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Heat stress and the heat stress response
High temperature is a major environmental stress factor that limits plant growth and
productivity worldwide (Boyer. 1982; Wheeler et al., 2000; Challinor et al., 2005; Lobell
and Field. 2007). Each plant species has a temperature range that is optimal for growth,
and an increase above it may be considered as heat stress (HS). There is ample scientific
evidence showing that the global climate is changing. In particular, this concerns average
and maximum daily temperature. In 2014, a leading report from the Intergovernmental
Panel on Climate Change (IPCC) indicated that during the 21st century the global surface
temperature is likely to rise by several degrees Celsius in many regions (Stocker et al.,
2013). Since plant growth and development involve numerous biological processes that
are sensitive to high temperature, global warming poses a serious threat to crop production (Craufurd and Wheeler. 2009; Barnabás et al., 2008). For examples, climate change
could strongly affect the wheat and rice yields, because temperature increases in their
main growth areas (Ortiz et al., 2008; Teixeira et al., 2013). Combined with the prospect of
a significant increase in the world population, development of approaches for sustaining
yields of crop plants under high temperature will be crucial for present and future human
generations.
The effect of high temperature or so-called “heat shock” on cells was first described in
1962 by the Italian geneticist Ferruccio Ritossa, who observed in Drosophila a new puffing pattern on polytene chromosomes after heat stress (Ritossa. 1962). This research
became the foundation for further investigations in bacteria and eukaryotes. Thermal
stress increases the kinetic movement of macromolecules, causing cellular changes such
as increased membrane fluidity, partial melting of DNA and RNA strands, protein subunit
dissociation and disruption of protein structure. In turn, this impacts cellular organization and metabolic homeostasis (Morimoto. 1998; Mittler et al., 2012; Saidi et al., 2011).
The response of cells to a heat shock (heat shock/stress response; HSR) is complex, but
remarkably conserved among organisms (Yura et al., 1993; Segal et al., 1998; Ahuja et al.,
2010; Velichko et al., 2013; Verghese et al., 2012; Hasanuzzaman et al., 2013). Major players in the HSR are proteins known as molecular chaperones that support protein folding,
degradation and transport. They are required under normal temperature, but even more
so under high temperature. Many of the chaperones, which are called Heat shock proteins
(Hsps), are produced at much higher level upon heat stress and help to re-establish cellular homeostasis (Vierling. 1991; Richter et al., 2010; Baniwal et al., 2004). If temperature
increases abruptly, cells do not have time for extensive reprogramming, and instead have
to rely on their constitutive ability to withstand the heat-induced changes, which defines
their basal thermotolerance. By contrast, acquired thermotolerance refers to a state in
which protective mechanisms have been activated by a gradual increase in temperature
11
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or a previous mild heat stress followed by a recovery period. These conditions allow for
accumulation of protective transcripts, proteins and other macromolecules, which lead
to a better performance under the subsequent heat (Mittler et al., 2012). Hsps are core
elements of both types of thermotolerance.

Activation of the HSR in plants
Plants in particular suffer from environmental fluctuations, as they cannot move to more
favorable environments. As may thus be expected, to protect themselves from cellular
disruption, they possess a robust HSR network providing acclimation and adaptation to
short-term or to gradual temperature changes. This HSR varies according to the heat
intensity, duration, rate of temperature change and plant species (Wahid et al., 2007;
Hasanuzzaman et al., 2013).
There are several models for how HSR is triggered in plants. One classic model considers that under normal (non-stress) conditions, Hsps encapsulate the Hsfs keeping them
inactive. The presence of the heat stress induces unfolded proteins, which consequently
cause the release of Hsps from their inhibitory binding complex with Hsfs, Hsps then bind
to the unfolded proteins, while in the meantime the free Hsfs form as trimers to activate
target HSR genes including new Hsps. However, under some stress conditions, there may
not be any unfolded protein present. Thus, another model assumes that, at the plasma
membrane, mild increases in temperature are sensed and lead to the opening of a specific
calcium channel. This in turn triggers an influx of calcium into the cell and activates the
HSR (Saidi et al., 2009). Besides these two models, HSR can be triggered by unfolded
proteins in the endoplasmatic reticulum (ER) and in the cytosol, collectively named as unfolded protein response (UPR). Both ER UPR and cytosol UPR can be activated by unfolded
proteins caused by heat stress. The differences between them are that the activation of
ER UPR pathway requires bZIP transcriptional factors from the ER membrane (Deng et al.,
2011; Smith et al., 2010), whereas the cytosol UPR pathway requires the regulation by
HsfA2 (Sugio et al., 2009). Beside all these models, ROS (reactive oxygen species) could
also act as signals to trigger the HSR, and the accumulation of ROS might derive from some
metabolic pathways upon stresses (Apel and Hirt. 2004; Kotak et al., 2007a).

Hsfs are key regulators of the HSR
As the central control proteins of the HSR, Hsfs regulate the expression of Hsps and other
heat inducible genes. Unlike other eukaryotic organisms, plants possess multiple Hsfs,
12
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for example, tomato has 27 Hsf genes. These genes are categorized into three conserved
evolutionary clades by the structural features of their oligomerization domains and signature sequences (Nover et al., 2001; Scharf et al., 2012). The DNA-binding domain (DBD)
is presented in all Hsfs and is located close to the N-terminus. This domain is responsible
for the interaction with heat stress promoter elements (HSE) of heat inducible genes
(Scharf et al., 2012). The oligomerization domain is connected to the DBD by a flexible
linker of variable length (15 to 80 amino acid residues; Peteranderl et al., 1999). Another
domain is the nuclear localization signal (NLS) that targets Hsfs into nucleus. Class A is
the largest and most well studied group. Studies revealed that Hsf class A members act
as transcription activators, due to a short activator peptide motif (AHA motif) located in
their C-terminal domain. The AHA motifs are exclusive for class A Hsfs (Kotak et al., 2004),
whereas the class B Hsfs are mainly characterized by the conserved LFGV motif in the
C-terminal domain, which is assumed to function as repressor motif (Scharf et al., 2012).
There is little known about the few members of Hsf class C, for example, in tomato, there
is only one class C Hsf (Scharf et al., 2012). In addition to the A, B, C class Hsfs, three
Hsf-like (Hsfl) genes were identified in tomato, namely Hsfl1, Hsfl2 and Hsfl3. Altogether
the multiplicity of plant Hsfs suggests a functional diversity and complexity in this family
of transcription factors in plants.
The high number of class A Hsf is still puzzling but the analysis of gene knock out mutants
and Hsf-overexpression transgenic plants showed that functional diversification and genetic redundancy of Hsf have evolved in plants. The molecular mechanisms of plant Hsf
function were studied in different species, such as tomato and Arabidopsis. In tomato
HsfA1a was defined as a master regulator of HSR, and the transgenic plants with overexpression of this gene exhibited higher thermotolerance. HsfA1a is also constitutively
expressed and regulates the HS-induced expression of HsfA2 and HsfB1 (Mishra et al.,
2002). In Arabidopsis, HsfA1a and HsfA1b together play important roles in the induction
of a number of Hsp genes in the early phase of HSR (Lohmann et al., 2004; Busch et al.,
2005). Through the analysis of HsfA2 Arabidopsis mutants, it was proved that HsfA2 is
required for sustaining the expression of Hsp genes and extends the duration of acquired
thermotolerance (Charng et al., 2007). Ogawa et al. (2007) found increased thermotolerance in transgenic Arabidopsis plants overexpressing HsfA2. These results suggest that
the HsfA2 gene plays an important role in the HSR. Also overexpression of tomato HsfA3
in Arabidopsis results in enhanced high temperature tolerance of transgenic plants (Li et
al. 2013) and HsfA4a was showed by Pérez-Salamó et al. (2014) in Arabidopsis to confer
enhanced tolerance to salt and oxidative stress. Furthermore, pulldown and yeast twohybrid assays demonstrated that HsfA5 can physically interact with HsfA4 and acts as a
specific repressor of HsfA4 activity (Baniwal et al., 2007). HsfA6f in wheat was shown
to be heat inducible and through overexpression can enhance thermotolerance (Xue et
13
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al., 2015). The overexpression in rice and Arabidopsis of the rice HsfA7 gene resulted in
much higher heat survival rate as compared to wild-type (Liu et al., 2009). Miller and
Mittler (2006) suggested that some oxidative stress-responsive Hsfs such as HsfA2, HsfA4a
and HsfA8 may act as H2O2-sensors, a situation similar to mammalian and Drosophila Hsf
(Ahn and Thiele. 2003). Recently, Giesguth et al. (2015) demonstrated that in Arabidopsis
HsfA8 acts as a redox-sensitive transcription factor upon treatment with H2O2. HsfA9 was
defined to be a seed-specific Hsf that regulates a special subset of Hsps expression (Kotak
et al., 2007b), and in sunflower it was identified as embryogenesis-specific in absence of
environmental stress (Almoguera et al., 2002). In addition, the overexpression of sunflower
HsfA9 in vegetative organs conferred tolerance to drastic levels of dehydration and oxidative stress (Prieto-Dapena et al., 2008; Almoguera et al., 2012), and its co-overexpression
with HsfA4a enhanced the seed longevity and tolerance (Personat et al., 2014).
As compared to Hsf A class, the biological function of class B Hsfs in the HS response
remains to be clarified. Bharti et al. (2004) proved that tomato HsfB1 is a coactivator in
cooperation with class A Hsfs. A new motif was found in its C-terminal domain that is
required for recruitment of the plant CREB binding protein to activate the target genes.
In Arabidopsis, Ikeda et al. (2011) reported that HsfB1 represses the general heat stress
response in the absence of excessive heat but supports the development of acquired
themotolerance in times of heat stress. HsfB1 and HsfB2b in Arabidopsis act as repressors
of the expression of heat inducible Hsfs such as HsfA2, HsfA7a and Hsps. The mutant line
of these two class B genes exhibited higher basal thermotolerance, but lower acquired
thermotolerance (Ikeda et al., 2011). Besides the A and B classes, the role of class C
Hsfs in the stress response is currently unclear. Until recently, only HsfC1b in rice was
functionally characterized, and was shown to positively regulate salt and osmotic stress
tolerance (Schmidt et al., 2012). All together these reports underline the diversification
and redundancy of Hsfs functions in plants.

Anther/pollen under heat stress
Although all plant tissues are affected by heat stress at all growth and developmental
stages, the reproductive tissues are the most sensitive. From the average temperatures
recorded each year and from crop yield data collected by Lobell et al. (2011), it can be
concluded that a few degrees elevation in temperature during flowering time can result in
the loss of entire grain crop cycles. During reproduction in tomato, moderately elevated
temperature stress can cause significant decrease in pollen viability, the number of pollen
grains released and the number of fruit set (Sato et al., 2006). The sexual reproduction
organs, the male (anther) and female (carpel) organ systems, can be both influenced by
14
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high temperature. To separate the effects on them, through reciprocal crossing between
tomato plants grown at normal and elevated temperature, Peet et al. (1998) demonstrated that there are much greater adverse effects when heat stress is imposed during
pollen development, as compared to stress that happened during development of the
female reproductive cells. Furthermore, the various developmental stages of the flowers
are sensitive to different extent. Rudich et al. (1977) reported the most serious injuries,
in terms of fruit set in tomatoes, occurred when plants were exposed to 40°C for 4 h, 9
days before anthesis. In addition, during the male reproductive development, 8–13 days
prior to anthesis, is the period in which anthers are most sensitive to moderately elevated
temperature stress (Sato et al., 2002). These stages correspond more or less to the period
in which meiosis and microspore formation are occurring.

Figure 1. Overview of pollen development in tomato
Fluorescence of DAPI staining pictures (A-E) and light microscopy pictures (F-J) of microsporogenesis and microgametogenesis taking place in anther. A/F: tetrad; B/G: released microspores; C/H: polarized microspore;
D/I: early bicellular pollen; E/J: mature pollen.

Figure 1 shows the main features of pollen development in tomato anthers. It starts
with pollen mother cells undergoing meiosis to form tetrads (Fig1-A/F). The microspores
in each tetrad are released from the callose wall by the action of the enzyme callase,
which is secreted by the tapetum (Goldberg et al., 1993; Scott et al., 2004). During the
subsequent male gametophyte development, the tapetum serves as a nutritive source to
provide essential elements and energy to the neighboring microspores, before undergoing
degradation by programed cell death (PCD; Papini et al., 1999; Li et al., 2006). Mutants
with abnormal tapetal function or PCD, like male sterile1 of Arabidopsis, produce defective
microspores, indicating the importance of the tapetum (Vizcay-Barrena et al., 2006). The
released young microspores enlarge and then undergo asymmetric mitotic division, which
15
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will result in two cells with distinct cell fates (Horvitz and Herskowitz. 1992; Twell et al.,
1998). The tiny generative cell migrates into the much larger vegetative cell. Upon pollen germination it undergoes another mitotic division to give rise to the two sperm cells,
whereas the vegetative cell does not divide anymore. Pollen development is a process
very sensitive to heat stress, and fig 2 shows morphological alterations that can occur in
anthers of tomato upon exposure to heat stress. The figure shows a clear effect of high
temperature on the microspores, but also on the tapetum: both are degenerated. Endo
et al. (2009) investigated anthers in rice upon heat stress and found that, in addition to
microspore abortion, several tapetum transcripts were repressed by the heat. Ku et al.
(2003) observed that 32˚C treatment rendered a rice line male sterile, as well as caused
premature PCD of tapetum cells, once again suggesting a relation between a functional
tapetum and viable microspores.

Figure 2. High temperature effects on tomato anther and microspores
Light microscopy pictures (A and B) show sections of anther containing microspores from young tomato
flower buds under control (A) or heat stress condition (B). In A, microspores and tapetum layer are morphologically normal. In B, microspores and tapetum layer are degenerating after 10 hours of heat stress at 38˚C.
Bar=50µM. Pictures were taken by Mieke Wolters-Arts.
16
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HSR and Hsfs in anther/pollen
Sato et al. (2000) analyzed five tomato cultivars under mild high temperature conditions,
by comparing their fruit set abilities, and they suggested that the difference in pollen
release and germination are the most crucial factors in determining fruit set. The critical
temperature-sensitive phase of tomato male sporogenesis occurs 8-13 days before anthesis, closely corresponding to the transition from the meiotic to the microspore phase. Thus,
as compared to other stages in male reproduction, the early microspore stage appears to
be the most critical developmental stage sensitive to heat stress (Sato et al., 2002). Endo
et al. (2009) also showed that in rice the microspore stage is the most sensitive to heat
stress, if heat occurs at this point, it can cause complete loss of spikelet fertility.
Although limited knowledge is available about the molecular mechanism underlying the
HSR in anther or pollen, some reports on genome-wide expression profiles of tomato anther/pollen under heat stress were published. Frank et al. (2009) showed that in maturing
tomato microspores, Hsfs, Hsps, ROS scavengers genes were induced by heat, as well as
genes that control the levels of specific carbohydrates and other metabolites. Expression
profile studies of Hsfs and Hsps were also performed to investigate possible differences
between different heat-tolerant and heat-sensitive cultivars of tomato. Giorno et al. (2010)
performed a comprehensive expression analysis of HsfA2 and Hsp17.4-CII in a tomato
heat-tolerant cultivar. These two genes showed a higher transcript level in tomato anther
especially at the meiosis stage as compared to other organs/tissues. The results suggested
the possibility that HsfA2 is directly involved in the activation of protection mechanisms in
tomato anther during heat stress. Bita et al. (2011) performed a similar study on meiotic
anthers of heat-tolerant and heat-sensitive tomato plants, and found that in the heattolerant genotype, heat mostly induced up regulation of gene expression, whereas in the
heat-sensitive genotype, the trend was to down-regulate gene expression. This indicated
possible genetic difference in adaptation to increased temperatures. Taken all together,
these studies indicated some genes as candidate determinants of pollen thermotolerance.

Scope of this thesis
From this literature review, it can be conducted that Hsfs are the major players in the HSR
in all species, and that their overexpression in several plant species (tomato, Arabidopsis,
rice) resulted in an increased thermotolerance and tolerance to other stresses. On the
other hand, as shown in fig 2-B, upon exposure to heat stress, anthers typically show
distorted microspores and a premature disappearance of the tapetal cells. Taken these
considerations together, I hypothesized that 1) Hsfs play an important role in the HSR of
17
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pollen, and 2) the tapetum is the primary tissue affected by heat. If true, modifications of
Hsfs specifically in tapetum/pollen should improve pollen thermotolerance.
To test this hypothesis, I first performed a comprehensive expression analysis of all components of the tomato Hsf families, in all plants organ systems and particularly in developing
anthers (Chapter 2). This provided an overview of the tissue-preferred expression of Hsfs
in tomato. Furthermore, I investigated Hsfs expression in anthers of four heat-tolerant
genotypes and four heat-sensitive genotypes, and used this result to draw a model of Hsfs
network in anther. Based on this network and previous studies, HsfA2 and HsfB3a were selected for further experiments. In order to target Hsfs specifically in anthers, I isolated and
characterized five promoters active in anthers at different developmental stages (Chapter
3). The most suitable promoters for our studies turned out to be the NTM19 promoter,
which is tetrad/tapetum specific, and the TA29 promoter, which is tapetum specific at the
stage of microspore development. In chapter 4, I show the results of silencing HsfA2 in
the anthers using the TA29 promoter and demonstrate that this led to a reduced pollen
performance under heat stress in transgenic plants. In addition, I generated tomato plants
overexpressing HsfA2 and HsfB3a under control of the TA29 and NTM19 promoters. The
transgenic plants were characterized, and in agreement with the previous result had better
pollen performance. In chapter 5, I performed a microarray analysis on the transcripts of
tomato anthers overexpressing HsfA2 in the tapetum. This analysis leads to the identification of potential target-genes of HsfA2 in tapetal cells.
Finally, a summarizing discussion of all my results is given in chapter 6 and perspectives for
future research are highlighted.

18
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Abstract
Heat stress transcription factors (Hsfs) form a specialized and flexible regulatory network,
which plays a key role in transcriptional regulation of defense responses against abiotic
and biotic stresses, but it is also connected to plant development. Twenty-seven Hsf genes
have been identified in the genome of tomato (Solanum lycopersicum). With the aim
to shed more light on possible specific functions of the Hsf genes in the heat stress response and plant development, a comprehensive expression analysis targeting all Hsfs
was performed by real time quantitative RT-PCR. Comparison of transcriptional profiles in
different tomato organ systems under normal and high temperature conditions indicated
that some Hsfs are expressed in an organ specific manner and their expression profile is
differentially modulated in response to temperature changes. Correlation analysis of Hsf
expression patterns in young anthers from eight tomato genotypes contrasting for pollen
thermotolerance under high temperatures suggests a model for the Hsfs gene network
at a critical stage of pollen development. This overview of the Hsf differential expression
in tomato organs and genotypes will be useful to understand the function of the Hsf networks in regulating stress response and development.
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Introduction
A sudden increase of the temperature above the optimal physiological range of an organism is considered as heat stress (HS), and usually interferes with normal cell homeostasis
by causing changes in membrane fluidity and permeability, protein folding and metabolic
pathways, which, if unchecked, can lead to the death of cells and eventually of the whole
organism (Morimoto. 1998; Kotak et al., 2007a). Therefore plants, which are sessile and
thus subject to temperature fluctuations, have developed during evolution adaptations
essential for living in such a stressful surrounding environment. For example, tomato
pollen development and consequently fruit production are in general very sensitive to
heat stress, but genotypes that are tolerant to high temperature have been selected
through plant breeding (Scott et al., 1986). At the molecular level, the HS response is
characterized by rapid changes in the expression patterns of numerous genes (Kotak et
al., 2007a; Larkindale et al., 2008). Among these, a rapid activation of the Heat stress
transcription factors (Hsfs) leads to elevated synthesis of protective proteins such as Heat
shock proteins (Hsps) and reactive oxygen species (ROS) detoxifying enzymes (Nover et
al., 1989; Wahid et al., 2007). Similarly to many other transcription factors, Hsfs have a
modular structure consisting of signature domains structurally and functionally conserved
throughout the eukaryotic kingdom. A common core structure in all Hsfs is the N-terminal
DNA binding domain (DBD), characterized by a central helix-turn-helix motif that specifically recognizes and binds to the heat shock elements (HSE) in the promoters of target
genes, and it is linked to an adjacent bipartite oligomerization domain (HR-A/B), which
is composed of hydrophobic heptad repeats (Nover et al., 2001; Scharf et al., 2012). Hsf
oligomerization via the formation of a triple stranded alpha-helical coiled-coil is prerequisite for high affinity DNA binding and, subsequently, transcriptional activity. Other Hsf
functional modules are localized in the less conserved C-terminal activator domain (CTAD),
including nuclear localization sequences (NLS) formed by clusters of basic amino acids and
essential for nuclear import, leucine-rich sequences important for nuclear export (NES),
and short transcriptional activator motifs rich in aromatic, hydrophobic and acidic amino
acids, the so-called AHA motifs (Nover et al., 2001; Döring et al., 2000). Based primarily on
the feature characteristics of the oligomerization domain, plant Hsfs have been grouped
into three evolutionarily conserved classes namely A, B and C (Scharf et al., 2012). The
AHA type activation domain is exclusively found in class A Hsf members.
Extensive research using transgenic plants and knock-out mutants has provided increasing
evidence that Hsfs are important transcriptional regulators involved in the signaling and
modulation of stress tolerance mechanisms in response to various abiotic and biotic stress
stimuli (Scharf et al., 2012; Kumar et al., 2009). Although only few Hsf members have been
characterized in more detail, a broad functional diversification of the plant Hsf family has
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been suggested (Scharf et al., 2012). In tomato and Arabidopsis, members of the HsfA1
subfamily proteins are the “master regulators” of the initial HS response, while HsfA2
is strongly HS-induced and becomes the dominant Hsf member in a later phase (Mishra
et al., 2002; Charng et al., 2007; Liu et al., 2011; Nishizawa-Yokoi et al., 2011). It was
shown that HsfA2 and HsfA1 proteins can form hetero-oligomeric complexes that markedly enhance the expression of HS genes as compared to homo-oligomeric complexes
(Chan-Schaminet et al., 2009). HsfA3 exhibits strong similarity to HsfA1s and HsfA2, but
its own expression under HS is transcriptionally controlled by DREB2A, the dehydrationresponsive element binding protein 2A (Bharti et al., 2000; Yoshida et al., 2008; Schramm
et al., 2008). HsfA4 types have been reported to act mainly as anti-apoptotic factors by
controlling the homeostasis of ROS, and are inhibited by HsfA5, which in turn facilitates
apoptosis (Miller et al., 2006; Baniwal et al., 2007). Members belonging to class B, e.g.
tomato HsfB1, are co-regulators cooperating with class A Hsfs, and are important for
maintaining/restoring the housekeeping gene expression during HS (Bharti et al., 2004). It
was also shown that the Hsf B-type proteins HsfB1a and HsfB2b can act as transcriptional
repressors and negatively regulate the expression of their target genes, including those
encoding for HS-inducible Hsfs and Hsps (Ikeda et al., 2011). Apart from the important role
in the protection system of plant tissues during stress responses, Hsfs are also integrated in
the regulation of developmental processes. Kotak et al. (2007b) observed a seed-specific
expression of HsfA9 in Arabidopsis, where this factor controls the Hsp expression during
maturation in an ABA dependent manner. A high basal level of HsfA2 gene expression
was found in young anthers and in developing pollen grains of tomato (Frank et al., 2009;
Giorno et al., 2010). Furthermore, a developmental function was attributed to HsfA4 by
the characterization of Arabidopsis rha1 mutant, which showed defects in slant, gravitropism and auxin physiology (Fortunati et al., 2008). More recently, some members of class B,
e.g. HsfB4, were reported to be involved in the development of roots in Arabidopsis under
non-stress conditions (Begum et al., 2013).
Taking advantage of the information generated by genome sequencing projects, genomewide Hsf identification and gene expression analyses have been published so far for
Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), maize (Zea mays), poplar (Populus
trichocarpa), alfalfa (Medicago truncatula), apple (Malus domestica Borkh) and pepper
(Capsicum annuum L.) (Koskull-Döring et al., 2007; Mittal et al., 2009; Lin et al., 2011;
Wang et al., 2012; Giorno et al., 2012; Guo et al., 2015). In tomato, the Hsf family consists
of 27 Hsf genes encoding for 15 members belonging to class A, 8 to class B, one to class C,
and 3 to the Hsf-like genes, namely Hsfl1, Hsfl2 and Hsfl3 (Scharf et al., 2012). Fragkostefanakis et al. (2014) showed a transcriptome analysis of Hsf/chaperone co-expression in
tomato leaves. A comprehensive gene expression analysis in anther of tomato, however,
is still lacking, despite the high temperature sensitivity of pollen development, a process
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that is crucial for reproduction. Moreover, little is known about Hsf expression profiles in
different tomato genotypes, which may help to decipher the mechanism underling thermotolerance in anther. Therefore, transcriptional profiles of Hsf genes were analyzed in
anthers from eight tomato lines contrasting for fruit set ability or pollen thermotolerance
under high temperature conditions.
The data from the present study collectively demonstrate that distinct Hsf genes are differentially regulated in vegetative and reproductive organ systems of tomato. Together,
their transcriptional modulations in anthers of the eight different genotypes under HS
suggest a possible role of some Hsfs in protecting the reproductive processes.

