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Abstract

Predicted increases in future global temperatures require us to better understand the dimensions
of heat stress experienced by plants. Here we highlight four key areas for improving our
approach towards understanding plant heat stress responses. First, although the term “heat stress”
is broadly used, that term encompasses heat shock, heat wave, and warming experiments, which
vary in the duration and magnitude of temperature increase imposed. A greater integration of
results and tools across these approaches is needed to better understand how heat stress
associated with global warming will affect plants. Secondly, there is a growing need to associate
plant responses to tissue temperatures. We review how plant energy budgets determine tissue
temperature and discuss the implications of using leaf versus air temperature for heat stress
studies. Third, we need to better understand how heat stress affects reproduction, particularly
understudied stages such as floral meristem initiation and development. Fourth, we emphasize
the need to integrate heat-stress recovery into breeding programs to complement recent progress
in improving plant heat-stress tolerance. Taken together, we provide insights into key research
gaps in plant heat stress and provide suggestions on addressing these gaps to enhance heat stress

resilience in plants.
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Introduction

Interest in plant heat stress tolerance has never been greater, driven largely by concerns of how
managed and natural ecosystems will be affected by climate change. Increasing amounts of
greenhouse gases result in increased energy in the atmosphere, a phenomenon termed “radiative
forcing”. As a result, global mean annual temperatures are predicted to increase by 0.3-4.8 °C by
2100 (IPCC, 2014), and many areas are likely to warm above the global average. Thus, growing
season temperatures, and the variability around the mean, will increase, which will alter the
phenology, physiological performance, and productivity of plants (Dusenge, Duarte, & Way,
2019). Additionally, climate change is expected to lead to more frequent and severe heat waves
(Hao, AghaKouchak, & Phillips, 2013), thus reducing plant survival, growth and yield (Teskey
et al., 2015; Ortiz-Bobea et al., 2019).

Heat stress episodes have a wide range of effects on plant physiology and overall
productivity, since they occur (or are imposed) at different temporal scales and with various
levels of intensity and duration (Teskey et al., 2015; Ishimaru et al., 2016). This led to a degree
of differentiation within the heat stress community, with some researchers focusing more on
short-term, extreme heat shock-type experiments (often using molecular and biochemical
techniques), and others concentrating more on ecological responses to longer-term warming
(often focusing on physiological techniques and productivity). However, these studies all address
the question of how heat stress affects plants, and an improved degree of cross-talk between
these approaches is necessary if we are to fully understand how climate change will alter
vegetation.

The diverse range of approaches used to investigate plant heat stress is also reflected in

the diversity of ways in which heat stress is imposed on a plant. Different facilities, including



leaf chambers (Schrader, Wise, Wacholtz, Ort, & Sharkey, 2004), plant chambers and
glasshouses (Jagadish et al., 2010; Dusenge, Madhavji & Way, 2020), field-based tents
(Bergkamp, Impa, Asebedo, Fritz, & Jagadish, 2018), radiant heaters (Ruiz-Vera et al., 2013;
Ruiz-Vera, Siebers, Drag, Ort & Bernacchi, 2015) and naturally hot summer months (Sathishra;j
et al., 2015) are used to quantify genetic diversity in heat tolerance, and understand physiological
and molecular responses to heat stress. Although these approaches provide critical opportunities
to advance heat stress research, they each address limited aspects of the heat stress response in
plants (Aronson and McNulty, 2009), by altering the immediate micro-climate surrounding crops
(Julia and Dingkuhn, 2013), leaves at different positions within tree canopies (Curtis, Knight, &
Leigh, 2019), and even tissues within a single rice panicle (Fu et al., 2016), at different
developmental stages (Shi et al., 2015). Aligning measured plant responses to changes in the
micro-climate and the temperature experienced by plants will provide more reliable insights into
how heat stress affects plants and help us develop strategies that can encompass heat tolerance
and recovery.

Heat stress can affect plants at any point during their development, yet some stages of
growth are more sensitive to heat than others. Heat stress induces strong negative impacts during
the thermally-sensitive developmental periods of early establishment and of flowering and
gametogenesis (Wahid, Gelani, Asiraf, & Foolad, 2007; Jagadish 2020), particularly in crops.
Progress aimed towards quantifying the impact of heat stress based on plant tissue temperature
would allow for improvements in addressing heat stress damage during stages such as flowering
or grain-filling, or the impact on the photosynthetic machinery. The common aspect across these
stages is our ability to directly relate the tissue temperature to the impact of the heat stress.

