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ABSTRACT
Understanding the Molecular Basis of Thermopriming in Plants
Natalia Lorena Serrano Saavedra
Plants acclimate to the changing environmental conditions by adjusting their
molecular responses at different molecular levels including genome, epigenome,
transcriptome, metabolome, and proteome levels to ensure survival. Plants adapt
to abiotic stresses by establishing a ‘stress memory’ of previous exposures to mild
stresses. Stress memory helps plants to develop tolerance and survive recurring
exposures to the stress conditions. This memory establishes a new cellular state
that differs from the state of unexposed naïve plants. This process is known as
priming. Priming and the stress memory give the plants the possibility to acclimate
to different biotic and abiotic stress conditions. The acquisition and maintenance
of the stress-memory are two separate processes and crucial for successful
tolerance to subsequent stress conditions. Priming promises to improve plant
performance under severe stress conditions and enhance food production.
Therefore, understanding the molecular basis of heat stress priming and stressinduced memory is of vital importance to plant biology.
In this thesis, I investigated the role of transcriptional, post-transcriptional and
metabolomic regulation controlling plant responses to heat stress, one of the major
abiotic stresses affecting agriculture. I designed and established a heat stress
priming strategy which reveals that heat stress-induced priming leads to the
establishment of heat stress memory that permits plants to survive lethal
temperatures. In this thesis, I analyzed the genome-wide differential gene
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expression,

the

alternative

splicing

patterns

and

regulation,

and

the

reprogramming of the metabolic homeostasis that reprogram the establishment of
the heat stress priming and stress-memory. I identified a set of candidate genes
and metabolites playing key roles in the establishment of heat stress-induced
memory. Intriguingly, it was possible also to establish a link between alternative
splicing patterns and heat stress-induced memory. Subsequently, the knowledge
of heat stress priming in Arabidopsis was translated into tomato crop plants, to
improve their heat stress tolerance. This work enhances our understanding of the
molecular basis of heat stress priming, and the establishment of heat stress
memory, at transcriptional, post-transcriptional, and metabolomic levels. These
findings can be translated into crop species to improve their survival under
recurring heat stress conditions to improve world agriculture and food security.
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INTRODUCTION
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1.1 Effects of climate change on agriculture and strategies to improve plants
heat stress tolerance
Global warming in the latest years has triggered extreme seasonal temperature
that is risky to plants; this temperature rise is generating short and long-term shifts
in climate conditions worldwide (FAO 2009). The crop productivity will be severely
affected due to these shifts in climate conditions and the sensitivity of plants to
high temperatures. Climate models predict that global temperatures are increasing
by 0.3-0.6 °C per decade (Baer & Risbey, 2009) and it is likely to rise further by
1.8-6.4 °C by 2100 (Kumar, 2006). The rising temperatures associated with global
warming has effects on crop production that consequently affect food security
(Kumar, 2006), (Sinha & Swaminathan, 1991).
Unlike animals, plants cannot escape adverse temperatures, and in nature, they
have evolved some defense mechanisms to tolerate heatwaves (Sung, Kaplan,
Lee, & Guy, 2003). However, the higher temperatures estimated with global
warming and the increment of extreme heatwaves will have a significant influence
on plant productivity. Historically, farmers have been successfully using plant
breeding methods to improve crop productivity and food supply. It should be noted
that factors such as global warming, the increase in worldwide population and
decrease of land for agriculture, are generating a significant problem to supply the
human population with food. The food security problem is gradually increasing and
tends to become a severe problem in the near future (Borlaug, 1997). The
worldwide food necessities are covered in 95% by only 30 crop species (Tilman,
Balzer, Hill, & Befort, 2011), and the breeding programs of these plants have been
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associated to the availability of genetic variation, either natural or induced
(Banziger, Edmeades, & Lafitte, 1999). Farmers and geneticist are under pressure
to cover the production of food by novel strategies to breed and introduce other
crops which are well adapted to different environmental conditions. Traditionally,
plant breeding is conducted using the introgression of one or few genes in a crop
species using genetic crossing for several generations (Baenziger, Russell, Graef,
& Campbell, 2006) but recently, innovation in biotechnology tools is allowing plant
breeders to improve different crop species to help them to cope efficiently to
different abiotic conditions including heat stress (Baenziger et al., 2006). These
novel biotechnology tools include genome engineering, which helps to improve the
manipulation of genetic material but precise modifications to develop improved
crop species (Vinocur & Altman, 2005), (Dennis et al., 2008). However, a
multidisciplinary approach to traditional plant breeding, biotechnology, and
molecular biology would be ideal for improving crop species (Heffner, Sorrells, &
Jannink, 2009). There are other types of strategies to develop plants with
enhanced tolerance to heat stress, such as priming that can be translated from
model plants to crop species to improve plant productivity and achieve sustainable
agriculture. This thesis focuses on understanding the molecular underpinnings of
heat stress priming and heat stress memory. The results presented here can lead
to improving crop species productivity.
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1.2 Heat stress
Due to global warming, high temperatures have become a severe threat to plant
productivity and consequently to agriculture and food security (Bita & Gerats,
2013). Plants are equipped with mechanisms to respond to heat stress including
scorching of the leaves and stem, early leaf senescence, root growth inhibition,
sunburn of leaves, fruit discoloration and fruit damage (Figure 1.1) (Vollenweider
& Gunthardt-Goerg, 2005). High temperatures increase the respiration rates and
reduce the crop duration, the number of grains and yield of the crop. Studies in
crops species such as wheat and rice showed a drop in yield related to high
temperatures due to the decrease of anthesis and grain filling (Prabhjyot-Kaur,
Khehra, & Hundal, 2006), (Pandey, Patel, & Patel, 2007). Seed filling is crucial for
all crops, it is one of the most affected processes by heat stress (Barnabas, Jager,
& Feher, 2008) leading to reduction in the qualitative and quantitative traits of the
yield in stressed plants (Sehgal et al., 2018), (Yang & Zhang, 2006).
The effects of high temperatures stress in plants are broad in terms of physiology,
gene, and molecular regulation. In general, heat stress affects plants in various
processes including germination, growth, development, and reproduction
(McClung & Davis, 2010). At the cellular level, very high temperatures produce
cellular damage, which produces failure in cellular organization and lead to cell
death. At the molecular level, high temperature produces denaturation or
misfolding of proteins, thereby compromising cellular viability (Morimoto &
Santoro, 1998). One of the effects of heat stress in plants is the disruption of sexual
reproduction; this has been observed in different crop species where the male

24
reproductive organs development is more susceptible than female reproductive
organs, due to the protection of the ovules in the ovary (Kakani et al., 2005). The
ovaries are also affected in a minor scale than the male reproductive organs. For
example in Arabidopsis heat stress reduces the number of ovules (Whittle, Otto,
Johnston, & Krochko, 2009), leading to a reduction in pollen viability, and
decreasing the flowering and the fruit yield (Y. Jiang et al., 2015). It is common
also to observe in crop species a reduced germination rate, plant emergence, bad
and poor quality of seedlings, loss of vigor in the small shoots, or inhibition of seed
germination (Toh et al., 2008), (Charng et al., 2007b), (J. X. Zhang et al., 2010a).
Another effect of heat stress is water relation. Usually, plants tend to keep the
tissues with a balance of water even during temperature variations, but heat stress
generally comes together with drought, and these affect the leaf water potential
and root hydraulic conductance (Wahid, Perveen, Gelani, & Basra, 2007). The
decrease in water potential affects other physiological processes, such as the
accumulation of compatible osmolytes, cell size, and growth process (McClung &
Davis, 2010). Elevated temperatures can generate programmed cell death leading
to shedding of leaves, abortion of fruits, damage of flowers, or the death of the
whole plant (Hasanuzzaman, Nahar, Alam, Roychowdhury, & Fujita, 2013). The
photosynthesis rates decrease faster than the respiratory rates, and at
temperatures about the compensation temperature, the photosynthesis cannot
replace the carbon used during the respiration process. As a result carbohydrates
reserve start to drop (Greer & Weedon, 2012), producing fruit with less sweet. The
disproportion between photosynthesis and respiration is one of the main reasons
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for the lethal effects of elevated temperatures. Photosynthesis is very susceptible
to heat stress, especially in C3 and C4 plants (Hasanuzzaman et al., 2013). Heat
stress also produces harm to the photosystem II specifically to the oxygen-evolving
complex (Strasser, 1997), a decrease in the activity of Rubisco and thylakoid
membrane stability (Law & Crafts-Brandner, 1999).
High temperature reduces membrane stability; the membrane lipid composition is
linked with loss of biological functions. High temperatures usually are associated
with a decrease in the hydrogen bond strength and electrostatic interactions
between the aqueous phase of the membrane and the polar groups of proteins,
modifying the membrane composition can generate an outflow of ions and inhibit
processes such as photosynthesis and respiration that depend on the activity of
membrane to carry ions. Thylakoid membrane is very susceptible to high
temperature, and these structural changes lead to modifications in thylakoid
functions (Bukhov, Wiese, Neimanis, & Heber, 1999). The photosystem II activity
is deficient, or even zero under heat stress and also the production of
photosynthetic pigments decrease (Marchand et al., 2006). Heat stress affects
photosynthesis process due to the effect of leaf water status that is related directly
to the closure of stomata, reduction of leaf water potential, reduction in leaf size
and the accelerate leaf senescence (Greer & Weedon, 2012). Also, it has been
observed in plants exposed to long periods of heat stress that exhibit a decrease
in photosynthesis activity leading to the loss of the carbohydrate reserves
(Hasanuzzaman et al., 2013).
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Some metabolic pathways are very sensitive to heat stress because they depend
on enzymes sensitive to heat, and accumulate of non-desired products such as
reactive oxygen species, that can act as activators of the heat stress response
(Mittler, Finka, & Goloubinoff, 2012a). Accumulation of proline has been reported
after heat stress, this osmolyte plays a role in osmotic adaptation, protection and
regulation of cellular structures. Studies focused on heat and drought stresses
reported an increment in levels of myoinositol and galactinol, precursors of the
compounds of the oligosaccharides family and it has been suggested that they
might provide stabilization to cellular membranes interacting with the phosphates
of the membrane lipids (Jin, Wang, Liu, Gou, & Chan, 2015). Amino acids as
tyrosine, valine, tryptophan, and glutamine are accumulated during the plant
response to different abiotic stresses (Kempa, Krasensky, Dal Santo, Kopka, &
Jonak, 2008), (Barnett & Naylor, 1966), (Fougere, Lerudulier, & Streeter, 1991),
and in response to heat stress, they might have an essential role in the regulation
and osmotic adjustment to keep the plant turgor pressure and help them to survive.
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Figure 1.1 Significant effects of heat stress in plants (Hasanuzzaman et al., 2013).

Figure 1.2 Representation of general priming process. Prime means to prepare the plant to
respond quickly or aggressively to future biotic or abiotic stress.
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1.3 Priming as a strategy to cope with biotic and abiotic stresses
The production and quality of a crop result from the correlation between the
genotype of the plant and the environmental conditions (Mariani & Ferrante, 2017).
Different genotypes have different abilities to adapt to different environmental
conditions. Plants with better adaptation to environmental conditions have been
selected by farmers for years. In addition to selection, and plant breeding, novel
molecular biotechnology tools have been implemented to enhance the plant
performance under stress conditions (Zandalinas, Mittler, Balfagon, Arbona, &
Gomez-Cadenas, 2018), (Vinocur & Altman, 2005). In nature, plants can respond
to environmental stimuli and adapt to different stressful conditions (G. Wu, Shao,
Chu, & Cai, 2007). The tolerance to these stresses depends and varies with the
species and genotypes. Plants exposed to stressful conditions respond by
activating defense mechanisms, and one of these mechanisms is stress-induced
tolerance, and it was first studied in response to pathogens and pests
(Hammerschmidt, 1999). Studies in tobacco infected with P. tabacina induce
resistance against this pathogen (Tuzun, Rao, Vogeli, Schardl, & Kuc, 1989) and
have been used to prove the induced resistance (Kuc, Shockley, & Kearney, 1975)
and to understand the mechanisms of induced resistance or so-called priming
(Skipp & Deverall, 1973). The term ‘priming’ started to be used not only to describe
the resistance to biotic stress, but also it began to be used to describe the induced
resistance to abiotic conditions such as salinity, drought, freezing and higher
temperatures (Frost, Mescher, Carlson, & De Moraes, 2008).

29
For example, seed priming with sodium chloride to reduce the negative effects of
salty conditions in melon cultivars seeds has been conducted and increased
tolerance to salt stress (Sivritepe, Sivritepe, & Eris, 2003). Another example of
priming is the chemical seed priming to cold stress in Capsicum annuum L. (bell
pepper) mediating germination enhancement and tolerance to subsequent
exposure to low temperatures (Baier, Bittner, Prescher, & van Buer, 2019).
Priming has also been used to prime wheat plants helping them to cope with
drought stress and respond better than non-primed plants (X. Wang, Vignjevic,
Jiang, Jacobsen, & Wollenweber, 2014), (Selote & Khanna-Chopra, 2010).
Arabidopsis thaliana and rice have been used as models to study the molecular
basis of heat stress priming, and although some progress has been made recently,
there are many open questions which relate to the molecular basis of the
establishment of heat stress priming and heat stress memory.
1.4 Priming
In nature, plants are exposed to varying environmental condition and have to adapt
to these conditions by adjustments of their molecular responses at the genome,
epigenome, transcriptome, metabolome, and proteome level to ensure survival
and reproductive success. Plants have an intrinsic capacity to survive mild stress,
this is known as basal tolerance; this ability depends on the species and genotype
of the plant (Hilker et al., 2016). Moreover, plants can acquire tolerance to
otherwise lethal stress through the establishment of a ‘molecular stress memory’
during exposures to mild or severe stress (Sani, Herzyk, Perrella, Colot, &
Amtmann, 2013a). Short-term exposure to abiotic stress conditions generates a
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new cellular state that differs from the cellular state of a naïve plant (Mauch-Mani,
Baccelli, Luna, & Flors, 2017). Priming is a process that enables plants to respond
to short-periods of the lethal stress condition rapidly and robustly.
Priming was first known as ‘sensitization’ and it was reported only in response to
biotic stress. Priming and the establishment of the ‘stress memory’ help plants to
adapt to different abiotic stresses, including heat, salt, and cold (Conrath, 2011).
The sustainability of this acquired tolerance is crucial for successful priming and
future tolerance to recurring exposures to the same stress condition (Ikeda,
Mitsuda, & Ohme-Takagi, 2011). Acquisition and maintenance of stress tolerance
are two separate processes (Jaskiewicz, Conrath, & Peterhansel, 2011). The
maintenance of thermotolerance is denoted as priming-mediated stress memory
or heat stress ‘memory’ (Baurle, 2016). Stress memory permits primed plants to
respond more strongly and rapidly to consequent exposure to lethal stress, which
benefits the plants in recovery and survival (Prime et al., 2006). Priming
approaches could also be applied to make crops more stress-tolerant and to
ensure their reproductive success (H. C. Liu & Charng, 2012). The primed plants
display both faster and robust activation of their ‘stress memory’ (Figure 1.1), this
gives an advantage to primed plant compared with non-primed plants. Therefore,
investigating the aspects guiding priming and establishing stress-induced memory
in plants is of significant importance to agriculture.
The molecular basis of priming in plants is still unknown despite that priming is a
phenomenon that has been widely described for decades. It is known that
accumulation of transcription factors, mitogen-activated protein kinases (MAPKs),
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metabolomic changes and reprogramming some epigenetic marks are involved in
the process of priming (Conrath, 2011).
1.5 Molecular basis of heat stress priming and thermomemory
The priming process is initiated once the plant is exposed to the stress for a short
period creating a condition of readiness in the plant that is called ‘primed state’
(Conrath, 2006). The primed effect resulting from the initial exposure to the stress
allows the plant to respond to future exposures to the same and otherwise lethal
stress conditions (Kuc, 1987), (Haukioja, Suomela, & Neuvonen, 1985), (Zvereva,
Kozlov, Niemela, & Haukioja, 1997). All these characteristics make priming a
powerful strategy to help plants cope with heat stress.
With temperatures increasing and predicted to continue to rise between 1.0-1.7 °C
by 2050 (X. M. Hu & Myers, 2014) will also increase the exposure of plants to
extreme heat waves during growing seasons (Lobell, Schlenker, & Costa-Roberts,
2011). Heat stress has a negative impact on plant growth and development
through physiological damages to the membranes. Some of the processes more
sensitive to heat are the photosynthesis, the metabolisms of carbon and nitrogen,
and grain quality (Zhao et al., 2017). Photosynthesis is decreased by heat stress
due to the disruption of the chloroplast, leading to low production of chlorophyll
and increasing the senescence of leaves, which negatively affects the yield in the
plant (Dias, Semedo, Ramalho, & Lidon, 2011). In the early reproductive stages,
photosynthesis has a fundamental part in the formation of reproductive organs
(Masoni, Ercoli, Mariotti, & Arduini, 2007) which are severely affected under heat
stress (Sharkey, 2005). In wheat, it has been reported that heat stress limited grain
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number and reduced grain quality (Jenner, 1994). Furthermore, high temperatures
generate reactive oxygen species that affect the structure of thylakoid membranes,
and the photosystem II (PSII) activity (Sharkey, 2005). Different reports suggested
that reactive oxygen species (ROS) scavenging have an important role for
protection during heat stress (X. Wang, Cai, et al., 2014).
The heat stress responses are conserved among eukaryotic species including
fungi, animals, and plants. These responses consist of the activation of heat shock
factors and subsequent synthesis of heat shock proteins (Swindell, Huebner, &
Weber, 2007). Heat shock factors act as transcriptional activators of heat shock
proteins, and many heat-shock proteins positively regulate heat shock factors
(Scharf, Berberich, Ebersberger, & Nover, 2012b). Heat shock proteins perform
functions of molecular chaperones and play an essential role in protecting the
proteome against heat stress (J. X. Zhang et al., 2010b). Heat shock proteins are
named based on their molecular size, they are grouped in different families
including HSP70, HSP90, HSP101, and small HSPs (von Koskull-Doring, Scharf,
& Nover, 2007). Plants contain more than 20 heat shock factors (HSFs) genes,
which play different functions (Scharf et al., 2012b), whereas animals and yeast
contain just a few HSF genes (Nakai, 1999), (Nover et al., 1996). Arabidopsis
thaliana genome contains more than 21 heat shock factor genes (Ohama et al.,
2016) and the heat shock factors proteins are usually in an inactive state but have
been proved in Arabidopsis that some of them are expressed in normal conditions
(absence of heat stress) like AtHsfA1d, AtHsfA4c, AtHsfA3, and AtHsfB1(von
Koskull-Doring et al., 2007). The AtHsfA1d and AtHsfB1 interact with heat shock
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protein (HSP90.2) in the absence of heat stress on the other hand, in the presence
of heat stress, the HSP90 is inactivated suggesting that AtHSFA1 is active and
induce heat stress response genes (Guo et al., 2001; Yamada et al., 2007).
Studies with a double knock-out mutant of HsfA1a and HsfA1b suggested that
these two heat shock factors have a function in the heat-stress induced
transcription of a subgroup of genes encoding small heat shock proteins, Hsp70,
Hsp101, HsfB1, HsfB2a, and HsfA1a as well as heat-stress induced genes
encoding metabolic enzymes. In Arabidopsis, it has been found that heat shock
transcription factor A2 (HSFA2) is an essential factor required for induced
thermotolerance and heat-stress induced memory (Yamada et al., 2007). This
factor is highly induced during heat stress, and its expression depends on the
expression of one of the isoforms of HSFA1 (H. C. Liu, Liao, & Charng, 2011).
Experiments with HsfA2 mutants led to identifying most of the genes encoding
proteins such as ascorbate peroxidase 2 (APX2), Hsp70, Hsp101, and HSFA2
activates the chaperone-like protein heat stress associated 32 (HSA32) an
essential factor required for induced thermotolerance and heat-stress induced
memory (Charng et al., 2007b). The HSFA1a in Arabidopsis is one of the players
and activators of different transcriptional networks in response to heat stress.
Experiments with mutants of this gene in tomato and Arabidopsis have shown that
the induction of heat stress-responsive genes is reduced (Ohama, Sato, Shinozaki,
& Yamaguchi-Shinozaki, 2017). It has been predicted that HSFA1a is involved in
the expression of genes like dehydration-responsive element-binding protein 2A
(DREB2A), HsfA7a, HsfBs, HsfA2, and multiprotein binding factor 1C (MBF1C).
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These genes induce the expression of direct target genes, for example, DREB2A
induces HsfA3 under high-temperature conditions, and this gene is essential for
heat stress response (Yoshida et al., 2011). HsfA2 and HsfA3 are also necessary
for heat stress response, different experiments with mutants of these genes
showed that plants are more vulnerable to heat stress than wild type plants
(Charng et al., 2007b). Downstream target genes of HsfA1a in Arabidopsis such
as HsfB2b and HsfB1, are also crucial for the regulation of heat stress response,
they have a repressive function of heat shock factors but positively regulate the
induced thermotolerance (Ikeda et al., 2011).
Many efforts have been concentrated on identifying the gene or genes that
establish and maintain heat stress memory based on their sustained growth
subsequent to stress relief. Levels and duration of this induction differ through plant
species and genotypes. For example, the expression of some heat shock protein
genes is sustained during heat stress memory stage, including HSP21, HSP22.0,
and HSP18.2 (Sedaghatmehr, Mueller-Roeber, & Balazadeh, 2016). The
expression patterns of memory genes are in sharp contrast to heat stress-inducible
genes, including HSP101, and HSP70, whose expression is induced by heat stress
and successively declines once the stress is relieved. Because HSP32 is essential
for the maintenance of heat stress memory, it is crucial to study how this protein
differentially regulates the targets involved in acquisition and expression and posttranscriptional patterns which mediate priming responses.
Priming responses are mediated by various epigenetic factors (Lamke & Baurle,
2017). For example the transcription factor interaction with COMPASS-like
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complex regulated histone H3K4 trimethylation for specific gene expression in
stress-induction (Z. T. Song et al., 2015). Another example with an essential role
of chromatin modification stress-related is the remodeling of nucleosomes which
has the main function in the response mediated by abscisic acid (ABA) (Han et al.,
2012).
After priming there is a period of memory establishment which involves the storage
of information that will be active and help to respond to a second exposure to high
temperatures. This helps plants to cope better with lethal stress compared to the
naïve plants (non-primed). The duration of the thermomemory is often maintained
for a couple of days. This somatic memory has been linked to chromatin-based
mechanisms (Vriet, Hennig, & Laloi, 2015). In many studies, it has been suggested
that chromatin modifications like histone modifications have an essential function
in the acquisition and sustainability of the thermomemory, in particular with the
hypermethylation of H3K4 di-methylation and tri-methylation. The association of
the H3K4 hypermethylation with the activation of memory genes has been
described in several studies (Ng, Robert, Young, & Struhl, 2003),(Guenther,
Levine, Boyer, Jaenisch, & Young, 2007). Also, H3K4 di and tri-methylation is
sustained by the HSFA2 although it is not clear how this factor maintains these
modifications during the thermomemory process (Lamke, Brzezinka, Altmann, &
Baurle, 2016).
Besides histone modifications, nucleosome remodeling has been related to heatstress induced memory after a gene called FORGETTER1 (FGT1) was identified
to be indispensable for the sustained induction of induced-stress memory
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(Brzezinka et al., 2016). It is suggested because FGT1 interacts with SWI/SNF
chromatin remodeler BRM and BRM is required for heat stress memory but not for
heat stress response (Brzezinka et al., 2016).
In addition to the regulation at the chromatin level and nucleosome positioning, it
has been suggested that non-coding RNAs are involved in thermomemory.
Genome-wide transcriptome analysis has linked non-coding RNAs to heat stress.
Recently, an increasing number of non-coding RNAs have been found to be
involved in heat stress responses in plants, especially micro RNAs. Therefore, a
class of small non-coding RNAs regulates gene expression by the degradation of
messenger RNA or inhibition of the translation (Stief et al., 2014). Different
miRNAs such a miR156, miR159, and miR160 have been found to play essential
roles in response to heat stress in plants (Stief et al., 2014), (Xing, Salinas,
Hohmann, Berndtgen, & Huijser, 2010).
One of the highly induced miRNAs in response to heat stress is miR156 in
Arabidopsis. The miR156 targets Squamosa promoter binding protein-like family
of transcription factors, SPL, this group of genes are critical regulators of the
developmental processes and are down-regulated after heat stress been
suggesting that possible role of miR156 in heat stress memory (Stief et al., 2014).
It has been demonstrated that Argonaute 1 (AGO1) together with miR156, SPL2
and SPL11 is required in Arabidopsis thaliana for heat stress memory. The
induction of heat stress memory has been also related to miR156 in wheat
(Triticum aestivum) (Yu et al., 2012). Heat stress affects the growth and
development of plants, and it has been suggested that miR156 modulates these
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two processes in response to heat stress conditions. The miRNAs also mediate
the function of AGO1 in thermomemory, and probably there are more miRNAs
involved in heat stress memory.
1.6 Alternative splicing regulation in response to abiotic stresses
Alternative splicing is an important mechanism that regulates at the posttranscriptional level the pre-mRNA splicing during in response to different
environmental conditions. Generally, more than one mRNA can be produced from
pre-mRNA by alternative splicing (Shang, Cao, & Ma, 2017). Alternative splicing
generates multiple mature mRNAs from one single gene, through selecting
different splice sites during the pre-mRNA splicing.
Constitutive and alternative splicing are carried out by a mega-Dalton protein
complex called the spliceosome and with the help of associated splicing factors.
These splicing factors include a conserved family of proteins known as arginineserine-rich (SR) proteins (Anko, 2014). The SR proteins have an essential role in
constitutive and alternative splicing. They recognize an exonic splicing enhancer
sequences and are positive regulators of splicing. SR proteins affect multiple
layers of mRNA metabolism including processes like the expression, transport,
and translation (Howard, Klemm, & Fierke, 2015). The regulation of alternative
splicing under different environmental conditions depends on the interaction
between the pre-mRNAs, the spliceosome, and RNA binding proteins. Alternative
splicing increases the diversity at transcriptome and proteome level generating
different mRNA isoforms from a single gene (Black, 2003). As it was mentioned,
alternative splicing affects mRNA stability, localization, and translation and once
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translated resulting in protein isoforms with various functions and localization
within the cell. Since the first time that alternative splicing was observed in 1977,
research on this topic has been growing considerably (Syed, Kalyna, Marquez,
Barta, & Brown, 2012).
Mapping the genome-wide transcriptome in plants has revealed that the alternative
splicing in plants is very predominant, around 60% (Klepikova, Kasianov,
Gerasimov, Logacheva, & Penin, 2016), (Marquez, Brown, Simpson, Barta, &
Kalyna, 2012), contributing to the plasticity of the transcriptome and the proteome.
The frequency of alternative splicing in plants is estimated to increase when the
sequencing and alternative splicing analysis of different tissues, and under
different stress conditions are conducted and completed although it is already
known that alternative splicing regulates plant responses to stress conditions such
as salt stress (Ding et al., 2014).
Several studies showed that environmental stresses modulate the alternative
splicing patterns of SR proteins in plants including Arabidopsis (Tanabe,
Yoshimura, Kimura, Yabuta, & Shigeoka, 2007). Studies with mutations in different
splicing factors affecting the response to stress conditions like for example the
mutant of SAD1, a gene encoding for a protein similar to sm-like snRNPs required
for mRNA splicing and export (Riera, Redko, & Leung, 2006), leads to an increase
in alternative splicing events in plants. The overexpression of this gene increases
the splicing efficiency and expands the tolerance to abiotic stresses (Cui, Zhang,
Ding, Ali, & Xiong, 2014). Under stress conditions, intron retention could occur
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transiently to allow the plant to produce high levels of mRNA upon stress relief
(Ding et al., 2014), (AlShareef et al., 2017).
Heat stress leads to the inhibition of pre-mRNA splicing (Shalgi, Hurt, Lindquist, &
Burge, 2014). Early reports have implicated pre-mRNA splicing in heat shock
responses, and pre-mRNA splicing is inhibited during heat shock responses. How
heat stress priming affects constitutive and alternative splicing is currently
unknown, and it remains to be determined whether heat stress alters the patterns
of alternative splicing and produce specific pre-mRNA isoforms for proper
responses to lethal temperatures. In other eukaryotes, including Drosophila and
mice, HSF1 and HSF2 produce different alternative isoforms and exhibit tissuespecific and temperature-responsive expression patterns (Lal et al., 2015).
Different thermosensitive alternative splicing responses have been reported in
Neurospora (Diernfellner, Schafmeier, Merrow, & Brunner, 2005). Heat stressinducible alternative splicing isoforms of HSFA2 in Arabidopsis may regulate heat
stress responses (Sugio, Dreos, Aparicio, & Maule, 2009). In Arabidopsis, heat
stress-induced alternative splicing of miR400 resulting in the accumulation of
primary transcripts and reducing levels of mature transcripts (Yan et al., 2012).
Few studies have been conducted to find the possible role of alternative splicing
in response to heat stress in plants. However, there is a study conducted in the
genome of Physcomitrella patens heat shock treatments at non-damaging
temperatures induced the alternative splicing of nearly 50% of the genes and that
intron retention is repressed under elevated temperature (Chang, Lin, & Tu, 2014).
However, detailed studies of alternative splicing events are lacking in stress primed
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plants. In this thesis, one of the main objectives was to compare heat-stress primed
and non-primed plants before, during and after heat shock at lethal temperatures
and to compare the alternative splicing events and patterns to find a link between
priming and alternative splicing.
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Figure 1.3 Different types of alternative splicing events.
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CHAPTER 2

