, membrane fluidity and integrity
(Wahid et al., 2007). On contrast, two metabolite CINNAMYL COA REDUCTASE 1
(CCR1) and ISOPENTENYL PYROPHOSPHATE were increased after heat stress (Wahid et
al., 2007). On the other hand, cold stress enhanced genes involved in terpenoid (terpene
synthase 21 and selenenyl diphosphate synthase 1) and in alkaloids (STRICTOSIDINE
SYNTHASE). Previous works highlighted the increase of CCR under different stress
conditions such as wound or pathogen infection (Lauvergeat et al., 2001; Kawasaki et al.,
2006). Nevertheless, the precise molecular role of lignin biosynthesis genes in abiotic stress
remains unclear. Hence, several hypotheses have been proposed. The most accepted one is
that lignin related enzymes such as CCR are associated with the drought and salt stress
tolerance mechanisms (Chazen and Neumann, 1994; Kawasaki et al., 2001; Kim et al., 2006;
Lee et al., 2007). Taken together all these findings could drive the conclusion that CCR1 is
closely associated to heat stress responses. Concerning the terpene synthase, Lee G et al.
(2014) showed that rice terpene synthase 20 (OsTPS20) plays a major role in producing
terpene volatiles during the abiotic stress (Lee G et al. 2014). Another recent study identified
three new terpene synthase genes in Santalum spp. demonstrating that TPS1 play important
roles in chemical defense and in protection against light and temperature stress (Zhang et al.,
2019).

3.6. Conclusion

Although this meta-analysis cannot provide definitive information that can be quickly
transferred in molecular tools for crop breeding, | have provided more insights into molecular
regulatory networks controlling resistance/tolerance/susceptibility to 4 major abiotic stresses
in plants. Next step will be their mapping in each crop chromosomes thanks to the ongoing
projects of re-sequencing using the exponential progresses of next-generation sequencing
technologies. This essential work will speed up the delivery of molecular markers for
sustainable agronomic approaches for a future agriculture that will face the highly threatening
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effects of a rapid climate change. Essential insights in the hormonal crosstalk modulating
simultaneous abiotic stress responses were provided: up-regulation of jasmonate-related
genes was linked to drought, while gibberellin repression was down-regulation by drought
and heat. Cold stress induced genes involved in ABA, cytokinin and gibberellins. Relating to
transcription factors, | found that different categories are involved in specific responses to
abiotic stresses: AP2-EREBP, MADS, WRKY?22, MYB, homeobox genes members were
linked to drought stress while cold stress was associated to induction of MYB7 and BELL 1.
Heat repressed C2C2-CO-LIKE, MADS and HOMEOBOXa3. Last important findings of my
meta-analysis were:

1) induction of ubiquitin-mediated protein degradation by heat

2) up-regulation of MAP Kinases by cold stress.

57



4. CHAPTERA4

Experiment 3: Gaining insight into exclusive and common transcriptomic features
linked to drought and salinity responses across fruit tree crops

DOI: https://doi.org/10.3390/plants9091059

4.1. Introduction

Drought and salinity are considered two major environmental factors affecting plant
productivity and plant distribution. Therefore, it is necessary to understand plant tolerance
toward drought and salinity, forming a major research topic. Drought stress represents a
critical issue at reproductive stages for crop production because it impairs key physiological
processes involved in yield and its components such as bud development, flowering, and fruit
ripening. There are significant differences within the same species in response to drought
stress, especially at the root level (Lynch et al., 2018). Drought-resistant cultivars are those
that more efficiently modulate carbohydrate partitioning toward seed filling, contrasting
drought stress during the pod-filling stage. It was shown that a more efficient modulation of
sucrose transport favors an efficient carbon mobilization toward seeds (Cuellar-Ortiz et al.,
2008). Drought stress also reduces water uptake and affects the rapid and long-term
adaptation mechanisms of plant species to climate change. lIdentifying the molecular
mechanisms and key genes involved in drought and salinity resistance is essential for
efficient next-generation molecular breeding. Plants can perceive abiotic stresses and elicit
appropriate responses with altered metabolism, growth, and development. These regulatory
circuits include stress sensors, signaling pathways comprising a network of protein—protein
reactions, transcription factors, and hormones, and finally the output proteins or metabolites
(Benny et al., 2019). Plants are sessile organisms. Indeed, water and salt stress occur
frequently, and, since plants cannot move, they developed strategies to adjust themselves
with these challenges either via adaption mechanisms or via specific growth habits to avoid
stress conditions. These plant cryptic way of resisting to harsh environmental stresses are
modulated by a complex regulatory network that is only barely elucidated. Differential stress
tolerance could be attributed to differences in plant reactivity in terms of stress perception,
signal transduction and appropriate gene expression programs, or other novel metabolic
pathways that are restricted to tolerant plants (Zhu et al., 2001). Exposure to drought or salt
stress triggers many common reactions in plants. Both stresses cause cellular dehydration,
which causes osmotic stress and water movement from the cytoplasm into the extracellular
space. The stresses induce reactive oxygen species and radical ions, which in turn show a
negative effect on the cellular structures and metabolism. Even though the early responses
toward salinity and drought are the same, the responses toward ionic components are
different. Decrease of photosynthesis or hormonal crosstalk regulation such as increased
levels of abscisic acid (ABA) is a common physiological feature of both stresses. High
intracellular concentrations of sodium and chloride ions are specific issues of salinity stress
(Flowers et al., 2015). Over the last decade, thousands of genes involved in drought stress
responses were identified, which can be included in two groups (Meng et al., 2018). One
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group of genes directly protects the plants against drought stress by regulating water transport
(aquaporin) (Alexandersson et al., 2010) or by protecting the integrity of cellular membrane
and macromolecules. The second group of genes (receptor proteins, protein kinases, protein
phosphatases, and transcription factors) regulates signal perception, signal transduction, and
amplification (Shinozaki et al., 2003). Many key genes for salinity tolerance relating to
oxidation—reduction processes, ion transport and chloride channels, hormone-related genes,
like ethylene perception-related and ABA, as well as many transcription factors, were
discovered. Fruit trees must exist under adverse environmental conditions over years and,
therefore, require not only drought/salinity adaptiveness but also flexibility toward the
metabolism of hormones, transcription factors (TF), etc. to adjust with changing conditions.
For example, some key transcription factor (TF) families such as MYB, WRKY, basic
leucine zipper (bZIPs) were found to be involved in a different manner depending on the type
of stress (Hoang et al., 2017). Drought and salinity tolerance in fruit trees is usually achieved
via biochemical modification of the cellular metabolism. (Chen et al., 2014). Transcriptomic
studies are important in identifying specific genes involved in water and salinity stresses in
different species. These types of analysis help in recognizing which genes are the basis of
diverse abiotic tolerance and resistance mechanisms. However, transcriptomic approaches
have several drawbacks. Most transcriptomic studies are generally related to only one season,
which may lead to low reliability of conclusions of these studies. RNA-Seq data are affected
by high environmental variability, often presenting false-positive results. Therefore, it is
necessary to adapt bioinformatic pipelines to enhance the comparison of data obtained across
different species in order to strengthen the meaning of every single study and validate the
published works reducing the environmental variability (Benny et al., 2019). Meta-analysis is
a statistical technique for combining the findings from independent studies. It is used to
determine the effectiveness of a treatment or to study a factor affecting a process combining
data from randomized similar studies. Meta-analysis provides a precise estimation of
treatment’s effect giving weight to the size of the different studies included in the analysis.
The current study is focused on fruit tree responses toward drought and salinity, as well as
major genes which can be utilized by genetic engineering for the development of tolerant
species. Thus, a meta-analysis of all the transcriptomic studies can play a vital role in
selecting the most frequent and most significant differentially expressed genes (DEGS)
among the complete list of differentially regulated genes.

4.2.  Aim of the Research

In the present work, | conducted a meta-analysis by selecting six RNA-Seq studies with
similar experimental design (timing and intensity of stresses) conducted in five fruit tree
crops in order to deliver conserved and reliable genomic information for enhancing drought
and salinity crop resistance/tolerance. | analyzed, in the most comprehensive manner
possible, RNA-Seq data in fruit tree crops under drought and salinity using the same
bioinformatics pipeline used in the previously published meta-analysis. The most important
players among the huge amount of data generated by every single RNA-Seq study were
identified and mapped on the chromosomes to develop next-generation markers (i.e., based
on epigenetic mechanisms). Key molecular physiological conclusions were generated based
on the identification of conserved gene sets, pathways, and gene networks involved in abiotic
stress resistance/tolerance. This study provides a valid approach to ask additional questions
with respect to how plants respond to stress.
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4.3. Materials and Methods

e  Search Strategy for Selection of RNA-Seq Studies

For the analysis, the most relevant articles on drought and salinity stress response in fruit
crops, together with one herbaceous species, were taken into consideration. These studies,
identified from Scopus and PubMed, were considered suitable when abiding by the following
three criteria: (i) presenting RNA-Seq sequencing methodology; (ii) mentioning at least one
of the following terms in title and abstract: drought, salinity, root, stress, and abiotic stress;
(iii) the presence of publicly accessible raw data. These criteria were met in six articles on a
total of 26 samples (Table 4.1).

Table 4.1. Articles, crops, number of samples, stress, and sample description (control vs.
treatment) included in the analysis.

Article Stress Species No. of Control Treated Duration of
samples stress
SRR6494883 SRR6494880
(Controll) (Treated 1)
Roots  were
Khadka et al. Drought Vitis riparia SRR6494884 SRR6494881 harvested at
2019 g Michx 6 (Control2) (Treated 2) 14 days after
stress (DAS)
SRR6494885 SRR6494882
(Control3) (Treated 3)
SRR5112808 SRR5112805
(Controll) (Treatedl)
Roots  were
Feng et al. 2017 | Drought Prunus 6 SRR5112809 SRR5112806 harvested  at
mahaleb L. (Control2) (Treated?2)
15 DAS
SRR5112810 SRR5112807
(Control3) (Treated3)
SAMEA386165
3 SAMEA386165
6 (Treatedl)
(Control 1)
Ksouri et al Prunus SAMEA386165 | SAMEA386165 | Roots  were
" | Drought . 6 4 (Control2) 7 (Treated?2) harvested at
2016 persica 16 DAS
SAMEA386165 | SAMEA386165
5 (Control3) 8 (Treated3)
SRR6770841 SRR6770840
(Control 2) (Treated 2)
Bazakos et al. | g o Su'fgpaea . SRRE01235 | SRReB63Ds | NoOC Wwere
|2
2015 ov. Kalamon (Control1) (Treatedl) 90 DAS
Yaish et al Salinity cI?hoter;_lfx ) SRR4034943 SRR4034944 Roots  were
2017 Lacylerét:v (Control1) (Treatedl) harvested  at

60




f/}‘

W PANC ).rfd

o
't
[ )
é"i'UN:\\N‘

7. L&
“org g™

Khalas 45 DAS
Phoenix SRR2027988 SRR2029376
Radwan et al. - dactylifera (Control 1) (Treated 1) Roots ~ were
2015 Salinity L. cv. Deglet | 4 harvested  at
. SRR2029378 SRR2029381 60 DAS
Beida (Control 2) (Treated 2)

The selected studies were grouped based on stress: three articles were focused on
drought and three articles were focused on salinity. For the functional analysis, the following

groups were considered:
(A) Commonly regulated genes among three articles in drought.

(B) Commonly regulated genes among three articles in salinity.

(C) Commonly regulated genes among both (A) and (B).
The entire workflow of the study is given in Figure 4.1.
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(2) Feng et al., 2017 (2) aish et al., 2017
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601 82 | 668 O Commonly regulated genes among
studies of drought
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DAVID

I

NetworkAnalyst

Figure 4.1. Workflow of the meta-analysis of the six transcriptomic studies related to drought
and salinity stress in root tissue. Functional and statistical data analysis are indicated.

e Read Alignment, Gene Differential Expression, and Annotation

For each of the six articles, the relative crop genome and the annotation file were
downloaded from Phytozome (https://phytozome.jgi.doe.gov) and the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov). According to the
accession number provided in the selected articles, raw data were downloaded from the NCBI
sequence read archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) and European Molecular
Biology Laboratory (EMBL) ArrayExpress (https://www.ebi.ac.uk/arrayexpress/). The raw
data were then converted to FASTQ format using SRA toolkit version 2.3.5. | trimmed low-
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quality bases and adapter sequences from the raw data using Cutadapt version 1.8.1 to obtain
high-quality clean reads. These reads were aligned to the corresponding genome using
Salmon version 0.14.0 with default parameters. To aggregate the transcript-level
quantification to the gene level for gene-level differential expression analysis, | used the R
package called tximport. The quantification results of salmon were then given to DESeq2 for
the differential expression analysis. Up- and downregulated genes with p-value <0.05,
log2FC < -2, and log2FC > 2 were considered for downstream functional analysis. The
statistical tests were corrected using the Benjamini—-Hochberg false discovery rate (FDR)
procedure with the help of the p.adjust function of R. The annotation of DEGs selected was
performed using the related crop genome mapping files retrieved from the Phytozome
database. For the selection of genes and their genome, along with chromosome mapping, a
custom-made in-house Perl script was employed.

e  Statistical and Cluster Analysis

The DEGs corresponding to each independently studied research work, having a p-value
< 0.05, were then analyzed by undertaking appropriate statistical tests, corrected for multiple
comparisons using the p.adjust function of R and FDR (Benjamini et al., 1995). By adjusting
the p-values, the false discovery rate (FDR) was selected to a desired level of a = 0.01.
Sample normalization was adopted in order to avoid systematic variation among the studies
selected for the meta-analysis. The normalization served as a crucial and rigorous pre-
processing step to adjust the sequencing depths and technical effects. Geometric
normalization was used, whereby fragments per kilobase of transcript per million (FPKM)
and fragment counts were scaled via the median of the geometric means of fragment counts
across all libraries. R software was used for all statistical analyses. The dendrogram was
constructed using Euclidean distance measure for identifying the clustering patterns of the
examined drought and salinity studies.

e  Gene Set and Pathway Enrichment Analysis

All the DEGs from each study were taken and aligned to the Arabidopsis
thaliana reference genome for obtaining the best hit “The Arabidopsis Information Resource”
(TAIR) ID. MapMan (Thimm et al., 2004) (http://mapman.gabipd.org/) was used for
mapping and the visualization of key metabolic pathways such as secondary metabolism,
hormone regulation, transcription factors, and protein targeting using the Arabidopsis
thaliana mapping file. The drought-regulated genes common in three of three studies were
visualized first; then, the common salinity-regulated genes among the three studies in the
salinity group and, at last, the common genes between drought and salinity stresses were
visualized. Differences among metabolic pathways were visualized by the PageMan (Usadel
et al., 2006) analysis, a plugin of MapMan, by means of the Wilcoxon test algorithm, without
any correction, using an over-representation analysis (ORA) cut-off value of 3. The TAIR
IDs produced from the analysis of the each group were searched against the DAVID (Huang
et al., 2009) version 6.8 Web server (https://david.ncifcrf.gov/). The information related to
biological process, cellular component, and molecular function were retrieved from the GO
result.

e  Mapping of Genes to Corresponding Chromosomes

The chromosome mapping was done by selecting the commonly regulated abiotic stress-
related genes involved in both drought and salinity. With the help of a custom-made Perl
script, | fetched chromosome number along with the start and end of the commonly regulated
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gene IDs, and then | located the chromosome number, with start and endpoints of each
species accordingly.

e  Protein—Protein Interaction Network

NetworkAnalyst (Xia et al., 2004), a web-based tool for network-based visual analytics
for gene expression profiling, meta-analysis, protein—protein interaction network analysis,
and visual exploration, was used for individual data annotation and analysis. The list of
homologous TAIR IDs from three groups was uploaded separately and mapped against the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) interactome database
with default parameters (confident score cut off = 900 and with experimental evidence)
provided in NetworkAnalyst. To study the key connectives and to simplify the large network,
| selected the “Minimum Network™ setting provided by STRING. Networks were modified
indicating if genes were up- or downregulated in response to each stress.

e Validation Analysis

| implemented a leave-one-out cross-validation (LOOCV) methodology for validating the
expression value of the 82 common (hub) genes. The dataset was split into two: a training set
and a test set for the validation. I discarded one sample from the main dataset for testing and
selected the others for training.