However, stages such as gametogenesis and floral meristem growth, although highly sensitive to



heat stress, present an additional challenge for quantifying heat stress impacts due to their
physical location within the leaf sheath (Quinones et al., 2017). This is reflected in our poor
understanding of the impact of heat stress on gametogenesis and floral meristem development,
despite the importance of these processes for food security in a changing climate.

Although studies involving other stresses, such as drought, have realized the importance
of post-stress recovery rate as a part of an integrated strategy to develop drought-tolerant crops,
heat stress studies have been less inclusive in integrating tolerance and recovery (Janni et al.,
2020). Examples of differential rates of recovery and the existence of genetic diversity at the
physiological (Zhang et al., 2018) and molecular levels (Liu and Bennett, 2011) in plants
recovering from drought stress provide a compelling rationale for exploring and integrating
recovery as a part of an integrated strategy for developing heat stress-resilient plants.

The molecular and physiological effects of heat stress on plants has been reviewed
extensively in recent years (Wahid et al., 2007; Hassanuzzamann et al., 2013; Bita & Gerats,
2013; Xu, Henry, & Sreenivasulu, 2020), and will thus not be covered here. In addition, although
heat stress is often accompanied by other stresses, especially drought, the focus of this review is
on heat stress experienced by plants. Therefore, taking the above knowledge gaps into
consideration, this review is intended to: (i) discuss the similarities and differences between heat
stress studies that vary in the duration and intensity of temperatures imposed during heat stress,
1.e. heat shocks, heat waves and long-term warming scenarios; (i) review the components that
determine plant tissue temperature and emphasize the importance of framing results using tissue
temperature versus ambient air temperatures; (iii) highlight the need to better address heat stress
impacts on less accessible developmental stages and tissues; and (iv) emphasize the need to

approach heat stress improvement in crops by integrating both higher heat tolerance and rapid



post-stress recovery. Finally, based on our current understanding, we provide suggestions for
future research efforts in addressing these gaps and to develop plants that can better tolerate

future warming scenarios.

Approaches, similarities and differences in heat stress responses

The study of “heat stress” in plant abiotic stress biology has a long history (MacBryde, Alderfer,
& Gates, 1971; Blum 1986) and it is defined differently across studies (Fig. 1) (Wahid et al.,
2007; Geange et al., 2021). The basis of these definitions varies with the temporal scale and the
magnitude of temperature shift imposed on the plant (Yeh, Kaplinsky, Hu, & Charng, 2012). The
stress imposed by heat on plant tissues is related to both the duration of the heat stress and the
degree to which the temperature is increased during the stress, such that both longer exposure
times and higher temperatures are more damaging (Colombo & Timmer, 1992; Table 1). As
such, there is generally a negative relationship between how long a heat stress treatment lasts and
the intensity of the heat stress conditions used in experiments (Nuttall et al., 2018).

In many molecular studies, heat stress is synonymous with “heat shock”, the short-term
exposure of a plant to severe high temperature, where the stress lasts for minutes to a few hours
and the air temperature increase is often 20 °C or more than the optimal temperature identified
for the plant’s growth or development (Fig. 1; Mittler, Finka, & Goloubinoff, 2012). These short
duration heat shock treatments (hours or shorter) are the most common form of heat stress
studies on both cultivated and wild species (Geange et al., 2021). This form of heat stress
induces the heat shock response, including the rapid synthesis of heat shock proteins (HSPs),
molecular chaperones that help protect the cell from heat damage by stabilizing and helping

refold heat-inactivated proteins (Vierling, 1991; Yadav et al., 2020). While these studies are



generally not ecologically realistic, they have allowed us to develop critical insights into the
mechanisms that underlie plant sensing and tolerance of acute high temperatures (Bokszczanin,
SPOT-ITN Consortium & Fragkostefanakis, 2013).