Establishment of the heat stress priming platform
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2.1 Abstract
Plants are sessile organisms and cannot run from heat; for this reason, they are
required to modify their cellular state to prevent damage produced by heat. Heat
stress is one of the most significant abiotic stresses affecting agricultural
productivity worldwide, with a big impact on essential crop species. Heat stress
affects the stability of membranes, cytoskeleton, chloroplast, proteins, and
enzymes in the cell generating an imbalance. To protect themselves of heat stress,
plants have developed a mechanism that implicates a reorganization and
reprogramming of their transcriptome, proteome, and metabolome. This response
has been studied using plants growing under normal conditions followed by
exposures to mild and severe heat stress. Different regimens of heat stress priming
have been conducted including sudden and gradual exposure to heat stress and
constituting the priming induction phase. The second exposure to heat stress
constitutes the trigger, this is used to test whether the primed plants behaved
differently from the naïve unprimed plants. Stress-induced priming experiment
used in this research was designed based on knowledge obtained from previous
studies. The gradual heat priming platform described in this chapter revealed the
differences between the primed plants and non-primed plants after a heat shock
at different time points during the treatments of Arabidopsis seedlings. The
establishment and reproducibility of this heat stress priming platform facilitate the
subsequent analysis including translational, post-translational, and metabolomics.
I succeeded to establish a highly reproducible heat stress priming platform in
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plants which can be used to address various questions related to different
processes in Arabidopsis and other plant species.
2.2 Introduction
To study heat stress responses in plants and heat priming in plants different
methods and model plants have been used in previous studies. The most common
plant used as a model in research is Arabidopsis thaliana; a small plant in the
mustard family with five chromosomes and containing around 20000 genes
(Koornneef & Meinke, 2010). Its entire genome was sequenced in 2000, and this
has extended the use of Arabidopsis as a model organism to understand plant
structure, function and particularly the molecular mechanisms behind responses
to stresses that can be relevant to agriculture (Somerville & Koornneef, 2002). As
a result, several experiments employing heat stress have been conducted in
Arabidopsis. It is well known that the lethal temperature for this Arabidopsis is 45
°C (Charng et al., 2007a). Based on this, many experiments have been conducted
using Arabidopsis seedlings to study the acclimation at moderately to high
temperatures, between 32-38 °C (Charng et al., 2007a), (Larkindale, Hall, Knight,
& Vierling, 2005), (H. T. Liu et al., 2008),(Su & Li, 2008). During heat acclimation,
there is a genetic response which triggers and activates the heat shock
transcription factors (HSFs), which in turn trigger a high accumulation of heat
shock proteins that are mainly involved in the folding and protection of the proteins
(Mittler et al., 2012a). Although the heat shock factors triggering the heat shock
response are well characterized, there are still many unknown mechanisms related
to how the thermomemory is established and sustained. Several treatments have
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been used to study the heat response in plants, the most common of which is to
subject the plants to grow under an average temperature of 22 °C and exposed
them to one episode of heat stress abruptly for 50 minutes or one hour. Following
this, plants can respond and successfully acclimate; this is known to as an induced
thermotolerance which allows the plants to survive after exposure to severe heat
stress (Suzuki, Bajad, Shuman, Shulaev, & Mittler, 2008). Another way of heat
stress treatment is to primed plants. This heat stress priming involves plant
exposure to a mild level of heat stress and allow them to recovery for a few hours,
and then expose them to an abrupt episode of severe heat stress. The temperature
usually used to grow Arabidopsis is 22 °C and mild temperatures are from 36-38
°C for one hour and a half, with a recovery period that can be for two hours at 22
°C and finally subjecting them to more extended periods of severe heat stress at
45 °C. Additionally, another way to induce priming to acquire thermotolerance in
Arabidopsis is through the use of a slow and continuous increase in temperature.
This last treatment showed better results since it is similar to the conditions that
the plants can be exposed to in nature (Mittler, Finka, & Goloubinoff, 2012b). It has
been reported that the most successful priming of Arabidopsis seedlings is
achieved 45 °C where there is an accumulation of transcripts encoding for different
heat shock proteins, redox response enzymes, and reactive oxygen species
(Mittler et al., 2012b). The gradual priming treatment offers a higher accumulation
of these transcripts, and the plants show better survival after the severe heat stress
(Figure 2.1). Based on this and trying to achieve the primary goal of this work, I
designed, established a gradual heat stress priming platform where it was possible
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to observe distinctly different phenotypes between the primed and non-primed
plants. Heat stress primed plants showed better survival under lethal heat stress
compared to unprimed naïve plants. Subsequently, I used this heat stress priming
platform to conduct different analysis on primed and non-primed plants including
gene expression, alternative splicing patterns, and metabolomic reprogramming.
2.3 Research Aim and objectives
This study aimed to answer the following question: is it possible to establish a
reproducible heat stress-induced priming platform to improve plant survival under
lethal heat stress in a model plant species?; The objective is to develop a heat
stress-induced priming platform in Arabidopsis thaliana ecotype Col-0 to facilitate
the investigation of the molecular basis of heat stress priming and stress memory
on transcriptional, post-transcriptional, and metabolomic levels.
2.4 Results
2.4.1 Design and establishment of heat stress priming in Arabidopsis
thaliana
To investigate the transcriptional and post-transcriptional regulation of heat-stress
priming and thermo-memory, I developed a comprehensive heat stress-induced
priming platform in Arabidopsis based on the previous studies (Figure 2.1). The
seedlings were grown for 12 days after germination and split into two groups. The
first group was called primed and the second group non-primed plants. As a
control, a sample was taken before any treatment at day 12 (time point 1, TP1)
and day 16 (time point 9, TP9). The group I was exposed to a gradual priming
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platform from 22 to 45 °C, as it is mentioned in the methodology of this chapter.
During the priming phase samples two, three and four were collected (Figure 2.2),
these samples were used to study the early responses to mild and severe heat
stress, respectively. After the priming phase the plants have four days of recovery,
during this phase of stress release, a sample was collected two days after the
priming treatment (time point 5, TP5). The plants after priming showed some stress
characteristic as yellowish in some leaves, but they continue growing and
developing normally. At day 16, both groups of plants were exposed to a heat
shock for one hour and a half (45 °C) and finally transferred under normal
conditions for stress release (recovery phase).
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Figure 2.1 Different heating pre-treatments to determine the effectiveness of plant thermotolerance
(Priming). Schematic representations of the various treatments designed to measure
thermotolerance, a) Non-priming treatment before heat shock, b) Stepwise priming before heat
shock, and c) gradual priming before heat shock. Adapted from (Mittler et al., 2012b).

Figure 2.2 Different phenotypes observed during the heat-stress priming platform. Photos are
showing the phenotypes of the seedlings under the different stages of the treatments. a) Control
plants, a photo showing plants without any treatment, b) Photo of the primed plants, c) Primed
plants five days after heat shock and d) Non-primed plants five days after heat shock.
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2.4.2 Phenotypes observed in the primed and non-primed Arabidopsis
seedlings
The experiment in heat-stress priming showed specific phenotypes in the two
groups. First, it was observed in the plants from the group I (primed plants) after
the priming phase some leaves were yellowish compared to the plants without any
treatment (Figure 2.3), but during the recovery phase, the seedlings continue
growing. After exposing the primed plants to heat shock they were able to survive
and recover from this lethal stress and continue developing and growing.
The second group of plants (non-primed plants) behaved differently, after
exposure to the severe heat stress or heat shock in comparison to the primed
plants. These seedlings were unable to recover from the stress, and after a few
days of this stress, they start to show signs of cell damage until they die.
After the successful establishment of the heat-stress priming platform in
Arabidopsis seedlings in ½ MS, the experiment was also implemented in plants
sown in soil. The phenotypes observed in the two sets of plants, primed and nonprimed plants showed that non-primed plants in soil manage to perform better after
heat shock. It was found that watering the plants one or two days before the
exposure to heat shock helped plants to tolerate better the heat stress and they
manage to survive the stress, but the development was limited, leaves showing
sunburns, leaf senescence and smaller size in comparison to the primed plants
(Figure 2.4). In soil, it was also analyzed how long the thermo-memory lasts in
primed plants. For this, the primed plants were exposed to heat shock five, six,
seven, and eight days after heat-priming instead of four days. From this experiment
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it was observed that the thermo-memory is time-dependent, the longer the
recovery phase the less the ability to recover robustly after the heat shock (Figure
2.4)
2.4.3 Establishment of the heat stress-induced priming platform in
Arabidopsis
In order to establish the heat stress-induced priming platform in Arabidopsis
thaliana Col-0 in Murashige and Skoog medium, the priming experiment was
performed multiple times to corroborate the behavior of the two groups of plants
(primed and non-primed plants) before, during and after heat shock. Once the
difference between the two sets of plants was clear, at the physiological level,
samples were collected to further investigate the regulation and the role of the
transcriptional, post-transcriptional at the level of splicing and alternative splicing,
and metabolites which contribute to the establishment of heat stress memory.
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Figure 2.3 Different phenotypes observed in Arabidopsis seedlings sown in soil. a) Photos of the
phenotypes observed in the primed seedlings immediately after heat shock (left) and non-primed
plants immediately after heat shock (right). b) Pictures of the phenotypes observed in the primed
plants five days after heat shock (left) and non-primed plants five days after heat shock (right). In
a) and b) the heat shock treatment was done four days after the heat priming treatment. c) Photos
of the primed seedlings of Arabidopsis immediately after heat shock. These photos show the
comparison between seedlings expose to heat shock four days after heat shock with five, six,
seven, and eight days after.
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Figure 2.4 Outline of the platform designed to induce heat-stress priming. Seedlings grown under
long-day conditions were separated into two groups (I) primed plants and (II) non-primed plants.
The priming process consists in fourth phases: Heat priming phase were the temperature increases
gradually from 22 to 45 °C, recovery phase at 22 °C, heat shock at 45 °C and a second recovery
phase at 22 °C. The non-primed plants continued growing at normal conditions until day 16 when
they were exposed to heat shock.
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2.5 Methodology
2.5.1 Plant material and growth conditions
Seeds of wild-type Arabidopsis thaliana ecotype Columbia 0 (Col-0), were
sterilized with 10% bleach for ten minutes and incubated for four days at 4 °C. The
seeds were sown on Petri dishes on half Murashige and Skoog medium
supplemented with 1% sucrose. The plates were placed in a growth chamber
(Model CU36-L5, Percival Scientific, Perry, IA, USA) under a 16 hours photoperiod
(white light, ~75 µmol m-2 s-1) and eight hours of dark conditions at 22 °C.
2.5.2 Heat-stress priming
The heat-stress priming platform was designed and developed based on previous
studies. Twelve days old seedlings were split into two groups. Group I was used
to perform a four-step temperature with changing the conditions as follows. First,
heat-stress priming phases in which the temperature increased gradually from 22
to 45 °C in six hours and held constant at 45 °C for 1.5 hours. Second, a
recovery/memory phase in which the plants were moved to the growing chamber
under standard conditions (16/8 hours light/dark, ~75 µmol m-2s-1, at 22 °C). Third,
a heat shock phase in which the plants are transferred from 22 °C to 45 °C and
remained at 45 °C for 1.5 hours. Fourth, recovery/memory phase, plants are back
to normal growth conditions.
Seedlings in group II were grown under standard conditions for 16 days. After this
time they were exposed to heat shock conditions, 1.5 hours at 45 °C and after this
time transferred to normal growth conditions at 22 °C. The sampling of these
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seedlings was done at different time points as it is described in Figure 2.4 using
sterilized forces the seedlings were taken and transferred to a 2 mL Eppendorf
tubes and were immediately frozen in liquid nitrogen and stored at -80 °C for
further analysis. This experiment was repeated several times to ensure the
reproducibility of the phenotype observed in heat-primed and non-primed
seedlings during and after heat-shock.
2.6 Discussion
Developing a heat-stress induced priming platform which can be easily used in
model plants or crop species was the primary objective of this part of my study.
The heat-stress priming platform established in this study made possible to
analyze the phenomenon of thermo-priming and thermo-memory in Arabidopsis at
the transcriptional, post-transcriptional and metabolomic levels. For this, it was
necessary to have a highly reproducible platform with a clear difference in the
phenotypes between the primed and non-primed plants after the heat shock, in
Arabidopsis seedlings as observed in my experiments. Furthermore, having young
plants made the induced tolerance lasts longer as it was also suggested that
younger seedlings prime better. The medium used to grow the plants has to be
taken into consideration, as it was observed that plants sown in ½ MS media
respond differently in comparison with plants grown in soil. In soil, the results were
different as the ones found in vitro due to other environmental conditions that may
facilitate the recovery of the non-primed plants, like the water level in the soil.
However, overall the priming platform was reproducible in tissue culture and soil
sown seedlings.
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2.7 Conclusions
In this chapter, I presented the establishment of a reproducible heat stress-induced
priming platform that improved plant survival under otherwise lethal heat stress
conditions in Arabidopsis. The heat-stress priming platform demonstrated that
priming helps plants to acquire a somatic memory that is crucial for the plant to
survive after exposure to heat stress condition. The physiological level of the naïve
(non-primed) plants in comparison with the primed plants after the heat shock
confirmed that priming gives strength to the plants to recover and quickly continue
their development. This heat-stress priming designed could be tailored to be
implemented in other model plants or crops species to study at different levels the
mechanisms leading the thermotolerance and thermomemory generated by
priming. This heat stress priming platform will have a great impact on improving
plant resilience and productivity under climate change conditions.
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Differential gene expression in responses to heat stress priming
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3.1 Abstract
Heat stress is a limiting condition for crop productivity and food security. Heatstress priming can allow plants to survive subsequent and otherwise lethal stress.
The effects of priming persist for a prolonged stress-free period. After establishing
the heat stress-priming method, samples were collected from all time points to
identify and analyze differentially expressed genes between primed and nonprimed plants to improve our understanding of priming at the transcriptional level.
To identify the heat stress priming genes, I determined the differentially expressed
genes at the different phases of the treatment including priming, recovery, heat
shock, and stress relief. From this analysis, I demonstrated that genes in the
priming phase have roles in heat stress response and other abiotic stresses. The
differential expressed genes in the recovery phase after priming showed enriched
patterns, suggesting that this group of genes may have an essential role in the
heat stress-induced memory. Gene ontology analysis from the comparison
between primed and non-primed plants in the recovery phase showed that upregulated genes are involved in biological processes including heat stress, high
light stress, and the down-regulated genes have functions related to chloroplast
organization, chloroplast RNA processing, and chloroplast RNA modification.
These candidate genes have essential roles in the formation and maintenance of
stress memory. In conclusion, this study revealed that in recovery phase most of
the DEGs profiles were back to similar patterns observed under normal conditions
and the genes that maintain their transcriptional level are related to the plant
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tolerance to heat, these genes constitute the memory genes such as HSP21,
HSFA2, and HSA32.
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3.2 Introduction
Heat stress is one of the most significant environmental condition that often affects
plants, leading to a reduction of their growth, development, and production. Heat
stress affects the integrity of the proteome causing misfolding and denaturation of
proteins, therefore changing the cell negatively (Kotak et al., 2007). There are
proteins such as heat shock proteins that are important in protecting proteins
against heat stress; this group of proteins includes the families HSP100, HSP90,
HSP70, and small heat shock proteins. The heat shock proteins expression is
primarily controlled by heat shock transcription factors besides other transcription
factors with similar function (Scharf, Berberich, Ebersberger, & Nover, 2012a),(Qu,
Ding, Jiang, & Zhu, 2013). Plants adapt to the variations in environmental
conditions by changing their molecular responses at different levels in the cell.
Heat priming is one of the strategies that generate tolerance to an elevated
temperature in the following exposures to high temperatures (Baurle, 2016). The
maintenance of this thermotolerance is known as ‘memory or thermo-memory.’
This thermomemory can last from hours to days or even to generations depending
on the species of the plant (Baurle, 2016). This stress memory allows the heat
primed plants to respond robustly and faster to successive heat stress, supporting
in their recovery (Hilker et al., 2016). Heat priming could be applied in the future
into crop species to make them more resistance and increase the yield (H. C. Liu
& Charng, 2012), this makes the identification of factors controlling priming and
stress memory in plants a hot topic to investigate.
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The genome of Arabidopsis thaliana contains around 20 HSFs encoding genes,
including eight that have been proved to be involved in heat response. HSFA2 is
one of these genes and it is also involved in the establishment of heat stress
memory in primed plants (Charng, Liu, Liu, Hsu, & Ko, 2006), (Banti, Mafessoni,
Loreti, Alpi, & Perata, 2010). This gene activates the chaperone-like protein HSA32
helping to maintain the cellular homeostasis at severe temperatures in primed
plants (Charng et al., 2006), (Lin et al., 2014). Other genes involved in heat stress
memory include HSP70 and HSP101, which are up-regulated in response to heat
shock (Stief et al., 2014). The heat stress-inducible genes may have several roles
in memory, and they are categorized into three groups. The first group is activated
but not maintained after the stress is relieved, and this group of genes is not a
critical factor conferring the heat-stress memory. To this group belongs HSP70 and
HSP101 that are induced by heat stress but during stress relief declined (J. K.
Zhang et al., 2013), (Lin et al., 2014), (T. Y. Wu et al., 2013). The second group of
genes is activated and sustained during, and after stress relief, it is this group of
genes de ones with a most significant role in heat-stress memory (Avramova,
2015), (Z. Hu et al., 2015), (Brzezinka et al., 2016). In this project were studied the
genome-wide differential gene expression in primed and non-primed plants and in
particular the analysis of the gene expression of the memory genes.
3.3 Research aim and objectives
This study aimed to identify differentially expressed genes that control the
establishment and maintenance of thermomemory in Arabidopsis. Objectives of
this study include: identification and analysis of the differentially expressed genes
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between primed and non-primed plants; identify and analyze the short and long
term memory controlling genes; and examine whether the sustained expression of
short-term and long term memory genes impact the level of heat stress tolerance
and plant survival upon exposure to lethal heat stress.
3.4 Results
3.4.1 Differential gene expression during different phases of heat-stress
priming
Once established the priming method, I analyzed the genome-wide transcriptional
changes induced by priming and the establishment and maintenance of heatstress induced memory and heat-stress priming. After sampling at all time points
during the priming, recovery, heat shock, and second recovery phase, the RNA of
each sample was isolated to perform RNA-sequencing and investigate the
transcriptional changes induced by priming. During this research, I identified
differential gene expression patterns at all time points. First, to determine genes
involved in the early response to mild temperature, the differential expression of
the time points one and two were compared. Second, the genes responsible for
severe heat stress response were identified from a comparison between the time
point 1 and a combination of time point 3 and 4.
Additionally, finding how these genes clustered in the phase of heat response in
Arabidopsis, time point 1 was compared with the combination between time point
2, 3, and 4. Therefore, the list of genes was obtained and compared with publicly
available microarray data for heat and other abiotic stress-responsive genes using
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Genevestigator (https://genevestigator.com/gv/). The data collected in this
research was consistent with prior results, as it is shown in the heatmap (Figure
3.1). Furthermore, gene ontology analysis was performed, and the results
confirmed that these differentially expressed genes (DEGs) have functions related
to heat stress response and other abiotic stresses.
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Figure 3.1 Gene expression patterns during gradual heat stress corresponding to previous studies.
Heatmaps generated by mapping the heat-responsive genes defined by RNA-sequencing data to
the microarray database using Genevestigator. The heatmaps indicate that the heat-responsive
genes are consistent with previous microarray experiment. a) Shows the up-regulated genes and
b) Shows the down-regulated genes.
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3.4.2 Identification of differentially regulated genes potentially controlling
heat-stress memory
Following the identification of the genes in the early response to heat and severe
heat stress, I analyzed the gene expression of these genes in the recovery phase
of the primed plants time points 5, and 6. The results of this analysis showed that
the differential expressed genes have shown the same enriched patterns of
expression, confirming that these genes are essential in the maintenance of the
heat-stress induced memory. To identify this group of genes, a comparison
between time point 6 and time point 9, excluding from time point 6 the up and
down-regulated genes from the group obtained in the analysis of heat-stress
priming and after the recovery phase was done. Such regulation should be unique
to primed plants and absent in the non-primed plants. Consequently, genes with
at least 1.8 fold in their expression were identified after the recovery from heat
stress priming. Roughly 2600 genes were differentially regulated in time point 6
from the comparison with time point 9, including 982 up-regulated genes and 1642
genes down-regulated. Including in this list are the genes that control the
acquisition and maintenance of heat stress memory, allowing the plants to survive
future stresses to high temperature. Gene ontology (GO) analysis suggested that
the up-regulated genes have functions in biological processes including responses
to heat, high light stress, water deprivation, and other stresses. However, the
down-regulated genes are involved in processes such as photosynthesis,
chloroplast organization, chlorophyll biosynthetic process, and light stimulus
(Figure 3.2).
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However, it is probable that not all the differentially expressed genes from the
comparison between time point 6 and time point 9 are involved in the
establishment of heat stress memory after priming. In order to address this, it was
necessary to overlap the genes obtained from the comparison between time point
1 versus the group of genes differentially expressed in time point 2, time point 3
and time point 4 and the group of genes identified of the comparison between time
point 6 and time point 9, the putative heat stress memory genes. Using the
heatmap2 function in R (http://www.r-project.org/) was found that time point 1, time
point 6 and time point 9 differentially expressed genes clustered. Meanwhile time
point 3 and time point 4 grouped as well (Figure 3.3)
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Figure 3.2 Enrichment of biological processes in the differentially expressed genes between
primed plants (time point 6, TP6) and non-primed plants (time point 9, TP9) before heat shock.
These charts show the biological processes enriched in a) Up-regulated genes and b) Downregulated genes.
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The association of the differentially expressed genes in time point 6 to heat stress
response was determined using Genevestigator (http://genevestigator.com/gv/) to
compare the data obtained in this research with the publicly available microarray
data. This analysis revealed that differentially expressed genes during the recovery
phase are associated with heat stress response (Figure 3.4). Furthermore, gene
ontology analysis was performed for the set of genes that are candidates to control
or help to maintain the heat-stress induced memory. Displaying that the upregulated genes of this set have functions in processes like response to heat,
response to hydrogen peroxide, and response to high light intensity and in the
down-regulated genes, the enriched processes were chloroplast organization,
chloroplast RNA processing, chloroplast RNA modification (Figure 3.5). Finally,
using Exploratory Gene Association Networks (EGAN software) were constructed
with heat-responsive genes, resulting in that these genes grouped in functions
related to heat stress response and other abiotic stresses response. The main
conclusion is that some of the most critical heat-responsive genes maintained their
expression patterns during the phase of recovery, four days post-priming, which
help plants to be prepared to confront a subsequent heat stress exposure.
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Figure 3.3 Heatmaps of the expression profiles of the differentially expressed genes in the time
point 1, 2, 3, 4, 5, and 6. Heatmaps are indicating that heat-stress memory genes are still actively
up or down-regulated four days after heat-stress priming. a) Heatmap of the Up-regulated genes
and b) Heatmap of the Down-regulated genes.
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Figure 3.4 Top ten of the most significantly enriched biological processes for memory genes. a)
Biological processes enriched for up-regulated memory genes and b) Biological processes
enriched for down-regulated memory genes.