4.4. Results

e  Transcriptomic Responses to Drought and Salinity

Twelve RNA-Seq studies in public databases matching the chosen selection criteria were
found. Six of them had no raw data available thus were excluded. The analysis was
performed using six studies: three dealing with drought and the other three dealing with
salinity.

The articles, plant species, and the number of up- and downregulated genes for each
article are listed in Table 4.2. The analysis resulted in the identification of a total of 36,909
genes, of which 18,404 were upregulated and 18,505 were downregulated. Taking the stress-
related genes toward salinity response, 51.55% of the genes were upregulated and 53.01%
were downregulated. When considering the drought-related genes, 50.46% of the total
number of stress-related genes were upregulated and 49.53% were downregulated.

Table 4.2. The number of upregulated and downregulated genes in response to
drought/salinity for each study; those commonly regulated in drought, salinity, and both
drought and salinity are given.

Sample Information
Avrticles Crops
Total Down Up
DROUGHT
Khadka et al. 2019 Vitis riparia Michx 5,021 2,950 2,071
Feng et al. 2017 Prunus mahaleb L. 6,959 3,056 3,903
Ksouri et al. 2016 Prunus persica 5,856 2,829 3,027
SALINITY
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Bazakos et al. 2015 Olea europaea L. cv. Kalamon 6,060 2,982 3,911
Yaish et al. 2017 Phoenix dactylifera L. cv. Khalas 5,504 3,585 1,919
Radwan et al. 2015 Phoenix dactylifera cv. Deglet Beida 6,676 3,103 3,573
Commonly Regulated in drought 683 349 334
Commonly Regulated in salinity 750 390 360
Commonly Regulated among both drought and salinity 39 16 23
Common genes among drought and salinity 82

The first comparison was performed using the three studies in salinity to find common
genes regulated among them. In total, 750 genes were common, implying their conserved role
in response toward salinity. A second comparison was done comparing the three works
related to drought. In total, 683 genes were common in all the three drought studies. A third
comparison was done on the 683 drought-related genes and 750 salinity-related genes to find
genes common among both salinity and drought. This latter comparison highlighted 82
differentially regulated genes involved in drought and salinity. There were 39 genes that
showed the same trend of expression: 23 were all upregulated and 16 were all downregulated.
| also paid special attention to these 39 genes (Table 4.3) in the downstream functional
analysis.

Table 4.3. Comparison highlighting 39 genes with the same trend of expression among
drought and salinity (23 were all upregulated and 16 were all downregulated). The gene
identifier (ID), expression type, description, functional term, and category are given.

Gene ID Expression Description Functional Term
type

AT5G11700 Down Ephrin type-B receptor Ephrin type-B receptor Vacuole
DNA-binding

AT5G56270 Down Probable WRKY transcription factor 2 transcription  factor
activity

AT1G15060 Down Alpha/beta hydrolase family protein hydrolase activity

AT1G04910 Down O-fructosyl transferase 1 carboherate
metabolic process

AT5G24090 Down Acidic endo chitinase chitin catabolic
process

AT1G67180 Down Zinc finger (C3HC4-type RING finger) protein Cell cycle
ubiquitin-dependent

AT3G61790 Down E3 ubiquitin-protein ligase SINAT3 protein catabolic
process

AT4G02570 Down CUL1 AT4G02570 protein auxin-activated
signaling pathway
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AT2G42520 Down DEAD-box ATP-dependent RNA helicase 37 nucleic acid binding
AT5G47650 Down Nudix hydrolase 2 metal ion binding
L . _ protein
AT5G25930 Down Leucine-rich repeat receptor-like protein kinase .
phosphorylation
regulation of
AT4G32010 Down B3 domain transcription repressor VAL2 transcription, DNA-
templated
AT3G19840 Down Pre-mRNA-processing protein 40C mRNA processing
AT2G27900 Down RABAS5d endocytic recycling
AT5G14720 Down Protein kinase superfamily protein phosphorylation
AT4G32850 Down Polynucleotide adenylyl transferase 4 Zlcjtci:/ei(t);ldyltransferase
AT4G03500 Up Ankyrin repeat family protein Membrane
AT1G15520 Up PLEIOTROPIC DRUG RESISTANCE 12 abscisic acid transport
AT1G02520 Up ATP-BINDING CASSETTE B11 transmembrane
transport
AT3G06880 Up Trans_ducmNVD4O repeat-like  superfamily response to stress
protein
AT5G64813 Up LIGHT INSENSITIVE PERIOD1 Cytoplasm
AT4G31210 Up DNA topoisomerase, type 1A metal ion binding
AT5G07990 Up CYTOCHROME P450 75B1 oxidation-reduction
process
AT5G52450 Up Protein DETOXIFICATION 16 response to nematode
AT2G36690 Up Germination insensitive to ABA mutant 2, GIM2 gi(cl)ci:gson—reductlon
AT5G11040 Up VAN4, VASCULAR NETWORK DEFECTIVE | cytokinesis _ by cell
4 plate formation
regulation of
AT5G23150 Up ENHANCER OF AG-4 2, HUA2 transcription by RNA
polymerase Il
AT3G14270 Up FAB1B, Forms aploid & binucleate cells 1B phosphatidylinositol
phosphorylation
regulation of
AT2G03810 Up 18S pre-ribosomal assembly gar2-like protein asymmetric cell
division
AT4G26270 Up PFK3, Phosphofructokinase 3 fructose 6-phosphate
metabolic process
AT5G58003 Up C-terminal domain Phosphatase-like 4 dephosphorylation  of

RNA polymerase I
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C-terminal domain
AT4G35160 Up N-acetyl serotonin O-methyl transferase Methylation
AT2G45550 | Up CYTOCHROME P450 oxidation-reduction
process
AT2G19130 Up S-locus lectin protein kinase family protein phosphorylation
ATAGO2590 | Up UNE12, Unfertilized EMBRYO SAC 12 regulation of  defense
response
AT3G48190 Up Serine/threonine-protein kinase (ATM) DNA . damage
checkpoint
AT5G54310 Up AGDS5, ARF-GAP domain 5 activation of GTPase
activity
receptor
AT2G26330 Up Quantitative Resistance to Plectosphaerella 1 serine/threonine
kinase binding
AT2G27920 Up SCPL51, Serine Carboxypeptidase-Like 51 Proteolysis

e  Gene Set and Pathway Enrichment Analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID)
software was used to annotate the functionalities of genes corresponding to drought and
salinity at the transcriptomic level taking the list of drought-regulated genes (common among
three studies) and salinity-regulated genes (common among three studies). Among the
drought studies, two GO terms were downregulated while 13 were upregulated. It is worth
mentioning some of the biological pathways that are well known to be enhanced by drought
stress such as response to abscisic acid, response to jasmonic acid, defense response, protein
phosphorylation, and heterochromatin maintenance. On the contrary, some GO terms that
were downregulated in response to water stress were the following: response to carotenoid
biosynthetic process and embryo development ending in seed dormancy. While considering
the salinity responses, 14 GO terms were downregulated and 14 were upregulated. GO terms
such as regulation of jasmonic acid-mediated signaling pathway, response to cadmium ion,
ubiquitin-dependent protein catabolic process, cellular heat acclimation, and regulation of
stomatal movement showed an enhancement toward the salinity stress, whereas leaf
senescence, response to cytokinin, auxin metabolic process, late nucleophagy,
transmembrane receptor protein tyrosine kinase signaling pathway, and micro autophagy of
nucleus were repressed. When comparing the GO terms corresponding to each stress, no GO
terms related to the biological processes were commonly downregulated among drought and
salinity. On the other hand, pathways encoding regulation of defense response,
transmembrane transport, and metal ion binding were enhanced toward both drought and
salinity responses.

e Transcriptomic Responses Related to Hormone Metabolism

| focused my attention to the hormonal-related genes considering the key role played by
hormonal crosstalk in the modulation of abiotic stress responses in plants. When focusing on
drought stress studies, water deprivation downregulated two genes responsive to cytokinin
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(uridine diphosphate (UDP)-glycosyltransferase (UGT85A1) and isopentenyl transferase 2
(IPT2)), one responsive to abscisic acid (ABA) (ABA deficient 1 (ABAL)), and one indole
acetic acid (IAA) gene (more axillary branches 1 (MAXZ1)). On the other hand, it upregulated
several genes responsive to abscisic acid, gibberellin, brassinosteroids (BRs), and ethylene-
activated signaling pathway. Among the brassinosteroid-related genes, it is worth mentioning
the enhancement of 3-oxo-5-alpha-steroid 4-dehydrogenase (SRD5A1), DWARF 4 (DWF4),
and squalene monooxygenase (SQE1) (Figure 4.2)

P No Genes Description

12
|: 7_‘! . GA20X8 Gibberellin 2 —oxidase 8
D s e 4] ABAL  ABA deficient 1

AREB3  ABA responsive element binding protein 3
AAO4 Arabidopsis aldehyde oxidase 4

KOB1 KOBITO

SRD5A1 3-oxo-5-alpha-steroid-4-dehydrogenase
DWF4 Dwarf 4

PNV EWNE

|’ | - - - 9. SQE1 Squalene monooxygenase
k ) 10. ERF1 Ethylene responsive factor 1
|’ | - 11. EREBP1 Ethylene responsive protein related

12. UGT85A1 UDP-glycosyl transferase 85A1
) ) 18 19 13. IPT2 Isopentenyl transferase 2
|7| -- 14. WOL WOODEN LEG
e - - - 15. OPR1 12-oxophytodienoate reductase

16. MAX1 More axillary branches 1

17. UGT75B1 UDP-glycosyl transferase 75B1
18. ILR1 IAA-leucine resistant 1

19. PINS PIN-formed 5

. Down-regulated genes in drought
20. CAND1 CULLIN associated neddylation dissociated

. Up-regulated genes in drought 21. AFB2 Auxin signalling F-box 2

. . . 22. JAR1 Jasmonate resistant 1
|:| Down-regulated genesin Sa“mty 23. NPH4 Non-phototrophic hypocotylerse
. Up-regulated genes in salinity 24, AIR9 Auxin induced in root cultures 9

Figure 4.2. Drought- and salinity-regulated genes involved in hormone-related categories
commonly regulated in the studies are shown. Genes were identified as Arabidopsis orthologs
of each gene of the analyzed plant species. Red and green indicate the up- and down-
regulated genes in drought, whereas blue and yellow indicate the up- and down-regulated
genes in salinity.

Related to salinity stress, there was an upregulation in 12-oxophytodienoate reductase
(OPR1), wooden leg (WOL), UDP-glucosyltransferase 75B1 (UGT75B1), cullin-associated
and neddylation-dissociated (CAND1), jasmonate resistant 1 (JAR1), and auxin induced in
root cultures 9 (AIR9). At the same time, genes encoding for auxin, gibberellins (gibberellin
2 oxidase 8 (GA20X8)), and abscisic acid (aldehyde oxidase 4 (AO4), KOBITO 1 (KOB1),
ABA-responsive element binding protein 3 (AREB3)) were downregulated.

e Transcription Factors (TFs)

TFs are special proteins that control the transcription of genes, and many of them are,
therefore, expressed in a genotype-, tissue-, and stress-specific manner. A total of 45 major
TFs were differentially expressed, with 16 downregulated in both drought and salinity
conditions and 23 commonly upregulated. The most expressed TF families were WRKY,
basic helix—loop—helix (bHLH), MYB, trihelix-factor, APETALAZ2/ethylene-responsive
element binding protein (AP2-EREBP), homeobox (HB), and GATA. Among downregulated
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genes, it is worth mentioning ephrin type-B receptor, WRKY2, O-fructosyltransferase 1, and
a zinc finger (C3HC4-type really interesting new gene (RING) finger) family protein. Among
the upregulated genes, it is worth noting the expression of serine carboxypeptidase-like 51,
adenosine diphosphate (ADP)-ribosylation factors-GTPase-activating proteins (ARF-GAP)
domain 5, serine/threonine-protein kinase, ataxia telangiectasia mutated (ATM), and
transducin/WDA40 repeat-like superfamily protein, due to their involvement in plant response
to abiotic stresses and ABA-dependent plant development.

e Stress-Related Genes Involved in Both Drought and Salinity

Genes mapped to the abiotic stress (drought/salinity)-related categories were identified
using MapMan, and they are shown in Figure 4.3. Among the common drought upregulated
genes, it is worth mentioning the DNAJ-like 20 (J20), DNAJ heat shock N-terminal domain-
containing protein, dehydration 22 (RD22) (nutrient reservoir), and 4-phosphopantetheine
adenylyl transferase (ATCOAD). In the category of salt stress-related genes, | observed an
upregulation of DNAJ heat shock N-terminal domain-containing protein and a
downregulation of Luminal binding protein 2 (BIP2), chloroplast heat-shock protein 70-2,
heat-shock cognate protein 70-1 (HSC70-1), dehydration responsive protein, and RD22.

DROUGHT/SALINITY RELATED GENES

I 720: DNAJ-LIKE 20
. DNAJ heat shock N-terminal domain-containing protein (AT5G23240)
CHLOROPLAST HEAT SHOCK PROTEIN 70-2
BIP2
HSC70-1: HEAT SHOCK COGNATE PROTEIN 70-1
. DNAJ heat shock N-terminal domain-containing protein (AT4G39150)
B RD22: nutrient reservoir (AT5G25610)
- HYP1: HYPOTHETICAL PROTEIN 1
- ATCOAD: 4-phosphopantetheine adenylyl transferase
RD22: nutrient reservoir ((AT5G25610)

Dehydration responsive protein

I Up-regulated genes in drought B Up-regulated genes in salinity

.Down-regulated genes in drought Down-regulated genes in salinity

Figure 4.3.Drought/salinity-regulated genes involved in abiotic stress-related categories
commonly regulated in all eight studies are indicated. Genes were identified as Arabidopsis
thaliana orthologs of each gene of the analyzed plant species. Red indicates up-regulation and
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green indicates down-regulation in response to drought stress, whereas blue and yellow
indicate up- and down-regulated genes in salinity.

e  Protein—Protein Interaction Network Analysis in Response to Abiotic Stresses

The protein—protein interaction (PPI) network analysis comprised three networks based
on the minimum default settings used to reduce the number of interacting proteins and the
complexity of the networks (Figure 4.4). Some key genes with a high number of interactions
(>20) were highlighted.
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Description

Histone deacetylase 19

dicer-like 2

Retinoblastoma-related protein 1
MINICHROMOSOME MAINTENANCE 6
cyclin-dependent protein serine/threonine kinase
Chromosome transmission fidelity protein 18
cell cycle-regulated E3 ubiquitin-protein ligase
Anaphase-promoting complex subunit 4
SKP1-like protein 21

Cullin-1

RUBISCO ACTIVASE

TONSOKU

Description

CAROTENOID CHLOROPLAST REGULATORY1
REPLICATION PROTEIN A 1B
NON-ATPASE SUBUNIT 9
Cyclin-dependent kinase A-1
DEFECTIVE IN MERISTEM SILENCING 5
EMBRYO DEFECTIVE 1989
DNA-BINDING DOMAIN OF ZN-FINGER PARP 1
ALWAYS EARLY 1
EMB2776 E3 ubiquitin ligase complex
ATO ATROPOS
MED37E Probable mediator of RNA polymerase II
UBQ10 Polyubiquitin 10
RPL5B OLIGOCELLULA 7

Description

FORMS APLOID AND BINUCLEATE CELLS 1B
Serinefthreonine-protein kinase

C-TERMINAL DOMAIN PHOSPHATASE-LIKE 4
QUANTITATIVE RESISTANCE TO PLECTOSPHAERELLA 1
Cullin-1




Figure 4.4. Protein—protein interaction network analysis predicted for genes commonly
regulated in (a) three of three drought studies, and (b) three of three salinity studies; (c) genes
commonly regulated in six of six studies of both drought and salinity based
on Arabidopsis knowledgebase. Proteins encoded by genes having a high degree of
betweenness are shown in red (up-regulated) and green (down-regulated).