At a longer temporal scale are “heat wave” studies, which expose plants to high
temperatures for hours to days, often (but not always), repeating the heat stress episode after a
recovery period of days to weeks (Fig. 1; Teskey et al., 2015; Drake et al., 2018). These types of
experiments are important, given that extreme events are likely to have stronger impacts on
biological systems than will changes in average climate (Easterling et al., 2000; Jentsch,
Kreyling & Beierkuhnlein, 2007). In heat wave experiments, the increase in air temperature is
likely to be 5-10 °C above the optimum growth conditions, to mimic naturally occurring heat
waves (De Boeck, Dreesen, Janssens, & Nija, 2010). However, while heat waves in the field are
generally correlated with dry, sunny conditions and high evaporative demand, thus imposing
some degree of drought in addition to the heat stress (De Boeck et al., 2010), heat wave
experiments do not necessarily mimic these irradiance and moisture conditions (Impa et al.,
2021). A similar approach is taken in many crop studies that impose a targeted one-time
exposure of heat stress (ranging between a 5 and 10 °C rise in air temperature) for one or more
weeks during key developmental stages such as flowering (Prasad, Bheemanahalli, & Jagadish,
2017; Chiluwal et al., 2020) and grain filling (Yang, Gu, Ding, Lu, & Lu, 2018; Impa et al.,
2020; Schittenhelm, Langkamp-Wedde, Kraft, Kottamann, & Matschiner, 2020).

Lastly, climate warming experiments involve exposing plants to elevated growth
temperatures for weeks to years, sometimes growing them from seed to seed under high
temperatures, but usually only increase the air temperature by 2- 6 °C (Fig. 1) (Kroner and Way,

2016; Reich et al., 2018; Dusenge et al., 2020). These experiments are largely geared towards



understanding how plants will cope with the increased growing temperatures induced by climate
change, and many of these studies focus on the growth, health and ecophysiology of plants.
Indeed, a recent review of thermal stress studies (both for heat and cold stress) found that the
most common metric of thermal damage in studies exposing plants to weeks or more of a
temperature stress was the quantification of visual damage (Geange et al., 2021). Unfortunately,
there has been less emphasis on assessing the molecular and metabolomic responses to long-term
warming that could provide direct links with the short-term heat shock literature, though this has
begun to change in recent years (Glaubitz et al., 2017; Davies, Ecroyd, Robinson, & French,
2018; Wang et al., 2020).

Despite the differences in how researchers use these different approaches to tackle the
question of plant heat stress, the mechanisms of how plants cope with heat stress across different
studies can show considerable overlap. A key feature in heat stress studies, irrespective of the
approach followed, is enhanced thermotolerance in plants exposed to heat stress (see Table 1). It
has long been known that exposing plants to a non-lethal high temperature exposure, which is
termed “priming”, induces acquired thermotolerance, increasing the plants’ performance and
survival under a subsequent heat shock episode (Lin, Roberts, & Key, 1984; Vierling, 1991;
Charng et al., 2007; Wang et al., 2012; Lin et al., 2014; Yonghui et. al., 2018). But this
phenomenon is not limited to short-term heat shock events. Indeed, both simulated heat waves
and long-term climate warming studies have found that plants exposed to warmer temperatures
have higher thermotolerance to a subsequent heat stress event (Shi et al., 2015; Srikanthbabu et
al., 2002). This acquired thermotolerance is most often evident when examining metrics such as
electrolyte leakage (an indicator of membrane damage) (Way & Sage, 2008; Chi, Fung, Liu,

Hsu, & Charng, 2009), the heat tolerance of the maximum photochemical efficiency of



photosystem II (F,/F,) (Table 1), and either seed or seedling viability (Chen, Burke, Xin, Xu, &
Velten, 2006; Perez et al., 2009).

Heat stress often also leads to the production of reactive oxygen species (ROS) in plant
tissues (Huang, Ullah, Zhou, Yi, & Zhao, 2019; Suzuki & Katano, 2018). It is thought that ROS,
such as hydrogen peroxide (H>O»), can play an important signaling role in response to stress
(Mittler, 2017), but control of ROS levels can become critical for ensuring proper signaling and
minimizing damage from heat stress. Recent studies show that increased air temperatures,
delivered both as a +15 °C acute heat shock and a one-week +5 °C warming treatment, led to an
accumulation of H>O, but also increased concentrations of ROS-scavenging enzymes, including
superoxide dismutase, catalase and peroxidase, in Arabidopsis leaves (Wang et al., 2020). While
the ROS-scavenging response was stronger in the heat-shocked leaves than in the warm-
acclimated plants, the up-regulation of these similar enzymatic defenses against ROS damage
indicate that both severe heat shock and longer-term moderate warming can induce similar
physiological responses in plants (Wang et al., 2020). Similarly, while most research on plant
HSP responses to heat stress come from heat shock experiments, plants exposed to simulated
heat waves also had increased amounts of HSP70 and HSP17.6 protein (Davies et al., 2018).
Taken together, these results imply that the variation in response of plants to different forms of
heat stress may operate in a similar direction but at different magnitudes based on the duration
and intensity of the stress imposed.