Figure 3.5 Interaction network of the memory genes. a) Interaction network of the heat memory
genes in response to heat stress. b) Interaction network of the heat memory genes in response to
abiotic stresses.
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3.4.3 Heat-stress primed versus non-primed plants respond differently to the
second exposure to high-temperature stress
Next, I investigated the reason why the primed plants survived the second
exposure to heat stress robustly and faster than the non-primed plants. For this,
the gene expression files of both sets, primed and non-primed plants were
clustered using two different methods. Using the principal component analysis
(PCA) and distance matrix (Figure 3.6), I observed that genes of the time point 1,
2, 5, 6, 8 and 9 clustered together. This result was expected because these plants
were not exposed to severe heat stress with the exception of three-time points 5,
6 and 8, that are part of the set of the primed plants during the recovery phase
(time point 5 and 6 belonging to the recovery phase before heat shock) and time
point 8 that was collected during the recovery phase after heat shock. Based on
these results it is suggested that primed plants can recover from severe heat stress
and have a similar gene expression profile to the plants that were not exposed to
heat stress (time point 1 and time point 9).
In contrast, the plants from the non-primed set, time point 10 and time point 11,
grouped with the time points of the primed plants during the heat priming phase
and after heat shock, time point 2, 3, 4 and 7. This result suggests that the gene
expression profile of time point 11 is closer to the plants under heat stress than to
the plants in the recovery phase. Additionally, based on the cluster formed
between time point 8 with the plants in recovery phase or without exposure to heat
stress, it is possible to suggest that priming enables plants to survive and continue
normal development. On the contrary, I observed that non-primed plants are
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incapable of resetting and relied upon the stress to proceed with the normal
development of the plant. There were thousands of differentially expressed genes
found between time point 8 and time point 11. Moreover, I compared these
differentially expressed genes to the known the heat-responsive genes and found
that they substantially overlap (~50%), further confirming the high similarity of gene
expression profiles between time point 11 and plants under severe heat stress
conditions. Heatmaps that support this conclusion were also generated (Figure
3.7).
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Figure 3.6 Clustering of gene expression patterns of all the samples. a) Cluster and relationship
between conditions by principal component analysis (PCA) using a dimensionality reduction
strategy in cummerbund. b) Distance matrix among all samples using read counts normalized using
the rlog function of DESeq2. The distance matrix shows that time points 1, 2, 5, 6, 8 and 9 clustered
and time points 3, 4, 7, and 10 grouped.
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Figure 3.7 Comparisons of the DEGs between primed and non-primed plants after two days of
heat shock (TP8 versus TP11) and heat-responsive genes (TP1 versus TP2, TP3, and TP4). a),
and b) Show down-regulated and up-regulated genes in time point 11 overlappings to heatresponsive genes, respectively. Clustering of expression profiles of the heat-responsive genes
whose expression cannot be returned in non-primed plants after heat shock (TP11). c) Heat downregulated genes and d) Heat up-regulated genes.
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3.4.4 Transcriptional regulation of a subset of genes may mediate heat
stress-induced priming memory
The RNA-sequencing data revealed that a subset of transcriptionally regulated
genes might mediate the acquisition and maintenance of the heat stress-induced
memory. To prove the hypothesis and validate the expression patterns of this
group of genes, quantitative real-time reverse transcriptase polymerase chain
reaction (qRT-PCR) was used. The validation of the differential expression
included genes like heat shock proteins HSP101, HSP70B, HSP22, HSP21,
HSP18.7, and HSP18.5 and heat shock factors HSF32, HSFA2, and HSFB2b. The
expression patterns of these genes were experimentally validated in the all-time
point (Figure 3.8). It was also demonstrated that many heat-responsive genes,
including those that are involved in non-coding RNA-dependent pathways, were
differentially regulated. Genes like trans-acting siRNA precursors 1a (TAS1a),
TAS1b, and TAS2 were down-regulated by heat stress, whereas their target
genes, heat-induced TAS1 target 1 (HTT1), HTT2, and HTT3 were induced during
heat stress. However, target genes of miR156, such as SPL2, and SPL11 were
found to be down-regulated by heat stress (Figure 3.8).
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Figure 3.8 Expression patterns of heat-responsive genes. a) Heat-shock proteins genes are
showing up-regulation by heat stress and heat priming. Most of these genes maintain higher
expression levels for four days (time point 6, TP6) than before heat stress or heat priming (time
point 1 (TP1) and time point 9 (TP9)). b) Heat-shock factors and heat-responsive genes presented
up-regulation by heat stress and heat priming. c), and d) Trans-acting siRNA precursors 1a
(TAS1a), TAS1b, and TAS2 are down-regulated by heat stress. However, heat stress induces their
target genes HTT1, HTT2, and HTT3. e) Targets of miR156, SPL2, and SPL11 genes are downregulated by heat stress.
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3.5 Methodology
3.5.1 Plant material and growth conditions
Seeds of Arabidopsis Col-0 were sterilized with 10% bleach for ten minutes with
soft swilling and incubated during four days for stratification at 4 °C. The seeds
were placed on half Murashige and Skoog medium agar plates with 1% sucrose.
The plants were grown in a chamber (Model CU36-L5, Percival Scientific, Perry,
IA, USA) under a 16 hours photoperiod (white light, ~75 µmol m -2 s-1) and 8 hours
of dark conditions at 22 °C.
3.5.2 Heat-stress priming
Two sets of plants were used for the analysis. Group I, was exposed to the heatstress priming process four days before the heat shock as it is described previously
in the methodology in the previous chapter 2, from this group, eight samples were
collected at different temperatures and during different phases. The samples that
belong to the group I (primed plants) are: time point 1 (22 °C; previous any
treatment), time point 2 (33.5 °C; priming phase), time point 3 (45 °C; priming
phase), time point 4 (45 °C; priming phase), time point (22 °C; recovery phase),
time point 6 (22 °C; previously heat shock phase), time point 7 (45 °C; heat shock),
and time point 8 (22 °C; recovery phase). From the group II (non-primed plants),
three samples were collected: time point 9 (22 °C; previously heat shock), time
point 10 (45 °C; heat shock) and time point 11 (22 °C; recovery). Samples were
frozen in liquid nitrogen and stored at -80 °C.
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3.5.3 RNA extraction and RNA-sequencing
Once collected the whole set of samples, they were cryo-grinded using glass
beads in 2 mL Eppendorf tubes using a Retsch Mixer Mill MM 400 for one minute
at a frequency of 30 s-1. Furthermore, the total RNA was isolated from the
seedlings using an Oligotex mRNA Mini Kit (70042, Qiagen, Inc., Valencia, CA,
USA). The RNA-seq libraries were constructed using the Illumina Whole
Transcriptome Analysis Kit following the standard protocol (Illumina, HiSeq
system) and sequenced on the HiSeq platform to generate high-quality paired-end
reads.
3.5.4 RNA-sequencing data analysis and functional gene classification
Two replicates per sample were used for this analysis, except time point 3 in which
case it was used only one replicate. The annotated Arabidopsis gene models were
downloaded

from

TAIR10

(The

Arabidopsis

Information

Resource;

http://www.arabidopsis.org/). Gene expression levels (fragments per kilobase of
transcript per million mapped reads, FPKM) were calculated using Cufflinks
(Version 2.0.0). The differentially expressed genes (DEGs) were identified using
Cufflinks and limma package in R (www.r-project.org). Rigorous criteria were used
to define DEGs: they had to simultaneously show more than 1.8-fold up/downregulation in both replicates, and p-values calculated by limma had to be less than
0.05 (Ling et al., 2018).
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3.5.5 Reverse transcriptase PCR
The DNA digestion of total RNA samples was performed after RNA isolation using
RNase free DNase Set (Invitrogen, catalog no. 1806815) following the
manufacturer’s protocol. The total RNA was reverse transcribed using the
SuperScript® First-Strand synthesis system for RT-PCR (Invitrogen, catalog no
11904018) to generate cDNA. The qRT-PCR was done using Power SYBR Green
PCR Master Mix (Invitrogen, catalog no 4367659) under the following conditions:
95 °C for 10 minutes, followed by 40 cycles of 95 °C for 15 seconds, 60 °C for one
minute. The primers used and their sequences are listed in the appendix (Table 1)
all the primers (forward and reverse) were diluted to a final concentration of 10 µM
before use.
3.6 Discussion
Global warming is negatively impacting on agriculture worldwide, resulting in a loss
in crop yield, and treating food security. Heat-stress priming allows the plants to
gain and keep a heat-stress memory; this makes priming an exciting research
topic. In order to better understand and reveal the molecular mechanisms
regulating the acquisition and maintenance of the thermomemory, I used the RNASeq technology to identify differentially expressed genes in leaves of seedlings of
Arabidopsis thaliana. Results showed many genes respond to heat stress. The
expression level of 2600 differentially expressed genes was altered in two groups
of samples in the heat-stress primed plants during the recovery phase suggesting
that some of these genes are important for heat stress response, heat stress
memory acquisition and heat stress memory sustainability. Gene ontology analysis
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showed that the highly enriched DEGs were responsible for response to heat
stress, response to hydrogen peroxide, response to high light intensity, response
to oxidative stress and cellular response to sulfur starvation. According to the gene
ontology analysis, I observed that the highly repressed DEGs are responsible for
chloroplast

organization,

chloroplast

RNA

processing,

chloroplast

RNA

modification, DNA-template transcription termination, and group II intron splicing.
According to EGAN, the gene networks of heat-responsive genes showed that a
group of memory genes are heat and abiotic stress-responsive. Globally, these
results indicate that some essential heat-responsive genes maintain their
expression patterns during the four days post-priming phase, which would help the
primed plants to sustain the heat stress memory to respond to a following heat
shock exposure. From the results after the heat shock in both groups of plants,
primed and non-primed, it can be inferred that the differentially expressed genes
of the samples after two days of recovery was interestingly different between them.
Intriguingly, the primed sample (TP8) presented a differentially expressed genes
similar to the control samples (TP1, and TP9) which suggest that primed plants in
recovery phase go back to a ‘normal’ state even after heat shock. Contrasting with
the primed sample, the non-primed sample after heat shock (TP11) showed a gene
expression profile utterly different to the control plants and more similar to samples
plants under heat stress (TP3, TP4, TP7, and TP10). This result suggests that
although plants are relieved of heat stress, the gene expression of these plants
mimicked the plants under heat stress conditions while the primed plants managed
to reset back to a normal state once the stress ceases.
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3.7 Conclusions
Using the heat-stress priming designed for this project in Arabidopsis thaliana, I
identified a list of 2600 genes including genes putatively involved in heat-stress
memory acquisition and maintenance. In this study, it was also demonstrated that
some essential heat-responsive genes keep their expression patterns during the
four days of the priming phase, suggesting that they have a role in the robust
response to the following heat shock exposure. Further studies are necessary to
validate the candidate genes and to study in more depth the mechanisms leading
the acquisition and sustainability of heat-stress memory in Arabidopsis.
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Alternative splicing regulation in heat stress priming
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4.1 Abstract
Alternative splicing generates multiple transcripts and possibly more than one
protein from the same gene. This post-transcriptional mechanism has been linked
to environmental stresses in plants, and recent studies have related alternative
splicing events to homeostasis and rapid response of the critical components to
stress. Different studies suggest that alternative splicing regulates stress
responses and mutants defective in splicing factors have a reduced response to
abiotic stress. In this work, I explored the association of alternative splicing as a
critical player in response to heat stress in primed and non-primed plants. In this
analysis of the alternative splicing events in primed and non-primed plants, I found
that primed plants after exposure to heat shock are capable of de-repression of
splicing but, the non-primed plants showed significant repression of splicing and
even after a recovery time they are not capable of proficient splicing as the control
plants. Here, it is suggested that there is ‘splicing memory’ linked to the ability of
the primed plants to survive and respond robustly to a high temperature that in
non-primed plants is lethal. This suggests that this priming-induced splicing
memory may represent a general feature of heat stress responses in plants and
other eukaryotes organisms. Additionally, these results could be a beacon to
facilitate the development of novel strategies to improve yield and plant survival
rate under high temperatures.

83
4.2 Introduction
Plants use several molecular mechanisms to respond and adapt to different
environmental conditions (Shinozaki & Yamaguchi-Shinozaki, 1996). The ability of
the plants to adjust to the different stress conditions is mainly due to molecular
regulation at the genome, proteome, epigenome, and metabolome levels. Mapping
the genome-wide transcriptome has revealed that alternative splicing in plants is
predominant, around ~60% (Klepikova et al., 2016), (Marquez et al., 2012).
Alternative splicing contributes to the plasticity of the proteome by generating
multiple transcripts and theoretically more than one protein from the same gene.
They are regulating the expression of protein isoforms with differences in stability,
function or subcellular localization by changing or removing functional domains
(Syed et al., 2012). Environmental conditions that generally limit plant growth and
development have a link with alternative splicing events in the plant stress-related
genes (Laloum, Martin, & Duque, 2018). Alternative splicing events act as
regulators by fine-tuning the ratio between active and non-active isoforms in plant
stress-related genes in response to stressful conditions (Laloum et al., 2018).
Recently, many alternative splicing events have been identified as responsible for
the adjustment of the abundance and function of crucial stress-response
components.
At the moment around of 61% of the intron-containing genes in Arabidopsis
undergo alternative splicing and recent studies suggested that abiotic stresses like
salt stress in Arabidopsis thaliana and high temperature in grape plants modify the
alternative splicing patterns of more than 6000 and 1000 genes, respectively (Feng
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et al., 2015), (J. Jiang et al., 2017). The progress in RNA-sequencing is allowing a
robust analysis of alternative splicing in many plants under different stress
conditions (Chang et al., 2014). During the last years research at the level of the
‘omics’ approaches has efficiently associated plant response to abiotic stresses
(Yoshida, Mogami, & Yamaguchi-Shinozaki, 2015), (Imadi, Kazi, Ahanger, Gucel,
& Ahmad, 2015), (Janmohammadi, Zolla, & Rinalducci, 2015), (W. Q. Wang, Liu,
Song, & Moller, 2015), but at the alternative splicing level, it is less documented.
In heat stress response has been done experiments in Physcomitrella patens
finding that a significant number of novel alternative splicing events and being
intron retention highly repressed under high temperature in comparison with other
alternative splicing events like donor/acceptor site and exon skipping that are
highly induced (Chang et al., 2014). This project focused on the hypothesis that
alternative might contribute to the coordination and regulation of gene expression
in response to heat stress. The heat-responsive genes that exhibit altered
alternative splicing patterns suggest that alternative splicing regulates the gene
expression during the heat priming to establish heat-stress memory.
4.3 Research aim and objectives
The main aim of this research is to determine the role of alternative splicing
regulation in response to heat-stress priming. The first objective is to identify the
alternative splicing pattern in all the time points of the heat-stress priming platform.
Secondly, to determine whether transcription and pre-mRNA splicing are coregulated or separately regulated. The last objective of this research to establish
a link between splicing and heat stress memory in primed plants.
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4.4 Results
4.4.1 Alternative splicing regulated plant responses to heat-stress and
contributed to establishing heat stress priming
Many studies suggest that alternative splicing is involved in the regulation of plant
responses to biotic and abiotic stresses; these studies support the hypothesis that
alternative splicing might be involved in the acquisition and maintenance of heat
stress memory. To analyze changes in pre-mRNA splicing during the priming and
recovery phase and or upon exposure to the second heat stress phase. I used the
heat priming design described in the previous chapters of this thesis and
performed an analysis that included three steps (Cui et al., 2014): prediction of
splicing junctions, filtering of false-positive junctions, and annotation of alternative
splicing events. RNA-Seq reads were mapped onto the Arabidopsis genome
database (TAIR 10) to predict the splice junctions using TopHat software, which
identifies the splice junctions of exonic and intronic sequences (Trapnell &
Salzberg, 2009). The alignments found in this research generated 148701 splice
junctions from the 21 libraries at the eleven-time points for the group I and group
II samples after removing the false-positives containing short overhangs and low
coverage, as it is described in (Cui et al., 2014). When these junctions were
compared with the gene annotations from TAIR 10, it was found that 70% of them
were previously annotated, and 30% were novel junctions. These data sets were
used for comparisons with annotated genes to identify all alternative splicing
events at all the time points from both groups (primed and non-primed plants),
including 127555 intron retention events, 6574 alternative 5’ splice site events,
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19577 alternative 3’ splice site events, 19 mutually exclusive exon events, and 956
co-ordinate cassette exon events (Table 4.1). From the intron retention events,
38131 had at least five reads supporting the event, and >80% of them were found
at all time points. Furthermore, the data collected during the analysis indicates that
53% of the intron-containing genes exhibited alternative splicing under normal
conditions (time point 1), 46% under mild heat stress (time point 2), 46% under
severe heat stress (time point 4), 55% under lethal stress (time point 10), 50% at
the recovery phase (time point 6), and 52% under lethal stress but in non-primed
plants (time point 7). The results obtained indicate that intron retention was the
predominant form of alternative splicing, alternative splicing 5’-SS and 3’-SS the
second and the third most common alternative splicing events in this analysis
(Table 4.2). Different alternative splicing events were found between control plants
(time point 1), and plants in the priming phase subjected to gradual mild stress
(time point 2), or severe heat stress (time point 3 and time point 4). It was found a
significant increase in intron retention during the priming phase in plants exposed
to severe heat stress in time point 1 versus time point 3, and time point 1 versus
time point 4 comparisons. However, during the recovery phase, the number of
intron retention events and genes involved in these events significantly decreased,
indicating that heat stress repressed the splicing machinery, leading to the
accumulation of pre-mRNAs with intron retained introns.
Gene ontology analysis of the genes that underwent intron retention in response
to heat revealed that this group of genes was enriched in biological processes
categories involving abiotic stresses, including heat stress, RNA splicing, protein
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folding, and transport. These biological processes are modulated during heat
episodes to help plants to survive the transient stress. Furthermore, comparisons
between primed and non-primed plants revealed that the number of genes with
differentially retained introns increase in plants exposed to lethal heat stress.
Surprisingly, this number increases abruptly in the recovery phase, two days after
the heat shock at 45 °C (Figure 4.1).
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Table 4.1 Annotated alternative splicing events.
Type

IR

A3SS

A5SS

ES

AFE

ALE

CSE

MXE

TAIR10.gff

127555

2243

1220

739

679

323

102

18

TAIR10.gff+noveljunctions

127555

19577

6574

5264

2173

843

956

19

Events

38131

12319

5535

3655

2103

771

678

18

IR: Intron retention, A3SS: alternative 3’ splice sites, A5SS: alternative 5’ splice sites, ES: exon
skipping, AFE: alternative first exon, ALE: alternative last exon, CSE: coordinated skipping
exons, MXE: mutually exclusive exons.

Table 4.2 Alternative splicing events and related genes at different time points.