Interestingly, drought downregulated highly interactive proteins such as rubisco activase
(RCA), S-phase kinase-associated protein 1 (SKP1)-like protein 21 (ASK21), and dicer-like 2
(DCL2), while it upregulated proteins such as histone deacetylase 19 (HDA19), cyclin-
dependent protein serine/threonine kinase (CDT1B), retinoblastoma-related protein 1
(RBR1), and cell cycle-regulated E3 ubiquitin-protein ligase (CDC20-1) (Figure 4.4a). PPI
network analysis was performed for salinity-regulated genes showing an enhancement of
three major hub proteins, polyubiquitin 10 (UBQ10), atropos (ATO), and cyclin-dependent
kinase A-1 (CDKA-1), along with a repression of embryo defective 1989 (NRPB2), DNA-
binding domain of Zn-finger poly ADP ribose polymerase (PARP) 1 (ALY4), and E3
ubiquitin ligase complex (EMB2776) (Figure 4.4b). Among the upregulated hub (highly
interacting) proteins that were present in both drought and salinity categories, it is worth
noting that some proteins may play a key role in abiotic response such as forms aploid and
binucleate cells 1B (FAB1B), ATM, quantitative resistance to plectosphaerella 1 (ERECTA),
and one downregulated protein, cullin-1 (CUL1) (Figure 4.4c).

e  Genes Involved in General Dehydration Stresses

| paid special attention to the 39 (23 were upregulated and 16 were downregulated)
genes showing a similar expression pattern in both drought- and salinity-related studies
(Table 4.3). It is worth mentioning that both salinity and drought stress downregulated
WRKY transcription factor 2, CUL1, nudix hydrolase 2, O-fructosyltransferase 1, and E3
ubiquitin-protein ligase, whereas commonly upregulated genes were phosphofructokinase 3
(PFK3), cytochrome P450 75B1, N-acetyl serotonin O-methyltransferase, ATM, and serine
carboxypeptidase-like 51 (SCPL51)

These 39 key genes were mapped onto the respective chromosomes of the crops. There
was no homogeneous distribution of these genes across the genome observed in some of the
species. The presence of a higher number of commonly regulated genes was identified in
some chromosomes. In grape and olive, a homogeneous distribution of the genes in the
chromosomes could be found. However, in peach, most of the genes were present in one
chromosome. A total of 13 abiotic stress-related genes being mapped to chromosome 1 of
peach might imply the importance of the involvement of chromosome 1 in drought and
salinity resistance compared to other chromosome regions. This evidence should be taken in
careful consideration by molecular breeders. This work helped in the identification of
significant regions in the chromosome that contain numerous genes involved in drought and
salinity. This can help guide the linking of new molecular markers capable of drought/salinity
resistance.

e Leave-One-Out Cross-Validation (LOOCV) of Meta-Analysis

| employed the LOOCV approach in order to validate the 82 hub genes identified from
the study. This method can predict the difference between control and treated samples. |
could identify a predictive accuracy of 95.03% with an area under curve (AUC) value of

72



0.934 for the expression levels of these genes. These results validate the meta-analysis
approach to finding the hub genes responsible for the stress response.

45. Discussion

Roots are the first organs to be exposed to water deficiency and salt stress, and they are the
first tissue to sense drought and salinity conditions. Signaling cascades transfer chemical
signals toward shoots to initiate molecular responses that lead to the biochemical and
morphological changes, allowing plants to be protected against water loss and salinity and to
tolerate stress conditions (Kwasniewski et al., 2015). Here, | present an overview of signaling
network and gene expression regulation pathways that are actively induced in roots of fruit
crops under drought and salinity stress, as these stresses are the most limiting factors of crop
yield, especially in smallholder systems (Polania et al., 2016). Although it is possible to
identify a good percentage of the genetic variability due to additive genetics (major
genes/alleles), probably around 20-50%, these major genes are yet to be identified. This is
mainly because functional genomic studies (especially RNA-seq) present data with high
variability and often contrasting evidence due to the diverse experimental conditions of
studies that often escape the control of researchers. For example, in the study, | considered
two studies from the same species (Phoenix dactylifera) but of different cultivar under
salinity stress. The stress duration was different for both the studies. While comparing the
DEGs from both studies, a total of 5504 genes were identified from Yaish et al., 2017, while
6676 DEGs were identified from Radwan et al., 2015. This shows that the differences in the
number and type of genes modulated by stress by different cultivars are due to genotypic
variance, environmental differences, different time points and stress intensity, sampling time,
different growth parameters, and ways of cultivation. This is why it is important to perform
meta-analyses of previously published data instead of investing more economic resources in
new studies. The aim is to identify strongly associated gene loci with both drought and salt
stress in order to deliver reliable molecular markers to be used in a molecular marker-assisted
selection, aimed at creating new cultivars with resistance/tolerance to these strictly connected
abiotic stresses. It is worth mentioning that the ongoing climate change occurring worldwide
is probably affecting these two abiotic stresses more than others. The aim is to create
cultivars that are beneficially responsive to multiple stresses to face the multiple harsh
conditions.

e The Role of Hormones in Drought and Salinity Responses

The meta-analysis highlighted unexpectedly the role of hormones in complex gene regulatory
networks of plant responses to abiotic stresses. Indeed, | found three genes involved in BR-
related pathways that were all upregulated in response to drought (SRD5A1, DWF4, and
SQE1L). BRs are polyhydroxylated steroidal hormones involved in many plant physiological
processes such as hypocotyl elongation, root modulation, stomata regulation, gametophyte
growth and development, and germination (Rozhon et al., 2019). However, recently, their
role in plant adaptation to drought was shown (Fabregas et al., 2018). Plants with reduced
biosynthesis of BRs are typically dwarfed and show dark green, curled leaves, small petioles,
reduced hypocotyls and internodes, delayed flowering, and less fertility. On the other hand,
plants with enhanced BRs show higher height and longer hypocotyls (Nie et al., 2017).
Indeed, | speculated that the upregulation of brassinosteroids in response to drought would
allow reducing the detrimental effects on key physiological processes in plants that are
involved in seed production and, consequently, in crop yield. The induction of BR genes in
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tolerant/resistant genotypes should be taken under consideration in future validation
approaches using transgenics and clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9) technologies.

The basipetal transport of auxin was inhibited in plants under water stress, provoking losses
of cotyledonary petioles and early leaf loss (Davenport et al., 1997). In addition, auxin
transport inhibitors and drought had a synergistic action on leaf loss. Osmotic stress provoked
a significant enhancement in the basipetal transport of auxins, implying a link between
drought responses and polar auxin transport in plants. Contrasting evidence was observed for
IAA-related genes in response to salinity; while IAA-resistant leucine 1, PIN-FORMED 5
(PIN5), AFB2, and Non-phototrophic hypocotyls (NPH4) were commonly repressed among
the analyzed studies, UGT75B1, CAND1, JAR1, AIR9 were upregulated. These data
partially agree with previous findings showing an involvement of AIR9 and JARL in drought
responses in barley through the action of miR2406 (Fard et al., 2017). UGT75B1 is an auxin-
related gene that controls cellular ABA content and activity through glycosylation. UGT75B1
is induced by osmotic stress, salinity, and ABA (Chen et al., 2020). Overexpression of
UGT75BL1 in Arabidopsis thaliana provokes higher seed germination rates, larger stomatal
aperture, and seedling greening in response to salt, drought, and osmotic stresses (Dalal et al.,
2018). It is known that auxin plays an important role in plant growth and development. Its
spatial distribution among plant tissues is modulated by polar localization of PIN-formed
(PIN) auxin efflux carrier transporters, which constitute a large family. The overexpression of
PIN3 was shown to promote drought resistance (Tognetti et al., 2010). Several publications
showed that auxin signaling plays a vital role in stress responses in plants (Benny et al.,
2020), while fewer studies focused on the auxin transport response under difficult
environments. It is important to note that MYB, WRKY, and AP2-EREBP were highly
repressed, suggesting their role in the abiotic stress response and plant growth processes
(Ksouri et al., 2016).

The role of ethylene in drought resistance is well known (Khadka et al., 2019; Amirbakhtiar
et al., 2019). The transgenic induction of ethylene response factor 1 (ERF1) in wheat
enhanced resistance to salt and drought stress, inducing an increase in chlorophyll content, as
well as superoxide dismutase and peroxidase activity (Xing et al., 2016). These effects were
probably mediated by the modulation of expression levels of some stress responsive genes.
ERF1 belongs to the large family of AP2/ERF genes involved in response to drought and salt
stresses. However, the role of AP2/ERF genes is contrasting, since some AP2/ERF genes
have negative effects such as AP23 (Zhuang et al., 2010). Comparative analyses between
susceptible and tolerant genotypes also confirmed a role of ERF1 in drought conditions
(Deokar et al., 2011). The meta-analysis shows an induction of ERF1 in drought conditions,
agreeing with the previous evidence.

e Key Genes and Chromosome Regions in Abiotic Stress Tolerance/Resistance

The transgenic over-expression of some WRKY members was shown to promote drought
tolerance in Arabidopsis thaliana such as WRKY20 (Feng et al., 2017). Here, | identified a
commonly upregulated WRKY that could be a future target for promoting drought tolerance
using a transgenic approach (WRKY®6). In addition, | found an upregulation of a
transducin/WDA40 repeat-like superfamily protein in response to both abiotic stresses, and this
is confirmed by previous findings that showed a role of this gene in modulating ABI5
stability and abscisic acid responses in drought conditions (Wan et al., 2019). | found that
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three DNAJs were commonly induced by drought, and the role of these heat-shock proteins
in drought tolerance was confirmed previously. In fact, overexpression of a J-domain protein
increased drought tolerance in transgenic Arabidopsis (Xia et al., 2014). In addition, over-
expression of Arabidopsis DnaJ (Hsp40) induced NaCl-stress tolerance (Zhao et al., 2010).
Looking at the mapping of the 39 common genes with the same trend of expression (up in
both, down in both), it is possible to see that some crops showed an inhomogeneous
distribution of these genes among the different chromosomes of the analyzed crop species. |
found that chromosomes contained a different density of abiotic stress-related genes in peach,
while, in grape and olive, their distribution seemed to be similar. In peach, 13 abiotic stress-
related genes were mapped to chromosome 1. These findings highlight the need to focus on
these chromosomes to develop molecular markers associated with drought and salinity
resistance in these crops. Indeed, the meta-analysis showed that the mapping of the identified
genes will help in understanding which genomic regions are linked to abiotic stress
resistance, helping the development of sustainable breeding strategies based on next-
generation molecular markers.

e A Hypothetical Transductional Signal in Response to Osmaotic Stresses

The discovery of common features between the two types of osmotic stress in the
transductional signal at the transcript level will allow the identification of reliable target
genes that play a key role in drought/salinity tolerance/resistance. The role of 39 common
genes in gene regulatory networks in response to general osmotic stress is shown in Figure
4.5. Five genes, involved in hormone signaling, were up-regulated: ATB11 and ATP-
dependent permease (PDR12) (ABA), germination insensitive to ABA mutant 2 (GIM2)
(gibberellins), acetyl serotonin O-methyltransferase (ASMT) (salicylic acid), and SPCL51
(brassinosteroids). There is previous evidence that these genes are involved in drought or
salinity tolerance/resistance (Khan et al., 2019). PDR12 is a PDR-type ABC transporter that
mediates cellular uptake of abscisic acid, and mutant experiments demonstrated that this gene
facilitates stomata closure and enhances drought tolerance (Kang et al., 2010). Plants over-
expressing a member of the same ABC transporter family showed increased resistance to
drought and salt stress (Kim et al., 2004). GIM2 enhanced GA biosynthesis while inhibiting
ABA biosynthesis. GIM2 mutant seeds showed an ABA-insensitive phenotype during the
germination and post-germination stage (Xiong et al., 2018). A serine carboxypeptidase was
shown to regulate BRI1 involved in brassinosteroid signaling (Li et al., 2001), while another
member of the same family is involved in brassinosteroid-mediated responses to both biotic
and abiotic stresses (Sakamoto et al., 2008). Related to signal transduction of drought/salinity
stress, the following kinases were commonly modulated among drought- and salinity-related
studies: S-locus lectin protein kinase, serine, LRR receptor-like protein kinase (AT5G25930),
and protein kinase (AT5G14720). Among transcription factors, it is worth mentioning
ankyrin repeat family protein (upregulated), WRKY2 (downregulated), and C2HC4 RING
finger (AT5G14720) (downregulated). Ankyrin repeat family members were also shown to
be modulated by drought, and a RING zinc finger ankyrin protein was isolated and
characterized from drought-tolerant Artemisia desertorum (Yang et al., 2008). Interestingly, |
found that WRKY?2 was repressed by drought and salinity, and this was unexpected since
these genes were shown to be induced by NaCl and mannitol stress. This gene is a nuclear-
localized transcription factor, and its role in osmotic stress needs to be clarified (Jiang et al.,
2009). Nevertheless, studies showed that the expression of WRKY2 gene in Poncirus
trifoliata was suppressed by 27—-50% upon exposure to prolonged drought stress (Banerjee et
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al., 2015). Moreover, the expression of this gene increased initially when both cold-
tolerant Poncirus and cold-sensitive Citrus maxima (pummelo) were exposed to cold stress.
However, the gene expression subsided in both cold-tolerant Poncirus and cold-sensitive
pummelo after exposure to 1 h and one day of cold stress, respectively (Sahin-Cevik et al.,
2012). The reason behind the repression of WRKY?2 in the analysis could be the duration of
the stress (14-90 DAS) selected for the study. Among the defense response genes, | identified
WD40D, which, in wheat, functions as a positive regulator of salt stress and osmotic stress
responses. This evidence was demonstrated by the downregulation of TawD40D through
virus-induced gene silencing, which provoked a decrease in relative water content and
reduced growth compared to non-silenced lines. Indeed, it was already hypothesized that this
gene might be used for the genetic improvement of stress tolerance in crop plants (Kong et
al., 2014). In addition, a fructosyl transferase (FUT) was linked with an increased tolerance to
osmotic stress in Pyropia tenera (Wi et al., 2017), and the data confirmed this evidence. The
upregulation of protein detoxification 16 may be explained by the well-known fact that the
upregulation of detoxification processes generally drives enhanced resistance to abiotic
stresses, linked to increased radical ions and highly reactive oxygen species.

Common Gene Regulatory Networks in Roots in Response to Drought

and Salinity
Hormones
ABA GA SA BA
/ Hormane signaling |

ATpB11[ prorR12I GiM2 B Asmr [} SPCLS1 |l
Signal Transduction

LRR receptor-like :
rossininose M prorein e [ Proteintionse [y Froichn ke g
o in O protein kinase ATSG25930 ATS5G14720
Transcription Factors

Ankyrin repeat C3HCA RING finger
family protein . WRKY2 . AT1G67180 .