Despite the similarities in plant responses to heat stress discussed above, there are also
key differences between how these three types of heat stress affect plants. In one of the few
studies to directly address this phenomenon, Bauweraerts et al. (2014) exposed oak and pine

seedlings to either a constant +3 °C climate warming treatment or to repeated +6 °C or +12 °C



heat waves, thus maintaining a similar average air temperature increase of 3 °C in all three
treatments. The heat waves generated more severe negative effects on the plants than did the +3
°C climate warming, with the +6 °C heat wave producing less negative effects than did the more
extreme but less frequent +12 °C heat waves, including a greater decrease in biomass and more
extreme changes in stem allometry (Bauweraerts et al., 2014). Similarly, one week of a +5 °C
day/night air warming treatment induced very different gene transcriptional, metabolic, and
physiological response than did a six-hour long +15 °C heat shock in Arabidopsis (Wang et al.,
2020). The Arabidopsis plants acclimated to the 5 °C warming regime had lower concentrations
of H>O» and lower antioxidative enzyme activity than the heat-shocked plants, though the
warming treatment had a greater negative effect on leaf gas exchange than did the heat shock
(Wang et al., 2020). When maize was grown at three different day/night air temperature
combinations (with the same daily mean temperatures of 30 and 35 °C), plants grown under the
narrower diurnal temperature amplitude treatments (and thus the highest night temperatures of 29
and 34 °C) had the lowest vegetative growth and the highest night respiration rates (Sunoj,
Shroyer, Jagadish, & Prasad, 2016). While some plant responses to heat shock, heat waves, and
longer-term warming may differ only by the degree to which the response is expressed during
heat stress, for other biochemical and physiological responses, exposure to higher temperatures,
even if over a shorter duration, appears to often induce a stronger response than does long-term
moderate warming.

The similarities between many plant responses to heat stress across different stress
durations and intensities points to the opportunity to better integrate the knowledge derived from
heat shock experiments into climate warming studies. This includes embracing more “omics”-

based techniques and other molecular tools into ecologically focused warming studies. Similarly,
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exploring how well mutants and heat-tolerant lines that have been identified with short-term
acute heat stresses perform under more realistic climate change scenarios would provide critical
information on our ability to translate results from heat shock studies into developing climate-
resilient crops and trees. However, we know relatively little about how well the results we have
on heat stress tolerance in plants (which is largely derived from studies on temperate, cultivated
species), applies to non-cultivated or tropical species (Geange et al., 2021). Improving our
understanding of the fundamental ways in which different forms of heat stress affect a broad
suite of plants, including those from natural ecosystems and regions that are already experiencing
extreme heat events, will be necessary if we are to predict the effects of increasing heat stress on

a global scale.

The importance of interpreting results based on tissue temperature

Irrespective of the objectives that determine the type of heat stress (either heat shock, heat wave
or warming conditions) investigated, it is useful to capture temperatures experienced by the plant
tissue in order to draw robust conclusions on stress-induced responses and impact. Knowing the
temperature experienced by specific tissues is important for comparing findings across studies.
Across the vast majority of heat stress-related studies, a predetermined level of stress is imposed,
often at a target developmental stage or growth phase, to determine the physiological and
molecular responses to elevated temperatures (Prasad et al., 2017; Way & Oren, 2010). In most
cases, the temperatures recorded and presented, and the results interpreted are based on the
imposed temperature in controlled chamber, glasshouse and field environments or the naturally-
occurring hot air temperature in other field-based studies (Reich et al. 2018, Dusenge et al. 2020;

Bahuguna et al., 2015; Sarwar et al., 2019). However, there are often large differences between
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the ambient air temperature and the tissue temperature that the plant actually experiences
(Singsaas et al., 1999; Schymanski, Or, & Zwieniecki, 2013; Shi, Ishimaru, Gannaban, Oane,
Jagadish, 2015; Westreenen et al., 2020). Under sunny conditions, the canopy air temperature
(60 cm below the top of the canopy) in a greenhouse with rose cuttings was 5 °C lower than the
ambient air temperature at noon, while on a cloudy day it was at most 2 °C lower (Westreenen et
al., 2020), while leaves at the top of an oak tree were up to 15 °C warmer than air temperature
(Singsaas et al., 1999). Similarly, rice spikelet tissue temperature measured using thermocouples
revealed a 0.4, 1.3 and 1.8 °C lower temperature compared to ambient air temperatures of 30, 35
and 38 °C, respectively (Jagadish et al, 2007).