Samples

AS events

Related Genes

Intron-containing
genes (%)

TP1

32724

11817

53.33

TP2

28277

10775

45.52

TP3

35138

11095

50.13

TP4

31825

10357

46.80

TP5

30304

11275

50.95

TP6

31892

11679

52.77

TP7

37318

11967

54.07

TP8

35995

12262

55.41

TP9

32306

11783

53.24

TP10

38629

12135

54.85

TP11

36676

11981

54.14
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Figure 4.1 Differentially expressed alternative splicing events and related genes between primed
plants and control plants, primed plants and non-primed plants. a), and b) Column plots showed
differential expression of alternative splicing events and related genes between control (TP 1) and
other plants, respectively. c) Functional classification of heat-responsive genes with intron
retention. d) Line plots show the numbers of differential expressed intron retention events and
related genes between primed and non-primed plants before heat shock, after heat shock and two
days after heat shock during the recovery phase.
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4.4.2 Intron retention contributes to the establishment of heat-stress memory
The alternative splicing patterns were analyzed to investigate if they were
sustained and maintained in primed plants during the recovery phase or memory
establishment phase, and thereby whether they could mediate heat stress-induced
memory. This analysis was done comparing the differential intron retention events
which significantly increase under heat stress, between time point 6 and time point
9. Primed plants (time point 6), still maintained some of the differential intron
retention events similar to the ones found during heat priming phase. The gene
ontology analysis of this group of genes indicated that they were associated with
abiotic stresses, response to light stimulus, as well as RNA splicing. Following this,
I investigated whether the differential intron retention events in time point 6 were
present in time point 2, time point 3, and time point 4 in order to prove the
hypothesis that supports that these events are essential for the fine-tuning of plant
response to heat stress.
Interestingly, the data revealed differential intron retention events from a group of
36 genes (Figure 4.2). The effect of heat shock and priming-induced changes on
intron retention was analyzed using the functional categories and cellular
processes regulated by those genes. More than 6000 genes with differential intron
retention events were identified during heat shock (time point 10), 6242 genes
during the priming phase (time point 4), and 6192 genes during the second
exposure phase or heat shock (time point 7), when they were compared to control
plants (time point 1). A group of 1180 genes with differential intron retention events
were unique to the priming phase. Some of these genes might be responsible for
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the establishment and maintenance of heat stress memory. Functional analysis of
these genes using DAVID (database for annotation, visualization, and integrated
discovery) bioinformatics resources (Ristic, Bukovnik, & Prasad, 2007) suggested
that they have roles in biological processes including protein transport processes,
ribosome, biogenesis, rRNA processing, and regulation of translation initiation.
Interestingly, the functional category response to heat stress was significantly
enriched among the differential intron retention genes were also enhanced in the
categories heat stress responses and ‘memory establishment,’ primarily after
exposure to lethal temperatures (Figure 4.2).
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Figure 4.2 Different expressed intron retention events and related genes for primed versus nonprimed plants before heat shock; priming phase versus primed versus non-primed plants after heat
shock. a) Gene ontology analysis of differentially expressed IR genes from time point 6 versus time
point 9; b), and c) Clustering of expression profiles of the genes defined as heat-memory alternative
splicing events. 28 genes with more intron retention in time point 6 and 8 genes with more intron
retention in time point 9, respectively; d) Venn diagram showing the comparison of differential IR
related genes between samples after heat priming (time point 4) and heat shock (time point 7 and
time point 10); e) Functional categorization of differential IR related genes in the heat priming
sample (TP4); F) Functional categorization of differential IR related genes in all three samples (TP4,
TP7, and TP10). The top 20 enriched pathways are shown in this chart.
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4.4.3 Differentially expressed and alternatively spliced genes are coregulated in response to heat stress priming
Besides the differentially expressed genes during the different phases of heatstress priming acquisition, and maintenance of heat-stress memory were coregulated. The RNA-sequencing analysis revealed that 4483, 11105, 10963, 6242,
and 4842 genes were differentially regulated at time point 2, time point 3, time point
4, time point 5, and time point 6, respectively, compared with the control (time point
1), 3233, and 2642 genes were differentially regulated at time point 5, and time
point 6, respectively, compared to time point 9 (fold change >1.8 and p<0.05). After
correlated genes with differential intron retention events with differentially
regulated genes, I found significant overlap between DEGs and DIR genes during
different phases. The number of overlapping genes increases in the plants which
suffered from an increment in the temperature (from time point 2 to time point 4),
with more than 65% of differential intron retention genes being differentially
expressed genes. The number of overlapping genes decreases during the
recovery phase (time point 5). Interestingly, the overlapping genes between primed
and non-primed plants during the recovery phase after heat shock abruptly
increased, time point 8 versus time point 11, suggesting that these two processes
are co-regulated to respond to heat stress. It should be noted that the differential
expression of many genes also is regulated by alternative splicing.
However, many differential intron retention genes were also differentially
expressed genes that were co-regulated during the priming phase. Gene ontology
analysis revealed that these genes, especially those that experienced intron
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retention in response to heat, have roles in abiotic stress responses, including heat
stress, protein folding, and transport, as well as regulation of mRNA processing.
Besides, during the recovery and maintenance of the memory phase, 1264 genes
have been found with differential intron retention events, and 246 of these genes
were differentially expressed, indicating that the transcriptional and posttranscriptional processes were co-regulated. To investigate whether these
subgroups of differential alternative splicing and differentially expressed genes
have a role in heat-stress memory acquisition and maintenance, thereby in
facilitating plant survival upon subsequent exposure to heat stress, their
expression and splicing patterns during priming were analyzed as well. The results
showed that 112 of the 246 genes are either up or down-regulated at the
transcriptional level and also showed differential intron retention during priming
(time point 4).
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Figure 4.3 Differentially expressed genes and differential intron retention genes between several
time points comparison. a) Number of differentially expressed genes; Number of differential IR
genes and the percentage of overlapped genes in differentially expressed genes and differential
intron retention genes from several comparisons; b) Gene ontology analysis of up-regulated genes
with differential intron retention genes in time point 4 versus time point 1; c) Gene ontology analysis
of down-regulated genes with differential intron retention in time point 4 versus time point 1.
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4.4.4 Heat stress priming triggers the establishment of splicing memory
Since alternative splicing analysis revealed that responses to heat stress were
regulated post-transcriptionally via effects on pre-mRNA splicing. Some alternative
splicing patterns were associated with heat-stress memory, to test whether
alternative splicing contributes to the establishment of heat-stress memory and
thereby helps plants to survive following exposures to heat stress, I compared
alternative splicing events in heat-stress primed plants (time point 8) versus nonprimed plants (time point 11). Interestingly, the primed plants (time point 8) were
capable of efficient splicing and produced splicing patterns similar to those of
control plants (plants not exposed to any heat treatment, time point 1). By contrast,
the non-primed plants (time point 11), exhibited high levels of intron retention and
therefore still producing splicing variants mimicking heat-stress conditions. Thus,
the primed plants appeared to maintain splicing memory, and after relief from the
second exposure to heat stress, these plants “remembered” how to do efficiently
splice and produced splicing patterns similar to those in control plants under nonstressful conditions to support growth and development.
Validation of the RNA-sequencing data using RT-PCR for several essential genes
revealed their splicing patterns in primed and non-primed plants. The results from
the RT-PCR validation corroborated the RNA-sequencing data, confirming that
non-primed plants were incapable of efficient splicing to produce patterns similar
to those of control plants under non-stressful conditions, as evidenced by the
higher levels of intron retention. In contrast, the primed plants were capable of
producing similar splicing patterns to those of the control plants (Figure 4.4).

97
Heat priming differentially affects pre-mRNA splicing of HSFs genes. Members of
HSF class B, namely HSFB1 and HSFB2b, repress heat-inducible genes, including
HSFs under non-heat stress conditions and in the attenuating period (Ikeda et al.,
2011), whereas heat-inducible transcript factors class A, including HSFA2 and
HSFA7a, play an essential role in thermotolerance (Larkindale & Vierling, 2008),
(Meiri & Breiman, 2009). Interestingly, the RT-PCR results of HSFB1, HSFB2a,
and HSFB2b showed a dramatic increase in intron retention in both the heat
priming and heat shock phases, whereas the splicing of HSFA2, HSFA7a, and
HSFA7b was less affected in the priming phase. Subsequently, although heat
priming/heat shock up-regulated the expression of Class A and B heat shock
factors, plants had increased levels of class A but few functional class B transcripts
in the priming phase, whereas the transcript levels of both classes of proteins were
affected by heat shock.
Heat priming induces specific isoforms of serine/arginine-rich (SR) genes, which
are key regulators of alternative splicing and probably modulates pre-mRNA
splicing heat shock proteins. From the results of reverse transcriptase PCR and
RNA-sequencing data, I found that most heat shock proteins and heat shock
factors were highly induced by heat priming (time point 3, and time point 4) and
heat shock (time point 7, and time point 10). Following the splicing patterns of HSP,
and HSFs, pre-mRNA were altered during the heat priming and heat shock
treatments. I found that pre-mRNA from a subset of HSP genes, including
HSP101, HSP100.3, HSP90.5, HSP70.10, HSP70.6, and HSP21, were
alternatively spliced, mostly due to intron retention, in response to heat
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stress/priming phase, except for HSP70.17. Moreover, HSP70.17 mainly
expressed the constitutively spliced isoform in the heat-priming phase but
produced two or more isoforms during other stages. By contrast, HSP90.6
produced more isoforms in the priming phase compared to the different steps of
the experiment.
In contrast to the heat shock proteins, the RT-PCR analysis shows that premRNAs encoding SR proteins tended to be alternatively spliced in the heat priming
process. Also, to maintain intron splicing of transcripts, SR30, SR45a, SR34, and
RS41 underwent other alternative splicing events, including deletion of a functional
domain of proteins. On the other hand, those genes were affected less by splicing
during heat shock when compared with the control conditions. Thus, it remains to
be confirmed whether alternative splicing of SR pre-mRNAs regulates with what it
was found in HSPs genes, namely that those splicing processes were less affected
during heat priming. The RT-PCR data on pre-mRNA splicing corroborated the
RNA-sequencing data of this study, suggesting that heat stress leads to splicing
repression, and significant levels of intron retention. During the memory
establishment phase (time point 5, and time point 6) splicing returned to similar
levels to the control plants. The second exposure to heat stress in primed plants,
time point 7, and the first exposure to heat stress in non-primed plants led to
significant levels of intron retention, indicating splicing repression.
Nevertheless, after relief from the stress, the primed plants showed efficient
splicing, unlike non-primed plants which exhibited splicing repression mimicking
stress conditions. These conclusions suggest the possibility that heat-stress
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priming could be established at the post-transcriptional level through the
maintenance of splicing memory. In conclusion, efficient splicing after heat-stress
relief is crucial for plant survival and the completion of their life cycle.
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Figure 4.4 Differential splicing patterns of HSF, HSP, and SR genes at different time points. a-c)
RT-PCR performed using primers that flank intron(s). a) Splicing patterns of HSF genes. HSFA2,
HSFA7, and HSF7b expressed less intron retained isoforms in heat priming (time point 3, and time
point 4) when compared to that of heat shock (time point 7, and time point 10). HSFB1, HSFB2a,
and HSFB2b accumulated more intron retained isoforms in heat priming when compared to those
of heat shock. Most of HSP genes, except for HSP90.6 and HSP70.17, expressed less intron
retained isoforms in heat priming (time point 3, and time point 4) when compared to those of heat
shock (time point 7, and time point 10).c) Splicing patterns of a group of SR genes. Specific of
isoforms of SR genes are induced in heat priming (time point 3, and time point 4). d) Gene structure
and intron retention of interesting regions from these nine SR genes are shown from the IGV
program. Coverage of RT-PCR amplified fragments are shown on the top of each panel (red bar).
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4.5 Methodology
4.5.1 Plant material and growth conditions
Seeds of Arabidopsis Col 0, were sterilized with 10% bleach for ten minutes with
soft swilling and incubated during four days for stratification at 4 °C. The seeds
were placed on half Murashige and Skoog medium agar plates with 1% sucrose.
The plants were grown in a chamber (Model CU36-L5, Percival Scientific, Perry,
IA, USA) under a 16 hours photoperiod (white light, ~75 µmol m -2 s-1) and 8 hours
of dark conditions at 22 °C.
4.5.2 Heat-stress priming
Two sets of plants were used for the analysis. Group I (primed plants) were
exposed to the heat-stress priming process, and four days later they were exposed
to heat shock. The second group II (non-primed plants) were only exposed to heat
shock at the same time that the plants from the group I, as it is described previously
in chapter 2. The samples were collected, frozen in liquid nitrogen and stored at 80 °C.
4.5.3 RNA extraction and RNA-sequencing
Total RNA was extracted from the plants using Oligotex mRNA Mini Kit (70042,
Qiagen Inc., Valencia, CA, USA). The RNA-Seq libraries were built using the
Illumina Whole Transcriptome Analysis Kit following the standard protocol
(Illumina, HiSeq system) and sequenced on the HiSeq platform to generate highquality paired-end reads.
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4.5.4 Alternative splicing analysis
False-positive junctions were filtered using strict criteria, for example, overhang
size more than 20 base pairs and at least two reads are spanning the junctions
were set as cut-off values (Cui et al., 2014). Using JuncBASE to annotate all the
alternative splicing events on the input genome coordinates of all annotated exons
and all confidently identified splice junctions (Brooks et al., 2011). Fisher’s exact
tests were used to identify the differential representation of each type of alternative
splicing event. For all types of alternative splicing events, those with p-value<0.001
were identified as significantly different. For intron retention, Fisher’s exact tests
were performed on the intron-read counts and corresponding exon-read counts
between different samples. Also, intron retention events uniquely identified in any
sample were considered significant only if there was at least five-fold coverage of
support and the p-values of these events were assigned to zero. For alternative
splicing 5’-splice sites, 3’-splice sites, and exon skipping events, Fisher’s exacts
text were performed on the comparisons of junction-read counts and the
corresponding exon-read counts between samples. Gene ontology classifications
were performed with the DAVID software (http://david.ncifcrf.gov). Gene ontology
network analysis was performed with Exploratory Gene Association Networks
(EGAN, http://akt.ucsf.edu/EGAN/).
4.5.5 Reverse-transcription PCR
The digestion of contaminating DNA in total RNA samples was performed after
RNA extraction using RNase-Free DNase Set (Invitrogen, catalog no. 18068-015)
following the manufacturer’s protocol. The total RNA was reverse-transcribed
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using a SuperScript® First-Strand Synthesis System for RT-PCR (Invitrogen,
catalog no.11904018) to generate cDNA. For the RT-PCR was used Phusion®
High-Fidelity DNA polymerase (Cat No. M0530S, BioLabs® Inc.). Primers used for
RT-PCR are listed in Table 2 in the appendix.
4.6 Discussion
Alternative splicing is an important mechanism across eukaryotic organisms which
increases their plasticity of the transcriptome and proteome to support molecular
functions and adaptation in response to different stress and growth conditions (M.
Chen & Manley, 2009). The role of alternative splicing in the establishment of a
priming memory, during the recovery period, and resetting stage is mostly
unexplored. Alternative splicing patterns guarantee the differential regulation of
protein to allow plants to overcome heat stress and complete their life cycle. The
target production of specific transcript isoforms may underpin priming memory and
the resetting of this memory permit an organism to develop thermotolerance.
Splicing repression under heat-stress environments have been observed in
several eukaryotic organisms and might, therefore, represent a conserved
mechanism across eukaryotic species (Chang et al., 2014). Nuclear retention of
unspliced genes under heat stress may prevent the formation of aberrant proteins
or peptides, reducing the molecular burden on chaperones and the proteasome
machinery (Reddy, Marquez, Kalyna, & Barta, 2013), (Staiger & Brown, 2013).
Recent studies suggest that intron retention has a role in fine-tuning gene
expression depending on the physiological or developmental status of cells
(Boothby, Zipper, van der Weele, & Wolniak, 2013), (Braunschweig et al., 2014).
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The unspliced transcripts may represent a cellular reservoir that is ready for
splicing once the stress conditions end. The subset of genes which were
unaffected by heat stress could result from increased stability of pre-made and
processed mRNA or the maintenance of an effective splicing process. It is possible
that splicing of these genes unaffected occurs in molecular bodies with higher
amounts of splicing factors to ensure efficient splicing even under heat stress (Ali,
Golovkin, & Reddy, 2003). This group of unaffected genes was enriched in
molecular function processes related to protein folding, which are typically induced
under heat-stress environments.
I also investigated whether the repression of splicing was unselective or whether
subsets of genes were differentially spliced under high-temperature conditions.
Since intron retention is the predominant form of alternative splicing in plants, here
I also analyzed the patterns of intron retention throughout the heat priming design
experiment in Arabidopsis. Specifically, I investigated whether primed plants
maintain intron retention during the recovery and memory-establishment phases
and whether the primed plants may respond differently after the heat shock at the
alternative splicing level. I found that plants respond to heat stress by accumulating
significant levels of intron retention events, indicating splicing repression. During
the recovery phase, these intron retention events decreased to normal levels.
However, after the second exposure to heat stress, the response of primed plants
was drastically different from the non-primed plants, which accumulated higher
levels of intron retention, indicating significant splicing repression.
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Interestingly, the primed plants did not respond to the second exposure to heat
stress by accumulating high levels of intron retention; primed plants “remembered”
to undergo splicing and produced splicing patterns similar to the control plants
under normal conditions. Therefore, primed plants can maintain a ‘splicing
memory,’ whereby after relief the stress they showed efficient splicing and splicing
patterns that support plant growth and development. This splicing memory is an
essential factor to induce thermotolerance to primed plants. In this thesis, I
validated the splicing patterns of several genes from primed and non-primed plants
after exposure to lethal heat stress. The data obtained in this research
corroborated the RNA-Seq data, showing significant intron retention after
exposure to lethal heat-stress in non-primed plants, whereas primed plants
showed efficient splicing to support plant growth and development and
consequently survive the exposure to fatal heat shock.
4.7 Conclusions
In this work, I demonstrated that heat-stress priming leads to the establishment of
a splicing memory, which permits primed plants to efficiently splice once the stress
is relieved. Transcripts of essential genes regulating plant heat stress responses
were alternatively spliced, and these alternative splicing patterns were different
between primed and non-primed plants. Furthermore, the expression of a specific
group of genes involved in the process of pre-mRNA splicing, including genes
encoding splicing-machinery proteins and other regulatory proteins, including SR
and hnRNP, was adjusted by heat-stress priming to make sure that plants have a
proper response to survive under severe lethal temperature conditions. Further
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studies are required to investigate how splicing memory is acquired and sustained
in the primed plants and identify the molecular mechanisms that interplay between
heat stress, transcriptional regulation, epigenetics, and splicing memory. The
findings of this study open a new possibility for future research on the priming of
single and combined stress factors and elucidate mechanisms contributing to the
induction of splicing memory generated by heat-stress priming. These results
support heat stress priming as an effective approach to increase heat tolerance in
crop species.
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Table 4.3 List of genes containing differential intron retention between TP2, TP3, TP4, and TP6
compared to TP1 and TP9.

AT5G04550

AT3G56860

AT4G25080

AT1G63880

AT5G45510

AT5G50960

AT4G10730

AT3G16000

AT1G76490

AT5G16110

AT4G31550

AT4G01950

AT4G02500

AT1G08540

AT5G49730

AT1G37130

AT4G20940

AT2G36000

AT1G53910

AT4G31877

AT1G61180

AT5G02500

AT1G77460

AT2G32480

AT5G08335

AT1G69252

AT4G31550

AT1G22140

AT5G25280

AT1G78865

AT2G45340

AT3G16400

AT4G39090

AT1G13190

AT3G52800
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CHAPTER 5

Metabolic profiling of heat shock priming

The contents of this chapter were published as a research article in Scientific
Reports. The full citation is:
N. Serrano, Y. Ling, A. Bahieldin, and M. Mahfouz (2019). “Thermopriming
reprograms metabolic homeostasis to confer heat tolerance.” Scientific Reports 9,
Article number: 181. http://doi.org/10.1038/s41598-018-36484-z.
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5.1 Abstract
Heat stress is threatening agriculture worldwide. Plants acquire heat stress
tolerance through heat-stress priming. Priming establishes a stress-memory
during mild or severe transient heat stress to confer tolerance for future exposures
to lethal heat stress. The induced thermotolerance reprogrammed the metabolome
and helped to maintain homeostasis under heat stress. Using an electrospray
ionization mass-spectrometry-based platform I explored the composition and
dynamics of the metabolome of Arabidopsis seedlings under heat stress and
identified the metabolites with a role in thermopriming. The results showed that
primed plants performed robustly and better than non-primed plants under severe
heat stress due to altered energy pathways and an increment in the production of
branched-chain amino acids, raffinose family oligosaccharides, lipolysis products,
and tocopherols. These metabolites act as osmolytes, antioxidants, and growth
precursors to help plants to recover from heat stress, while lipid metabolites protect
the membranes against heat stress. The carbohydrate and lipid superpathway
metabolites showed the most substantial increase. Under heat stress, there
appears to be crosstalk between carbohydrate metabolism (i.e., metabolites like
stachyose, galactinol, and raffinose), and tyrosine metabolism towards the
production of the thermomemory metabolite salidroside, a phenylethanoid
glycoside. Crosstalk occurs between two glycerophospholipid pathways (the
biosynthetic

pathways

of

the

thermomemory

metabolite

S-adenosyl-L-

homocysteine and the terpenoid backbone) and the δ-tocopherol pathway,
favoring the production of glycine betaine and other essential tocopherols,
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respectively, compounds necessary for abiotic stress tolerance in plants.
Therefore, the metabolic analysis provides comprehensive insights into the
metabolites involved in heat stress priming, which could facilitate the production of
heat-tolerant plants to maximize crop yields under heat stress conditions.
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5.2 Introduction
Heat stress limits crop production and threatens food security (Moriondo,
Giannakopoulos, & Bindi, 2011). Plants respond to heat stress at the epigenomic,
transcriptomic, metabolomic, and proteomic levels (Hatfield & Prueger, 2015),
(Burgess, David, & Searle, 2016). Under stress conditions, plants reorganize their
metabolic networks to keep the homeostasis through the production of stressinduced

compounds.