Defense Response Genes
FUT1 [ w040 [l  rroten Detoxification 16 [l

Physiological Responses

+ Stomatal closure
* Cell osmotic potential increase
* Protection of protein folding

Figure 4.5. Main gene regulatory networks in common between responses to drought and
salinity. Key genes involved in hormonal signaling, transduction signal, transcription
regulation, and defense responses identified by the meta-analysis are indicated together with
physiological effects. Upregulated genes are shown in red, while downregulated genes are
shown in green.
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4.6. Conclusion

In conclusion, | believed that the information provided by this work may be useful in
developing molecular markers linked to these 39 genes or at least a subset of them (Figure
4.5); moreover, this study can facilitate targeting them with innovative biotechnological tools
(transgenesis, genome editing) to create genotypes with enhanced resistance to
drought/salinity stress resistance in crops. Studies confirmed that the abiotic stress-related
genes identified in this study can be selected as molecular markers usable for the
improvement of these complex quantitative traits (Cimo et al., 2017). This meta-analysis
identified genes serving as potential targets for molecular breeding activities to develop
cultivars with enhanced drought and salinity resistance and tolerance across different crops in
a biotechnologically sustainable way.
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5. CHAPTERS

Experiment 4: Transcriptome analysis of Pistacia vera inflorescence buds in bearing
and non-bearing shoots reveals the molecular mechanism causing premature flower
bud abscission

DOI: https://doi.org/10.3390/genes11080851

5.1. Introduction

Pistachio (P. vera L.) originates in the arid areas of central Asia, in the areas of the Caspian
Sea (Iran) and the territories between Afghanistan and Kyrgyzstan (Caruso et al., 1995). The
pistachio is a wind-pollinated deciduous, dioecious tree which presents cyclic variation of
fruiting, usually of two years, in which heavy production occurs during the “ON” year and
less/no production in the following “OFF” year. The mechanism regulating the alternate
bearing phenomenon in pistachio is unique (Khezri et al., 2020). In a mature pistachio tree,
all the main vegetative and reproductive phases are carried out by the plant in a short period,
between the mid of March and the end of May. The growth pattern of the current season’s
shoot is exclusively dominant, and it extends from the vegetative terminal bud of the previous
season’s shoot. Under each of the compound leaf on the current season’s growth, there is a
single axillary bud. Most of these axillary buds differentiate into inflorescence primordia;
therefore, flowering and fruit production occurs on 1-year-old wood (Crane et al., 1987;
Ferguson et al., 2016). Thus, unlike other alternate bearing crop species, pistachio produces
floral buds on current-year shoot but, in the “ON” year, inflorescence buds start to detach
starting from the basal end of the current-year shoot and then towards the apical end (Khezri
et al., 2020). Meanwhile, on the contrary, there is bud retention in low crop load (“OFF”)
years. Bud abscission is considered the visible mechanism underlining the alternate bearing
(Khezri et al., 2020). In order to simplify this phenomenon by outlining a time-line, lower
buds start to abscise or drop at the end of June and continues in July and August, determining
the heavy reduction in production in the next year, thus resulting in an “OFF” year. The
figure below shows the growth pattern of the shoot during the “ON” and “OFF” season
(Figure 5.1).
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Figure 5.1. (A): Fruit clusters on one-year-old wood and lateral inflorescence buds on
current year’s bearing shoot of P. vera L. indicated by yellow circles (June “ON”); (B):
one-year-old wood and lateral inflorescence buds on current year’s not-bearing shoot
(July “OFF”); (C): Red circles show the sites of inflorescence bud abscission in current
year’s bearing shoot (July “ON”).

The physiological mechanism, which triggers the inflorescence buds drop linked to the
alternate bearing behavior in pistachio, is not completely clear and two hypotheses are
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considered, one of which involves nutritional factors and the other involves hormonal factors.
On the basis of the nutritional hypothesis, the competition of the growing embryos with the
new inflorescence buds for the use of metabolites, carbohydrates and nitrogen can be the
main cause of inflorescence bud dropping (Crane et al., 1972; Sparks et al., 1974). The
hormonal hypothesis suggests that some growth regulators are directly involved in bud
abscission. However, subsequent studies conducted on the levels of abscisic acid (ABA) in
fruits and inflorescence buds did not show any relationship between the levels of this
hormone and the bud drop (Takeda et al., 1980).

The nutritional theory suggests that the inflorescence bud drop occurs in coincidence with the
period of embryo growth and is more intense when the crop on one-year-old shoot is heavy,
since the embryo represents the strongest “sink” (Spann et al., 2008). This temporal
coincidence of bud drops, and nut development suggests a competition between the
developing embryo and inflorescence buds for the available resources. The lack of
competitive ability of inflorescence buds compared to fruit in attracting the photosynthates
produced by the leaves was demonstrated by tracking the translocation of the radioactive
carbon isotope, C14 (Takeda et al., 1980). It also confirmed that in branches that are
subjected to annular decortications, also known as shoot girdling (removal of a bark ring
from the base of the current year’s shoot to separate it from the fruitescences), it is possible to
reduce the inflorescence bud drop by 70% (Vemmos et al., 2012). Similar results emerged
from a study on the accumulation of nitrogen, phosphorus and potassium on the various
organs of the branch, showing that the inflorescence buds of non-bearing branches
accumulated significantly greater quantities of macro elements, compared to the
inflorescence buds of the bearing branches (Baninasab et al., 2007).

Various studies have also highlighted the direct correlation between the fruit load and the
intensity of the drop of the inflorescence buds (Nzima et al., 1997). Studies proved that the
presence of the infructescence decrease the growth of the leaves and of the shoot axis
(Stevenson et al., 2000), and that plants deprived of the fruits for the next years accumulate
more carbohydrates and thus they express a greater potential for growth compared to those
left in the normal year production cycle (Marra et al., 1998). Many studies showed significant
changes in starch content and the difference in translocation of starch in tissues of “ON” and
“OFF” trees (Marra et al., 2018).

Moreover, in pistachio, within the canopies of “OFF” trees, it is possible to find some “ON”
shoots and within canopies of “ON” trees, there always some “OFF” shoots; therefore, the
theory of shoot or branch autonomy should be considered (Takeda et al., 1980). Shoot
autonomy in fruit trees depends on resource (carbon, water, nutrients and hormone
distribution) availability. These results underline the importance of reserve substances which,
although stored in the permanent organs of the plant during the “OFF” year, are not enough
for the full expression of the vegetative growth potential and the fructification. Interesting
results have emerged from the study of the influence of polyamines (putrescine, spermine and
spermidine) on the inflorescence bud drops (Giindesli et al., 2019). In general, the level of
polyamines is negatively correlated with inflorescence bud drops.

Genetic mechanisms involved in alternate bearing have been recently studied by
transcriptomic analyses in some fruit crops, such as apple (Guitton et al., 2016), citrus
(Shalom et al., 2012) and olive (Yanik et al., 2013), where the alternate bearing is explained
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as the lack of flower bud initiation and their morphological differentiation, unlike in
pistachio. In citrus, the fruit load critically affects bud fate before that flower induction occurs
and an alternate bearing signal may be generated in the fruit or in another organ that
perceives the flowering initiation and the change of key metabolic pathways (Shalom et al.,
2012). It has been demonstrated in many fruit crops that “ON” and “OFF” crop status is
associated with changes in the expression of flowering control genes (Guitton et al., 2016;
Yanik et al.,, 2013). Genes regulating trehalose and flavonoid metabolism and genes
homologous to Squamosa promoter binding-like (SPL) were found induced in “OFF” buds of
citrus (Shalom et al., 2012).

In apple, microarray analysis showed that flower induction genes were differentially
regulated between “ON” and “OFF” inflorescence buds and critical changes occur in
expression of genes involved in oxidative stress, cell wall biogenesis, carbohydrate
biosynthesis and lipid metabolism (Guitton et al., 2016). In olive, a cDNA library experiment
performed on different developmental stages of leaves and fruits in “ON” and “OFF” trees
showed that P450 monooxygenase and two dehydrins were more expressed in leaves of
“ON” trees than in leaves of “OFF” trees (Guitton et al., 2016). Furthermore, in “ON” olive
trees, a UDP-glucose epimerase, an acyl-CoA binding protein, a triose phosphate isomerase
and a putative nuclear core anchor protein were more expressed in fruits. In “ON” and “OFF”
olive trees, differences in miRNA-targeted genes were also found involved in main hormone
signal-transduction pathways and carbohydrate metabolism which can be potentially
associated in alternate bearing processes (Yanik et al., 2018). Preliminary transcriptional
analysis in pistachio showed that in inflorescence buds of “ON” bearing shoots,
photosynthesis related genes were down-regulated and some terpenoids related genes were
up-regulated (Martinelli et al., 2018).

5.2.  Aim of the Research

The aim of this analysis is to provide insights into the transcript changes between
inflorescence buds in bearing and non-bearing shoots in order to identify the molecular
mechanism causing premature inflorescence bud abscission, which is linked to alternate
bearing in the Italian pistachio cultivar Bianca.

5.3. Materials and Methods

e Plant Material, RNA Extraction, Processing and Sequencing

The transcriptomic analysis was conducted taking the tissue samples from one mature P.
vera (L.) tree of the cultivar “Bianca”, grown inland of Sicily (37°30" Lat. N), in 27th of June
2018 and in 22nd of July 2019. The inflorescence buds from bearing (““ON”’) and non-bearing
(“OFF”) branches were analyzed. Bearing branches showed from 40 to 50 fruits; non-bearing
had no fruits. | collected 4-6 inflorescence buds each from three branches (considered as
three biological replicates) of the same tree during the “ON” and “OFF” status of June and
July which constitute a total of 12 samples. All bud samples were immediately frozen in
liquid nitrogen after collection and stored at —80 °C. The samples were grounded in liquid
nitrogen and total RNA extraction was performed with the SpectrumTM Plant Total RNA Kit
(Sigma-Aldrich, Milan, Italy) employing 100 mg of frozen tissue. RNA quality and RNA
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Integrity Number (RIN) were checked by using the Bioanalyzer. Libraries were obtained
using the TruSeq RNA-Seq sample prep kit from Illumina (lllumina, Inc., San Diego, CA,
USA). The 12 samples were loaded into one lane of an Illumina flow cell, and clusters were
created by Illumina Bot. The clusters were sequenced using the service provided by BMR
Genomics (Padua, Italy) at ultra-high throughput on the Illumina HiSeq 2000 (Illumina Inc.)
to obtain single reads per sample, each 75 bp long.

e De Novo Assembly, Evaluation and Annotation

The quality of the raw sequences generated from transcriptome sequencing was assessed
with FastQC (version 1.16) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
With respect to the FastQC report, the low-quality bases (Q-score < 30) were removed using
custom made Perl script and the adaptor sequences were removed using cutadapt (version
2.0). The filtered reads were then aligned against Silva database (https://www.arb-silva.de/)
using bowtie (Langmead et al., 2009) (version 2.3.4.1) in order to remove rRNA reads and to
obtain clean reads. The total pre-processed reads from all 12 samples were then de novo
assembled using Trinity (Grabherr et al., 2011) (version 2.8.4) using default parameters. The
transcripts from Trinity assembly were further clustered using CD-Hit-EST (L. et al., 2006)
(version 4.6.8), using a clustering threshold of 98% identity to reduce redundancy. The
assembly statistics were obtained using the transrate (Smith-Unna et al., 2016)
(http://hibberdlab.com/transrate/) program. The assembly was evaluated with BUSCO (Siméo
et al., 2015)(version 3.0.2), a tool that assesses genome completeness based on the presence
of single-copy orthologs, using the green plant dataset (viridiplantae_odb10). The complete
workflow of the Pistachio de novo transcriptome assembly and annotation were summarized
in Figure 5.2.
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Figure 5.2: Workflow of the de-novo analysis of the transcriptomic studies related with
inflorescence bud abscission in bud tissue.

The  obtained  contigs  were  annotated  using BLASTx  program
(http://www.ncbi.nIm.nih.gov/BLAST/) with an E-value threshold of 1 x 10—5to NCBI nr
database (https://www.ncbi.nlm.nih.gov/refseg/about/nonredundantproteins), UniProt protein
database (https://www.uniprot.org), InterPro database (https://www.ebi.ac.uk/interpro/),
KEGG database (http://www.genome.jp/kegg), PFAM database (https://pfam.xfam.org) and
STRING database (https://string-db.org). | considered only the contigs corresponds to
“Viridiplantae’ and the unannotated contigs for the final transcriptome assembly. RNA-Seq
data were deposited in NCBI’s sequence read archive (SRA) under accession number
PRINA623387.

e Differentially Expressed Genes (DEG) between Stages

To estimate the expression levels of the Trinity reconstructed transcripts, I used RSEM (Li et
al., 2011). RSEM is a package used to estimate the gene and isoform expression levels from
RNA sequence data. The expected count matrix derived from RSEM is given as the input for
edgeR (Robinson et al., 2009). The comparison selected for the study is given in Table 5.1.

Table 5.1. The number of total genes, up-regulated and down-regulated genes in
inflorescence buds in current year non-fruiting shoot “OFF” and in inflorescence
buds in fruiting shoots “ON”.
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Comparison (inflorescence bud) Differentially Up- Down-
expressed genes  regulated regulated

July “OFF” vs. July “ON” 1,087 247 840

June “OFF” vs. July “OFF” 2,299 976 1,323
June “ON” vs. July “OFF” 2,450 591 1,859
June “OFF” vs. July “ON” 2,768 820 1,948
June “ON” vs. July “ON” 3,882 712 3,170
June “OFF” vs. June “ON” 1,844 1,409 435

Genes represented with an adjusted p-value (FDR) lower than 0.01 and at least a two-fold
change were only considered as significantly differentially expressed in the pairwise
comparison of the samples. In addition, the functional-enrichment analysis was performed to
identify which gene ontology (GO) terms and metabolic pathways that were significantly
enriched in differentially expressed genes (DEGS).

e  Gene Enrichment and Functional Analysis

The final contigs were aligned against TAIR10 (https://www.arabidopsis.org) protein
sequence using blastx program, in order to get the corresponding TAIR Id. The blastx result
files were parsed and generated a Pistachio mapping file for Mapman containing the five
categories (a) Nearly identical: Score > 1000 and e-value = 0 (b) Highly similar: Score >
1000 and e-value # 0 OR (Score > 500 & Score < 1000) and e-value = 0 (c) Moderately
similar: (Score > 200 & Score < 1000) and e-value ! = 0 (d) Weakly similar: (Score > 100 &
score < 200) (e) Very weakly similar: (Score < 100) based on the blastx score and e-value. |
used MapMan (http://mapman.gabipd.org/) (Thimm et al., 2004) with the Pistachio mapping
file to map the gene IDs and visualize the metabolic overview, hormone regulation, CHO
metabolism, secondary metabolism and transcription factors using two generated files: (1)
related to “ON” and “OFF” stages of bud, (2) related to two time-point (June and July).

The PageMan analysis plugin of MapMan was used to visualize differences among metabolic
pathways using Wilcoxon tests, no correction, and an over-representation analysis (ORA)
cutoff value of 3. | considered all the differentially expressed genes present that are related to
the comparison of “ON” and “OFF”, June and July for the PageMan analysis. The TAIR IDs
were searched against the Database for Annotation, Visualization and Integrated Discovery
(DAVID) version 6.8 (Huang et al., 2007) Web server (https://david.ncifcrf.gov/). The gene
ontology information related to the biological process was extracted from the DAVID result.
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5.4. Results

e De Novo Transcriptome Assembly and Annotation

To examine the inflorescence bud abscission phenomenon of P. verarelate to alternate
bearing, inflorescence buds from three separate shoots of the same tree were collected and
sequenced from bearing and non-bearing shoots. The picking dates of the material coincide
with a period of the initial competition between fruit and inflorescence buds, not causing
inflorescence bud drop, and a period of strong completion, causing the drop of inflorescence
buds.

The sequencing of the data of June produced 199 million raw reads (60 Gb of data), whereas
July produced 196 million reads (59 Gb of data) as a single-end. The high-quality single-end
reads with an average quality score of 38 were selected for the transcriptome assembly after
trimming off the low-quality bases and adapters from the June and July data sets. The total
pre-processed reads were then de novo assembled using Trinity and transcripts from Trinity
assembly were further clustered using CD-Hit-EST.

| used RSEM for the quantification of the genes. The count matrix generated I then taken as
the input by edgeR. The downstream analysis resulted in the identification of a total of
14,330 genes in which 4755 were up-regulated and 9575 were down-regulated. For each of
the analysis, the total number of genes ranged from 1087 to 3882. The number of genes up-
regulated was in a range of 247 to 1409 and down-regulated genes were spans from 435 to
3170. Subsequently, the assembled transcripts were annotated by BLASTX against a non-
redundant (NR) protein database, PFAM, KEGG, Uniprot/Swissprot, InterPro and STRING
databases. It is likely that the cv. Bianca faces a limitation of resources around the third week
of June, when the first sampling of the plant material was made and, that in a month, it
reaches its maximum peak, corresponding to the second sampling period when the drop of
inflorescence buds started. June “OFF” vs. July “ON” corresponds to the most divergent
scenarios. The Venn diagram shows the overlap of the genes for “ON” and “OFF” seasons of
June and July (Figure 5.3).
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Figure 5.3: The Venn-diagram shows the overlap of the genes for “ON” and “OFF”
inflorescence buds of June and July.

