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CHAPTER
General introduction

Parts of this chapter have been published as:
Müller F, Rieu I (2016) Acclimation to high temperature during
pollen development. Plant Reproduction 29:107-118.
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General introduction

Plants and high temperatures
Plants are exposed to an ever changing biotic and abiotic environment and need to constantly adapt
their development and physiology to maintain organismal and cellular homeostasis (also referred to
as acclimation). An environmental parameter that is highly variable, over various time scales, is
ambient temperature. High temperatures reached during the day can pose various problems for
cellular functioning and strongly affect plant fitness in the longer term. As a consequence of global
warming, hot days and heat waves are predicted to increase both, in frequency and intensity in many
temperate regions in the coming decades (Pachauri et al. 2014). Given the almost complete
dependency of humans on agricultural output for food, understanding the reaction of plants to high
temperature stress is of great societal importance. While the majority of studies on this subject have
focussed on the vegetative (sporophytic) stage of plant growth, the development and functioning of
the male gametophyte, or pollen, are known to be among the most temperature sensitive processes
within the plant life cycle (Zinn et al. 2010). Importantly, heat induced pollen defects are associated
with reductions in seed and fruit set. In this review we will specifically discuss the high temperature
sensitivity and acclimation response of developing pollen and see how this compares to that of
vegetative tissues. We will also speculate whether previous experience of high temperature by a plant
may induce higher tolerance of pollen towards subsequent temperature increases, i.e. leads to
acquired thermotolerance, either within an individual or in the offspring, and discuss ways in which
pollen thermotolerance may be enhanced.

The effect of heat on pollen
Pollen development
Pollen, the mature male gametophyte (microgametophyte), is a highly specialised cell type that
develops within the anthers of the flower through a complex series of processes. This has been
reviewed extensively (Borg et al. 2009). During anther development, the reproductive or sporogenous
cells, located centrally within the anther, give rise to the pollen mother cells (PMCs; microsporocytes),
while the surrounding non-reproductive cells form sporophytic epidermal, cortical and tapetal cell
layers. Pollen

development

from

PMCs

can be

divided

into

microsporogenesis

and

microgametogenesis. During microsporogenesis, PMCs undergo a meiotic division, with the four
haploid products (spores) of each meiocyte initially staying together in the form of a tetrad. These
tetrads are enclosed by a thick wall, mainly consisting of callose, and surrounded by the locular fluid
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inside the anther locules. The innermost cell layer of the locule differentiates as the tapetum, a tissue
that are essential for microsporogenesis through secreting nutrients, carbohydrates, cell wall
components and enzymes into the locular fluid. Among these are callases that digest the callose walls
of

the

tetrads,

which

then

release

the

unicellular

microspores.

During

subsequent

microgametogenesis, the microspores undergo vacuolisation, expansion and a mitotic, asymmetric
division, resulting in the formation of bicellular pollen grains, harbouring a larger vegetative and a
smaller generative cell. At this stage the tapetum undergoes programmed cell death. Pollen will then
mature and desiccate. In the case of tri-nucleate pollen, a second mitotic division of the generative cell
into two sperm cells occurs before desiccation, while in bicellular pollen grains this happens after
pollen germination.
Heat-induced pollen defects
Developing microspores and pollen have been known for a long time to be the cells that are most
affected by the occurrence of high ambient temperatures (Iwahori 1965). Both, short term high and
long-term mildly elevated day and night temperatures negatively affect pollen development. An
important question is what the primary heat-induced developmental defect(s) during pollen
development are and how this differs between heat profiles.
The earliest heat-induced developmental defects occur during meiosis. Next to increased
frequency of crossing over and homologous recombination (Boyko et al. 2005; Francis et al. 2007; Lebel
et al. 1993), chromosome behaviour and meiotic cell division maybe affected, leading to unbalanced
chromosome separation between spores and formation of diploid dyads (Rezaei et al. 2010; Pecrix et
al. 2011; Omidi et al. 2014). Aberrant behaviour of chromosomes during meiosis seems to occur
especially under more severe heat stress (De Storme and Geelen 2014).
Defects in microsporogenesis have been described in a number of species, both under extreme
heat and long-term mild heat profiles (Sato et al. 2002; Kim et al. 2001; Endo et al. 2009; Ahmed et al.
1992). It has been suggested that a reduction in pollen number and viability might be the indirect result
of defects in the supportive tapetal cells (Parish et al. 2012; De Storme and Geelen 2014). Aberrations
in the timing of tapetum development and degeneration, including hypertrophy and premature as well
as delayed degeneration, and morphology of tapetal endoplasmic reticulum have been observed (Saini
et al. 1984; Abiko et al. 2005; Ahmed et al. 1992; Suzuki et al. 2001; Harsant et al. 2013; Oshino et al.
2007; Endo et al. 2009; Iwahori 1965). Similar tapetal defects are known from cold and drought stress,
and occur in different plant species, both monocots like wheat, barley, Brachypodium distachyon and
rice, and dicots like cowpea (Vigna unguiculata), snap bean (Phaseolus vulgaris), Arabidopsis and
tomato, always associated with reduced pollen viability (De Storme and Geelen 2014; Parish et al.
2012).
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Finally, the amount of starch and sugars in maturing pollen grains has been shown to be
affected by long-term, mildly elevated temperature. In pollen of bell pepper and tomato, starch has
been shown to accumulate during development and reach a maximum after the first pollen mitosis, a
few days before flower anthesis. Subsequently the starch content is reduced again and the
concentration of soluble sugars increases (Aloni et al. 2001; Pressman et al. 2002). When grown under
continuous mild heat, the transient accumulation of starch, as well as the final accumulation of soluble
sugars was reduced in developing tomato pollen, correlating with reduced pollen viability, and tomato
cultivars with higher pollen thermotolerance were able to maintain higher starch and sugar levels than
heat sensitive lines (Firon et al. 2006). It could be speculated that high temperatures lead to depletion
of these reserves due to increased respiration to sustain adaptive metabolic activity. Alternatively, the
carbohydrate-related defects may be the result of decreased hexose supply by the tapetum or due to
developmental aberrations during earlier microsporogenesis.
How heat affects the above developmental processes remains to be determined. Studies in
vegetative cells have identified several cellular effects of high temperature, including increased
membrane fluidity, misfolding of proteins, changes in the specificity and kinetics of enzyme reactions
and accumulation of reactive oxygen species (ROS) (Alfonso et al. 2001; Pressman et al. 2002; Atkin
and Tjoelker 2003; Sangwan et al. 2002).

Heat responses during pollen development
To cope with the various effects of high temperatures and to maintain cellular homeostasis, plants
have a sophisticated heat stress response. While this is well studied in vegetative stages of different
plant species, especially using Arabidopsis seedlings and tomato cell cultures (Kotak et al. 2007; Scharf
et al. 2012), little is known about these mechanisms in developing pollen. Transcriptomic studies of
developing Arabidopsis and maize (Zea mays) pollen have shown that, in comparison with vegetative
and other generative tissues, developing pollen is a relatively unique cell type (Davidson et al. 2011;
Becker et al. 2003), so it is questionable how much of our knowledge from vegetative stages is
transferable to developing pollen. The heat sensitivity of pollen, which is higher than that of vegetative
tissues or the female reproductive organs, might in fact be the consequence of a different heat stress
response (Peet et al. 1998; Zinn et al. 2010).
Heat sensing
Prior to the induction of the heat stress response plants have to sense changes in temperatures. Four
systems have been described, that can sense temperature changes and are thought to integrate these
13
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to induce heat responsive gene expression (Mittler et al. 2012). An increase in membrane fluidity is
among the first consequences of increasing temperatures and a calcium channel located in the plasma
membrane is considered to be the main sensor. Activated by increasing temperatures it leads to the
accumulation of Ca2+ in the cytoplasm and the expression of heat induced genes (Balogh et al. 2013;
Mittler et al. 2012). Second, proteins that unfold due to increasing temperatures are sensed by the
cytoplasmic and ER unfolded protein response (UPR) and serve as a thermosensor (Moreno and
Orellana 2011). The UPR in the cytoplasm involves HSFA2, a major regulator of the HSR, and certain
splice variants of HSFA2. In the endoplasmatic reticulum, the presence of unfolded proteins leads to
the release of bZip transcription factors that enter the nucleus and lead to the expression of heat stress
responsive genes as well (Che et al. 2010). Thirdly, the early accumulation of reactive oxygen species
(ROS) is considered one of the first steps in the heat stress signalling cascades. While ROS are
constantly produced under normal conditions, especially in mitochondria, chloroplasts and
peroxisomes, and directly detoxified by different pathways within these organelles or their vicinity,
under high temperatures the balance between production and detoxification seems to be disturbed,
leading to the accumulation of ROS (Sharma et al. 2012). And last, a specific histone variant, H2A.Z that
is incorporated into nucleosomes especially around the transcriptional start site of genes, seems to
regulate nucleosome occupancy at this position in a temperature sensitive manner (Kumar and Wigge
2010). In a model proposed by Kumar and Wigge (2010) the occupancy of H2A.Z containing
nucleosomes declines with increasing temperatures allowing the progression of the Polymerase II and
transcriptional regulators to access gene specific regulatory cis-elements, normally occluded by
nucleosomes.
It seem likely that the same systems act in developing pollen. Indeed, recently, a calcium
channel has been determined to be important for thermotolerance of Arabidopsis pollen (TuncOzdemir et al. 2013). Mutant plants showed no defects under control conditions, but were more
sensitive to high temperature stress and failed to induce expression of heat responsive transcription
factors. Also, accumulation of ROS in pollen upon heat has been reported (Kumar et al. 2014), and this
may play a role in acclimation.
Heat stress transcription factors
Central to the HSR is a network of heat shock transcription factors (HSF) that can bind a specific
palindromic DNA sequence, the heat shock element (HSE), and induce the expression of heat
responsive genes (for review Kotak et al. 2007, Scharf et al. 2012). Tomato, for example, possesses 27
different HSFs that can be divided into three different clades (Scharf et al. 2012). These contain
different motifs, among which a DNA-binding domain to recognise HSE and an oligomerization domain
to form heterooligomers. The division into three different clades is based on structural differences in
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this oligomerization domain. Under normal temperature conditions, HSFA1, the master regulator of
the HSR is located in the cytoplasm and kept inactive by interaction with HSP70 and HSP90 (Hahn et
al. 2011). Upon high temperature stress, HSFA1 is activated and together with HSFB1, another HSF that
rapidly accumulates under high temperatures (HT) and acts as co-activator, induces the expression of
heat responsive genes that help to maintain cellular homeostasis and different HSFs that further
amplify the HSR (Liu et al. 2011). Among these heat induced HSFs is HSFA2, which, by oligomerization
with HSFA1, forms a so-called superactivator complex that amplifies the HSR (Chan-Schaminet et al.
2009).
High temperature-induced expression of different HSFs has been reported in developing pollen
of different species. HSFA2 and HSFA3 are expressed in tomato microspores and HSFA2 and HSFB1 are
also upregulated in developing pollen of Arabidopsis under high temperatures (Giorno et al. 2010;
Frank et al. 2009; Tunc-Ozdemir et al. 2013). While HSFA2 is solely expressed under high temperature
conditions in vegetative stages, HSFA2 transcripts are also abundant under control conditions in young
developmental stages of tomato pollen (Giorno et al. 2010; Frank et al. 2009) and thus, might play an
additional developmental role in this stages of pollen development. The same applies to AtRen1, an
HSFA5-like gene expressed specifically in young stages of Arabidopsis pollen and important for pollen
development. Knockout of Ren1 leads to abnormal pollen development, as well as to higher
temperature sensitivity of developing pollen (Renak et al. 2014). Since nucleolar appearance was
different, the authors concluded that Ren1 might be related to RNA biogenesis. HSFA5, the closest
homologue of Ren1 is also upregulated in developing pollen of Arabidopsis and soy bean, but at later
stages than Ren1 (Renak et al. 2014; Haerizadeh et al. 2009). In a tomato protoplast system, HSFA5
was found to inhibit the function of HSFA4, a positive regulator of the HSR also expressed in developing
pollen (von Koskull-Doring et al. 2007). Taken together, from the few HSFs that have been studied in
pollen under high temperatures, it seems that most of them, are induced in response to high
temperature like in vegetative tissues, suggesting that HSFs play a similar, major role in the heat
response in pollen. Functional genomic studies are needed to test this hypothesis.
Heat shock proteins
Protecting and stabilizing proteins in their native conformation are two of the most important
mechanisms for cells to survive high temperatures stress. These are carried out by high molecular
weight chaperones called heat shock proteins (HSPs). Especially under high temperature, cells
accumulate massive amounts of these proteins to prevent irreversible high temperature damage
(Vierling 1991). HSPs are divided into classes according to their molecular weight in kDa (HSP100,
HSP90, HSP70, HSP60, HSP40 and small HSP with low molecular weights) and stabilize unfolding
proteins, prevent the formation of aggregates, resolubilize aggregated proteins and return them to
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their native conformation (Vierling 1991; Kotak et al. 2007; Hartl et al. 2011). Low-molecular-weight
HSPs also play roles in maintaining the cell membrane integrity (Tsvetkova et al. 2002).
In young developmental stages of tomato pollen, several small HSPs and HSP70 are abundant,
suggesting a developmentally controlled processes that might help to prepare the cells for
environmental stresses (“developmental stress priming”; Volkov et al. 2005; Chaturvedi et al. 2005;
Gagliardi et al. 1995). Furthermore, several small HSPs and transcripts of small HSPs and members of
the HSP70 and HSP90 family are induced after a short high temperature stress (Kumar et al. 2014;
Frank et al. 2009; Chaturvedi et al. 2015). However, this might not apply to all HSP expressed in
vegetative stages: Studies in different species have shown that in developing, mature and germinating
pollen, certain heat responsive proteins, like HSP100, HSP70 and small HSPs, are not detectable or only
in relatively small amounts under high temperatures (Dupuis and Dumas 1990; Cooper et al. 1984;
Volkov et al. 2005; Gagliardi et al. 1995). Similarly, promoter-GUS fusions have shown that in response
to high temperatures the promoter of a small HSP from soy bean is active in all vegetative tissues of
Arabidopsis, but not in developing pollen (Crone et al. 2001). The failure of developing pollen to
express certain HSP has long been thought to be responsible for the high temperature sensitivity of
pollen (Frova et al. 1989) and indeed, transgenic over-expression of HSP100, which is not detectable
in wild-type pollen of tobacco and cotton under high temperatures, resulted in higher pollen
thermotolerance in greenhouse and field trials (Burke and Chen 2015). Recent microarray studies seem
to deliver contrasting results, though, detecting transcripts of small HSPs, HSP70 and HSP80 and
related DnaJ proteins in pollen under high temperatures (Bita et al. 2011; Zhang et al. 2014; Endo et
al. 2009). However, these studies used whole anthers or panicles, contributing a significant amount of
vegetative tissues that might mask the unique response of developing pollen. Apart from the common
HSPs, other putative chaperones have been detected in developing pollen under high temperature
(Hopf et al. 1992; Cooper et al. 1984), as well as proteins with chaperone-related functions. Recent
studies have shown that members of the Bcl-2-associated athanogene (BAG) family, involved in
recruiting HSPs to client proteins, are expressed in developing tomato pollen under heat stress and
might be under control of HSFA2 in vegetative tissues in tomato (Frank et al. 2009; Giorno et al. 2010;
Fragkostefanakis et al. 2015). Studies in Arabidopsis have shown that these genes are involved in
thermotolerance and overexpression resulted in higher tolerance to a variety of other abiotic stresses,
too (Doukhanina et al. 2006).
Thus, in agreement with the findings on HSF expression, pollen seems to be able to mount a
classical heat stress response regarding the activation of many HSPs, but it is different from that in
vegetative tissue.
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Reactive oxygen species
Mitochondria, chloroplasts and peroxisomes are of great importance for energy related metabolism in
plant cells. However, along with the ordinary reactions, these cellular compartments also produce
reactive oxygen species (ROS) that are cytotoxic and are detoxified by a specialised cellular machinery
(Sharma et al. 2012). While ROS production and scavenging are well balanced under normal conditions,
preventing damages to cellular components, abiotic stresses are well known to greatly increase ROS
production and disturb this balance (Foyer and Noctor 2005; Vacca et al. 2004; Bhattacharjee 2013).
In vegetative tissues of different plant species, ROS scavenging enzymes and antioxidants are known
to be highly induced under high temperatures and contribute to plant thermotolerance (Chao et al.
2009; Mittal et al. 2012; Sairam et al. 2000). Increasing antioxidant activity has been shown to increase
vegetative thermotolerance in different plant species (Almeselmani et al. 2006; Chen et al. 2013;
Sengupta et al. 1993; Rui et al. 1990; Sairam et al. 2000; Wu et al. 2012), and might also be of
importance for developing pollen. Pollen and tapetum cells are known to accumulate great numbers
of mitochondria, twenty-times more than in vegetative tissue, and show fast respiration during
development and pollen tube growth (Selinski and Scheibe 2014; Lee and Warmke 1979). Under high
temperatures this great amount of mitochondria might lead to a dramatic increase of ROS, stressing
the capacities of the ROS scavenging machinery. The only study into this, performed in wheat, indeed
shows that pollen hydrogen peroxide level increases dramatically upon a short heat treatment,
together with antioxidant capacity (Kumar et al. 2014). A proteomic, as well as transcriptomic studies
have shown that an ascorbate peroxidase is upregulated in developing tomato and wheat pollen under
high temperatures (Frank et al. 2009; Chaturvedi et al. 2015; Kumar et al. 2014). Also in rice, a number
of ROS-related genes were shown to be heat responsive (Zhang et al. 2014), although the use of whole
panicles prevents drawing conclusions on developing pollen, specifically. When subjected to high
temperatures, plants also accumulate antioxidant substances, like flavonoids, that can scavenge and
detoxify ROS (Wahid et al. 2007). Accumulation of these antioxidants during pollen development is
essential for pollen germination and pollen tube growth (Derksen et al. 1999; Schijlen et al. 2007;
Coberly and Rausher 2003). Under high temperatures, pollen accumulate even higher levels of
ascorbate and phenolic compounds, like flavonoids, that might imply a role in the high temperature
response (Kumar et al. 2014).
Hormones
Various plant hormones have been linked to heat stress signalling and pollen heat acclimation (Mittler
et al. 2012; Bokszczanin et al. 2013). Transcripts related to ethylene signalling are higher expressed
under high temperatures in developing tomato pollen (Frank et al. 2009). Supporting a role of ethylene
in acclimation of tomato pollen to heat, pollen of an ethylene insensitive tomato mutant was shown
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to be more sensitive to high temperature, which was associated with reduced accumulation of sucrose
in the mature stage (Firon et al. 2012). Additionally, chemical induction of ethylene production prior
to a high temperature treatment improved pollen thermotolerance, while application of an ethylene
inhibitor reduced it (Firon et al. 2012). Auxin synthesis in anthers of Arabidopsis and barley is reduced
upon high temperatures, in contrast to the response in vegetative tissue. This reduction does not seem
to be an acclimative response for pollen per se, though, but rather a defect, as exogenous application
of auxin improved pollen thermotolerance in barley (Higashitani 2013a; Sakata et al. 2010). Similarly,
a microarray study in rice found that among tapetum-specific genes that were downregulated under
high temperatures several were related to GA-signalling (Endo et al. 2009) and a wheat GA
hyposensitive mutant was shown to be hypersensitive to high temperatures regarding seed set
(Alghabari et al. 2014), while a higher GA content correlated with a higher pollen viability under high
temperature stress in rice (Tang et al. 2008). Reduced GA signalling may thus be considered a defect,
too. Notably, it could be related to developmental defects observed under heat, as a GA insensitive
mutant was shown to have abnormal tapetal development, showing delayed or inhibited programmed
cell death and pollen developmental arrest at the microspore stage (Tsuji et al. 2006; Aya et al. 2009).
Further studies may also reveal whether and how ABA, another hormone implicated in vegetative
thermotolerance (Larkindale and Huang 2005; Baron et al. 2012) plays a role in pollen under heat.
Sugar metabolism
A transcriptomic study of developing tomato pollen showed altered expression of genes related to
primary metabolism (Frank et al. 2009). In reproductive organs of rice, sugar transporters have been
shown to be more active under high temperatures, resulting in higher starch levels of mature pollen
(Chung et al. 2014). In bell pepper, high temperature was reported to negatively affect acid invertase
activity. Acid invertase is required for the hydrolysis of sucrose, which normally accumulates at the
final stage of pollen development, and its reduction may explain higher starch levels in bell pepper
pollen grown under high temperatures (Aloni et al. 2001). After sucrose is hydrolysed by acid invertase,
glucose and fructose must be further metabolised. Fructokinase activity, the first step in metabolising
fructose, in bell pepper pollen was also reduced under high temperatures, while hexokinase activity
was low and did not show any changes in response to temperature (Karni and Aloni 2002).
Interestingly, under higher atmospheric levels of CO2, both enzymes showed increased activity and
pollen germination potential under high temperatures was improved (Karni and Aloni 2002; Aloni et
al. 2001). Following the phosphorylation, hexoses are further metabolised in glycolysis. Genes related
to glycolysis are expressed in tapetal cells and developing pollen and knock-out of these genes results
in male sterility, accompanied by defects in tapetal development (Munoz-Bertomeu et al. 2010).
Whether changes in sugar and starch levels in developing pollen are an adverse consequence of high
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temperature or the result of active adjustments of the primary metabolism as part of the pollen heat
response is currently unclear.

Acquired thermotolerance of pollen development
While plants possess the ability to withstand a sudden heat shock, they have been shown to be more
tolerant to a gradual increase of temperature over time that allows them to acclimate. Similarly, plants
are able to survive an otherwise lethal heat stress when this is preceded by a sub-lethal high
temperature treatment. This phenomenon is known as acquired thermotolerance (ATT) and has been
studied extensively in vegetative tissues. Various genes and signalling pathways have been described
that are necessary for ATT, among these are HSFs and HSPs, different plant hormones, ROS and other
signals like miRNA398 (Larkindale and Vierling 2008; Scharf et al. 2012; Bokszczanin et al. 2013; Guan
et al. 2013). It is thought that upon a sub-lethal high temperature treatment a set of stress signalling
and defensive proteins are produced by the plant and remain present in the cell for some time beyond
the initial stress period. Then, upon a second heat stress, protective proteins are already available,
while the pre-formed signalling components enable the plant to induce transcription of heat
responsive genes faster and at higher levels. As an alternative mechanism, the faster gene expression
response has been suggested to depend on histone H3K4 hyper-methylation (Lämke et al. 2015).
Among the HSFs and HSPs some play a very prominent role in ATT; especially HSFA2 seems to be a
major regulator of ATT in Arabidopsis and HSP100 one of the major working horses, as knockouts of
each of these genes will result in greatly reduced ATT (Yang et al. 2006; Hong and Vierling 2000;
Schramm et al. 2006). In vegetative tissues, ethylene signalling has also been related to ATT (Larkindale
and Vierling 2008).
While the effect of ATT is described to last for hours up to a few days there are a few examples
that imply that plants might be able to acquire thermotolerance also over longer periods (Charng et
al. 2007). In wheat, plants that received two high temperature treatments at earlier developmental
stages, were performing better when subjected to high temperatures several weeks later, after
anthesis (Wang et al. 2011; Wang et al. 2012). In these studies, the authors measured photosynthetic
activity of the flag leaf, starch mobilization from the stem and accumulation in the grains. All of them
were less affected by high temperatures when plants received acclimation treatments before anthesis.
There is some evidence to suggest that a similar type of ATT also occurs in pollen. Late
developmental stages of tomato pollen are able to acquire thermotolerance and this seems to be
dependent on ethylene signalling (Firon et al. 2012). Application of an ethylene inhibitor affected the
ability of pollen to acquire thermotolerance and chemical induction of ethylene, prior to a high
19
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temperature treatment, increased pollen thermotolerance (Firon et al. 2012). Also, the offspring of
Arabidopsis plants grown under high temperatures for two subsequent generations and one
generation at control conditions, produced significantly more seeds under continuous mild heat than
plants grown under control conditions for three generations prior to the stress (Whittle et al. 2009).
Unfortunately, pollen quality was not tested in this study, so it remains unclear whether the increased
seed set under high temperatures correlated with increased pollen thermotolerance.
Recent studies in different plant species have also shown that epigenetic mechanisms are
involved in plant development and acclimation to different environmental conditions (for review
Chinnusamy 2009). Epigenetic mechanisms regulate gene expression in a transient or stable, heritable
manner, but are not manifested in changes of the underlying DNA-sequence. Rather, they consist of
covalent modifications of the DNA (i.e. DNA methylation) and the associated histones (Yuan et al. 2013;
Saze et al. 2012; Kim et al. 2015). These modifications may play a role in regulating short-term
responses, but because some of them, such as symmetrical DNA methylation, are stably inherited
through mitotic and to some extent through meiotic divisions (Calarco et al. 2012), they might also last
for longer time frames (Hilker et al. 2016).
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Scope of the thesis
Clearly, since the first studies on pollen development upon heat shock were published half a century
ago (Iwahori 1965), much progress has been made in the characterisation of this this process, using
various types of heat profiles and many different plant species. Still, major questions remain
unanswered, concerning what step in development goes wrong under high temperature, how this
varies with the heat profile experienced and how the pollen defence response compares to that of
vegetative tissues. Answers to these questions are not only of value as fundamental knowledge, but
may also steer efforts to make crop plants more resilient to climate change.
In chapter 2, exposing plants to a high temperature treatment resembling “one hot day”, we
identified two sensitive stages of anthers, namely those containing mainly early microspores and those
containing early bicellular pollen. In a semi-quantitative cytological approach with high temporal
resolution however, we observed that microspores at different stages of development die upon the
heat treatment, suggesting that sensitivity is not determined by pollen (stage), but that circumstantial
tissues or processes in the anther are likely to be affected.
In chapter 3, we studied whether changes in DNA methylation, a type of epigenetic
modifications, are part of the heat response of seedlings and pollen. We observed that DNAmethylation changes in response to heat are enriched for specific biological functions and partially
overlap with loci that are differentially expressed upon heat, suggesting that it is a targeted response
and indeed part of the pollen heat response.
In chapter 4, we asked whether pollen at the sensitive stage of development has the ability to
maintain a state of enhanced tolerance (acquired thermotolerance) and compared this with the
response of seedlings. While developing pollen is indeed able to acquire thermotolerance to “one hot
day”, lasting for several days, longer-term memory was not detected. Also, the mechanism behind the
pollen response proved to be different from that of vegetative tissues.
In chapter 5, we looked at a different type of heat profile, resembling a “heat wave”. We show
that pollen failure co-occurs with defective patterning of floral organs, likely depending on reduced
expression of MADS-box B-class genes. Thus, we identified an anther-specific molecular pathway that
is affected by this type of heat and may explain pollen heat sensitivity.
In chapter 6, the results of this thesis are summarized and discussed.
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Abstract
Pollen is known to be the most heat sensitive cell type during sexual plant reproduction and especially
early developmental stages of pollen seem to be severely affected by heat stress. While this
knowledge is primarily based on the study of mature pollen grains or related traits as set fruit and
cytological observations of developmental abnormalities, a quantitative overview of heat induced
developmental changes during pollen development is still lacking. Given the complexity of pollen
development and the variety of cellular events occurring, it is still not possible to attribute heat
sensitivity to a specific developmental stage or process occurring during development. To deepen our
knowledge on heat induced defects in pollen development and to help pinpoint the precise
developmental stages and processes affected by heat, we treated developing flower buds with a high
temperature treatment and followed pollen and tapetum morphology throughout their development.
We observed that the heat stress treatment had an immediate effect on developing pollen and dead
or abnormal cells appeared frequently on the day after the stress, but also on subsequent days pollen
failed during development, resulting in aberrant cells, dyads and dead pollen. In addition also tapetal
cells were affected by the treatment, resulting in differences in developmental progression of the
tapetum, as well as elongated growth and delayed degeneration in the most severe cases. Analysis of
gene expression did not confirm differences in developmental progression, but expression changes in
tapetum specific genes under heat stress indicate that this might play a crucial role during pollen
development. Since we observed the same degree of high temperature sensitivity in developing
microspores and tetrads, we concluded that there is no specific process during pollen development
that explains the high temperature sensitivity, but rather other factors that correlate with pollen
development. The immediate effects of high temperature stress could be due to the production and
damages caused by ROS, while the delayed effects on subsequent days might be due to high
temperature damages to the tapetum, premature tapetum degeneration and a possible shortage of
sugars and nutrients.