Therefore,

a

metabolic

analysis

could

provide

comprehensive insights into the critical metabolites involved in stress responses
(Kaplan et al., 2004), (Osorio et al., 2011).
Heat stress responses are conserved across eukaryotes, heat shock factors and
heat shock proteins are involved in these processes (Ling et al., 2018), (Richter,
Haslbeck, & Buchner, 2010). Generally, heat shock factors regulate the
transcription of heat shock proteins, while heat shock proteins have a role as
chaperones to prevent the misfolding and denaturation of other proteins, stabilizing
them during stressful conditions (J. X. Zhang et al., 2010a), (Tang et al., 2016).
Heat stress affects plant membrane lipids, carbon and nitrogen metabolism,
photosynthesis, yield formation, and grain quality (Asseng, Foster, & Turner,
2011). Photosynthesis is one of the most sensitive processes to heat stress, and
it is associated to starch accumulation (Jenner, 1994), reduction in photochemical
reactions in thylakoids, production of reactive oxygen species, and negative effects
on the structure of thylakoid membranes, photosystem II activity, and chlorophyll
(Ristic et al., 2007), (Sharkey, 2005). Previous studies have shown that HSFs
increase the levels of essential metabolites in plants under heat stress. HSFA2
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and HSFA3 have roles in accumulating the levels of the metabolite galactinol and
its derivatives (e.g., raffinose family oligosaccharides such as raffinose and
stachyose) in response to heat and oxidative stresses (C. Song, Chung, & Lim,
2016). These metabolites are involved in the tolerance to heat and oxidative
stresses. One of the essential metabolites in response to oxidative stress tolerance
in Arabidopsis is tocopherol. Previous screenings of Arabidopsis plants to observe
changes in lipid composition by thin-layer chromatography (TLC) indicated that
tocopherol-deficient mutant line was tolerant to both wounding and heat stresses
(Porfirova, Bergmuller, Tropf, Lemke, & Dormann, 2002), the authors suggested
that other antioxidants could compensate for the loss of tocopherol. It is known
that different pathways possibly crosstalk under heat stress, including
glycerophospholipid and terpenoid backbone biosynthesis pathways (Gilmour,
Sebolt, Salazar, Everard, & Thomashow, 2000). Thermomemory metabolites
include S-adenosyl-L-homocysteine in the first pathway and the plant chloroplast
lipid δ-tocopherol in the second pathway. Pathway crosstalking can result in the
production of essential tocopherols that are essential for the oxidative stress
response in the membranes (Fryer, 1992). These related lipid metabolites are also
involved in the protection of chloroplast lipids and chlorophyll as suggested in a
study conducted on spinach and potato leaves, especially tocopherol.
Heat stress-induced tolerance is produced after exposure to mild or severe heat
stress, and the memory established during this process helps the plants to
withstand following heat shock (Sani, Herzyk, Perrella, Colot, & Amtmann, 2013b),
(Hilker et al., 2016). Several studies have indicated that reactive oxygen species
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scavenging has an essential role in protecting the plants from heat stress. This
tolerance is closely related to the capacity detoxifying of the reactive oxygen
species through the activity of antioxidant enzymes and peroxidase (X. Wang, Cai,
et al., 2014). Recent studies in wheat primed plants have shown that these plants
have a better photosynthetic capacity, high levels of chlorophyll and soluble
proteins, and more efficient antioxidant enzymes in comparison with non-primed
plants (Fan et al., 2018).
It has been suggested that thermopriming results from complex crosstalk between
various processes adjusting changes in membrane structure and function, water
levels in the tissues, gene expression, lipid composition, proteins, and metabolite
composition to prepare the plants to respond efficiently and fast to a recurrent
exposure to heat stress (Shinozaki & Dennis, 2003), (Gilmour et al., 2000).
In this study, I explored the global profile and dynamics of the metabolome of
Arabidopsis thaliana under heat shock in primed and non-primed plants. A
metabolite profiling analysis was performed to discover the thermomemory-related
metabolites, resulting from heat stress-induced priming, using the gas
chromatography-mass spectrometry technique to detect the differential responses
of metabolites to the thermopriming experiment described by (Ling et al., 2018).
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5.3 Research aim and objectives
The main aim of this research was to identify the metabolites involved in heatstress priming and thermomemory in Arabidopsis thaliana. The objectives of this
study include: identification of metabolites accumulated during the priming phase,
sustained during the recovery phase (thermomemory related metabolites) that
help primed plants to survive future exposures to heat shock and to determine the
difference at the metabolomic level between primed and non-primed plants during
and after heat shock.
5.4 Results
5.4.1 Thermopriming regime for metabolomic analysis
Two groups of plants were analyzed, heat primed and non-primed plants (Figure
5.1). From both groups, seedlings were collected, as described in the methodology
of this chapter. Generally, the primed plants were stronger compared with the nonprimed plants, as the first group of plants had been primed and responded robustly
to the second heat shock, after which thermomemory was established during the
priming treatment. Primed plants were able to survive and continue developing
normally after heat shock, while the non-primed plants started wilting five days
after heat shock. This effect was observed among the many replicates of the
experiment. Based on the previous results at the level of the transcriptome, it was
considered that thermomemory could involve metabolites as well. To corroborate
this, I conducted a metabolomic analysis of the seedlings collected from all the
time points.
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Figure 5.1 Heat stress priming and study design of global biochemical profiles comparison. a)
Outline of the heat stress-induced priming platform; b) Phenotypes of Arabidopsis seedlings. Left,
control plants without any treatment. Center, plants experienced heat priming and heat shock.
Right, plants underwent heat shock only; c) Study design of global biochemical profiles comparison.
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5.4.2 Heat stress priming and heat shock affect cellular metabolism
Principal component analysis of thermoregulated metabolites clustered the control
samples (time point 1, and time point 9). These two samples were used as controls
for this experiment and also to detect the age effect on the seedlings (Figure 5.2,
and Table 5.1). These samples (time point 1, and time point 9) clustered
suggesting the low variation in the metabolomic profile between them. Time-point
8, and time point 11 were separated from each other, as well as from the control
samples. The results of the principal component analysis indicate that both primed
and non-primed plants underwent dynamic metabolic changes after heat shock.
These changes were highly specific and were likely merely responsible for the
different phenotypes of these plants. The changes in metabolic activity in primed
plants under heat shock (TP 7 versus TP 6) and non-primed plants (TP 10 versus
TP 9) were reduced compared to those in the recovery phases of primed (TP 8
versus TP 6) and non-primed (TP 11 versus TP 9) plants. This result suggests that
a long time is required for the metabolic changes to occur (Table 5.1).
A comparison between time point 5 and time point 8 indicate that the metabolic
activities of these seedlings were highly similar (Figure 5.2). Across the eleventime points, we detected 571 types of metabolites, including 150 amino acids, 59
carbohydrates, 182 lipids, 54 products of secondary metabolism, 68 nucleotides,
21 peptides, seven types of hormone metabolites, and 30 cofactors, prosthetic
groups, and electron carriers. A heatmap was done describing the relative
abundance of the metabolites, revealing the disturbance of biochemical catabolism
at different time points. Interestingly, plants in time point 11 presented the most
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critical changes in their metabolism profile (e.g., increased amino acid and lipid
levels) compared to control plants at time point 1, and time point 9. The results in
Table 5.1 reveal a progressive increment of in changes in metabolite levels (either
they are accumulated or reduced) in response to a gradual increase in the
temperature (priming phase). During heat priming and recovery, 18, 36, and 59
metabolites showed altered levels at time point 2, time point 3, and time point 4,
respectively. At time point 5, the number of metabolites with altered levels
continued to increase to 102 but decreased to 34 at time point 6. I also detected a
considerable amount of metabolites with variations in their levels in primed and
non-primed plants even after two days of stress release (time point 5 versus time
point 4, time point 8 versus time point 7, and time point 11 versus time point 10).
The number of metabolites with variated levels due to heat shock was higher in
primed plants than in non-primed plants. These results give emphasis to the
influence of the priming phase in stimulating cells to cope with subsequent
exposure to heat shock due to thermomemory acquired during the earlier phase
of treatment. The timing of heat stress initiation does not have a significant effect
on this phenomenon.
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Figure 5.2 Principal component analysis and global biochemical profiles at different time points,
and a heatmap based on metabolite abundances. a) Principal component analysis is showing
group and separation of biochemical profiles between different time points. b) Heatmap showing
relative concentration of metabolites at different time points (TP), columns represent the different
samples, three biological replicates per sample, rows the different compounds, in red more
abundant and blue less abundant metabolites. “Heat priming” stands for exposure of plants to
gradually increased temperature (primed plants). Non-primed plants are exposed to immediate
heat shock treatment.
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Table 5.1 Number of the significantly disturbed metabolites in the different phases of the treatment.
Comparison between different time points during the stages of the treatment of primed and nonprimed plants.

Effects

Comparisons

Up-regulated

Down-

Total

regulated
Heat priming

TP2/TP1

2

16

18

TP3/TP1

23

13

36

TP4/TP1

33

26

59

TP5/TP1

72

30

102

TP5/TP4

139

77

216

TP7/TP6

79

60

139

TP8/TP6

101

34

135

TP8/TP7

106

64

170

Non-primed

TP10/TP9

79

32

111

plants

TP11/TP9

157

110

267

TP11/TP10

12

29

41

TP6/TP9

29

11

40

TP7/TP10

26

87

113

TP8/TP11

104

121

225

TP6/TP1

19

15

34

TP9/TP1

12

20

32

Primed plants

Memory

Time
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5.4.3 Significant metabolic effects and responses during heat stress priming
To investigate the main effects of heat priming on the metabolic profile, metabolites
whose levels increased ≥3 fold at time point 4 compared with time point 1 (Table
5.2) were grouped, more than 12 compounds met this criterion. These metabolites
with the highest increment in their levels were related to carbohydrate
superpathway, including, sucrose and raffinose family oligosaccharides, and those
belonging to the lipids superpathway, including, 2-aminoheptanoate, glycerol 3phosphate, and glycerophosphorylcholine (GPC). Membrane damage is an
immediate effect of heat stress, however, previous studies suggest that moderate
heat stress does not produce damage to membrane lipid structure (Balogh et al.,
2013). Instead, stress alters cellular homeostasis to a suboptimal state that is
diminished after stress release. Therefore, lipolysis that results in the production
of glycerol backbones helps to increase membrane stability under stress.
Raffinose family oligosaccharides and phospholipid backbones are strong
osmolytes (Xue, Chen, & Mei, 2009), (Giri, 2011). These findings suggest that the
increases in sucrose, raffinose family oligosaccharides, and lipid levels (helping to
protect the membranes) represent a significant response to heat priming. These
responses could help to prepare primed plants for subsequent heat stress by
allowing them to acquire a metabolomic thermomemory for several metabolites,
including galactinol, δ-tocopherol, stachyose, and raffinose (Figure 5.3). Sucrose
is a candidate signaling molecule responding to heat stress based on its early
accumulation in response to high temperature (Kaplan et al., 2004). Pathways
including sugar compounds may be contributing to the establishment and
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maintenance of acquired thermotolerance (Rizhsky et al., 2004), (Uemura,
Warren, & Steponkus, 2003).
The effects of priming on heat shock stress in primed and non-primed plants before
(time point 6 versus time point 9), during (time point 7 versus time point 10), and
after (time point 8 versus time point 11) heat stress was also investigated (Table
5.3). Many metabolites were more abundant in primed plants than in non-primed
plants, before heat shock treatment. These metabolites include raffinose family
oligosaccharides, metabolites of branched-chain amino acid (BCAA) biosynthesis,
and tocopherols. Four of these metabolites (galactinol, δ-tocopherol, stachyose,
and raffinose) were defined as thermomemory metabolites, as they accumulated
in response to heat priming and their levels continually remained higher in primed
plants compared to non-primed plants; the two remaining metabolites are 2isopropyl malate and dihydrokaempferol. Other groups of metabolites were
accumulated as well in primed plants during heat shock, including putrescine, 2hydroxylaurate, glycerol 3-phosphate, and glycerophosphorylcholine. Twenty-one
metabolites accumulated to high levels (≥5 fold) in primed plants and their levels
increased more severely during the recovery phase compared to those in nonprimed plants. These results demonstrate that primed plants maintain high levels
of metabolites of energy pathways, branched-chain amino acid biosynthesis,
raffinose family oligosaccharides, lipolysis products, and tocopherols. The latter
may serve as osmolytes, antioxidants, and precursors for new growth, which help
plants to survive and recover from the effects of otherwise lethal heat stress (Cela,
Chang, & Munne-Bosch, 2011), (Fritsche, Wang, & Jung, 2017). Contrary, many
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metabolites strongly accumulated in non-primed plants during and after heat
shock. These metabolites primarily include amino acid catabolites, RNA
catabolites, lysolipids, and some carbohydrates. The higher levels of many
catabolism-associated compounds suggest that plants exhibit suboptimal growth
under heat stress (Table 5.4).
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Table 5.2. Major effect of heat priming regime in the main groups of metabolites. Chart is showing
the significant changes caused by raising the temperature during the priming phase. Only
compounds increased by ≥3-fold at time point versus time point 1 are shown. Two pathways are
drastically affected, carbohydrate and lipid, showing dramatic increases especially in the subpathways associated with sucrose and phospholipid metabolism. Data key: (****), significant
difference (p≤0.05) between the groups shown, metabolite ratio of ≥1.00; (***), narrowly missed
statistical cutoff for significance 0.05<p<0.10, metabolites ratio of ≥1.00; (**), significant difference
(p≤0.05) between the groups shown, metabolite ratio of <1.00; (*), narrowly missed statistical cutoff
for low significance 0.05<p<0.01, metabolites ratio of <1.00. No asterisks= no significance, showing
metabolite ratio that missed statistical cutoff of p =0.01, between the groups shown.
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Table 5.3 Accumulated metabolites in primed plants at recovery phase after heat shock, compared
with non-primed plants. Data key: (****), significant difference p≤0.05 between the groups shown,
metabolite ratio of ≥ 1.00; (***), narrowly missed statistical cutoff for significance 0.05<p<0.10,
metabolite ration ≥1.00; (*) narrowly missed statistical cutoff for low significance 0.05<p<0.10,
metabolite ration of <1.00; No asterisk=no significance, showing metabolite ratio that missed
statistical cutoff of p=0.10 between groups shown.

125
Table 5.4 Reduced metabolites in primed plants at recovery phase after heat shock, compared
with non-primed plants. Data key (****), significant difference (p≤0.05) between the groups shown,
metabolite ratio of ≥1.00; (**), significant difference (p≤0.05) between the groups shown, metabolite
ration <1.0; No asterisk=no significance, showing metabolite ratio that missed statistical cutoff of
p=0.10 between groups shown.
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Figure 5.3. Memory metabolites accumulated during heat priming. Boxplots showing the levels of
memory metabolites in all the different time points.
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5.4.4 Effects of heat stress priming at the pathway level.
Raffinose family oligosaccharides are sucrose molecules with α-1, 6-galactosyl
extensions that are synthesized by a set of galactosyltransferases, which
sequentially add galactose units from galactinol to sucrose. Abiotic stress affects
the expression of many genes responsible for raffinose family oligosaccharides
biosynthesis in plants (Sengupta, Mukherjee, Basak, & Majumder, 2015). The
raffinose family oligosaccharides pathway showed a high level of disturbance due
to heat priming (Table 5.2-5.4). Sucrose, mannitol/sorbitol, and 1-kestose levels
increased to various extents under heat stress in both primed and non-primed
plants. The levels of these compounds decreased after heat shock in primed
plants, whereas they kept increasing after heat shock in non-primed plants. The
functions of these molecules in plants suffering from heat stress should be further
evaluated.
Under heat stress, thermomemory metabolites involved in carbohydrate
metabolism, including stachyose, galactinol, and raffinose metabolism, appeared
to undergo crosstalk, as did tyrosine metabolism towards the production of the
thermomemory metabolite salidroside, a phenylethanoid glycoside (Figure 5.4).
Salidroside is a primary bioactive marker in the medicinal plant Rhodiola rosea
(Chiang, Chen, Wu, Wu, & Wen, 2015). In mammals like the Spraw-Dawley rats,
salidroside enhances the activity of antioxidant enzymes such as catalase,
superoxide dismutase, and glutathione peroxide (J. S. Xu & Li, 2012). Salidroside
also has a protective role against the bone loss and exertional heat stroke-induced
organ damage in model animals (J. K. Zhang et al., 2013), (W. Zhang et al., 2015).
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However, there is currently not enough information about the possible role of this
thermomemory metabolite in protecting plants against heat stress.
Considering the transcriptome analysis data (Chapter 3), I investigate the
response of these intersecting metabolic pathways. Genes encoding the
metabolite

synthases

were

found

using

gene

IDs

from

TAIR

(https://www.arabidopsis.org/). Interestingly, I found that galactinol synthaseencoding genes, AtGolS1 and AtGolS2, were highly induced during the heat
priming phase, as well as the heat shock phase (time point 7, and time point 10).
Though, these two genes exhibited significant intron retention at time point 7, time
point 10, and time point 11, which may have compromised their functional
transcript levels at the lethal heat shock phase (Figure 5.5). The significant
increases in AtGolS1 and AtGol2 mRNA levels at time point 3, and time point 4,
corresponded to the increasing levels of galactinol at the heat priming phase,
which may have been partially sustained through time point 5, and time point 6. By
contrast, the transcript levels of raffinose synthase genes did not increase
significantly during the heat priming and heat shock phases (and those of AtRS6
even decreased) in primed plants, suggesting that high levels of raffinose in plants
during and after heat priming were mostly due to the presence of a synthase other
than raffinose synthase.

129

Figure 5.4. Regulation of some cross-talking memory metabolites of carbohydrate and tyrosine
metabolism pathways. Cartoon exploring potential metabolisms of crosstalk memory metabolites
of carbohydrate and tyrosine metabolisms. Memory metabolites are shown in pink boxes.
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Figure 5.5 Transcriptional and post-transcriptional regulation of raffinose oligosaccharide memory
metabolite synthesis. a) FPKM values of galactinol synthase encoding genes at different time
points. b) FPKM values of raffinose synthase encoding genes at different time points. c) FPKM
values of α-galactosidase encoding genes at different time points. d) FPKM values of UDPglucosyltransferase encoding genes at different time points.
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Interestingly, AtRS2 and AtRS6 were expressed at much higher levels at time point
8 compared to time point 11. Moreover, intron retention in AtRS2 was detected at
time point 11, but it was not detected in time point 8, which may have increased
the difference between the amounts of functional mRNA for raffinose synthase
after heat shock in primed versus non-primed plants. AtAGAL1, which undergoes
intron retention under stress conditions, was the only galactosidase gene that was
induced during heat priming and in primed plants (Figure 5.6). This leads to the
generation of higher amounts of galactosidase during heat priming and in primed
plants compared to non-primed plants under the same conditions, which would
correspond to the high levels of stachyose and raffinose in primed plants.
UDP-glucosyltransferases play a role in connecting carbohydrate metabolism and
tyrosine metabolism. At the mRNA level, no significant difference was found during
the priming phase for this group of genes compared to the control, time point 1.
Thus, some genes, including AtUF3GT and AtUGT78D2, were up-regulated after
heat priming and sharply up-regulated in primed plants exposed to subsequent
heat shock (time point 7) compared to non-primed plants (time point 10). The upregulation of these few genes could have contributed to the substantial quantities
of UDP-glucosyltransferases detected in primed plants before, during and after
heat shock, which corresponded to the high level of the thermomemory metabolite
salidroside in primed plants. The high levels of induction of most of these genes
were not sustained during the recovery phases (including time point 5, time point
6, time point 8, and time point 11), but their expression during the heat priming/heat
shock phase could still have contributed to the generation of metabolites in the
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subsequent recovery phase. As it is mentioned before, the production of
metabolites could be delayed due to the expression of these genes. Indeed,
changes in the accumulation of these thermomemory metabolites (Figure 5.3), and
several other metabolites in the raffinose family oligosaccharides pathway
correspond to the transcriptional and post-transcriptional regulation of related
genes (Figure 5.7).
Phospholipid backbones are essential compounds for membrane stability (Escriba
et al., 2008) as these structures are constituted mainly from lipids and proteins
(Weis & Berry, 1988). Heat stress affects the membranes by changing the fluidity
and permeability (Niu & Xiang, 2018). The interaction between the hydroxyl groups
of cholesterol with the phosphate of phospholipids is important to regulate
membrane fluidity, packing, and formation of lipid microdomains (Martin, Glover,
& Davies, 2005). The levels of phospholipids including glycerol 3-phosphate,
glycerophosphorylcholine, and glycerophosphoethanolamine increased during
heat priming and remained stabled or increased slightly in the subsequent heat
stress and the second recovery phase (Figure 5.3 and Figure 5.8). These results
suggested that heat priming can protect the cellular membrane from being
damaged by heat stress due to lipolysis. This effect was maintained for many days,
which would be beneficial for plants subjected to repetitive and transient heat
stress.
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Figure 5.6 Post-transcriptional regulation of raffinose family oligosaccharides memory metabolite
synthases. Gene structure and intron retention profiles at AtGolS1, AtGolS2, AtAGAL1, and AtRS2
showing alternative splicing patterns.
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Figure 5.7 Effects of heat priming of raffinose family oligosaccharide pathway, one of the most
affected during the priming processes in Arabidopsis. Red arrows indicate the accumulated
metabolites at the time points during the priming phase, and green arrows, represent the
metabolites that are reduced during this phase. Boxplots with the different patterns for major
components of oligosaccharide pathway during the different phases of priming and heat shock
treatments.
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Figure 5.8 Effects of heat priming on energy pathway. Boxplots showing the different patterns for
metabolites of the TCA cycle affected by heat priming.
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Interestingly, the expression levels of LCAT4 and AT4G29070 (encoding proteins
with phospholipase A activity) were high during the heat priming phase, pointing
to the accumulation of phospholipid backbones and the improvement in membrane
stability, supporting previous studies that suggest a correlation between thermal
stability of chloroplast membranes and the phospholipids (Raison, Roberts, &
Berry, 1982). The changes in the levels of these two proteins could initially have
been due to transcriptional regulation during the heat priming phase. It seems that
crosstalk occurs between two glycerophospholipid pathways (including, the
biosynthetic

pathways

of

the

thermomemory

metabolite

S-adenosyl-L-

homocysteine and the terpenoid backbone) and the pathway for the plant
chloroplast lipid δ-tocopherol, which favored the production of glycine betaine and
other essential tocopherols (or vitamin E), respectively (Figure 5.9). These
compounds are essential for conferring abiotic stress tolerance in plants (Porfirova
et al., 2002), (Ashraf & Foolad, 2007). Glycine betaine is not a thermomemory
metabolite per se, instead, it is a product of the thermomemory metabolite Sadenosyl-L-homocysteine.
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Figure 5.9 Crosstalk between glycerophospholipid and terpenoid backbone biosynthesis
pathways. Metabolic reaction involving some memory metabolites of glycerophospholipid and
terpenoid backbone biosynthesis pathways accumulated during heat priming towards the
production of glycine betaine. Memory metabolites are shown in pink boxes.
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The tricarboxylic acid cycle (TCA cycle) involves a group of chemical reactions
used by all aerobic organisms to release stored energy through the oxidation of
acetyl-CoA derived from carbohydrates, lipids, and proteins into carbon dioxide
and energy as adenosine triphosphate (ATP). The products of the TCA cycle
include precursors of specific amino acids required for numerous biochemical
reactions (Figure 5.10). This cycle is fundamental to many biochemical pathways.
Pyruvate is the source of the TCA cycle, which leads to the production of acetylCoA (Srere, Sumegi, & Sherry, 1987). The levels of pyruvate, together with two
compounds in the TCA pathway namely fumarate and malate, increased slightly
during heat priming and decreased to control levels during the recovery phase,
followed by a slight increase in response to subsequent heat stress. Thus, in nonprimed plants, the levels of the three compounds of the TCA pathway, pyruvate,
malate, and fumarate, decreased in response to heat shock and further decreased
during the recovery phase.
The levels of another compound related to the RCA pathway, α-ketoglutarate,
decreased in response to heat stress during priming and heat shock. In primed
plants, α-ketoglutarate recovered to control or even slightly higher than control
levels after the second heat shock, while in non-primed plants, its levels continually
decreased after heat shock. In contrast to the compounds in the TCA pathway, the
levels of lactate, which consumes carbon sources from the TCA cycle, highly
increased in non-primed plants after heat shock and recovery phase but remained
stable or slightly increased during heat priming and heat shock in primed plants.
These results suggest that primed plants are highly efficient at producing energy
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even under heat stress, whereas non-primed plants consume energy generated
by the TCA cycle.
Most amino acids were present at similar levels in primed and non-primed plants,
with a few exceptions: shikimate, 2-isopropylmalate, and putrescine (Figure 5.11).
Shikimate represents a primary carbon source acting as a precursor for the
production of the three aromatic amino acids tryptophan, tyrosine, and
phenylalanine in the pathway of amino acids biosynthesis. Additionally, 2isopropylmalate is a precursor for leucine production in the same pathway, while
putrescine is a precursor for spermidine and spermine production in the arginine
and proline metabolism pathway. The three aromatic amino acids, as well as
spermidine, are active compounds in the phenylpropanoid pathway, which is
critical for growth through the production of flavonoids, coumarins, and lignans
(Fraser & Chapple, 2011). Phenylpropanoid also acts in defense mechanisms
against biotic stresses (Kaplan & Guy, 2004). From our results, it was observed
that shikimate was induced by heat shock in the primed plants but depleted in the
non-primed plants. The levels of the leucine precursor 2-isopropylmalate
decreased in response to heat treatment but increased during recovery only in
primed plants. The leucine precursor 2-isopropylmalate showed an unusual
behavior, as it was reduced by heat stress during the priming phase but was
present at normal levels, similar to that of the control samples, during the recovery
phase. This behavior of 2-isopropylmalate was observed in the primed plants in
time point 7 (heat shock phase), but its level further increased even more than in
time point 6 (the pre-stress phase). Contrary, the non-primed plants showed high
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levels of 2-isopropylmalate in time point 10, but once the stress is released, this
compound was depleted.
Putrescine, spermidine, and spermine are natural polyamines that are essential
for various cellular processes (Nasizadeh et al., 2005), and their production is
usually induced in anabolic cellular environments. These metabolites are essential
for many processes in cell division during active growth, and they typically increase
their levels during growth stages. In this research, I observed that their levels
during the priming phase, which are maintained or increased in primed plants
during the recovery phase. Nevertheless, they were depleted by heat shock or
during the recovery phase in non-primed plants (Table 5.3 and Figure 5.11),
suggesting that primed plants continue growing in part due to the increased levels
of the polyamines.
Different changes in amounts of aromatic amino acids and polyamines, between
primed and non-primed plants, contribute to the performance of plants; e.g.,
primed plants survived after heat shock, while non-primed plants died after heat
shock, indicating that accumulation of aromatic amino acids and polyamines may
be stimulated by heat priming, but not after sudden heat shock.
Upon heat stress, the levels of antioxidants metabolites, including glutathione,
ascorbate, tocopherols, were maintained in primed plants but not in non-primed
plants (Figure 5.12). The increment in the levels of threonate, a catabolite of
ascorbate, supports the idea that heat stress leads to the breakdown of ascorbate
in non-primed plants, consequently depleting the pools generally used to maintain
glutathione reduction. Contrasting, a parallel pathway producing antioxidant
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compound was highly activated only in non-primed plants upon heat stress and its
recovery phase. Except for indole-3-acetic acid, no phytohormones showed
altered levels in primed plants in response to heat stress (Figure 5.13). However,
the ethylene production was strongly induced by heat stress in non-primed plants,
as the levels of cyano-alanine (co-product of ethylene production) increased.
Ethylene helps to protect plants from heat stress and/or repairs the accompanying
damage from oxidative stress.
5.4.5 Relationship between metabolic reprogramming and thermotolerance
Heat stress in plants generally reduce growth, development, and reproduction, and
at high temperatures it is lethal (Mittler et al., 2012a). Thermopriming can mitigate
the effects of heat stress in plants and make them tolerant to otherwise lethal
temperatures (Baurle, 2016). Thermopriming is produced by a combination of
many factors at different levels in the cell, and in this research, I observed that
metabolic reprogramming contributes to the establishment of the thermomemory
induced by heat stress priming in plants. This study shows that heat stress priming
leads to an accumulation of metabolites, including oligosaccharides of the
sucrosyl-inositol