The figure shows 37,453 genes were common among all the seasons which might have a role
in the developmental process rather than the alternate bearing. The main comparison is
focused on “ON” and “OFF” period of June to investigate thoroughly different pathways and
processes of the bud abscission. This comparison can also avoid factors like physiological
and developmental changes that might occur in the bud during the two different time points
(June and July). To add strength to the conclusion, a comparative study on the effect of crop
load during the “OFF” and “ON” period of July is also investigated.

o Effect of Crop Load on Photosynthesis During in June “OFF” vs. June “ON”
Inflorescence Buds

The changes in gene expression in “ON” inflorescence buds do not reflect an enhancement of
photosynthetic activity when compared to “OFF” year inflorescence bud from non-fruiting
shoots). Most of the genes involved in photosynthesis were up-regulated during the “OFF”
year. Both photosystem Il PSII polypeptide subunits, MAF1, a global repressor of RNA
polymerase 11 (Pol I11) and PDE335 (Pigment defective 335) showed an up-regulation during
June “OFF”. In contrast, a gene calling for CRR3 (chloro-respiratory reduction 3) was
repressed during the “OFF” period. The genes encoding for cytochrome (UGT76D1), ATP
synthase (PDE332) and cyclic electron flow (PGR5-LIKE A) were enhanced during the June
“OFF” period.
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e Effect of Crop Load on Starch Metabolism in June “OFF” vs. June “ON” Inflorescence
Buds

Crop load had much greater effects in reducing starch contents and limiting the starch
accumulation. Therefore, the study on the relationship between crop load and starch
metabolism helps in assessing the functional distribution of starch in “ON” and “OFF” flower
buds. The genes encoded for sucrose phosphate synthase (SPS1F), less adhesive pollen 5 and
starch synthase 4 were enhanced in the tissue of inflorescence buds of the “OFF” current year
shoots (Figure 5.4).

A B '
5

om ., 1. Sucrose synthase

I 2 2.LESS ADHESIVE POLLEN 5
2 5 4 -3 3. Fructosidase 4
im EEnE u7
4. Glycosyl hydrolases family 32 protein
5. pﬂ(Bilhke c}alrbohydrate kinase family protein
- i
o, 7. Branching enzyme 3
8

. BETA-AMYLASE 7
9. ALPHA-AMYLASE 3

B Down-regulated genes in June "OFF" m Up-regulated genes in June "OFF"

Figure 5.4. Figure shows the Mapman pathways in sucrose-starch metabolism. Figure
highlights differentially expressed genes between inflorescence buds in the non-bearing shoot
(June “OFF”) and inflorescence buds in bearing shoot (June “ON”) in sucrose degradation
(A) and starch synthesis (B) pathways. Individual genes were represented by small squares.
The color scale indicates the log2 FC value. Red represents up-regulation and blue represents
down-regulation in June “OFF” relative to June “ON”.

These enzymes are involved in the formation of carbohydrate reserves (Kozlowski et al.,
1997). The genes encoded ALPHA-AMYLASE 3, BETA-AMYLASE 7, fructosidase 4,
glycosyl hydrolases family 32 and pfkB like carbohydrate kinase, which was involved in
carbohydrate degradation was repressed.

e Effect of Crop Load Status on Polyamine and Transcription Factors in Inflorescence
Buds June “OFF” vs. June “ON” Shoots
This section of study was conducted to examine the role of free polyamines in the
inflorescence bud abscission. The “OFF” inflorescence buds exhibited significantly higher
polyamine (PA) and spermidine (Spd) enhancement than the “ON” ones, during most of the
period. In “OFF” inflorescence buds, the genes encoding for thermospermine synthases
(ACLS5), probable polyamine transporter, Polyamine oxidase 1 isoform 1 and spermidine
synthase (speE) were enhanced. On the contrary, the expression of S-adenosyl-L-methionine-
dependent methyltransferases was repressed.

In June “OFF” inflorescence buds, three bZIP (bZIP61, leucine zipper transcription factor 16
and G-box binding factor 3), ARF7 (Auxin response factor 7), WRKY19, zinc ion binding
and four homeobox genes (Enhanced drought tolerance 1, BEL1-like homeodomain 3, IFL1
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and HB-8) were down-regulated, while one histone (ULI3) gene, two alfin-like members, two
MYB factor (MYB103 and MYB14), three WRKY (WRKY31, WRKY72, and WRKY53),
all the histone related factors and AS2 were up-regulated. In June “ON” buds, the study
reported the enhancement of MYB factors (MYB60, MYB3 and MYB106), WRKY factors
(WRKY19 and WRKY49) and Histone acetyltransferases.
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e Gene Set and Pathway Enrichment Analysis During in June “OFF” vs. June “ON”
Inflorescence Buds

DAVID software was used to identify the biological processes, cellular components and
molecular functions affected by crop load at transcriptomic level considering the
differentially expressed genes in the June “OFF” and June “ON”. While comparing, June
“OFF” buds and June “ON” buds, 53 GO terms were down-regulated, whereas 31 were up-
regulated. The biological pathways that are known to be repressed during “OFF” response to
salicylic acid, chloroplast envelope, circadian rhythm, response to auxin, ion transmembrane
transport, apoplast and proteolysis were found in my analysis. In contrast, | identified some
GO-terms that were up-regulated in response to alternate bearing, such as nutrients ion
transport, ABA catabolic process, gibberellin catabolic process, amino acid transmembrane
transport and carbohydrate metabolic process.

e Effect of Crop Load on Hormone Metabolism in June “OFF” vs. June “ON”
Inflorescence Buds

The objective of the current section was to study the role of hormone in inflorescence bud

abscission. The genes involved in hormone-related categories are summarized in Figure 5.5.
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Figure 5.5: Figure shows hormone metabolism in Pistachio among the June “OFF” vs. June
“ON” inflorescence bud comparison. The color scale indicates the log2 FC value. Red
represents up-regulation and blue represents down-regulation in June “OFF” buds relative to
June “ON” buds.
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Repression of ethylene and gibberellin pathways were identified in inflorescence buds of
“OFF”, whercas ABA and IAA pathways were mostly up-regulated. In June “OFF”
inflorescence buds, five genes responsive to ethylene, two genes responsive to gibberellin and
two genes responsive to cytokinin were down-regulated (Figure 5.5). Relating to auxin-
responsive genes, down-regulation of PIN formed 1 and up-regulation of TOR, Potassium
channel beta subunit 1 (KAB1) and Jasmonate resistant 1 were observed. Relating to ABA
there was an up-regulation in abscisic acid insensitive 3, lipid transfer protein 3, shaker
potassium ion channel, SNF1, potassium transport 3, phosphotransmitter 4 and Carotenoid
cleavage dioxygenase 1. Several genes involved in ethylene biosynthesis and signaling such
as Oxoglutarate (20G) and Fe (11)-dependent oxygenase, Root phototropism 2, Flavanone 3-
hydroxylase, Ethylene response 2 and phosphate deficiency root hair defective 1 were
repressed during in “OFF” buds.

e  Effect of Crop Load on Ubiquitin and Autophagy Dependent Degradation in June “OFF”
vs. June “ON” Inflorescence Buds

The results on the effect of crop load on ubiquitin and autophagy-dependent degradation

could be a tool for understanding the premature inflorescence bud abscission presumably

associated to the alternate bearing mechanism of P. vera. The genes in inflorescence buds

from “ON” and “OFF” shoots, that were involved in ubiquitin and autophagy-dependent

categories were summarized in Figure 5.6.
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Figure 5.6. Figure shows Ubiquitin and Autophagy dependent degradation in Pistachio
among the June “OFF” vs. June “ON” inflorescence bud comparison. The color scale
indicates the log2 FC value. Red squares represent up-regulation and blue squares represent
down-regulation in June “OFF” relative to June “ON”.

It is worthy to mention that most of the genes were repressed in “OFF” inflorescence buds.
During this season, genes responsive to autophagy (ATG8C: Autophagy related protein 3)
and genes responsive to ubiquitin proteasome (PAG1: Proteasome Alpha Subunit G1 and
Cytochrome P450) were down-regulated. While discussing the E3 RING/U-BOX genes, it is
worthy to mention the down-regulationof PEROXIN 2, BRUTUS (BTS), Malate
dehydrogenase, Sugar-insensitive 3 and MAPK in OFF buds. Relating to the up-regulated
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genes, | noticed genes such as reactive intermediate deaminase A, ARM repeat superfamily
protein, B-box domain protein 27, ARF23, SKP1 interacting partner 6 and PHY rapidly
regulated 2 (Figure 5.6).

e Effect of Crop Load on Carbohydrate Metabolism and Mobilization in June “OFF” vs.
June “ON” Inflorescence Buds

The objective of the current section was to verify the role of CHO reserves and mobilization

as a cause or effect of the drop of inflorescence buds in P. vera. The relationship among the

carbohydrate metabolism and mobilization pathway in Pistachio and the inflorescence buds

from non-bearing shoots (June “OFF”) and bearing shoots, June “ON” is indicated in Figure

5.7.

Carbohydrate Metabolism (JUNE OFF vs JUNE ON)

Log2FC values
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Figure 5.7. Figure shows carbohydrate metabolism and mobilization pathway in Pistachio
among the June “OFF” vs June “ON” inflorescence bud comparison. The red circle
represents the value of log2 fold change. The line indicates the effects on carbohydrate levels
driven by differential expression of different CHO metabolism genes.

The study showed that the pistachio inflorescence bud of non-fruiting shoots “OFF” required
low amounts of carbohydrates due to the lack of fruits at the time and thus accumulated some
starch. Similarly, | also found that the inflorescence buds of bearing and non-bearing
pistachio shoots differed in their carbohydrate storage and mobilization patterns, suggesting
that the in-season carbon mobilization might influence the flower bud abscission directly or
indirectly linked to the alternate bearing. Raffinose synthase gene (Raffinose synthase 5
(RS5), two galactinol synthase genes (Galactinol synthase 1 and Galactinol synthase 2) and
MIOX2 showed repression in the “OFF” buds, whereas sugar alcohols, such as callose
synthase and trehalose-6-phosphate synthase 11, showed an up-regulation (Figure 5.7).
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e  Comparison between “ON” and “OFF” Inflorescence Buds of “JUNE” and “JULY”

A comparative study of differently regulated genes among the “ON” and “OFF”
inflorescence buds collected in “June” and “July” summarizes that, during the “OFF” season
of July, there is a gradual reduction of raffinose synthase 1 and MIOX2 as | identified in June
“OFF”. The enhancement of hormones like ABA and, at the same time, reduction of
gibberellin and ethylene indicates that July “OFF” is gradually showing the same pattern as
that of June “OFF”. SnRKI1 and TOR down-regulated both the cases; therefore, no
programmed cell death (PCD) and autophagy occurs during July “OFF” and makes plant
stable for the next upcoming “ON” season. During the comparison of the inflorescence buds
in fruiting shoots “ON” of June and July, | could find that almost all the genes during July
“ON” participate in a similar way as that of “ON” June. This comparison proves that gene
expression profiling associated with “ON” season of June and July and “OFF” season of June
and July are similar proving the importance of these genes in the flower bud abscission and
alternate bearing.

e  Effects of Crop Load in July “OFF” vs. July “ON” Inflorescence Buds

An enhancement ABA was identified in inflorescence buds of July “OFF”, whereas ethylene
and gibberellin pathways were mostly down-regulated. In July “OFF” inflorescence buds,
three genes responsive to ethylene (ETR2, 2-oxoglutarate (20G) and Fe(ll)-dependent
oxygenase, Flavanone 3-hydroxylase) one gene responsive to gibberellin (gibberellin 2-
oxidase 4) and one gene responsive to cytokinin (Isopentenyl transferase 5) were down-
regulated. Relating to auxin-responsive genes, down-regulation of PIN formed 1 and auxin F-
box protein 5 and the up-regulation of TOR, Potassium channel beta subunit 1 (KAB1) and
Glycoside Hydrolase Family 3 were observed. Relating to ABA there was an up-regulation in
SNF1, Abscisic acid insensitive 3 and Carotenoid cleavage dioxygenase 1.

The comparative study of the July “OFF” vs July “ON” produced similar results to the results
of June “OFF” vs June “ON”. The genes encoded for sucrose phosphate synthase (SPSIF)
and starch synthase 4 were enhanced in the inflorescence buds of the July “OFF”. The genes
encoded ALPHA-AMYLASE 3, BETA-AMYLASE 7 and fructosidase 4 were repressed.
Most of the genes involved in photosynthesis were up-regulated during the July “OFF” year,
similar to the results of June “OFF”. The photosystem II PSII polypeptide subunits and
PDE335 (Pigment defective 335) showed an up-regulation, whereas gene calling for CRR3
(chloro-respiratory reduction 3) was repressed during July “OFF”. The genes encoding for
cytochrome (UGT76D1), ATP synthase (PDE332) and cyclic electron flow (PGR5-LIKE A)
were enhanced during the “OFF” period.

5.5. Discussion

The growth of the endocarp of the cultivar Bianca is from the first week of May to the end of
June, while the growth of the embryo is from the first week of July to the end of August. In
“ON” trees, most of the inflorescence bud’s abscission starts at the end of June and continues
in July and August. None of the works to date could confirm the involvement of flowering
promoter and repressor genes in regulating inflorescence bud’s abscission in pistachio. This
study provides insights into the transcript changes between inflorescence buds in bearing and
non-bearing shoots in order to identify the molecular mechanism causing premature
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inflorescence bud abscission, which is linked to the alternate bearing in the Italian pistachio
cultivar “Bianca”.

The relationships between the flower bud drops linked to alternate bearing and the
carbohydrate storage have been mentioned in several studies (Marra et al., 2009). It generally
seems evident that in pistachio trees, nutrients are stored during the “OFF” year and that they
are used for reproductive growth in the following year (Weinbaum et al., 1994). There are
significant changes in starch content and different translocation of starch in the tissues of
“ON” and “OFF” trees (Marino et al., 2018) and it has been suggested that the mobilization
of stored carbohydrates may cause inflorescence bud abscission in pistachio. The role of
individual sugars in the process of inflorescence bud abscission has not yet been investigated.

In the study, genes encoding for sucrose phosphate synthase (SPS1F), degradation sucrose
invertase (A/N-InvE), starch synthase 4, callose synthase and trehalose-6-phosphate synthase
11 were enhanced in the June “OFF” inflorescence buds, whereas BETA-AMYLASE
7, ALPHA-AMYLASE 3, branching enzyme 3, fructosidase 4, glycosyl hydrolases family
32, and pfkB like carbohydrate kinase were repressed. This supports the nutritional theory
demonstrating that nutrients are stored during the “OFF” year to be used for reproductive
growth the following year in pistachio trees. Interestingly, in rice and sugar, hormone signals
regulated ALPHA-AMY LASE 3 enzyme expression, which catalyzed starch degradation (Lu
et al., 1998). In particular, sugar starvation promoted the expression of ALPHA-AMYLASE
3 that resulted in the up-regulation in pistachio “ON” inflorescence buds.