Introduction
Plants are exposed to ever-changing environmental conditions. Among these, the occurrence of high
temperatures is a problem plants frequently face and that, in a time of global warming, is expected to
become even more prominent. Climate models predict that not only average temperatures will
increase, but also the frequency and severity of extreme weather events like heat waves, i.e.
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prolonged periods of high temperature (Meehl and Tebaldi 2004). High temperature has a variety of
effects on plant cells, such as changing the fluidity of cell membranes and affecting cell homeostasis
and metabolism by altering enzyme activity and affinity (Atkin and Tjoelker 2003; Sangwan et al.
2002). It also leads to an enhanced accumulation of reactive oxygen species (ROS), resulting in
oxidative damage to lipids, proteins and DNA. Finally, high temperature, directly and indirectly via
ROS, also causes proteins to unfold and misfold and eventually form toxic aggregates (Bokszczanin
and Fragkostefanakis 2013; Mittler et al. 2012). To cope with these problems, plants have developed
cellular machineries that prevent proteins from misfolding and aggregating, detoxify ROS and repair
heat induced damage (Mittler et al. 2012). However, when temperatures rise to extremes or when
stressful conditions last too long, damages might not be repairable, resulting in programmed cell
death, senescence of plant organs and eventually collapse of the whole plant. While high temperature
affects all plant tissues, different organs and processes during the plant life cycle differ in their
response and sensitivity to stress. Sexual reproduction, and more specifically the development of the
male gametophyte, has long been considered to be among the most temperature sensitive (Iwahori
1965; Zinn et al. 2010).
Sexual reproduction involves cycling between a diploid sporophytic and a haploid
gametophytic phase. In flowering plants, the gametophytic phase has been greatly reduced, and takes
place inside specialized floral organs of the sporophyte. The development of the male gametophyte
occurs in the locules of the stamen and can be divided into microsporogenesis and
microgametogenesis (Goldberg et al. 1993; Owen and Makaroff 1995). In microsporogenesis, pollen
mother cells (PMC), originating from sporogenous cells, undergo a meiotic cell division to form tetrads
of microspores. During microspore gametogenesis the individual microspores within the tetrad will
start to develop a pollen wall, the exine (Heslop-Harrison 1963). The callose that surrounds the tetrads
and separates the microspores is degraded by enzymes released from the tapetum, a one cell layer
thick tissue, covering the inside of the locules (Stieglitz 1977). This tissue plays an important role in
supporting pollen development by providing enzymes and nutrients (for review Pacini et al. 1985).
When the callose is digested, the so-called early microspores are released from the tetrads into the
locular fluid. These early microspores will develop further, growing in size and developing a single
large vacuole. The microspores will then undergo the first mitotic division, an asymmetric division that
results in the formation of a larger vegetative cell and a smaller generative cell that will remain within
the vegetative cell (for review Endo et al. 2009). Most flowering plants produce bicellular mature
pollen that, in contrast to tricellular pollen, will not undergo the second mitotic division until pollen
tube growth. Around the time of the first mitotic division, the tapetum degenerates and provides a
final supply of nutrients to the microspores. These then mature further with carbohydrates and lipids
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accumulating in the vegetative cell, the formation of the pollen coat and the generation of numerous
small vacuoles (Clement et al. 1994; Evans et al. 1992; Ito 1978; Pacini et al. 1985; Van Aelst et al.
1993; Wetzel and Jensen 1992). Finally, osmoprotectants, like the amino acid proline, accumulate and
the mature pollen desiccates (Schwacke et al. 1999). Upon anthesis, the stamen open at the stomium
and release the dry pollen. To ensure successful fertilization, it is important that pollen development
is well synchronized with the development of the surrounding vegetative tissues, like the tapetum,
but also reaches maturity synchronous with the female gametophyte.
Previous studies in tomato have shown that the most sensitive stage during pollen
development is in the meiotic division to early microspore phase. Short intense heat treatment, as
well as long-term mild heat around these developmental stages greatly reduce pollen quality and
impair subsequent fruit set (Rudich et al. 1977; Sato et al. 2002; Iwahori 1964). It is still not clear,
however, what developmental process or tissue is primarily affected by the high temperature. Iwahori
(1965) reported that after a short intense heat treatment (i.e. 2 days with 3 h at 40°C), tetrads
appeared to be shrunken and several days later, developing microspores seemed to be dead. The
tapetal cells showed developmental aberrations, they grew larger, but were empty. Analysis of mature
anthers that developed under long-term mild heat (i.e. multiple days at 32/26°C, day/night) showed,
in addition to dead pollen, reduced stomium cell degradation and structural abnormalities of the
anther wall (Sato et al. 2002). However, there is considerable variation in the developmental
progression between anthers, locules within an anther and even positions within a locule. Given the
very limited size of the cytological studies performed so far, it remains unclear to what extent the
findings are representative for anther development under high temperature. To improve our
understanding of the developmental aberrations underlying high-temperature-induced male sterility,
we used light-microscopy to determine variations in pollen and anther tissue development over time
after a one-day high temperature treatment around the meiosis-early microspore flower stage.

Material and methods
Plant growth and high temperature-treatments
Seeds of the Solanum lycopersicum cultivar Micro-Tom were obtained from the “National BioResource
Project (NBRP)", Japan (ID: TOMJPF00001). Plants were sown on fertilized soil (Osmocote Pro 5 – 6M,
Everris International B.V., Geldermalsen, The Netherlands) and grown in climate cabinets (MC1600,
Snijders Labs, Tilburg, The Netherlands) at constant 22°C and 60% humidity. Light was provided for 12
h per day by LED lamps (Philips Green Power LED DR/B/FR 120, ~250 μmol/m2s at plant height; Philips,
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Einhoven, The Netherlands). Upon flowering, plants were used for high temperature treatments. Half
of the plants were kept at control conditions, the other half was moved into a preheated climate
cabinet at 38°C or 40°C for 10 h and moved back to control afterwards. To identify sensitive stages, 10
plants were used per treatment (control, 38°C, 40°C) and two to three flowers were harvested per
plant and per day. For embedding and microscopy, about 100 flower buds of Micro-Tom plants with
a length of 3.1 mm were labelled. Half of the plants were kept at control conditions, the other half
was treated for 10 h at 38°C. At 1 (24 h), 2, 4, 5, 7, 9, 11 days after the start of the experiment 5-8
flower buds were collected.
DAPI staining
Flowerbuds were cut in 2-3 slices and transferred to tubes with 0.3M mannitol. The mannitol was
replaced with 70% ethanol and after 30 min replaced with 20µl DAPI 5 µgr/ml and incubated for 1hr.
The developmental stages were viewed with Leica DM IRE2 TCS SP2 AOBS Confocal Microscope
Pollen germination assay
Pollen quality was analysed by an in-vitro pollen germination assay. For the treatments, flowering
Micro-Tom plants bearing flower buds of different sizes were treated as described above. Newly
opened flowers were collected on subsequent days after the treatment and analysed directly for
pollen germination. Petals, sepals and pistils were removed, the anther cone was cut into several slices
and incubated for 30 min at room temperature and at high humidity to allow slow hydration of pollen
grains. Anther pieces were then transferred to tubes containing germination solution (1 mM KNO3, 3
mM Ca(NO3)2·4H2O, 0.8 mM MgSO4·7H2O, 1.6 mM H3BO3, 5% (w/v) sucrose and 25% (w/v) PEG4000),
vortexed for 10 seconds and incubated at room temperature for 2 h while rotating slowly. Pollen was
counted using a light microscope (Leica DM2000, Leica Microsystems GmbH, Wetzlar, Germany) and
considered germinated when the pollen tube length exceeded the pollen diameter. At least 100 pollen
grains were counted per flower.
Embedding and Microscopy
Collected flower buds were fixed in 2% glutaraldehyde and 4% paraformaldehyde in 0.025 M
phosphate buffer, pH 7.2 for 2 h at room temperature, followed by post-fixation in 1%
osmiumtetroxide for 2 h. The samples were dehydrated in a graded ethanol series and embedded in
Spurr’s resin. For light microscopy sections of 1 µm in the median part of the anthers were cut and
stained with toluidine blue 0.1% in 1% borax. Sections were viewed and photographed with a Leica
DM2500 microscope, equipped with a Leica DFC 420C camera. For electron microscopy, 70 nm
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sections were cut and post-stained with uranyl acetate and lead citrate according to standard
procedures and viewed with a JEOL JEM-1010 equipped with a Mega View III from Soft Imaging
System.
For each locule the number of developing pollen per stage were scored. The pollen and
tapetum developmental stages were classified according to the schemes below (Table 1 and 2). In the
tapetum, cells at different developmental stages were present at the same time point, therefore we
classified the stage of a locule according to the predominant stage among the cells. In the analysis a
distinction was made between normal looking pollen, pollen aberrant in shape and size, pollen
aberrant by plasmolysis and dead pollen (i.e. in which no cytoplasm was left or only remnants of
degenerated cytoplasm). In total, 660 locules were analysed from control conditions, containing
38460 developing pollen, and 638 locules that received a high temperature treatment, containing
35275 developing pollen. Among all analysed samples from control conditions, we harvested one
flower bud, on the second day, that did barely contain normal developing pollen grains (4.5%). Since
we did not observe this in other flowers or at other time points, we considered this an outlier and did
not include it in the analysis and description of normal pollen development under control conditions.
Table 1. Definition of pollen developmental stages.
Stage
Premeiotic
Meiosis
Tetrad
Early
Microspore
Late
microspore
Early
binucleate
Late binucleate
(bicellular)
Mature
Anthesis
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Description
Differentiation Pollen Mother Cell (PMC) and tapetum. Angular shape, nucleus with
nucleolus, small vacuoles.
Meiotic division until anaphase II, angular shape to less angular, rounded cells.
Callose deposition around PMCs. Separation of tapetum starts.
End of meiotic division, telophase II and cytokinesis. Callose deposition between
microspores and formation of tetrads. Until the start of callose dissolution.
Dissolving callose, microspores are released and apertures are visible. Microspore
cell wall is thickening, newly released microspores have an irregular shape and
slowly turn spherical.
Microspores are spherical and larger. Pores become clearly visible.
Microspores undergo vacuolisation, forming numerous (>5) vacuoles that will
merge, forming one large vacuole.
Mitotic division, early binucleate generative cell is appressed to pollen wall.
Vegetative nucleus larger then generative cell. Vacuoles smaller and irregular.
Start of pollen maturation. Second vacuolisation, formation of large vacuoles that
will fuse and form one large vacuole. Accumulation of starch, intine thickening at
apertures. Generative cell is free in cytoplasm.
Mature pollen. Large spherical grains, accumulation of starch around nucleus,
numerous lipid droplets and small vacuoles can be present.
Spherical pollen, starch has disappeared. Black inclusions in cytoplasm, lipid
droplets are prominent. Faint nucleolus.
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Table 2. Definition of tapetum developmental stages.
Stage
1
2
3
4
5

6

7

8

9
10
11

Description
Differentiation Pollen Mother Cell and tapetum. Small angular cells, large nucleus, small
and larger vacuoles.
Binucleate tapetum cells. Cells are elongated, more small vacuoles.
The tapetum separates from pollen mother cells. Cell wall (locule side) of tapetal cells is
densely stained.
Larger vacuoles with densely stained deposits. Outer walls at the locule side appear
thicker and are more densely stained.
Undefined, irregular shape of tapetum cells, wall weakly stained, sometimes bluish line
at the locule side visible. Few small round orbicules deposited on the walls at the side
of the locule and between the tapetum cells. Hardly any nucleoli visible. Some small
grey droplets in the cytoplasm.
Large amounts of round orbicules deposited on the walls at the side of the locule and
between tapetum cells. Hardly any nucleoli. In vacuoles larger grey droplets in the
cytoplasm.
Start of degeneration, programmed cell death (PCD). Signs of degeneration, solid
densely stained cytoplasm, nucleus dissolving, vacuoles aggregated. Cells show strong
plasmolysis and large vacuoles. Degeneration mostly starts in the inner tapetum and
proceeds gradually in both directions to the outer tapetum.
In part of the tapetum cells the cytoplasm is degrading and less dense stained, large
grey-brown spots clearly visible. Nuclei start to dissolve, remnants of densely stained
cytoplasm present.
All tapetum cells show remnants of cytoplasm which has degraded. All nuclei are
disintegrated. Large grey-brown spots visible.
Only (packed) cell walls left and remnants of large grey-brown spots and dense deposits,
no remnants of cytoplasm.
Packed cell walls with hardly any remnants of grey-brown spots and dense deposits

Gene expression analysis
Flowers were harvested at different time points (10, 24, 36, 48, 72, 96, 120, 144, 168 h) after heat
treatment and anthers were separated from the other floral organs. For the first four time points,
three anthers were pooled per replicate and two anthers per replicate for later time points. RNA was
extracted using Trizol (Invitrogen, Thermo Fisher Scientific, Waltham, MA USA) and treated with
DNase I (Thermo Scientific, Thermo Fisher Scientific). cDNA was synthesized using the IScript kit (BioRad, Hercules, CA, USA) and the PCR (end volume of 25 µl, containing cDNA equivalent of 10 ng RNA)
was performed using the SybrGreen iQ mix (Bio-Rad). The primer pairs (Supplementary Table 1) used
for the analysis were designed using Beacon Designer (Premier Biosoft, Palo Alto CA, USA). Cq values
were determined by CFX Manager 3.0 (Bio-Rad) and primer pair efficiency was calculated using LinReg
PCR (Ramakers et al. 2003). The normalization factor was calculated using GeNorm (Vandesompele et
al. 2002), using SAND, CAC and EF1α as reference genes. The qRT-PCR was performed with 1-5
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biological replicates per time point. Differences in gene expression between the control and treatment
group were analysed per time point using Student’s t-test.

Results
High temperature sensitivity differs between developmental stages of pollen
From pollen mother cells to mature pollen grains, developing pollen undergoes a complex process
with different stages, divisions and cytological changes. We tested whether developing pollen is
sensitive to a “single hot day” (10 h) of 38°C and 40°C and related the specific event during pollen
development to flower bud size and to days before anthesis. To this end, we treated whole tomato
plants (cv. Micro-Tom), carrying flower buds at a range of developmental stages. On subsequent days
after the treatments newly opened flowers buds (i.e. at anthesis) were harvested and in-vitro pollen
germination rate, as a measure of pollen quality, was evaluated (Figure 1A).
Flower buds that did not receive a high temperature treatment (control) showed a
germination rate of around 70% throughout the experiment. Flower buds that received a 10 h 40°C
high temperature treatment 2 to 3 days before anthesis produced pollen with a similar germination
rate. In contrast, slightly younger flower buds, treated 4 to 5 days before anthesis, displayed a high
sensitivity to the treatment: pollen from these flowers had a strongly reduced pollen germination rate
of 3% and 1%, respectively. Younger flower buds, treated 6 days before anthesis, were less sensitive
and produced pollen with a pollen germination rate of about 40%, while the even younger flower
buds, which received the high temperature treatment 8 to 11 days before anthesis, displayed high
sensitivity, to such an extent that pollen germination was basically absent.
To further distinguish the high temperature sensitivity between the two sensitive stages
around day 4 and day 10 before anthesis, a slightly milder high temperature treatment of 38°C for 10
h was applied. This treatment caused a small reduction in pollen germination rate to 45% when
developing pollen was treated 4 days before anthesis and had no effect, or only small effects on
slightly younger pollen treated 5 to 7 days before anthesis. However, flower buds that received this
treatment 8 to 11 days before the treatment again showed a strong reduction in pollen germination
rate to about 5%.
To be able to link these sensitive time points with flower bud size and developmental stages,
we labelled about 50 flower buds and measured their size throughout development until anthesis
(Figure 1B). Harvest and analysis of the flowers and pollen over time allowed us to correlate the
developmental stages of pollen with a certain bud size and days before anthesis (Figure 1C-L). In flower
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buds of 3.1 mm, pollen mother cells (PMCs) undergoing the meiotic division, tetrads and young
microspores were present, while flower buds of about 5 mm contained microspores that underwent
the mitotic division and entered the early binucleate stage.
Taken together, these findings show that the most sensitive stages during pollen development
coincide with or closely follow on the cell divisions (i.e. meiosis and mitosis), with highest susceptibility
at the younger developmental stage.
Pollen and tapetum development after a high temperature treatment at the meiosis–early
microspore stage
To study the effect of high temperature on pollen and tapetum development in detail, flower buds of
the most sensitive stage, with a size of about 3.1 mm, were labelled and half of the plants were treated
with 38°C for 10 h. The labelled flower buds were harvested, embedded and sectioned on subsequent
days to observe the ongoing cytological changes and abnormalities caused by the high temperature
treatment. Flower buds that developed under control conditions reached anthesis on day 10 and 11
after treatment, while flower buds that received a high temperature treatment reached anthesis one
day earlier, on day 9 or 10. At these last stages, the flowers were open and part of the dehydrated
pollen was already released from the anthers. Therefore, we were able to collect quantitative and
qualitative data for the days 0 to 7 after the high temperature treatment and qualitative data for the
days 9 to 11. Throughout development, we observed that the outer locules, located at the abaxial side
of the anthers contained slightly more pollen grains than the inner locules; however, no qualitative
differences were apparent.
High temperature effects on pollen development during days 1 to 7 after heat treatment
While flower buds were carefully selected to have a size of 3.1 mm, we observed variation in
developmental stages between individual flowers and between locules of individual flowers. As
expected, in most locules the developing pollen grains were at the tetrad stage (~50%), or the PMC
stage, undergoing meiotic division (22%; Figure 2, day 0). However, we also found some locules at
more advanced stages of development, containing pollen at the microspore stage (28%). The analysis
revealed differences between the four locules of a single anther and even bigger between anthers of
an individual flower, in extreme cases ranging from tetrads to spherical microspores within one flower.
Even in a single locule, the development was not fully synchronous, although the differences between
these stages were relatively small. Thus, pollen at a range of developmental stages were present at
the start of the heat exposure.
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Figure 1. High temperature sensitivity of pollen during development.
A, tomato plants carrying flower buds of different sizes were treated with high temperature of 38°C or 40°C for
10 h. On subsequent days flowers were harvested upon reaching maturity and pollen germination rate was
analysed. B, in parallel, flower buds were labelled and their length was measured throughout development until
reaching anthesis. C, pictures show different stages of pollen development stained with DAPI with fluorescent
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and bright field illumination. Coloured bands indicate developmental stages in relation to flower bud size and
days before anthesis. Bar 5µm.

In control conditions we observed that PMCs and tetrads gradually developed into
microspores after 2 days. After 4 days, the first cells underwent mitosis resulting in early binucleate
microspores and after 5 days the mature stage appeared, showing the accumulation of starch and
lipids. Three types of developing pollen cells were distinguished: 1) living, normal appearing cells, 2)
cells with aberrant size and shape, 3) cells showing plasmolysis with normal appearing cytoplasm, and
4) dead cells, showing either degenerated cytoplasm or no cytoplasm at all. Already under control
conditions, abnormalities in morphology were observed on each day, but always in a rather small
fraction of the total number of locules and often in particular flowers. Pollen development in the heat
treated flower buds seemed to proceed in a similar way as in control conditions, but the proportion
of dead cells and cells with aberrant size and shape was higher at all time points (Figure 2). While in
control conditions 56% of all analysed locules (369 out of 660) contained only normal developing cells
and 1% only dead cells, just 3% of the heat treated locules (18 out of 638) contained only normal
developing pollen and 16% only dead cells (102). A combination of cells classified in the described
classes (normal, aberrant, plasmolysed and dead) were present in the remaining locules.
On day 1 after the heat treatment the proportion of cells with a normal appearance showed
a sudden decrease from 99% to 52% and that of dead cells increased from 1% to 27%. In control
conditions this was 74% and 10%, respectively. Also regarding cells with aberrant size and shape (type
2), we observed an increase on day 1 after the heat treatment. We divided them into three sub-types:
2-A) cells with a swollen appearance often oval in shape and cells with a less dense stained cytoplasm,
2-B) cells which bulge at the side of the pores, and 2-C) cells in dyads and cells with a distinctly larger
diameter than the normal cells at a specific developmental stage (Figure 3 B, E). While cells of type 2A were observed in heat treated as well as in locules from control conditions, cells of type 2-B were
only sporadically observed under control conditions and dyads (type 2-C) were solely found in heat
treated locules. During the experiment, most cells with aberrant shape and size were observed in heat
treated locules (92%), from these about 33% were classified as type 2-A, 5% as type 2-B and finally
62% as 2-C. Concerning the latter, dyads were observed on day 1 only, while on subsequent days, cells
with a relatively large diameter appeared that likely derived from the earlier dyads. Indeed, a test with
diploid and tetraploid lines of cultivar Ailsa Craig, confirmed the larger area of diploid pollen (haploid:
625 µm2 ± 36 [SD]; diploid: 931 ± 48; Student’s t-test, P<0.001).
On days 2 to 7, the percentage of normally developing cells remained approximately at the
same level in control conditions, around 98%, except for a drop to 67% on day 2, due to the presence
of plasmolysed and dead cells in one of the flowers. On days 2, 4 and 5 after the heat treatment, the
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proportion of normally developing and dead pollen also remained roughly the same (15-36% and 5152%, respectively). At day 7, however, the percentage of dead cells in the heat treated locules strongly
increased to 81%, mostly referring to binucleate and bicellular microspores (Figure 2). Notably, while
cells that died at the late microspore stage remained visible in subsequent days, dead tetrads were
not observed on subsequent days, suggesting they disintegrated.
Taken together these data show that the heat treatment had an immediate effect on
developing pollen, causing nearly a third of the cells to be dead and 20% to show cytological
aberrations on 1 day after the treatment, but also a long term effect on subsequent days resulting in
aberrant shaped cells, and a big proportion of dead microspores and binucleate stages on day 7.
Progression in pollen development during days 1 to 7 after heat treatment
Since flower buds that received a high temperature treatment still contained living, normal looking
pollen, we investigated whether the progression in pollen development was affected by high
temperature. For this purpose we considered only locules that contained at least some normally
developing pollen; this accounted for 99% of the locules from control conditions and 57% of the
locules that received a heat treatment. On day 1 after the treatment, locules exposed to heat showed
a higher portion of regular tetrad stage pollen than locules from control conditions (92% versus 26%)
the latter showing already 48% at the subsequent microspore stage. At days 2 and 4, this difference
disappeared. On day 5 and 7 after the treatment, pollen from heat treated locules seemed to be
slightly delayed again. At day 5, most pollen remained in the uninucleate microspore (44%) and
binucleate stages (51%), while in the control group 39% of the pollen already reached the mature
stage. Also at day 7, a lower number of pollen was at the mature stage in the heat treated anthers,
relative to control (53% versus 73%). In addition, morphological differences became obvious in
binucleate stages: while under control conditions starch gradually accumulated at this stage, we
observed a high variation in starch accumulation in cells from the high temperature treatment (Figure
3G, H).
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normally appearing (blue), aberrant shaped (red), plasmolysed (green) and dead pollen (purple).