Under field conditions, the ability to capture tissue temperatures has been achieved by
using infra-red (IR) heating system (3-m diameter plots), wherein IR thermometers sense canopy
temperature and increase tissue temperature ranging between +1.2 °C and +3 °C, compared to
ambient temperature (Kimball et al., 2007). The system has been successfully used to impose
stress on field grown plants, including wheat (Fang, Su, Liu, Tan & Ren, 2013 [+2 °C above
ambient, leading to an 8.2% reduction in yield]) and Zea mays at ambient or elevated CO, (Ruiz-
Vera et al. 2015). Rehmani et al. (2011) tested the application of the same system and imposed
+1.3 °C/+2.7 °C (day/night temperature) on rice paddies during post-flowering. In order to
simulate higher warming scenarios, Rehmani et al. doubled the number of IR heaters to achieve
+2.7 °C/+5.7 °C (day/night) temperatures, thereby demonstrating the potential of the IR system
to increase canopy temperature range to meet IPCC predictions for the 21% century. The same
system, on a slightly expanded area (4-m diameter) was effectively used to increase vegetation
temperatures in a tropical experimental forest in Puerto Rico (Kimball et al., 2018 [+4 °C above

ambient]) and to warm the canopy and visible bare soil in an Arctic meadow of northern Norway
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(Moni et al., 2019 [+3 °C]). Despite the success achieved in precise stress imposition, extremely
high levels of energy demand and the limited plot size that the IR system can accommodate are
major roadblocks for wider adoption and use across other disciplines such as crop breeding.
Other approaches, such as a hot-blast warming facility operated on a 25 m? area, increased
canopy temperature in rice paddies by 1-2 °C, and led to 4-23% and 31-62% lower grain yield
across two different years (Zhang et al., 2020). Though the hot-blast facility does address the
cost and space limitations raised by IR systems, the high level of interannual variability observed
in yield on the same genotypes at this lower end of warming indicates the potential need for
further optimization of the system.

Not only do air and tissue temperatures differ, but air and plant tissue temperatures can be
highly variable over short timespans (Singsaas et al., 1999). Similarly, plant tissue temperatures
and the soil temperatures surrounding the plant can also vary significantly (Fig. 2A). This
variability in temperature has been addressed by reporting time-averaged values, but plants
experience variable temperatures that sometimes include excursions to very high temperature
that are not captured by averaged values. Given the difference between air and plant tissue
temperatures, we recommend that measurements of the thermal environment in heat stress
studies should include information on 1) the extent of diurnal and nocturnal variability and 2) the
minimum and maximum temperature experienced by plants, since temperature averaged over
even a few minutes may fail to provide important information about the heat stress variability
experienced by plants.

Tissue temperature is determined by variables including soil water status, the radiation
load, wind speeds, leaf morphology, the level of heat stress, and the vapor pressure deficit (Julia

and Dingkuhn, 2013; Lambers and Oliveira, 2019). The three main factors that determine plant
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tissue temperature are the radiative environment (R), convection (C) and latent head loss (L)
(Leuning 1989; Lambers and Oliveira, 2019). While these physical principles hold for all plant
tissues, we will focus on leaves for the discussion below, and will also ignore the role of
conduction and metabolic heat generation, though these can be important for certain species in
some conditions (Seymour, 2010).

For radiation:

R = SR;, + LRy, — LRy, (Equation 1)

where SR;, 1s short-wave radiation (< 3 um wavelength) absorbed by the leaf, and LR;, and LR
represent long-wave radiation (> 3 um wavelength) absorbed and emitted by the leaf,
respectively. The absorption of short-wave radiation is largely determined by the intensity of
solar radiation (or artificial irradiance, in controlled environments), along with leaf properties
such as leaf color and leaf angle, which can modify how much short-wave radiation is absorbed
(Ehleringer and Bjorkman, 1978; King, 1997; Falster and Westoby, 2003). Long-wave radiation
exchange is primarily determined by the temperature of the leaf and its surroundings. The
longwave radiation is modeled as blackbody or thermal radiation, where only leaf temperature
and the temperature of the surroundings are important. Because the sun is very hot, its thermal
radiation is almost exclusively at wavelengths shorter than 3 um, while leaves and their
surroundings will emit at wavelengths greater than 3 um (Fig. 3). There is very little overlap
between thermal radiation in sunlight and thermal radiation of plants and their surroundings.