Material and methods
Plant material and heat stress treatment
Tomato seeds from Solanum lycopersicum cv Nagcarlang, cv Malinka, cv Hot Set and cv
Saladette, four heat-tolerant genotypes, and cv Pull, cv Falcorosso, cv Moneyberg and cv
Micro-Tom, four sensitive lines, respectively (Rudich et al., 1977; F. Giorno. 2010b; Bita
et al., 2011), were germinated and grown in a climate room at control temperatures (CT:
26°C/19°C day/night) under a long-day photoperiod (16/8h, day/night), with low-intensity
light (~300 μmol m-2s-1 at plant height) supplied by high-pressure sodium lamps (600W;
Philips, Eindhoven, the Netherlands). Following initiation of the flowering period, flower
buds of Saladette containing anthers at the length of 2, 4, 6 and 8 mm, corresponding to
the flower morphological developmental stages described by Brukhin et al. (2003), were
harvested. Fully developed flowers at anthesis, which were dissected into petals, sepals,
anthers and pistils, stem sections and leaves from young shoot tips, as well as fruits developed for seven days after pollination, were collected from the same plants. For testing Hsf
expression in cotyledons, hypocotyls and roots, seedlings of cv Saladette were germinated
in soil, grown at normal temperature conditions; tissues were harvested seven days after
germination. For the analysis of Hsfs expression profiles in 8 genotypes, anthers of 2 mm
were dissected from young flower buds of all different genotypes under control condition
or after heat treatment. The heat treatment used here is 36˚C for 2 h, a temperature that
induces HSR-genes expression.
RNA isolation, real time quantitative RT-PCR
Isolation of total RNA was performed by using the TRIzol Reagent method (Invitrogen,
Carlsbad, CA). RNA quantity was measured spectrophotometrically, and its quality was
checked by agarose gel electrophoresis. For reverse transcription, 1 μg of total RNA for
each sample was incubated with RNase-free DNase (RQ1; Promega, Madison, WI), and 400
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ng of total RNA was used for reverse transcription with the Bio-Rad iScript cDNA Synthesis
Kit (Bio-Rad Laboratories, Hercules, CA), according to the manufacturer’s instructions.
PCR analyses were carried out in 25 μl volumes containing 0.125 μl of cDNA synthesis
reaction mixture (corresponding to 500 ng total RNA), 400 nM of each primer and 12.5
μl of iQ SYBR Green Supermix (Bio-Rad Laboratories). The PCRs were performed in a 96well thermocycler (Bio-Rad iCycler; Bio-Rad Laboratories) using a controlled temperature
program starting with 3 min at 95°C, followed by 40 cycle of 15 s at 95°C and 45 s at 60°C.
To verify the presence of a specific product, we determined the melting temperatures
of the amplified products. In addition, a fraction of each PCR mixture was analyzed on a
2% agarose/ethidium bromide gel to verify the size of the amplified DNA fragment. The
primers used for the real-time quantitative PCR reactions were designed using a computer
program (Beacon Designer 5.01; Premier Biosoft International, Palo Alto, CA), such that
they had close to identical melting temperatures and did not form secondary structures
with each other under the given PCR conditions. Sequences of the primer pairs used in the
real time quantitative RT-PCR analyses are reported in Table 1.
In the experiment where Hsf expression was determined in different organ systems, the
quantification of relative mRNA levels was performed by Bio-Rad outlined methodology
based on Vandesompele et al. (2002). The EF1 and 18S rRNA genes were used as references. The quantification was performed on three biological replicas with two technical
repeats; data shown in the figures represent the average of the three biological replicas,
relative to the level in the calibrator sample. For the analysis of Hsfs expression patterns in
the eight tomato genotypes, the average PCR amplification efficiency for each primer pair
was calculated by using LinRegPCR (Ruijter et al., 2009). Amplification efficiency then was
used with the Ct-values to calculate the relative expression levels for each sample. Again,
three biological replicates were used for each sample type.
Statistical analysis
Statistical analysis of the gene expression data of the different accessions was done on
2log-transformed data by applying a one-way ANOVA with a Tukey HSD post-hoc test (Rieu
and Powers, 2009); when the p-value was less than 0.05, the difference was regarded as
statistically significant. The analyses were performed by using the SPSS v.18.0 software
package (SPSS Inc., USA). The Pearson correlation coefficient between the Normalized
Relative quantification data of each individual gene was analyzed using R.
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Table 1. Primers used for qRT-PCR
Primer name

Sequence (5’ → 3’)

HsfA1a F (Solyc08g005170)

ACAAATGATGTCGTTCCTGGC

HsfA1a R

GAAAGCTCCCTCAACATTGCC

HsfA1b F (Solyc03g097120.2.1)

CCTGAAGCTGATGCATTGAA

HsfA1b R

GGCATACCATCCAGCAAAAC

HsfA1c F (Solyc08g076590.2.1)

GAGGGGCAATGATTCTTTCA

HsfA1c R

CCCAGGAGGGATCAGTAACA

HsfA1e F (Solyc06g072750.2.1)

GGCTTCAATACACCGGAAAC

HsfA1e R

ACCAGTGAGAGGGCTTGCTA

HsfA2 F (X67601, Solyc08g062960)

GGCGACCATAACTCTATCCTTCCC

HsfA2 R

GCCTCCTCCACTATTCCAGTATCC

HsfA3 F (Solyc09g009100)

GCCAAAGTGCTTCAAAATCCC

HsfA3 R

TCCACAACTGTATTGAAATCTGGG

HsfA4a F (Solyc03g006000)

ACCTTTTGGGAGTATACACTGCG

HsfA4a R

CAGTCTCTACTCGGTTTTCTGGC

HsfA4b F (Solyc07g055710.2.1)

TGAGCCACAACAAGTTGAGAA

HsfA4b R

CAGCTTCCTGTTGCTGGACT

HsfA4c F (Solyc02g072000.2.1)

ATGTTGGGCCTAAGGCTTCT

HsfA4c R

GGACTGTACTTCGGGTGCAT

HsfA5 F (Solyc12g098520.1.1)

CCTGTTCGTGTGAACGATGT

HsfA5 R

CAAAGGGTGAGGTGTTCCAC

HsfA6a F (Solyc09g082670.2.1)

TGGTATGAGCATGCAAGGAG

HsfA6a R

CAAGCTGATGAGCCAAAACA

HsfA6b F (Solyc06g053950.1.1)

AGAGGAGGAGGCCAATTGAT

HsfA6b R

CATTCAGCATATCCTCCCAAA

HsfA7 F (Solyc09g065660.2.1)

GCGTGACAAGCAAGTTTTGA

HsfA7 R

CAAACTCGGGATTTTGCATT

HsfA8 F (Solyc09g059520)

CCAATAACAGAGAATAATGAAGGCG

HsfA8 R

ATAAGCGGGTTGGGATCCC

HsfA9 F (Solyc07g040680)

GGGAAATAACAGCAG CCCG

HsfA9 R

GTTGGACCATCCTAACTCTCGC

HsfB1 F (Solyc02g090820)

TGAACTATGTGTTGAGGTTGGAGC

HsfB1 R

GCATTTGACTTGATAGCAGTCTGC

HsfB2a F (Solyc03g026020)

GGAAAGTAGTACCTGATCGATGGG

HsfB2a R

CAGAGGTAGATACAGCCACCGG

HsfB2b F (Solyc08g080540.2.1)

AAGATATGAGCCCACGGTTG

HsfB2b R

CATCATGTTGAGCACTTCCTG

HsfB3a F (Solyc04g016000)

TTACAACAAGTCAATGGGAGTTCAG

HsfB3a R

TCAACCTTTTATTTTCGTCGACAAG

HsfB3b F (Solyc10g079380.1.)

GGCTCAAAATGGAAAATGGA

HsfB3b R

TCCAAACAACATTGGCCTTT

HsfB4a F (Solyc04g078770.2.1)

GGAACTTGCACACATGAGGA

HsfB4a R

TGTGATGTCTTGCTTGGTGA

HsfB4b F (Solyc11g064990.1.1)

CACATTGTTTCATGGGGTGA
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Table 1. Primers used for qRT-PCR (continued)
Primer name

Sequence (5’ → 3’)

HsfB4b R

GCAAATTCCCATCTCTCTGG

HsfB5a F (Solyc02g078340.2.1)

GGAATGGTGAAGGAAATGGA

HsfB5a R

AATTCCCAACGTTTTGATGC

HsfC1 F (Solyc12g007070)

CATTTCACTCACCCGACGC

HsfC1 R

TTGTTGGTTCATCCACGCC

Hsfl1 F (Solyc02g072060.1.1)

TTCGCATAGTCCTCGTGTTG

Hsfl1 R

TTTTTCCTTACCGCATCCTG

Hsfl2 F (Solyc02g079180.1.1)

GAGGAAGAAGGGGAATCCAG

Hsfl2 R

CTCCTCCGACTCCAGGAAAT

Hsfl3 F (Solyc11g008410.1.1)

TGATTAAGGGAATCGCGTCT

Hsfl3 R

CCCGTTACATCCTCAGCTCT

18S rRNA F

AGACGAACAACTGCGAAAGC

18S rRNA R

AGCCTTGCGACCATACTCC

LeEF1 F

TGATCAAGCCTGGTATGGTTGT

LeEF1 R

CTGGGTCATCCTTGGAGTT

Results
Specific expression of Hsf genes in tomato
The expression of all 27 Hsfs of tomato was analyzed throughout the whole plant. The
class A genes HsfA1b, HsfA4a and HsfA8 were found to be expressed at more or less
similar levels in all 10 organ systems tested (Fig 1A). Expression of HsfA3 was much
higher in sepals and petals than in other parts. HsfA4b was mainly expressed in petals
and in anthers from flowers at anthesis as well as in roots of seven-days old seedlings.
Other class A members exhibited a more tissue-specific expression. HsfA2 was found to be
strongly expressed in 2 mm long anthers and in pistils from flower at anthesis, which is in
agreement with previous analyses (Giorno et al., 2010). HsfA5 transcripts were enriched
in developing anthers, particularly in 6 mm long anthers and at anthesis. Interestingly,
the HsfA6a mRNA level was higher in hypocotyls, while the paralogues HsfA6b gene was
found to be more expressed in roots. Low transcript abundance was observed for HsfA7
in developing anthers as well as in seedling and flower organs, while its expression was
relatively high in young fruits. HsfA9 mRNA levels were particularly abundant in 4 mm and
6 mm long anthers, in both petals and pistils from flowers at anthesis, and in the roots of
seedlings. Most of the Hsfs belonging to class B were preferentially expressed in specific
organ systems (Fig 1B). In particular, high transcript levels were observed for HsfB1 in
anthers at anthesis, for HsfB2a in 6 mm long anthers and HsfB2b in young fruits. HsfB3a
and HsfB3b were both expressed in sepals and roots. HsfB4a transcripts were present
almost in all organ systems analyzed, but with preferentially higher levels in pistils and
non-floral organs, and this pattern was exaggerated for HsfB4b, which was only detectable
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Figure 1. Hsfs expression in tomato organ systems
A: Relative expression levels of Hsfs of class A were assessed by qRT-PCR analysis. B: Relative expression levels
of Hsfs of class B and C. C: Relative expression levels of the three Hsf-like genes. Samples were harvested from
the cv Saladette grown at control temperature and included developing anthers at different length (2 mm, 4
mm, 6 mm, and 8 mm), flowers at anthesis dissected in sepals (Se), petals (Pe), anthers (An) and pistils (Pi),
young fruits developed for seven days after pollination (Fr), as well as young leaves (Le) and stems (St). Cotyledons (Co), hypocotyls (Hy) and roots (Ro) were sampled from seven days old seedlings. Data were normalized
to the transcript levels of the housekeeping genes EF1 and 18S rRNA. Each value represents the average of
three independent biological replicas ± SE.
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in seedlings, stem and somewhat in pistil. Absence of transcripts in developing anthers
and other flower parts was also observed for HsfB5 that, like HsfB4b, was highly expressed
in roots. HsfC1, the unique class C member in tomato, was expressed everywhere, but
remarkably highly in anthers at anthesis. Finally, also the three Hsf-like genes Hsfl1, Hsfl2
and Hsfl3 showed higher expression levels in specific flower parts, also in developing
anthers, than in vegetative organ systems.
Differential Hsf gene expression in anthers of tomato lines with contrasting heat
tolerance
High temperatures can disrupt tomato fruit set by causing damage to developing pollen
grains and it is conceivable that Hsfs play a role in protecting anthers from heat stress.
Therefore, the expression patterns of five class A Hsfs, three class B Hsfs as well as two
downstream heat shock responsive (HSR) genes were analyzed in anthers of eight tomato
genotypes with contrasting thermotolerance. We chose class A HsfA1a, HsfA1b, HsfA2,
HsfA4a and HsfA5 because they were all expressed in anthers and were well described in
literature. HsfB1, HsfB2b and HsfB3a were also chosen because they are well expressed
in anthers. In addition, Ascorbate peroxidase 3 (APX3) and heat-stress-associated 32
(Hsa32) genes were investigated as HSR genes in this experiment. Heat tolerant and
sensitive tomato lines were identified by Giorno. (2010b) in a screening for fruit set of ten
tomato genotypes, grown in plastic tunnels during summer periods in the south of Italy,
with maximum daily temperatures reaching 43 to 45 ºC. From this screening, Saladettle,
Malinka, Hot Set and Nagcarglang were selected as heat tolerant genotypes, while the
cultivar Pull was identified as sensitive. The latter, and Moneyberg and Falcorosso were
also used as heat sensitive cultivars by Bita et al. (2011). Using a pollen germination test
after short-term heat stress at 42˚C during flower development, we found that Micro-Tom
is also heat sensitive and used it for this experiment as such (data not shown).
Flower buds containing anthers 2 mm long were harvested from plants either heat treated
for 2 h at 36 ºC or not. The graphs in fig 2 show that all Hsfs were found to be expressed
in all tomato lines. Two-way ANOVA showed that all genes but HsfB1 and HsfB3a are upregulated by the heat treatment and that there was overall significant variation between
lines for all genes but HsfA1b and HsfA4a (Table 3). When comparing the tolerant and
sensitive group with each other, again all genes except HsfB1, HsfB3a and also HsfB2b
were affected by heat. Interestingly, we found a significant relation between the tolerance
level and expression of HsfB2b, which was slightly higher in the tolerant group (Table 2).
HsfA2 was expressed at noticeably higher levels in Hot Set and Saladette, but not in the
other two tolerant lines (Fig 2).
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Figure 2. Expression profiles of HsfA1a, HsfA1b, HsfA2, HsfA4a, HsfA5, HsfB1, HsfB2b, HsfB3a, APX3 and
Hsa32 in young anthers under control and heat stress condition
Eight tomato lines heat tolerant or heat sensitive were grown at CT conditions and exposed to an acute HS
of 2 h at 36 ºC. Young anthers were collected from the eight tomato genotypes and used to assess transcript
levels of Hsfs by qRT-PCR. As housekeeping genes EF1 and 18S rRNA were used to normalize the qRT-PCR data.
For each gene, the lowest expression level was set to 1, and all the other values were normalized to that. Each
value represents the average from three/four independent biological replicates.
Table 2. Two-way ANOVA on heat-tolerant and heat-sensitive groups and different temperature conditions
Gene

Effect of tolerance group Effect of heat

Interaction

HsfA1a

P=0.786

P=0.007

P=0.477

HsfA1b

P=0.655

P=0.021

P=0.720

HsfA2

P=0.776

P=0.003

P=0.275

HsfA4a

P=0.794

P=0.000

P=0.776

HsfA5

P=0.911

P=0.002

P=0.798

HsfB1

P=0.918

P=0.604

P=0.252

HsfB2b

P=0.031

P=0.095

P=0.535

HsfB3a

P=0.935

P=0.653

P=0.793

APX3

P=0.791

P=0.000

P=0.934

Hsa32

P=0.867

P=0.000

P=0.760
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Table 3. Two-way ANOVA on different individual genotypes and different temperature conditions
Gene

Effect of genotype

Effect of heat

Interaction

HsfA1a

P=0.007

P=0.000

P=0.034

HsfA1b

P=0.206

P=0.001

P=0.145

HsfA2

P=0.000

P=0.000

P=0.007

HsfA4a

P=0.077

P=0.000

P=0.348

HsfA5

P=0.001

P=0.000

P=0.030

HsfB1

P=0.000

P=0.494

P=0.010

HsfB2b

P=0.005

P=0.037

P=0.304

HsfB3a

P=0.000

P=0.699

P=0.352

APX3

P=0.000

P=0.000

P=0.000

Hsa32

P=0.000

P=0.000

P=0.612

Because after 2 h of heat stress treatment, Hsf and HSR genes are induced at different
levels dependent on cultivar, we used the data to investigate the co-expression of the
genes and to deduce a possible heat stress expression-network in young anthers (Fig 3).
Interestingly, significant correlations were found for a number of gene pairs (Fig 3A). The
visual gene-network model shows that there are two clusters: one consisting of HsfA1a,
HsfA1b, HsfA4a, HsfA5, HsfB1, HsfB3a and APX3, with HsfB1 having a central position,
and one consisting of HsfA2 and Hsa32 (Fig 3B). The two clusters seem to be negatively

A

B

HsfB3a

HsfA1b
HsfA5

HsfA4a

HsfB1
Hsa32

APX3
HsfA1a

HsfA2

Figure 3. Correlation analysis of expression of selected Hsf and HSR genes in young anthers under heat
stress
The relative expression levels of Hsf genes under HS were used for Pearson correlation analysis. A: Heatmap
with correlation coefficients between each candidate gene. Colors represent strength of correlation as inindicates a significant positive correlation (P<0.05);
dicated in the color key for correlation values (R). B:
indicates a positive correlation (P<0.1);
indicates a negative correlation (P<0.1).
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correlated, although this was not statistically significant. Some of the correlations within
these two clusters already existed under control temperature (e.g. between HsfB1a with
HsfA4a and A5, and HsfA2 with Hsa32; data not shown). We also did the analysis on the
fold change values between control and heat treatment, but no additional correlations
were identified (data not shown).