The bars represent the average percentage of developing pollen per locule over the different developmental stages. The different colours indicate the proportion of

Flower buds of 3.1 mm, i.e. around the tetrad stage of pollen development, were treated with 10 h of high temperature conditions and analysed on subsequent days.

Figure 2. Developmental stages of pollen after high temperature treatment.
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Figure 3. Light microscopy photographs of developing pollen from control and heat treatments.
Pictures show examples of pollen at the tetrad (A, B, C), microspore (D, E, F) and mature (G, H, I) stages taken at
1, 4 and 7 days after the treatment, respectively. While normally developing pollen was predominant under
control conditions (A, D, G), after heat treatment, we observed dyads instead of tetrads containing two spores
(B) and, throughout development, developing pollen with a relatively bigger cell diameter (E) and dead pollen
(C, E, F, H, and I). Bar 20 µm. d, dyad; m, mature; msp, microspore; t, tapetum; td, tetrad.

High temperature effects on day 9 to 11 after heat treatment
On day 9, the anthers in the control conditions contained pollen at the mature and anthesis stage, in
which the degradation of the starch granules was partly and fully completed, respectively. On day 11
all pollen grains were at the anthesis stage. In the heat treated flowers the same developmental stages
were observed, but the number of normally developing pollen was low. Also, many remnants of dead
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cells and still degenerating cells from earlier stages of development were present. Fully developed
pollen often showed vacuoles and high amounts of small white spots in the cytoplasm. In control
treatment this rarely occurred. To investigate the morphology of the small structures in more detail,
we studied these pollen grains using electron microscopy techniques. Compared to the control
conditions, cells from the heat treatment showed many small vacuoles with a high amount of
inclusions and no or very few lipid bodies. (Figure 4A, C, E, F). Notably, in these cells the morphology
of the mitochondria differed too; they seemed smaller and the plate-like cristae were swollen and
denser compared to the mitochondria in control conditions (Figure 4A, B, E, F). The ultrastructure of
the mitochondria correlated with the number and size of the vacuoles, from swollen to more electron
dense and finally degenerating membranes in the most highly vacuolated cells (Figure 4C-H). Similar
electron dense mitochondria were also observed in earlier developmental stages, from tetrads to late
microspores (data not shown).

Figure 4. Electron microscopy photographs of anthesis-stage pollen and their mitochondria from control and
heat treatments.
Compared to pollen and mitochondria from the control treatment (A, B), those that experienced high
temperature showed varying degrees of numbers and sizes of vacuoles (C, E, G) and corresponding differences
in the ultrastructure of the mitochondria (D, F, H). Bar A, C, E, G 5 µm; B, D, F, H 500 nm. l, lipid bodies; v,
vacuoles; m, mitochondria.

Effects of high temperature treatment on tapetum development
The tapetum, the single layered tissue surrounding the developing pollen, is responsible for providing
nutrients to the developing pollen and degenerates during later anther development. To understand
the role of this tissue in heat-induced pollen sterility, we analysed its development and morphology
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over time. We classified locules according to the predominant stage of the tapetum cells (see Table 2
for detailed description of stages; Table 3). The developmental stage of the tapetum at the start of
the experiment varied between flower buds and anthers, but also between locules within the same
anther. The early developmental stages, i.e. stage 3 and 4 (accounting for 23% and 41% of locules at
day 0, respectively; Table 3), correlated with the presence of PMCs and tetrads. While in other locules,
the tapetal cells were developed slightly further, classified as stage 5 and 6, in 2% of the locules the
tapetum cells already started to degenerate (stage 7). These latter stages correlated with the presence
of early and late microspores.
In control anthers at day 1, tapetal cells in 25% of the locules showed signs of degeneration
(stage 7 and 8), correlating with the presence of microspores. Degeneration started in the adaxial
tapetum and gradually proceeded on both sides to the abaxial tapetum. At day 2, the proportion of
tapetum cells showing degeneration and degradation increased to 58% of the locules, which then
contained early and late microspores. At day 4, i.e. around the mitotic division, when microspores
entered the binucleate stage, 98% of the locules showed degraded cytoplasm in the tapetum cells.
Finally at day 5 (Figure 5A), the degradation of the cytoplasm was completed.
In the heat treated locules, three distinct paths of tapetum and pollen development were
observed: 1) in 12,2% of the locules tapetum cells did show abnormal development and elongated
growth; 2) in 33% of the locules tapetum cells did show a normal development but did not contain
any normally developing pollen grains; 3) in 55% of the locules tapetum cells had an appearance and
development relatively similar to the control and contained normally developing pollen grains.
In group 1), we observed the most striking changes in tapetum development. The cells showed
hyperplastic, elongated growth and in 33% and 56% of these locules the tapetum did not degenerate
on days 4 and 5, respectively (Fig 5 B, C; Supplementary table 3). We did also not observe any normally
developing pollen grains in these locules, only remnants of death tetrads or microspores.
In group 2), locules did also not contain any normally developing pollen, but the tapetum
underwent the same developmental stages as the tapetum under control conditions, showing no
elongated cells (Figure 5 A, D). However, we observed differences in developmental progression. The
biggest proportion of tapetum cells seemed to develop faster than under control conditions.
Differences were especially visible on days 4 and 5 after the heat stress where up to 50% of the locules
contained tapetal cells at a later developmental stage, compared to control (Supplementary table 4).
However, at the same time we also observed a small number of locules where tapetum development
seemed to be delayed and signs of degeneration were not visible on days 4 and 5 (21% and 6%,
respectively).
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In group 3) we did observe normally developing pollen and also tapetum development
followed the same stages as in control conditions (Figure5 A, D). We did not observe abnormal
elongated growth of tapetum cells as in 1) or delayed degeneration as in group 2). However, also in
group 3 we observed differences in developmental progression (Table 3). On day 1 after the heat
stress, 70% of the tapetum cells were still at stage 4, while under control conditions the majority of
tapetum cells (56%) were in stage 5 to 7. This also corresponded to the presence of a relatively high
number of tetrads when compared to control (Supplementary data S2). Similar to what was seen for
pollen (Supplementary data S2) on day 2 heat treated tapetal cells were not delayed as compared to
those of the control anymore. In fact, in the heat treated anthers 42% of the locules showed tapetum
cells with degraded cytoplasm (stage 8 and 9), while in locules from control conditions these
accounted for only 5%. Also on the subsequent days degradation of the tapetum cells proceeded
faster in heat treated locules than in locules from the control conditions.
Taken together it seemed that three different processes in tapetum development occurred as a result
of the heat treatment. First, the elongation of tapetum cells at a young developmental stage, leading
to either premature or delayed programmed cell death, not supporting any normally developing
pollen grains. Second, tapetum cells that undergo developmental stages similar to control, but also do
not support normally developing pollen grains. Most of these tapetum cells did show a faster
development and degeneration, while in a small number of locules tapetum degeneration was
delayed. And thirdly, in the majority of locules (352 out of 638) development and degeneration of
tapetum cells proceeded similar to the development in locules from control conditions, still supporting
normal pollen development, however tapetum development appeared to be slightly faster in the heat
treated anthers. The first two seemed to be a more severe, immediate response to the heat and lethal
for the developing tetrads and microspores, while the shift in the gradual development observed in
group 3 seemed to be a long term effect of the heat treatment.
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Table 3. Stages of tapetum development in locules (group 3) following regular tapetal development after a high
temperature treatment.
The developmental stage of the tapetum was scored per locule before the treatment (day 0) and on subsequent
days (day 1 to 7). The percentage of locules in a certain developmental is given per day under control (ctrl) and
after a high temperature treatment (heat). n, number of locules analysed per day and treatment; tapetum stages
see Table 2.
day 0

day 1

day 2

day 4

ctrl (%) ctrl (%) heat (%) ctrl (%) heat (%) ctlr
tapetum 3

23.1

stages

4

41.3

44.2

71.8

5

10.6

14.4

23.1

6

23.1

15.4

7

1.9

18.3

8

5.1

7.7

7.7

27.9

9.6

53.5

38.5

1.6

15.3

4.7

38.5

27.8

9.2

53.2

10.2

17.5

64.3

3.8

10

1.0

11
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Figure 5. Locules of heat treated anthers at day 5.
A, locule of anther at control conditions with completely degraded tapetum and late binucleate (bicellular)
pollen. B, locule with elongated tapetum cells and remnants of tetrads. C, part of elongated tapetum cells show
completely degraded cytoplasm and dead microspores. D, completely degraded tapetum and early and late
binucleate microspores/pollen and dead microspores. Bar 50 µm. msp, binucleate microspore/pollen; t,
tapetum; td, tetrad.

High temperature effects on gene expression
From the cytological study it seemed that the progression of the developmental program in tapetal
cells was influenced by the high temperature treatment. To confirm these observations, we analysed
the expression of a number of genes reported to be differentially regulated during tapetum
development. If the high temperature treatment affects the developmental progression, we might
expect that expression of developmentally regulated genes is changed.
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We selected 22 genes and studied their expression in anthers for seven days after treating
flower buds of 3.1 mm with a 10 h high temperature treatment at 38°C. While in control conditions,
some genes showed a gradual increase or decrease, or, unexpectedly, a constant expression over time
(data not shown), 11 were strongly down-regulated at a specific time point in the first days after the
start of the experiment, and one was strongly up-regulated at a late time point (Figure 6). Heat
treatment did not generally affect these patterns, but two of the early expressed genes, MALE
STERILITY1 (MS1) and DEFECTIVE IN TAPETAL DEVELOPMENT AND FUNCTION1 (TDF1), were
significantly lower expressed directly after the 10 h heat treatment and a similar trend was visible for
MYB80 and QUARTET3 (QRT3). Given that MS1 and QRT3 are described to be strictly tapetum-specific
in Arabidopsis thaliana (Wilson et al. 2001; Rhee et al. 2003), these results indicate that tapetal
functioning is affected by the high temperature in an immediate manner. However, as the timing of
increased LYCOPERSICUM INVERTASE7 (LIN7) expression after the heat treatment was normal (at day
6), acceleration of tapetum progression at later stages was not confirmed with this experiment.

Figure 6. Relative expression of genes in tomato anthers treated with high temperature.
Samples were taken directly after the treatment (38°C, 10 h) and on subsequent days. Values represent average
relative expression (n=1-5). #, marginally significantly different between heat treatment and control, Student’s
t-test, P<0.1; *, significantly different, P<0.05.
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Discussion
Heat sensitive stages during pollen development
The high temperature sensitivity of developing tomato pollen has been known for a long time and is
thought to be the major cause of reduced fruit production under high temperatures. Consequently,
pollen development under high temperatures has been extensively studied. The first to describe high
temperature effects on developing pollen in detail was Iwahori, already in 1965. He demonstrated
that developing pollen is especially sensitive to a short high temperature stress eight to nine days
before anthesis, around the meiotic division, and results in the formation of dead tetrads. The same
was reported for long-term moderately elevated temperature stress and also for later developmental
stages up to 5 days before anthesis (Sato et al. 2002; Rudich et al. 1977; Iwahori 1964). While these
studies were also accompanied by limited morphological observations, showing aberrant
development of pollen and tapetum and the presence of dead tetrads, microspores and mature pollen
(Sato et al. 2002; Iwahori 1965; Giorno et al. 2013), the exact course of injury to pollen and tapetum
development remains unclear. Whether these observations are the consequence of immediate and
direct effects of heat stress on pollen, or of indirect or long-term effects on pollen and or supporting
tissues, is not known.
To identify the most temperature sensitive time points during flower development and to
correlate these with bud size and developmental stage of pollen and tapetum, we analysed pollen
germination rate of flowers that received a high temperature treatment during different
developmental stages. As seen in figure 1, a heat treatment at 40°C for 10 h greatly reduced
subsequent pollen germination, especially when applied at 11-8 or 5-4 days before anthesis. A milder
temperature treatment at 38°C caused the same shifts in pollen viability but less extreme; compared
to the more severe heat treatment, the reduction in germination rate was much smaller when applied
at the later developmental stage (5-4 days before anthesis), but still had a major impact during the
younger sensitive period (11-8 days before anthesis). Thus, this period seemed to be the most
sensitive stage during pollen development. Microscopical analysis of flower buds at this sensitive stage
showed variation in pollen development, ranging from meiosis to early and late microspore stages.
Altogether, we conclude that the meiotic-early microspore stage of pollen development is the most
sensitive to high temperatures, including the two 10 h high temperature regimes used here. A second,
somewhat less heat sensitive period coincides with developmental stages of pollen around mitosis.
The observed variation in developmental stages of pollen was due to variation between flower
buds of the same size, but also to the asynchronous development between locules of the same anther
and within single locules. Also Pacini and Juniper (1984) showed, in Solanum peruvianum, that pollen
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development after the first meiotic division is not fully synchronous within a locule. Since certain
developmental stages of pollen are more sensitive to environmental pertubations than others,
variation in developmental progression could allow some pollen to survive the occurrence of a short
term stress event and ensure fertilization. Thus, asynchronous pollen development, that can widely
be observed in angiosperms, might indeed be a risk-spreading strategy (Carrizo García et al. 2016).
Immediate effects of a single heat treatment on male reproductive tissues
One day after the start of the heat treatment we observed that the high temperature treatment had
an immediate effect on the developing cells at the tetrad and microspore stage. One third of these
cells died immediately after the stress and another 10% showed cytological aberrations in size and
shape. However, 38% of the tetrads, early and late microspores, did not show observable defects. The
variation within locules was high, ranging from solely dead cells to solely normal appearing cells; in
most cases a combination of dead, aberrant and normal appearing cells was present. Thus, within a
locule cells at about the same developmental stage seem to react differently to the stress. However,
from these cytological observations we cannot conclude which process in developing pollen is directly
affected by heat and leads to programmed cell death.
An important observation is the occurrence of dyads. In roses, the orientation of the spindle
apparatus during the meiotic division is disturbed by high temperatures, leading to the formation of
dyads (Pecrix et al. 2011). This points to heat sensitivity at a very specific time point and process during
the meiotic division. However, most of the dyads appear to have normal cytoplasm and the failure in
division did not lead to cell death. Also since the high temperature sensitivity seemed to be similar
between tetrads and microspores and not related to a developmental stage, we concluded that
defects in the meiotic division were not responsible for the observed high number of dead cells.
Development of tetrads and microspores includes different potentially sensitive processes, like callose
accumulation and dissipation, cell wall synthesis and synthesis of cytoplasm. Interestingly, in
developing pollen of maize it has been shown that the number of mitochondria strongly increased in
the early stages of development, about twenty times until the tetrad stage, and pollen of tobacco and
lily are described to show a very high respiration rate upon germination, compared to vegetative
tissues (Selinski and Scheibe 2014; Lee and Warmke 1979; Dickinson 1965; Taylor and Hepler 1997).
It is tempting to speculate that this high metabolic activity might lead to the accumulation of great
amounts of ROS in early developmental stages and this might further increase under high
temperatures. In fact disturbance of the redox homeostasis by altering ROS levels is a major
consequence of heat stress (Sharma et al. 2012) and could have an immediate effect on developing
pollen. In consequence, cells could undergo programmed cell death or might be able to recover if the
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damage was below a certain threshold, but this might still influence further development and
metabolic processes resulting in less vital cells. The more frequent occurrence of dead and aberrant
cells in early developmental stages under control conditions (Figure 2) might be another sign for
general sensitivity of developing pollen at this stage, making it susceptible to environmental
perturbations.
An important factor in pollen development is the development of the tapetum in providing
nutrients for the developing pollen (Schwacke et al. 1999; Scott et al. 2004). The functioning and
correct development of this tissue has been shown to be crucial for pollen development and has
already been proposed to constitute the initial defect in high temperature-induced male infertility
(Parish et al. 2012). After the heat treatment we observed distinct processes in the developing
tapetum cells. In the most severe case in about 12% of the locules the tapetum cells showed
elongated, hyperplastic cells that were disturbed in the timing of PCD, this was either immediate or
postponed. In these locules all developing pollen died after two days showing the importance of the
right timing of PCD for pollen development. Similar observations, infertile pollen and elongated,
hyperplastic tapetal cells have been made in plants showing cytoplasmic male sterility (CMS). It is
thought that CMS is linked to mitochondrial dys-function and that PCD and an imbalance in ROS
production and scavenging play an important role (Hu et al. 2014; Jiang et al. 2007). Another link for
tapetum and pollen development comes from the study of transcription factors that play a role in
tapetum development. We observed that TDF1 and MS1 were strongly downregulated in response to
heat stress (Figure 5J). Similar to our observations, TDF1 and MS1 have been described to be expressed
during a short time until early microspore development and mutation of these genes resulted in
increased vacuolization and enlargement of the tapetal cells and arrested pollen development at the
microspore stage in Arabidopsis (Ito and Shinozaki 2002; Wilson et al. 2001; Zhu et al. 2008).
Downregulation of MS1 and QRT3, another tapetum specific transcription factor expressed during
early microspore development and involved in cell wall degradation and microspore separation, were
also reported in tomato in response to 1 h at 38°C (Li 2015).
Thus, it seems likely that a factor, or a combination of different processes correlating with the
developing cells is responsible for the high temperature sensitivity, rather than specific developmental
processes as meiosis. The inability to mount a significant heat stress response, or the high number of
mitochondria and ROS generated by them at this developmental stages, could be such an example
(Parish et al. 2012; Dupuis and Dumas 1990; Volkov et al. 2005; Gagliardi et al. 1995; Lee and Warmke
1979).
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Long term effects of a short heat treatment on male reproductive tissues
Like after the meiotic division, developing pollen also seemed to be more sensitive to damage after
the mitotic division. 7 days after the heat stress treatment, when developing pollen reached the
mitotic division, the number of dead cells suddenly increased. A higher sensitivity to heat at the
meiotic and mitotic stages was also observed in wheat and barley (Sakata et al. 2000; Saini et al. 1984).
During and just after these cell divisions much energy and therefore a high activity of mitochondria is
needed to form four and two cells, respectively. We speculate that the observed increase in dead cells
could be due to the accumulation of breakdown products during pollen development, which might
become toxic components like protein aggregates and interfere with cell and redox homeostasis
during this second sensitive developmental stage.
In most observed locules tapetum development was less dramatic than described above and
more comparable to the normal tapetum development (Table 3). However, under heat stress we did
observe gradual differences in the progression of the tapetum development, which seemed to be
advanced when compared to locules from control conditions (Table 3). Thus, also in these locules heat
affected tapetum development and timing of the PCD. Similar observations, premature or delayed
tapetum degeneration along with reduced pollen viability, have been made in anthers under a variety
of abiotic stresses and in different plant species (Ku et al. 2003; Oshino et al. 2007; Abiko et al. 2005;
Endo et al. 2009; Iwahori 1965; Ahmed et al. 1992; Harsant et al. 2013; Suzuki et al. 2001).
The tapetum cells secrete the locular fluid in which soluble carbohydrates are the main
substances (Engelke et al. 2010; Pressman et al. 2002). It was shown that the effect of heat stress was
associated with changes in carbohydrate metabolism, sucrose was both the starting sugar, supporting
microspore development, and the main carbohydrate accumulating at the end of pollen development
(Firon et al. 2006; Pressman et al. 2006; Pressman et al. 2012). Thus, premature PCD could result in a
shortage of these nutrients and would affect the metabolic activity of developing cells. This could
explain the observed differences in development at the binucleate stages on days 5 and 7. In these
stages, accumulation of starch is the determining characteristic for the late binucleate stage. In cells
that received a heat stress we observed reduced starch accumulation on day 5 in the early binucleate
cells and a more variable starch content on day 7, when compared to binucleate stages from control
conditions. Interestingly, this correlated with a strong increase of dead cells at day 7 after the heat
stress. If this is related to a shortage of sucrose secreted by the tapetum cells a correlation between
the tapetum stage and the percentage of normal pollen would be expected. However, we could not
find such a correlation. The tapetum also provides the sporopollenin precursors for the exine, but we
did also not observe defects in exine formation. Since in 57% of the locules normally developing pollen
were present, it seems that at least some of the developing pollen grains overcome a possible shortage
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of nutrients. However, a shortage of nutrients could also be caused by a greater uptake and
metabolism by developing pollen, resulting in depletion of nutrients in the locular fluid and
competition between cells.
Consequences of a short heat stress for mature pollen
Our observations on day 9 and 11 showed that pollen with a normal appearance after heat
stress, often accumulate breakdown products in their vacuoles and contained more dense
mitochondria. This strongly resembled the more dense mitochondria present after sugar depletion in
maize root (Couée et al. 1992) and also the phenotype of pollen in which the extracellular sucrose
cleavage was affected, resulting in less than 2% germination efficiency (Goetz et al. 2001).
Mitochondria can undergo ultrastructural transformations during a change in the respiratory state
(Hackenbrock 1968). During pollen development in tomato densely stained mitochondria were
present till the early binucleate stage, at the late binucleate stages this changed to light stained matrix
mitochondria (Polowick and Sawhney 1993a, b). The dense stained mitochondria observed in our
study in response to heat could point to a high metabolic activity or to depletion of sugars.
Furthermore no or few lipid bodies were present in these cells. Lipid bodies constitute an important
energy reserve for germination and pollen tube growth (Rodriguez-Garcia et al. 2003; Cresti et al.
1975). Thus, after a heat stress, mature pollen seemed to accumulate breakdown products in their
vacuoles, showed a decreased number of lipid bodies and deviating mitochondria that could impair
proper pollen germination. A shortage of sugars and production of ROS might explain most of the
effects observed in mature pollen.
Conclusion
Taken together the heat treatment of 10 h 38°C resulted in an immediate direct effect on
developing pollen and the tapetum cells. The effect on the developing pollen varied from dead, injured
or normal appearing cells, showing variation in sensitivity to heat between individual cells. Most
probably this applied also for the tapetum cells resulting in varying degrees of injury to individual cells.
As a consequence, depending on the sensitivity, the degree of disturbance to the functioning of the
tapetum could have an additional effect by reinforcing the damage on the ongoing pollen
development. In the most severe cases we observed elongated tapetum cells that did not support the
development of normal pollen, however in normal appearing tapetum no correlation was found
between the percentage of normal pollen and the degree of degradation of the tapetum. It is also not
clear whether a shortage of sugars and reduced starch accumulation are the result from earlier
tapetum degradation or due to changes in developing pollen.
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In conclusion, we have shown that high temperature sensitivity differs during pollen
development and that pollen around the tetrad stage is most sensitive. One day after receiving a high
temperature stress, about 60% of the developing pollen were dead or did show cytological
aberrations. From the remaining normal appearing pollen grains, the majority failed during later
developmental stages, probably due to delayed effects of the stress or due to indirect effects of the
high temperature on the tapetum. Due to the similar sensitivity of tetrad and microspore stages we
do not expect that a specific developmental process is responsible for the high temperature sensitivity
of developing pollen, but rather another factor correlating with these stages of pollen development,
like the capacity to mount a HSR, development of the tapetum or endogenous production of ROS due
to the great number of mitochondria that accumulate in pollen.
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Supplementary material
Table S1. Primers used in gene expression analysis.
Name
Acos5
CAC
EF1α
MS1
MYB80

Forward (5’-‘3)
TCGTGCCACCTATCATCTTAGC
CCTCCGTTGTGATGTAACTGG
CCTCCGTCTTCCACTTCAGGATG
TGTTATCTGGTCACTCATTAGTC
ACTTCACTCTGTTCTTGGCAATAG

QRT3

CATCTTCAAGCAACGGTCCTGAG

SAND
TDF1

TTGCTTGGAGGAACAGACG
TGGACTGCTGAGGAAGATG

Reverse (5’-‘3)
TGCCTCTTGGACCTGAACATC
ATTGGTGGAAAGTAACATCATCG
GTCACAACCATACCAGGCTTGATC
CAGCATCACGAACCTCTTG
GGACTTGTGGTGGAGATAATGTT
G
ACCAGCAGTGATATGTTGTCCAA
G
GCAAACAGAACCCCTGAATC
AAGACCACCTGCTACCTATG

Table S2. Developmental progression of normally developing pollen.
Developmental stages of pollen were scored before the treatment (day 0) and on subsequent days (days 1 to 7)
after the high temperature treatment. The percentage of pollen in a certain developmental stage is given per
day under control (ctrl) and after a high temperature treatment (heat). n, number of locules analysed per day
and treatment; tapetum stages see Table 2.
day 1

day 0

day 2

day 4

day 5

day 7

ctrl (%) ctrl (%) heat (%) ctrl (%) heat (%) ctrl (%) heat (%) ctrl (%) heat (%) ctrl (%) heat (%)
meiosis

22,7

tetrades

49,0

13,6
38,2

92,5

microspores

28,3

48,2

7,5

13,8
100,0

86,2

binucleate

81,3

55,4

1,6

0,4

18,7

44,6

59,1

99,6

mature

39,3
n

60

104

104

87

86

56

126

98

123

53

26,9

47,2

73,1

52,8

80
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Table S3. Stages of tapetum development in locules (group 1) showing elongated growth of tapetal cells after a
high temperature treatment.
The developmental stage of the tapetum was scored per locule before the treatment (day 0) and on subsequent
days (day 1 to 7). The percentage of locules in a certain developmental is given per day under control (ctrl) and
after a high temperature treatment (heat). n, number of locules analysed per day and treatment; tapetum stages
see Table 2.
day 0

day 1

day 2

day 4

ctrl (%) ctrl (%) heat (%) ctrl (%) heat (%) ctlr
tapetum 3
stages

day 5

23,1

4

41,3

44,2

5

10,6

14,4

14,0

44,4

11,1

18,8

6

23,1

15,4

27,9

22,2

22,2

18,8

7

1,9

18,3

20,0

53,5

7,7

80,0

4,7

8

18,8

1,6
33,3

27,8

9

53,2

10

17,5

66,7

11
n

day 7

heat (%) ctrl (%) heat (%) ctrl (%) heat (%)

104

104

10

86

9

126

18

1,6
48,8

18,8

13,8

49,6

25,0

86,3

100,0

123

16

80

25

Table S4. Stages of tapetum development in locules (group 2) showing normal tapetum development without
supporting the development of normal pollen after a high temperature treatment.
The developmental stage of the tapetum was scored per locule before the treatment (day 0) and on subsequent
days (day 1 to 7). The percentage of locules in a certain developmental is given per day under control (ctrl) and
after a high temperature treatment (heat). n, number of locules analysed per day and treatment; tapetum stages
see Table 2.
day 0

day 1

day 2

day 4

ctrl (%) ctrl (%) heat (%) ctrl (%) heat (%) ctlr
tapetum 3
stages

day 7

23,1

4

41,3

44,2

62,5

5

10,6

14,4

12,5

14,0

10,1

4,3

6

23,1

15,4

12,5

27,9

13,0

17,4

7

1,9

18,3

12,5

8

7,7

1,6

53,5

40,6

1,6

4,7

34,8

27,8

9

1,4

10
104

104

16

86

69

4,7

53,2

17,4

1,6

17,5

26,1

48,8

31,3

34,8

49,6

62,5

86,3

100,0

23

123

64

80

36

11
n

day 5

heat (%) ctrl (%) heat (%) ctrl (%) heat (%)

126

13,8
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Abstract
Heat stress is one of the abiotic stresses that plants are frequently exposed to, and increasingly so. It
affects all plant tissues, but development of the male gametophyte is among the most sensitive
developmental processes. Changes in temperatures can occur within short periods of time and have
a great influence on metabolic pathways, thus requiring swift changes in gene expression to allow
adaptation and maintenance of cellular homeostasis. A dynamic type of gene regulation that might
allow fast reactions to changing environmental conditions are epigenetic mechanisms, including DNA
methylation, thought to be a suppressive mark. Since this type of regulation is affected by various
environmental stimuli, we hypothesized that DNA methylation is also involved in the heat acclimation
response in developing pollen. To test this, we treated plants with a short, non-damaging heat shock
and used several approaches to determine changes in DNA methylation. We show that DRMs,
responsible for de-novo methylation of DNA, are up-regulated at the transcript level in response to
high temperatures, but that, upon a 2-hour heat shock, there are no locus-specific or global changes
in genome methylation. By contrast, when the heat shock was followed by a short period at normal
temperature, many loci were differentially methylated in developing pollen, suggesting a role in stress
recovery. The sets of affected genes were enriched for specific biological functions, indicating it is a
targeted process. Unexpectedly, the gene sets were enriched not only for genes known to be upregulated by heat, but also for those that are down-regulated, showing that the relation between the
different levels of gene expression is complex.