pathway,

glycerophosphocholine,

TCA

cycle

energy

intermediates, glutathione, ascorbate, and tocopherols. These metabolites have
roles as osmolytes, energy intermediates and antioxidants mainly supporting the
hypothesis that primed plants produce or accumulate higher levels of metabolites
involved in anabolic metabolism, while non-primed plants suffered depletion of
these compounds and instead accumulate several compounds associated with
catabolic metabolism. During the priming phase, the most affected metabolites
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were related to carbohydrate pathway especially the ones related to sucrose
metabolism and the lipid pathway, with the phospholipid metabolism compounds
the most affected. The metabolism of sucrose might contribute its carbon to
several oligosaccharide pathways, including the formation of ketose. These
oligosaccharides could provide the primed plants with storage forms of carbon
playing a role as osmolytes. The critical observation is that priming induces the
raffinose family oligosaccharide pathways, and the metabolites related to them
maintain high levels in the first recovery phase and after heat shock in primed
plants but it does not in the non-primed plants. Our data suggest that the raffinose
family oligosaccharide pathways play an essential role in the primed plants in
response to heat stress.
The production of glycerol backbones from membrane phospholipids may also
contribute and help primed plants to recover from heat stress. I found that
phospholipid glycerol backbones precursors increased during the priming phase
and remained high after recovery and even after heat shock in primed plants in
comparison with non-primed plants indicating their important role in conferring
thermotolerance.
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Figure 5.10 Effects of heat priming on energy pathway. Boxplots showing the different patterns for
metabolites of the TCA cycle affected by heat priming.
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Figure 5.11 Effects of heat priming on the amino acid pathway. Boxplots showing the different
patterns for amino acid precursors in all time points.
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Figure 5.12 Effects of heat priming on the antioxidant pathway. Boxplots of different metabolites of
the antioxidant pathway affected in primed and non-primed plants.
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Figure 5.13 Effects of heat priming on phytohormone pathway. Boxplots showing the patterns of
phytohormones with slightly increment during the priming phase.
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5.5 Methodology
5.5.1 Plant material and growth conditions
Arabidopsis thaliana Col-0 wild-type seeds were sterilized in 10% bleach for 10
min, incubated at 4 °C for two days, and transferred to half-strength Murashige
and Skoog medium agar plates with 1% sucrose in a growth chamber (Model
CU36-L5, Percival Scientific, Perry, IA, USA) under long-day conditions: 16 hours
light (white light, ~75 µmol m-2 s-1) and 8 hours dark, at 22 °C. The plants were
divided into two groups, heat primed and non-primed (Ling et al., 2018).
5.5.2 Heat stress priming and heat shock treatments
In order to investigate the metabolomic profile of primed and non-primed plants, it
was used the same priming design described in chapter 2, 3, and 4 used for the
analysis of the transcriptional and post-transcriptional regulation of heat stress
priming and heat stress memory. The experiment consists of two groups of plants
growing under the conditions described previously. One group was called primed
plants and the second group was called non-primed plants. The primed plants
were exposed to a gradual increase in temperature (priming phase) from 22 °C to
45 °C for five hours. Two samples were collected in this phase, time point 2 (33.5
°C) and time point 3 (45 °C). Once the maximum temperature (45 °C) was reached,
the plants were maintained for 1.5 hours at this temperature and a sample was
collected at time point 4 (45 °C). This first group of primed plants was placed again
at 22 °C and kept with the non-primed plants. Two days after the priming phase,
one sample was collected from the primed plants, time point 5 (22 °C). Two days
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later, one sample at 22 °C was obtained from each group, time point 6 (primed
plants) and time point 9 (non-primed plants) before to expose the plants of both
groups to heat shock (45 °C for 1.5 hours). Immediately after heat shock, samples
of each group were collected, time point 7 and time point 10, primed and nonprimed plants respectively. All samples were collected, ground in liquid nitrogen,
frozen, and stored at -80 °C until the following analysis. Three biological replicates
of each sample were collected.
5.5.3 Sample preparation and metabolomic analysis
Sample preparation and metabolomic analysis were performed as it is described
previously in the literature (Evans, DeHaven, Barrett, Mitchell, & Milgram, 2009).
The samples were extracted with methanol under vigorous shaking for two minutes
(Glen Mills GenoGrinder 2000) to precipitate the proteins and to dissociate small
molecules bound to proteins or trapped in the precipitated protein matrix, followed
by centrifugation to recover chemically diverse metabolites. The resulting extract
was divided into five fractions: two for two separate reverse-phase RP/UPLCMS/MS analysis using positive ion mode electrospray ionization (ESI), one for
RP/UPLC-MS/MS analysis using negative ion mode ESI, one for HILIC/UPLCMS/MS analysis using negative ion mode ESI, and one that was reserved as a
backup. The samples were briefly placed on a TurboVap (Zymark) to remove the
organic solvent. The samples were dried and reconstituted in solvents compatible
with each of the four methods and analyzed by METABOLON, Inc. (North Caroline,
USA). Each reconstitution solvent contained a series of standards at fixed
concentrations to ensure proper injection and chromatographic consistency. For
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the UHPLC method, one aliquot was reconstituted in 50µL of 0.1% formic acid in
water, and the second aliquot in 50µL of 6.5mM ammonium bicarbonate in water,
pH 8.0. For the HPLC method was used to reconstitute the aliquots 50µL of 0.1%
formic acid in 10% methanol. The reconstitution solvents contained internal
standards that were used to monitor the instrument and also retention index
markers (Evans et al., 2009). One aliquot was analyzed using acidic positive ion
conditions, which were chromatographically optimized for more hydrophilic
compounds. In this method, the extract was gradient eluted from a C18 column
(Waters UPLC BEH C18-2.1x100 mm, 1.7 µm) using water and methanol
containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA). The
second aliquot was also analyzed using acidic positive ion conditions but was
chromatographically optimized for more hydrophobic compounds. In this method,
the extract was gradient eluted from the aforementioned C18 column using
methanol, acetonitrile, water, 0.05% PFPA, and 0.01% FA, which was operated at
an overall higher organic content. The third aliquot was analyzed using basic
negative ion-optimized conditions using a separated dedicated C18 column. The
basic extracts were gradient-eluted from the column using methanol and water,
but with 6.5 mM ammonium bicarbonate at pH 8. The fourth aliquot was analyzed
via negative ionization following elution from a HILIC column (Waters UPLC BEH
Amide 2.1x150mm, 1.7 µm) using a gradient consisting of water and acetonitrile
with 10mM ammonium formate, pH 10.8. The mass spectrometry analysis
alternated between mass spectrometry and data-dependent MSn scans using
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dynamic exclusion. The scan range varied slightly between methods but covered
approximately 70-1000 m/z.
5.5.4 Metabolite identification and data analysis
Compounds were confirmed via comparison to library entries of purified standards
or recurrent unknown entities, as described before (Evans et al., 2009). This library
was based on authenticated standards containing the retention time/index (RI), the
mass-to-charge ratio (m/z), and chromatographic data (including MS/MS spectral
data) for all molecules present in the library. Additionally, biochemical
identifications were based on three criteria: retention index within a narrow RI
window of the proposed identification, an accurate mass match to the library +/10 ppm, and the MS/MS forward and reverse scores. The MS/MS scores were
based on a comparison of ions present in the experimental spectrum to ions
present in the library entry spectrum. While there may have been similarities
between these molecules based on one of these factors, the use of all three data
points allowed us to distinguish and differentiate biochemicals. Additional mass
spectra entries were created for structurally unnamed biochemicals, which were
identified based on both chromatography and mass spectral analysis. Two types
of statistical analysis were performed: (1) significance test and (2) classification
analysis. Standard statistical analyses were performed on log-transformed data
using ArrayStudio. For the analysis that was not standard for ArrayStudio, the
program R (http://cran.r-project.org/) and JMP (SAS, http://jmp.com) a commercial
software package was used. Significance tests used during this analysis included
Welch’s two-sample t-test (one-sample t-test), one way ANOVA and two-way
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ANOVA were used for the analysis of variances. P- (p≤0.05) and Q-values were
used to avoid false-positive results (Oliver et al., 2011).
5.5.5 Transcriptome data analysis
The transcriptome data was generated as it was described in Chapter 2 and
Chapter 3. Briefly, the heat priming platform was run, all the eleven-time points
were collected, and RNA-sequencing was done. The annotated Arabidopsis gene
models were downloaded from TAIR10 (https://www.arabidopsis.org/). TopHat
(Version 2.0.10) was used for alignment and to predict splice junctions. Gene
expression levels (FPKM value) were calculated using Cufflinks (Version 2.0.0).
5.6 Discussion
Heat stress in plants reduces growth, development, reproduction, and crop
production. The process of heat priming helps plants to survive subsequent and
otherwise lethal heat stress. Heat stress priming is established as a result of a
combination of many factors at different cellular levels including at the metabolomic
level. Metabolites are essential compounds of the plant cells, they have functions
in several processes including assembly block for more complex molecules,
energy production, storage and distribution, signaling, regulation of growth and
development (Arbona, Iglesias, & Gomez-Cadenas, 2015). Amino acids, for
example, have functions in diverse processes, including incorporation into proteins
(Pratelli & Pilot, 2014), signaling molecules (Fraser & Chapple, 2011), precursors
of metabolic pathways (Ramesh, Tyerman, Gilliham, & Xu, 2017) and stress
response (Hayat et al., 2012). Plant possesses around 200.000 metabolites and
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an increasing number of studies in metabolomics has enabled a fast exploration
of the metabolome of plants. Metabolic modifications produced by heat stress can
generate severe damage to plants. For example, high temperatures decrease
antioxidant enzyme activity (Djanaguiraman, Prasad, & Seppanen, 2010) leading
to lipid peroxidation of cellular membranes. Additionally, it is known that heat
reduces the sugar levels in plants due to a reduced photosynthesis activity leading
to a deficiency in plant nutrition (Chaitanya, Sundar, & Reddy, 2001).
Plants can respond to heat stress-inducing protective mechanisms that include the
induction of heat shock proteins that function as protein chaperones and protect
the plants of protein misfolding, aggregation, or degradation. Additionally, to heat
shock proteins, plants produce different osmolytes and antioxidants to protect
themselves from heat stress (Almeselmani, Deshmukh, Sairam, Kushwaha, &
Singh, 2006) including proline, glycine, betaine and aminobutyric acid (Hayat et
al., 2012), (T. H. H. Chen & Murata, 2011), (Kinnersley & Turano, 2000). Also,
there are some adjustments of metabolites (glutathione and ascorbate) related to
reactive oxygen species scavengers to prevent oxidative stress that contributes to
the response to heat stress (Noctor et al., 1998), (Caverzan et al., 2012), (Strzalka,
Kostecka-Gugala, & Latowski, 2003). Recently, studies of the metabolome in
Agrostis scabra plants, for example, have identified metabolites related to heat
stress tolerance, including hexose sugars, amino acids involved in energy source,
polyamine putrescine, proline, and sucrose (Y. Xu, Du, & Huang, 2013).
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The development of new metabolomics platforms has become a powerful tool to
explore plant metabolome and increase the knowledge on the metabolomic
response to heat stress and heat priming in plants.
In this research, I used metabolomics approaches to obtain a more comprehensive
picture of the metabolome of heat-stress primed and non-primed plants of
Arabidopsis thaliana.

Here, the heat-stress priming was analyzed at the

metabolomic level to reveal the role of specific metabolites in the formation of heatstress memory and the sustainability of this memory in primed plants. Finding that
primed plants performed better than non-primed plants under severe heat stress
due to altered energy pathways and increased production of branched-chain
amino acids, raffinose family oligosaccharides, lipolysis products, and tocopherols.
During the priming phase, we found an accumulation of metabolites related to
sucrose, raffinose family oligosaccharides, and lipid superpathway (e.g., 2aminoheptanoate, glycerol 3-phosphate, and glycerophosphorylcholine (GPC)).
These metabolites are strong osmolytes, and these findings suggest that they may
have a role as membrane protectors and help to prepare the plants for following
heat stress. Sucrose is a candidate signaling metabolite and based on this study
a key factor for the establishment and maintenance of thermopriming. Additionally,
considering that carbohydrates are essential compounds for plant growth (Eveland
& Jackson, 2012), and that contribute to several oligosaccharide pathways
especially RFO pathway that are important osmolytes, it can be suggested that
sucrose help heat-stress primed plants to continue with their growth once the
stress stops.
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Additionally, I investigated the effects of heat shock in primed and non-primed
plants before (TP6 vs. TP9), during (TP7 vs. TP10), and after (TP8 vs. TP11) heat
shock. From this analysis, I found several metabolites with high abundance in
primed plants that were not accumulated in non-primed plants before heat shock.
This list of metabolites includes compounds belonging to raffinose family
oligosaccharides, branched-chain amino acid biosynthesis, and tocopherols. From
this group of metabolites, four are considered thermomemory metabolites as their
levels increase in response to heat priming and are sustained continuously in
primed plants (galactinol, δ-tocopherol, stachyose, and raffinose). Many
metabolites were accumulated in primed plants during heat shock that were not
accumulated in non-primed plants including amino acids and lipids (e.g.,
putrescine,

2-hydroxylaurate,

glycerol

3-phosphate,

and

glycerophosphorylcholine). From this result, I inferred that the production of
glycerol backbones from membrane phospholipids is involved due that
phosphatidylcholines constitute a major component of plant membranes, and the
lipolysis product glycerophosphocholine is one of the most critical osmolytes
known.
Finally, the most significant difference between the primed and non-primed plants
was observed in the recovery phase (TP8 VS. TP11). I noticed that primed plants
had accumulated compounds of carbohydrates, lipids, and some amino acid
pathway precursors, polyamines, tocopherols, and secondary metabolites from the
phenylpropanoid pathways. These compounds share the property of being related
with energy or anabolic metabolism and on the contrary, the non-primed plants
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were enriched with compounds associated with catabolism (e.g., acetylated amino
acids, the sugar acid gluconate, lysolipids, and nucleic acid catabolites). From this,
I suggest that primed plants are prepared to continue with the formation of cellular
structures and continue with normal growth and development.
5.7 Conclusions
In this study, I identified the metabolites involved in thermopriming and
thermomemory in Arabidopsis thaliana. The results of the current study suggest
that heat-stress priming re-balance metabolomic homeostasis to help the primed
plants to better cope with the following exposures to high temperatures.
Furthermore, this process likely leads to an initial shift at the transcriptional level,
which contribute to the formation of a ‘heat-stress memory’ endowing plants with
improved tolerance to recurring heat stress. Finally, the association of metabolites
involved in sucrose, RFO, and lipid pathways have a significant role in response
to heat priming and help to prepare primed plants for tolerance to subsequent heat
stress by allowing them to acquire thermomemory for several metabolites, such as
galactinol, δ-tocopherol, stachyose, and raffinose.
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CHAPTER 6

Thermopriming in crop species
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6.1 Abstract
High stress is one of the main problems affecting agriculture and limiting food
production. Tomato is one of the most important crop species growth favorable in
temperatures between 25 °C and 30°C during the day and 20 °C at night;
consequently an increase over the average temperature affects negatively the
crops leading to senescence, discoloration, leaves rolling, low seed germination,
slower growth, flowering and development of embryo. Heat stress priming induces
thermomemory that helps plants to survive subsequent heat stress, making this
phenomenon an interesting approach to be implemented into crop species. In this
thesis, I analyzed the difference between primed and non-primed plants at the
transcriptional and post-transcriptional level. The results demonstrated that (i)
there is a group of genes identified as putative heat-stress memory genes; (ii) gene
ontology analysis indicated that the putative heat-stress memory genes are
involved in metabolic processes, cellular processes, reproduction and response to
a stimulus. (iii) Primed and non-primed plants DEGs were similar at the recovery
phase supporting the results observed after the heat shock, in which the majority
of the non-primed plants survive as the primed plants did. (iv)The RNA-Seq data
revealed that the putative heat-stress memory genes mainly encoded for HSFs,
HSPs, and heat-stress responsive genes mainly. At the alternative splicing level
from the comparison between all the time points and the control sample, I found
that alternative 3’ acceptor site was the most induced event following by intron
retention during priming phase suggesting differential regulation of alternative
splicing in response to high temperature. Surprisingly, the alternative splicing
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events observed in primed and non-primed plants during and after heat shock were
relatively similar. Consequently, understanding and revealing the mechanisms
underlying thermopriming in crop species such as tomato will help in the future to
develop fruitful new agriculture strategies.
In this thesis, I have established a heat stress priming platform in the model plant
Arabidopsis thaliana. This heat stress priming platform enabled me to study the
molecular underpinnings of heat stress priming. I investigated the molecular
regulation at the transcriptional, and post-transcriptional levels. Interestingly, I
identified a set of memory genes whose expression and splicing contribute to the
establishment of thermomemory. Furthermore, I have conducted a comprehensive
metabolic study to identify key metabolites involved in the establishment of heat
stress priming. In this chapter, I attempted to translate this knowledge into crop
species. Therefore, I applied this heat stress priming platform to tomato to improve
their tolerance to heat stress. I have shown that this platform can be applied to
crop species promising exciting applications in agriculture to improve food
production.
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6.2 Introduction
High temperatures are affecting crops at a worldwide scale, and the implications
on crop production are already beginning to be observed (Bita & Gerats, 2013).
Tomato (Solanum lycopersicum L.) is an important crop species, that belongs to
the Solanaceae family, cultivated and consumed around the world (Grandillo,
Zamir, & Tanksley, 1999). Originally tomato is a native plant of South America and
was introduced to Europe by the Spanish conquers in the 16th century
(Bergougnoux, 2014), for at least one century the tomatoes were believed to be
toxic and it was until the 17th century that tomatoes were started to be used in the
cuisine. The domesticated tomatoes of today have been widely bred for various
qualities such as shape, pest resistance, production, etc. (Bergougnoux, 2014).
This fruit is rich in vitamins A and C (Agarwal & Rao, 2000) and based on the FAO
data