Discussion
Diversification of Hsf expression in tomato plants during development
The characterization of the tomato Hsf expression, described here, was performed to
study the potential role of individual Hsfs in the regulation of developmental programs,
particularly in anthers, and in response to high temperature stress. The tomato Hsf family with 27 members is slightly larger than that of Arabidopsis with 21 Hsf genes. It was
shown that the Hsf family expansion is associated to functional diversifications of different
members (Scharf et al., 2012). From the present results, this diversification is often supported by differences among paralogs in their expression in the plant body and after heat
induction. However, the expression patterns of Hsf genes in various organ systems suggest
that the encoded proteins may perform both specific and redundant functions. Indeed, for
some paralogs, similar expression profiles were found, for example in the HsfA1 and HsfA4
sub-classes, suggesting a possible redundant and/or cooperative function (Mittal et al.,
2009; Lin et al., 2011; Wang et al., 2012; Chauhan et al., 2011; Jin et al., 2013).
In Arabidopsis, the characterization of the Hsf family has shown that some members are
expressed in specific organ systems, like AtHsfA9 in seed (Kotak et al., 2007b), whereas the
tomato ortholog did not exhibit specific expression in one particular plant organ systems.
This was observed for many Hsfs, for which variation in transcript levels were found during
development or among organs, but specific expression restricted to a single organ system
were not observed. For example, HsfB1 and HsfC1 were more expressed in anthers at
anthesis, HsfA7 was strongly expressed in young fruits and HsfB4b was abundant in roots.
In the transcript profiles shown by Fragkostefanakis et al. (2014), HsfB4b and HsfB5 were
the only two Hsfs that showed no expression in tomato leaves, which is in agreement
with the present work. In addition, we also observed that in all of the flower tissues these
two Hsf genes had no detectable expression. The activation pattern of these Hsfs could
suggest primarily their involvement in specific housekeeping processes at certain tomato
developmental stages. A similar situation was also reported for some Hsfs in rice and in
Arabidopsis (Begum et al., 2013; Mittal et al., 2009; Chauhan et al., 2011).
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The majority of Hsfs identified in the tomato genome were transcriptionally active in developing anthers, where fertile pollen grains, carrying later the sperm cells, are produced
(McCormick. 2004; Borg et al., 2009). Therefore, Hsfs may also contribute to anther development and, in turn, have an effect on pollen fertility. This hypothesis is also supported
by recent evidence showing that HsfA2 is specifically induced in anthers at the stage of
pollen mother cells and in mature microspores of tomato, but it is not expressed in dry
pollen (Frank et al., 2009; Giorno et al., 2010). By contrast, the high expression of HsfB1 in
mature anthers suggests a role for its gene product in mature pollen.
Hsfs are co-expressed in young anther under heat stress
Using the variation in Hsfs and HSR expression among heat-treated anthers of a number of
tomato accessions, we were able to generate a correlation network. In this model, HsfA1a
co-expresses with HsfB1 and with the HSR gene APX3. HsfA1a functions as the master
regulator of the heat response, and in tomato leaves, HsfA2 and HsfB1 were both down
regulated as a consequence of knock down of HsfA1a (Mishra et al., 2002). In tomato,
HsfB1 acts as a coactivator of class A Hsfs (Bharti et al., 2004), and indeed we also found
a strongly positive correlation between HsfB1 and HsfA1a, and positive correlations with
HsfA4a and HsfA5. The interaction of HsfA1a with HsfA2 and HsfB1 regulates different
aspects of HSR and the recovery period after HS (Hahn et al., 2011). Surprisingly, in the
present experiments, HsfA2 does not have a strong correlation with most of the Hsfs,
and may even have a negative correlation with HsfB1, suggesting that other accessiondependent factors have a stronger effect on its expression level. However, this discrepancy
on transcript expression levels does not preclude an interaction at the protein level. Mittal
et al. (2009) showed a strong accumulation of HsfA2 transcript already after 10 min heat
stress. After a longer period of exposure to heat, the expression level of HsfA2 lowers back
to a level comparable to control condition (Giorno et al., 2010), but the protein remains
at a constant level. This suggests that HsfA2 may still interact with other Hsf proteins at
different stages of HSR. Interestingly, HsfB3a was found to have strong correlation with
HsfA1b and HsfA4a, suggesting a synergistic function of HsfB3a with Hsf A members. Previous studies also evidently showed that, although Hsf B class members have a repressor
domain, they still could positively regulate thermotolerance (Ikeda et al., 2011). HsfA2
showed a high co-expression profile with Hsa32, in agreement with their transcript profiles in tomato leaves (Fragkostefanakis et al., 2014). It is interesting to speculate that the
two clusters regulate two distinct main aspects of the HSR, namely induction of Hsps and
ROS scavenges, but this would require further study involving more HSR genes. However,
it should be borne in mind, that a network based on gene expression levels may not completely reflect a protein-interaction network.
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Correlation between Hsf and HSR gene expression and heat tolerance level
Sensitivity to high temperature stress for anthers at the stage when the transition of
meiosis to young microspore is occurring was reported before and was associated to poor
tomato fruit setting (Peet et al., 1998; Sato et al., 2002; Giorno et al., 2013). Therefore,
examination of Hsf genes in developing anthers of thermo-tolerant versus thermosensitive genotypes may give an indication whether some of them are associated to stress
protection/tolerance during anther development and, in turn, improve fruit setting at
higher temperatures. To this end, we analyzed expression of a set of Hsfs genes expected
in anthers in heat-tolerant and heat-sensitive lines. Bita et al. (2011) have also observed
genotype-specific expression changes in meiotic anthers from four contrasting tomato
lines, when at this stage they were exposed to a moderate HS of 32°C. A major conclusion
of this analysis was that the heat tolerant genotype modulates fewer gene classes, particularly of HSR genes such as Hsps. A different accumulation of protective proteins under HS
or in general in response to abiotic stress was also found in contrasting genotypes of other
species (Krishnan et al., 1989; Senthil-Kumar et al., 2007; Wang et al., 2003; Momcilovic
et al., 2007; Page et al., 2010). In our study, eight tomato genotypes were utilized, four
of which have higher thermotolerance than the other sensitive genotypes (with respect
to pollen development; M. Wolter-Arts, personal communication). Unlike the different
expression of Hsps observed by Bita et al. (2011), we did not observe significant differences in the expression of two HSR genes, i.e. an Hsp (Hsa32) and a ROS scavenger (APX)
in anther between tolerant and sensitive genotypes. We did however detect a slight,
positive association of HsfB2b expression and tolerance level. Functional genomic studies
should be undertaken to further clarify the role of this gene in heat tolerance of tomato
reproduction.
In conclusion, this study shows for the first time an in-depth transcriptional analysis of
Hsf genes in developing anthers and in most of organ systems of tomato. Many Hsfs are
finely regulated in response to the high temperatures. It is evident that Hsfs in plant cells
are an essential and efficient molecular machinery to respond rapidly to environmental
conditions. Dedicated tomato mutants and transgenic plants are now needed to understand better the functional significance of Hsf diversification in tomato, particularly in the
reproductive organs.
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Abstract
To isolate promoters active/specific in tomato anthers, SlASY1, SlTA29, SlNTM19, SlLAT51,
SlLAT52 genes and the constitutive gene SlUBI were investigated at the transcript level,
in anthers. The transcript profiles showed that most of them were abundantly expressed
at the expected anther developmental stages. According to these results, the promoters
of candidate genes were isolated, fused to the β-glucuronidase (gus) gene, and characterized in transgenic tomato. We observed different expression patterns as compared to
the reported expression patterns of their orthologs in Nicotiana tabacum or Arabidopsis
thaliana. Possible explanations for this observation are discussed. To test if these promoters are active and heat stable, the RNA level of the gus gene was analyzed in the transgenic
plants under control or heat stress conditions. The results showed that the gus expression
was controlled in a tissue-specific manner in anthers, but the activity of the promoters
isolated was affected by high temperatures.
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Introduction
Development of crop varieties tolerant to high temperature stress is increasingly important
because of the global warming and climate change (Mittler et al., 2012). Various strategies
can be used to enhance the tolerance of plants to abiotic stress by genetic engineering.
For instance, overexpression of heat shock protein genes and heat shock factors resulted in
tolerant plants and could offer a solution to the problem (Mishra et al 2002). In flowering
plants, male gametophyte development involves a series of crucial events, such as meiosis
and microspore mitosis, which are very sensitive to environmental stresses (Zinn et al., 2010).
In particular the young microspores that are just released from the tetrad after meiosis are
very vulnerable to high temperatures (Sato et al., 2002). In the meantime at this stage, the
tapetum, the innermost cell layer of the anther locule, is thought to be fully developed and
actively providing nutrients, components and enzymes for microspore development (Scott
et al., 2004). Previous studies have shown that adverse effects occurring at this phase will
subsequently lead to abortion of microspore development and to the associated induction
of male sterility (Ku et al., 2003; Li et al., 2006; Vizcay-Barrena et al., 2006).
Tissue-specific promoters are essential tools for the analysis and modification of plant
development. Previous studies showed that much effort has been directed toward isolating genes specifically expressed in the anthers and/or pollen (Khurana et al., 2012).
Pollen development in the anther starts with sporogenesis, which includes differentiation
of sporogenous cells and meiosis. Many genes involved in meiosis have been identified.
For example, the Arabidopsis thaliana asy1 mutant was found to be defective in meiosis in
both males and females (Ross et al., 1996) and the wild-type gene is expressed specifically
during meiosis (Caryl et al., 2000; Armstrong et al., 2002). Also in bread wheat (Triticum
aestivum) ASY1 ortholog was found to be meiosis-specific and significantly up-regulated
during pre-meiosis and leptotene to pachytene (Boden et al., 2007). After meiosis, the
activity of the tapetum is particularly high and many tapetum-specific genes become
expressed (Scott et al., 2004; Aya et al., 2011). The promoters of the tapetum-specific
TA29 gene of tobacco has already proven to be a useful tool for specific modifications in
the tapetum and for engineering male sterility in plants (Mariani et al., 1990). After the tapetum releases the callase enzyme, which digests the callose wall surrounding the tetrads,
microspores are released in the anther locules. This phase of anther development leads
to free uninucleate microspores, the first cells of the gametophyte. Genes specifically or
preferentially expressed in the gametophytic cells have been classified into two groups:
early (microspore) genes and late (pollen) genes. The NTM19 gene was characterized to
be microspore specific in tobacco, it starts to be expressed immediately after the tetrad
stage and during the whole microspore development (Oldenhof et al., 1996). Activity of
GUS under the control of the NTM19 promoter was studied in transgenic tobacco, and was
47

Hanjing Li - BW v3.indd 47

27-10-15 10:30

Chapter 3

observed first during early microspore stage and declined as pollen entered the maturation phase. The results showed that this promoter is highly microspore-specific and directs
very high level of gus expression in unicellular microspores (Custers et al., 1997).
The “late” pollen genes are activated at microspore mitosis and their transcripts accumulate
until pollen maturity. Microspore mitosis leads to formation of a small generative cell and a
large vegetative cell, and ends with formation of mature pollen. Some genes were characterized to be active at this stage of pollen development. One of the best characterized groups
of pollen specific genes, was represented by the Late Anther Tomato (LAT) genes, expressed
in pollen after mitosis. LAT52 was isolated and described as an anther specific gene, for its
mRNA level is abundant only in mature pollen (Twell et al., 1989 a,b). Twell et al. (1990) also
showed that transgenic tomato plants containing the LAT52 promoter fused with the gus gene,
exhibited GUS activity specifically in the pollen. Another typical “late” pollen specific gene
was isolated from tobacco and named as NTP303. NTP303 promoter activity was observed
from mid-bicellular stage of pollen development till pollen maturity at anthesis (Weterings
et al., 1992, 1995). Besides these anther specific promoters, the CaMV35S promoter was
also used to direct gene expression in flower tissues (Benfey and Chua, 1989). However, this
promoter is active in all organ systems, but not in all cell types. Plegt and Bino. (1989) found
CaMV35S-driven GUS activity in cells of the vascular cylinder, in the connectivum and in the
stomium of transgenic young tomato anthers. However, at later stages of microspore and pollen development, GUS activity was also found in tapetal and sporogenic cells of some wild-type
species. Likewise, Mascarenhas and Hamilton (1992) showed that in transgenic petunia plants
harboring a pCaMV35S::GUS construct, the GUS staining in pollen was an artifact caused by
the diffusion of reaction products from sites in the anther. Furthermore, Van der Meer et
al., (1992) showed that to direct gus gene expression in the tapetum in petunia, fusion of
an anther box to the CaMV35S fragment was necessary. Callis et al. (1990) characterized the
expression of two Arabidopsis ubiquitin extension protein genes, UBI1 and UBI6. Promoters
were isolated from these two genes to direct gus expression, and GUS activity was detected in
all organs/tissues of transgenic tobacco plants, including pollen.
Because the tapetum can be severely damaged in tomato plants exposed to high temperatures at the young microspore stage, we hypothesize that this may be the cause of
defective pollen development. To be able to test this hypothesis, the aim of this work is to
identify tissue specific promoters as tools to modify the HSR in tapetum and pollen in tomato. In order to determine whether the promoter sequences derived from anther genes
in tomato can drive the expression of transgenes specifically to the anther, under normal
and heat condition, we raised transgenic tomato plants in which selected promoters were
fused to the gus gene. The results reported here show their activities under control and
heat stress conditions.
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Materials and methods
Plant material and growth conditions
Tomato (Solanum lycopersicum) cultivar Micro-Tom was used as model system because of
its short life cycle, amenability to manipulation in tissue culture and proven suitability as
a standard genotype in tomato research (Meissner et al., 1997). Wild-type and transgenic
plants were both grown at control temperature (25˚C/19˚C day/night) under a long-day
photoperiod (16 h/8 h, day/night). Plants were grown in soil with standard slow-release
osmocote fertilizer and were watered daily. Two heat stress conditions were used: 42˚C for
2 h, which was applied to study the expression profiling of candidate genes, and 38˚C for
6 h, used to analyze the heat stability of the promoters of candidate genes in transgenic
plants. The latter temperature was chosen for a better use of the growth chambers, and
it was tested to be sufficient to affect pollen vitality. Before the heat stress, plants were
transferred and acclimatized in a cabinet at 22˚C constant temperature with 12 hours light/
12 hours dark and 60% humidity. Light was provided from “plant growth LEDs” (Philips
Green Power LED DR/B/FR) at 250 µmol m-2 s-1. For the RNA level analysis, flower buds
of 2-3 mm, 4-5 mm and flowers at anthesis were harvested, in which anthers contained
meiosis/tetrads (MT), microspores (MS) and mature pollen (MP), respectively. Each biological replicate contained 7-8 anthers from at least 2 T1 plants. All collected tissues were
frozen in liquid nitrogen and stored at -80˚C until RNA extraction.
Pollen germination assay
For the in vitro pollen germination assay, anthers were cut horizontally in 2-3 slices and
collected in an empty Eppendorf tube. To allow slow hydration of pollen grains and prevent bursting due to rapid water uptake, Eppendorf tubes (with open lid) containing the
sliced anthers were kept in high humidity petri-dish with wet filter paper for 30 min at
room temperature (RT). After hydration, germination solution (2 mM boric acid, 2 mM
calcium nitrate, 2 mM magnesium sulphate, 1 mM potassium nitrate, 5% sucrose and 25%
PEG4000) was added and the pollen grains were incubated in the Eppendorf tubes while
slowly rotating at 25˚C for 1.5 h-2 h to allow germination. Pollen grains were counted with
a hemocytometer in 2-4 big squares; per sample at least 100 pollen grains were counted.
Pollen germination rate of non-treated plants was 70%, germination rate for heat treated
at 42˚C for 2 hours was 40%.
RNA isolation and real-time PCR analysis
Total RNA was isolated from anther tissues using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. RNA quantity was measured using a NanoDrop 1000 spectrophotometer (Fischer Scientific) and agarose gel electrophoresis. For cDNA synthesis, 1 µg of
total RNA was incubated with RNase-free DNase (Promega, Madison) and 500 ng of total RNA
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was used for reverse transcription with the BioRad (iScriptTM cDNA Synthesis Kit Bio-Rad
laboratories, Hercules, CA), according to the manufacturer’s instruction. qRT-PCR reactions
were performed using SybrGreen mix (BioRad) according to the manufacturer’s protocol, in
a total volume of 25 µL. All reactions took place in a BioRad MyIQ iCycler, using a two-step
protocol: a program starting with 95˚C for 3 min, followed by 40 cycles of 95˚C for 10 s and
60˚C for 30 s. Afterwards, the reaction mixtures were subjected to the machine’s standard
melting curve analysis. The average PCR amplification efficiency for each primer pair was
calculated by using LinRegPCR (Ruijter et al., 2009). Amplification efficiency then was used
with the Ct-values to calculate the relative expression levels for each sample, and one-way
ANOVA with a post hoc test (Tukey’s HSD) was applied to compare the 2log-transformed data
(Rieu and Powers, 2009). CAC, SAND, and EF1α expression levels were used as reference
genes for analysis in tomato (Zhu et al., 2013), the expression levels of the genes of interest
were normalized by these reference genes. The primers used for the real-time quantitative
PCR reactions were designed using a computer program (Beacon Designer 5.01; Premier
Biosoft International, Palo Alto, CA); primer sequences are listed in Table 1. Three biological
replicates were used for each sample type.
Cloning anther expressed genes, transgene construction, transformation and genotyping
In case selected genes did not come from tomato, the candidate genes SlASY1 (Solyc04g007330.1.1), SlTA29 (Solyc02g078370.1), SlNTM19 (Solyc01g099540.2.1), SlNTP303
(Solyc01g056310.2), SlLAT52 (Solyc10g007270.2), SlUBI (Solyc11g005670.1.1) were found
in the tomato genome database (ITAG version SL2.30). For ASY1 and UBI, based on the
Arabidopsis genome database, their orthologous genes in tomato were identified by the
method of phylogeny based orthology predictions using EnsemblPlants (data not shown).
as the tobacco genome is not fully sequenced, the tobacco genes NTM19, NTP303 and
TA29 orthologs in tomato were identified by the method of bidirectional best hit. There
are two tomato paralog genes of NTM19 (Solyc01g099540.2.1; Solyc09g097940.1.1). We
chose Solyc01g099540.2.1 for further study, because it showed expression in pollen tissue (by blasting the candidate gene nucleotide sequences in an expressed sequence tag
(EST) database DFCI Gene index; http://compbio.dfci.harvard.edu/tgi). The NTP303 gene
of tobacco revealed to be the ortholog of SlLAT51 in tomato; therefore we referred to it
as SlLAT51. Promoter fragments of all these genes were obtained by PCR (see Table 1 for
primers). All fragments contained the initial ATG site of the translation to approximately
1kb upstream, predicted to contain essential promoter functional boxes. The sequences of
the amplified fragments were confirmed by Sanger sequencing.
After the initial isolation and sequencing of the promoter fragments, they were introduced
into the entry vector pDONR221 (Invitrogen) via the BP clonase (Invitrogen) recombination
reaction as described by the manufacturer. The pDONR vectors with promoter fragments
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Table 1. Primers were used for amplification of genes and vectors
Primers used for construction of tissue-specific
promoters (with attB1 and 2 sites)
ASY1 F