Introduction
Plants grow in an ever-changing environment and are used to fluctuations in temperature. As a
consequence of this, plants have adapted to survive temperature extremes far above or below their
optimum growing temperatures, by adjusting their cellular and organismal physiology. Recent studies
in different plant species have shown that epigenetic mechanisms are involved in plant development
and acclimation to different environmental conditions (for review Chinnusamy 2009). Epigenetic
mechanisms can be defined as molecular mechanisms that regulate gene expression in a transient or
stable, heritable manner, but are not manifested in changes of the underlying DNA-sequence. Rather,
they consist of covalent modifications of the DNA (i.e. DNA methylation) and the associated histones
(i.e. post-translational modifications of histone tails). These modifications alter DNA accessibility and
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chromatin structure and thereby influence the possibility for a gene to be trans-activated (Yuan et al.
2013; Saze et al. 2012; Kim et al. 2015).
There is increasing evidence for a role of DNA methylation in plant responses to abiotic stress,
including temperature stress. DNA methylation is the addition of a methyl-group to cytosine bases of
DNA, catalysed by methyltransferases. This methylation occurs at residues in all sequence contexts:
in the symmetrical motifs CG and CHG (where H stands for A, C or T) as well as in the asymmetrical
motif CHH. The mark is maintained and continuously re-established by the activity of different
enzymes, which allows for dynamic changes in response to environmental fluctuations. De-novo
methylation in all sequence contexts is facilitated by DOMAINS REARRANGED METHYLTRANSFERASEs
(DRMs), while maintenance is performed in a context-specific manner. The symmetrical CG and CHG
methylation is maintained through cell division/DNA replication by the cytosine-DNAmethyltransferases, METHYLTRANSFERASE1 (MET1) and CHROMOMETHYLASE3 (CMT3), respectively,
while CHH methylation is largely lost during cell division and has to be re-established by DRMs or might
partially be maintained by CHROMOMETHYLASE 2 (CMT2) (Matzke and Mosher 2014). DNA
methylation is generally thought to be a negative regulatory mark for transcription (Zemach et al.
2010; Zilberman et al. 2007; Zhang et al. 2006). Studies in maize showed that expression of a DNAmethyltransferase is down-regulated in root tissues under cold stress and correlates with genomewide demethylation. Looking closer at a specific DNA fragment, containing part of a gene and part of
a retrotransposon, it was observed that demethylation correlated with cold-induced gene expression
(Steward et al. 2000; Steward et al. 2002). Also a more recent study in maize showed that cold-induced
demethylation of genes correlates with up-regulation of gene expression (Shan et al. 2013). Similarly
in cotton, cold induced changes in DNA methylation were inversely correlated with changes in
expression of nearby genes (Fan et al. 2013). Looking at the other side of temperature extremes, high
temperature has been described to affect expression levels of genes involved in de-novo DNA
methylation and its maintenance in Arabidopsis (Naydenov et al. 2015). Met1, CMT3, DRM2 and the
genes encoding the biggest subunits of Pol IV and Pol V were up-regulated in response to high
temperatures (Naydenov et al. 2015). In the same study, it was found that expression of a Calmodulinlike 41 gene was upregulated by high-temperatures, correlating with reduced DNA-methylation of a
transposable element (TE) close to the transcriptional start site (Naydenov et al. 2015). Mutants
defective in the RdDM pathway (NRPD2) support the idea that DNA methylation is required for basal
thermotolerance, as they are hypersensitive to heat stress and show different gene expression during
the recovery phase, which might be linked to incomplete silencing of adjacent TEs that became active
during the treatment (Popova et al. 2013). Another recent study in Arabidopsis investigated an
imprinted gene, normally silenced in vegetative tissues through activity of DRM2 and CMT3. High
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temperature was found to re-activate the gene and induction correlated with the amount of stress,
but with different kinetics than the classical heat shock-responsive transcription (Sanchez and
Paszkowski 2014).
The acclimation response to abiotic stress commonly leads to a state of acquired tolerance,
where a plant has enhanced capacity to cope with the extreme conditions at a later instance. The
acquired tolerance can last for days and possibly even over generations (Wang et al. 2011; Wang et
al. 2014; Suter and Widmer 2013; Whittle et al. 2009). While the maintenance of tolerance seems to
depend on sustained presence of protective proteins in the first hours (short-term acquired
tolerance), the maintenance over days (long-term acquired tolerance) might involve histone
occupancy and modifications (Lämke et al. 2016; Brzezinka et al. 2016). Since symmetrical methylation
patterns are stably inherited through mitotic and to some extent through meiotic divisions (Calarco et
al. 2012), covalent epigenetic modifications might also last for longer time frames and confer a
memory of stress events that enables the plant to react different to future stress occurrences (Hilker
et al. 2016). However, limited literature is available on the relation between long-term acquired
tolerance phenotypes and DNA methylation. In rice, cold-induced DNA methylation alterations were
found in specific tissues and stages (Pan et al. 2011). Not all of these changes in DNA methylation were
reversed after recovery, implying they might affect the reaction to subsequent stresses. Arabidopsis
plants that were exposed to various types of stress, including salt, UVC and low and high temperature,
produced offspring with higher homologous recombination frequency and increased global DNA
methylation (Boyko et al. 2010). Importantly, the offspring of plants that experienced salt stress also
showed a higher salt tolerance, suggesting that the trans-generational effect was not random, but
rather an adaptation. All of the effects were impaired by the addition of chemicals interfering with
DNA methylation, thus highlighting the importance of epigenetic mechanisms for this phenotype. A
more recent study of the same group focused on the effects of ancestral high-temperature stress on
resistance to the same stress, as well as changes in genome wide DNA methylation (Migicovsky et al.
2014). They reported that the offspring of plants exposed to high-temperatures showed beneficial
phenotypic differences (such as higher biomass), along with changes in the transcription of heat-shock
protein genes. In particular, HsfA2, a major regulator of the heat stress response, was expressed at
higher levels in response to heat in plants with an ancestral high temperature regime. However, no
differences in DNA-methylation levels were detected between plants with ancestral heat or control
regimes.
We have shown in chapter 2 that developing pollen of tomato is sensitive to exposure to 38°C
for 10 hours. At slightly lower levels of stress, however, pollen development progresses normally,
presumably because it can cope with the stress through acclimation. Here, we investigated whether
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DNA methylation is involved in the response of developing pollen to such a short heat shock. Several
approaches were taken to study DNA methylation changes after a short heat stress treatment.

Material and methods
Plant growth and high temperature treatments
Tomato (Solanum lycopersicum) cultivar Micro-Tom, obtained from the National Bio-Resource Project,
Japan (stock TOMJPF00001), was used in the experiments. Plants were sown on fertilized soil
(Osmocote Pro 5-6M, Everris) and grown in climate cabinets (MC1600, Snijders Labs, The Netherlands)
at constant 22°C and 60% humidity. Light was provided for 12 hours per day by LED lamps (Philips
Green Power LED DR/B/FR 120, ~250 µmol/m2/s at plant height). Seedlings to be analysed for DNA
methylation were treated in a preheated climate cabinet at 38°C for 2 hours. Similarly, for pollen to
be analysed for DNA methylation, mature plants with multiple inflorescences were kept in a preheated
climate cabinet at 38°C for 2 hours. For the experiment with pollen at different developmental stages,
the tomato cultivar Red Setter was used. Plants were treated in a preheated climate chamber at 38°C
for 1 hour, followed by 1.5 hour recovery at control conditions.
Pollen isolation
Pollen grains were isolated at the end of the treatments. Flower buds from the cultivar Micro-Tom
were collected at the mitotic stage (4.7-5.1 mm) and from the cultivar Red Setter at the tetrad (4-6
mm), microspore (6-8 mm) and mature pollen stage. Anthers were removed from the flowers, cut into
several slices and directly transferred into 500 µL ice cold germination solution (1 mM KNO3, 3 mM
Ca(NO3)2·4H2O, 0.8 mM MgSO4·7H2O, 1.6 mM H3BO3). Pollen was released from the anther pieces by
gentle squeezing with a pipette tip and vortexing for 15 seconds. The solution was passed through
“miracloth” tissue, transferred to a fresh tube and centrifuged for 2 minutes at 100 g to pellet the
developing pollen. Supernatant was discarded and the pellet re-suspended in 200 µL germination
solution. After a second washing step the pellet was frozen in liquid nitrogen.
Gene expression analysis
RNA was extracted from deep frozen material using Trizol (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) and treated with DNase I (Thermo Scientific, Thermo Fisher Scientific). cDNA was
synthesized using the iScript kit (Bio-Rad, Hercules, CA, USA) and the PCR (end volume of 25 µL,
containing cDNA equivalent of 10 ng RNA) was performed using the SybrGreen iQ mix (Bio-Rad). The
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primer pairs used for the analysis were designed using GENOPLANTETMS.P.A.D.S. (Thareau et al. 2003)
(Table 1). Cq values were determined by CFX Manager 3.0 (Bio-Rad) and primer pair efficiency was
calculated using LinReg PCR (Ramakers et al. 2003). The normalization factor was calculated using
GeNorm (Vandesompele et al. 2002), using SAND, CAC and EF1α as reference genes. The qRT-PCR was
performed with three biological replicates per time point. Differences in gene expression between the
control and treatment group were analysed per time point using Student’s t-test.
Table 1. Forward and reverse primers for the four putative tomato DRM-like methyltransferases used for qRTPCR.
Locus

Accession
numbers ITAG2.4

Forward primer (5’ to 3’)

Reverse primer (5’ to 3’)

SlDRM5

Solyc02g062740.2 TGCCATTTCAGTTGATGAGC

CAGAGCTTTCTTGTGCAAATTC

SlDRM1L

Solyc04g005250.2 AAGATGATAGCTGGTCCTTGG

TCGTCATTCAAGTAGCTCTGTTTAG

SlDRM1L1

Solyc10g078190.1 GAGGATGATAGTTGGTCTTCTGAC

TTCCCTCGTCATTCAAGTAGC

Solyc05g053260 Solyc05g053260.2 GGGCTACCCAGAAAATCACA

GAATACCAAGGCGATGCAAT

Methylation-sensitive AFLP (MS-AFLP)
For DNA isolation, 600 µL of extraction buffer (0.1 M Tris-Cl pH 8, 0.5 M NaCl, 0.05 M EDTA, 1.2% SDS
and 15 µL RNase) was added to the deep frozen samples after grinding. Samples were incubated 30
minutes at 60°C, followed by addition of 200 µL of ice cold 5/3 potassium acetate solution and
incubation on ice for 30 min. Subsequently, tubes were centrifuged at 4000 rpm for 15 min and the
supernatant transferred to fresh tubes. DNA was precipitated with 450 µL iso-propanol and
centrifugation at 4000 rpm for 15 min. The DNA pellet was washed three times with 100 µL 70%
ethanol and centrifuged for 10 min at 4000 rpm. The supernatant was discarded and after vacuum
drying the pellet was dissolved overnight at 4°C in 100 µL TE (10 mM Tris-Cl pH 8, 0.1 mM EDTA). 12
biological replicates were used per treatment. The protocol for MS-AFLP was adapted from Keyte et
al. (2006), with minor modifications. DNA was quantified using the Quant-iT dsDNA assay (Invitrogen,
Thermo Fisher Scientific) and 200 ng of DNA was digested with 5 U EcoRI and either 5 U HpaII or 5 U
MspI using CutSmart buffer (New England Biolabs, Ipswich, MA, USA) in 20 µL at 37°C for 17 h. 100
pmol/µL of adapter oligos (Table 2) was added and, after 5 min incubation at 95°C, allowed to anneal
by cooling down over 30 minutes. Ligation was performed in a volume of 30 µL, with 0.8 U T4 DNA
ligase and 37.5 pmol of each adapter and incubated at 16°C for 18 h. After inactivation at 65°C for 10
min, 1.5 µL of the product was diluted with 8.5 µL water and used for pre-amplification by adding 15
pmol EcoRI + A primer, 15 pmol of HpaII/MspI + T primer, 1.5 µL 50 mM MgCl2, 1 µL 10 mM
deoxynucleoside triphosphates (dNTPs), 12.5 U Taq DNA polymerase and reaction buffer in a total
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volume of 50 µL. After amplification for 20 cycles, the samples were diluted 10 times and used for
selective amplification (5 µL diluted product, reaction buffer, 0.75 µL 50 mM MgCl2, 0.75 µL 10 mM
dNTPs, 20 pmol HpaII/MspI primer + TGC, 5 pmol EcoRI + ACG primer, 1 µL 10 mg/mL bovine serum
albumin, 1.25 U Taq DNA polymerase). EcoRI primers were labelled with WellRED (Sigma-Aldrich, St
Louis, MO USA) for detection during amplification for 25 cycles. CEQ™ DNA Size Standard-600
(Beckman Coulter, Brea, CA, USA) was used as standard and samples were run on a ceq8800 DNA
analysis system (Beckman Coulter).
Table 2. Adapters, pre-selective primers and selective primers used for MS-AFLP.
Adapters

Primer sequence (5’ to 3’)

EcoRI-adapter I

CTCGTAGACTGCGTACC

EcoRI-adapter II

AATTGGTACGCAGTC

HpaII/MspI-adapter I

GATCATGAGTCCTGCT

HpaII/MspI-adapter II

CGAGCAGGACTCATGA

Pre-selective primers
EcoRI + A

GACTGCGTACCAATTCA

HpaII/MspI + T

ATCATGAGTCCTGCTCGGT

Selective primers
EcoRI + ACG

GACTGCGTACCAATTCACG

HpaII/MspI + TGC

ATCATGAGTCCTGCTCGGTGC

Genome-wide analysis of DNA methylation by Metylation Sequencing (Meth-Seq)
Genome-wide analysis of CpG DNA methylation was performed by a modified Meth-Seq method at
GenXPro GmbH (Zawada et al. 2016). In brief, HpaII was used as the methylation-sensitive enzyme,
recognizing non-CpG-methylated CCGG sites. After digestion with HpaII, “TrueQuant” Y-adapters
(GenXPro) suitable for direct Illumina Sequencing were ligated to the fraction of molecules between
100 and 500 bps, which was prior separated from larger DNA fragments using AMpureBeads
(Beckman-Coulter [A63882]). Subsequently, the larger DNA was randomly sheared using a bioruptor
(Diagenode) to a size of 300-500 bps and adapters containing Illumina P7 priming sites were ligated.
The products were PCR amplified using P5 and P7 primers (Illumina) with 10 cycles and sequenced on
an Illumina Hiseq2000 machine with 50 cycles. Reads were cleaned, mapped to the tomato reference
genome (SL2.50 ITAG2.4, obtained from the Solgenomics Network at https://solgenomics.net/) and
annotated to the CCGG site at the start of the read. Identification of differentially methylated CCGGsites and principle component analysis (PCA) were done with the DeSEQ2 package in R (Love et al.
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2014). Annotated CCGG sites were intersected with the tomato genome and fold changes in
methylation were assigned to genes, that harboured the CCGG site in or flanking the transcribed
region (2.5 kb up- and downstream). Statistical significance of the overlap between two groups of
genes

was

calculated

using

the

hypergeometric

probability

method

(http://nemates.org/MA/progs/representation.stats.html), given that 30982 tomato genes contain a
CCGG in the studied region. Enrichment for gene ontology terms was tested with Pantherdb
(http://www.pantherdb.org/, release 20161020) with the annotation set PANTHER GO-slim biological
process (version 2016-10-24, Mi et al. (2017)) and included Bonferroni correction for multiple testing.

Results
Changes in expression of DNA methylase genes
DOMAINS REARRANGED METHYLASE (DRM) is described in Arabidopsis thaliana to facilitate de-novo
methylation of DNA. Since differential expression of these genes under stress conditions could be a
first indication for a potential role of DNA methylation in stress adaption, we identified putative DRM
orthologues in tomato using Ensemble Plants (http://plants.ensembl.org) and the database from the
Sol Genomics Network (SGN; https://solgenomics.net/) (Table 3). To determine gene expression
changes of the putative DRMs under heat stress conditions, we treated seedlings with a short, nondamaging heat stress (38°C, 2 h). Seedlings were harvested directly after the treatment in liquid
nitrogen or after a recovery period at control conditions for 24 h. Transcripts of four of the six DRM
genes were detected and three of these were significantly up-regulated during the heat treatment.
After a recovery period of 24 h DRM gene expression levels returned to normal.
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Table 3. Tomato orthologs of Arabidopsis DRM genes
DRM family

Tomato ortholog

Accession numbers ITAG2.4

AtDRM1/2

SlDRM5

Solyc02g062740

SlDRM1L

Solyc04g005250

SlDRM1L1

Solyc10g078190

Solyc05g053260

Solyc05g053260

AtDRM3

Figure 1. Relative expression of the putative DRM orthologs in tomato seedlings in response to a heat treatment.
Tomato seedlings were kept at control conditions (C; 22°C) or treated with a heat stress (H; 2 h 38°C). Material
was harvested directly at the end of the treatment (0 h) or after a recovery period of 24 hours at control
conditions and analysed by qRT-PCR. Values represent the mean expression level ± SD (n=3 biological replicates);
expression at 0 h under control was set to 1. *, significantly different between control and heat stressed sample
within a time point, one-way ANOVA with LSD post-hoc test, P<0.05; ** P<0.001.

Whole-genome DNA methylation changes as assessed by methylation-sensitive AFLP (MS-AFLP)
Given the higher expression of de-novo DNA methylases under stress conditions, we expected that
DNA methylation levels might change at certain loci and tried to visualize this using MS-AFLP. 12
seedlings were treated as described in the experiment above (i.e. 2 h at 38°C; harvested directly or
after 24 h). Only the first true tomato leaves were harvested to reduce the complexity of the sample.
DNA was digested using the iso-schizomers HpaII and MspI and used for AFLP in which 57 fragments

71

Chapter 3

were identified after amplification with selective primer combinations. Since HpaII and MspI cut DNA
in a methylation sensitive manner, it is possible to draw conclusions on the methylation state of the
cutting site, based on the presence or absence of fragments in the different restriction digests (Schulz
et al. 2013). Average DNA methylation levels over all markers was very similar in treatments, at around
60% (Figure 2). To assess methylation changes at specific positions, we also looked at individual
fragments. The frequency distribution of the different types of methylation was not affected in most
cases; only in one case, it was significantly changed directly after the heat treatment and in one case
24 hours later (Figure 3; Supplementary Figure S1).

80
70

% methylation

60
50
40
30
20
10
0

C 0h

H 0h

C 24h

H 24h

Figure 2. Genome-wide DNA methylation levels in seedlings upon heat treatment.
Seedlings were either kept under control conditions (22°C; “C”) or treated with a short heat stress (2 h 38°C;
“H”). True tomato leaves were harvested and directly kept in liquid nitrogen at the end of the treatment (“0 h”)
or after a recovery period of 24 h under control conditions (“24 h”). Values represent the mean methylation
level over 57 MS-AFLP markers ± SD (n=12 seedlings). No statistical differences were found using a one-way
ANOVA with LSD post-hoc test.
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Figure 3. Changes in type of DNA methylation in individual fragments in response to high temperature exposure.
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Tomato seedlings were kept at control conditions (22°C; “C”) or treated with high temperature (2 h 38°C; “H”)
and harvested directly at the end of the treatment (“0”) or after 24 hours recovery at 22°C (“24”). Based on the
presence or absence of a fragment after the digestion with MspI or HpaII 4 different types of CCGG methylation
can be distinguished (Figure S1). Values represent the mean percentage of occurrence of a type of methylation
(n=12 seedlings). Significant differences at are indicated per time point (0h/24h) in the first column; *,
distribution over methylation types is significantly affected by heat treatment, Pearson's chi-squared test with
Benjamini-Hochberg correction, FDR<0.05.

Genome-wide changes in DNA methylation directly after high temperature exposure
Since the MS-AFLP suggested that specific loci are differentially methylated upon heat exposure, we
performed a genome-wide analysis for differentially methylated loci based on DNA sequencing,
allowing the identification of differentially methylated CCGG sites. In addition to seedlings, developing
pollen at the mitosis stage was analysed. Plants from which pollen was isolated were either kept under
control conditions (22°C) or received a high temperature treatment (38°C, 2 h). Analysis for
differentially methylated loci was done using the Meth-Seq method in which non-methylated CCGG
nucleotides are digested with HpaII and identified through next-generation sequencing of the
resulting fragments. Based on in-silico digestion the tomato genome contains 4.3 x 105 HpaII
restriction sites. By applying the Meth-Seq method we amplified and mapped fragments that
corresponded to 4.5 x 104 different CCGG sites in total, thus representing about 10% of all CCGG sites
present in the genome. The remaining, not-mapped CCGG sites are expected to be either fully
methylated, and therefore not digested by HpaII, or not detected for technical reasons, such as an
incomplete restriction digest, a too short distance between CCGG sites or difficulties with mapping.
On average 5.3 x 106 reads were mapped to 2.6 x 104 CCGG sites per sample and read frequencies
varied from 1 to 1.4 x 105 per site, with a median read depth of 2.
Principle component analysis (PCA) showed that there was a clear difference between the
seedlings and pollen, but not a strong effect of the heat stress treatment (Figure 4). For further
analysis, we assigned each significantly affected CCGG site to the closest gene, within a region of 2.5
kb up- to 2.5 kb downstream of the transcribed region, resulting in 109 and 597 genes that were
differentially methylated between two sample types under control and heat stress conditions,
respectively (Supplementary Figure S2), with a significant overlap between the gene sets from the two
conditions. Although heat increased the differences between seedlings and pollen, no genes were
significantly differentially methylated in response to the heat stress treatment, in accordance with the
PCA.
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Figure 4. Principle component analysis of Meth-Seq data obtained from tomato seedlings and pollen treated
with heat stress.
Seedlings and developing pollen at the mitosis stage were kept under control conditions (22°C) or treated with
a short heat stress (2 h 38°C). DNA was analysed by Meth-Seq to identify differentially methylated CCGG-sites.