tomato

is

the

second

most-consumed

vegetable

in

the

world

(http://www.fao.org). Generally, tomato plants are cultivated in tropical,
subtropical, and warm temperate climates with an extended growing season, and
countries such as China, India, United States of America, and Turkey, are leading
the top ten of producers (Boulard, Fatnassi, & Tchamitchian, 2011). Besides the
importance of tomato in the crop market, tomato is considered also a model crop
due to different important traits including the relatively short life cycle, high selffertility, sequenced genome, and a diversity of wild accessions (Foolad, 2007). All
these characteristics make tomato plants an excellent model plant to study
different environmental conditions including heat stress.
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The optimal growing temperature of tomato is between 19 °C and 25 °C (Hurd &
Cooper, 1970) and they are susceptible to temperatures above 25 °C, resulting in
adverse effects in the normal plant growth, affecting as well the productivity and
yield (Hasanuzzaman et al., 2013). Heat stress during the time of reproduction in
tomato caused a significant increment in flower drop, and this leads to a decrease
in fruits yield (Berry & Uddin, 1988). High temperature affects negatively the
meiosis in both reproductive organs, the flowers, stigma tube elongation, quality of
pollen, germination, and pollen tube growth. For instance, low fruit setting,
reduction in the flower fertilization rate, a decrease in the lycopene content and
high evaporation is related to heat stress, indicating that heat stress in tomato
occurs at temperatures above 35 °C (Al-Khatib & Paulsen, 1999), (Rivero et al.,
2001b). Temperatures above 25 °C reduced fruit number, and fruit weight
significantly (Peet, Sato, & Gardner, 1998) and higher temperatures (≥45 °C) can
lead to programmed cell death activation of caspase enzymes and cytochrome c
(Xia et al., 2009). Heat stress has several specific adverse effects on tomato
depending on the genotype. Observations in the field and greenhouse conditions
have shown a range of physiological tolerance between the genotypes. From the
comparison of the effects of heat stress on the different genotypes of tomato, it
has been suggested that high temperatures affect mainly the pollen grains and this
is most evident in the heat-sensitive genotypes (Levy, Rabinowitch, & Kedar,
1978).
Due to their sessile nature, plants have to fine-tune their molecular responses at
different levels, like genome, epigenome, transcriptome, metabolome, and
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proteome to ensure their survival (Hatfield & Prueger, 2015). Plants have an
intrinsic tolerance known as the basal stress-tolerance response that varies from
one species to another, a characteristic that also depends on the genotypes (Hilker
et al., 2016). In addition to the basal stress-tolerance, plants can acquire tolerance
to heat stress if they are primed to heat stress. This process establishes a
molecular heat-stress ‘memory’ that allows plants to survive subsequent severe
stress (Sani et al., 2013b). Thermopriming to heat establishes a cellular state that
is different from the non-primed plants allowing the primed plants to respond faster,
better, and tolerate future exposures to heat stress (Bruce, Matthes, Napier, &
Pickett, 2007), (Mauch-Mani et al., 2017), (Ling et al., 2018). Heat stress memory
provides to the primed plants a robust, quick, and better response to subsequent
exposure to high temperatures; including a better recovery (Hilker et al., 2016),
(Ling et al., 2018), (Conrath et al., 2006). There are some genotypes of tomato
which are tolerant to the mild heat and having the ability to maintain normal
development processes including pollen and fruit production (Dane, Hunter, &
Chambliss, 1991), (Firon et al., 2006).
The identification of factors controlling the response to induced heat-stress priming
has revealed that some heat-stress genes contribute to thermotolerance, as an
example of these genes are the heat shock proteins and heat shock factors
(Fragkostefanakis et al., 2015), (Larkindale et al., 2005), (Zhou et al., 2012).
Natural selection and genetic variation had influenced the ability of tomato plants
to produce fruit under high temperatures. This heat tolerance involves a complex
network of chaperones proteins that protect the cell of damage. Studies performed
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at the metabolomic level in heat acclimated tomato plants suggest that the addition
of phenolic compounds have an important role in the acclimation mechanism
(Rivero et al., 2001a). At the transcriptional level, a recent study performed in a
heat-tolerant genotype of tomato identified that heat stress regulation involve HSF
genes, HSP genes, ROS scavengers, genes controlling sugars levels, and
homologs of Arabidopsis pollen-specific genes (Frank et al., 2009).
Considering the increment in global temperatures forecasted for the future, the
importance of tomato worldwide, and the applicability of tomato as a model plant
makes a valuable object to study the heat-stress priming mechanism in this
species.
To provide a deeper insight into the thermopriming and heat-stress ‘memory’ in
crop species. In this study, I applied the thermopriming platform, established,
tested and proven effective in Arabidopsis as previously described (Chapters 2, 3,
4 and 5) (Ling et al., 2018), to tomato plants (Solanum Lycopersicum L.). This
chapter is dedicated to show and discuss the results of the analysis of the different
changes in gene expression including the changes in the splicing patterns in heatprimed and non-primed tomato plants.
6.3 Research aim and objectives
This study aimed to use the heat-stress priming design previously established in
Arabidopsis in tomato crop species as it is tomato and explore the transcriptional
and post-transcriptional responses in primed and non-primed plants. This study
enabled the identification of heat stress memory responsive genes and splicing
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events associated with the tolerance to high temperatures. Such factors can be
used as markers in breeding and in the development of new heat-priming
strategies that can help crop species to cope with heatwaves.
6.4 Results
6.4.1 Thermopriming treatment for transcriptional and post-transcriptional
analysis in tomato plants.
Two groups of plants, primed and non-primed plants, were used for this analysis.
The primed plants correspond to the plants exposed to the heat-priming regime,
previously used in Arabidopsis (Ling et al., 2018) which was applied to commercial
tomato plants (Solanum lycopersicum L from Money Maker F1) (Figure 6.1). Group
I (primed plants) were exposed to a heat priming regime when they were 20 days
old, during this phase three samples were collected at different temperatures, time
point 2, time point 3, and time point 4. The control sample (time point 1) was taken
during the same day of the heat priming treatment. These plants after heat priming
treatment were placed back to normal temperature. After two days of recovery,
one sample was collected (TP5) to analyze the heat-stress memory genes. At the
day 24, samples of each group were collected time point 6 (primed plants) and
time point 9 (non-primed plants) before exposing plants to heat shock (45 °C).
Immediately, after the heat shock, two more samples were collected; one of each
group, time point 7 and time point 10, to analyze the response to heat stress in
both groups. Finally, after a period of recovery two more samples were collected,
time point 8 and time point 11, to study the genes involved in the ability of the
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plants to recover and to analyze the difference and similarities between the two
groups, primed and non-primed plants in response to heat stress.
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Figure 6.1 Thermopriming experimental design used in tomato. This was used to analyze the
transcriptional and post-transcriptional responses in primed and non-primed plants. In the figure,
two groups of seedlings are shown, the group I (primed plants) and group II (non-primed plants).
The group I is exposed to heat priming when the seedlings are 20 days old, and 7 samples are
collected during the different phases from this group at the different temperatures as it is shown.
The group II represented the non-primed plants; these plants were exposed to heat shock when
they were 24 days old, and three samples were collected at the temperatures shown.
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From this experiment, I observed that primed plants after heat shock were less
stressed at the physiological level compared to non-primed plants (Figure 6.2a).
This result corroborated our finding in Arabidopsis and showed that heat priming
treatment provides the tomato plants with a thermotolerance and ‘heat-stress
memory’ allowing them to survive and continue with their development after being
exposed to heat shock.
Additionally, I also observed that both groups of plants survive to the heat shock,
but the non-primed plants’ group have a survival rate lower than that of the primed
plants. The plants that manage to survive showed burned and rolled leaves, short
height, less number of flowers, and faster development in comparison with the
primed and control plants (Figure 6.2b and 6.2c).
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Figure 6.2 Phenotypes of seedlings and tomato plants under different heat conditions. a) Pictures
from seedlings of 24 days old immediately after heat shock, above view from the front and bottom
photo view from the top of the plants. b) Plants 45 days old, 15 days after been transferred to the
greenhouse under normal conditions. c) Pictures of a leave of a primed plant and non-primed plant.
Control represented the plants that were not exposed to any heat treatment and growth under
normal conditions; primed represent the plants that were exposed to a heat priming treatment
previously to heat shock; non-primed plants represented the plants that were exposed only to heat
shock.
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6.4.2 Differential gene expression during the phases of the heat-stress
priming treatment
The genome-wide transcriptional variations induced by heat priming were
analyzed as well as their role in the acquisition and maintenance of the heat-stress
‘memory’ and the tolerance induced by priming in tomato plants. In order to do this
analysis, RNA was extracted of each sample to perform RNA-sequencing to
investigate the differential gene expression patterns during the different phases of
the treatment and to be able to compare the similarities but especially the
difference in response to heat shock between the two groups of plants, primed and
non-primed.
From this analysis, I identified the differential gene expression patterns at all the
time points. From the comparison between time point 1 and time point 2, I found
the early response genes to mild heat stress. From the correlation between time
point 1, and the combination of genes in the time point 3, and time point 4 I
identified the heat stress response genes under severe temperature. Moreover,
from the correlation between time point 1, and the combination of genes in time
points 2, 3, and 4 I identified all heat-responsive genes.
After exposure to heat stress, several genes were up or down-regulated as it was
observed in the different comparisons between time point 1, and time points 2, 3,
and 4 (Figure 6.3). However, during the recovery phase, the differentially
expressed genes that keep the same enrichment patterns were likely to function
in maintaining heat stress memory.
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Subsequently, I compared the primed plants four days after the heat priming (time
point 6) with plants with the same age from the non-primed group (time point 9)
(Figure 6.4). Surprisingly, I found a group of genes up (181 genes) and down (209
genes) regulated in this comparison. In Arabidopsis, I found a higher amount of
genes up-regulated and down-regulated (982 up and 1642 down-regulated genes)
using the same experimental design (Ling et al., 2018), I observed that the total
amount of differentially expressed genes was lower in tomato. This list of genes
includes the candidate genes controlling the acquisition and maintenance of heat
stress memory, and those allowing the primed plants to survive subsequent
exposure to heat stress.
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Figure 6.3 Differentially expressed genes at different time points compared to time point 1 (control).
The y-axis represents the number of differentially expressed genes in each comparison up and
down-regulated. The x-axis represents the comparisons between time points.
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Figure 6.4 Differentially expressed genes from the comparison between primed and non-primed
plants. The y-axis represents the number of differentially expressed genes, up and down-regulated
genes in each comparison. The x-axis represents the comparisons between the different time
points of the primed and non-primed plants.
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The gene ontology (GO) analysis conducted between time point 6 (primed plants)
and time point 9 (non-primed plants) indicates that the up-regulated genes are
involved in biological processes including metabolic process, reproduction
process, and response to a stimulus. Meanwhile, the down-regulated genes of this
comparison are involved in metabolic processes, response to a stimulus, cellular
processes, and localization (Figure 6.5, and 6.6). Also, I found that the most
common classes of proteins encoded by the genes up and down-regulated from
this comparison, included in up-regulated genes, classes of proteins including
enzyme modulator, nucleic acid binding, hydrolase, and the down-regulated group
of genes are related to proteins that belong to various classes including chaperons,
oxidoreductase, and hydrolase (Figure 6.7).
Additionally, as I previously observed in Arabidopsis, primed plants survived to the
second exposure to heat stress while non-primed plants were not able to survive
(Ling et al., 2018). Interestingly, in this study, the tomato plants in both groups were
able to survive. However, the primed plants performed better after the heat shock
while the non-primed plants struggled more to survive and showed physiological
effects of heat stress (from 45 plants treated with heat shock 10 died after heat
shock in the non-primed plants while 35 survived). This behavior supported the
patterns found in differential gene expression patterns and observed during the
recovery phase after heat shock in both groups of plants, primed plants (time point
8) and non-primed plants (time point 11).
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Figure 6.5. Gene ontology analysis of up-regulated genes from the comparison between time point
6 and time point 9. Pie charts are showing the gene ontology analysis from the up-regulated genes
DEGs from the comparison between time point 6 (primed plants) and time point 9 (non-primed
plants). a) Pie chart with the most common biological processes, b) Pie chart showing the most
common molecular functions, c) Pie chart with the cellular component. This GO analysis was done
using the PANTHER classification system.
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Figure 6.6 Gene ontology analysis of down-regulated genes from the comparison time point 6
versus time point 9. Pie charts are showing the gene ontology analysis from the down-regulated
genes DEGs from the comparison between time point 6 (primed plants) and time point 9 (nonprimed plants). a) Represents the most common biological processes, b) Chart showing the most
common molecular functions, c) Chart showing the cellular component. The gene ontology analysis
was done using the PANTHER classification system.

Figure 6.7 Expression patterns of the up and down-regulated genes in all time points. a) Heatmap
showing the expression patterns of the up-regulated genes in all-time points in comparison to time
point 1. b) Heatmap showing the expression patterns of the down-regulated genes in all-time points
in comparison to time point 1.
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6.4.3 Transcriptional regulation of candidate genes mediating heat stressinduced priming memory.
The RNA-Seq data revealed that a subset of transcriptionally regulated genes may
be involved in the mediation of the acquisition and sustaining of heat stress
memory. The expression patterns of these genes were validated with qRT-PCR
(Figure 6.8). The validation was done for some heat shock proteins (HSP70.9,
HSP20, HSP3, and sHSP), heat shock factors (HSfB1), and some heat-stress
responsive genes (MBF1, ERTF4) corroborating the RNA-Seq data.
6.4.4 Alternative splicing events regulating the response to heat and priming.
From previous studies, alternative splicing has been linked to the regulation of
plant response to several stresses. Based on our previous results in Arabidopsis,
I found that primed plants were able to ‘remember’ how to splice in comparison
with non-primed plants and that intron retention was the common event. Therefore,
I decided to analyze the alternative splicing events primed and non-primed in
tomato plants. From this analysis, I found that the most common alternative
splicing events during heat-stress priming phase was alternative acceptor site 3’
(TP3, TP4 compared with TP1) following by intron retention. During the recovery
phase after heat priming, these patterns observed in TP3 and TP4 were sustained.
In response to heat shock primed, (TP7) and non-primed (TP10) plants showed
similar patterns in alternative splicing events with a small difference in the patterns
of non-primed plants due to a higher amount of alternative donor events and
similarity to the patterns in TP4 (priming phase).
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During the recovery phase after heat shock, the alternative splicing events patterns
in primed and non-primed plants were also similar, but the non-primed plants
showed a slight increase in the alternative donor event.
The number of genes showing differential alternative splicing in primed and nonprimed plants in response to heat shock was different, the non-primed plants
(TP10) showed a higher number of differential alternative spliced genes than in
primed plants but once the stress is released these numbers are relatively close.
Many of the genes exhibiting differential alternative splicing in primed and nonprimed plants encode for SR proteins, HSPs and HSFs. I selected a group of these
genes to validate and corroborate the alternative splice events using RT-PCR.
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Figure 6.8 Expression of heat-responsive genes. Including heat shock proteins (HSP) genes show
up-regulation by heat stress and priming, most of them sustain high expression levels even after
four days of priming (TP6) in comparison with controls (TP1 and TP9). Heat shock factors (HFS)
and heat-responsive marker genes show up-regulation by heat stress and priming.
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Figure 6.9 Alternative splicing events at different time points. a) Total detected alternative splicing
events from the comparison done between all the time points and the control (TP1). b) Most
significant differential alternative splicing events. c) Differential alternative splicing gene number.
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Figure 6.10. Differential splicing pattern of SR and SRSP genes at different time points. a) Splicing
patterns of SR and SRSP genes expressed intron retained isoforms. RT-PCR was performed using
primers that flank intron. b) Gene structure and intron retention of interesting regions from three
heat
shock
factors
as
illustrated
using
IGV
program
(http://software.broadinstitute.org/software/igv). Coverage of RT-PCR amplified region fragments
are indicated by the blue bards on the bottom of each panel.
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6.5 Methodology
6.5.1 Plant material and growth conditions
Seeds of commercial tomato (Solanum lycopersicum L from Money Maker F1)
were sterilized using 70% ethanol and spinning them for two minutes at room
temperature, later immersing them in 25% bleach for 20 minutes at room
temperature with gentle spinning and wash five times with dH2O under the sterile
hood (Kimura & Sinha, 2008).
The seeds were germinated in a paper filter during four days and transferred to
soil (Potting soil based on % Sphagnum red moss) under long-day conditions: 16
hours light (white light ~75 µmol m-2s-1) and eight hours dark, at 22 °C in a growth
room. The plants were grown in small pots and watered twice per week. After 20
days the plants were divided into two groups: primed and non-primed plants.
6.5.2 Heat stress priming and heat shock treatment
Using the same heat-stress priming platform described previously in Arabidopsis
with a slight variation in the age of the seedlings at the moment of the heat priming,
in this case, instead of 12 days, the seedlings were 20 days old to be allowed to
collect samples from the two leaves and two cotyledons. At day 20 the seedlings
were split into two groups, group I and group II. Group I, was transferred from the
growth room to a chamber where they were exposed to a gradual increment in
temperature from 22 °C to 45 °C in five hours, and then the maximum temperature
was held for 1.5 hours more. During the heat-priming process were taken four
samples; time point one before the heat-priming process started (TP1, 22 °C), time
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point 2 three hours after the heat priming platform started (TP2, 33.5 °C), time
point three was taken as soon as the maximum temperature was reached (TP3,
45 °C) and a fourth sample after 1.5 hours at 45 °C (TP4, 45 °C). These seedlings
were transferred to the growth room under normal conditions and water
immediately after the treatment. Two days after a fifth sample was taken from the
group I (TP5, 22 °C). After four days of the heat-priming treatment, the two groups
of plants were transferred to the chamber for heat shock. One sample of each
group was taken before the heat shock at 22 °C, time point 6 and time point 9,
from the group I and group II, respectively. The heat shock lasted 1.5 hours and
one more sample of each group were collected immediately after, time point 7 and
time point 10, the group I and group II, respectively. The plants were placed back
in the growth room and two days after one more sample of each group was
collected, time point 8 and time point 11, from the group I and group II, respectively.
Three biological replicates of each sample were collected, frozen in liquid nitrogen
and stored at -80 °C.
6.5.3 RNA extraction and RNA-sequencing
Samples were ground in liquid nitrogen, and an initial amount of ± 200 mg of each
sample was used to isolate the RNA using Oligotex mRNA Mini Kit (Cat. No.
70042, Qiagen Inc. Valencia, CA, USA). The RNA-sequencing libraries were
constructed using Illumina, HiSeq system and sequenced on the HiSeq platform
to generate high-quality paired-end reads.
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6.5.4 RNA-sequencing data analysis and functional gene classification
Three replicate samples per time were used. The annotated tomato gene models
were

downloaded

from

the

Sol

Genomics

Network

(SGN)

data

(https://www.solgenomics.net/) (Fernandez-Pozo et al., 2015). TopHat (Version
2.0.10) was used for alignment and to predict splice junctions (Trapnell & Salzberg,
2009). The gene expression levels, fragments per kilobase of transcript per million
mapped reads, FPKM, were calculated using Cufflinks (Version 2.0.0). The
differentially expressed genes were identified using Cufflinks and limma package
in R (http://www.r-project.org/). The criteria used to define the differentially
expressed genes included show more than 1.8-fold up/down-regulation in the three
replicates, and p-values less than 0.05. The gene ontology analysis was done
using the PANTHER (Protein ANalysis THrough Evolutionary Relationships)
classification system.
To filter false-positive junctions, criteria used to set as cut-off values include
overhang size of more than 20 base pairs and at least two reads spanning the
junctions (Tilman et al., 2011). JuncBASE (Junction Based Analysis of Splicing
Events) was used to annotate all alternative splicing events based on the input
genome coordinates of all annotated exons and all confidently identified splice
junctions. The Fisher’s exact test was used in the identification of differential
representation of each type of alternative splicing event. For all the alternative
splicing events with a p-value < 0.001 were identified as significantly different. For
intron retention, Fisher’s exact tests were performed on the intron-read counts and
corresponding exon-read counts between different samples. Also, intron retention
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events exclusively identified in a sample were considered significant only when
they show at least 5-fold coverage of support and the p-values of these events
were assigned to zero.
6.5.5 DNA preparation, qRT-PCR, and RT-PCR
Reverse-transcription PCR and quantitative real-time RT-PCR were done. The
digestion of contaminating DNA in the total RNA samples was performed during
the RNA extraction using RNase-Free DNase Set (Cat No. 79254, Qiagen Inc.,
Valencia, CA, USA) directly during the RNA extraction following the manufacturer’s
protocol. The total RNA was reverse transcribed using SuperScript™ II Reverse
Transcriptase (Cat No.1864, Invitrogen) to generate cDNA and for RT-PCR was
used Phusion® High-Fidelity DNA polymerase (Cat No. M0530S, BioLabs® Inc.).
The qRT-PCR was done using Power SYBR Green PCR Master Mix (Cat No.
4367659, Invitrogen) under the following conditions: 95 °C for ten minutes for initial
denaturation, followed by 40 cycles of 95 °C for 15 seconds, 60 °C for one minute.
The list of primers used for qRT-PCR and RT-PCR are listed in the appendix.
6.6 Discussion
The second most produced vegetable in the world is tomato. This important
vegetable crop is threatened by the high temperatures waves generated by climate
change. The production of tomato is highly related to the temperature, and heat
stress decreases the pollen quality and reducing fruit production. Many studies
have been focused on the physiological effects of heat stress. However, the effects
of priming in plants exposed to heat shock compared to non-primed plants have
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not been yet analyzed. Here I applied a heat-stress priming design previously used
in Arabidopsis in order to investigate the effects of priming in young tomato plants.
At the transcriptional level, these findings suggested that heat-priming activates a
group of genes that are sustained even after a couple of days as it was observed
in Arabidopsis. These observations indicated that this set of genes are involved in
heat-stress memory and their regulation in primed plants is key to respond robustly
to the following heat shock. Gene regulation at the post-transcriptional level is less
understood. In this study, it is reported that pre-mRNA splicing is one of the
responses to heat stress generally. From the RNA-Seq data, I observed that
alternative splicing events are abundant in tomato. Alternative acceptor (AA),
intron retention (IR), and alternative donor (AD) are differentially regulated by heat
stress, as it is observed in the priming and heat shock stages. These results
suggested that alternative splicing is regulated by heat and as it is suggested in
previous analysis splicing regulators are possibly involved in this regulation (Chang
et al., 2014). The most common alternative splicing observed in this study
alternative acceptor, intron retention and alternative donor, have been suggested
to play a regulatory role in response to heat stress and heat tolerance. Intron
retention, for example, is suggested to be regulated by SR proteins in plants and
alternative acceptor and donor events may be regulated by splicing silencers, like
hnRNPs (Chang et al., 2014). The data provided here suggest that alternative
splicing can be differentially regulated in response to heat priming and heat stress
in tomato plants.
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6.7 Conclusions
Heatwaves threaten tomato production, and even when the effects to heat stress
of these plants sometimes are not so evident at the physiological level, the
reproductive parts, anthers, and pollen are very susceptible leading to low
production of fruits. Results of this study suggest that there is a set of genes that
can be considered as putative stress memory genes. Additionally, it is proposed
that alternative splicing is differentially regulated under heat stress. The data
obtained here open the questions such as how alternative splicing regulation can
be linked to heat-priming in a crop species such as tomato. This study shows the
power of heat stress priming to improve the performance of crop species under
climate change conditions and promise to increase crop yields and improve food
security for the growing world population.
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CHAPTER 7

Conclusions
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7.1 Concluding remarks
In this thesis, I explored the molecular underpinnings of the phenomena of heat
stress priming and the different factors contributing to ‘stress memory’ formation
and maintenance. In order to accurately study the heat stress priming process in
a model and a crop species, I designed and established heat priming platform.
Furthermore, this design was used to analyze the priming process at
transcriptional, post-transcriptional and metabolomic levels.
First, a heat priming method was designed. This priming platform was successfully
tested and used in Arabidopsis thaliana seedlings sown in ½ MS media and soil
(Chapter 2). The primed plants using this method were exposed to heat shock to
compare them with non-primed plants grown under normal conditions. Further, it
was shown that primed plants respond robustly better to heat shock in comparison
with non-primed plants. Therefore, primed seedlings recovered from the heat
shock continuing with their development while the non-primed plants showed
severely damaged that after few days lead to the death of the seedlings. Second,
from the experiments in soil, I conclude that other factors will have to be taken into
consideration.
Once established the priming platform, I used the seedlings sown in ½ MS medium
to collect samples. These samples were used for the analysis of the gene
expression patterns during the different stages of the priming and heat shock
treatment (Chapter 3). Priming conditions induce transcriptional changes that are
sustained during the recovery stage or formation of the memory. Since the priming
platform established here (Chapter 2) include a stress-recovery and memory-
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establishment phases, it was possible to determine and identify the genes which
lead to the acquisition and maintenance of heat-stress memory. From the
differential expressed genes profiles during the recovery phase after the priming,
most of the gene expression profiles were reset to similar expression patterns
observed in control samples. However, a group of genes retained their expression
levels similar to the expression profiles of samples during the mild and severe
temperature in the priming stage, suggesting that this set of genes may be
indispensable for the plants to acquire thermotolerance through the activation of
heat shock proteins. This group of ‘memory genes’ included genes encoding for
heat shock factors and heat shock proteins.
Using the same heat-priming designed described previously (Chapter 2) it was
investigated the effects of heat-stress priming at the splicing level in primed plants
compared to non-primed plants after severe heat stress (Chapter 4). It was studied
whether the repression of splicing was indiscriminate or whether subsets of genes
were differentially spliced under high-temperature conditions, finding that primed
plants did not respond to heat shock by accumulating high levels of intron retention
as the non-primed plants did after the heat shock. Therefore, primed plants can
maintain a ‘splicing memory,’ whereby after relief of the stress they exhibit efficient
splicing and splicing patterns supporting plant growth and development. In
conclusion,

this

splicing

memory

is

an

essential

element

conferring

thermotolerance to primed plants.
In this thesis, it was also explored the global composition and dynamics of the
metabolome under high temperatures in primed and non-primed plants (Chapter
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5). To detect the different metabolites involved in thermopriming and
thermomemory it was used a combination of techniques such as gas
chromatography and mass spectrometry, finding that primed plants perform better
than non-primed plants under heat shock and it is due to modifications in energy
pathways and an increment in the production of branched-chain amino acids,
raffinose family oligosaccharides, lipolysis products, and tocopherols. Under heat
stress, there are two pathways with a significant role in thermomemory,
carbohydrate and amino acid pathways that are essential for the production of
salidroside, a thermomemory metabolite. Additionally, it was found that the
production of glycine betaine and other essential tocopherols have an important
role in tolerance to heat stress in plants.
Additionally, in this project, it was used the heat priming design in tomato plants as
an approach to studying the effects of priming in crop species at different levels
(Chapter 6). The results of this experiment allowed us to identify the candidate
genes involved in ‘stress memory’ in commercial tomato plants. The response at
the level of splicing patterns in tomato was different to the response to heat shock
in primed and non-primed plants in Arabidopsis, suggesting that the basal
tolerance of tomato plants is higher than the basal tolerance of Arabidopsis
thaliana ecotype Col-0.
In conclusion, the results of this thesis emphasize the key importance of heat
priming as a promising strategy to induce resistance to high temperatures in plants.
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2 Supplementary Information for Chapter 3. List of primer used in Chapter 3.
(Gene expression qRT-PCR)
Primer name

Primer sequence in 5’ to 3’ orientation

U1C_SeqF1

CTGTGACTATTGTGACACTTACTTG

U1C_SeqF2

GTGCAGCTTATAATCAACATCTTGC

U1C_SeqR

CAGTTGGAGGAACTGCTGAATAAC

Cap-b2_SeqF

GATGATCGCCCTATTCGTGTTG

Cap-b2_SeqR

CCTGTACCATAATCCACTAGCTG

CPN60-1_SeqF

GGTGGAAGGATCAGTAGTGGTTG

CPN60-1_SeqR

TGAGGTACCATGAGCAACAACC

CPN60-2_SeqF

CTGGTGAGAAGAAGTCCATCG

CPN60-2_SeqR

CAACACCCCCTGAAAGCTTAG

DEAD2L_SeqF

GTGAATTTCCTCTCGACCCTCAG

DEAD2L_SeqR

CCGAACCGATTCTTTGCTTCATC

DEAD36_SeqF

GGTGATGTTCCTGCACCTTTG

DEAD36_SeqR

CCACGATTGTGCCTGAATTGG

Lsm1_SeqF1

CTTCTAGTGTTGCTGCGAGATG

Lsm1_SeqR1

GCATGATTCCAAGCTGAACCTG

Lsm1_SeqF2

GGAACTTCCACCACACATGAC

Lsm1_SeqR2

CAACTCGCCAATTAACACGACAT

PP2C_SeqF

GTCGATCTACCCGTCGTTTCTTC

PP2C_SeqR

CCTCCGGTTCAGATGTAACATACG

RBGRP-1b_SeqF

CCGAAGTTGAGTACAGTTGCTTC
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RBGRP-1B_SeqR