AAAAAGCAGGCTCACTGTATTACACTTCCGTCCA

ASY1 R

AGAAAGCTGGGTTTGTTGACAGAGAGAAACGAGA

NTM19 F

AAAAAGCAGGCTAACCAAATGCTTCATCAAATAG

NTM19 R

AGAAAGCTGGGTGTTACTATAGTAGTAAACAAATT

TA29 F

AAAAAGCAGGCTTAGCTCAAAGGATTGTCCAAGCA

TA29 R

AGAAAGCTGGGTCATGTTGGAGCTGCCATTTTAG

LAT51 F

AAAAAGCAGGCTTGAAAAGGCGAATTCAGAGGAAT

LAT51 R

AGAAAGCTGGGTCCCCATGACGATGCTTCTTTT

LAT52 F

AAAAAGCAGGCTGGTGCGTAGACATATCCCGTATAGA

LAT52 R

AGAAAGCTGGGTGAGCACAATAGCCTTTGCCATT

attB1 F

GGGGACAAGTTTGTACAAAAAAGCAGGCT

attB2 R

GGGGACCACTTTGTACAAGAAAGCTGGGT
Primers used for qRT-PCR

gus F

TTAACTATGCCGGAATCCATCGC

gus R

AACGCTGACATCACCATTGGC

ASY1 F

CTTGATAAGATGCCAGAAGA

ASY1 R

AAACCAGTAAACCTATTAGAGTT

NTM19 F

TGGACTAGATCATTGGCAT

NTM19 R

GAGAAGGCATTGGAGGAT

TA29 F

GTGGTTATGTGTGTCTTGTT

TA29 R

GTTTGTCCAGCATTGTAGAA

LAT51 F

TCTGTAACCTTGGCATGA

LAT51 R

TCCCTCTAGCTCGACTAA

LAT52 F

GAAACAAAACTCAGCGAGA

LAT52 R

TCACACCTTCCACTGAAA

UBI F

GTGTGCTGCTGATTTCA

UBI R

ACATAACACATTACAAGGTCTC

CAC F

CCTCCGTTGTGATGTAACTGG

CAC R

ATTGGTGGAAAGTAACATCATCG

SAND F

TTGCTTGGAGGAACAGACG

SAND R

GCAAACAGAACCCCTGAATC

EF1α F

CCTCCGTCTTCCACTTCAGGATG

EF1α R

GTCACAACCATACCAGGCTTGATC
Primers used for genotyping of transgenic plants

Neomycin phosphotransferase II (NPTII) F

CAGACAATCGGCTGCTCTGATGC

Neomycin phosphotransferase II (NPTII) R

CGTCAAGAAGGCGATAGAAGGCG

were recombined with a gateway binary vector pKGWFS7,0, via the LR clonase (Invitrogen)
recombination reaction, performed as described by the manufacturer. These constructs
were subsequently transformed into Agrobacterium tumefaciens strain EHA105 using the
freeze-thaw method (Chen et al., 1994). Transgenic plants were generated by Agrobacte51
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rium tumefaciens-mediated transformation, following a protocol adapted from Sun et al.
(2006). Cotyledons of 10 days old seedlings were incubated in Agrobacterium (EHA105)
cells suspended in liquid MS medium (Gamborg B5 vitamins, 3% sucrose, 0.05% MES, pH
5.8) to a concentration at OD600 between 0.2 and 0.3. After 20 min, the cotyledons were
blotted dry on sterile filter paper, and placed on MS co-cultivation medium (Gamborg B5
vitamins, 3% sucrose, 0.05% MES, 0.8% Daishin Agar, 0.05 mg/liter 2,4D, 0.1 mg/liter IAA,
2.0 mg/liter zeatin, 200 μM acetosyringone, pH 5.8). After two days of co-cultivation, the
cotyledons were washed in liquid MS medium with 200 mg/ liter carbenicillin and transferred to shoot-inducing MS medium containing Gamborg B5 vitamins, 3% sucrose, 0.05%
MES, 0.1 mg/liter IAA, 2 mg/liter zeatin, 200 mg/liter carbenicillin, 0.7% Daishin agar, pH
5.8 and 100 mg/liter kanamycin for selection. Cotyledons that started to develop callus
were transferred to fresh culture medium every 3 weeks. When initial shoots formed, they
were excised from the callus and transferred to rooting MS culture medium (Gamborg
B5 vitamins, 1.5% sucrose, 0.05% MES, 4.0 g Phyto agar, 0.25 mg/liter IBA, 100 mg/liter
cefotaxime, 100 mg/liter vancomycine and pH 5.8). Rooted plantlets were transferred to
soil for further analysis. Media components and antibiotics were obtained from Duchefa
Biochemie (http://www.duchefa.com).
Tomato tissue cultures were grown in a growth chamber (22˚C, 16 h light/8 h dark). T0
transgenic plants were genotyped by standard PCR using primers targeting the kanamycin
resistance gene (NPTII, see Table 1) and transferred to greenhouse. For each construct,
more than 3 independently transformed T0 plants were obtained and analyzed. These
plants were allowed to self-pollinate and set seeds. T1 plants carrying the construct were
selected by PCR and used for analysis of heat stress stability of candidate promoters.
GUS staining assay
GUS activity was analyzed by incubating flower tissue overnight at 37˚C in staining solution
(0.1% Triton X-100, 2 mM Fe2+CN, 2 mM Fe3+CN, and 1 mM 5-bromo-4-chloro-3-indolyl-βglucuronic acid in 50 mM phosphate buffer, PH 7.0). 70 % ethanol was used for cleaning
the samples. To stain the anther sections, flower buds were fixed in 90% ice-cold acetone,
incubated on ice for 20 min, and washed two times in 50 mM phosphate buffer. The
samples were then stained in staining solution overnight at 37˚C, and fixed in FAA fixative
(50 mM ethanol, 5 mL of acetic acid, 10 mL of 37% formaldehyde, and 35 mL of water) for
at least 2 h. The fixed tissues were passed through an increasing ethanol series (50%, 70%,
90% and twice through 100%) for 1 h each and slowly infiltrated with solution A (100 mL
of Technovit 7100, one package of Hardener), and 2.5 mL of polyethylene glycol 400 as
follows: 1 h in 1:3 solution A: 100% ethanol; 1 h in 1:1 solution A: 100% ethanol; 1 h in 3:1
solution A: 100% ethanol; and then in solution A overnight. The flowers buds were embedded in a mix of solution A and Hardener, the sections then were made using a microtome.
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Results
Expression and stability of candidate anther-genes under heat stress in tomato
Different candidate anther-specific genes were chosen based on literature search either
from tomato or from Arabidopsis and tobacco, and orthologs were identified in tomato.
As indication of their promoter activities in tomato at high temperatures, their transcript
levels in tomato anthers of Micro-Tom were analyzed after exposure to heat stress. MicroTom was chosen for its small size, short life cycle and easy manipulation in tissue culture.
Figure1 shows the expression of the selected anther expressed genes: SlASY1, SlTA29, SlLAT51, SlLAT52 and SlUBI. In Micro-Tom, SlASY1 was the only one among these genes that
showed high expression levels in anther at the stage of meiosis/tetrads, but its expression
was not maintained under heat stress at 42˚C. SlTA29 and SlNTM19 were expressed at the
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Figure 1. Expression profiles of candidate tissue-specific genes in tomato anthers under control and heat
stress conditions
Anthers at different stages were sampled and transcript levels were determined by qPCR. (A) Relative mRNA
level of SlASY1. (B) Relative mRNA level of SlTA29. (C) Relative mRNA level of SlNTM19. (D) Relative mRNA
level of SlLAT51. (E) Relative mRNA level of SlLAT52. (F) Relative mRNA level of SlUBI. Expression data were
normalized using CAC, SAND and EF1α as reference genes. In each case, the sample with lowest level of
expression was set at 1, and other samples were normalized to this value. Bars indicate the mean relative
expression level (± standard error), based on three biological replicates. CT: control temperature; HS: 42°C for
2 h. MT: meiosis/tetrads; MS: microspores; MP: mature pollen.
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stage of microspore development, and SlNTM19 had even higher expression levels after
heat stress. In agreement with literature, SlLAT51 and SlLAT52 were expressed in anthers
at the stage of mature pollen, but appeared not to be expressed well after heat stress. The
SlUBI gene was mostly expressed in mature pollen, and like SlTA29 was only slightly down
regulated by heat stress.
Gus expression in anthers of tomato transgenic plants under heat stress
The genes we analyzed all turned out to be expressed in anther/pollen at various developmental stages, meaning that their promoter regions could potentially be used to
direct specific expression of transgenes. To test this, we cloned promoter fragments of
SlASY1, SlTA29, SlNTM19, SlLAT51/LAT52 and SlUBI, and fused them to the gus marker
gene. Through Agrobacterium tumefaciens-mediated transformation, these constructs
were introduced in tomato Micro-Tom. Flowers of different sizes from both wild-type and
transgenic plants were collected, and anthers were dissected. GUS staining was performed
to determine the localization of GUS activity (Fig 2). In addition, qRT-PCR analysis was

Figure 2. GUS reporter activity in anthers of wild-type and transgenic lines
Anthers were stained for GUS activity, fixed, embedded and sectioned. (A) Anther at young microspore stage
of pASY1::GUS lines. (B) Anther at microspore stage of pTA29::GUS lines. (C-D) Anthers at microspore stage
and tetrad stage of pNTM19::GUS lines. (E-F) Anthers at tetrad stage and microspore stage from wild-type.
(G-H) GUS activity in mature pollen from pLAT51::GUS and pLAT52::GUS transgenic lines. I: mature pollen
from wild-type. Bar=50µM.
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Figure 3. Relative expression levels of gus in the anthers of transgenic tomato lines
To test the relative expression level of the gus gene in transgenic lines, leaf and anthers at three stages were
sampled from wild-type (no expression found; data not shown) and transgenic plants both under control and
heat conditions. qRT-PCR analysis was performed using CAC, SAND and EF1α as reference genes. The gus
expression levels in anthers at MT stage in transgenic plants under control condition was set to 1 and all other
values were normalized to this value. The bars represent the average relative expression level of three biological replicates ± standard error. CT`; control condition; HS: 38˚C for 6 h. MT: meiosis/tetrads; MS: microspores;
MP: mature pollen.

performed to investigate the mRNA level of the gus gene and its abundance after heat
stress (Fig 3).
In pASY1::GUS transgenic plants, indigo blue accumulation was visible in the cell layer outside of the tapetum, most likely the middle layer at the microspore stage, and thus at a different place and time than expected (Fig 2-A). Similarly, mRNA of gus gene in pASY1::GUS
was detectable in the anthers mostly at the microspore stage under control temperature
condition (Fig 3-A). Like the endogenous ASY1 transcript, though, gus transcript accumulation was markedly reduced after heat treatment (Fig 3-A). The TA29 promoter directed expression specifically in the tapetum at the microspore stage (Fig 2-B). This is in agreement
with the transcript profile of the endogenous SlTA29 mRNA in wild-type (Fig 1-B), and with
the gus mRNA level in transgenic anther under control temperature at microspore stage
(Fig 3-B). Increasing the temperature to 38˚C caused a strong decrease in gus transcript
level at all stages, also mirroring the behavior of the endogenous gene. The GUS protein
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in pNTM19::GUS accumulated in the tapetum at microspore stage (Fig 2-C), but was also
present at the tetrads stage in the tetrads (Fig 2-D), a bit earlier than the transcripts of the
endogenous gene (Fig 1-C). The transcript profiles of gus from transgenic plants showed
a similar trend, and like the endogenous gene, the expression of the transgene was not
negatively affected by high temperature (Fig 3-C). LAT51 and LAT52 were both strongly
activated in mature pollen (Fig 2-G, H). However, the gus gene in pLAT51::GUS transgenic
lines was also highly expressed at the microspore stage. These two promoters were both
sensitive to heat stress (Fig 3-D, E). In the pUBI::GUS transgenic plants we obtained, except
for a faint staining in mature pollen, no GUS activity in reproductive tissues was found
(data not shown). Transcript of the gus gene could however be detected in anthers of the
same plants, and showed higher expression level in mature pollen, like the endogenous
UBI gene (Fig 3-F). Furthermore, transcript levels slightly increased after application of
heat stress. Taken these results together, we utilized the TA29 promoter and the NTM19
promoter for further studies.

Discussion
Plants response to heat stress varies based on plant organs and developmental stages,
but pollen production is the most sensitive process to increased temperature (Zinn et
al., 2010). As the global temperature keeps rising and heat spells are occurring more
frequently and for longer duration in many regions (IPCC, 2013), there is an increasing
potential that damage to developing pollen grains will disrupt crop yields. Previous
studies have shown that by modulating the expression levels of genes crucial for heat
stress response, vegetative thermotolerance could be enhanced (Grover et al., 2013). For
instance, the modifications of transcription factor genes such as Hsfs, consequently affects
a cascade of gene expression leading to stress tolerance. In tomato, Mishra et al. (2002)
showed that plants expressing the HsfA1a gene under control of CaMV35S promoter have
improved tolerance to heat stress in vegetative tissue. On the contrary, plants with down
regulation of HsfA1a gene expression showed weaker tolerance to heat stress. Interestingly, a very recent study by Fragkostefanakis (Scharf and Fragkostefanakis, personal communication) used the CaMV35S promoter to produce transgenic plants in which antisense
expression of HsfA2 reduced the expression of the gene and led to lower pollen vitality
under high temperature. The reason for the pollen effect, however, remains intriguing, as
the CaMV35S promoter was suggested to be not constantly active in pollen and tapetum
throughout the entire anther development in some Solanaceae, including tomato (Plegt
and Bino. 1989; Mascarenhas and Hamilton. 1992). Possibly, the non-local effect depends
on translocation of the silencing signal (Melnyk et al., 2011) or maintenance of a silenced
state that was initiated at an earlier time point in development. Instead, for our studies on
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tomato pollen thermotolerance, we aimed to modify gene expression specifically in the
tapetum and the microspore by using tissue-specific promoters. Previous studies showed
that tomato anthers are extremely sensitive to high temperatures 8-13 days before anthesis, corresponding with the transition from meiotic division to microspores (Sato et al.,
2002). At this stage, the tapetum is also very active metabolically, providing protection and
nutrients to the developing microspores. Therefore, we set to isolate genes expressed in
young microspores and tapetum in Micro-Tom, in order to use their promoter regions to
specifically modify Hsf gene expression in reproductive tissue.
Most genes we selected had the temporal expression pattern in tomato anthers as
expected, with SlASY1 being specific for the meiotic stage, SlNTM19 for the microspore
stage, SlLAT51 and -52 being specific for the mature pollen and SlUBI1 being expressed
at all stages. Only the SlTA29 gene seems to be expressed slightly later in tomato than its
ortholog in tobacco (Koltunow et al., 1990). Such difference in expression pattern is not
surprising as gene expression and function may diversify during evolution (Rijpkema et
al., 2009).
From all the genes we investigated, we cloned the promoter regions and fused them to
the gus gene to monitor their activities with spatial resolution within the anther. The GUS
activity in SlTA29::GUS, SlLAT51::GUS, SlLAT52::GUS and SlUBI::GUS corresponded to locations reported for their orthologs (Mariani et al., 1990; Twell et al., 1990; Weterings et
al., 1995; Holtorf et al., 1995). The GUS activity in pASY1::GUS plants, however, appeared
in the middle layer in the anther, whereas in Arabidopsis and bread wheat, gene expression was defined to be meiosis-specific (Armstrong et al., 2002; Boden et al., 2007). It is
possible that the promoter region we isolated did not contain cis/regulatory regions for
expression in meiotic cells. Alternatively, differentiation among the four tomato paralogs
may have taken place. Also the NTM19 promoter fused to the gus gene showed a different
pattern than what was described previously in tobacco (Custers et al., 1997). In this case,
it is possible that the primers used for the gene expression analysis (Fig 1-C) can target
the transcripts of the two SlNTM19 candidates genes, but the primers used for amplifying
the promoter region only detected one gene. However, one should bear in mind that in
transgenic plants, the expression of the transgene may be modulated by position effects,
in particular by the chromatin region where the gene is inserted, especially near heterochromatins (Matzke and Matzke. 1998).
In our case, one major issue in the choice of the promoters to be used for further studies
is whether the promoter can still function under heat stress. Obviously, promoters of Hsps
and other genes of the HSR are mainly heat inducible (Masclaux et al., 2004; Yoshida et al.,
1995), but others may be negatively affected. The SlNTM19 and SlUBI promoter fragments
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did not respond much to heat. A ubiquitin promoter was used previously by Cornejo et al.
(1993). In their study, a rice transgenic plant with maize UBI promoter showed increased
expression level of marker gene under thermal stress. By contrast, the SlTA29 and SlLAT52
promoter fragments were somewhat negatively affected and the SlASY1 and SlLAT51 were
almost completely shut down in some developmental stages. These responses closely
mimicked that of the endogenous genes.
Taking together the results on tissue-specificity, temporal regulation and stability under
heat stress, the SlNTM19 and SlTA29 promoters seem suitable for future studies into heat
tolerance of pollen development. The SlNTM19 promoter appears to be active around the
stage of meiosis/tetrad, and in combination with Hsf genes may give protection against HS
at this stage, which may lead to a better pollen performance. Similarly, we assume there is
a possibility to protect the pollen by increasing thermotolerance of the tapetum by utilizing the SlTA29 promoter. An interesting approach could be the addition of a heat shock
element (HSE) to these promoter fragments to create a heat inducible, in the meantime
tapetum/microspore specific promoter (Schöffl et al., 1989).
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Abstract
Pollen development is highly sensitive to environmental perturbation, including high
temperature. The heat shock factor (Hsf)-heat shock protein (Hsp) system is involved in
vegetative thermotolerance, but its role in pollen thermotolerance is less clear. Furthermore, the role of the tapetum in pollen thermotolerance is still debated. Here we report
on the functional characterization of HsfA2 in anthers, using overexpression and RNAi approaches with a tapetum-specific promoter. In anthers of transgenic plants overexpressing
the gene we found much higher transcript level of HsfA2 as compared to wild-type, and
improved ability to form viable pollen under heat stress. Conversely, an HsfA2 RNAi line
presented lower HsfA2 transcript levels and lower pollen germination rate after heat
stress as compared to wild-type. Taken these analyses together, we proved that HsfA2 has
a positive function in tapetum under heat stress. In addition, the overexpression of the
HsfB3a gene with two different anther promoters indicates that also HsfB3a participates
in the heat stress response in anthers.
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Introduction
It is well established that the currently occurring climate changes have an effect on global
crop production, amongst others because of increases in average and maximum daily
temperatures. Crop production highly depends on male gametophyte development in
the anther, which in turn is very sensitive to environmental stress, in particular to high
temperatures. In tomato, the heat sensitivity of anther is observable after short exposure
to high temperatures such as 40˚C during the day or after long term exposure to 32˚C/28˚C
(day/night), temperatures just few degrees above the optimal condition (Iwahori, 1966;
Peet et al., 1997). The formation of microspore is considered to be the most vulnerable
process in most species (Storme and Geelen, 2014). Sato et al. (2002) also showed that
in tomato the meiotic transition from pollen mother cells to microspores is the critical
temperature-sensitive phase. Other studies indicated that, when plants are exposed to
high temperature, also the tapetum, the cell layer surrounding the developing microspores, becomes defective by prematurely degenerating (Saini et al., 1984; Abiko et al.,
2005; Ku et al., 2003). These alterations can dramatically reduce the pollen viability and
pollen germination rate, which consequently significantly decrease the ability of tomato
plants to set fruit.
As many other species, plants have a complex cellular heat stress response (HSR), in which
the heat stress transcription factors (Hsfs) play an essential role. The Hsfs function by recognizing and binding the heat shock elements, conserved motifs present in the promoter
regions of target genes, such as heat shock proteins (Hsps). The family of Hsfs in plants
is larger than in other eukaryotes so far investigated, including 21 in Arabidopsis and 27
in tomato. Their structural analysis predicted the presence of conserved distinct domains
which led to the classification of Hsfs in three classes, namely class A, class B and class C
(Scharf et al., 2012). As the most well-studied class, the function of class A Hsfs is mediated
by short activator peptide motifs (AHS motifs) located in their C-terminal domains, thus
they are assumed to have a positive transcriptional function during the stress response,
by activating downstream genes (Kotak et al., 2004). For examples, a number of studies
using transgenic plants have shown that constitutive overexpression of some Hsf class A
members can up-regulate a subset of heat inducible genes and enhance tolerant ability
in plants (Mishra et al., 2002; Nishizawa et al., 2006; Ogawa et al., 2007; Yokotani et al.,
2008; Liu and Charng., 2013). The biological function of class B Hsfs in the HSR remains to
be clarified. However, from the structure analysis, previous studies showed that the HsfB
family members contain neither a nuclear export signal nor an activation domain, which
are present in HsfA members (Nover et al., 2001; Kotak et al., 2004). HsfB1 acts as coactivator of HsfA1, and maintains the transcription of housekeeping genes in tomato (Bharti et
al., 2004). Ikeda et al. (2011) demonstrated that HsfB1a and HsfB2b function as repressors
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that suppress the general heat shock response under non-heat-stress conditions, but they
are necessary for the expression of heat stress-inducible heat shock protein genes under
heat stress conditions, necessary for acquired thermotolerance.
In tomato, Mishra et al. (2002) showed that increasing the transcript level of HsfA1a
resulted in higher thermotolerance in transgenic plants. In addition, together with the
increase of HsfA1a levels in the transgenic plants overexpressing it, higher levels of HsfA2,
HsfB1, and Hsp17-CI were also detected in leaves. In contrast, strongly reduced or undetectable expression of HsfA1a resulted in a general lack of induced Hsp synthesis and
thermotolerance. These results evidently showed that HsfA1a acts as master regulator of
HSR. In tomato, there is a strong specific physical interaction between the constitutively
expressed HsfA1a and the HS-inducible HsfA2, this interaction consequently results in
synergistic transcriptional activation of HS genes expression (Chan-Schaminet et al., 2009).
However, functional analysis of the same Hsf in different species led to different results in
some cases. In Arabidopsis HsfA2 overexpression and knock-out plants indicated that HsfA2
functions as positive regulator of HSR and enhancer of HS gene expression (Nishizawa et
al., 2006; Charng et al., 2007). Unlikely, in tomato, Mishra et al. (2002) mentioned that
transgenic plants with strongly reduced expression of HsfA2 had no comparable defects in
the HSR as they obtained by reducing HsfA1a expression.
The HsfA2 gene in particular, was well studied by Fragkostefanakis et al. (2014) who showed
that in tomato this transcriptional factor is low abundant in leaves, but is increased upon
heat application, and it is co-expressed with genes such as Hsps, HS-associated Hsa32,
ascorbate peroxidase APX3 and a gene encoding for the MBF1c orthologue. In tomato
anthers, in addition to its heat inducibility, HsfA2 is also developmentally regulated, with
high expression levels at very early stages of anther development (Giorno et al., 2010).
Frank et al. (2009) also indicated that HsfA2 is highly up-regulated by heat stress in tomato
maturing microspores. Taken together, these results on the expression of Hsfs in anthers
and pollen development in response to heat support the idea that they may play crucial
roles in the HSR also in reproductive organs.
In this chapter, we show the results of overexpression and silencing of some Hsfs by utilizing anther specific promoters, to modify the transcript level of these genes in specific cell
types, and to study their effects on pollen performance under heat stress.
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Material and methods
Plant growth, heat treatment and material
Tomato (Solanum lycopersicum) Micro-Tom, wild-type and transgenic plants were grown
on soil in a greenhouse at control temperature (25˚C/19˚C day/night) under a long-day
photoperiod (16 h/8 h, day/night). Plants were watered daily, and osmotic grains were
added as fertilizer in the soil. Before the heat stress at 38˚C, plants were transferred and
acclimatized in a growth chamber at 22˚C constant temperature with 12 hours LED-light/
12 hours dark and 60% humidity. Heat shock was given for 1, 2, 6 or 12 hours at 38˚C.
Anthers were harvested after heat shock at different time points for RNA analysis. Gene
transcript levels in anthers of transgenic plants were analyzed after 1 hour at 38˚C, accumulation of RNAi was tested after 6 hours of heat condition. Flower buds of 2-3 mm, 4-5
mm and flowers at anthesis were harvested, in which anthers contained meiosis/tetrads
(MT), microspores (MS) and mature pollen (MP), respectively. All collected tissues were
frozen in liquid nitrogen and stored at -80˚C until RNA extraction.
Construction of binary vectors and tomato transformation
To generate the anther specific HsfA2 and HsfB3a overexpression lines, the coding sequence of HsfA2 (accession number: Solyc08g062960) and HsfB3a (accession number:
Solyc04g016000) were cloned into the entry vector pDONR221 (Invitrogen) via the BP
clonase (Invitrogen) recombination reaction as described by the manufacturer. Both
clones and the pDONR vectors with promoter fragments were recombined at the same
time with a gateway binary vector pK7m24GW,3 (MultiSite Gateway intermediary vectors,
Ghent University), via the LR clonase (Invitrogen) recombination reaction, again performed
as described by the manufacturer. The tapetum specific RNAi construct of HsfA2 was
generated by inserting the RNAi target fragment into a pDONR vector pKm42GWIWG8,1
(customized tissue-specific hairpin RNA expression for silencing, Ghent University). These
constructs then were transformed into Agrobacterium tumefaciens strain EHA105 using
the freeze-thaw method (Chen et al., 1994).
Transgenic plants were generated by Agrobacterium tumefaciens-mediated transformation. Cotyledons of 10 days old seedlings were incubated in Agrobacterium (EHA105) cells
suspended in liquid MS medium (Gamborg B5 vitamins, 3% sucrose, 0.05% MES, pH 5.8)
to a concentration at OD600 between 0.2 and 0.3. After 20 min, the cotyledons were
blotted dry on sterile filter paper, and placed on MS co-cultivation medium (Gamborg B5
vitamins, 3% sucrose, 0.05% MES, 0.8% Daishin Agar, 0.05 mg/liter 2,4D, 0.1 mg/liter IAA,
2.0 mg/liter zeatin, 200 μM acetosyringone, pH 5.8). After two days of co-cultivation, the
cotyledons were washed in liquid MS medium with 200 mg/ liter carbenicillin and transferred to shoot-inducing MS medium containing Gamborg B5 vitamins, 3% sucrose, 0.05%
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MES, 0.1 mg/liter IAA, 2 mg/liter zeatin, 200 mg/liter carbenicillin, 0.7% Daishin agar, pH
5.8 and 100 mg/liter kanamycin for selection. Cotyledons that started to develop callus
were transferred to fresh culture medium every 3 weeks. When initial shoots formed, they
were excised from the callus and transferred to rooting MS culture medium (Gamborg
B5 vitamins, 1.5% sucrose, 0.05% MES, 4.0 g Phyto agar, 0.25 mg/liter IBA, 100 mg/liter
cefotaxime, 100 mg/liter vancomycine and pH 5.8). Rooted plantlets were transferred to
soil for further analysis. Media components and antibiotics were obtained from Duchefa
Biochemie (http://www.duchefa.com).
Tomato tissue cultures, were grown in a growth chamber (22˚C, 16 h light/8 h dark). T0
transgenic plants were genotyped by standard PCR using primers targeting the kanamycin
resistance gene. Segregation of transgenic plants of T1 progeny was followed via the same
PCR reaction used on T0 plants.
RNA isolation and real-time PCR analysis
Analysis of the expression of HsfA2, HsfA4a, HsfB3a in anthers at different stages was
performed by quantitative real-time PCR experiments. Total RNA was isolated and purified
from anther tissues dissected from flower buds at different stages using TRIzol reagent
(Invitrogen) as prescribed by the manufacturer. DNAse I was used to treat the residual of
plant DNA. cDNA synthesis was performed using the iScript cDNA synthesis kit (BioRad)
according to the manufacturer’s instructions. Primers pairs for qRT-PCR (see Table 1) were
designed using Beacon Designer 4 software (PREMIER Biosoft International). qRT-PCR
reactions were carried out using SYBRGreen mix (BioRad) according to manufacturer’s
protocol, in a total volume of 25 µL. All reactions took place in a 96-well thermocycler (BioRad iCycler; Bio-Rad Laboratories) using a two-step protocol: 3 min at 95°C, followed by
40 cycle of 15 s at 95°C and 45 s at 60°C. Afterwards, the reaction mixtures were subjected
to the machine’s standard melting curve analysis. The average PCR amplification efficiency
for each primer pair was calculated using LinRegPCR (Ruijter et al., 2009). Using the amplification efficiency and the Ct-values, relative expression levels were calculated for each
sample. For the student’s t-test (two-tailed) or Post Hoc test, the 2log-transformed data
was used to test for significant difference (P≤0.05) as previously described (Rieu and Powers, 2009). CAC and SAND expression levels were used as reference genes for expression
analysis. The normalization factor generated by the two reference genes was calculated by
GeNorm (Vandesompele et al., 2002). The relative expression levels of the genes of interest were normalized to wild-type tissues, or to the lowest value in the series (as indicated
in each figure), which were set to 1. At least two biological replicates were used for each
experiment.
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Table1. Primers were used for amplification of genes and vectors
Primers used for cloning with attB sites
HsfA2 F