Genome-wide changes in DNA methylation after high temperature stress and a recovery period
To investigate whether DNA methylation might be affected during recovery from heat shock, we
analysed data from a second experiment, which included a 1.5-h period at control temperature after
the heat treatment (i.e. 1 h 22/38°C, followed by 1.5 h 22°C). Samples were taken at three different
stages of pollen development (i.e. tetrads, microspores and mature pollen) and processed and
analysed as described above. We detected 2.6 x 105 unique CCGG sites in total and about 8.0 x 104 per
sample. Thus, the total number of evaluated unique CCGG sites corresponded to about 60% of those
predicted by in-silico digestion. 2.7 x 106 reads were mapped per sample and read depth ranged from
1 to 5.3 x 104, with a median of 4.
PCA showed that, this time, almost all of the observed variation was explained by the heat
treatment (Figure 5). A total of 3641 and 117 genes were hyper- and hypomethylated, respectively, in
the three different developmental stages in response to a heat stress (Figure 6). Remarkably, there
was a big overlap between the differentially methylated genes from the three sample types, i.e.
between the hypomethylated ones in microspore and mature pollen and between the
hypermethylated ones in all three stages. This big overlap remained when analysing genes that show
methylation changes in the transcribed or flanking region separately, indicating that methylation
patterns of individual genes changed in a similar manner in pollen and seedlings (Figure S3, S4).
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To investigate whether specific biological functions might be targeted by DNA methylation,
we analysed the list of differentially methylated genes in the three developmental stages for their
overlap with gene sets related to heat stress (Table 4). We found a significant overrepresentation of
HSF, HSP20 and HSP60 family genes. Interestingly, there also was a highly significant overlap with
genes differentially expressed in tomato anthers after short heat stress treatments, similar to the one
used here (Li 2015; Fragkostefanakis et al. 2016), while there was no overlap with genes differentially
expressed in response to continuous mild heat stress (Xu 2016). Interestingly, also the genes identified
in our first Meth-Seq experiment to be differentially methylated between pollen and seedlings under
control or heat stress, showed a significant overlap with genes differentially methylated in the three
developmental stage in response to heat stress. To shed light on the physiological processes that were
affected by differential methylation, we tested the gene sets for overrepresentation of gene ontology
terms (Table 5). Overrepresented GO-terms were related to energy production, protein homeostasis,
signalling, stress response and vesicle-mediated ER-to-Golgi transport.

Figure 5. Principle component analysis of Meth-Seq data obtained from three different developmental stages of
pollen upon heat treatment.
Developing pollen at the tetrad, microspore and mature pollen stage was isolated from plants treated with a
short heat stress (1 h 38°C, followed by 1.5 h 22°C). DNA was isolated and analyzed by Meth-Seq for differentially
methylated CCGG-sites.
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Figure 6. Number of genes containing a CCGG within the transcribed or flanking regions that is differentially
methylated in response to a heat treatment in pollen of different developmental stages.
CCGG sites were analysed for differential methylation in response to a heat stress (1 h 38°C, followed by 1.5 h
22°C), in three different developmental stages, and assigned to a gene if located in the transcribed region or in
the 2.5 kb region up- or downstream. The diagram depicts the number of genes that were hypo- or
hypermethylated.
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Table 4. Enrichment of the sets of differentially methylated genes from three different developmental stages of
pollen in response to heat stress with genes from heat-stress-related gene sets. Genes showing DNA methylation
changes upon a heat stress (1 h 38°C, followed by 1.5 h recovery) in three different developmental stages of
tomato pollen were analysed for their overlap with other available data sets that are related to pollen heat stress
response in tomato. Sizes of gene sets are indicated between brackets. a, sets of tomato HSF, HSPs and HSR
related genes were obtained from (Fragkostefanakis et al. 2015); b, genes significantly up- or downregulated in
response to a short heat stress (1 h 38°C) in developing tomato anthers at the microspore stage (Li 2015); c,
genes differentially upregulated in response to a short heat stress treatment (1 h 39°C, followed by 1.5 h
recovery at control conditions) in tomato anthers (Fragkostefanakis et al. 2016); d, genes significantly up or
downregulated after 1 or 4 days under mild continuous heat stress (33°C/27°C, day/night) in developing tomato
(cv. Micro-Tom) anthers around the meiotic division (Xu 2016). Depicted are the fold change, significance; *,
P<0.05; **, P<0.01; ***, P<0.001 (higher significance of P-values indicated between brackets).
Hypomethyl a ted

Gene s et

Hypermethyl a ted

Tetrad
(54)

Mi cros pore
(29)

Ma ture
pol l en
(60)

-

-

-

3.0**

3.2**

3.7**

-

-

-

-

-

-

-

-

-

-

-

-

Tetrad
(3337)

Mi crospore
(3192)

Mature
pol l en
(1949)

Gene family/group
HSF (24)

a

HSP20 (28)

a

HSP40 (111)

a

HSP60 (18)

a

-

-

-

2.9**

3.6*

4.0*

HSP70 (15)

a

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2.8*

-

-

1.7*** (10 )

-14

1.8*** (10 )

-8

1.5*** (10 )

HSP90 (7)

a

HSP100 (7)

a

HSR-rel a ted (61)

a

Heat responsive gene
expression
Li up (1360)

b

Li down (1417)

b

Fra gkos tefanaki s up (91)
Xu 1d up (25)

d

Xu 1d down (36)
Xu 4d up (24)

c

d

d

Xu 4d down (35)

d

-16

1.8*** (10 )

-7

1.5*** (10 )

-11
-5

-

-

-

1.5*** (10 )

-

-

-

-

1.8*

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

131.5*** (10 )

Differential methylation
CT s eedl i ng<a nther (22)

-10

7.1*** (10 )
3.7*** (10 )

17.6*** (10 )

4.3*** (10 )

-15

4.3*** (10 )

-43

3.7*** (10 )

-

-

CT s eedl i ng>a nther (87)

-

55.1*** (10 )

-6

39.9*** (10 )

-8

4.4*** (10 )

-17

-28

3.6*** (10 )

4.6*

36.7*** (10 ) 31.4*** (10 )

-10

7.4*** (10 )

-19

HT s eedl i ng<anther (173)
HT s eedl i ng>anther (424)
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-10
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-26
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4.4*** (10 )

-13

5.3*** (10 )

-46

4.5*** (10 )

-12
-39
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Table 5. Gene ontology (GO)-Slim Biological Process term mapping.
Ontology terms associated to gene sets depicted in figure 6. Sizes of gene sets are indicated between brackets.
Displayed are the fold enrichment, level of significance: *, P<0.05, **, P<0.01, ***, P<0.001 (higher significance
of P-values indicated between brackets). Genes hypomethylated in response to heat stress are not enriched for
any GO-terms. Related terms from Biological Processes (BP, complete), Cellular Compartment (CC) and Protein
Class (PC) are indicated, too.

PANTHER GO-Slim Biological Process

Tetrad
(3337)

Hypermethylated
Microspore
Mature pollen
(3192)
(1949)

carbohydrate metabolic process (871)
lipid metabolic process (745)

1.45*
1.53**

1.55**
-3

-5

generation of precursor metabolites and energy (493) 1.77*** (10 ) 2.00*** (10 ) 1.85*
tricarboxylic acid cycle (44)
3.59*
3.78*
protein folding (203)
protein targeting (157)
translation (586)

1.97*
2.40**
1.64**

2.20*
1.66**

2.31*
2.65*
1.81*

ribosomal protein (PC) (489)

1.84*** (10 ) 1.78**

intracellular protein transport (BP) (350)

2.05*** (10 ) 1.98**

intracellular signal transduction (407)
response to stress (763)

1.73*
1.56**

vesicle-mediated transport (527)
ER to Golgi vesicle-mediated transport (BP) (68)
ER to Golgi transport vesicle membrane (CC) (18)

1.89*** (10 ) 1.97*** (10 ) 2.17*** (10 )
3.57**
3.58**
6.07*
-

Golgi apparatus (CC) (354)
COPII vesicle coat (CC) (9)
lysosomal transport (18)

2.09*** (10 ) 2.03*** (10 ) 2.17**
8.53*
13.85**
5.40*
5.69*
-

-3

2.04*** (10 )

-3

-3

2.43*** (10 )

-3

-3

1.89*** (10 ) 1.94*
1.56**
-4

-5

-4

-3

-4

Discussion
There is a growing body of evidence that epigenetic mechanisms are involved in the regulation of short
term acclimation to environmental changes (Angers et al. 2010; Kumar and Wigge 2010; Khraiwesh et
al. 2012; Liu et al. 2015) and that global DNA-methylation levels change in response to abiotic stress
(Boyko et al. 2010; Wang et al. 2014; Bilichak et al. 2012). Using several approaches, we showed that
DNA methylation might also play a crucial role in the response of developing pollen to heat.
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A short heat shock treatment, such as 2 h 38°C, is known to envoke a strong reprogramming
of the gene expression in plants, with some transcripts becoming hundreds of times more or less
abundant (Giorno et al. 2010; Fragkostefanakis et al. 2016). Using this type of treatment, we showed
that expression of tomato DRMs, enzymes that facilitate de-novo methylation, is up-regulated in
seedlings. However, this did not result in a global change in DNA methylation level, since average
CCGG DNA methylation stayed around 60%, regardless of the treatment. This overall level of CG
methylation is in accordance with previously published data, describing that CG-methylation in tomato
ranges from 60% up to 85% in heterochromatic areas (Gouil and Baulcombe 2016). Also when looking
at specific CCGG sites with methylation sensitive AFLP, we did not find evidence for wide-spread DNA
methylation changes. To test whether such changes maybe occurred only at a very specific set of loci,
we employed the high-throughput Meth-Seq approach to look at the effect of this heat treatment on
seedlings and developing pollen. A number of loci differentially methylated between pollen and
seedlings were identified, and more so under heat stress conditions, but no loci were found to be
significantly differentially methylated in response to heat in either seedlings or pollen. Together, these
data suggest that differential DNA methylation does not play a major role in the transcriptomic
response to heat during the first hours of exposure.
In contrast to the above, a clear effect of the heat-stress treatment on DNA methylation was
found if plants were given a recovery period after heat exposure. In the three different stages of pollen
development analysed, we identified 117 and 3641 genes that were hypo- and hypermethylated in
response to heat, respectively. There was a remarkably high overlap of differentially methylated loci
in the three developmental stages, either when considering methylation changes in transcribed and
flanking regions separately or combined. The sets of differentially methylated loci were enriched with
HSF, HSP20 and HSP60 genes and several GO-Biological Process functions, strongly suggesting that the
results were not due to a technical artefact and that the differential methylation was a targeted
response, at least partially sequence dependent. Notably, the observed methylation changes after
recovery from heat were strongly biased towards hyper-methylation of the DNA, in line with the
observed up-regulation of DRMs, which facilitate de novo DNA methylation. As DNA methylation is
generally considered a repressive mark for gene expression (Law and Jacobsen 2010), this suggests
that this epigenetic modification is used to reduce expression of genes after heat exposure, including
that of known heat acclimation-related genes like HSFs and HSPs. While expression of these genes is
rapidly induced upon heat (Guo et al. 2016), it was recently reported that they are down-regulated
after a recovery period, even to levels below that of non-treated plants (Xu 2016). It was hypothesised
that this was the result of a high chaperone protein level, but in absence of the stress. Similarly,

HSP101 was less induced upon repeated heat shocks (Pecinka et al., 2010). Other abiotic stressors
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may also cause increases in DNA methylation: in rapeseed, genome-wide methylation increased under
salt stress conditions (Lu et al. 2007) and the same applied to CCGG sites in the genome of water
deficient root tips of pea (Labra et al. 2002). In these examples there was no recovery period, but the
stresses were mild and lasted for a relatively long time span, which may have allowed for acclimation
and thus reduction of the experienced cellular stress. Thus, we hypothesize that changes in DNA
methylation as found here are not involved in the onset of the heat stress response, but rather play a
role in the down-regulation of heat-responsive gene expression and the return to cellular homeostasis
under non-stress conditions. In support of this, we found a significant overlap between our group of
differentially methylated genes and the set of heat-stress-induced genes from Li (2015), but less so
with those from a study of Fragkostefanakis (2016). In both studies tomato flower buds were exposed
to a very similar short heat stress, but while in the first study anthers were sampled directly at the end
of the treatment, in the latter they were sampled after a recovery period of 1.5 h. Thus, we
hypothesize that the hypermethylation is involved in reducing transcription of heat responsive genes
during the recovery period. However, the hypermethylated gene sets are equally overlapping with the
genes of which expression was down-regulated in the study of Li (2015). There have been some
suggestions that in-gene DNA methylation may have opposite effects to methylation in the 5’ and 3’flanking regions, and is associated with higher transcriptional activity, but differentiating between the
two types of location of the methylated CCGG sites did not affect the enrichment patterns that we
obtained (data not shown). Instead, our results may suggest that recovery of expression of downregulated genes occurs in a different time frame or does not involve removal of the suppressive DNA
methylation marks. Unfortunately, the gene expression data needed to test this is not available, as
Fragkostefanakis et al (2016) only reported on the induced genes.
Interestingly, we also observed a significant overlap of genes between the two Meth-seq
experiments described here, thus between genes that are differentially methylated between seedlings
and pollen (both, the control and high temperature sets) and genes that are differentially methylated
in pollen after a heat stress treatment. While the first sets represent genes that are subject to DNA
methylation modification dependent on cell/organ identity, the second set represent those
dependent on high temperature and recovery response. That these gene sets overlap, suggests that
there is a sub-group of genes subject to regulation by DNA methylation changes in general.
In summary, the heat response of plants in broad sense involves changes in DNA methylation
that are directed to specific biological processes. As an additional recovery time at control
temperature is required for the establishment of DNA methylation, the acclimation responses that
take place early during the heat shock must be regulated by a different mechanism. Indeed, heat is
well known to directly activate a number of transcription factors at post-translational level, such as of

81

Chapter 3

the HSF family (Guo et al. 2016). Furthermore, several studies suggest that histone occupancy,
regulated by post-translational modification of histones, plays an important role in regulating gene
expression responses to abiotic stresses (Baurle 2016; Yuan et al. 2013; Kim et al. 2015). Also, the
DNA-association of certain histone variants seems to be directly sensitive to high temperature (Kumar
and Wigge 2010). Recently a model has been described for acquired thermotolerance in Arabidopsis
that links higher gene expression ratios upon a reoccurring stress to an altered chromatin occupancy
around the transcriptional start site of genes, which keep the sites in a state that should be better
accessible for transcription (Baurle 2016).
To better understand the role of DNA methylation in recovery, it is strongly recommended to
obtain transcriptional data along with DNA methylation data from the same plant material.
Comparisons with publically available data can give a first impression about biological relevance, as
shown here, but is of limited use due to the differences in species/accessions, treatments and
analysed tissues. Given the dynamics of DNA methylation and transcription changes upon heat shock
and recovery, a higher temporal resolution would be needed to establish relations between the
various levels of gene expression and, ultimately, physiology. Furthermore, it would be necessary to
apply an independent method to determine DNA methylation levels, in order to validate observed
differences at specific loci.
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Supplementary material

Supplementary Figure S1. Different methylation patterns of CCGG sites and methylation sensitivity of enzymes
used for MS-AFLP.
The type of methylation can be deuced from the presence or absence of fragments in the two digestions.
Adapted from Schulz et al. (2013).
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Seedling versus pollen: hypermethylated

Seedling versus pollen: hypomethylated

Heat (424)

Control (87)

16

Control (22)

353

Heat (173)

4

71

155

18

Supplementary Figure S2. Genes containing a CCGG site differentially methylated between seedlings and
developing pollen under control or heat stress conditions.
CCGG sites were analysed for differential methylation in seedlings and pollen under control conditions or after
a heat stress treatment (38°C, 2 h) and assigned to a gene if located between 2.5 kb up- and downstream of the
transcribed region. *, overlap between the control and heat sets significantly larger than expected (P<0.001), as
calculated

using

the

hypergeometric

probability

method

(http://nemates.org/MA/progs/representation.stats.html), given that 30982 tomato genes contain or
neighbour a CCGG within 2.5 kb.
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Supplementary Figure S3. Number of genes containing a CCGG within their transcribed region that is
differentially methylated between heat and control treatments in pollen of different developmental stages.
CCGG sites were analysed for differential methylation in response to a heat stress (1 h 38°C followed by 1 h
22°C), in three different developmental stages, and assigned to a gene if located in the transcribed region. The
diagram depicts the number of genes that were more or less methylated in response to heat stress in the
different stages of pollen and the overlap of the genes between stages.
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Supplementary Figure S4. Number of genes containing a CCGG within flanking region that is differentially
methylated between heat and control treatments in pollen of different developmental stages.
CCGG sites were analysed for differential methylation in response to a heat stress (1 h 38°C followed by 1 h
22°C), in three different developmental stages, and assigned to a gene if located in the flanking region (2.5 kb
up or downstream). The diagram depicts the number of genes that were more or less methylated in response
to heat stress in the different stages of pollen and the overlap of the genes between stages.
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Supplementary Table 1: Enrichment of the sets of differentially methylated genes from three different
developmental stages of pollen in response to heat stress with genes from heat-stress-related gene sets.
Genes showing DNA methylation changes upon a heat stress (1 h 38°C, followed by 1.5 h recovery) in three
different developmental stages of tomato pollen were analysed for their overlap with other available data sets
that are related to pollen heat stress response in tomato. Sizes of gene sets are indicated between brackets. a,
sets of tomato HSF, HSPs and HSR related genes are described in Fragkostefanakis et al. (2015); b, genes
significantly up- or downregulated in response to a short heat stress (1 h 38°C) in developing tomato anthers at
the microspore stage (Li 2015); c, genes differentially upregulated in response to a short heat stress treatment
(1 h 39°C, followed by 1.5 h recovery at control conditions) in tomato anthers (Fragkostefanakis et al. 2016); d,
genes significantly up or downregulated after 1 or 4 days under mild continuous heat stress (33°C/27°C,
day/night) in developing tomato (cv. Micro-Tom) anthers around the meiotic division (Xu 2016). Depicted are
the number of genes overlapping between the investigated genes sets. Fold change and significance of
enrichment are depicted in Table 4.
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Abstract
Plants are often able to better cope with a recurrent stress. The tolerance acquired during an initial
exposure may last for days (short-term), weeks (long-term) or even over generations
(transgenerational). Concerning high temperature stress, this phenomenon has been well-studied in
the vegetative growth phase of plants and several molecular components have been identified that
are essential for the onset and maintenance of this state. We found that developing pollen also has
the capacity for short-term acquired thermotolerance, but that the underlying molecular mechanism
is different from that in vegetative tissues. No evidence was found that tomato plants can provide
pollen with enhanced tolerance through long-term or transgenerational memory of stress exposure.

Introduction
Plants are subject to recurrent and often swift changes in their abiotic environment, concerning
factors such as light intensity, water availability and temperature. As sessile organisms, plants are not
able to escape unfavourable conditions, meaning that they need to respond in other ways. On the
long term, they show phenotypic plasticity that allows adaption of growth and habitus to the
surroundings (Nicotra et al. 2010). However, some environmental changes, like an increase in
temperature, can take place in a matter of hours, thus requiring a much faster response. Like for other
types of stress, plants possess mechanisms that allow them to cope with the immediate effects of heat
exposure, called basal thermotolerance. However, temperature increases well above the optimum
growing conditions require plants to drastically adjust their metabolism and physiology to regain
homeostasis, a process called acclimation (Wang et al. 2004). The new adapted state is defined as one
of acquired thermotolerance (ATT). This state can persist to some extent even if the original stress
recedes, allowing plants to better cope with a subsequent stress episode. Three types of ATT may be
recognised, depending on the period the enhanced tolerance level is maintained: short-term ATT (STATT), long-term ATT (LT-ATT) and transgenerational ATT (TG-ATT).
ST-ATT corresponds to the classical concept of ATT, lasting for hours up to a few days after the
initial experience of heat. ST-ATT is well studied in seedling and vegetative stages of Arabidopsis, as
well as in vegetative stages and cell cultures of tomato (Larkindale and Vierling 2008; Chan-Schaminet
et al. 2009; Hahn et al. 2011). Directly upon the exposure to heat, plants need to mitigate the early
effects, such as unfolding of proteins and generation of oxygen radicals. To this end, a suite of gene
expression changes is initiated, called heat shock response (HSR). Underlying the HSR is a network of
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transcription factors, the heat shock factors (HSFs), which regulate the expression of the majority of
early heat-shock responsive genes (Scharf et al. 2012; Liu et al. 2011). HSFA1 and HSFA2 are the most
prominent regulators of the HSR and ATT. Under heat stress, HSFA1 translocates from the cytoplasm
to the nucleus and induces the expression of heat responsive genes (Hahn et al. 2011). One of them
encodes for HSFA2 which is able to interact with HSFA1, together forming a so called superactivator
complex that further enhances the HSR (Schramm et al. 2006; Chan-Schaminet et al. 2009). Among
the genes activated by HSFs are those encoding heat shock proteins (HSPs), molecular chaperones and
related components, and reactive oxygen scavengers, like ascorbate peroxidase (Vierling 1991). The
different classes of HSPs are able to stabilize proteins, assist in refolding of misfolded proteins and
prevent them from forming toxic aggregates (Wang et al. 2004). During the high temperature stress,
HSFA2 and certain types of HSPs are incorporated into cytoplasmic protein complexes, known as heat
stress granules (HSGs; Scharf et al. 1998). These HSGs persist for a few days after returning to normal
temperatures and once a second temperature stress occurs in this period HSFA2 is released, leading
to a faster and stronger HSR. Recent work suggests that HSFA2 can also leave histone methylation
marks after the initial association with heat-responsive promoters, which may contribute to sustained
expression or hyper-inducibility at renewed stress exposure (Lämke et al. 2016). While HSFA2 is an
important regulator of ST-ATT, also various other components have been identified that affect the
effectiveness and extension of ATT, including several HSPs, plant hormones and other signals like
miRNAs (Charng et al. 2007; Larkindale and Vierling 2008; Guan et al. 2013; Meiri and Breiman 2009;
Sedaghatmehr et al. 2016; Larkindale and Huang 2005; Stief et al. 2014).
Whereas the effect of ST-ATT typically lasts for hours up to a few days, a lot of attention has
been given to recent studies that show that plants might be able to acquire tolerance for longer. Preexposure of Arabidopsis seedlings to salt, for example, improved their growth on saline soil ten days
later (Sani et al. 2013). Cold acclimation was found to increase freezing tolerance for up to two weeks
in winter wheat (Trischuk et al. 2014). Similar findings were reported for high temperature, in a study
where wheat plants were treated two times with high temperature during early developmental stages
and again several weeks later, after anthesis for a longer period. In plants that were pre-treated, the
flag leaf was less affected by the post-anthesis heat and showed, among other parameters, a higher
photosynthetic activity (Wang et al. 2011; Wang et al. 2012). Other studies, still, suggest that plants
may even possess a transgenerational memory, providing their offspring with higher stress tolerance
if they were affected themselves. This is especially well-known regarding biotic stress factors, but
there are suggestions that it may also apply to abiotic factors (Tricker 2015). Whittle et al. (2009)
cultivated Arabidopsis plants under high temperature conditions for two subsequent generations,
followed by a generation grown under control conditions. When compared to plants with no ancestral
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heat treatments, the offspring of these plants produced more flowers and seeds under high
temperatures. Similar findings were reported for wheat regarding a number of physiological
parameters and final seed yield (Wang et al. 2016). However, findings on transgenerational stress
adaption have also been discussed critically, and could not always be confirmed by subsequent studies
(Pecinka et al. 2009; Eichten and Springer 2015; Gutzat and Mittelsten Scheid 2012; Lang-Mladek et
al. 2010).
While ATT has mainly been studied in the vegetative growth phase of plants, the reproductive
phase and especially developing pollen is more sensitive to heat stress. This is true for short episodes
of high temperature, as well as for long-term mildly elevated growth conditions (Iwahori 1964; Peet
et al. 1998). So far, one study has shown that late stages of developing pollen show ST-ATT (Firon et
al. 2012), but this has not yet been investigated for the more sensitive younger stages of pollen
development. In addition, it is not clear to what extent ST-ATT is comparable between vegetative and
reproductive organs. Pollen has a remarkably unique transcriptome, as well as a unique heat stress
response. Some of the canonical HSPs are not or less induced HSPs (Burke and Chen 2015; Becker et
al. 2003; Davidson et al. 2011; Cooper et al. 1984; Frova et al. 1989; Volkov et al. 2005; Hopf et al.
1992), whereas others are constitutively expressed in young pollen stages (Volkov et al. 2005; Giorno
et al. 2010; Gagliardi et al. 1995). The aim of this study was to determine whether the early stages of
developing pollen are able to acquire thermotolerance comparable to ATT in vegetative stages. We
tested the ability for ST-ATT in pollen and seedlings at phenotypic and gene expression level and
exploited the possibility of a long term memory of ATT, intra- as well as transgenerational.