Raffinose synthase gene (Raffinose synthase 5 (RS5), two galactinol synthase genes
(Galactinol synthase 1 and Galactinol synthase 2) and MIOX2 showed enhancement in the
study in inflorescence buds of bearing shoots (“ON”). The raffinose family of
oligosaccharides has a wide range of predicted functions and are currently emerging as
crucial molecules during stress response in plants (Zuther et al., 2012), because of their
membrane-stabilizing, antioxidant and, perhaps, predictable signaling functions (Valluru et
al., 2011). They participate in several cellular functions, such as transport and storage of
sugars (Sengupta et al., 2015), signaling molecule following pathogen attack and wounding
(Couée et al., 2006), signal transduction (Xue et al., 2007), membrane trafficking (Thole et
al., 2008) and mRNA export (Okada et al., 2009). Recent transcriptional profiling data
in Arabidopsis thaliana showed up-regulation of the Myo-inositol oxygenase (MIOX) genes
under limited energy or nutrient conditions shows consistent with my results indicating an
up-regulation in “ON” buds. MIOX2 plays a prominent role in the oxidation of inositol for
the needs of the plant in different tissues and it is involved in the biosynthesis of nucleotide
sugar precursors for cell-wall matrix polysaccharides (Kanter et al., 2005).

Interestingly, trehalose-6-phosphate (T6P), that was up-regulated in “OFF” inflorescence
buds, seem to play a central role in sugar metabolism regulation in plants (Ponnu et al.,
2011). It has been proposed that T6P is transported by an unknown mechanism into plastids,
where it induces starch synthesis via thioredoxin-mediated activation of AGPase, and that
there is a regulatory loop which involves T6P, SnRK1 (a gene that represses plant growth,
inhibited by T6P) and bZIP11 that control sucrose availability and utilization. In source
leaves, T6P fine-tunes sucrose levels by adjusting sucrose synthesis, while it regulates
Sucrose consumption in sink organs, probably acting via multiple mechanisms, including
inhibition of the SnRK1 gene (Figueroa et al., 2016). T6P regulates growth in relation to
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sucrose supply by adjusting biosynthetic reactions and through regulating hormone signaling
like auxin either directly or indirectly (Paul et al., 2010).

In the pistachio tree, it has been demonstrated that the accumulation of nitrogen, phosphorus
and potassium is greater in inflorescence buds of non-bearing branches, compared to the ones
of the bearing branches (Baninasab et al., 2007), and that the nutrient contents of the trees
and annual nutrient consumption are influenced by the alternate bearing. The results showed
an enhancement of nitrogen permease regulator of amino acid transport activity 3 and carbon-
nitrogen hydrolase, which is supporting the fact that the concentration of nitrogen (N) was
higher in the inflorescence buds, leaves, and fruits of non-fruiting branches (OFF) than in the
analogous “ON” structures. Competition between flower buds and developing nuts for N
might play an important role.

The study showed up-regulation of potassium ion channel, magnesium dechelatase (SGR),
magnesium-chelatase subunit (ChlH), CSC1-like protein (Calcium-dependent channel) and
calcium permeable stress-gated cation channel (TMEM®63) during in “OFF” inflorescence
buds. Some studies found that N, K, Ca and Mg content were affected by crop load in olive
leaves, showing lower values following the “ON” year (Ferndndez-Escobar et al., 1999).
However, the information on the effects of fruiting on nutrient concentrations of different
organs of pistachio trees relative to bud abscission is limited. In the “OFF” inflorescence
buds of June, I found genes encoding for sugar phosphates accumulation including substrates
of the Calvin cycle, glycolysis, and the pentose phosphate pathway. Sugar phosphates
transformed into sucrose and transport to fruit. This can reduce the sugar phosphates in the
source tissues of trees with strong sink tissue such as fruit. Whereas, in the inflorescence buds
of “OFF” shoots, the absences of fruits lead to the accumulation of sugar phosphates and
starch. Studies showed that the expression of some of the genes and proteins involved in the
Calvin cycle is up-regulated in “OFF” trees (Yanik et al., 2013).

Studies on the stomatal transpiration rates in another alternating species, such as the olive
tree, have not shown any variation between plants in “ON” and “OFF” (Proietti et al., 2013),
contrary to what occurs in species like orange or strawberry (Syvertsen et al., 2003). Studies
on photosynthesis and production of photosassimilate in pistachio have shown a decline in
“ON” trees during mid-July, which could be due to early senescence and the fall of the leaves
(Marino et al., 2018). A similar decline in photosynthesis due to leaf aging has been reported
for apple trees (Butler et al., 1981) and olive trees (Proietti et al., 2013). In the present study,
the up-regulation of both the PSII polypeptide subunits of the photosystem II, MAF1, a
global RNA polymerase 111 (Pol 111) and PDE335 (defective Pigment 335) repressor that can
be found in the “OFF” buds of June indicate that pistachios have the ability to maintain
relatively high photosynthetic rates.

In plants, nutrient limitation due to sink competition leading to sugar starvation is perceived
as nutritional stress and generate changes in the redox status promote the synthesis of free
radicals which can cause transient oxidative stress due to an increase of ROS generation
(Morkunas et al., 2012), that can be neutralized by some adaptive mechanisms which can
protect the cells from oxidative damage. The cells subjected to sugar starvation at the
beginning try to adapt to this deficiency through a gradual metabolic reorganization that
implies the substitution of carbohydrate metabolism by protein and lipid metabolism and that
change may cause autophagy (Rose et al., 2006). Variations in sugar levels induce changes in
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ROS production and sugar starvation can cause the activation of ROS production, as
indicated by transcriptome profiling analysis, where sucrose starvation results in activation of
oxidative stress genes, such as catalase (Contento et al., 2004).

It has been found that plant processes, such as cell division, morphogenesis and stress
responses, were affected by the involvement of polyamines (PAs)-putrescine (Put),
spermidine (Spd), spermine (Spm), cadaverine (Cad) and thermospermine (t-Spm) (Alcézar
et al., 2018). The free polyamines could have an important physiological function in the
development of flower bud abscission, which causes alternate bearing in pistachio trees. A
significant decrease in polyamines (Pas; Put and Spd) in shoots and leaves of “ON” trees
during the heavy bud, abscission period was reported while an increase detected during the
same period in “OFF” trees, indicating an association between flower bud abscission and the
level of PAs in pistachio. In Satsuma mandarin, during the “ON” season, polyamines were
accumulated in the stem which can suppress flowering and cause fruit bearing (Nishikawa et
al., 2012). It is possible that a decrease in N concentrations in plant tissues may cause a
decrease in polyamines, as they can represent nitrogenous sources or as signal molecules that
regulate the fruitlet abscission process in grapevine (Aziz et al., 2003). Many studies have
highlighted that abscission or ethylene biosynthesis can be delayed with low levels of S-
adenosylmethionine (SAM). During this phase, PAs and ethylene compete and PAs can
become dominant. The low concentrations of PAs can trigger the senescence and cause
abscission (Gomez-Jimenez et al., 2010).

In the study, polyamines related genes exhibited significantly higher enhancement in the
inflorescence buds of non-fruiting branches (OFF) than the “ON” fruiting ones, in accord
with the recent study of Gilindesli et al., 2019. The genes encoding for thermospermine
synthases (ACL5), probable polyamine transporter, Polyamine oxidase 1 isoform 1 and
spermidine synthase (speE) were enhanced during the “OFF” seasons. These references,
along with the results, support the fact that polyamines could play a crucial role in the
inflorescence bud abscission of pistachio. A high level of polyamines is known to act as
antisenescence agents and counteract the activity of abscisic acid and ethylene (Khezri et al.,
2010. The competition between polyamines and ethylene pathways for S-adenosil methionine
(AdoMet) or the inhibition of ACC syntase or ethylene forming enzyme (EFE) by
polyamines can result in a mechanism that can modulate physiological events, including
senescence and flower bud abscission.

The role of hormonal factors involved in inflorescence bud abscission was studied by many
authors in pistachio leading to contrasting results (Vemmos et al., 1994); however, only
recently lower levels of auxin in most of the organs of “ON” pistachio trees during kernel
development have been directly implicated in bud abscission (Giindesli et al., 2010).
Exogenous application of auxins prevented inflorescence bud abscission in pistachio
(Pontikis et al., 1990). In another study conducted in citrus the auxin amount is in a positive
relationship with abscission by causing a delay of abscission, resulting in improvement in
fruit quality and yield. In the research, auxin was down-regulated in “ON” buds. The study
shows that auxin conjugates play an important role in IAA metabolism, temporary storage
reserves and inflorescence bud abscission.

In the auxin-responsive gene category, differentially expressed in the present study, it is
worth to mention the down regulation of TOR that | found in June “OFF” inflorescence buds
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and up-regulated in June “ON”. The regulation of autophagy by TOR and SnRK1 or SNF1-
related kinase is conserved in plants (Ahn et al., 2011). In Arabidopsis, AuTophaGy-relatedl
(ATG1) kinase complex and ATG13 together generate a complex which can regulates
autophagy, nitrogen deprivation and short-term carbon starvation. Furthermore, this ATG1-
ATG13 complex are sensitive to the nutrient level mediated by TOR (Marshall et al.,
2018). https://dev.biologists.org/content/145/13/dev160887—ref-115 SnRK1 complex is
activated by energy deprivation, abiotic stresses and starvation but suppressed by glucose in
Arabidopsis (Baena-Gonzélez et al., 2007). SnRK1 and TOR can target phosphorylation
substrates to sense energy and nutrient levels and coordinate transcriptome, metabolism, cell
growth and development (Wurzinger et al., 2018). Interestingly | found the down regulation
of SNRK1 or SNF1-related kinase in June “OFF” inflorescence buds and an enhancement in
June “ON”. TOR signaling plays an important role in stem and progenitor cell function and
regulation that modulate proliferation and maintenance, cell-cell interactions and sink-source
organ communication.

There are several studies reporting the involvement of ABA biosynthesis or ethylene
perception critical for sugar signaling (Arenas-Huertero et al., 2000). The ethylene signal is
transmitted via a pathway that includes a transcriptional cascade, and EIN3 has been
identified as a critical component within this cascade (Guo et al., 2004). The regulation of
EIN3 by ethylene and sugar indicates the cross talk between the two signaling pathways.
Remarkably, I have found that the transcription of ethylene is also down-regulated by glucose
in June “OFF” inflorescence buds, whereas ABA encoding genes like carotenoid cleavage
dioxygenase 1 and abscisic acid insensitive 3 were up-regulated during June “OFF”
inflorescence buds.

Interestingly, in barley, the antagonism between ABA and GA has been demonstrated to be
an essential factor controlling the metabolism in aleurone cells and the PCD. GA induces the
production of hydrogen peroxide (H202) and a-amylases in aleurone cells which lead to
hydrolyse stored starch (Ishibashi et al., 2012). Thus, the high level of GA expression that |
found in June “ON” inflorescence buds can be an indication of the shortage of sugar and a
signal for inducing starch degradation to supply the carbohydrate need. In studies on abiotic
stress, responses showed the involvement of polyamines in PCD through the production of
hydrogen peroxide (H202) and Nitrogen oxide (NO) (Takéacs et al., 2016). Abiotic stress
conditions induce an excess of spermidine into the apoplast, where it is catabolized by the
enzyme PA oxidase, producing reactive oxygen species (ROS) such as H202 and/or other
nitrogenous molecules (N) through different cascades (Moschou et al., 2012).
H202 accumulation can cause the induction of PCD or stress tolerance, depending on the
levels of intracellular Pas (Corpas et al., 2019). PCD is strictly regulated by the ratio of PA
anabolism to catabolism, while ROS generation/accumulation has a crucial role in cell fate
decision (Moschou et al., 2008).

PA catabolism by amine oxidases, copper-containing amine oxidases (CuAOs), flavin-
containing PA oxidases (PAOs) and the parallel production of H202 can result in two
different scenarios. High H202 levels lead to programmed cell death (PCD) (Yang et al.,
2018), while low H202 level is efficiently scavenged by enzymatic/nonenzymatic
antioxidant factors that help plants to survive abiotic stress, using different defense
mechanisms (Pitino et al., 2017). In the present study, ROS related genes such as peroxisome
1 (PEX1), isocitrate dehydrogenase, COPPER/ZINC SUPEROXIDE DISMUTASE,

95


https://dev.biologists.org/content/145/13/dev160887

FLAVANONE 3-HYDROXYLASE, Peroxidase, HXXXD-type acyl-transferase family
protein as well as many stress-related genes (Disease resistance protein, Glycosyl hydrolase,
Cysteine-rich secretory proteins, Serine/threonine-protein kinase MAPK/ERK KINASE 4,
VASCULAR ASSOCIATED DEATHI1, Leucine-rich repeat protein kinase, Riboflavin
synthase-like superfamily protein and Pentatricopeptide repeat) were found down-regulated
in June “OFF” inflorescence buds vs June “ON” inflorescence buds. It is well known in both
animals and plants that peroxisome PEX genes are induced by the universal stress signal,
H202 (Lopez-Huertas et al., 1999).

Most of the genes involved in ubiquitin and autophagy dependent categories were repressed
during the June “OFF” inflorescence buds, (ATG8C: Autophagy related protein 3, ubiquitin
proteasome, PAG1: Proteasome Alpha Subunit G1, Cytochrome P450, E3 RING/U-BOX
genes, PEROXIN 2, BRUTUS (BTS), Malate dehydrogenase, Sugar-insensitive 3 and MAPK
genes). It has been found that BTS may act as an E3 ligase, which catalyzes the final step in
the protein ubiquitination via the 26S proteasome (Matthiadis et al., 2016). During June
“OFF” inflorescence buds, | noticed the up-regulation of reactive intermediate deaminase A,
ARM repeat superfamily protein members of the U-Box E3 Ubiquitin Ligase Family, B-box
domain protein 27, ARF23, SKP1 interacting partner 6 and PHY rapidly regulated 2.

In the study, three bZIP transcription factors were found to be down-regulated during the
June “OFF” inflorescence buds. bZIP61 harbor various stress-related cis-elements, indicating
this bZIP related gene may involve in response to multiple abiotic stresses. In rice, OsbZIP
genes, like OsbZIP16, act as positive regulators of drought and osmotic stress (Agarwal et al.,
2019). The bZIP61 and bZIP16 were found up-regulated in June “ON” bud. The Auxin
response factors were found to be down-regulated during the June “OFF” buds, while ARF7
was found up-regulated in June “ON” bud. In A. thaliana two related auxin response factors,
ARF7 and ARF19 act as transcriptional activators of early auxin response genes during
lateral root formation. Three WRKY (WRKY31, WRKY72 and WRKY53) transcription
factors having a key role in response to many different environmental stresses were up-
regulated in June “OFF” inflorescence buds. AP2/EREBP (APETALAZ2/ethylene-responsive
element-binding protein) transcription factors were found up-regulated in June “ON”
inflorescence buds. Interestingly, in rice, OSAP2/EREBP plays an important role in the
crosstalk of signaling pathways of different kinds of stresses (Sharoni et al., 2010).

The evidence of transcriptomics results allowed the elaboration of a model that supports the
nutritional theory and elucidates for the first time the role of hormones, polyamines and ROS
in inflorescence buds abscission likely associated to the alternate bearing behavior of the
pistachio. | speculated that when the level of sugar is not critical, as indicated by the down-
regulation of genes involved in starch demolition (ALPHA-AMYLASE 3 and ALPHA-
AMYLASE 7) and up-regulation of starch synthase 4, like in June “OFF” inflorescence buds,
SnRK1 complex is suppressed by sugars or by trehalose-6-phosphate (T6P), considered a
fine-tunes of sucrose levels, which is up-regulated and the transcription of ethylene and GA
are down-regulated, as well as many stress relate genes and ubiquitin and autophagy-
dependent genes. Auxin related genes, on the contrary, are up-regulated, indicating a possible
accumulation of this hormone, inducing cell growth and perhaps the down-regulation of
TOR. The oxidization of polyamines, such as Spd, occurs in the apoplast at a slow rate, with
moderate production of H202, which activates the ROS-dependent protective pathway that
does not trigger PCD or autophagy (Xiong et al., 2013) (Figure 5.8).
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Figure 5.8. A figure showing the down-regulated genes in the inflorescence buds of non-
fruiting branches of June “OFF” season. Red shows the up-regulated genes and blue shows
the down-regulated genes. In this situation the inflorescence buds do not occur.