AAAAAGCAGGCTTCCAAAGTAATGGAGGATGTAGTG

HsfA2 R

AGAAAGCTGGGTTTTCCTGAAATGAAAGAAAGTAGTA

HsfB3a F

AAAAAGCAGGCTTCTTTTGTTATGGGGGTATTAGAAGG

HsfB3a R

AGAAAGCTGGGTTGTCACTACAYGCTAATTAAGACCAT

TA29 promoter F

AAAAAGCAGGCTTAGCTCAAAGGATTGTCCAAGCA

TA29 promoter R

AGAAAGCTGGGTTTTAGCTAAGTTTATTTAAGA

NTM19 promoter F

GTATAGAAAAGTTGAACCAAATGCTTCATCAAATAG

NTM19 promoter R

TTTGTACAAACTTGGTTACTATAGTAGTAAACAAATT
Primers used for qRT-PCR

HsfA2 F

TTTCAGCAATCCAACTTT

HsfA2 R

GGTGTGATGAGGAGTAAT

HsfA2 F 2

GGCGACCATAACTCTATCCTTCCC

HsfA2 R 2

GCCTCCTCCACTATTCCAGTATCC

HsfA4a F

CGACTCTCAACAAGGAAGTGC

HsfA4a R

CTCGGTTTTCTGGCGGAGTA

HsfB3a F

TTACAACAAGTCAATGGGAGTTCAG

HsfB3a R

TCAACCTTTTATTTTCGTCGACAAG

CAC F

CCTCCGTTGTGATGTAACTGG

CAC R

ATTGGTGGAAAGTAACATCATCG

SAND F

TTGCTTGGAGGAACAGACG

SAND R

GCAAACAGAACCCCTGAATC

APX3 F

CGGAACCAGCGGCACTTG

APX3 R

CCATTCTCATACTCGGCAACAAC

Hsa32 F

GCTAAGCCTCAGTTCTCTGTTAAG

Hsa32 R

CCAGCCTGCCTACATAAATCATC

MBF1c F

AAGAAAGCTAGATGAGGCGG

MBF1c R

CTTACACCCACCGGCAAT
Primers used for genotyping of transgenic plants

Neomycin phosphotransferase (NPT) F

CAGACAATCGGCTGCTCTGATGC

Neomycin phosphotransferase (NPT) R

CGTCAAGAAGGCGATAGAAGGCG

Pollen germination assay and statistical analysis
To analyze the pollen germination rate under heat stress, transgenic and wild-type
flowering plants, from which open flowers were removed, were treated in a 38˚C growth
chamber for 10 hours, and then moved back to control temperature. After this, flowers
at anthesis were harvested every day from the treated plants till day 10 after heat stress.
Flowers opened between Day 10-Day 8 had been exposed to heat 10, 9, 8 days before
anthesis, when the flower buds still contained the cells around the meiosis/tetrads stage.
Flowers opened between Day 7 and Day 5 had been exposed to heat when the flower buds
contained anthers with young microspore. Flowers opened between Day 4-Day 1, had
been exposed to heat stress when they contained mature microspores/pollen. Each day
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after the heat treatment, flowers were collected and pollen was tested for germination
rate. 3-5 plants were used for each group, 1-4 open flowers were harvested from one
plant. Anthers were cut horizontally in 2-3 slices and collected in an empty Eppendorf
tube. To allow slow hydration of pollen grains and prevent bursting due to rapid water
uptake, Eppendorf tubes (with open lid) containing the sliced anthers were kept in high
humidity in a petri-dish with wet filter paper for 30 min at room temperature (RT). After
hydration, the germination solution (2 mM boric acid, 2 mM calcium nitrate, 2 mM magnesium sulphate, 1 mM potassium nitrate, 5% sucrose and 25% PEG4000) was added and
the released pollen grains were incubated in the Eppendorf tubes by slowly rotating at
25˚C for 1.5-2 h to allow germination. Pollen grains were counted with a hemocytometer
in 2-4 big squares, total number of pollen grains for one sample was counted above 100.
For the statistical analysis, on each individual day, the mean values from the transgenic
plants group and wild-type group were compared by two tailed students T-test. Asterisks
indicate P value <0.05.

Results
To study the possible function of HsfA2 and HsfB3 during anther and pollen development
in response to heat stress, we investigated their expression in anthers of cv Micro-Tom,
sampled at stages when meiosis and tetrads occurred (MT), microspore developed (MS)
and finally when mature pollen (MP) was released. Anthers at these stages were also
exposed to a heat stress of 38˚C for 1, 2, 6 or 12 hours. After 1 hour of heat stress, HsfA2
was highly induced in anthers at all three stages, whereas upon 2, 6 and 12 hours of heat
stress, the transcript levels were similar again to that of the control condition (Fig 1-A).
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Figure 1. Expression profiles of HsfA2 and HsfB3a in tomato anthers under heat stress
Relative expressions of HsfA2 (A) and HsfB3a (B) genes were determined by qRT-PCR. Anthers were collected at various developmental stages, from meiosis/tetrads (2-3 mm buds), developing microspores (4-5 mm
buds), mature flowers. Heat stress at 38˚C was applied for 0 h (control), 1 h, 2 h, 6 h or 12 h. Data are averages
of three biological replicates and standard error (SE) is indicated. All expression differences are relative to MT
under control condition. Statistical analysis was performed (Post Hoc test, see table 2).
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Surprisingly, HsfB3a gene showed a very low expression level at the meiosis/tetrads stage
as compared to later developmental stages. Furthermore, at the stages of microspore
and mature pollen, HsfB3a appears to have a lower expression level after heat stress as
compared to control temperature (Fig 1-B).
Altogether, HsfA2 and HsfB3a expression is modulated during anther development and
responsive to high temperature, leading to the hypothesis that they are involved in pollen
development under both, optimal and high temperature conditions.
Down-regulation of HsfA2 in tapetum affects the heat shock response of the anther
HsfA2 is a known regulator of the heat response in vegetative tissue and its expression
is also correlated to the heat response in anthers (Chapter 2). In anthers of tomato cv
Micro-Tom, sampled at stages when meiosis and tetrads occurred (MT), microspores
developed (MS) and finally when mature pollen reached maturity (MP), HsfA2 expression
was almost equal. When anthers at these stages were exposed to a heat stress of 38˚C
for 1 hour, HsfA2 was highly induced in anthers at all three stages, most strongly in the
oldest stage, whereas upon 2, 6 and 12 hours of heat stress, the expression levels were
similar again to that of the control condition (Fig 1-A). Thus, HsfA2 expression is expressed
throughout anther development and highly responsive to high temperature, leading to
the hypothesis that it is involved in pollen development under both, optimal and high
temperature conditions. Furthermore, we hypothesized that the negative effect of heat on
pollen development is primarily caused by defective functioning of the tapetum. To test
this, we transformed tomato with an HsfA2 RNAi construct under control of the tapetum
specific TA29 promoter. Three kanamycin resistant lines were regenerated with the HsfA2
construct, one of which set seeds. T1 generation plants of this line were used for further
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Figure 2. Silencing of HsfA2 expression in pTA29::HsfA2 RNAi transgenic plants
A-C: Expression levels of HsfA2 in the anther of transgenic plants and wild-type at MT (A), MS (B) or MP (C)
stages under heat stress for 0 h, 1 h, 2 h or 6 h. Each value indicates the mean of three biological replicates.
All expression differences are relative to the level of HsfA2 in anthers at MT stage in RNAi line. Abbreviations:
MT, meiosis/tetrads; MS, microspores; MP: mature pollen. Significant increase is indicated with an asterisk,
*P<0.05 (two-tails T-test)
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characterization. Fig 2 shows that already under control temperature, the level of HsfA2 in
the transgenic line is lower than in wild-type control, at all three stages tested. After raising
the temperature to 38˚C for 1 hour, HsfA2 transcript levels increased in wild-type, but not
in the transgenic line. Since the TA29 promoter activity is negatively affected by the heat
stress (Chapter3), we analyzed the accumulation of HsfA2 also at later time points during
heat stress. While in the wild-type HsfA2 expression drops back to pre-treatment levels
after two hours of heat, the expression level increases over the 6-h treatment period in
the RNAi lines, especially in the meiosis/tetrad and mature pollen stages. At the mature
pollen stage, we observed a peak of HsfA2 expression, albeit lower and later than in the
wild-type (Fig 2). Thus, the HsfA2 gene is silenced in the transgenic line, with a clearly
lower level of expression just after the application of heat.
To determine whether the initially reduced HsfA2 expression level in the RNAi line affected
the heat stress response, the induction of selected HSR genes was investigated, namely
that of the known HsfA2 target genes APX3, Hsa32 and MBF1c. As shown in Figure 3, the
expression of these genes followed that of HsfA2 in the wild-type: the level increased
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Figure 3. Expression profiles of HsfA2-regulated genes in pTA29::HsfA2 RNAi line
A-C: the expression profiles of APX3, Hsa32, MBF1c in transgenic plants and wild-type, both under control
and heat stress condition. Results were plotted as the mean value of three biological replicates. Standard
error was indicated. The expression level of HsfA2 in anthers at MT stage of RNAi line was set to 1, and other
samples were normalized to this value. Abbreviations: MT, meiosis/tetrads; MS, microspores; MP: mature
pollen. Statistical analysis was performed (Post Hoc test, see table 2).
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Table 2. Summary of statistical analysis results
Expression profile of HsfA2 in anthers of wild-type under heat stress (see fig 1-A).
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Expression profile of HsfB3a in anthers of wild-type under heat stress (see fig 1-B).
0h

1h

2h

3h

4h

MT

BC

C

C

BC

BC

MS

A

AB

A

A

A

MP

A

A

A

A

A
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No same letter presented within one pair of samples means they are significantly different. P<0.05.

sharply after 1 hour of heat and went down again after 2 hours. In the RNAi line, all three
genes had a lower expression under control condition than the wild-type, especially at the
meiosis/tetrad and microspore stages. After 1 hour under heat stress at 38˚C, we observed
some induction, but much less than in the wild-type (Fig 3). This result demonstrates that
the transgenic plants show reduced heat shock related gene expression under optimal
conditions and a reduced heat response in the first hour after an increase in temperature.
HsfA2 silencing reduces pollen quality at optimal temperature and upon high
temperature treatment
To test whether silencing of HsfA2 in the tapetum affected pollen development, we analyzed pollen germination capacity under control conditions and after a 12 hour period at
38°C. This type of heat treatment affects developing pollen especially when they are at the
meiosis/tetrad stage, which can be seen as a drop in pollen performance in flowers that
reach maturity around 9 to 10 days after the treatment (F. Müller, personal communication). We found that at control conditions, that is to say without heat stress treatment
(time = 0 days), there was already a lower performance of pollen in the RNAi plants than
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Figure 4: Effects of silencing of HsfA2 on tapetum degeneration and pollen germination upon heat
A-B: Cytological effects of silencing HsfA2. A: wild-type anther after heat stress. B: anther from pTA29::HsfA2
RNAi plants after the same HS condition. Pictures were taken under light microscopy, Bar=20µM. 10 hours
of 38˚C heat stress was applied on plants with very young flower buds. After heat stress, the plants were left
growing at control temperature for two days. C: Pollen germination rates of wild-type and pTA29::HsfA2 RNAi
transgenic plants treated at 38˚C for 10 hours. Plants carrying all ranges of flower buds were heat treated, and
everyday open flowers were collected and labeled from D1 to D10. In D1, pollen was collected at anthesis,
from flowers that were heat treated one day before anthesis (DBA), when the pollen was already mature.
In D5-D7, pollen was sampled from flowers that had been subjected to heat treatment 5-7 DBA, when the
anthers contained microspores (MS). In D8-D10, pollen samples were taken from flowers that had been previously treated 8-10 DBA when the anthers contained meiotic cells/tetrads (MT). Averages were made based
on 3 different flowers, at least. Significant increase is indicated with an asterisk, *P<0.05 (two-tails T-test)

in the wild-type. In flowers that reached maturity after the heat treatment, pollen quality
remained below that of the wild-type, including in those with anthesis at nine and ten
days post treatment, which were most severely affected. In addition, we also heat treated
the RNAi plants with very young flower buds, and cytological analysis of wild-type and
transgenic lines showed that the tapetum in RNAi plants was prematurely degenerating
soon after meiosis (Fig 4). Thus, HsfA2 acts in the tapetum to support pollen development
under normal and stressed conditions.
Overexpression of HsfA2 in the anther tissue increases pollen thermotolerance
To confirm that tapetal function is a limiting factor for pollen thermotolerance and
that this can be improved by overexpressing Hsfs, we transformed Micro-Tom using a
construct carrying overexpression of HsfA2 under control of the tapetum-specific TA29
promoter. About 10 independent transgenic lines were generated and tested for kanamycin resistance. In three of them, we found higher level of HsfA2 transcript as compared
to wild-type and increased pollen germination rates (data not shown). These three T0
lines overexpressing HsfA2 were allowed to self-pollinate to set seeds, and we performed
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similar analysis on their T1 progeny. Expression of HsfA2 was very high at the microspore
stage in the three transgenic lines, as compared to the meiosis/tetrad stages and to wildtype (Fig 5-A). The increased expression at the microspore stage is in agreement with the
activity of the TA29 promoter in anther at this stage (Chapter 3). As indication of pollen
quality, we tested the pollen germination rate in all three T1 progeny lines. In general, we
found a constant increase of germinated pollen (Fig 5-B). In all three T1 lines, there were
no protective effects of HsfA2 overexpression if the heat stress was applied to the anther
at the time of meiosis (Day 9). However, if the heat stress has occurred between D7-D5
during microspore development, overexpression of HsfA2 resulted in a ±20% more pollen
germination. These reproducible results throughout the two plant generations prove that
by increasing the transcript level of HsfA2 in the tapetum, indeed pollen thermotolerance
can be enhanced.
Expression of HsfB3a in the tapetum improves pollen thermotolerance
We also tested the effect of overexpression of a B-class Hsf, namely HsfB3a, which was
well embedded in the correlation network presented in Chapter 2. This gene showed a
very low expression level at the meiosis/tetrads stage as compared to later developmental
stages. We did not find it to be induced by heat, in agreement with the results presented in
chapter 2. If anything, at the microspore and mature pollen stages, HsfB3a appears to have
a lower expression level after heat stress as compared to control temperature (Fig 1-B).
Because HsfB3a expression is modulated during anther development we hypothesized
that this gene, too, has a function in pollen development under optimal and possibly
also high temperature conditions. Therefore, we tested the effect of overexpression by
generating transgenic tomato in which the gene was placed under the control of TA29 and
NTM19 promoter fragments. The latter is active earlier in anther as compared to TA29,
both in tapetum and in the tetrad cells (Chapter 3). We generated four pTA29::HsfB3a
T1 transgenic lines. They showed a high expression level of HsfB3a in the anther at the
microspore stage (Fig 5-C). We studied pollen quality on the days that showed the clearest
differentiation in the experiment with pTA29::HsfA2 (i.e. days 4-7 after heat treatment),
and like those lines, the HsfB3a overexpressing lines had higher pollen germination rates.
While the wild-type pollen germination is usually 80-90%, it dropped to around 70% at
day 4-7 after the heat treatment. Pollen germination of the HsfB3a overexpression lines,
however, remained at 80-90% (Fig 5-D). In two generated T1 transgenic lines harboring the
pNTM19::HsfB3a, we indeed detected RNA overexpression particularly at the stage of MT
in anther (Fig 5-E), when in wild-type there is very low expression of HsfB3a. Also in these
lines pollen germination rate improved about 10-20% as compared to wild-type (Fig 5-F).
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Figure 5. Effects of HsfA2 or HsfB3a overexpression in tomato anthers
A: HsfA2 mRNA levels in wild-type and in pTA29::HsfA2 transgenic lines. OE-1, OE-2, OE-3 are three independent transgenic T1 lines. Young anthers containing meiotic cells/tetrads (MT) or microspores (MS) were
harvested under control condition. Three biological replicates were taken and the standard error is indicated
by error bar. B: pollen germination rates of wild-type and pTA29::HsfA2 transgenic plants treated at 38˚C for
10 hours. Samples were harvested as described in fig 4. C: relative expression levels of HsfB3a in wild-type and
in four pTA29::HsfB3a transgenic lines. Anthers at the microspore stage were collected. D: pollen germination
rate of pTA29::HsfB3a transgenic lines and wild-type, flowers were harvested from heat treated plants as described in B. E: relative expression levels of HsfB3a in wild-type and in two pNTM19::HsfB3a transgenic lines.
Young anthers containing meiotic cells/tetrads or microspores were harvested under control condition. F:
pollen germination rate of pNTM19::HsfB3a transgenic lines and wild-type. Flowers were harvested from heat
treated plants as described in B. Significant increase is indicated with an asterisk, *P<0.05 (two-tails T-test)