Material and methods
Plant growth and high temperature treatments
Tomato (Solanum lycopersicum) cultivar Micro-Tom, obtained from the National Bio-Resource Project,
Japan (stock TOMJPF00001), was used in all experiments. Plants were sown on fertilized soil
(Osmocote Pro 5-6M, Everris International B.V., Geldermalsen, The Netherlands) and grown in climate
cabinets (MC1600, Snijders Labs, Tilburg, The Netherlands) at constant 22°C and 60% humidity. Light
was provided for 12 hours per day by LED lamps (Philips Green Power LED DR/B/FR 120, ~250
μmol/m2/s). For seedling assays, three to five seeds were sown in Jiffy pots (Jiffy Products
International BV, The Netherlands) and grown in the climate cabinets. Seedlings were used for
treatments upon occurrence of the first real leaf, younger seedlings were removed from pots. Prior to
the heat (pre-) treatments, pots were weighed and differences in weight were adjusted by adding
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water. Four pots with together 8 to 12 seedlings were treated simultaneously in a dark, preheated
hybridization oven and returned to control conditions afterwards. Seven days after the treatment,
seedling survival was assessed by scoring seedlings dead if the area around the apical meristem
showed signs of wilting (see Figure S1). For the pollen germination assay, plants were used upon
flowering when buds at different developmental stages were present. The plants were moved into a
preheated climate cabinet for 1 hour to apply pre-treatments and incubated for 10 hours for severe
heat treatments. (Pre-) treatments were always done in the middle of the photoperiod.
Pollen germination rate
Pollen quality was analysed by in-vitro pollen germination. Newly opened flowers were collected at 4
or 10 days after the heat treatment to sample anthers treated at mitosis and tetrad pollen stage,
respectively (see Chapter 2) and immediately processed. After removal of the petals, sepals and pistil,
the anther cone was cut into several slices and incubated for 30 min at room temperature and high
humidity to allow slow hydration of pollen grains. Anther slices were then transferred to tubes
containing germination solution (1 mM KNO3, 3 mM Ca(NO3)2·4H2O, 0.8 mM MgSO4·7H2O, 1.6 mM
H3BO3, 5% (w/v) sucrose and 25% (w/v) PEG4000), vortexed for 10 seconds and incubated at room
temperature for 2 hours, while rotating slowly. Pollen was loaded onto a Bürker-Türk cell counting
chamber and assessed using a light microscope (Leica DM2000; Leica Microsystems GmbH, Wetzlar,
Germany). Pollen was considered germinated when the pollen tube length exceeded the pollen
diameter. At least 100 pollen grains were counted per flower.
Sampling and RNA isolation for gene expression analysis
For RNA isolation, the above ground material of the seedlings were harvested immediately before and
30 minutes after the start of the heat stress, directly frozen in liquid nitrogen and stored at -80°C. Per
sample, 8 to 12 seedlings were treated and pooled. After grinding and homogenization 100 mg of
tissue was used for RNA isolation. RNA was extracted using TRIzol (Invitrogen) and treated with DNase
I (Thermo scientific). cDNA was synthesized using the iScript kit (Bio-Rad, Hercules, CA, USA) and the
PCR (end volume of 25 µL, containing cDNA equivalent of 10 ng RNA) was performed using the
SybrGreen iQ mix (Bio-Rad). The primer pairs used for the analysis were designed using Beacon
Designer (Premier Biosoft) (Table 1). Primer pairs for the genes presented in Supplemental Figure 1
are shown in Supplemental Table 1. Cq values were determined by CFX Manager 3.0 (Bio-Rad) and the
amplification efficiency was calculated using LinRegPCR (Ruijter et al. 2009). Normalization factors
were calculated using GeNorm (Biogazelle, Ghent, Belgium), based on SAND, CAC, RPL8 and EF1α as
reference genes.
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Table 1. Primers used for gene expression analysis.
Accession number

Locus

Forward Primer (5' to 3')

Reverse Primer (5' to 3')

Solyc11g020040

HSP70

TTTTCCGGGCATAAGCTG

TGCAAAACTAATTCTCCCTCC

Solyc08g062960

HSFA2

CATGGAGCACAACAAGGAATAG

TGGTGGAAAACTTATGAGAGTCC

Solyc10g006580

RPL8

GGTGTTCTGGTGATTACGCCATTG

CCAGCAACCTGACCAATCATAGC

Solyc03g115810

SAND

TTGCTTGGAGGAACAGACG

GCAAACAGAACCCCTGAATC

Solyc08g006960

CAC

CCTCCGTTGTGATGTAACTGG

ATTGGTGGAAAGTAACATCATCG

Solyc06g005060

EF1α

TGATCAAGCCTGGTATGGTTGT

CTGGGTCATCCTTGGAGTT

Solyc03g078400

Actin

GGACTCTGGTGATGGTGTTAG

CCGTTCAGCAGTAGTGGTG

Statistics
Pollen germination data was logit-transformed and analysed by a one-way ANOVA with LSD post-hoc
test to compare pre-treated and non-pre-treated groups. Fisher’s exact test was used to compare the
survival rate of seedlings receiving different pre-treatments. For analysis of qRT-PCR data, logtransformed normalized relative quantities were compared using a two-way ANOVA with Tuckey posthoc test to assess main effects and their interaction, followed by a one-way ANOVA with LSD post-hoc
test to test for differences between individual groups within a treatment. All analyses were performed
using IBM SPSS statistics version 21 (IBM).

Results
Short-term acquired thermotolerance of developing pollen
Most studies on short-term ATT have used Arabidopsis seedlings as a model system. As a reference
for ST-ATT of pollen, we first established a seedling assay for tomato. To quantify thermotolerance,
seedling survival rate was measured 7 days after a severe heat treatment of 52°C for 1 hour. 10-dayold seedlings that did not receive any heat treatment all survived (data not shown), whereas those
that received the severe high temperature all died (Figure 1A). To induce ATT, seedlings were pretreated for a 2 hour period at different temperatures, followed by a recovery period of 1 hour. The
effectiveness of the pre-treatment depended on the temperature regime: while all tested pretreatments increased the survival rate above control, pre-treatments at 38°C and 40°C proved to be
most effective, leading to survival rates of 85% and 100%, respectively (Figure 1A). The longevity of
ATT in seedlings was analysed by increasing the gap time between a 38°C pre-treatment and severe
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heat exposure. Seedlings that received a pre-treatment performed significantly better than those that
did not receive a pre-treatment and the effect lasted for at least 3 days (Figure 1B). To confirm that
the result were not due to age effects, the experiment was repeated in a converse setup, in which
seedlings were pre-treated at a different ages and all evaluated for tolerance to severe heat when
they were 10 days old (Figure 1C). Results were similar, although seedlings from latter setup lost ATT
somewhat faster.
Developing pollen is particularly susceptible to high temperature stress around the tetrad and
mitotic stages (Chapter 2). To test whether developing pollen at these stages has the capacity for STATT we compared thermotolerance of pollen from plants that received a one-hour pre-treatment at
various temperatures, followed by one hour at control conditions, with plants kept under control
conditions. While flowers from plants that did not receive any heat treatment at all consistently
produced pollen with a germination rate of around 70%, flowers that received a 10 hour high
temperature treatment of 38°C around the tetrad stage or 40°C around the stage of mitotic division
produced mature pollen with only ~20% and ~5% viability, respectively (heat effect, Student’s t-test,
P<0.001 in both cases; Figure 2A, B). Flowers that received a pre-treatment showed a significantly
higher pollen germination rate after the severe heat than plants that did not receive a pre-treatment;
the pre-treatment at 32°C seemed to be most effective (Figure 2A, B). The longevity of ATT in
developing pollen was analysed by increasing the gap time between a 32°C pre-treatment and severe
heat treatment up to 5 days. The tolerance level was enhanced up to day 4, but not significantly so
anymore at day 5 (Figure 2C).
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Figure 1. Short-term acquired thermotolerance in seedlings.
A, Effect of pre-treatment temperature on ATT. Seedlings were kept under control conditions (C) or received a
2 hour pre-treatment (PT) at different temperatures as indicated, followed by 1 hour at control temperature.
Subsequently seedlings were treated with a severe heat for 1 hour at 52°C and survival rate was determined 7
days later. B, Longevity of ATT when pre-treated at the same age. Seedlings were treated and analysed as in A,
with a pre-treatment at 38°C, except that gap time was 1 to 5 days. Control seedlings belonging to the different
gap times all died and were merged into a single bar. C, Longevity of ATT when treated with severe heat at the
same age. Seedlings received the second high temperature treatment at 52°C at the same age. In all panels,
values represent the overall survival rate (n=8-12 seedlings). *, significantly different from the corresponding
no-pre-treatment control, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 2. Short-term acquired thermotolerance in developing pollen.
A, Effect of pre-treatment temperature on ATT around the tetrad stage of development. Plants were kept under
control conditions (C) or received a 1 hour pre-treatment (PT) at different temperatures as indicated, followed
by 1 hour at control conditions. Subsequently, plants were treated with a severe heat stress at 38°C for 10 hours
and germination rate was determined of pollen from flowers that opened 10 days later. B, Effect of pretreatment temperature on ATT around the mitosis stage of development. Plants were treated and analysed as
in A, except that heat treatment was at 40°C and flowers were analysed after 4 days. C, Longevity of ATT around
the mitosis stage of pollen development. Plants were treated and analysed as in B, with a pre-treatment at 32°C
and severe heat at 40°C, with varying gap times. In all panels, values represent the mean ± SE (n=10-16 plants).
*, significantly different from the corresponding no-pre-treatment control, P<0.1; **, P<0.05; ***, P<0.01.
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Molecular signature of ST-ATT
Short-term ATT in seedlings has been ascribed to several factors, including HSFA2. Expression of HSFA2
was greatly induced by the severe high temperature treatment, regardless of the type of pretreatment. However, there were no differences in HSFA2 transcript level due to the pre-treatment
(Figure 3A). To assess the activity of the classical heat stress response in the different samples, we also
analysed expression of the major heat responsive HSP70 family gene. At control temperature, pretreated seedlings showed higher HSP70 expression then seedlings that received no pre-treatment,
with all three gap times (Figure 3B). Also after the severe heat treatment for 30 minutes, HSP70 was
higher in seedlings pre-treated 1 and 3 days before than in seedlings that did not receive a pretreatment.
To determine whether ST-ATT in developing pollen shows similar molecular characteristics,
the experiment was repeated with anthers at the mitotic stage. Expression of HSFA2 and HSP70 was
strongly responsive to the heat treatment, around a factor 10 stronger than in seedlings (Figure 3C,
D). The pre-treatments, however, did not have any effect on the expression of either gene,
independent of gap time. The same result was obtained when looking at other well-known heat
responsive genes, APX2, ROF1 and FTSH6 (Meiri and Breiman 2009; Panchuk et al.
2002)(Supplemental Figure 1). As several members of the HSP20 family have recently been implicated
in acquired thermotolerance (Sun et al. 2006; Sedaghatmehr et al. 2016; Lämke et al. 2016), we also
assayed these, including two HSP20 genes that were differentially methylated in pollen upon heat
treatment (Chapter 3). Fourteen of the 17 tested HSP20 genes were strongly heat-responsive, being
induced between a hundred- and thousand fold, while two were more moderately and one was not
heat responsive. However, none of the HSP20 genes responded to the pre-treatments in terms of
transcript accumulation.
Long-term intra- and transgenerational acquired thermotolerance of developing pollen
Repeated experience of stressful events can result in long-term (LT) acquired tolerance in plants,
potentially extending for weeks, compared to only days for short-term acclimation induced by single
pre-treatments. To test whether tomato has the ability to generate LT-ATT that protects developing
pollen, plants were treated with a repeated hot day regime consisting of one day of mild heat
comparable to the ST-ATT-inducing pre-treatment (i.e. 32°C during the day, 26°C during the night)
every 4 days, throughout their development. Upon appearance of the first inflorescences, the high
temperature pre-treatments were discontinued and thermotolerance of developing pollen at the
mitosis stage was analysed 14 days after the last pre-treatment. Plants that received repeated pre-
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treatments did not perform different from plants grown under control conditions throughout their life
(Figure 4A).

Figure 3. Effect of pre-treatment on heat-stress related gene expression levels in seedlings and anthers.
A, B, Seedlings were kept under control conditions (C) or pre-treated at 38°C for 2 hours, followed by a variable
gap time and a severe heat stress at 52°C. Samples were taken before the severe heat treatment (CT) and 30
minutes into the heat treatment (HT) and transcript level of HSFA2 (pane A) and HSP70 (pane B) was determined.
C, D, Plants were kept under control conditions (C) or received a 1 hour pre-treatment at 32°C for 2 hours,
followed by a variable gap time and a severe heat stress at 40°C. Samples of mitotic stage anthers were taken
before the severe heat treatment (CT) and 30 minutes into the heat treatment (CT) and mRNA level of HSFA2
(pane C) and HSP70 (pane D) was determined. Values represent mean relative transcript levels ± SE (n=2-3
independent pools of 8-12 seedlings (panels A, B) or 3-5 independent plants, with anther cones from 6-8 flowers
pooled per plant (panels C, D)), with the lowest value set to 1. Significance level of the main effects from the
two-way ANOVA, i.e. pre-treatment and treatment, and their interaction is indicated at the top of each pane.
Pair-wise significant differences between a pre-treatment/treatment combination and its corresponding no-pretreatment control are indicated above the bars. *, significantly different at P<0.05; **, P<0.01; ***, P<0.001.
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To test whether tomato possess a capacity for transgenerational heat stress memory, we grew
plants either under control or repeated hot day conditions for two subsequent generations, each
treatment represented by 10 individual lines propagated by single-seed decent from an original sibling
group of plants that originated from the same fruit. Third-generation plants were grown under control
conditions and thermotolerance of the developing pollen at mitosis stage was tested. No effect of the
ancestral growth condition of the plants was observed (Figure 4B).

Figure 4. Long-term and transgenerational acquired thermotolerance of developing pollen.
A, Effect of repeated mild heat pre-treatment on ATT around the mitosis stage of pollen development. Plants
were kept under control conditions (C) or received repeated hot days (one day of 32°C/26°C day/night every
four days; R) throughout their development. 14 days after the last pre-treatment, plants were treated with a
severe heat at 40°C for 10 hours and germination rate of mature pollen from flowers that opened 4 days later
was determined. B, Effect of repeated mild heat pre-treatment during two preceding generations on ATT around
the mitosis stage of pollen development. Plants were kept under control conditions (CCC) or received repeated
hot days (one day of 32°C/26°C day/night every four days) throughout their development for two generations
(RRC). In the subsequent generation, plants were grown under control conditions and treated with a severe heat
at 40°C for 10 hours after start of flowering. Germination rate was determined of pollen from flowers that
opened 4 days later. In both panels, values represent the mean ± SE (n=20 plants (pane A) or 12 plants (pane B),
wit 2-4 flowers tested per plant).
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Discussion
Developing pollen is able to mount short-term ATT resembling that of vegetative tissue
A plant may show enhanced tolerance to a certain stressor if it has been exposed to the stressor before
(Hilker et al. 2016). Acquired tolerance is thought to be due to retained presence of protective proteins
or due to faster and/or stronger induction of protective mechanisms (Bokszczanin and
Fragkostefanakis 2013). A well-known example is short-term acquired thermotolerance, which last for
up to several days and depends, amongst others, on presence of heat shock proteins, as was shown
extensively using various vegetative plant tissues (Hahn et al. 2011; Charng et al. 2007; Sedaghatmehr
et al. 2016). However, developing pollen is a unique cell within a plant, consisting of haploid, detached
cells that have a distinctive physiology (Rutley and Twell 2015). Pollen is also atypical regarding the
heat stress response, as they induce some of the canonical HSPs to a much lower extent than
vegetative tissues, and developing pollen grains are among the most temperature sensitive cells
within the plant life cycle (Cooper et al. 1984; Crone et al. 2001; Dupuis and Dumas 1990;
Fragkostefanakis et al. 2016; Frova et al. 1989; Gagliardi et al. 1995; Iwahori 1965; Volkov et al. 2005).
Despite all this, Firon et al. (2012), using an assay with detached branches, found that mild-heat pretreatment increased tolerance of late-stage, bicellular pollen to a severe heat shock of 50°C. Further
to this, we found that developing pollen, even at the most sensitive stages just after meiosis and
around mitosis, can possess acquired thermotolerance with a retention time comparable to that of
pre-treated seedlings, here (Figure 1, 2) and in studies with Arabidopsis (Larkindale and Huang 2005;
Charng et al. 2006). Similar to ST-ATT in seedlings, the level of tolerance was dependent on the pretreatment temperature. An optimum temperature for induction of ATT might be expected, because
the activation of ATT depends on induction of heat responsive genes. Treatment with a higher
temperature induces HSR gene expression to a higher extent, explaining the reduced effectiveness of
the 36°C pre-treatment in seedlings. By contrast, when the inducing temperature is too high, as
seemed to be the case for the 42°C pre-treatment of seedlings and the 38°C pre-treatment of
developing pollen, it might result in cellular damage that reduces the gene expression response or
protein translation rate, or even affects overall cellular viability, adding to the damage done by the
subsequent severe heat. These effects would also explain why the optimum temperature for pretreatment is lower in the more heat sensitive pollen stage than in seedlings.
Roles for HSFA2 and HSP70 in basal and acquired thermotolerance are well established in
various plant species and tissues (Charng et al. 2007; Hahn et al. 2011; Schramm et al. 2006). We found
that HSFA2 gene expression was highly upregulated when plants were subjected to a high
temperature stress, but did not respond to the pre-treatment at transcript level: basal mRNA levels
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were not increased and the responsiveness to heat was unaffected. Indeed, the role of HSFA2 in STATT is thought to depend on sustained protein presence, instead of changes to gene expression (Hahn
et al. 2011; Chan-Schaminet et al. 2009). We did, however, observe a higher level of HSP70 transcript
if seedlings received a pre-treatment, both, before the start of the second, severe heat episode and
during that treatment (Figure 3). Sustained expression of HSP70 genes was recently reported for
Arabidopsis seedlings, too (Sedaghatmehr et al. 2016). Increasing the gap time between the pretreatment and severe heat to 5 days reduced the pre-treatment effect on HSP70 expression,
correlating well with data on longevity of ST-ATT (Figure 1, 2). Our results show that developing pollen
has the capacity for ST-ATT, which lasts for a few day, as in seedlings. The molecular basis for the
phenotype, however, seems to be different, based on the unresponsiveness of HSP70 expression to
the pre-treatment. In Arabidopsis, members of the HSP20 gene family also show sustained expression
after pre-treatment, and function in ST-ATT based on mutant phenotype of one of them
(Sedaghatmehr et al. 2016). While we tested 17 tomato HSP20 genes, 13 of which were orthologues
of HSP genes responsive to a heat pre-treatment in Arabidopsis, also these did not respond in tomato
pollen (Supplemental Figure 2). In a separate study, three Arabidopsis HSP20 genes were shown to
respond more strongly to a second heat exposure, probably due to modification of histones at their
promoters (Lämke et al. 2016). However, four tested tomato orthologues corresponding to two of
these genes did not show this behaviour in pollen. Thus, molecular mechanisms underlying acquisition
of stress tolerance may vary between organs and growth phases.
Longevity of ATT present during pollen development is limited
In contrast to short-term ATT, we did not find evidence for the ability of tomato plants to obtain longterm or transgenerational ATT that protects developing pollen against high temperature. Long-term,
intra-generational effects of high-temperature pre-treatment have been shown to occur in wheat
plants, which have better yield after a severe heat episode during grain development if they
experienced mild heat several weeks earlier (Wang et al. 2011; Wang et al. 2012). Arabidopsis and
wheat plants with a history of high temperature growth conditions in previous generations produced
more seed when confronted with heat (Whittle et al. 2009; Wang et al. 2016). As a potential
explanation, Migicovsky et al. (2014) found higher HSFA2 gene expression in plants that descended
from heat-treated plants, but, unfortunately, in this study no adaptive, phenotypic effects of the
ancestral treatments were found. The potential reason for the inability to identify long-lasting ATT in
our experiments are manifold. In general, it may be argued that temperature conditions at a certain
moment are predictive for a few days into the future, but less so over weeks and generations, reducing
the benefit-side of the adaptation. In such a scenario, ST-ATT would be more likely to evolve than LT-
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ATT and TG-ATT. Regarding pollen, specifically, the mechanism may not be functional due to unique
genomic or physiological constraints. Alternatively, long-term ATT may not be adaptive for this
combination of developmental process and stress factor because flowers usually develop sequentially:
the presence of ST-ATT then is sufficient to protect most of the upcoming flower buds. Finally, it is
possible that the pre-treatment did not have the optimal profile for induction. In this respect, it is
interesting that the number of stress exposures in an ancestor generation as well as the number of
stressed ancestor generations affect the strength of the transgenerational effects (Slaughter et al.
2012; Rahavi et al. 2011; Groot et al. 2016). This indicates that there is a quantitative component to
the induction. Furthermore, the environment in which offspring is evaluated strongly interacted with
the transgenerational effect (Groot et al. 2016). However, a need for very specific inductive ancestral
and offspring growth conditions would suggest that the phenomenon is not a very general type of
stress adaptation. Indeed, also others have started to conclude that, despite the amount of attention,
the number of examples of long-term or transgenerationally stable, adaptive acquired stress tolerance
is still limited. Stress memory may thus be the exception rather than the rule (Pecinka et al. 2009;
Crisp et al. 2016).
For the future, understanding of the mechanism underlying pollen ST-ATT may allow for
modifying pollen thermotolerance by traditional or advanced breeding approaches. It may be
speculated that for some agricultural settings, constitutively enhanced thermotolerance can be
advantageous, whereas in other cases, inducing or strengthening ST-ATT at a chosen moment would
improve crop performance.
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Supplementary material

Supplemental Figure 1. Effect of pre-treatment on heat-stress related gene expression levels in anthers.
A-D, Plants were kept under control conditions (C) or received a 1 hour pre-treatment at 32°C for 2 hours,
followed by a variable gap time and a severe heat stress at 40°C. Samples of mitotic stage anthers were taken
before the severe heat treatment (CT) and 30 minutes into the heat treatment (CT) and mRNA level of genes
mentioned in the panels was determined. Values represent mean relative transcript level ± SE (n=3-5
independent plants, with anther cones from 6-8 flowers pooled per plant), with the lowest value set to 1.
Significance level of the main effects from the two-way ANOVA, i.e. pre-treatment and treatment, and their
interaction is indicated at the top of each pane. ***, significantly different at P<0.001.
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Supplemental Figure 2. Effect of pre-treatment on HSP20 gene expression levels in anthers.
A-Q, Plants were kept under control conditions (C) or received a 1 hour pre-treatment at 32°C for 2 hours,
followed by a variable gap time and a severe heat stress at 40°C. Samples of mitotic stage anthers were taken
before the severe heat treatment (CT) and 30 minutes into the heat treatment (CT) and mRNA level of genes
mentioned in the panels was determined. Values represent mean relative transcript level ± SE (n=3-5
independent plants, with anther cones from 6-8 flowers pooled per plant), with the lowest value set to 1.
Significance level of the main effects from the two-way ANOVA, i.e. pre-treatment and treatment, and their
interaction is indicated at the top of each pane. *, significantly different at P<0.05; **, P<0.01; ***, P<0.001.
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Supplemental Table 1. Primers used for gene expression analysis presented in Supplemental Figures 1 and 2.
Locus

Accession
number ITAG2.4

Forward primer (5' to 3')

Reverse primer (5' to 3')

APX2

Solyc09g007270

TTCGGTTTCAGATGGCATTCAG

AGTCAGCGTAGGATAGGATTGG

FTSH6

Solyc02g081550

ACATTGCTGGCTAAGGCGAT

AGCTCCCACACCAACAAACA

ROF1

Solyc09g057660

CAGGTTAGTCGCTGACCCTAC

ACAAAACAGTGATGTGGCGTG

ROF1

Solyc06g083190

AGGACGCAAAGTTCTACGGG

CTGGTTCCTTGGGAGCAGAG

HSP20 family

Solyc09g015020

ATGGAGAGAAGCAGCGGTAA

ATGTCAATGGCCTTCACCTC

HSP20 family

Solyc06g076520

GGAAGTCGAGGAGGATAGGG

TGACCTCAGGCTTCTTCACC

HSP20 family

Solyc06g076560

GCTTCCCAGGTACCAATTCA

CTCCGCTGATCTGAAGAACC

HSP20 family

Solyc06g076570

GCTCATGTGTTCAAGGCTGA

TTTGCATTCTCCGGAAGTCT

HSP20 family

Solyc06g076540

GCTCATGTGTTCAAGGCTGA

AATTTTCCACTGCTGCGTTC

HSP20 family

Solyc02g093600

GCTTCTTCGTCGATCTTCCA

ACGGTGAGAACAAGGACACC

HSP20 family

Solyc09g015000

ATATCTTCGGCCCATTTTCC

TTGAACTTACCGCTGCTCCT

HSP20 family

Solyc08g078720

TTTACTACCGCCGCTCCTTC

TCGGTCCTGCTGACTGAAAC

HSP20 family

Solyc08g078710

GGACAGCGGAAGAACGTACA

AGCCAGTCACCTTCTGAGGA

HSP20 family

Solyc08g078700

ACCAATTAGGAGCGTGAGCC

CGCCACCTTCACATTCTCCT

HSP20 family

Solyc12g042830

AGGTGAACACAAACAAGAGAAGGA

ACCTTAGCATCTTGAGGCAACA

HSP20 family

Solyc11g020330

TAAGCAGCAATCCGGCTAAT

TCCTCTCTCCGCTCACTCTC

HSP20 family

Solyc03g082420

AAGCGGAACTGAAGAATGGAGT

CAGCCCCTTGTCAAAGATGC

HSP20 family

Solyc05g014280

ACAGCAAGGACAGTCCAACA

GGTCGATGGCCCTCCATTAAA

HSP20 family

Solyc12g056560

GGCGTTGCTTTCCAGTCTAC

GTCCACGATTACCCCATCTG

HSP20 family

Solyc09g059210

TTCTGCATTTGCTAACACTCG

TCCATAGTCCTCTCTCCGCTTA

HSP20 family

Solyc07g045610

ACCCCTGCATTTGCTAACAC

CCACACAATGCCAAGTATCG
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Abstract
Sexual reproduction is a critical process in the life-cycle of plants and very sensitive to environmental
perturbations. To better understand the effect of high temperature on plant reproduction, we
cultivated tomato (Solanum lycopersicum) plants in continuous mild heat. Under this condition we
observed a simultaneous reduction in pollen viability and appearance of anthers with pistil-like
structures, while in a more thermotolerant genotype, both traits were improved. Ectopic expression
of two pistil-specific genes, TRANSMITTING TISSUE SPECIFIC and TOMATO AGAMOUS LIKE11, in the
anthers confirmed that the anthers had gained partial pistil identity. Concomitantly, expression of the
B-class genes TOMATO APETALA3, TOMATO MADS BOX GENE6 (TM6) and LePISTILLATA was reduced
in anthers under continuous mild heat. Plants in which TM6 was partially silenced reacted
hypersensitively to temperature elevation with regard to the frequency of pistilloid anthers, pollen
viability and pollen quantity. Taken together, these results suggest that high-temperature-induced
down-regulation of tomato B-class genes contributes to anther deformations and reduced male
fertility. Improving our understanding of how temperature perturbs the molecular mechanisms of
anther and pollen development will be important in the view of maintaining agricultural output under
current climate changes.