In June “ON” inflorescence buds when the degradation of starch occurs as indicated by the
up-regulation of ALPHA-AMYLASE 3, T6P is down-regulated and SNF1-related kinase 1
and TOR are activated. TOR signaling networks seem involved in cell-cell interactions, sink-
source organ communication and autophagy. In the study, Raffinose synthase gene 5 (RS5),
galactinol synthase genes (Galactinol synthase 1 and Galactinol synthase 2) and MIOX2
showed enhancement in “ON” inflorescence buds. In June “ON” inflorescence buds,
spermidine oxidation occurs faster with the high production of H202 inducing PCD pathway
and PA are down-regulated. Interestingly, genes of the GA pathway, up-regulated in June
“ON”, may also increase the production of hydrogen peroxide (H202), which can represent a
signal for inducing starch degradation to supply the carbohydrate need. Furthermore, in
conjunction with low PA expression, down-regulation of auxin was also found resulting
altogether in flower bud abscission (Figure 5.8). It is very interesting to note the enhancement
of some transcription factors in July “ON”, which presumably increase programmed cell
death and autophagy by promoting a more substantial abscission of inflorescence buds since
the depletion of nutrients is greater due to the intense growth of embryos.
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Figure 5.9. A figure showing the hypothetical molecular mechanism behind inflorescence
buds abscission in fruiting branches of June “ON” season. Red and blue show the up-
regulated and down-regulated genes in inflorescence buds of the June “ON” season,
respectively.

This work concludes that, in the “OFF” inflorescence buds of June, the genes corresponding
to carbohydrate show reduction compared to June “ON” inflorescence bud. Furthermore,
there is a higher amount of accumulation of starch (BETA-AMYLASE 7, ALPHA-
AMYLASE 3 and Fructosidase 4), nitrogen and potassium in June “OFF” compared to June
“ON”. The hormones such as ethylene and gibberellin are showing down-regulation and
ABA, IAA and Jasmonate are showing up-regulation when compared with June “ON”
inflorescence buds; I can conclude that these hormones play an important in the production of
Nitrogen oxide, Polyamine and H202, which eventually target cell death and autophagy
during the June “ON” period. As predicted, there is no such signaling taking place for
H202 and ROS and polyamines show change towards its enhancement in June “OFF”.
Therefore, during June “OFF” inflorescence buds, no PCD and autophagy occur (Figure 5.8)
and makes plant stable for the next upcoming “ON” season (Figure 5.9). Interestingly it
seems that in pistachio exogenous application of PA can reduce many physiological disorders
and inflorescence bud abscission (Kamiab et al., 2015), and preliminary experiments are
currently being carried out in the cultivar Bianca to detect the dose and the timing of
treatment.

5.6. Conclusion

These results highlighted how the lack of resources (carbohydrates and mineral elements)
in P. vera can be the main cause triggering a cascade of events involving hormones and ROS
which end, through autophagy phenomena, with the abscission of inflorescence buds, directly
or indirectly linked to the mechanism of alternating production. This study provided further
support to the theory of shoot autonomy in pistachio with regards to flower bud abscission
and identified key genes and hormones associated with inflorescence bud abscission, the
knowledge of which could also lead, in future, to a reduction of the inflorescence buds drop,
through the development of biomarkers, and the possibility to modulate the alternate bearing.
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Experiment 5: De-novo discovery and analysis of the Pistacia vera (L.) fruits enable the
identification of genes and hormones linked to inflorescence bud abscission.

5.7. Introduction

The development of genomic and transcriptomic studies has contributed to a better
understanding of the molecular and physiological processes involved in the bud abscission
phenomenon. The recent transcriptomic experiment on inflorescence buds of 'ON' and 'OFF'
trees of the cultivar Bianca described in the experiment 4 showed that the lack of resources
(primarily carbohydrates) was the leading cause of inflorescence bud abscission. The study
showed that the SnRK1 gene complex, the auxin-mediated TOR gene, ROS, genes
responsive to ubiquitin and autophagy and genes involved in the biosynthetic pathways of
auxins and polyamines, leads to the premature inflorescence bud abscission of the loaded
"ON" branches (Benny et al. 2020).

This study completes the experiment 4 on the transcriptomic of inflorescence buds of “ON”
and “OFF” shoots of the cultivar Bianca and gives further insight into the nutritional factors
and hormonal factors involved.

5.8. Aim of the Research

In the present study, RNA seq analysis was carried out in fruits of “ON” and “OFF” shoots of
the cultivar Bianca, to investigate the presence of inhibitory signals or genes relate to
hormone biosynthesis directly or indirectly linked to the premature fall of the inflorescence
buds, considered the main cause of alternate bearing behaviour of Pistachio tree.

5.9. Materials and Methods

e Plant Material, RNA extraction, processing, and sequencing

The transcriptomic analysis was conducted taking the tissue samples from 1 mature Pistacia
vera (L.) tree of the cultivar Bianca, grown inland of Sicily (37° 30” Lat. N) in 27th of June
and in 22nd of July 2019. The fruit tissue taken from bearing (“ON”) and non-bearing
(“OFF”) branches were analysed. Bearing branches showed from 40 to 50 fruits; non-bearing
had very few fruits from three to eight fruits. Four to six fruits were collected each from
three branches (considered as three biological replicates) of the same tree during the “ON”
and “OFF” status of June and July which constitute a total of 12 samples. All samples were
immediately frozen in liquid nitrogen after collection and stored at -80 ° C. The samples were
grounded in liquid nitrogen and total RNA extraction was performed with the Spectrum Plant
Total RNA Kit (Sigma-Aldrich) employing 100 mg of frozen tissue. RNA quality and RNA
Integrity Number (RIN) were checked by using the Bioanalyzer. Libraries were obtained
using the TruSeq RNA-Seq sample prep kit from Illumina (lllumina, Inc., CA, USA). The 12
samples were loaded into one lane of an Illumina flow cell, and clusters were created by
Illumina Bot. The clusters were sequenced using the service provided by BMR Genomics
(Padua, Italy) at ultra-high throughput on the Illumina HiSeq 2000 (lllumina Inc.) to obtain
single reads per sample, each 75bp long. The denovo assembly, evaluation and annotation
have been done using the similar method of that experiment 4.
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e Differentially Expressed Genes (DEG) between Stages

To estimate the expression levels of the Trinity reconstructed transcripts, | used RSEM.
RSEM is a package used to estimate the gene and isoform expression levels from RNA
sequence data. The expected count matrix derived from RSEM is given as the input for
edgeR. The comparison selected for the study is given in Table 6.1.

Table 6.1. The number of total genes, up-regulated and down-regulated genes in fruits in
current year non-bearing shoot “OFF” and in fruits in bearing shoots “ON”.

. Differentially Up- Down-
Comparison
expressed genes  regulated regulated
June “OFF” vs. June “ON” 1,536 702 834
July “OFF” vs. July “ON” 950 482 468

Genes represented with an adjusted P-value (FDR) lower than 0.01 and at least a two-fold
change were only considered as significantly differentially expressed in the pairwise
comparison of the samples. In addition, the functional-enrichment analysis was performed to
identify which GO terms and metabolic pathways that were significantly enriched in DEGs.
The gene enrichment and functional analysis have been done using the similar methods used
in experiment 4.

5.10. Results

e De novo transcriptome assembly and annotation

. To examine the inflorescence bud abscission phenomenon of P. vera relate to alternate
bearing, fruit tissue from three separate shoots of the same tree were collected and sequenced
from bearing and non-bearing shoots. The picking dates of the material coincide with a
period of the initial competition between fruit and inflorescence buds, not causing
inflorescence bud drop and a period of strong completion causing the drop of inflorescence
buds. The sequencing of the data of June produced 227 million raw reads whereas July
produced 234 million reads as a single-end. The high-quality single-end reads with an
average quality score of 38 were selected for the transcriptome assembly after trimming off
the low-quality bases and adapters from the June and July data sets. The total pre-processed
reads were then de novo assembled using Trinity and transcripts from Trinity assembly were
further clustered using CD-Hit-EST. The assembly was evaluated with BUSCO to assess the
transcriptome assembly by measuring the completeness of the transcriptome based on
evolutionary present universal single-copy orthologs. The number of up- and down-regulated
genes along with the total number of genes obtained in each sample comparison were listed
in Table 6.1.

| used RSEM for the quantification of the genes. The count matrix generated | then taken as

the input by edgeR. The downstream analysis resulted in the identification of a total of

34,409 genes in which 16,701 were up-regulated and 17,708 were down-regulated. For each

of the analysis, the total number of genes range from 905 to 11,250. The number of genes up-

regulated was in a range of 482 to 5,102 and down-regulated genes were spans from 468 to

6,148. Subsequently, the assembled transcripts were annotated by BLASTX against a non-
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redundant (NR) protein database, PFAM, KEGG, Uniprot/Swissprot, InterPro and STRING
databases. It is likely that the cv. Bianca faces a limitation of resources around the third week
of June, when the first sampling of the plant material was made and, that in a month, it
reaches its maximum peak, corresponding to the second sampling period when the drop of
inflorescence buds started. June “OFF” vs July “ON” corresponds to the most divergent
scenarios. The main comparison is focused on “ON” and “OFF” period of June to investigate
thoroughly different pathways and processes of the bud abscission. This comparison can also
avoid factors like physiological and developmental changes that might occur in the bud
during the two different time points (June and July).

e  Effect of crop load on photosynthesis in fruits during June “OFF” vs June “ON”

While comparing to the “OFF” year fruits from non-bearing shoots, the changes in gene
expression in “ON” fruits do reflect an enhancement of photosynthetic activity. Most of the
genes involved in photosynthesis were down-regulated during the “OFF” year. The
photosystem Il PSIl polypeptide subunit and photosystem Il LHC-II subunits
(CHLOROPHYLL PROTEIN 24, LIGHT-HARVESTING CHLOROPHYLL B-BINDING 2
and light harvesting complex gene 1) were down-regulated during June “OFF”. In contrast, a
gene calling for photorespiration, D-isomer specific 2-hydroxyacid dehydrogenase and ATP
synthase (PIGMENT DEFECTIVE 332) were enhanced during the “OFF” period. The genes
encoding for calvin cycle ribulose bisphosphate carboxylase and transketolase 2 were
repressed during the June “OFF” period.

e  Effect of crop load on starch metabolism in fruits during June “OFF” vs June “ON”

The study on the relationship between crop load and starch metabolism help in assessing the
functional distribution of starch in “ON” and “OFF” fruits. The genes encoded for sucrose
transporter 4, sucrose synthase 3 and heteroglycan glucosidase 1 were enhanced in the fruit
tissue of the “OFF” current year shoots. The genes encoded for ALPHA-AMYLASE 3,
BETA-AMYLASE 8 and fructosidase 4, which was involved in starch degradation was

repressed (Figure 6.1).

A B I 3
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|--2 1. Sucrose transporter 4
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sl !l 6. Heteroglycan glucosidase 1
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Figure 6.1. Figure shows the Mapman pathways in sucrose-starch metabolism. Figure
highlights differentially expressed genes between fruits in the non-bearing shoot (June
“OFF”) and bearing shoot (June “ON”) in sucrose degradation (A) and starch synthesis
(B) pathways. Individual genes were represented by small squares. The color scale
indicates the log2 FC value. Red represents down-regulation and blue represents up-
regulation in June “OFF” relative to June “ON”.

e Effect of crop load status on polyamine and transcription factors in fruits during June
“OFF” vs June “ON” shoots

The "OFF" fruits exhibited significantly higher polyamine (PA) and spermidine (Spd)
enhancement than the "ON" year fruits. In “OFF” fruits, the genes encoding for
thermospermine synthases (ACL5), probable polyamine transporter, and spermidine synthase
1 (speE) were enhanced. On the contrary, the expression of S-adenosyl methionine carrier 2
was repressed.

In June “OFF” fruits, all the genes related to bZIP (bZIP69, leucine zipper transcription factor
18, bZIP61, bZIP65 and trichome birefringence-like 41), WRKY13, and two homeobox
genes (Enhanced drought tolerance 1 and Homeodomain GLABROUS 8) were down-
regulated. While five WRKY factor (WRKY40, WRKY75, ABA-overly sensitive 1, mitogen
activated protein kinase and UDP-glycosyltransferase) and two Aux/IAA related genes
(argonaute 5 and indole-3-acetic acid inducible 30) were up-regulated (Figure 6.2). In June
“ON” fruits, the study reported the enhancement of C2H2 factors (zinc finger protein 7,
transparent testa 1, leafy cotyledon 1 and L-glutamine D-fructose-6-phosphate) and MADS
factors like AGAMOUS-like 104 and floral homeotic protein apetala 1.
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Figure 6.2. Figure shows transcription factors among the June

“OFF” vs. June “ON” fruit

comparison. The y-axis indicates the log2 FC value. The bar represents the differentially

expressed genes in June “OFF” fruits relative to June “ON” fruits.
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e  Effect of crop load on hormone metabolism in June “OFF” vs June “ON” fruits

The objective of the current section was to study about the role of hormone in fruits tissue
that may lead to bud abscission. The genes involved in hormone-related categories were

summarized in Figure 6.3.

HORMONE METABOLISM

Auxin
IAA-leucine-resistant (ILR1)-like 3
TRANSPORT INHIBITOR RESPONSE 3
PIN-FORMED 5
Target of rapamycin (TOR)
ETHYLENE INSENSITIVE ROOT 1
DORMANCY-ASSOCIATED PROTEIN 1
NAD(P)-linked oxidoreductase
Auxin responsive SAUR protein
Cytochrome b561

Abscisic acid

9-CIS-EPOXYCAROTENOID DIOXYGENASE
carotenoid cleavage dioxygenase 1
ABSCISIC ACID INSENSITIVE 3

Brassinosteroid

- 3-oxo0-5-alpha-steroid 4-dehydrogenase
cytochrome P450

Cytokinin
Cytokinin oxidase
Histidine-containing phosphotransfer factor 5
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Figure 6.3. Figure shows hormone metabolism in Pistachio among the June “OFF” vs.
June “ON” fruits comparison. The colour scale indicates the log2 FC value. Red
represents down-regulation and green represents up-regulation in June “OFF” fruits
relative to June “ON” fruits.

Repression of ethylene, gibberellin and cytokinin pathways were identified in June “OFF”
fruits whereas ABA, 1AA and Jasmonate pathways were mostly up-regulated. In June “OFF”
fruits, all the genes responsive to ethylene, gibberellin, brassinosteroid and cytokinin were
down-regulated. Relating to auxin-responsive genes, down-regulation of PIN formed 1 and
SAUR protein and the up-regulation of target of rapamycin (TOR), Ethylene insensitive root
1, and cytochrome B561 were observed. Relating to ABA, there was a down-regulation in
abscisic acid insensitive 3, and up-regulation in Carotenoid cleavage dioxygenase 1 and 9-
cis-epoxycarotenoid dioxygenase. Several genes involved in ethylene biosynthesis and
signaling such as 2-oxoglutarate (20G) and Fe (I1)-dependent oxygenase, Gibberellin 3-
oxidase 1 (GA30X1), ACC oxidase 1 (ACO1), DOWNY mildew resistant 6 and phosphate
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deficiency root hair defective 1 were repressed during in “OFF” fruits. | also observed an up-
regulation in S-adenosyl-L-methionine-dependent methyltransferase related to Salicylic acid
(Figure 6.3).

e  Effect of crop load on carbohydrate metabolism and mobilization in June “OFF” vs June
“ON" fruits

The relationship among the carbohydrate metabolism and mobilization pathway in Pistachio
fruit from non-bearing shoots (June “OFF”) and bearing shoots (June “ON”) was indicated in
Figure 6.4.