Discussion
Hsfs expression profiles at different stages under heat stress
From the result of chapter 2, we observed that among different cultivars, the Hsfs gene
expression profiles were different. By qRT-PCR we characterized the expression of two
selected Hsf genes in Micro-Tom. HsfA2 is known as an early inducible gene in the vegetative HSR, and we found it to reach a higher expression level in anther after 1 hour of heat
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stress, too. This scenario is in line with findings by Giorno et al. (2010) and Frank et al.
(2009), that HsfA2 was remarkably activated in anthers at young stage under mild (36˚C)
or extreme (43–45˚C) heat stress. After an early peak in expression, the gene is quickly
down regulated again. This expression pattern fits the idea that HsfA2 in combination with
the primary HsfA1 type Hsfs, strongly enhances the heat stress response soon after its initial perception Apparently, the strong HSR feeds back to HsfA2 itself, in a delicate balance
based on the requirement of its own transcript level. We have also shown here that the induction level of HsfA2 transcript is increasing with pollen development. Upon heat stress,
the increased level of HsfA2 at the microspore stage is higher than that at meiosis/tetrads
stage, and in anther at mature stage is higher than at the microspore stage. This observation is similar to the observation of Giorno et al. (2010). Taken together, the expression
profile of HsfA2 in tomato may be taken as an indication for a role in the protection of the
male reproductive process under heat stress. HsfB3a expression is very different from that
of HsfA2. It showed higher expression level in anthers at microspore and mature stages,
but seems not to be induced by heat stress. Class B genes are in general less well studied
than Hsf genes of class A. According to previous studies, these genes may have a repressor
function, as they have no active domain like class A, but have instead a repressor domain
(Scharf et al., 2012). However, some class B Hsfs were shown to have a positive role in
gene regulation as co-activator of HsfA1, or to be necessary for acquired thermotolerance
(Bharti et al., 2004; Ikeda et al., 2011). Based on the developmental expression profile, we
could assume that HsfB3a may have a protective role in anthers as well.
HsfA2 may regulate genes relevant for anther and tapetum development or function
In the pTA29::HsfA2 RNAi plants, mRNA level of HsfA2 in the meiosis/tetrad and microspore
stages is well down-regulated and only after 2 to 6 hours of heat treatment, the levels of
HsfA2 in the RNAi lines increase to the levels comparable to not induced HsfA2 expression
in wild-type. This indicates that RNAi is reasonably stable also under heat stress condition
for some hours, in spite of the fact that the TA29 promoter is somewhat heat sensitive
(chapter 3). The efficient RNAi of HsfA2 in tapetum at the microspore stage is probably the
reason for low germination rates of the mature pollen. There is a certain level of HsfA2
mRNA present at the mature pollen stage, and some silencing seems to take place in the
RNAi line: the HsfA2 expression profiles in the RNAi line is shifted and a little lower than in
wild-type. Interestingly, anthers at the stage of mature pollen do not contain any tapetum,
so the presence of HsfA2 mRNA in wild-type and its reduction in the RNAi line suggest
that HsfA2 is also expressed and silenced somewhere else in anther, for example in the
vegetative tissues or in the pollen, and that the silencing signal is still present for some
time after activity of the promoter used for silencing has declined. Indeed, Giorno et al.
(2010) showed the presence of HsfA2 mRNA and protein in mature microspore. Molecular
transport of the siRNAs responsible for silencing has been reported and can occur apo77
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plectically through a process that involves transfer across the cell membrane, the cell walls
and intercellular spaces (Melnyk et al., 2011).
In the transgenic plants, the pollen germination rates after heat stress were lower as
compared to wild-type. As we found premature tapetum degeneration in RNAi plant after
heat stress (Fig 4), this low pollen performance seems to be due to reduced functioning of
the tapetum. Interestingly, we also observed that under control condition, the transgenic
plants had a lower pollen germination rate as compared to wild-type, thus HsfA2 seems to
support tapetal function independent of heat, too. It was suggested that during pollen development, Hsps function as molecular chaperones in folding/refolding of proteins under
non-stress conditions (Bukau et al., 2006; Krishna et al., 2004). Furthermore, HsfA2 was
shown to be co-expressed with several genes involved in protection against programed
cell death (Fragkostefanakis et al., 2014), which is also crucial for tapetum degeneration
and microspore development. A possible conclusion that may be drawn from this is that by
down-regulating HsfA2 in anther, the transcript levels of certain genes/proteins engaged
in tapetum development and function may be affected. A less well functioning tapetum, in
turn, may have effects on pollen germination also without heat stress. In our RNAi line, a
number of genes that are targeted by HsfA2, APX3, Hsa32 and MBF1c (Fragkostefanakis et
al., 2014) were also down-regulated and less heat responsive in absolute terms. Although
they may represent a much larger set of genes that are expressed at lower levels, their
down-regulation may well contribute to the lower thermotolerance in the RNAi line.
Increased pollen thermotolerance by protecting the anther
As the most inner cell layer, the tapetum surrounds the developing reproductive cells and
plays an important role in the vitality of pollen grain. It provides necessary enzymes and
nutrients for pollen development, but it is also sensitive to high temperature (Storme
and Geelen, 2014). Already in 1967, Rick and Boynton found a conditional male sterile
mutant of tomato, in which at high temperature the tapetum was prematurely degenerated. Storme and Geelen. (2014) also suggested that tapetum premature degeneration
could be a reason of microspore abortion. Thus, in addition to direct effects on pollen, the
heat damage to the pollen might also be the indirect result of dysfunction of tapetum. In
the present work, we proved this hypothesis by overexpressing the HsfA2 or HsfB3a genes
in the tapetum, after which we indeed found higher pollen vitality upon heat stress: at
the various time points after heat treatment tested, the pollen germination rate is about
20% more in almost all transgenic plants with overexpression, with different promoters or
different Hsf genes. Interestingly, the pollen germination results indicate that in the overexpression lines, the best protected stages during development, day 5-7 before anthesis,
correspond to the stages from young to mature microspore. This is also the time when the
TA29 and the NTM19 promoters have the highest activity. This result demonstrates that
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by increasing the transcript level of HsfA2 or HsfB3a specifically in tapetum can improve
pollen thermotolerance. Targeted overexpression of Hsfs genes may be a way to improve
pollen thermotolerance and maintain seed and fruit set in tomato and possibly other
crops, despite increases in temperature.
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Abstract
We identified transgenic plants with tapetum-specific overexpression of HsfA2 that
showed increased pollen thermotolerance. To better understand the reason for this phenotype, we performed transcriptome analysis of anthers at microspore stage of the wildtype and transgenic lines under control and heat conditions. In addition to the transgene,
HsfA2, many heat-inducible genes were up-regulated in the overexpression line at control
temperature, and many heat-repressed genes were down-regulated, indicating that they
act downstream of HsfA2. A large part of these genes responded less vigorously to the
heat treatment in the transgenic line, possibly as a result of reduced internal stress in
these plants. Interestingly, a number of pollen-development related genes were protected
from heat-repression in the transgenic line, identifying them as candidate causative genes
for the negative effect of heat on pollen performance.
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Introduction
During growth, plants are subjected to various abiotic stresses, such as high temperature
stress (Mittler. 2006). As sessile organism, plants cannot move to a favorable environment, thus they developed a heat stress response (HSR) mechanism that enables them
to tolerate high temperature stress (Wahid et al., 2007; Kotak et al., 2007a). The HSR
includes maintenance of membrane stability, scavenging of reactive oxygen species (ROS),
production of antioxidants, induction of various protein kinases and chaperone signaling
and transcriptional activation (Hasanuzzaman et al., 2013). All these processes can be
illustrated by enhanced expression of certain genes, in particular genes encoding stressrelated proteins, including Heat shock proteins (Hsps) (Qu et al., 2013; Bokszczanin et
al., 2013). The expression of Hsps is mediated by heat stress transcription factors (Hsfs),
through the recognition of the heat shock elements (HSEs) presented in the promoters of
Hsps (Baniwal et al., 2004; Scharf et al., 2012). However, the HSR at molecular level may
differ according to the strength and duration of the HS (Larkindale and Vierling. 2008).
Anthers and pollen are also sensitive to heat stress and expressing HSR genes in response
to heat. Some transcriptomic studies investigated gene expression during pollen development under non-stress condition (Honys and Twell. 2003), but in recent years, several
studies on the effect of HS on the transcriptome of developing pollen/anther, added information to the previous studies. Frank et al., (2009) showed that Hsp genes and oxidative
stress response related genes composed the largest group of HS-regulated genes in developing microspores. Notably, other HS related genes are involved in defense, hormone
signaling, transcription regulation as well as carbohydrate metabolism. For the study of
heat stress at early stage of pollen development, Bita et al. (2011) showed that in the tomato anthers at the meiosis stage, genes related with protection and repair, signaling and
transcription, metabolism and development functions were induced upon mild heat stress.
Among them, in the early phase of heat stress, the highest increased transcripts belonged
to Hsps and sHsps. In particular, over the whole heat stress period, the genes with highest
induction belonged to class CI sHsp 17.6, class CII sHsp 17.6 and mitochondrial sHsp (Bita
et al., 2011). Similar up-regulated genes were also observed in the transcriptome analysis
of rice anthers, the major transcriptional response was found to be Hsf and Hsp genes
(Li et al., 2015). In addition to the investigations of up-regulated genes in anthers under
heat stress, Endo et al. (2009) investigated the genes that were down-regulated by high
temperature in anthers of rice. They identified 15 genes that were the most drastically
high temperature-repressed genes, and most of them were presumably involved in the
metabolic process and related to the catalytic activities. Furthermore, by in situ hybridization analysis targeting 4 out of these genes, strong signals were detected in the tapetum
(Endo et al., 2009). Other studies also showed targeted transcriptional profiles of all Hsfs,
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for example, Guo et al. (2015) analyzed Hsf genes in pepper under heat stress and Zhang et
al. (2015) analyzed the expression patterns of populus Hsf and Hsp genes. These analyses
provide additional information to the profiles of Hsf genes in different tissue and under
various stress condition. The targeted-gene co-expression meta-analysis under different
stress conditions showed that HsfA2 clustered with 13 genes encoding Hsps and several
sHsps. Besides, other non-Hsp genes were also found, including ascorbate peroxidase 3
(APX3), multiprotein bridging factor 1 (MBF1) and heat stress-associated 32 (Hsa32). All of
them showed strong up-regulation by heat (Fragkostefanakis et al., 2014).
The adverse effects of heat stress can be alleviated by developing crop plants with improved thermotolerance using genetic approaches (Mittler and Blumwald. 2010; Grover
et al., 2013). However, the mechanisms of heat tolerance in anther is still not clear, and
possible strategies for improving crop thermotolerance in a tissue-specific manner is still
lacking. To shed more light on this issue, in chapter 4, we generated transgenic plants
with the overexpression of HsfA2 under the control of a tapetum-specific promoter. The
transgenic plants showed significantly higher expression level of HsfA2 in the anthers at
the microspore stage, as compared to wild-type. Upon heat stress, pollen from transgenic
plants showed higher germination rates, indicating enhanced thermotolerance in the
male reproductive organ. To analyze the consequent effects of the modification of HsfA2
at the molecular level, we performed a transcriptome analysis in the anther of transgenic
and wild-type plants under control and heat conditions.

Materials and methods
Plant materials and growth conditions
Tomato genotype Micro-Tom was used for the present study. Wild-type and transgenic
plants carrying pTA29::HsfA2 were grown in a temperature-controlled climate cabinet at
22˚C constant temperature with 12 hours light/ 12 hours dark and 60% humidity. Light was
provided from Philips Green Power LED DR/B/FR lamps at 250 µmol m-2 s-1. Protocols
followed to impose stress and harvest anther samples were identical to those described
previously (chapter 4), with a treatment at 38˚C for 1 hour.
RNA isolation
For each plant line and treatment, three or four biological replicates were collected. Flower
buds of 4-5 mm were harvested in which anthers contained microspores (MS). Each biological replicate contained 7-8 anthers from at least 2 T1 plants. All collected tissues were
frozen in liquid nitrogen and stored at -80˚C until RNA extraction. Total RNA was isolated
from anther tissues using TRIzol reagent (Invitrogen) according to the manufacturer’s in86
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structions. After RNase-free DNase (Promega, Madison) treatment, RNA was purified with
RNeasy Kit, following standard protocol. Concentration and quality of extracted RNA was
measured photometrically (NanoDrop ND-1000 UV-Vis spectrophotometer, NanoDrop
Technologies, Wilmington, DE). Purified RNA was used for transcript profiling experiments.
100ng of total RNA was used for synthesizing cDNA, with the Ambion WT expression kit
(Applied Biosystems/Life Technologies, The Netherlands).
Microarray and Statistical analysis
Microarray analysis was carried out at the Wageningen UR microarray facility in collaboration with Dr. AG Bovy. The cDNA was labelled with biotin by using the Affymetrix
GeneChip WT Terminal Labeling Kit (Affymetrix, Santa Clara, CA, USA), and hybridized to
the Affymetrix EUTOM3 tomato arrays. The microarray signals were determined using
MadMax microarray analysis software (http://madmax.bioinformatics.nl). Robust Multiarray Averaging (RMA) method was used for normalization. All transcript data were log2
transformed before analysis to correct for heterogeneity of variance (Gomez and Gomez,
1984; Rieu and Powers. 2009). PCA (Principal Components Analysis) with scores and loadings extraction was conducted by R software (http://www.r-project.org/) (R package PCA
Methods). For statistical analysis, two-way ANOVA was performed on the four samples
groups (wild-type control, wild-type HS, overexpression control and overexpression
HS). To control the level of false discoveries that results due to multiple comparisons,
the adjusted P-values (q-values) were generated by using Benjamini-Hochberg correction
method (Benjamini & Hochberg. 1995). Genes with statistically significant differences in
transcript level compared to the controls were identified using a false-discovery corrected
P-value<0.1 and a two-fold-change filter as cut-off. The level of significant differences of
gene transcripts was set as adj. P-value<0.05 for the comparison between genotypes and
treatments. GO analysis was performed using PANTHER (Mi et al., 2013b) flowing the protocol described by Mi et al. (2013a). Binomial statistical tests were used for statistics and
p-value of 0.05 was set as cutoff for the genes sets used for GSEA (gene set enrichment
analysis). GO terms used for GSEA were collected from plantGSEA, and bi-directional best
fit method was used to find orthologs in tomato. The GSEA analyses were conducted by
GSEA software. Heat maps were generated by GENE E software.

Results
To examine the effect of HsfA2 overexpression at the molecular level, we performed a transcriptome analysis on anthers at microspore-stage of the wild-type and the pTA29::HsfA2
overexpression line, under control conditions and after 1 hour at 38 °C (HS). Expression
level of HsfA2 was clearly upregulated in the transgenic line under control conditions
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(log2 fold change, LFC=6.2; FDR<0.001), in agreement with the results from the qPCR
analysis (chapter 4). The overall variation of gene expression between the two genotypes
(wild-type and transgenic plants) and conditions (control and heat stress) was compared
by Principal Components Analysis (PCA; Fig 1). The analysis showed that the replicates
of each type were highly similar and that the two main components fully separated the
genotypes and the treatments (Fig. 1). This indicates that the two investigated variables
(i.e. overexpression of HsfA2 and heat stress treatment) indeed had the strongest impact
on transcript composition in our experiment. Taken together, these results confirm the
validity of our experimental setup.
Principal Component Analysis (PCA)
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Figure 1: Principle component analysis score plot
Upon the complete transcript dataset, PC1 and PC2 together contribute more than 29% of the total variance.
WT CT: samples from wild-type at control condition. WT HS: samples from wild-type at heat stress condition.
OE CT: samples from transgenic plants with overexpression of HsfA2 at control condition. OE HS: samples
from transgenic plants with overexpression of HsfA2 at heat stress condition.

Anther transcriptome response to HS in wild-type plants
To investigate the behavior of anther-expressed genes in response to heat, we compared
the wild-type samples from control and heat treatment. A total of 2777 genes were
found to be significantly affected (1-way ANOVA, FDR≤0.1). However, to focus on changes
with expected biological impact, we applied a filter to select only those genes with at
least 2-fold change (Log2FC≥1 or Log2FC≤-1) in expression. This resulted in a set of 644
up-regulated genes and 431 down-regulated genes. To determine how the response of
anthers differed from that of leaves, we compared our dataset with the MACE data in Fragkostefanakis et al. (2014), who treated tomato leaves at 39 °C for 1 hour, followed by 1.5 h
recovery at control conditions. They observed 2203 out of 29 345 genes to have increased
transcript abundance (Log2FC>1; no FDR) upon stress application. A hundred eighty-three
genes were up-regulated in both, anthers and leaves, which was significantly more than
88

Hanjing Li - BW v3.indd 88

27-10-15 10:31



expected by chance (Fisher’s exact test, P<0.0001). Similarly, they found 1352 genes to
have decreased transcript abundance (Log2FC<-1; no FDR) upon stress application. Fiftyfive genes were down-regulated in both, anthers and leaves, which was significantly more
than expected by chance (Fisher’s exact test, P<0.0001). Thus, a considerable overlap
between the tissues exist.
To obtain an overview of what kind of processes are affected by heat in anthers, we
applied an over-representation analysis of gene ontology (GO) biological process (BP)
categories. This provides a statistical measure of whether a particular functional group of
genes contains more up- or down- regulated genes than would be expected by chance.
As summarized in (fig 3), the highest enriched biological processes (Fold >5) consisted of
protein folding (GO:0006457), protein complex assembly (GO:0006461), protein complex
biogenesis (GO:0070271) and response to stress (GO:0006950). On the contrary, the
biological processes most enriched for down-regulated genes (Fold >5) comprised Chromosome segregation (GO:0007059), RNA localization (GO:0006403), cellular component
movement (GO:0006928) and DNA replication (GO:0006260).
In addition, we performed gene set enrichment analysis (GSEA) to gain an in-depth information of the response to high temperature of sets of genes with a more specific function.
We selected sets of genes related to HSR, namely all Hsfs, all Hsps and other HSR genes
(Fragkostefanakis et al., 2014), and sets related to pollen development and tapetum function. As expected, we found a significant enrichment of Hsfs and Hsps among up-regulated
genes (Fig 4). Interestingly, genes involved in tapetum and pollen development or function
were enriched among the down-regulated genes (Fig 5), suggesting some activities in
these cell types were affected by heat stress. This may provide molecular evidence for the
defects of pollen development caused by heat stress.

A

B

Up

461 183
Anther

2020

Down

376
Anther

Leaf

55

1297
Leaf

Figure 2. Comparison between the genes regulated by heat in anthers and leaf
A: the up-regulated gene in anthers and leaves. B: the down-regulated genes in anthers and leaves.
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Figure 3: Transcriptional response of anthers at microspores stage to heat stress
Enrichment of gene ontology BP terms either up- or down- regulated by heat stress. Numbers represent the
counts of transcripts supporting the GO terms.
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Hsps
FDR<0.001

Hsfs
FDR<0.001

Gene set

Figure 4. GSEA analysis of Hsf and
Hsp gene sets
The Hsf and Hsp gene sets are
significantly enriched for heat upregulated genes in the wild-type.
Colors range from dark red to dark
blue representing respectively the
highest and lowest expression of a
gene. The function descriptions of
these genes were listed in table 1.
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Table 1: Function description of the genes were listed in Figure 4
Accession number Function description
Solyc08g062960

HsfA2

Solyc02g090820

HsfB1

Solyc08g080540

HsfB2b

Solyc02g072000

HsfA4c

Solyc12g098520

HsfA5

Solyc09g009100

HsfA3

Solyc03g097120

HsfA1b

Solyc07g040680

HsfA9

Solyc03g026020

HsfB2a

Solyc03g006000

HsfA4a

Solyc09g059520

HsfA8

Solyc12g007070

HsfC1

Solyc08g078700

NA

Solyc09g075950

Heat shock protein 1 (AHRD V1 ***- B6SXY0_MAIZE)

Solyc02g093600

class I heat shock protein (AHRD V1 ***- Q69BI7_CARPA)

Solyc08g062340

class II heat shock protein (AHRD V1 ***- B6T339_MAIZE)

Solyc03g113930

class IV heat shock protein (AHRD V1 ***- B6T3F5_MAIZE)

Solyc06g076560

class I heat shock protein (AHRD V1 ***- Q69BI7_CARPA)

Solyc11g066100

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc11g020330

NA

Solyc01g102960

NA

Solyc06g076020

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc08g062450

class II heat shock protein (AHRD V1 ***- B6T339_MAIZE)

Solyc11g071830

Chaperone protein dnaj (AHRD V1 ***- Q17AX7_AEDAE)

Solyc03g123540

NA

Solyc02g077670

Chaperone protein dnaJ 2 (AHRD V1 ***- DNAJ2_ARATH)

Solyc02g088610

ATP-dependent chaperone ClpB (AHRD V1 **** B5W0X8_SPIMA)

Solyc06g036290

Heat shock protein 90 (Fragment) (AHRD V1 **— Q00NU9_WHEAT)

Solyc04g011440

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc03g007890

Heat shock protein 90 (Fragment) (AHRD V1 **— Q2L3T8_WHEAT)

Solyc06g076570

NA

Solyc03g082420

NA

Solyc03g115230

ClpB chaperone (AHRD V1 ***- D6QXI5_TRYCR)

Solyc09g091180

chaperonin (AHRD V1 ***- Q6N0B9_9PROT)

Solyc09g005120

Chaperone protein DnaJ (AHRD V1 *-*- C7DHA9_9EURY)

Solyc12g043110

Heat shock protein 4 (AHRD V1 ***- B6U237_MAIZE)

Solyc04g014480

class I heat shock protein 3 (AHRD V1 ***- B6TQD6_MAIZE)

Solyc06g011400

ATP-dependent chaperone ClpB (AHRD V1 **** B5W0X8_SPIMA)
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Table 1: Function description of the genes were listed in Figure 4 (continued)
Accession number Function description
Solyc09g015000

NA

Solyc07g043560

Heat shock protein 4 (AHRD V1 ***- B6U237_MAIZE)

Solyc12g043120

Heat shock protein 4 (AHRD V1 ***- B6U237_MAIZE)

Solyc05g056390

chaperonin (AHRD V1 ***- O24186_ORYSA)

Solyc07g042250

chaperonin (AHRD V1 *-*- B4WMS9_9SYNE)

Solyc11g069790

chaperonin (AHRD V1 ***- B2IXD2_NOSP7)

Solyc05g053470

chaperonin (AHRD V1 ***- D2LE93_RHOVA)

Solyc11g020040

Chaperone DnaK (AHRD V1 ***- Q1SKX2_MEDTR)

Solyc01g079610

DNAJ chaperone (AHRD V1 ***- B0W7V8_CULQU)

Solyc05g010670

Chaperone protein htpG (AHRD V1 ***- HTPG_MYXXD)

Solyc01g086740

Chaperone protein dnaJ (AHRD V1 ***- B6TA99_MAIZE)

Solyc07g053620

Chaperone protein dnaJ (AHRD V1 *-*- DNAJ_THEAC)

Solyc01g099660

Heat shock protein (AHRD V1 ***- Q84KP8_CYAME)

Solyc01g100230

Chaperone protein dnaJ (AHRD V1 ***- B6U761_MAIZE)

Solyc04g081570

Chaperone protein htpG (AHRD V1 **— HTPG_MYCA1)

Solyc06g072330

Mitochondrial import inner membrane translocase subunit TIM14 (AHRD V1 ***- B6T323_
MAIZE)

Solyc03g123560

Chaperone protein dnaJ (AHRD V1 *-*- B4FBY1_MAIZE)

Solyc12g042830

NA

Solyc09g007630

Chaperone DnaJ (AHRD V1 *-*- C4JWN5_UNCRE)

Solyc08g029220

Chaperone protein dnaJ 49 (AHRD V1 *-*- DNJ49_ARATH)

Solyc04g005820

Chaperone protein dnaJ 2 (AHRD V1 ***- DNAJ2_ARATH)

Solyc01g103450

Chaperone DnaK (AHRD V1 ***- Q1SKX2_MEDTR)

Solyc12g015880

Heat shock protein 90 (AHRD V1 ***- Q14TB1_TOBAC)

Solyc08g082820

Heat shock protein (AHRD V1 ***- Q84KP8_CYAME)

Solyc04g009770

DNAJ chaperone (AHRD V1 ***- Q1HR50_AEDAE)

Solyc01g106210

Chaperone DnaK (AHRD V1 ***- A2Q199_MEDTR)

Solyc01g088610

chaperonin (AHRD V1 ***- B5IMI3_9CHRO)

Solyc07g047790

Chaperone protein htpG (AHRD V1 ***- HTPG_IDILO)

Solyc01g105340

Chaperone protein dnaJ (AHRD V1 ***- B6TAJ2_MAIZE)

Solyc10g086410

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc06g009670

DNAJ heat shock N-terminal domain-containing protein (AHRD V1 ***- D7M452_ARALY)

Solyc03g120850

chaperonin (AHRD V1 ***- B2IXD2_NOSP7)

Solyc01g079580

DNAJ heat shock N-terminal domain-containing protein (AHRD V1 ***- D7LGN0_ARALY)

Solyc11g066060

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc11g005400

DnaJ domain containing protein (AHRD V1 ***- B6U3I3_MAIZE)

Solyc01g028810

chaperonin (AHRD V1 ***- B4VMY1_9CYAN)

Solyc01g088730

Chaperone protein DnaJ (AHRD V1 *-*- A6CVH2_9VIBR)

Solyc07g064020

NA
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Pollen development
FDR<0.05

Tapetum related
FDR<0.01

Gene set

Figure 5. GSEA analysis of antherdevelopmental gene sets
Pollen and tapetum development
related gene sets are enriched for
heat down-regulated genes in the
wild-type. Colors range from dark
red to dark blue representing respectively the highest and lowest
expression of a gene. The function
descriptions of these genes were
listed in table 2.