Introduction
Sexual reproduction is a key process in the life-cycle of plants, both in natural and in agricultural
settings, with fitness and yield, respectively, depending directly on its success. The efficiency of the
process, however, is strongly influenced by environmental conditions, such as water availability and
ambient temperature (Parish et al. 2012; Bokszczanin and Fragkostefanakis 2013). With the current,
rapid changes in global climate, the average and maximum temperatures are expected to increase in
many parts of the world as well as the frequency of heat waves (IPCC 2014). Studies in various plant
species, monocot and dicot, have shown that development and functioning of especially the male
gametophyte is highly sensitive to both continuous mild increases and short extremes in temperature
(Hedhly et al. 2009; Zinn et al. 2010). A number of studies have addressed the problem of heat-induced
male infertility in plants and identified deviations in various tissues (Sato et al. 2000; Ku et al. 2003;
Oshino et al. 2007) and metabolic processes (Frank et al. 2009; Firon et al. 2006; Pressman et al. 2002;
Zhang et al. 2012; Song et al. 2002; Zhang and Croes 1983; Singh and Shono 2005; Endo et al. 2009).
During their development, the male gametophytes are actively supported by the surrounding
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sporophytic cell layer, called the tapetum (Chapman 1987). Because developmental defects in the
pollen under high temperature are often accompanied by developmental defects in the tapetum
(Ahmed et al. 1992; Ku et al. 2003; Oshino et al. 2007; Harsant et al. 2013; Abiko et al. 2005; Iwahori
1965; Saini et al. 1984; Suzuki et al. 2001) it has been suggested that the latter constitutes the primary
defect (Parish et al. 2012; De Storme and Geelen 2014). The sensitivity of the tapetum to high
temperature has been confirmed by a transcriptome analysis in rice, showing that heat-repressed
genes in anthers preferentially locate to this tissue (Endo et al. 2009).
Patterning of floral organs is primarily under control of a set of MADS-box genes. These genes
encode transcription factors with a conserved MADS-box DNA binding domain and are thought to
exist in all eukaryotes. In plants, MADS-box genes are involved in controlling major aspects of
development, including male and female gametophyte development, embryo and seed development,
as well as root, flower and fruit development (Ng and Yanofsky 2001).The MADS-box genes involved
in floral organ identity are also referred to as the ABC genes. The ABC model was proposed as a result
of research on mutants with homeotic deformations (Coen and Meyerowitz 1991). The model divides
the floral meristem into four whorls, each characterized by the expression of specific (combinations)
of ABC genes. This, in turn leads to the formation of the four kinds of flower organs: activity of A-class
genes alone in the first whorl will result in the formation of sepals, the combination of A- and B-class
genes leads to petals in the second whorl, B- and C-class genes produce stamens in the third whorl
and C-class genes alone direct pistil development in the central fourth whorl (Becker and Theissen
2003; Ng and Yanofsky 2001).
When examining tomato flowers grown under continuous mild heat conditions, we observed
not only a reduction in pollen number and viability, but also the appearance of anther deformations
resembling a partial conversion to pistil identity. The aim of this study was to identify the molecular
changes underlying these deformations and determine the relation between anther deformation and
impaired development of the male gametophyte under mildly elevated temperatures.

Materials and methods
Plant material and treatments
S. lycopersicum cultivar Red Setter was obtained from Metapontum Agrobios (Metaponto, Italy). The
cultivar Microtom (TOMJP00001) was provided by University of Tsukuba, Gene Research Center,
through the National Bio-Resource Project (NBRP) of the MEXT, Japan. The TM6-RNAi line (TM6i6) in
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the Microtom background was kindly provided by Dr Vivian Irish (Yale University, New Haven, USA;
De Martino et al., 2006). The lines AtGRXS17-3 and AtGRXS17-9 were in the Rubicon background [28].
Plants were raised in climate chambers (14 hours per day light, ~200 µmol/m2s at plant level,
~70% humidity) under control conditions (25°C day, 19°C night). Upon appearance of the first
inflorescence, buds and flowers were removed and the plants were kept under control conditions,
continuous mild heat (CMH32: 32°C day, 26°C night) or higher continuous mild heat (CMH34: 34°C
day, 28°C night). Flowers that developed fully under these conditions were used to determine the
frequency of anther deformations, light microscopy, gene expression studies and pollen germination
rate. Pollen germination was analysed by in-vitro pollen germination as described by (Pino-Nunes et
al. 2009) with minor changes (sucrose and PEG400 were adjusted to 5% and 25%, respectively). To
determine the frequency of anther deformations in Red Setter at least eight plants were used per
treatment and all flowers produced over a period of two weeks were harvested (24 flowers under
control conditions, 91 flowers under CMH32 and, due to reduced flower set, 10 flowers under
CMH34). To analyse the lines AtGRXS17-3 and AtGRXS17-9 three plants were used per treatment and
ten flowers per plant, that did fully develop under these conditions, were harvested. Flowers that did
showed spacing between anthers, bent anther tips, green or shortened stamen were counted as
deformed.
For gene expression studies seven and four plants of the cultivar Red Setter were grown under
control and CMH32, respectively. Anthers and pistils of the flowers were harvested separately and
sampled randomly into pools (5 mature flowers or 10 flower buds with an anther length of 2-3 mm
per pool).
To study the Microtom TM6-RNAi line, Microtom wild type and transgenic plants were grown
in climate cabinets (MC1600, Snijders Labs, The Netherlands) under control conditions (constant 22°C,
12 hours LED-light from Philips Green Power LED DR/B/FR 120, ~250 µmol/m2s, 60% humidity) and
moved into milder continuous mild heat (CMH30: 30.5°C day, 25.5°C night,) upon flowering. To
determine the rate of flower deformations newly opened flowers were harvested daily on day 8 to 15
after moving the plants into CMH30, flowers were scored as described above. Pollen germination was
determined from newly opened flowers on day 8 after moving into CMH30 and pollen number on the
days 13-15 after moving into CMH30. Flowers and pollen from control conditions were harvested and
analysed on the same days. Pollen germination was analysed as described above and pollen number
was determined with a Bürker-Türk counting chamber.
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Light microscopy
Anthers were fixed in FAA for 24 hours at 4°C, dehydrated in a graded ethanol series and embedded
in Technovit 7100. Sections of 5-7µm were cut with a rotary microtome and stained with toluidine
blue 0.1% in 1% borax. Sections were viewed and photographed with a Leitz Orthoplan microscope,
equipped with a Leica camera DFC 420C.

qRT-PCR
RNA was extracted from the flower organs using Trizol (Invitrogen) and treated with DNase I. cDNA
was synthesized using the IScript kit (Bio-Rad) and the PCR (end volume of 25 µl, containing cDNA
equivalent to 10 ng RNA) was performed using the SybrGreen iQ mix (Bio-Rad). The primer pairs (Table
1) used for the analysis were designed using Beacon Designer (Premier Biosoft). Cq values were
determined by CFX Manager 3.0 (Bio-Rad) and the efficiency was calculated using LinReg PCR. The
normalization factor was calculated using GeNorm (Biogazelle), using SAND, CAC, EF1α and RPL8 as
reference genes. The qRT-PCR was performed with four and five biological replicates from flower buds
and mature flowers, respectively.
Table 1. List of primers used in this study.
Gene

Accession number

Sequence forward primer

Sequence reverse primer

TAP3
TM6

Solyc04g081000.2.1

ATATTAGACTTACGCCTTC

AATTACTACTCAACCTAGAG

Solyc02g084630.2.1

GTTCACAGTAATGGCGTTA

ATAATAGAGTGCTTAACACAGAA

TPI
LePI

Solyc06g059970.2.1

CCCACTTTAAATTAAGAACT

GCTAGGTAAGTAGAACAAT

Solyc08g067230.2.1

ATTGAGACAACTAGAGATAGCA

TAGATGGGAGGTTTGATTTAGA

TAG1

Solyc02g071730.2.1

CTCAGCAATTCGATACTC

CTCTCAAGCACATTAGAC

TAGL1

Solyc07g055920.2.1

GCATAGCAGAGGTAGAGA

TTACAGGCAGGAAGTTATTG

SlTTS

Solyc02g078100.2.1

AAGCCACCATCACCTTAT

TCAGCCTGTTCAACTAATG

TAGL11

solyc11g028020.1.1

TCTACTGAGGAGGAAGGAA

AAGTTGAGATGTCCAGAGTAT
GCAAACAGAACCCCTGAATC

SAND

Solyc03g115810.2.1

TTGCTTGGAGGAACAGACG

CAC

Solyc08g006960.2.1

CCTCCGTTGTGATGTAACTGG

ATTGGTGGAAAGTAACATCATCG

EF1α

Solyc06g005060.2.1

TGATCAAGCCTGGTATGGTTGT

CTGGGTCATCCTTGGAGTT

RPL8

Solyc10g006580.2.1

GGTGTTCTGGTGATTACGCCATTG

CCAGCAACCTGACCAATCATAGC

Statistics
Frequencies of anther deformation under three temperatures and in three genotypes were averaged
on plant level and compared using a non-parametric Kruskal-Wallis one-way ANOVA followed by
Mann-Whitney U test to compare group means pairwise. As the data on frequencies of anther
deformation in the TM6 experiment did not comply with assumptions of ANOVA, they were tested
using a generalized linear model on count data. Pollen germination data and pollen number data were
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logit-transformed and log-transformed, respectively, and analysed by a one-way ANOVA with Tuckey
or two-way ANOVA with Tuckey followed by a one-way ANOVA to test for differences between
individual groups, as appropriate. For analysis of the qRT-PCR data, log-transformed normalized
relative quantities were compared using a student’s t-test, according to (Rieu and Powers 2009). All
analyses were performed using IBM SPSS statistics version 21 (IBM).

Results
Co-occurrence of floral deformations and low pollen viability under continuous mild heat
conditions
As has been reported before (Peet et al. 1998), tomato pollen viability was compromised when plants
were grown under continuous mild heat (CMH), with clear effects being visible at ~32°C/26°C day- and
night-time temperatures (CMH32; Figure 1A). In addition, we observed that under these conditions
part of the anthers developed deformations, consisting of spacing between anthers, twisting and
greening of the tips (“antheridial cone splitting”; Figure 1B). The frequency of these deformations
increased with higher temperatures (CMH34), while at the same time pollen viability was further
reduced (Figure 1A). To test whether the negative correlation between the occurrence of anther
deformation and pollen viability remained when using a different perturbation than temperature, we
compared wild-type plants with plants with increased heat tolerance, due to overexpression of the
glutaredoxin GRXS17 (Wu et al. 2012). When grown under control conditions, transgenic lines were
indistinguishable from the wild type. In contrast, when grown at CMH32, the AtGRXS17overexpressing lines showed significantly fewer flowers with anther deformations than the wild type,
while the pollen viability was higher than in the wild type (Figure 1C). Thus, in both experimental
systems, pollen viability and the presence of anther deformation were negatively correlated within
the same temperature range.

CMH-induced anther deformations are homeotic
Closer inspection revealed that in some cases aberrant tissue was present on the adaxial side of the
anthers grown under CMH32 (Figure 1B). Cytological analysis showed the presence of clusters of
relatively small cells, along the length of the anthers (compare Figure 2A to Figure 2B). This abnormal
tissue bore a similarity to the transmitting tissue found in the centre of the style (Figure 2C).
Furthermore, ovule-like protrusions were found at the base of the anthers (Figure 2D). Thus, tissues
and organs resembling those normally found in the inner-most whorl of tomato flowers were present
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on the anthers of flowers grown under CMH32, suggesting that CMH32 induced a partial homeotic
conversion from anthers to pistil.

Figure 1. Continuous mild heat conditions
affect pollen viability and flower deformation
simultaneously.
A, Frequency of anther deformations and
pollen germination rate of tomato plants (cv.
Red

Setter)

grown

under

different

temperature regimes (CT, CMH32, CMH34).
Values represent the mean ± SD, different
letters

indicate

statistically

significant

differences (per trait, P<0.01). B, Mature
flowers of wild-type tomato (cv. Red Setter)
from control (CT) and CMH32 conditions.
Insets show the adaxial side of the indicated
boxed regions. Scale bars: 1 mm and 0,5 mm
(insets). a, anther; ovl, ovule-like structures; p,
petal; pi, pistil; s, sepal. C, Frequency of anther
deformations and pollen germination rate of
wild type (WT) tomato plants (cv. Rubicon)
and

transgenic

lines

AtGRXS17-3

and

AtGRXS17-9 grown under CMH32. Under
control conditions, no anther deformations
were observed, and percentage pollen
viability was 60 ± 12 (SD), 60 ± 13 and 56 ± 9
for

WT,

AtGRXS17-3

respectively

(no

and

significant

AtGRXS17-9,
differences

between genotypes). Values represent the
mean

±

SD,

different

letters

indicate

statistically significant differences (per trait,
P<0.05).
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Figure 2. Cross sections of anthers and pistils from mature flowers of the tomato cultivar Red Setter grown under
control and continuous mild heat conditions.
A, overview of anthers grown under control conditions (CT). Scale bar: 300 µm. B, overview of anthers and pistil
from CHM32. Scale bar 300 µm. C, transmitting-tissue-like cells from an anther grown under CMH32 (close up
of B) on the left, and true stylar transmitting tissue from control conditions on the right. Scale bar 20 µm. D,
ovule-like deformation from an anther grown under CMH32 (scale bar 30 µm). Upper inset shows overview of
CMH32 anther with ovule-like deformation (scale bar 300 µm), lower inset shows a true ovule from control
conditions (scale bar 50 µm). a, anther; l, locule; ov, ovule; ovl, ovule-like structure; st, style; tt, transmitting
tissue; ttl, transmitting tissue-like cells; v, vascular bundle.

To independently confirm that the anthers gained pistil-like identity under CMH32, we
harvested anthers and pistils from plants grown under control and CMH32 conditions and analysed
the expression of two pistil-specific genes. In tobacco, TRANSMITTING TISSUE SPECIFIC (TTS) is known
to be expressed in the transmitting tissue of the style (Cheung et al. 1993). The tomato ortholog
(Solyc02g078100), which we named SlTTS, was identified on the basis of sequence similarity. Gene
expression analysis showed that its transcript indeed accumulated specifically in pistils, with strongest
expression in mature flowers (Figure 3A). Similarly, we confirmed that the expression of the MADSbox gene TOMATO AGAMOUS LIKE11 (TAGL11), involved in ovule development (Victoria et al. 2003),
was pistil specific (Figure 3B). Subsequent analysis showed that the anthers of plants grown under
CMH32 had significantly higher expression of SlTTS and TAGL11 then those from plants grown under
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control conditions (Figures 3C and 3D). This result supports the hypothesis that the observed anther
deformations are homeotic conversions.

Figure 3. Relative expression of pistil marker genes in anthers and pistils of Red Setter grown under control
conditions and continuous mild heat (CMH32).
A, B, Relative expression of the SlTTS (A) and TAGL11 (B) in anthers and pistils from 2-3mm flower buds and
mature flowers (grown under control conditions). C, D, relative expression of SlTTS (C) and TAGL11 (D) in anthers
grown under control conditions (CT) and CMH32. Values represent the mean ± SE, with the mean expression in
anthers (A, B) or under control conditions (C, D) at each developmental stage set to 1. *, significantly different
from anther (A, B) or the control treatment (C, D), P<0.05; **, P<0.01; ***, P<0.001.

Expression of B- and C-class genes under CMH32
Anther identity depends on activity of B- and C-class genes and a decreased ratio of B- to C-class gene
expression may lead to pistil-like identity in the anthers (de Martino et al. 2006). Therefore, we
analysed expression of these classes of genes in anthers grown under control and CMH32 conditions.
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In core eudicots, the APETALA3 (AP3) B-class gene lineage has diverged into two paralogous lineages:

euAP3 and TOMATO MADS BOX GENE6 (TM6) (Kramer et al. 1998). While in Arabidopsis and
Antirrhinum only the euAP3 lineage has been retained (Bowman et al. 1989), tomato has both
lineages, i.e. TOMATO AP3 (TAP3) and TM6 (de Martino et al. 2006). A loss-of-function mutation in

TAP3 results in a homeotic conversion of stamen to pistil-like tissue, as well as conversion of petals to
sepal-like structures (Quinet et al. 2014). Silencing of TM6, on the other hand, only leads to homeotic
conversions of the stamen (de Martino et al. 2006; Quinet et al. 2014). Similarly, tomato contains two
PISTILLATA-type B-class genes, i.e. Lycopersicum esculentum PISTILLATA (LePI) and TOMATO

PISTILLATA (TPI) (Mazzucato et al. 2008; de Martino et al. 2006). Figure 4 shows that the relative
expression of the B-class gene TAP3 was already reduced in young anthers grown under CMH32, while
in mature anthers also TM6 and LePI were expressed significantly lower. The B-class gene TPI was not
differentially expressed, and also expression of the C-class genes TOMATO AGAMOUS1 (TAG1) and

TAG-LIKE1 (TAGL1) was not significantly affected by CMH32.

Figure 4. Relative expression of B- and C-class genes under control and continuous mild heat conditions (CMH32)
in anthers of the tomato cultivar Red setter.
A, expression of the B-class genes TAP3, TM6, TPI and LePI and the C-class genes TAG1 and TAGL1 in young
anthers of 2-3 mm. B, gene expression in mature anthers. Values represent the mean ± SE, with the mean
expression in the control condition set to 1. *, significantly different from the control treatment, P<0.05; **,
P<0.01; ***, P<0.001.
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Interestingly, the more heat tolerant AtGRXS17-overexpression lines (Figure 1C) not only showed
markedly reduced ectopic expression of the pistil marker TAGL11 in young anthers under CMH32 than
the wild type, but also significantly higher AP3 expression (Figure 5).

Figure 5. Relative expression of the pistil marker gene TAGL11 and B-class gene TAP3 in wild-type and AtGRXS17overexpressing lines under continuous mild heat (CMH32) conditions.
A, B, Relative expression of TAGL11 (A) and TAP3 (B) in young anthers of 2-3 mm in wild type (WT) and AtGRXS17overexpressing lines grown under CMH32. Values represent the mean ± SE, with the mean expression in the wild
type set to 1. *, significantly different from the wild type, P<0.05; ***, P<0.001.

Flower phenotype of a TM6-RNAi line under CMH30 and control conditions
To determine whether the observed down-regulation of B-class genes in anthers under CMH32 acted
up- or downstream of the change in identity, we analysed a weak TM6-RNAi line (de Martino et al.
2006). As was previously described, this line showed only very few anther-to-pistil conversions when
grown under control conditions (Table 2). However, when grown under CMH30, a temperature regime
not high enough to cause homeotic conversions in the wild-type background, the frequency of antherto-pistil related deformations in this line increased significantly (Table 2). At this temperature regime,
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most of the TM6-RNAi flowers had strong anther deformations, even stronger than those of wild-type
plants under CMH32. The enhanced effect at CMH30 might be due to combined mild reductions in

TM6 and AP3 expression, although activities of these genes are not dependent on each other (de
Martino et al. 2006).
Table 2. Presence of anther deformations, pollen germination rate and pollen number of wild-type Microtom
and the TM6–RNAi line under control and CMH30 conditions.
Anther deformations (%)

Pollen germination (%)

Pollen number (*103)

CT

CMH30

CT

CMH30

CT

CMH30

WT

0 ± 0 A (32)

0 ± 0 A (73)

76.4 ± 9.6 A (26)

24.9 ± 19.4 B (12)

71.8 ± 25.4 A (19)

20.6 ± 10.8 B (23)

TM6i6

12.4 ± 7.5 A (80)

57.1 ± 14.1 B (82)

36.6 ± 15.5 B (22)

0 ± 0 C (8)

9.7 ± 6.5 BC (18)

3.9 ± 3.5 C (19)

Genotype

< 0.001 (11.634)

< 0.001 (55.951)

<0.001 (39.117)

Treatment

< 0.01 (7.855)

< 0.001 (68.868)

<0.001 (15.042)

Interaction

< 0.01 (8.554)

0.014 (6.453)

0.044 (4.219)

Plants were grown under control temperatures (CT) or CMH30. Values are mean ± SD. The number of
analysed flowers is indicated between brackets. Different capitals indicate significant differences
between the treatment-genotype groups for the concerning trait, P<0.05. Significances of the main
effects and their interaction according to the two-way analyses are indicated, with χ2 or F-values
between brackets.

Effect of reduced B-Class gene activity on pollen viability
To determine whether reduction of B-Class gene activity also affected pollen development, we
analysed pollen number and pollen germination potential of the wild type and TM6-RNAi lines grown
under control and CMH30. As expected, pollen number and viability was somewhat reduced by
CMH30 in the wild type. Already under control conditions, TM6-RNAi plants produced significantly
fewer pollen than the wild type, and the remaining pollen had lower viability (Table 2). Under CMH30,
these characteristics were further affected, especially pollen viability. There was a significant
interaction between genotype and treatment for both traits, in that the TM6-RNAi line responded
singnificantly more strongly to the treatment than the wild type (Table 2). Taken together, our results
show that an artificial decrease in TM6 expression mimics/enhances high temperature-induced
phenotypic defects in both, anther and pollen development.
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Discussion
In the current era of global warming, high temperature damage to plants is an increasingly frequent
phenomenon, particularly around the reproductive period (Lobell and Gourdji 2012; Gourdji et al.
2013). Heat-induced male infertility has been noted in a wide variety of angiosperms and a link
between defects in pollen development and the function of sporophytic anther tissue under high
temperature has been hypothesized. Data presented here suggest a mechanistic basis for this relation.
Our results fit a model in which continuous mild heat represses B-class gene activity, which normally
acts to direct stamen identity and thereby supports pollen development. Interestingly, gross
morphological changes in stamen size and morphology have been noted to accompany reduction of
pollen viability not only in the various tomato accessions in this study, but also in a number of other
species (Sakata et al. 2000; Porch and Jahn 2001; Sakata et al. 2010; Min et al. 2013). Furthermore,
closer inspection of a data set from (Oshino et al. 2007) on transcriptomic changes in developing
flower organs of barley under CMH revealed a similar down-regulation of B-class genes (data not
shown). Together, these findings suggest that the model proposed may be more broadly applicable to
flowering plants.
Support for our results comes from the tomato stamenless type of mutants mutant. The sl
mutant has complete homeotic conversion of anthers to carpels (fused to the central carpel) and was
recently found to be a TAP3 mutant (Gomez et al. 1999; Quinet et al. 2014). sl-2 is likely to be allelic
to sl (Nash et al. 1985), but has a weaker homeotic phenotype, analogous to the TM6-RNAi line used
in our studies (Sawhney and Greyson 1973; Quinet et al. 2014). Interestingly, the flower phenotypes
of these mutants are temperature dependent, as flower morphology and fertility of both can be
rescued by growth at reduced temperatures and the anther and pollen defects of the sl-2 mutant are
strongly enhanced when the plants are grown at elevated temperature (Gomez et al. 1999; Sawhney
and Greyson 1973). These findings are in accordance with the fact that TAP3/TM6 gene expression is
reduced by high temperature (Figure 4) and induced by low temperature treatment (Lozano et al.
1998). Thus, B-class gene activity seems to be negatively regulated by ambient temperature over a
broad range of temperatures.
Studies in Arabidopsis have shown that expression of B-class genes is regulated by different
pathways over the course of flower development. During the floral meristem patterning stage, their
expression is induced by LEAFY and APETALA1 (Winter et al. 2011; Weigel et al. 1992). At later stages
of anther and pollen development, however, B-class gene expression is maintained by gibberellin (GA)
via degradation of DELLA proteins, which act as repressors of the B-class MADS-box genes (Yu et al.
2004; Weigel et al. 1992). Notably, a GA-hyposensitive mutant in wheat has recently been shown to
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be hypersensitive to high temperature regarding seed set (Alghabari et al. 2014) and among rice
cultivars, the ability to maintain pollen viability under high temperatures was shown to correlate with
higher contents of GA (Tang et al. 2008).
Phenotypically, male infertility as caused by high growth temperature is very similar to that
caused by drought during flower development, including aberrant development of the tapetum (De
Storme and Geelen 2014; Parish et al. 2012). In Arabidopsis, it has been shown that AP3 gene
expression is also reduced under drought (Su et al. 2013), which may mean that the similarity extends
towards the underlying molecular defect. Interestingly, homeotic anther conversion has also been
described for a cytoplasmic male sterile (CMS) Brassica napus line and expression of the B class genes
was strongly reduced in the CMS line (Teixeira et al. 2005). The reason for the anther phenotype is
unknown, but as the CMS is caused by mitochondrial dysfunction, it has been suggested to be related
to higher reactive oxygen species (ROS) production (Horn et al. 2014). Because high temperature is
known to affect ROS levels, it is tempting to hypothesize that this represents the initial defect in this
condition as well. This would agree to our finding that overexpression of a glutaredoxin gene improves
anther and pollen development and AP3 gene expression under high temperature. Future studies
combining manipulations of B-class gene activity, GA signalling strength and ROS levels should shed
light on this.
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Chapter 6

Developing pollen are sensitive to stress
Environmental conditions such as temperature and water availability are constantly changing. While
fluctuations take place more or less predictably over seasons and over the 24-hour day, strong
deviations of the average can also occur unexpectedly, within days or even hours. Based on the latest
IPCC report (2014) extreme weather events such as heavy rain, droughts and heat waves are foreseen
to become more frequent and more severe in the future (Pachauri et al. 2014; Russo et al. 2014). As
sessile organisms, plants are not able to avoid such adverse conditions and thus need to adapt and
endure such periods. To do so, plants have evolved mechanisms to maintain cellular homeostasis over
a wide range of temperatures and water levels. Interestingly, developing pollen and the surrounding
tissue, the tapetum, seem to be hyper-sensitive to a variety of abiotic stresses and often the first
tissues to be adversely affected (Parish et al. 2012; Zinn et al. 2010; De Storme and Geelen 2014). In
our studies we have looked specifically at heat stress, using two types of naturally occurring heat
profiles, i.e. one resembling “a single hot day” (10 h at 38°C) and one resembling a “heat wave”
(continuous mild heat; 12 h 32°C day/12 h 26°C night, for multiple days). Indeed, pollen germination
rate of tomato can be equally reduced if the developing pollen experience a heat shock (e.g. 1.5h at
42°C; Fragkostefanakis et al. 2016), a single hot day (Chapter 2 and 4; Li 2015) or continuous mild heat
(Chapter 5; Xu et al. 2017a; Xu et al. 2017b). One explanation for this observation is that all three heat
profiles affect the same process and that the amount of stress experienced by pollen and tapetum
depend on the combination of severity and duration of the treatment (“thermal time”). However, it is
also conceivable that different processes are affected. For example, pollen failure upon “one hot day”
has a very different dynamics than upon continuous mild heat. While upon the first, most of the
microspores failed or are deformed already the day after the exposure (Chapter 2), upon multiple days
of mild heat, microspores develop rather normally and developing pollen die much later, after mitosis
(Xu 2016).
To better understand the striking sensitivity of developing pollen to high temperatures, it can
be worthwhile to look at other cases of induced male sterility. Next to high temperature, exposure to
a cold shock affects pollen number and quality in tomato (Patterson et al. 1987). Remarkably, two
stages sensitive to cold stress were identified, the first and most sensitive around 11 days before
anthesis and the second at 5 days before anthesis (Patterson et al. 1987), closely resembling our
findings with high temperature (Chapter 2). In pepper, multiple days with low night time temperature
has also been described to affect pollen number and viability (Pressman et al. 1998; Shaked et al. 2004;
Polowick and Sawhney 1985). Furthermore, studies on wheat, rice and Arabidopsis have shown that
drought can result in male sterility (Jin et al. 2013; Su et al. 2013; Saini and Aspinall 1981). Interestingly,
high temperature induced defects in pollen and tapetum development also share similarities with
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defects caused by cytoplasmic male sterility (CMS), a phenomenon reported in different plant species.
Some causal genes have been identified that are linked to mitochondrial function (Hu et al. 2014).
CMS phenotypes can be sensitive to changes in temperatures and all of them are limited to the
development of the male gametophyte, even though CMS genes have been shown to be transcribed
in other tissues as well. Abnormal tapetum development, such as hypertrophy and premature or
delayed degeneration were observed in CMS systems in, amongst others, soybean, radish, rice, wheat,
tobacco and mustard, resulting in the failure of pollen development (Liu et al. 2009; Holford et al.
1991; Smith et al. 2002; Luo et al. 2013; Bonnett et al. 1991; Schnable and Wise 1998).
Unique characteristics may explain pollen heat sensitivity
Based on the above, pollen seems to be a particularly sensitive concerning environmental stresses.
But why so? Pollen, consisting of haploid, detached cells have several physiological and molecular
characteristics that clearly set them apart from vegetative tissues (Rutley and Twell 2015). For
example, pollen has a very distinct transcriptomic profile (Becker et al. 2003; Davidson et al. 2011). As
shown in chapter 3, also the DNA methylation profile of developing pollen and seedlings differ from
each other. The differences became more pronounced after temperature stress, indicating that
seedlings and pollen vary in their response to temperature changes.