Carbohydrate Metabolism

[=T4 SV I =N e}

-2

4 _ S

log2FC

-8
-10
-12
-14

oxidoreductase
family 4

raffinose synthase 5
trehalose-6-phosphate
phosphatase
NAD(P)-linked
superfamily protein
Aldo-keto reductase

callose synthase 5

myo-inositol oxygenase 1

Figure 6.4. Figure shows carbohydrate metabolism and mobilization pathway in
Pistachio among the June “OFF” vs June “ON” fruit comparison. The y-axis represents
the value of log2 fold change. The bar indicates the effects on carbohydrate levels driven
by differential expression of different CHO metabolism genes.

The study showed that the pistachio fruit of non-bearing shoots (“OFF”) required low
amounts of carbohydrates due to the lack of fruits at the time and thus accumulated some
starch. Similarly, | found genes encoding for carbohydrate storage in the fruits of bearing and
non-bearing pistachio shoots is repressed and suggest that the in-season carbohydrate
metabolism might influence the flower bud abscission directly or indirectly linked to the
alternate bearing. Raffinose synthase gene (Raffinose synthase 5 (RS5), and aldo-keto
reductase family 4 were enhanced during June “OFF”. Whereas sugar alcohols such as
callose synthase 5, trehalose-6-phosphate synthase, NAD(P)-linked oxidoreductase protein
and MIOX2 were showed repression in the “OFF” fruits (Figure 6.4).
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e  Comparison between “ON” and “OFF” fruits of “JUNE” and “JULY”

During the comparison of the fruits “ON” of June and July, almost all the genes during July
“ON” participate in a similar way as that of “ON” June. This comparison proves that gene
expression profiling associated with “ON” season of June and July and “OFF” season of June
and July are similar proving the importance of these genes in the flower bud abscission and
alternate bearing.

e  Effects of Crop Load in July “OFF” vs. July “ON” fruits

An enhancement ABA and salicylic acid was identified in fruits of July “OFF”, whereas
ethylene and gibberellin pathways were downregulated. In July “OFF” fruits, seven genes
related to ethylene (2-oxoglutarate (20G) and Fe(lIl)-dependent oxygenase, Gibberellin 3-
oxidase 1, ACC oxidase 1, DMR®6-like oxygenase 2, downy mildew resistant 6, ethylene and
salt inducible 3 and sodium:hydrogen antiporter 1), one gene responsive to gibberellin
(gibberellin 20 oxidase 2) and three genes responsive to cytokinin (histidine-containing
phosphotransfer factor 5, cytokinin-independent 1 and phosphotransmitter 4) were down-
regulated (Figure S3). Relating to auxin-responsive genes, down-regulation of PIN formed 5
and auxin responsive SAUR protein and the up-regulation of TOR, Ethylene insensitive root
1, sugar transporter protein 12, NAD(P)-linked oxidoreductase and cytochrome b561 were
observed. Relating to ABA there was a down-regulation of Abscisic acid insensitive 3 and
up-regulation of Carotenoid cleavage dioxygenase 1 and 9-cis-epoxycarotenoid dioxygenase.

The comparative study on starch metabolism of the July “OFF” vs July “ON” produced
Similar results to the results of June “OFF” vs June “ON”. The genes encoded for sucrose
synthase 1, sucrose synthase 3 and heteroglycan glucosidase 1 were enhanced in the fruit
tissue of the “OFF” July shoots. The genes encoded for ALPHA-AMYLASE 3, BETA-
AMYLASE 8 and fructosidase 4, which was involved in starch degradation was repressed
during July “OFF”.

In July “OFF” fruits, all the genes related to bZIP (leucine zipper transcription factor 18,
bZIP61, bZIP65 and trichome birefringence-like 41), WRKY13, and two homeobox genes
(Enhanced drought tolerance 1 and Homeodomain GLABROUS 8) were down-regulated.
While four WRKY factor (WRKY75, ABA-overly sensitive 1, mitogen activated protein
kinase and UDP-glycosyltransferase) and two Aux/IAA related genes (argonaute 5 and
indole-3-acetic acid inducible 30) were up-regulated. In July “ON” fruits, the study reported
the enhancement of APETALA2 (ethylene and salt inducible 3, ARIA-interacting double
AP2 domain protein, WRINKLED 1) and MADS factors like AGAMOUS-like 104 and floral
homeotic protein apetala 1.

5.11. Discussion

Previous studies on the role of carbohydrate in inflorescence bud abscission showed that the
fruit is dominant in competing for photosynthates compared to inflorescence buds in
pistachio. The study also concluded that inflorescence bud abscission pistachio occurs due to
the deficiency of carbohydrates transferring from the adjacent leaves (Crane and Nelson
(1971, 1972; Marino et al. 2018). The recent transcriptomic experiment on inflorescence buds
of 'ON' and 'OFF' trees of the cultivar Bianca by Benny et al. (2020) described in the
experiment 4 proved that the lack of resources (primarily carbohydrates) was the leading
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cause of inflorescence bud abscission. This report is consistent with the result | achieved. The
genes such as Aldo-keto reductase and raffinose synthase (RS5) showed an up-regulation in
the present study in 'ON' fruits. RS's are crucial molecules during stress response (S
Sengupta, 2015). They are involved in several cellular functions, such as transport and
storage of sugars (I Couée, 2006), signaling molecule following pathogen attack and
wounding, signal transduction, membrane trafficking (H Xue, 2007), and mRNA export (M
Okada, 2009).
In many fruit crops, such as apple (Guitton B, Kelner JJ et al., 2016), citrus (Shalom L,
Samuels S et al., 2012), olive (Yanik H, Turktas M et al.,2013), the alternate bearing inhibits
flower bud initiation and their morphological differentiation during a heavy crop load.
Therefore, the research has usually been focused on genes involved in floral initiation.
However, the pistachio tree shows a peculiar alternate bearing behavior, as it differentiates
inflorescence buds every year, that abscise in "on year" with massive crop load. In the
previous study (Benny et al. 2020), there were no genes related to floral initiation, while
several genes responsive to hormone showed a direct or indirect link to the premature flower
bud abscission (Benny et al. 2020).
In this study interestingly, in fruits, genes typically involved in floral initiation showed a
different expression. In July "ON" fruits, it is evident of an enhancement of APETALA2
(ethylene and salt inducible) WRINKLED 1 and MADS factors like AGAMOUS-like 104
and floral homeotic protein APETALA 1. APETALA2 (AP2) encodes a member of the
AP2/EREBP (ethylene-responsive element-binding protein) class of transcription factors
involved in floral organ identity and specification, ovule, and seed development (Ohto et al.
2005). AP2 may also function during vegetative growth since it is also expressed at the
MRNA level in both stem and leaf. WRINKLED1 (WRI1, At3g54320) is an
APETALAZ2/ethylene-responsive element binding protein (AP2/EREBP) transcription factors
regulating the expression of genes involved in carbon allocation into oil or triacylglycerol
(TAG) in plants (Cernac and Benning, 2004; Snell et al. 2019).
In many species, it has been proved that WRI1 can orchestrate the regulation of many genes
involved in shuffling carbon from starch and sucrose into fatty acid synthesis during the
glycolysis process (Maeo et al. 2009Snell et al. 2019). Recently, it was discovered that
SUCROSE-NON-FERMENTING-1-RELATED PROTEIN KINASE-1 (SnRK1) could affect
the turnover rate of WRI1 by phosphorylating its tandem AP2-domains by controlling the
proteasomal degradation (Zhai et al., 2017). In Arabidopsis, it has been demonstrated that
trehalose 6-phosphate interacts with subunits of the SnRK1-complex, leading to reduced
phosphorylation of WRI1, which is stabilized and therefore, Trehalose 6-phosphate positively
regulates fatty acid biosynthesis (Zhai et al., 2018).
Many plants accumulate triacylglycerol (TAG), starch, and storage proteins in their seeds as
energy reserves for the seedlings (Athenstaedt and Daum, 2006). In developing Arabidopsis
seeds, carbon is initially stored as starch and afterward degraded and remobilized into TAG
biosynthesis. The sequestration of carbon to energy-dense storage molecules, like starch and
TAG, during seed filling implies a shift of the carbon flow from source tissues into newly
established sink tissue and an allocation of carbon within the sink into the synthesis of
specific storage molecules. (Ruuska et al., 2002). In this work, it is evident that "ON" fruits
act as the strongest sink and here it occurs the carbon allocation into oil.
MADS-box proteins function as a significant regulator for many plant-developmental
processes, including flower senescence, flowering time, floral organ specification,
gametophyte, embryo, and seed development (Smaczniak et al., 2012). MADS-domain
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protein interactions, either with members of the other proteins or with same family, could
explain their specificity and ability to orchestrate different developmental programs that
respond to internal and external signals such as hormones.
In the study, the upregulation of MADS-box genes in the "ON" season fruits imply their
involvement in fruit development. It is now known that the MADS-box gene, Agamous, is
directly involved in the activation of the jasmonic acid (JA) biosynthesis gene (Ito et al.,
2007). JA shows synergistic and/or antagonistic effects with abscisic acid (ABA), ethylene
(ET), salicylic acid (SA), and other plant hormones in environmental stress resistance
response, and it can inhibit O3-induced programmed cell death (Raza et al. 2020) while its
role in controlling age related senescence is still under investigation (Jibran et al., 2013). In
the study it is evident that there exists a negative correlation among JA and ET, however the
role of JA is not clear.
In apple, it has been reported that hormone-related genes like GA biosynthesis and
degradation are more likely to be responsible for alternate bearing than flowering genes
(Guitton et al. 2012). However, the bud abscission in pistachio does not appear to be linked to
gibberellin in developing fruits and buds (Lin et al. 1984), as well as abscisic acid levels
(Takeda and Crane 1980). It has been reported that bud abscission in pistachio does not
appear to be linked to gibberellin in developing fruits and buds (Lin et al. 1984). Likewise,
Abscisic acid (ABA) and gibberellin are the hormones that regulate a wide range of plant
processes (Reid 1985; Zhang and Zhang 2009). However, it was found that bud abscission in
pistachio is not attributed to abscisic acid levels in developing buds and fruits (Takeda and
Crane 1980). | can see a consistent result in the study when comparing results from both
inflorescence bud and fruit. All the genes calling for abscisic acid and gibberellin were down-
regulated in both inflorescence bud and fruit.
The study showed an up-regulation of auxin-related genes during the "off" season and a
drastic down-regulation in “ON” fruits consistent with the down-regulation previously
observed in “ON” inflorescence buds (Benny et al. 2020) which strongly supports the
hormonal involvement in the alternate bearing. Interestingly auxin is implicated in a
substantial cross-talk with TOR signaling pathway, that resulted up-regulated in off fruits,
auxin-mediated activation of TOR leads to the translation of specific messages
(Schepetilnikov et al., 2013), can reduce stress-mediated autophagy (Pu et al., 2017), and it is
involved in meristem activation (Li et al., 2017). It is also evident that auxin exert inhibitory
effects on cytokinin pathway and signaling mechanisms, as it has been reported in different
studies (Gtlindesli et al. 2020).
Cytokinin in ON fruit shows a strong up-regulation and subsequent increase of the sink
strength in competition with inflorescence buds in ON shoots which were found having
down-regulated cytokinin (Benny et al. 2020). This can be assumed like a sign of competition
happening between pistachio fruits and inflorescence buds during the “ON” and “OFF”
season. Sink competition due to lack of nutrients can induce oxidative stress and ROS
accumulation leading to autophagy in inflorescence buds (Benny et al. 2020).
Interestingly ET responsive genes, including transcription factors regulating the expression of
genes involved in the allocation of Carbon into oil are up-regulated in “ON” fruits,
confirming their sink strength. Nevertheless, it has been found that endogenous free
polyamines, especially spermine and spermidine, have a regulatory role and negative
correlation with the inflorescence bud abscission (Roussos et al. 2004), and exogenous
application of free polyamines significantly decreased the flower bud abscission (Baninasab
and Rahemi 2008). The study showed significant results that prove the negative correlation
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between polyamine and bud abscission in pistachio trees. The competition between
polyamines and ethylene pathways for S-adenosyl methionine can result in a mechanism that
can modulate physiological events, including senescence and inflorescence bud abscission.
Stevenson and Shackel (1998) suggested that selecting a cultivar with low alternate bearing
behavior should be physiologically achievable only if the alternate bearing trait is not caused
by limited carbohydrate availability. The previous study on inflorescence bud proved
that Raffinose synthase gene (Raffinose synthase 5 (RS5), and MIOX2 showed repression in
the “OFF” buds, but sugar alcohols, such as callose synthase and trehalose-6-phosphate
synthase 11, showed an up-regulation. Whereas these gene showed exact opposite expression
pattern in “OFF” fruits proved that a competition between fruits and inflorescence buds for
carbohydrate occurs which in turn proved its importance in alternate bearing.

5.12. Conclusion

From my findings, it is evident that main leading causes of premature inflorescence bud
abscission is the shortage of nutrients. This study substantially confirmed what emerged in
the transcriptomic study conducted on inflorescence buds of Pistachio. It is evident that the
lack of nutrients triggers a competition between sinks, and the fruit is the strongest sink. the
lack of carbohydrates influences the genes that control the availability, the allocation, and the
partition of carbohydrates among sinks. Sugars and hormones signal nutritional stress and
trigger a cascade that leads to the abscission of weak sinks such as inflorescence buds in
over-loaded “ON” shoots.
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GENERAL CONCLUSION

My analysis has provided definitive information about molecular regulatory networks
controlling resistance/tolerance/susceptibility towards major abiotic stresses in plants. This
can be quickly transferred in molecular tools for crop breeding. The plant responses towards
drought stress should be through the induction of the biosynthesis of key hormones such as
ABA and ethylene driving the activation of key signalling proteins (ERF1, ABA2 and HB7).
These proteins should promote the fine-tuned transcriptional modulation through the
crosstalk of a complex network of transcription factors. Relating to transcription factors, |
found that different categories are involved in specific responses to abiotic stresses: AP2-
EREBP, MADS, WRKY22, MYB, homeobox genes members were linked to drought stress
while cold stress was associated to induction of MYB7 and BELL 1. Heat repressed C2C2-
CO-LIKE, MADS and HOMEOBOXa3. Last important findings of my meta-analysis were:

¢ induction of ubiquitin-mediated protein degradation by heat
e up-regulation of MAP Kinases by cold stress

The up-regulation of key proteins in the signal transduction should provoke the induction of
proteins involved in physiological defensive responses represented by stomatal closure,
inhibition of fatty acid biosynthesis, an increase of osmotic potential and protection of protein
folding.

The work on the transcriptome analysis of the Pistacia vera inflorescence buds in bearing and
non-bearing shoots reveals the molecular mechanism causing premature flower bud
abscission. This work concludes that, in the “OFF” inflorescence buds of June, the genes
corresponding to carbohydrate show reduction compared to June “ON” inflorescence bud.
Furthermore, there is a higher amount of accumulation of starch (BETA-AMYLASE
7, ALPHA-AMYLASE 3and Fructosidase 4), nitrogen and potassium in June “OFF”
compared to June “ON”. The hormones such as ethylene and gibberellin are showing down-
regulation and ABA, IAA and Jasmonate are showing up-regulation when compared with
June “ON” inflorescence buds; | can conclude that these hormones play an important role in
the production of Nitrogen oxide, Polyamine and H202, which eventually target cell death
and autophagy during the June “ON” period.

The final study on the Pistacia vera fruits of “ON” and “OFF” shoots of the cultivar Bianca
complete the experiment 4 on buds and gives further insight into the nutritional factors and
hormonal factors involved. From my findings, it is evident that main leading causes of
premature inflorescence bud abscission is the shortage of nutrients. Hormone applications
may mitigate the phenomenon; however, accurate management of resources like
carbohydrates and mineral elements directly or indirectly linked to the mechanism can
modulate the rate of alternating production. At the same time, the finding of putative
biomarkers, in the future, may lead to a reduction of the inflorescence buds and the
possibility to balance the alternate bearing phenomenon.
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