CTAATAACGGTCACCACCGTAAC

RBPb_SeqF

CAGGAGAAGTAGGAGCAGAAGTG

RBPb_SeqR

CAGCCTCCTCAAATTTCACGAAC

RBPd_SeqF

GAACGTGCTACTGGTCGTTCTC

RBPd_SeqR

GTAGCTTCAGACACAGACGGAG

RED_SeqF

GGTTACAGTCAGTGTTGATGGTTC

RED_SeqR

ACGCCTTCCCCTATGAAGATATC

RPBc_SeqF

GTGAAGTCAGCTTTTCTGGTTGTG

RPBc_SeqR

GCTCTGATGAAGCCCAAGATAATG

RS_SeqF

GGGGAAAAGTACACAACATGAGG

RS_SeqR

CTTAGTCCATTCTACACGAAGCC

RS31d_SeqF

CCCCGCAATTCTTGGTACATAAAG

RS31d_SeqR

CTCGGTCATCCTCAAAGTAGACG

RSc_SeqF

GACCGATTGCACATATTGAGCTG

RSc_SeqR

GTCACGGAAAACTTGGGAGAAAC

SFb_SeqF

GACGGTAATCATCCTAGCAGACAG

SFb_SeqR

GCAATATCGGTGTGATGCCTAAC

SIGRP7_SeqF

CGTTGAATACAGGTGCTTCGTC

SIGRP7_SeqR

CATGGCTTGCTCATCCTTGAAG

SR_Like-a_SeqF

CCCGTTCTCGGATTTCTCGTG

SR_Like-a_SeqR

GACCAGGCGTAGGAGTCCTTG

SR4_SeqF

GAAGACCTCAGGAGGCCATTC

SR4_SeqR

CCACTGCGTTCCCTAGATCTC
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SRlike_SeqF

GTTTGGTTTCGTGACGATGTCC

SRlike_SeqR

GATTGTCGGGAGAATAGTCATGG

SRSPa_SeqF

GAGATGACCCTTGAAGAGTATGAG

SRSPa_SeqR

CTTCTTTGCCTTTTCTTCCTTCTC

SRSPb_SeqF

GTCATCAAGGCAAAACTCTGCC

SRSPb_SeqR

CATCTGGTTTAGGCAATGAGGC

SRSPc_SeqF

CGATATGATGCTCTTGGAGATGG

SRSPc_SeqR

GAACAGCATCAGCAGAAGGATTG

SRSPd_SeqF

GGTTCCAGGAAGAACGATTACG

SRSPd_SeqR

CTGGGTCTACCTGTTTGCCTATC

SRSPe_SeqF

CCCGTTTCTAACAGGGTCACTTC

SRSPe_SeqR

GTTGTAGTTGTCTTCCCTGCATC

SRSPf_SeqF

CTGAGAGTTCTAGTGACACAGAC

SRSPf_SeqF

CTTAGGACTTGGTGTTGTGCTC

SRSPg_SeqF

GGGTCAACCTCCGGATCTC

SRSPg_SeqR

CCAGTGACTAAGCGGTTTGC

SRSPh_SeqF

GACTGGCTGTGTCCAAATACAAG

SRSPh_SeqR

CTTAGCCCAGTTAATGTTGGCAC

THO4_SeqF

GGGGGTTCATTTAGAGGTGGATC

THO4_SeqR

GCCACTCTCCAATACTGATGAC

U1b_SeqF1

CAGAGCTCTTCTTGGCTCTAATG

U1b_SeqR1

CTTGTGAGAAGAGTCTCCAGGATC

194
U1b_SeqF2

GCGGTTATGCATTTGTGGAATTTG

U1b_SeqR2

CTAATCTTCTTGGAATCCAGCCTG

DEAD2_SeqF

CAGAAGCATGAAGTAACTGCAAC

DEAD2_SeqR

CGCTCTAGTTCTTTCAACTGGTG

RS6_SeqF

CTCTATGTGGGACACCTGTCTTC

RS6_SeqR

CAATCCCCAGCTTTGCAATCTC

RSb_SeqF

GCACAGCACCAGGAGAGAGAACC

RSb_SeqR

GGTAGGTTGCCAACGTAGATTG

RSFa_SeqF

CGGGATAGAGATAAGGAGCGAG

RSFa_SeqR

CAGTTCTCTGGTCCCTTTCTGG

RS31_SeqF

CAAGTATGGAAGGATCGAGCGTC

RS31_SeqR1

CATCACGCTCATCCTCAAAGTAG

RS31_SeqR2

GCTTCAAGTTCTTACCTCCGAAC

RS31a_SeqF

GGGAAGGTTGATAGGGTGGATATG

RS31a_SeqR

CCTTTCCAGATCCCTTGTCCTAG

RS31c_SeqF

GATATGGGAGAGTGGATAGAGTGG

RS31c_SeqR

CTTTGACCATTCAATGCGAAGTC

AtGRP7_SeqF

CCACTGATGACAGAGCTCTTGAG

AtGRP7_SeqR

CTTTCTCATCCTTGAAGGTGACG

HSFA7_SeqF

GTCGTCTGGGATCCTCATTCC

HSFA7_SeqR

GGCTAACGAATTCCAAGTCTCCTG

HSFA7_SeqF2

GTTGCTGCTTCCTCTCTGTTC

HSFA7_SeqR2

GACCATAAACTTGATCAGGATCTGC
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HSFB2a_SeqF

GGCTCCAGATCTGTGAGAATAGC

HSFB2a_SeqR

CTGTCGTTTGCGAATTCCCATC

HSFB2b_SeqF

GGAGTTTGCTAGGGATTTGCTTC

HSFB2b_SeqR

CGTACGAAGCAATTCCAAAGCTC

HSP17.6_SeqF

GACGCTCTCCATTATTGATAGCG

HSP17.6_SeqR

GGGTAGCTAATGAATTCAGAGTGC

HSP20a_SeqF

CACTGCTTCTTCGTCGATCTTC

HSP20a_SeqR

GAGTTGTTGTTTAGGTACGGTGAG

HSP20b_SeqF

CTCGGCATCTCTCACCTTCTTG

HSP20b_SeqR

CAAGTAGTGCATCTTTGACAAGGG

HSP20c_SeqF

CAACTTCAGTCAATCCAGTGTACG

HSP20c_SeqR

CCTCTGTATCATGACCTTTCGAAC

HSP20d_SeqF

GAGCTCTGTTGTGGATGTAGTG

HSP20d_SeqR

CAGTCTTCGCCTTAGATGGTG

HSP20d_SeqR2

TTAGCCAGGGACTAAAATTGCC

HSP20e_SeqF

CCATCCTCTGCTCGTGAAATCTC

HSP20e_SeqR

GTCAGCACTCCATTCTCCATCTC

HSP20f_SeqF

CGGAATTGAGATCCAAGGTAGC

HSP20f_SeqR

GTACAAGGCGTCTGGGTAACAAG

HSP40b_SeqF

GGGTGATGACCTGTTTGTTGATC

HSP40b_SeqR

CCTCACATTCATCCAGTTCCATG

HSP70b_SeqF

GTGCTGCAAGGTGAAAGAGAG

HSP70b_SeqR

GATTCTGCTTGATTCTTCGCGTC
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HSP70c_SeqF

GATCTTGGCGGTGGAACATTTG

HSP70c_SeqR

CCTTGATGCCAACTTGCGTTTG

HSP90_SeqF

GAGCAGTTCTCCTTGTGTTCTTG

HSP90_SeqR

CCTCAAGGCCTCTTCATCATCTG

HSP90a_SeqF

CAGCGGTATTGGCATGACTAAAG

HSP90a_SeqR

CTCAGTTGTCTTCTCTGTCCAGAG

HSA32_SeqF

GATTCCAGCACCTCAAACCTCTG

HSA32_SeqR

GTCCAAGACGACCCACAATCTTC

HSFA1b_SeqF

GAATGTGCCGGAGTTTGCTAGAG

HSFA1b_SeqR

CAGATGCATTTGGTACTTTGGAGG

HSFA1c_SeqF

GTAACTTCTCCAGCTTCGTTCG

HSFA1c_SeqR

CCGTGACCCAATACACTAAGAG

HSFA2_SeqF

CATGGAGCACAACAAGGAATAGC

HSFA2_SeqR1

CATTCGCAAATTCCCATCTGTCAG

HSFA2_SeqR2

CTACTAGAGACCGCCTCAAAGC

HSFA4c_SeqF

CGGGAATGTTGAATTTGTATCACC

HSFA4c_SeqR

CTGTGCAGAATGACTATGAACAG

HSFA5_SeqF

CATCGTATCATGGACTCCGACTG

HSFA5_SeqR

CCTGGAGGGTGACTATGACTGTG

HSP70a_SeqF

GCTTCCAACACCAAGCCTTC

HSP70a_SeqR

GTTTGGTTGTCAGCAGCAGTAG

HSP40c_SeqF

CGGAGTATATTGTGTCCCAAGTG

HSP40c_SeqR

GTGCCTTGACATCCATAGCATG

197
EF1a_SeqF

CATGATCACTGGTACCTCTCAGG

EF1a_SeqR

CTTGTACCAGTCGAGGTTGGTAG

Tubulin_RT_SeqF

CGCTGAGTTGATTGATGCTGTTC

Tubulin_RT_SeqR

ACCGACAGTGTAGCATTGTATGG

3 Supplementary Information for Chapter 4. List of primers used in Chapter 4.
(Alternative splicing, RT-PCR)
Primer name

Primer sequence in 5’ to 3’ orientation

At1g07840_SeqF

CGGAGAGAAGGAAGGCCTTCTTC

At1g07840_SeqR

CATGTGGGCCTCAGCGTAATCAG

At3g09350_SeqF

CAGACCGCAGTATTGCCACTGGAC

At3g09350_SeqR

ATCCGTTCTTCTAGTAGCTGCCTCAG

At1g50055_SeqF

CAAGCTCTGCAACTACGATCTG

At1g50055_SeqR

GGACTGGTCGAAACTGACACATG

At1g32330_SeqF

GGAGAGAGGAGACCCATCTGTTGAG

At1g32330_SeqR

ACCAAACCTGGGAGGTTCTAGTCC

At3g11020_SeqF

CGCAAAGTTCCTGCGAAAGGGTC

At3g11020_SeqR

CCGTACATAGCGGTAGCCGCTTC

At4g12470_SeqF

GATGCTCTCAAGCTCGGTGTATGTGC

At4g12470_SeqR

CAAGAACGTTAGCCCTCAGAGCAGTG

At1g63680_SeqF

CTGTACGTTGTGCTGTTGCTATG

At1g63680_SeqR

CTTCCCGACATTCCTCTCTGTC

At1g48410_SeqF

CAGCAGTAGAACATGACACGCTTC
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At1g48410_SeqR

GCCAGAGACATCAGACAGTGGCTC

At3g12580_SeqF

GGGAATCAACTGGCTGAGGCAGATG

At3g12580_SeqR

GCTACCACCAGCAGGTGTGTCGTC

At1g16260_SeqF

CTCGCATCAAGGAGGAATGTGATC

At1g16260_SeqR

GCTTGGCTTTGAGTACCTTTTCTC

At1g69200_SeqF

GCTTACGGTTCAGCCAGATCTTATG

At1g69200_SeqR

GGCTTTGAGGTTCTGTATTCCTTC

At1g74310_SeqF

GACAGTCGATTTCAGGAACTCGGTG

At1g74310_SeqR

GTCCAAAGCAGCATCAGTGACTGCC

At3g25230_SeqF

GGCATTGGTGACCATAGACCCTGAG

At3g25230_SeqR

CCTCAGTGTTCATGTCCCACGATTCC

At5g19470_SeqF

CGATTGCGGTCGGTGTTGTTTCCTAC

At5g19470_SeqR

CAACTTGAGCGACTGGAATCAACCTG

At1g44000_SeqF

CACCTAAGTACAATCGGATCGAG

At1g44000_SeqR

GTCGAACTCAAGAAGCCTTGATG

At1g79350_SeqF

GGATAGAAGGAAGTTTTGACTCAGG

At1g79350_SeqR

CTCCCATGTTACACCACGATCTAG

At2g19310_SeqF

GGATCAAGACGAAGTGATTGCGTTCG

At2g19310_SeqR

CGGCGACGAAGAAGCATCTTTCTC

At4g10250_SeqF

GCTAGACCGGTTCCCTGATCCATTC

At4g10250_SeqR

GACTCGTAAAACTCCGTTCTCCTCCAC

At2g27400_SeqF

CATCCTAAGTCCAACATAGCGTTCG

At2g27400_SeqR

CAATGCTTTTTCTAGTTTCGCCATTAC
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At2g36490_SeqF

CGGTCTATTTTGGTACCTCTGTTC

At2g36490_SeqR

CAAATCCACGTACACATACGTACC

At2g38530_SeqF

GCGCTTATGAGTTGTGGCACC

At2g38530_SeqR

CGGCTTTAGCGGCAGATTGAAG

At2g38810_SeqF

GTGGGTCGTATTCATCGTCAAC

At2g38810_SeqR

CATCTCCTCTGATTGCAAGCTG

At2g39675_SeqF

GACGGGAAGGAACGAAACTGAC

At2g39675_SeqR

GAGTATCGAGTAGAGCGTCGTC

At2g39681_SeqF

GACGGGAAGGAACGAAACTGAC

At2g39681_SeqR

GAGTATCGAGTAGAGCGTCGTC

At2g40020_SeqF

GGGAGAAGCATCATCAGATTATGC

At2g40020_SeqR

CCGTCTCCTCCTCATCAATTAGC

At2g41430_SeqF

GGTGGAGGTCATATCGATGTAGC

At2g41430_SeqR

CATACTTAGCTGGTTCCACAATCG

At2g47940_SeqF

GTGGCAAGGTTCAGAGGAGAAC

At2g47940_SeqR

TGAGATGTGCCAAGTGATGGATG

At3g02380_SeqF

CTCCTCAGGAGCTCACTACAAC

At3g02380_SeqR

GACTCTGGCACAACACTGATGTC

At3g17609_SeqF

CAATGGGAACTCGAGTTCGTCTTC

At3g17609_SeqR

TCCATTTTGAGTCTGGTCAAGCTC

At3g54560_SeqF

GGCTGCTAACAAGGACAAAGAC

At3g54560_SeqR

CTCCAGGATTGAAGCTGTGTAG

At3g55660_SeqF

GTCGTAGACGCAGACGAACTC
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At3g55660_SeqR

aacgaacgtcttcaattccgtg

At3g59250_SeqF

CGCTATCTCTTTGCTTTCAGACC

At3g59250_SeqR

CCCACGCTCTAACACATTGAGTATC

At4g04830_SeqF

CACGAAGTTCGATTCCGGATG

At4g04830-SeqR

GCAGCACAAGTGATCTCAGTTC

At4g29770_SeqF

GTAGCTGTGAGTTTGATTAGCTCTG

At4g29770_SeqR

CCACCAAGTAACTAAGGAGGTTTCC

At4g30270_SeqF

GCGAGTTTATGGAACGCAGAC

At4g30270_SeqR

CCAATTGGAGTTTGGTTTCGAG

At4g38160_SeqF

GTGATGGGAAGAGGCATGGATG

At4g38160_SeqR

GCATTTCTCTAAGGCTGCAGTC

At5g13770_SeqF

GCCGGACAAGGTGAGTTACAC

At5g13770_SeqR

CAGCCTCATTAGCTCATCAATCC

At5g13930_SeqF

GTCGGTCAGGCTCTTTTCAGTG

At5g13930_SeqR

CGGGAACATCCTTGAGGAGATG

At5g15250_SeqF

GTGATCTCCAGCAAGTCACTG

At5g15250_SeqR

CATCCGTAGAACCACATCGTTTTG

At5g16180_SeqF

GACCCGAGAAACCTAGAGACTG

At5g16180_SeqR

CCTCCGATGGTTTCCACAAAG

At5g18040_SeqF

GCAAGTAGTGAGCAAGAAGATTACG

At5g18040_SeqR

CATTATCCACCAAATACTGAGCTGAG

At5g18065_SeqF

caccatttgcctgtcagattcc

At5g18065_SeqR

ccctcgtaaaatccctaccacac
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At5g19190_SeqF

CCTCCTCCTCTCTCTCATTCCAG

At5g19190_SeqR

GTCCCTTTGCTCTGTTCTTGTTG

At5g28770_SeqF

CACACTTGAGTGAGCTAGAGACAC

At5g28770_SeqR

GAGTCTCTTCACTGTCTCTTCAGC

At5g58130_SeqF

CTCAGCGCTGGATATGTTGTCTAG

At5g58130_SeqR

CCTATTCTTGCTTGGATGAGTAAGG

At5g59310_SeqF

GACAGTGTTCATCGTTGCATCAG

At5g59310_SeqR

GAGATGGGATAGGGGATGCTAAC

At5g59720_SeqF

GAGAGAGGAGCAAGGAGAACG

At5g59720_SeqR

CCCGGAGATATCGATGGACTTG

At1g02840_SeqF

CAAATTGATTTGAAGGTTCCTCCAAG

At1g02840_SeqR

CACGAAACTCTGATCTCCTAGATGG

At1g02840_SeqF2

CCGGGGAAGATCCTATTCTAAGAG

At1g02840_SeqR2

CTCGATGGACTCCTAGTGTGGATAG

At1g07350_SeqF

GGAGGATCATTTCGCTAAAGAAGG

At1g07350_SeqR

GGATATGCTACGTGACATGCTTC

At1g09140_SeqF

CTCGCTATACAGCTCTGTCTCAAG

At1g09140_SeqR

ggccagttttcatttTCAACCAG

At1g11610_SeqF

CTAGAGGCCGTTCTCCATCTTC

At1g11610_SeqR

GTTTTACGAGGTGGAGGTGGTG

At1g23860_SeqF

gaaccctaaaacatcccgcttc

At1g23860_SeqR

ctcttcagggtccagttTCACAC

At2g24590_SeqF

CGTTCCTTTGGTGTGATCAGGAG
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At2g24590_SeqR

CTTCTGCGCACATCTTTCAGAC

At2g37340_SeqF

GCCTCGCTATGATGATCGCTATG

At2g37340_SeqR

CTCGTGAAAACTCCACAGTGATG

At2g46610_SeqF

CATGTGTACGTTGGGAATTTCG

At2g46610_SeqR

CTTGGCCCATTCAACTGATAAC

At3g13570_SeqF

CGCAACTTACGTCATGATTGCAG

At3g13570_SeqR

CTTGGAGAACGGTCTCCATTTTG

At3g53500_SeqF

CCTCGCTATGATGATCGCTATGG

At3g53500_SeqR1

CTCTTGATGCCTCCACAGTGATG

At3g53500_SeqR2

CCACGCTTTTCTCTCTTCTCACTG

At3g61860_SeqF

GTGTTCGTCGGCAATTTCGAG

At3g61860_SeqR1

CAACTGATAACCTGCGTTTCTC

At3g61860_SeqR2

TCAAGGTCTTCCTCTTGGGAC

At4g02430_SeqF

CGTGGACCATCTAGGAGATCAG

At4g02430_SeqR

CTCCTCGAATCCCTCCTTGAATC

At4g25500_SeqF

GGTTGAGAGGGTTGATATGAAAGC

At4g25500_SeqR

gtggatccactcttaTCACTCGTC

At4g31580_SeqF

GCGTGAACTTGAGGATGAGTTC

At4g31580_SeqR

GAGGTGGTGATCTACTGTAGCTG

At5g52040_SeqF

GAAGCCTGTCTTTTGCGGAAAC

At5g52040_SeqR1

CTCGAACCACCTGATCTTCCAG

At5g52040_SeqR2

catctccaaTCATTCCTCTGCTG
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4 Supplementary Information for Chapter 6. List of primers used in Chapter 6
(qRT-PCR and RT-PCR)
Primer name

Primer sequence in 5’ to 3’ orientation

Solyc01g006300Peroxidase_SeqF

GACATCGGGATCCGATACAATCG

Solyc01g006300Peroxidase_SeqR

CCATTAGTACCCGTTAACACACC

Solyc01g102960HSP_SeqF

CATACACACGCCCGTTATTCGAC

Solyc01g102960HSP_SeqR

CCAATCTGAACGAGCTAATAAGGC

Solyc01g104740MBF1_SeqF

GGCAGTGCCTAATCAACTAGTG

Solyc01g104740MBF1_SeqR

CTATGGCCTTTCCATTTCCACAC

Solyc02g090820HSFB1_SeqF

GGCGAAGAAACAATGCAATGAC

Solyc02g090820HSFB1_SeqR

CTTGGCTCATGATACGGTTGATC

Solyc03g113930HSP_SeqF

CACTTGACATTCCAGGGATGAAG

Solyc03g113930HSP_SeqR

GTGTTCCAAATCAGCATTTCCAG

Solyc03g123540HSP_SeqF

GGTACCATTCCCGTGGACATTC

Solyc03g123540HSP_SeqR

TCTTCCCGTTGCTTCGTATCACC

Solyc04g014480HSP3_SeqF

GGAAATGTGTTGGTGGTGAAGG

Solyc04g014480HSP3_SeqR

CTCGATCTCCCTCGAGAAATCG

Solyc05g050130Achitinase_SeqF

CATGTCAATACTCTGCTGGTAGC

Solyc05g050130Achitinase_SeqR

GCATAACACCACCATACTTAGGTG

Solyc05g052050ERTF1A_SeqF

CCGGAATTCAAGCTTCAGTCGTC

Solyc05g052050ERTF1A_SeqR

CTCTCGGCTCCGATTTTACTTCG

Solyc06g065970OCA_SeqF

GGCCACATTCACTAGTGGTTGTG

Solyc06g065970OCA_SeqR

GTCAGCACAAACACCAAGCTTC
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Solyc06g076560HSP_SeqF

GGAATTAGGCTTCCCAGGTACC

Solyc06g076560HSP_SeqR

GGAAGATCAGCCTTGAACACATG

Solyc07g053640ERTF4_SeqF

GGAAGGTGATATTGAAGCACCAG

Solyc07g053640ERTF4_SeqR

GTTATTGTAGGACTCGTCCGTG

Solyc08g062340sHSP17.6_SeqF

AGCTCCTCGAAACTTCCTCCTG

Solyc08g062340sHSP17.6_SeqR

CACCTCTCAACATCCCCTGTAA

Solyc08g062450HSP_SeqF

CACCACTCTTCCACACTCTCCAC

Solyc08g062450HSP_SeqR

GTAGCAGCCATGGCCTTAGCATC

Solyc08g065260YCF36_SeqF

GGTGGTTCTTGCAACATCTTTGC

Solyc08g065260YCF36_SeqR

GAACTAAGGGTCAGCAGGTTCAC

Solyc09g011590GST_SeqF

CCAAAGTTGAGAGATGGCAGAAG

Solyc09g011590GST_SeqR

GGCTTGCCATTGTGAATTAGCAC

Solyc09g015000HSP_SeqF

CCTTGACCTATGGGATCCCTTCG

Solyc09g015000HSP_SeqR

CCGGAACATCCACTTTGAAGACG

Solyc09g015020HSP3_SeqF

GGTCGGAGGAGCAATATCTTCG

Solyc09g015020HSP3_SeqR

CGGAACATCCACTTTGAAGACG

Solyc09g075950HSP1_SeqF

CTGCTTGCAAGCTGCTAAACTAG

Solyc09g075950HSP1_SeqR

CGGGTTCATTCCTGAATAAAGCTC

Solyc10g055630Aquaporin_SeqF

GGACTATGTTGACCCTCCTCCAG

Solyc10g055630Aquaporin_SeqR

GAAGGGTGGCGATGAATTCAGC

Solyc11g020040HSP70.9_SeqF

GGCATAAGCTGGACAACAGAACC

Solyc11g020040HSP70.9_SeqR

TCATGGGTCTGAACCTTTGCCTC

Solyc11g020330sHSP_SeqF

GTATCATCACTAAGCGCAGATGG
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Solyc11g020330sHSP_SeqR

CGTCTCTTTCCAGTCGACTCTC

Solyc12g042830HSP20_SeqF

GGTGAACACAAACAAGAGAAGGAAG

Solyc12g042830HSP20_SeqR

GCATCTTGAGGCAACACAATGC

B-Tubulin_SeqF

GACGTTACCTGACAGCTTCTGC

B-Tubulin_SeqF

CCCAGTTGGTGGGATATCACAC

EF1alpha_SeqF

GGAACTTGAGAAGGAGCCTAAG

EF1alpha_SeqR

CAACACCGACAGCAACAGTCT

GAPDHR_SeqF

GCTGCCATCAAGGAGGAATCTG

GAPDHR_SeqR

GCTCAAAGCAATTCCAGCCTTGG

UBI_SeqF

CTGATCTTTGCAGGGAAGCAAC

UBI_SeqR

GGAGGACAAGGTGCAAAGTAGAC
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