94

Hanjing Li - BW v3.indd 94

27-10-15 10:31


Table 2: Function description of the genes were listed in Figure 5
Accession number Function description
Solyc07g006060

Histone-lysine N-methyltransferase, H3 lysine-36 specific (AHRD V1 **** SET2_CANAL)

Solyc02g070560

Phospho-N-acetylmuramoyl-pentapeptide-transferase (AHRD V1 ***- A0ZB89_NODSP)

Solyc11g018600

3-phenylpropionate-dihydrodiol/cinnamic acid-dihydrodiol dehydrogenase (AHRD V1 *-*HCAB_ECO5E)

Solyc02g088710

4-coumarate CoA ligase-like (AHRD V1 **** Q84K86_NICSY)

Solyc02g079810

Transcription Factor (AHRD V1 *-** Q84LF9_ORYSA)

Solyc07g065780

ABC transporter G family member 26 (AHRD V1 ***- AB26G_ARATH)

Solyc04g008420

PHD finger family protein (AHRD V1 **— D7LPW0_ARALY)

Solyc08g062780

BHLH transcription factor (AHRD V1 **** Q84WX1_BRANA)

Solyc10g009390

Cytochrome P450

Solyc04g008780

Dihydroflavonol 4-reductase family (AHRD V1 **** D7MD06_ARALY)

Solyc06g051750

Cytochrome P450

Solyc09g007330

DNA replication licensing factor MCM6 (AHRD V1 **** B3LHP9_YEAS1)

Solyc05g050960

DNA repair and recombination protein radA (AHRD V1 ***- D0KRU5_SULS9)

Solyc03g123570

Phosphatidylinositol-4-phosphate 5-kinase family protein (AHRD V1 **-* D7L328_ARALY)

Solyc02g088710

4-coumarate CoA ligase-like (AHRD V1 **** Q84K86_NICSY)

Solyc07g056320

ER glycerol-phosphate acyltransferase (AHRD V1 **** B9T753_RICCO)

Solyc03g123890

Calcium-transporting ATPase 1 (AHRD V1 ***- Q7XBH9_CERRI)

Solyc02g078230

Glucan synthase like 1 (AHRD V1 ***- D8R536_SELML)

Solyc12g037980

Actin-like protein 6A (AHRD V1 ***- B6TTQ6_MAIZE)

Solyc07g042170

Jasmonate ZIM-domain protein 3 (AHRD V1 **— B3Y563_TOBAC)

Solyc07g017540

Rad51 DNA recombination/repair protein (AHRD V1 ***- B7G0B3_PHATR)

Solyc04g081520

Laccase-16 (AHRD V1 **— LAC16_ARATH)

Solyc07g053970

Two-pore calcium channel 2 (AHRD V1 **** B8PXJ9_STRPU)

Solyc05g013510

Phosphate transporter 2-1 (AHRD V1 ***- Q7YME0_WHEAT)

Solyc07g017510

Phosphatidylinositol-4-phosphate 5-kinase family protein (AHRD V1 **-* D7L328_ARALY)

Solyc07g042560

Kinesin-like protein (AHRD V1 ***- Q8LNZ2_ARATH)

Solyc04g010260

Pre-mRNA-splicing factor RSE1 (AHRD V1 ***- A8N7S1_COPC7)

Solyc01g096830

Calcium-transporting ATPase 1 (AHRD V1 *-** ATC1_YEAST)

Solyc02g031840

Potassium transporter (AHRD V1 **** A9SMZ3_PHYPA)

Solyc07g065780

ABC transporter G family member 26 (AHRD V1 ***- AB26G_ARATH)

Solyc04g008420

PHD finger family protein (AHRD V1 **— D7LPW0_ARALY)

Solyc07g064270

Glucose-6-phosphate/phosphate-translocator (AHRD V1 **** O64910_PEA)

Solyc08g005070

ADP-ribosylation factor GTPase-activating protein 3 (AHRD V1 **** B6TII3_MAIZE)

Solyc01g096390

DNA-directed RNA polymerase (AHRD V1 ***- D7LEE8_ARALY)

Solyc11g005800

NA

Solyc01g103890

Magnesium transporter MRS2-4 (AHRD V1 **** MRS24_ARATH)

Solyc03g119220

Kinesin-like protein (AHRD V1 ***- Q8L5J2_ARATH)

Solyc05g053810

Serine hydroxymethyltransferase (AHRD V1 **** D2D306_GOSHI)

Solyc08g078390

Acyl-coenzyme A oxidase (AHRD V1 **** D7MCB8_ARALY)

Solyc01g104510

Histone-binding protein RBBP7 (AHRD V1 **-* B5X3G4_SALSA)

Solyc09g091280

Retinoblastoma-related protein 1 (AHRD V1 ***- Q9M7J0_9ROSI)

Solyc01g094650

NA

Solyc09g074980

MutL DNA mismatch repair protein (AHRD V1 *-*- D3BFF8_POLPA)

Solyc02g068400

AT4G20050-like protein (Fragment) (AHRD V1 *-*- D6PQZ2_9BRAS)

Solyc01g086690

Double-strand-break repair protein rad21 (AHRD V1 *-*- D0NDK6_PHYIN)
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Table 2: Function description of the genes were listed in Figure 5 (continued)
Accession number Function description
Solyc08g062780

BHLH transcription factor (AHRD V1 **** Q84WX1_BRANA)

Solyc04g070980

Lanosterol synthase (AHRD V1 **** Q1ERD3_LOTJA)

Solyc10g009390

Cytochrome P450

Solyc07g018300

Single-stranded DNA binding protein p30 subunit (AHRD V1 **** C5JUU5_AJEDS)

Solyc02g093930

Double-strand-break repair protein rad21 (AHRD V1 *-*- D0NDK6_PHYIN)

Solyc02g077320

SNI1 (AHRD V1 ***- Q0ZFU7_SOLTU)

Solyc04g008780

Dihydroflavonol 4-reductase family (AHRD V1 **** D7MD06_ARALY)

Solyc06g051750

Cytochrome P450

Solyc06g072780

NA

Solyc01g010900

Cytochrome P450

A

B

C
1160

223

178

1170

Heat-induced
Heat-reduced
Others

365

25

374

22

15970

Figure 6. Gene categorized according to their heat response in the HsfA2 OE line and wild-type
The genes that were up-regulated, down-regulated or not significantly regulated in the HsfA2 overexpressed
line were categorized in three categories according to their heat response in the wild-type: heat–induced,
heat-repressed or not significantly affected by heat. A: up-regulated in OE line; B: down-regulated in OE line;
C: not significantly regulated in OE line.

Effects of HsfA2 overexpression on anthers transcriptome
To find genes regulated by HsfA2 activity, we first compared the wild-type and transgenic plants at control condition. Three categories of genes could be recognized, namely
one that is significantly higher in the overexpression line (1-way ANOVA, FDR<0.1; 568
genes), one that is significantly lower (619), and a group that did not significantly differ
between the genotypes (18305). Among the genes that were higher in the OE line, most
were normally up-regulated by heat in the wild-type (178 up- versus 25 down-regulated;
Fig. 6A), confirming the idea that HsfA2 acts as a positive regulator of the heat response.
The small group of 25 genes represent those that may be regulated by HsfA2, but respond
oppositely, and thus HsfA2-independently, to heat. Similarly, more of the genes that
were lower in the OE line than in the wild-type under control temperature were normally
down-regulated than up-regulated by heat (223 versus 22; Fig. 6B), Among the genes not
significantly affected by HsfA2 overexpression at control temperature, some genes were
found to be responsive to heat in the wild-type, too (Fig. 6C). These may thus include
HsfA2-independent heat responsive genes. Subsequently, we grouped the heat-responsive
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genes shown in fig 6 in three categories; as having a stronger response in the OE line than
in the wild-type (2-way ANOVA, genotype*treatment interaction, P<0.05), a weaker response (genotype*treatment interaction, P<0.05), or a response that was not significantly
different (Fig 7). Interestingly, the majority of group 1 (HsfA2 up-regulated, heat induced)
showed a weaker heat stress reaction in the OE line as compared to wild-type (Fig 7-A, line
c). This expression pattern is similar to that of HsfA2 itself. Conversely, among the genes
in group 3 (HsfA2 down-regulated, heat repressed), roughly half of them showed less
repression by heat in the OE line than in the wild-type (Fig 7-C, line g). Such a dampening
of the heat response was not found for genes in the smaller groups 2 (HsfA2 up-regulated,
but heat repressed) and 4 (HsfA2 down-regulated, but heat induced), in agreement with
strong dominance of the heat response, opposite to the HsfA2 effect (Fig 7B,D). Also the
genes that were heat regulated but not affected by HsfA2 overexpression at control temperature could be categorized in a similar way, with a large part showing an unchanged
response to heat in the OE line and a small part a dampened response (Fig 7 E,F).
Many Hsfs and Hsps belonged to the category of genes that were already upregulated in
the overexpression line at CT (Fig. 7A), which was further indicated by significances in the
GSEA analysis (Fig 8): expression levels of 8 Hsfs (including HsfA2) and 53 Hsps encoding
genes were enhanced in the transgenic line. As expected, the largest part of these were
also highly up-regulated by heat stress in wild-type (Fig 4). The included the 7 Hsfs (HsfA1b,
HsfA3, HsfA4a, HsfA4c, HsfB1, HsfB2a and HsfB2b) and 39 Hsps. When looking at their
heat response, 4 Hsfs and 24 Hsps were placed in group 1-c (HsfA2 up-regulated, heat
induced, weaker heat response in the OE line), behaving similarly to HsfA2 itself (Fig 8).
We identified 6 pollen development related genes in group 6-m (Fig 7): Solyc05g053810,
Solyc04g070980, Solyc07g018300, Solyc04g010260, Solyc01g094650 and Solyc08g005070.
Under control condition, their expression levels in overexpression line were similar to
wild-type, and the heat affected them only mildly as compared to wild-type.

Discussion
To understand the molecular-physiological basis of the thermotolerance phenotype of our
pTA29::HsfA2 line (Chapter 4), we first characterized the effects of heat on the transcript
level in wild-type anthers at the (sensitive) microspore stage. By the GSEA analysis, we
found that the Hsfs and Hsps (including genes encoding Hsp20, -40, -60, -70, -90, -100
and other forms of Hsps) were enriched among up-regulated genes after heat stress. This
result is in agreement with the finding of the transcriptome analysis of developing microspores (Frank et al., 2009) and anthers at meiosis stage (Bita et al., 2011). In these two
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studies, the authors identified similar gene families under acute or mild heat stress. This
indicates that in anther, regardless of the strength and the duration of the heat stress, Hsfs
and Hsps are induced in a similar manner. Furthermore, cellular activity and cell division
are reduced by the treatment. This may represent a change towards a sort of quiescent
state, as has been observed in other types of stress (Bailey-Serres et al., 2012) as well. Interesting with respect to the observed phenotype, a reduction in pollen viability, gene sets
related to tapetum function and pollen development were significantly down-regulated in
heat-treated anthers.
We then analyzed the transcriptome of the HsfA2 overexpressing lines and found that a
large part of the genes induced by heat in wild-type plants are overexpressed in the HsfA2
overexpression line. This overlap suggests that these HSR genes, which include many Hsf
and Hsp genes, are potentially regulated by HsfA2. Their overexpression may be the reason
that the transgenic line better tolerates the heat treatment. Larkindale and Vierling (2008)
identified that the transcriptional changes of Hsp genes occurred during the acclimation
period after heat stress, and indicated that Hsps are an essential component for both basal
A

B
a(2)
OE

b(52)

WT

c(124)

OE
WT

CT

CT

HS

C

D

WT
WT

OE

g(119)

OE

h(104)
CT
E
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CT
F

k(4)

OE

l(518)

WT

WT
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Figure 7. Profiles of different groups of OE-modified genes react to heat stress as compared to
d(1)
wild-type.
Two conditions are shown on the X-axis, and
e(20)
Y-axis indicates the scale of expression level.
f(4)
The direction of the significant response in the
HS
wild-type is indicated. The response of the same
genes in the OE line is categorized as stronger
than, weaker than or similar to the wild-type,
based on the genotype*treatment interaction in
a 2-way ANOVA. A: the genes that were up-regi(16)
ulated in OE line and heat-induced in wild-type
j(6) (178 genes); B: the genes that were up-regulated
in OE line and heat-repressed in wild-type (25
genes); C: the genes that were down-regulated
HS
in OE line and heat-repressed in wild-type (223
genes); D: the genes that were down-regulated in
OE line and heat-induced in wild-type (22 genes);
E: the genes that were not significantly regulated
in OE line and heat-induced in wild-type (1160
genes); F: the genes that were not significantly
m(313)
regulated in OE line and heat-repressed in wildtype (1170 genes).
n(9)

CT

HS

CT

HS

98

Hanjing Li - BW v3.indd 98

27-10-15 10:31



thermotolerance and acquired thermotolerance. In addition, Mittler (2012) also showed
that the accumulation of Hsps during the recovery period of acquired thermotolerance
is curial for a better response to the following heat stress. It is thus likely that the better pollen performance is at least in part attributable to the up-regulation of Hsps. We
hypothesize that if the effect of heat on pollen development is caused by down-regulation
of specific pollen and tapetum-related genes, their expression should be less affected by

Hsps
FDR<0.001

Hsfs
FDR<0.05

Gene set

Figure 8. GSEA analysis of Hsf
and Hsp gene sets in transgenic
plants
Hsf and Hsp gene sets that exhibited significant overlaps with
those gene differences between
wild-type and OE line under
CT. Heat map displays the individual expression profiles for increased expression of Hsfs and
Hsps in OE line under CT. Colors
range from dark red to dark
blue representing respectively
the highest and lowest expression of a gene. The function descriptions of these genes were
listed in table 3.
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Table 3: Function description of the genes were listed in Figure 8
Accession number

Function description

Solyc08g080540

HsfB2b

Solyc02g090820

HsfB1

Solyc09g009100

HsfA3

Solyc03g006000

HsfA4a

Solyc03g026020

HsfB2a

Solyc02g072000

HsfA4c

Solyc03g097120

HsfA1b

Solyc04g078770

HsfB4a

Solyc01g100230

Chaperone protein dnaJ (AHRD V1 ***- B6U761_MAIZE)

Solyc03g123560

Chaperone protein dnaJ (AHRD V1 *-*- B4FBY1_MAIZE)

Solyc03g115230

ClpB chaperone (AHRD V1 ***- D6QXI5_TRYCR)

Solyc09g075950

Heat shock protein 1 (AHRD V1 ***- B6SXY0_MAIZE)

Solyc11g066100

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc03g123540

NA

Solyc06g076560

class I heat shock protein (AHRD V1 ***- Q69BI7_CARPA)

Solyc04g011440

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc11g071830

Chaperone protein dnaj (AHRD V1 ***- Q17AX7_AEDAE)

Solyc12g015880

Heat shock protein 90 (AHRD V1 ***- Q14TB1_TOBAC)

Solyc02g077670

Chaperone protein dnaJ 2 (AHRD V1 ***- DNAJ2_ARATH)

Solyc07g064020

NA

Solyc03g082420

NA

Solyc08g078700

NA

Solyc01g099660

Heat shock protein (AHRD V1 ***- Q84KP8_CYAME)

Solyc10g079090

Chaperone protein dnaJ 6 (AHRD V1 ***- B6TT74_MAIZE)

Solyc06g073950

DnaJ homolog subfamily C member 8 (AHRD V1 ***- C1BZG1_ESOLU)

Solyc03g007890

Heat shock protein 90 (Fragment) (AHRD V1 **— Q2L3T8_WHEAT)

Solyc01g088610

chaperonin (AHRD V1 ***- B5IMI3_9CHRO)

Solyc09g005120

Chaperone protein DnaJ (AHRD V1 *-*- C7DHA9_9EURY)

Solyc06g076020

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc08g082820

Heat shock protein (AHRD V1 ***- Q84KP8_CYAME)

Solyc04g081570

Chaperone protein htpG (AHRD V1 **— HTPG_MYCA1)

Solyc01g106210

Chaperone DnaK (AHRD V1 ***- A2Q199_MEDTR)

Solyc04g014480

class I heat shock protein 3 (AHRD V1 ***- B6TQD6_MAIZE)

Solyc06g075010

chaperonin (AHRD V1 ***- B2IXD2_NOSP7)

Solyc11g069790

chaperonin (AHRD V1 ***- B2IXD2_NOSP7)

Solyc05g010670

Chaperone protein htpG (AHRD V1 ***- HTPG_MYXXD)

Solyc11g020330

NA

Solyc01g088730

Chaperone protein DnaJ (AHRD V1 *-*- A6CVH2_9VIBR)

Solyc01g090550

DNAJ chaperone (AHRD V1 ***- B0W7V8_CULQU)

Solyc02g085030

UBA/TS-N domain protein (AHRD V1 *—- B8NTJ3_ASPFN)

Solyc08g078660

Chaperone protein dnaJ 13 (AHRD V1 ***- B6T7S1_MAIZE)

Solyc04g009770

DNAJ chaperone (AHRD V1 ***- Q1HR50_AEDAE)

Solyc06g076540

NA

Solyc06g076570

NA
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Table 3: Function description of the genes were listed in Figure 8 (continued)
Accession number

Function description

Solyc05g056390

chaperonin (AHRD V1 ***- O24186_ORYSA)

Solyc07g043560

Heat shock protein 4 (AHRD V1 ***- B6U237_MAIZE)

Solyc05g053470

chaperonin (AHRD V1 ***- D2LE93_RHOVA)

Solyc12g043110

Heat shock protein 4 (AHRD V1 ***- B6U237_MAIZE)

Solyc02g088610

ATP-dependent chaperone ClpB (AHRD V1 **** B5W0X8_SPIMA)

Solyc03g121640

chaperonin (AHRD V1 ***- D3NRF5_AZOS1)

Solyc01g105340

Chaperone protein dnaJ (AHRD V1 ***- B6TAJ2_MAIZE)

Solyc01g109890

Chaperone protein dnaJ 10 (AHRD V1 **** B6T7D7_MAIZE)

Solyc09g007390

Mitochondrial import inner membrane translocase subunit TIM14 (AHRD V1 ***B6TQ49_MAIZE)

Solyc01g086740

Chaperone protein dnaJ (AHRD V1 ***- B6TA99_MAIZE)

Solyc11g066060

heat shock protein (AHRD V1 ***- B2D2G5_CAPSN)

Solyc01g044270

Chaperone protein dnaJ 49 (AHRD V1 *-*- DNJ49_ARATH)

Solyc06g068820

Mitochondrial import inner membrane translocase subunit TIM16 (AHRD V1 ***B6UGA4_MAIZE)

Solyc02g063090

T-complex protein 1 subunit zeta (AHRD V1 ***- B6T8Q5_MAIZE)

Solyc07g042250

chaperonin (AHRD V1 *-*- B4WMS9_9SYNE)

Solyc06g011400

ATP-dependent chaperone ClpB (AHRD V1 **** B5W0X8_SPIMA)