HSR
Several studies have suggested that a major difference lies in the induction of HSR, reporting a
reduction or even lack of induction of certain HSFs and HSPs, including HSFA2, HSP20 and HSP70
genes, in heat treated developing pollen (Frank et al. 2009; Giorno et al. 2010; Tunc-Ozdemir et al.
2013; Volkov et al. 2005; Gagliardi et al. 1995). Thus, inability to mount a complete heat shock
response might preclude good protection against unfolding proteins. Support for this hypothesis
comes from the finding that over-expression of Arabidopsis HSP101 improved thermotolerance of
developing pollen in cotton (Burke and Chen 2015). However, other studies seem to contradict these
findings, including our own, where we found that HSFA2 and HSP70 transcripts were even more heat
inducible in anthers than in seedlings and that many HSP20 genes were highly heat responsive, too
(Chapter 4; Li 2015; Giorno et al. 2010). To get a better understanding of this aspect, it will be
necessary to differentiate between heat profiles, because HSFA2 overexpressing lines performed
better than wild type in “one hot day” (Li 2015), but not in continuous mild heat (data not shown),
suggesting that the first, but not latter regime affects pollen development through protein unfolding.
In addition to the HSR induction phase, maintenance may differ, as we found that seedlings, but not
anthers sustained HSP70 gene expression in the days following a first heat exposure (Chapter 4).
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Anther identity
In our study on the effect of continuous mild heat, we showed that reduced pollen viability in response
to the heat correlated with homeotic anther to pistil-like conversions, and suggested downregulation
of B-class MADS-box genes as the underlying mechanism (Chapter 5). Interestingly, several of the
other instances of induced male sterility come with anther defects, too. This is the case for low night
time temperature in pepper, which induces anthers to become carpeloid (Polowick and Sawhney
1985; Pressman et al. 1998; Shaked et al. 2004), and drought, which affects anther development (Jin
et al. 2013; Saini et al. 1984; Su et al. 2013), in Arabidopsis accompanied by reduced expression of AP3
and deregulation of other floral patterning genes (Su et al. 2013). Homeotic conversions and
differential expression of MADS-box genes was also reported for a number of CMS systems (Yang et
al. 2008; Yang et al. 2017; Teixeira et al. 2005; Linke et al. 2003; Saha et al. 2016; Carlsson et al. 2008).
For these systems a model was proposed in which retrograde signalling from mitochondria to the
nucleus regulates MADS-box gene expression, resulting in homeotic conversions of stamen and failure
of pollen and/or tapetum development (Chen et al. 2013; Saha et al. 2016; Yang et al. 2008). The fact
that the B-class MADS-box genes act in flowers only could explain the hypersensitivity of this organ,
specifically.

ROS
In addition to pollen specific molecular mechanisms, the unique physiological characteristics of
developing pollen and tapetum might be related to stress sensitivity. Pollen and tapetum seem to
have an unusually strong demand for energy, as indicated by the high number of mitochondria present
in these cells (Lee and Warmke 1979; Selinski and Scheibe 2014). Mitochondria are thought to be a
major source for the production of reactive oxygen species (ROS) in plant cells (Gill and Tuteja 2010).
While ROS play an important role as signalling molecule in response to different stresses and
developmental processes, they are also highly reactive and can potentially damage different cellular
components when accumulating in response to abiotic stresses (Sewelam et al. 2016; Suzuki et al.
2012). Therefore plants have evolved an enzymatic ROS scavenging machinery that actively detoxifies
ROS and accumulate antioxidant compounds, like flavonoids and other phenolic compounds that act
as ROS scavengers (Gill and Tuteja 2010). It seems that pollen induces the transcription of genes
encoding enzymes involved in ROS scavenging upon high temperatures and accumulate antioxidants
(Kumar et al. 2014; Coberly and Rausher 2003; Paupière et al. 2017), in agreement with our findings
on APX2 induction (Chapter 4). However, given the great number of mitochondria in pollen and
tapetum, it is tempting to speculate that upon heat, these produce a disproportionate amount of ROS
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that cannot be counteracted by the detoxifying machinery. Support for this hypothesis comes from
our observations that mitochondria show swelling and gradual degradation of membranes in response
to “one hot day” (Chapter 2). Furthermore, plants overexpressing Arabidopsis Monothiol Glutaredoxin

17 (AtGRXS17), a key player in the redox-protein network (Hu et al. 2015), have a higher pollen viability
under continuous mildly elevated temperatures and show a reduced frequency of homeotic
conversions (Chapter 5). A recent study reported that AtGRXS17 might also be involved in the repair
of DNA damage and maintenance of genome integrity, thus opening another possible mode of action
for higher thermotolerance conferred by GRXS17 (Inigo et al. 2016). Since the production of ROS plays
an important role in controlling tapetum degeneration, stress-induced production of ROS could
interfere with regular signalling and proper tapetum development. Arabidopsis and rice mutants,
either affected in the tapetum-specific accumulation of ROS or ROS homeostasis in pollen and
tapetum, show aberrant tapetum development and reduced pollen fertility, respectively (Yi et al.
2016; Hu et al. 2011). Also in a rice CMS-system, abnormal and premature tapetum degradation has
been linked to a CMS gene that interferes with peroxide metabolism and results in premature
accumulation of ROS around the mitochondrial membrane (Luo et al. 2013).

Energy
Finally, we observed that upon a 10-hour high temperature treatment pollen accumulates less starch
granules and lipid bodies (Chapter 2), which may be due to reduced provision of nutrients by the
tapetum or to an increased consumption in pollen in response to high temperatures. Under a longer
lasting mild heat stress regime, transcription and activity of cell wall acid invertases (CWIN),
responsible for sugar uptake into microspores, are reduced and might result in a lower uptake of
hexoses and contribute to carbohydrate depletion (Pressman et al. 2006; Sato et al. 2006). At the
moment, however, it is not clear whether CWINs are also negatively affected by shorter, more severe
heat episodes.
In conclusion, pollen is affected at an early developmental stage by heat, but also cold, drought and
by the action of mitochondrial genes conferring CMS. In addition to reduced pollen viability, several
of these phenotypes are accompanied by abnormal tapetum development and premature tapetum
degeneration, homeotic anther conversions and altered expression of MADS-box genes. We
hypothesise that these physiological processes share common basis, potentially involving ROS (Fig 1).
The relevance of the different effects may depend on the type of heat stress, with possibly a larger
role for identity during mild stress and protein denaturation upon more severe heat.
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Figure 1. Possible defects related to pollen failure under heat. Developing pollen and the surrounding tapetal cells show a
high sensitivity to heat (lightning symbol), which often results in premature degeneration of tapetal cells and aberrant
developmental or programmed cell death of developing pollen. While the cause of this sensitivity remains unknown, we
suggest several physiological characteristics of developing pollen that might be related to pollen failure under heat: 1) Heat
results in the unfolding of proteins. This effect is normally mitigated by the classical chaperone heat stress response (HSR),
but pollen and/or tapetal cell may not be able to mount a full HSR comparable to vegetative tissues, which is then insufficient
to protect and refold protein, 2) Developing pollen and tapetal cells contain high numbers of mitochondria. Increased
respiration or electron leakage due to heat might result in the production of a disproportional amount of reactive oxygen
species (ROS) that cannot be sufficiently detoxified by the protective cellular mechanisms, causing damages to different
cellular components and interfering with tapetum development and degeneration; 3) Heat-induced ROS production or
protein unfolding might interfere with proper expression of MADS-box-type identity genes; 4) Tapetal dysfunction or effects
on specific metabolic pathways under heat stress might result in reduced delivery of carbohydrates and other compounds
to developing pollen, resulting in starvation.
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Pollen thermosensitivity as an adaptation
Developing pollen has the capacity to gain acquired thermotolerance (Chapter 4), which will most
likely be active during gradual and recurrent temperature increases experienced by plants in natural
situations (Mittler and Blumwald 2015). Still, looking at current problems in agriculture, it seems that
many crops originate from and are cultivated at locations where the temperature limits for optimal
male fertility are likely to be reached regularly. An interesting question is, why during evolution pollen
thermotolerance was maintained at these relatively low levels. An as yet unexplored explanation
could be that pollen stress sensitivity is in fact an adaptation by itself. Firstly, because the subsequent
processes of embryo and fruit development are adversely affected by high temperature (BacMolenaar et al. 2015; Mulholland et al. 2003), preventing investment in reproduction at too high
temperatures through regulated reduction in fertility might be beneficial for plant fitness. Support for
this hypothesis comes from the decrease in auxin levels upon heat, that is only observed in anthers,
while in vegetative tissues it increases (Sakata et al. 2010; Du et al. 2013). Exogenous application of
auxin to barley plants reversed transcriptional alterations upon heat and resulted in normal pollen
development, thus indicating that lowering of auxin levels might be an active response of the plant to
stop pollen development (Sakata et al. 2010; Higashitani 2013b). Insight in the molecular regulation
of the two contrasting responses might shed light on this. Secondly, it could be hypothesized that
under stress conditions, it is advantageous to keep the female gametophyte and kill the male gametes,
as this would promote outcrossing, result in higher genetic variability among offspring and thus
increase the chance of genetic adaption to adverse conditions. This idea fits with the finding that
plants under stress conditions, including heat, show higher homologous recombination frequency (De
Storme and Geelen 2014).
Improving pollen thermotolerance
Since fruit and seed set under high temperature conditions are directly linked to pollen viability (Xu et
al. 2017), increasing pollen stress tolerance should be an important target in breeding crops for future
climate conditions (Xu 2016; Stratonovitch and Semenov 2015). Based on our own studies on pollen
thermotolerance, we propose several strategies to enhance this trait.
From our cytological study described in chapter 2, it appears that “one hot day” has a different
effect than continuous mild heat (Xu 2016). Thus, it may be necessary to regard the respective
tolerances as independent traits. Also, carbohydrate problems suggest that improving source strength
or sink functioning might be options for improvement.
In chapter 3, we saw that there is some directionality in DNA methylation changes upon heat
exposure. Although we did not link this to phenotypic effects, other studies suggest such a link. For
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example, in a screen for adaptation to temperature seasonality, an Arabidopsis accession was
identified that carries a stop mutation in CMT2 (Shen et al. 2014). These plants showed altered CHH
methylation patterns, a better adaptation to varying temperatures and a higher thermotolerance.
Unlike CG-methylation, CHH methylation might be maintained by the RdDM-pathway and transmitted
stable through sexual reproduction (Jullien et al. 2012; Schmitz et al. 2013; Bond and Baulcombe
2014). With the recent development of molecular techniques that enable modification of epigenetic
marks in a sequence-specific context, epigenetic breeding could become a powerful tool in the future
(Bilichak and Kovalchuk 2016). However, use of such epi-alleles for improvement of stress tolerance
will require knowledge on the epigenetic basis of these traits, combined with an understanding of
population epi-genetics and the ecophysiological evolution of such traits.
In chapter 4, we concluded that thermotolerance of pollen can be enhanced by pre-exposure,
but only in the short term. The underlying mechanism could act as a basis for further strengthening of
the tolerance, but because this mechanism is distinct from that in vegetative tissue, pollen-specific
studies are needed first. Long-term and transgenerational acclimation to stress would represent great
opportunities for plant breeding, through management of ancestral generation or young plants
(Mirouze and Paszkowski 2011). However, this phenomenon might not be very common.
From chapter 5, it seems that heat-insensitive expression of B-Class MADS-box genes could
enhance tolerance, specifically to heat-wave like temperature profiles. Similarly, plants with a higher
ROS scavenging activity or a higher repair capacity for oxidative damage in tapetum and/or
microspores might be an interesting target to improve pollen tolerance to different abiotic stresses.
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Summary
As sessile organisms plants are subject to constant changes of temperatures in their natural
environment, some predictable, recurring, others much less so. If temperatures change, plants need
to adjust their metabolism in order to return to cellular homeostasis. However, if the stress is too
severe, cells, and eventually the whole plant, may be damaged and even die. Developing pollen is one
of the cell types most sensitive to adverse environmental conditions, like heat. Since pollen
development and functioning are directly linked to seed and fruit set, and thus yield of many crops,
improving our understanding of pollen heat responses and heat induced defects of developing pollen
is urgently needed and will contribute to the development of crops with a more reliable yield under
future climate conditions. This thesis presents four experimental studies into the reaction of
developing pollen to heat and the molecular mechanisms underlying pollen thermotolerance. To this
end, we have applied high temperature regimes that resemble naturally occurring profiles, i.e. a short
treatment of “one hot day” (38°C or 40°C for 10 h) and a longer lasting, heat-wave like “chronic mild
heat stress” treatment (32°C/26°C, day/night).
In chapter 2, we assessed the damage done to developing pollen by “one hot day”. We found
that the most sensitive stage during development was when anthers contained mainly early
microspores, shortly after the meiotic division, or, somewhat less sensitive, early binucleate pollen,
just after mitosis. We employed a semi-quantitative approach to monitor microspore development
on the days after heat stress exposure and observed that about one third of early microspores died
directly after the heat treatment, while the remaining ones showed aberrations in development and
failed during subsequent days of development. However, within an anther, we did not observe any
differences in heat sensitivity of the various stages of microspores. Thus, we concluded that heat does
not affect a specific developmental process in the microspores, but that other factors that correlate
with pollen development, such as the development of the tapetum, are likely to be responsible for
the failure of developing pollen. In support of this hypothesis, we also observed developmental
abnormalities of the tapetum.
In chapter 3, we explored the possibility that changes in DNA methylation are part of the early
heat response of pollen, possibly by affecting gene expression. Using a high-throughput sequencing
method, we analysed genome-wide DNA-methylation of CCGG-nucleotides with and without a short
heat treatment and observed changes in DNA methylation in different developmental stages of pollen.
The sets of affected loci were enriched for specific biological functions and for genes that are heat
responsive. This indicates that differential DNA methylation is a targeted response of the plant and
indeed part of the plant heat shock response. However, significant changes in DNA-methylation
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occurred only if plants received a recovery period, indicating that the mechanism might not be
involved in the onset of heat-induced gene expression, but rather in the downregulation of heat
responsive genes upon return to normal conditions.
In chapter 4, we tested whether developing pollen at the most sensitive stages can acquire
enhanced thermotolerance, as a result of an earlier heat exposure. We showed that pollen indeed
shows short-term acquired thermotolerance comparable to vegetative tissues, lasting for several
days. Although the early heat-response of pollen resembles that of vegetative tissue also concerning
gene expression, in contrast to seedlings, the acquired tolerance of pollen is not accompanied by
sustained expression of HSP20 and HSP70 genes and thus depends on a distinct mechanism. We did
not find evidence for long-term or transgenerationally stable acquired thermotolerance in pollen.
In chapter 5, we investigated developmental changes of anthers when plants were grown
under continuous mild heat stress. We observed the occurrence of partial homeotic conversions of
anthers to pistil-like tissues, accompanied by the expression of pistil-specific genes and
downregulation of B-class MADS-box genes. Interestingly, partial silencing of a tomato B-class MADSbox gene, TM6, mimicked typical heat-induced phenotypes already under control conditions,
including reduced pollen viability, and rendered plants hypersensitive to a mild heat stress. Thus, we
propose an anther-specific molecular pathway to be involved in pollen thermotolerance.
In chapter 6, we discuss that strong and chronic mild heat stress might differently affect
developing pollen and that developing pollen has a striking sensitivity to other abiotic stresses as well.
Based on the phenotypic and molecular similarities of heat (our results), different abiotic stresses and
cytoplasmic male sterility, we suggest that these phenomena affect the same processes during pollen
development. Further, we argue that the sensitivity of pollen to various abiotic stresses might be an
adaptation itself and could be advantageous for the plant. Finally, we look how our results may
contribute to strategies to improve thermotolerance in crops.
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Samenvatting
Als sessiele organismen zijn planten onderhevig aan constante veranderingen van de temperatuur in
hun natuurlijke omgeving, soms voorspelbaar en terugkerend, soms niet. Als de temperatuur
verandert, moeten planten hun metabolisme aanpassen om terug de cellulaire homeostase te
herstellen. Als de stress te groot is, kunnen de cellen en zelfs de hele plant, beschadigd worden en
zelfs afsterven. Ontwikkelende pollen is één van de celtypes die het meest gevoelig zijn voor
ongunstige omgevingsfactoren, zoals warmte. Omdat de ontwikkeling en de werking van pollen direct
gekoppeld zijn aan zaad- en vruchtzetting, en daardoor aan de opbrengst van veel gewassen, is het
noodzakelijk om reactie van het pollen op warmte en de door hitte veroorzaakte schade aan
ontwikkelende pollen beter te begrijpen. Dit zal bijdragen aan betere en stabielere opbrengsten onder
toekomstige klimaatomstandigheden. Dit proefschrift beschrijft vier experimentele studies van de
reactie van ontwikkelende pollen op hitte en de moleculaire mechanismen die ten grondslag liggen
aan hittetolerantie. Voor dit doel hebben we hoge temperatuur regimes toegepast die vergelijkbaar
zijn met natuurlijk voorkomende profielen, dat wil zeggen een korte behandeling van "één hete dag"
(38° C of 40° C gedurende 10 uur) en een langere, hittegolf-achtige "chronische milde hittestress"
behandeling (32° C/26° C, dag/nacht).
In hoofdstuk 2 hebben we de schade aan de ontwikkelde pollen onderzocht na "één hete dag".
We ontdekten dat het stadium waarin de helmknoppen vooral jonge microsporen bevatten, kort na
de meiotische deling, het meest gevoelig was en dat er een tweede, iets minder gevoelig fase was als
helmknoppen jonge tweekernige pollen bevatten, net na de mitose. We gebruikten een semikwantitatieve methode om de microspore ontwikkeling te bestuderen op de dagen na blootstelling
aan hittestress en zagen dat ongeveer één derde van de vroege microsporen onmiddellijk na de
warmtebehandeling dood ging, terwijl de overgeblevenen afwijkingen gingen vertonen en stierven
tijdens de daaropvolgende ontwikkelingsdagen. Binnen een helmknop zagen we geen verschillen in
hittegevoeligheid tussen de uiteenlopende ontwikkelingsstadia van microsporen. Daaruit
concludeerden we dat warmte waarschijnlijk geen invloed heeft op een specifiek ontwikkelingsproces
in de microsporen, maar dat andere factoren die samenhangen met pollenontwikkeling, zoals de
ontwikkeling van het tapetum, verantwoordelijk zijn voor het ontsporen van de pollenontwikkeling.
Deze hypothese wordt ondersteund door het feit dat we ook afwijkingen in het tapetum zagen.
In hoofdstuk 3 onderzochten we de mogelijkheid dat veranderingen in DNA-methylering
onderdeel zijn van de vroege reactie van pollen op warmte, mogelijk via het beïnvloeden van
genexpressie. Met behulp van een “high throughput” sequencing-methode analyseerden we genoombrede-methylering van CCGG-nucleotiden met en zonder een korte hittebehandeling en zagen
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verandering in methylering van DNA in verschillende ontwikkelingsstadia van pollen. De genen die
beïnvloed werden, bleken vaker dan verwacht een overeenkomstige biologische functie te hebben en
op hitte te kunnen reageren. Dit toont aan dat differentiële methylering van DNA een gerichte reactie
van de plant is en onderdeel van de hittereactie van planten. Veranderingen in DNA-methylering
vonden echter alleen plaats als planten zich konden herstellen van de hittebehandeling, hetgeen
suggereert dat het mechanisme misschien niet betrokken is bij het aanzetten van de expressie van
hitte-geïnduceerde genen, maar bij de remming van expressie van deze genen na het afnemen van de
hitte.
In hoofdstuk 4 hebben we onderzocht of pollen in het gevoelige stadium een verhoogde
hittetolerantie kan verwerven na een eerdere blootstelling aan hitte. We vonden dat dit inderdaad
het geval is en dat de verhoogde hittetolerantie, net als in vegetatieve weefsels, gedurende enkele
dagen aanhoudt. Hoewel de vroege hittereactie van pollen ook wat betreft genexpressie lijkt op die
van vegetatief weefsel, gaat de verworven tolerantie van pollen in tegenstelling tot zaailingen niet
samen met langdurige expressie van HSP20 en HSP70 genen en is zij dus afhankelijk van een ander
mechanisme. Wij vonden geen bewijs voor lange termijn of transgenerationeel stabiele verworven
hittetolerantie in pollen.
We onderzochten in hoofdstuk 5 de veranderingen in helmknoppen als planten groeien onder
voortdurende milde hittestress. We zagen het optreden van gedeeltelijke homeotische conversies van
helmknoppen naar stamperachtig weefsel, vergezeld door de expressie van stampertypische genen
en remming van de activiteit van B-klasse MADS-box genen. Opmerkelijk is dat gedeeltelijke
uitschakeling van een tomaat B-klasse MADS-box-gen, TM6, typische warmte-geïnduceerde
fenotypen veroorzaakte onder normale temperatuur, waaronder een verlaagde levensvatbaarheid
van pollen, en planten ook overgevoelig voor een hitte maakte. Daarom concluderen we dat een
helmknopspecifieke signaalroute betrokken is bij pollen hittetolerantie.
In hoofdstuk 6 bespreken we dat korte sterke en chronische milde hittestress een andere
invloed hebben op pollenontwikkeling en dat pollenontwikkeling ook een opvallende gevoeligheid
voor andere abiotische stress vertoont. Op basis van de vergelijkbare fenotypische en moleculaire
effecten van hitte (onze resultaten), verschillende soorten abiotische stress en cytoplasmatische
mannelijke steriliteit concluderen we dat deze verschijnselen dezelfde processen beïnvloeden tijdens
pollenontwikkeling. We bespreken ook dat de gevoeligheid van pollen voor diverse soorten abiotische
stress een aanpassing op zelfzelf zou kunnen zijn die nuttig is voor de plant. Tot slot kijken we hoe
onze resultaten kunnen bijdragen aan het ontwikkelen van strategieën ter verbetering van de
hittetolerantie van gewassen.
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