Solyc05g009160

Chaperone protein dnaJ 15 (AHRD V1 ***- B4FR07_MAIZE)

heat in the transgenic line, as it has better pollen thermotolerance. Indeed, we found
several pollen development related genes which were not directly regulated by HsfA2 (no
significantly expression level change in overexpression line under control condition), but
upon heat stress, these genes displayed a more moderate decrease in expression level in
HsfA2 overexpression line as compared to wild-type. This result indicates the expression
of these genes is protected from heat repression by overexpression of HsfA2. Of those
genes, Solyc01g094650 encodes a protein that is involved in meiotic double strand break
formation (Muyt et al., 2009). Solyc07g018300 encodes a single-stranded DNA binding
protein, which is required for chromosomal DNA replication, repair and recombination
(Stroud et al., 2013). Solyc04g010260 is a splicing factor encoding gene that may also
have nucleic acid binding activity and may be involved in DNA repair. Solyc05g053810
encodes a serine hydroxymethyltransferase engaged in various pathways, such as glycine
biosynthesis. Solyc04g070980 encodes lanosterol synthase involved in sterol biosynthesis,
Solyc08g005070 encodes an ADP-ribosylation factor GTPase-activating protein, putatively
required for Golgy morphology. Further analysis of these genes, their function and their
upstream regulators may lead to identification of the primary heat injury, leading to pollen failure. Regarding the agricultural yield problems associated with high temperature,
overexpression of HsfA2 in the tapetum may be a useful biotechnological solution. Using
a tapetum-specific promoter, as done here, significantly reduced the chance of negative
side effects or yield penalty, typically associated to constitutive transgenic manipulations
or genetic approaches (see for example, Brown. 2002).
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The HSR in vegetative and reproductive tissues
Plant growth and development are highly depending on environment, and plants are
always facing various stresses. Abiotic stresses such as heat or cold, drought, salinity,
chemical toxicity and oxidative stress lead to a series of morphological, physiological,
biochemical and molecular changes that adversely affect plant growth and productivity
(Charles and Harris. 1972; Allen et al., 2001; Barnabás et al, 2008). In addition, abiotic
stress is the primary cause of crop loss worldwide (Boyer et al., 1982; Mittler et al., 2006).
For example, many crop plants suffer from heat stress when they are exposed to high
temperature during their life cycle and consequently reduce the yield (Peet et al., 1998;
Sato et al., 2002; Battisti and Naylor. 2009). There is scientific evidence indicating that the
global temperature is increasing (Stocker et al., 2014), and this will pose severe threatening to the major agricultural crops in the world, including tomato, grown in the field in
China, United states, Italy and Spain etc.
Previous studies showed that plants can differ in their sensitivity to heat stress during
growth and development (Mittler and Blumwald. 2010), and reproductive development is
more sensitive than vegetative development (Zinn et al., 2010). During the plant reproductive process, stress events could cause post-stress premature flowering in a field, significantly reducing productivity and yield (Craufurd et al., 2009). Peet et al. (1997) showed that
a moderate increase of average temperature did not affect vegetative growth of tomato,
including photosynthesis, night respiration and biomass, but impaired reproductive development. In particular, male reproductive organ development is more sensitive than the
female reproductive development (Peet et al., 1998; Zinn et al., 2010): microsporogenesis
and microgametogenesis are extremely sensitive to high temperature conditions. Stress
that occurs in this period will adversely affect pollen viability and release, which are the
major factors limiting fruit set (Storme and Geelen. 2013; Hedhly et al., 2005).
Pollen development takes place inside the anther, surrounded by the most inner cell layer
of the sporangium, the tapetum (McCormick. 1993). Heat stress has effects on the anthers
and developing microspores at all developmental stages (Firon et al., 2006; Frank et al.,
2009; Giorno et al., 2013), but 8-13 days before anthesis was proved to be the most sensitive period for pollen development (Sato et al., 2002). Similarly, in the present work, we
also found that 8-10 days before anthesis is a developmental stage extremely sensitive
to high temperatures (chapter 4). In our study presented in chapter 5, in the anthers at
microspores stage, we found that the pollen/tapetum development related genes were
significantly down-regulated by heat stress. This results evidently proved on molecular
level the negative effect of high temperature on pollen development.
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Heat stress significantly affects plant cellular homeostasis, including both protein and
membrane stability (Baniwal et al., 2004; Wahid et al., 2007). Under high temperature
circumstances, a series of modulations occurs in plants in response to high temperature
stress, known as the heat stress response (HSR). This comprises various changes on
transcriptomic, proteomic and metabolic levels, which enable the cells to adapt to high
temperature stress. To understand high temperature-related adaptations, one relevant
way thus is to understand what molecular alterations occur during this stress. The whole
genome-transcriptome analyses reveal that on the molecular level, the response to heat
is illustrated by the transcriptional changes of HSR genes. The very important components
of the response are Hsfs, which serve as the switches that mediate the expression of Hsps
and other HS-induced gene. The HSR response has been well studied in tomato (Scharf
et al., 2012), in different genotypes and different temperature conditions (Frank et al.,
2009; Giorno et al., 2010; Bita et al., 2011; Fragkostefanakis et al., 2014), and all these
studies indicate that different members of the HSR are expressed in different plant organ
systems, implicating that a diversity of HSR in different plant organ systems may exist. The
transcript analysis of Hsfs in different plant organs or at different developmental stages
(chapter 2) supports this hypothesis. In chapter 5, we compared the regulated genes by
heat stress in leaves (Fragkostefanakis et al,. 2014) and anthers. The results show that
only a part of the transcripts of leaves and anthers under heat stress overlap. The genome
wide identification of Hsf and Hsp in Populus showed that the majority of Hsf and Hsp
genes have a tissue-specific expression pattern. For example, HsfA3 and HsfB3a were
preferentially expressed in reproductive organs (Zhang et al., 2015). Similar pattern was
observed in the organ co-expression analysis from Fragkostefanakis et al. (2014), that
showed that most of the components of the Hsf/chaperone network are differentially
regulated with respect to developmental stages. In our work in tomato, some Hsf genes
were also shown to be preferentially expressed in some organ systems or at some stages
of development. HsfA2 exhibited highest level in the reproductive organs in tomato,
whereas it showed almost undetectable level in leaf, under control temperature condition
(chapter 2). This is in agreement with the results showed by Frank et al. (2009) and Giorno
et al. (2010) in which HsfA2 is strongly expressed at early stages of anther and pollen
development but minimally expressed in vegetative tissues. In leaves, the transcripts of
HsfA1b, HsfA2, HsfA4b, HsfA5, HsfA6b and HsfB1 were shown to be up-regulated upon
heat stress (Fragkostefanakis et al., 2014). However, in tomato maturing microspores, only
HsfA2 and HsfA3 are highly up-regulated by heat stress (Frank et al., 2009). Furthermore,
during anther development and under heat stress, the HsfA2 at the meiosis stage showed
lower induction as compared to later stages (Giorno et al., 2010). We also observed in
the present work that the highest induction of HsfA2 is in the anthers at mature stage
(chapter 4), in contrast with the lowest induction at the meiosis/tetrad stage. By pollen
vitality tests, this also showed to be the most sensitive stage to heat stress, possibly due to
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a weak HSR. The heat response in anthers at this stage may be weaker if the Hsf network is
not complete or unbalanced. For instance, we found that HsfB3a is expressed at low levels
in young anthers around the meiosis stage, but overexpression of this genes in tapetum/
tetrads improves pollen performance (chapter 4).
Previous studies showed that the Hsfs can interact with each other and are co-expressed.
The first example for this interaction came from experiments with down-regulation of
HsfA1 in tomato, that led to lower transcript levels of HsfA2 and HsfB1, suggesting a regulatory network between these three transcription factors in leaves (Mishra et al., 2002).
A bioinformatics analysis of HSR genes in leaves also showed that HsfA2, HsfA4a, HsfA8
are co-expressed (Fragkostefanakis et al., 2014), which may suggest that they are active
together. Guo et al. (2015) predicted interactions between Hsf proteins in pepper (Capsicum annuum L.). In the Capsicum annuum (Ca) Hsfs family, CaHsfA2, CaHsfA3 and CaHsfA6
(A6a, A6b and A6c) interacted with most other CaHsfs, whereas, CaHsf B class members,
such as HsfB1, HsfB3a, HsfB3b interact less with Hsf A class members and other Hsf B
members. However, these results were all conducted on vegetative tissue. In the present
work, we investigated the presence of a anther-specific network of Hsfs by studying the
expression of ten genes in anthers at young stage of eight different tomato genotypes,
before and after heat stress (chapter 2). These genes include the master regulator HsfA1a
together with HsfA1b, HsfA2, HsfA4a, HsfA5, HsfB1, HsfB3a, APX3, Hsa32 form a network
in which the strongest interactions are suggested to be among HsfA1a, HsA4a and HsfB1.
As the Hsf family in tomato has 27 members, we assume there are more interactions
existing among them. In chapter 4, the transgenic plants with overexpression of HsfA2
or HsfB3a have showed approximately 20-30% higher pollen germination rate after heat
stress. These transgenic plants only harbor the overexpression of one single gene, but for
a better protection against heat and a better pollen performance they may need the synergistic interactions of more Hsfs. Indeed, in chapter 5, a bioinformatics analysis on HsfA2
overexpression plants, indicates that this transcription factor up-regulates the expression
of HsfA1b, HsfA3, HsfA4a, HsfA4c, HsfB1, HsfB2a and HsfB2b. All together, these Hsfs may
lead to a better HSR to protect tapetum and pollen development. To prove this experimentally, transgenic plants with overexpression of different Hsfs can be crossed and a new
phenotype may emerge. Personat et al. (2014) showed that combined overexpression of
sunflower HsfA4a and HsfA9 enhanced all the phenotypes observed for the overexpression of HsfA9 alone.
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Generating plants tolerant to heat stress
Production of plants tolerant to high temperature stress at this moment has increasing
significance because the ongoing global warming and climate change. As previous studies
showed (Mittler et al., 2012), plants possess two types of tolerance. The basal thermotolerance is referred to as the inherent ability to survive under high temperature stress, and
the acquired thermotolerance is defined as the ability to acquire tolerance to otherwise
high temperature stress (Mittler et al., 2012). To generate more heat tolerant plants, it
is crucial to identify the various genetic components that constitute these two thermotolerance types. In addition, there are significant genetic variations between cultivars in
their capacity to respond to high temperature conditions. This is very important also in
tomato, as fruit production highly depends on pollen quality and temperature conditions.
An experiment carried out in south Italy during summer time showed that cultivars such
as Saladette can still keep high fruit set ability even under an extreme high temperature
condition (Giorno. 2010b). This tolerant genotype can be used as donor to introduce by
introgression the requisite genes into the less efficient genotypes. This approach could
be utilized in breeding programs to develop high temperature tolerant cultivars (Rudich,
et al., 1977; Jha et al., 2014). However, genes or genome regions responsible for natural
variation in male heat tolerance among tomato accession have not yet been reported.
An alternative way to improve thermotolerance in plants is via genetic engineering, by
modification of key HSR gene expression, e.g. Hsfs, and Hsps (Mishra et al., 2002; Ogawa
et al., 2007). There are studies showing that higher thermotolerance can be obtained in
transgenic plants by overexpressing these genes. For example, transgenic tomato plants
with high expression level of HsfA1 conferred stronger tolerance to heat (Mishra et al.,
2002). Ogawa et al. (2007) found increased thermotolerance in transgenic Arabidopsis
plants overexpressing HsfA2 and overexpression of HsfA6f in wheat can enhance thermotolerance, too (Xue et al., 2015). Besides the Hsfs, previous studies also showed the
possibility to generate heat tolerant plants by increasing Hsps in several species (Grover et
al., 2013; Xue et al., 2010; Kim et al., 2012; Montero-Barrientos et al., 2010). To make an
educated choice of the genes suitable for improving HSR in the anthers, it could be helpful
to analyse the HSR members expressed there. Bita et al. (2011) analyzed transcriptional
responses under mild HS in tomato anther at the meiotic stage, compared among different
tomato genotypes. They found that in anthers of the tolerant line, less changes occur in
the expression of up/down-regulated genes, which suggested that in this line, the genes
expressed prior to heat treatment may represent a constitutive tolerance to mild HS. In
both the tolerant and sensitive lines, the majorities of identified HSR genes share a similar
function for the protection of the cell, such as the heat shock proteins and oxidoreductive
molecules (Bita et al., 2011). In addition, the transcript data from maturing microspore
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of tomato also showed that the largest portion of HSR genes consisted of Hsp genes and
genes involved in oxidative stress response (Frank et al., 2009). These two genome wide
expression analyses provide a clue on the HSR components in anthers. In our work of
chapter 5, we found that about 30% of Hsfs and Hsps are up-regulated by HsfA2 in anthers,
after overexpression of HsfA2 in tapetum. This indicates that HsfA2 this transcription factor
is regulating a large portion of Hsf and Hsp genes in anthers. Furthermore, our study with
two near isogenic lines, the TA29::HsfA2 transgene being the sole difference, confirmed
that higher basal heat tolerance is associated with a reduced heat response.
Earlier studies reported that tapetal cells provide nutrients and structural components
to the microspore and are fully metabolically activated at the young microspore stage
(Scott et al., 2004). Whole transcriptome analyses conducted specifically on tapetum and
microspores were reported by Hobo et al. (2008) and Suwabe et al. (2008) in rice. By
comparing the high temperature-repressed genes in anthers of rice with these two groups
of transcript data, Endo et al. (2009) found out that the genes that were down-regulated
in response to high temperatures were predominantly expressed in tapetal cells. These
results together with our morphological observations that tapetum prematurely degenerated under heat stress (chapter 1), clearly indicate that the tapetum is vulnerable to high
temperature during pollen development. Therefore, in chapter 4, we used a tissue-specific
promoter to overexpress the HsfA2 and HsfB3a genes specifically in tapetal cells. We preferred to use this promoter instead of the CaMV35S promoter for two reasons. Firstly,
Plegt and Bino. (1989) and Van Der Meer (1992) showed that the latter promoter does not
direct gene expression in tapetum and in sporogenesis tissue, whereas the TA29 promoter
does (chapter 3). Secondly, alterations of the HSR in the whole plants may disrupt the
metabolic balance of the plant, leading to pleiotropic negative effects. In the transgenic
tomato plants that we generated, we indeed observed higher pollen germination rate
under heat stress. This better performance is the result of higher accumulation of Hsfs
and Hsps transcripts in the tapetum before HS, a situation similar to that found in acquired
thermotolerance (Mittler 2012). This strengthens the idea that tapetum function and early
microspore development are tightly connected during stress. Furthermore, these results
provide evidence that plant thermotolerance in reproductive organs can be improved by
modifying Hsfs transcript levels in targeted tissue, most likely without having unwanted
side-effects on other plant organs.
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During growth, plants face various environmental stresses, such as heat, cold, drought
and flooding. As many evidences indicate that the global temperature is increasing, heat
stress becomes significantly threatening to plant growth and development. During plant
development, the plant reproductive process is the most crucial step for seed and fruit
production and it is extremely vulnerable to high temperature stress. For the benefit of
agriculture in the future, more efforts should be conveyed on this aspect of research.
The first chapter of this thesis provides an overview of the heat stress response (HSR) in
plants, in general, and also specifically in anther/pollen. Previous studies showed that in
the vegetative tissues the heat stress factors (Hsfs) are crucial components of HSR, while
less is known about the expression of Hsfs and the components of HSR in anthers/pollen.
The present thesis was initiated to investigate which Hsfs function in tomato anther, and if
increasing their expression levels can enhance the pollen thermotolerance.
In chapter 2 we presented a global view of the expression profiles of all tomato Hsf
family members in different developing organ systems. Furthermore, several selected Hsf
genes were analyzed in eight tomato lines, which differ in their ability to set fruit and
to produce viable pollen under high temperatures. Except for HsfB2b, which was slightly
higher in tolerant lines, we did not observe significant differences in the expression patterns of the heat stress factors in the anthers of these plants under heat stress. However,
based on transcriptional data, a model of Hsfs co-expression network was built. These
results together present a characterization of each individual Hsf’s expression pattern and
the possible interactions with other Hsfs.
In chapter 3 we investigated the expression of known genes in anthers/pollen of tomato,
with the intent to use their promoter region for further experiments. Different tissuespecific promoters (ASY1, TA29, NTM19, LAT51 and LAT52) and a constitutive promoter
(UBI) were isolated and combined to the gus reporter gene. After analysis of expression
level of gus and GUS activity in anther/pollen in transgenic plants, we chose the TA29 promoter for tapetum specific expression and the NTM19 promoter for tetrad and tapetum
expression.
In chapter 4 we tested our hypothesis, whether the overexpression of selected Hsfs
(HsfA2 and HsfB3a) in tomato anthers would lead to better pollen performance under
heat. Indeed transgenic plants displayed a higher pollen vitality if plants were exposed to
a short and acute heat treatment. The HsfA2 gene was also studied by RNAi approach, the
transgenic plants with down-regulated HsfA2 exhibited lower pollen performance. These
results suggest that both HsfA2 and HsfB3a transcription factors play a positive role in
anther HSR.
In chapter 5 we extended our analyses by a transcriptomic approach to identify the
genes that were regulated by HsfA2. Some Hsfs and Hsps were detected to be up-regulated
in transgenic plants with overexpression of HsfA2, these genes also showed to be heat-
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induced in wild type. These data suggest that up-regulated Hsfs and Hsps in transgenic
plants contributed to the better pollen performance observed in chapter 4.
In chapter 6 the results obtained and presented in this thesis were discussed. In conclusion, the study in this thesis shows that modification of expression of key HSR regulators in
anther can improve pollen vitality. The transgenic plants obtained and the transcriptome
data are nice starting points for further investigations on HSR in anthers and consequently
may contribute to the improvement of pollen thermotolerance.
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Planten worden tijdens hun groei blootgesteld aan verschillende omgevingsstressoren
zoals hitte, kou, droogte en overstroming.
Er zijn aanwijzingen dat de temperatuur wereldwijd stijgt, hierdoor kan hitte stress een
significante bedreiging worden voor de groei en ontwikkelingen van planten.
Tijdens de plantontwikkeling is voortplanting de belangrijkste stap in de productie van
zaden en vruchten en dit proces is zeer gevoelig voor stress als gevolg van hoge temperatuur.
Voor de toekomst van de landbouw zou er meer onderzoek gedaan moeten worden
naar de gevolgen van hitte.
Het eerste hoofdstuk in dit proefschrift geeft een overzicht van hitte stress response
(HSR) in planten in het algemeen en meer in het bijzonder in antheren/pollen.
Eerdere studies laten zien dat hitte stress factoren in vegetatief weefsel cruciale componenten van HSR zijn maar er nog weinig bekend is over de expressie van Hsfs en de
componenten van HSR in antheren/pollen.
Het onderzoek beschreven in dit proefschrift gaat over welke Hsfs functioneren in tomaten antheren en of het verhogen van hun expressie niveau de pollen thermotolerantie
kan verbeteren.
In hoofdstuk 2 wordt een globaal overzicht gegeven van de expressie profielen van alle
tomaat Hsf families in verschillende organen tijdens hun ontwikkeling.
Er werden ook verschillende Hsf genen onderzocht in acht tomatenlijnen die verschillen
in hun vermogen om vrucht te ontwikkelen en levensvatbaar pollen te produceren bij
hoge temperatuur.
Met uitzondering van HsfB2b dat iets hoger is in tolerante lijnen, hebben we geen
significante verschillen in de expressiepatronen van de hitte stressfactoren kunnen zien in
antheren bij hitte stress.
Toch hebben we op basis van transcriptionele data een Hsfs co-expressie network model
ontwikkeld. De resultaten laten het expressiepatroon van elk individueel Hsf zien en suggereert een mogelijke interactie met andere Hsfs.
In hoofdstuk drie beschrijven we het onderzoek naar de expressie van reeds bekende
genen in antheren/pollen van tomaat om zo hun promoter gebied te kunnen gebruiken
voor verdere experimenten.
Verschillende weefsel-specifieke promoters (ASY1, TA29, NTM19, LAT51 en LAT52) en
een constitutieve promoter (UBI) werden geïsoleerd en gecombineerd met de gus reporter gen.
Na onderzoek naar het expressieniveau van gus en GUS activiteit in antheren/pollen in
transgene planten, kozen we voor de TA29 promotor voor tapetum specifieke expressie en
de NTM19 promoter voor tetrad en tapetum expressie.
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In hoofdstuk vier hebben we onze hypothese getoetst; leidt overexpressie van geselecteerde Hsfs (HsfA2 en HsfB3a) in tomaten antheren tot een betere pollen produktie
bij hitte? Transgene planten gaven een hogere pollen vitaliteit wanneer planten werden
blootgesteld aan een korte en acute hitte.
Het HsfA2 gen is ook onderzocht met de RNAi techniek, de transgene planten met
verlaagde expressie van HsfA2 gaven een lagere pollen vitaliteit.
Deze resultaten doen vermoeden dat zowel HsfA2 als HsfB3a transcriptie factoren een
positieve rol spelen in antheren HSR.
In hoofdstuk 5 hebben we onze studie uitgebreid met een transcriptomic aanpak om zo
de genen te identificeren die worden gereguleerd door HsfA2.
Sommige Hsfs en Hsps laten zien dat ze gereguleerd worden in transgene planten met
overexpressie van HsfA2, deze genen worden ook door hitte gereguleerd in wild types.
Deze resultaten duidden erop dat verhoogde expressie van Hsfs en Hsps in transgene
planten bijdragen aan een betere pollen vitaliteit zoals beschreven in hoofdstuk 4.
In hoofdstuk 6 worden de resultaten uit dit proefschrift besproken.
Samenvattend kan gezegd worden dat de resultaten laten zien dat modificatie van
expressie van de belangrijkste HSR regulatoren in antheren de pollen vitaliteit kunnen
verbeteren.
De transgene planten en de transcriptie data die zijn verkregen in dit proefschrift, vormen een goed startpunt voor verder onderzoek naar HSR in antheren en kunnen daarom
bijdragen aan de verbetering van pollen hitte tolerantie.
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