For convection:
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—2Kqir (Tleaf_Tair)
B 2

C = (Equation 2)

where Kuir 1s the thermal conductivity of air, Tieqr and T are the leaf and air temperature,
respectively, and B is the boundary thickness of the leaf. Thus, anything that alters boundary

layer thickness will alter convective energy exchange. Since

B =4,/d/u, (Equation 3)

where d is leaf width in the direction of the wind, and u is wind speed, leaf morphology plays a
key role in determining leaf temperature. Broad leaves can be more easily decoupled from air
temperature than thin leaves, and leaf temperatures of a large, wide leaf can thus be far above or
below air temperature (Vogel, 1970; Vogel, 2009). Wider leaves, therefore, can experience much
higher heat stress levels under similar conditions of high irradiance and moderate wind speeds
than narrow leaves (Leigh, Sevanto, Close, & Nicotra, 2017), with consequent effects on their
relative physiological performances (Okajima, Taneda, Noguchi, & Terashima, 2012). In
Okajima et al. (2012), reporting only the ambient environmental conditions would imply that
both wide and thin leaves experienced the same degree of heat stress, when instead the difference
in leaf temperatures between the two leaf morphologies (when both modeled at a similar air
temperature) led to a 6-fold difference in photosynthetic rate.

The final component of leaf energy balance is latent heat exchange, which is dictated by
transpiration and evaporative cooling. While latent heat exchange can warm a leaf via
condensation (Leuning 1989), this effect is very unlikely to play a role in heat stress and will not

be discussed here. Latent heat exchange is given by:
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L =AE = A9y (Dieas — Dyair) (Equation 4)

where A is the latent heat of vaporization for water, E is the transpiration rate, g, is the
conductance for water, and (Dyeqr - Dair) 1s the difference in water vapor pressure between the leaf
and air.

Given the high A of water, transpiration is extremely effective at lowering leaf
temperature. Plants with ample water and traits that permit high stomatal conductance (such as a
high stomatal index or large stomata) can thus reduce their leaf temperature below air
temperature, and do so more strongly than species with lower stomatal conductance under the
same measurement conditions (Lin, Chen, Zhang, Fu, & Fan, 2017). Indeed, under an extreme
heatwave treatment of four days at 43-44 °C air temperatures, Eucalyptus parramattensis
maintained sufficiently high transpiration rates to keep most leaves just below air temperature
(though some leaves reached 48-50 °C) (Drake et al., 2018). The high latent heat loss of leaves
during the heat wave helped maintain leaves below severely damaging temperatures, as defined
by a 50% loss of the maximum photochemical efficiency of photosystem II, despite a near
complete heat stress-induced suppression of photosynthesis (Drake et al., 2018). Similarly, rice
panicle temperatures varied between 9.5 °C cooler and 2 °C warmer compared to the ambient air
temperature measured 2 m from the ground surface, with the differences between tissue and air
temperature attributed to variation in vapor pressure deficit and associated canopy transpirational
cooling (Julia and Dingkuhn, 2013). Even along a single rice panicle exposed to 40 °C ambient
temperature, spikelets at the top of the panicle were >4 °C hotter than those at the bottom of the

panicle (Fu et al., 2016).
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An increase in air temperature, as imposed in most heat stress and warming experiments,
primarily alters leaf temperature through convection (though primarily radiation in IR heater
experiments). But the change in the leaf temperature dictated by a change in air temperature also
depends on how radiative and latent heat exchange are altered under the growth conditions
(Schymanski et al. 2013). Since exposure to heat stress can alter stomatal conductance (Dusenge
et al., 2020; Wang et al., 2020), and hence latent heat loss, the difference between leaf and air
temperature may vary between control plants and heat-stressed plants. Similarly, leaves from a
well-watered plant with high stomatal conductance (and thus high latent heat loss) might operate
well below air temperature (Drake et al. 2018), while those from plants with low stomatal
conductance (such as many conifers or drought-stressed individuals) may be warmer than air
temperature, especially when irradiance is high (Lin et al. 2017). Under low irradiance, such as
in most growth chambers where maximum photosynthetically active radiation (PAR) levels are
~250 umol photons m2s!, leaf heating through short-wave radiation is minimal and leaf
temperatures may be close to the experimentally imposed air temperature. In contrast, under field
conditions, mid-summer short-wave radiation loads are high, significantly warming leaves above
air temperature, such that measuring tissue temperatures is critical.

Deciphering plant heat stress responses based on ambient conditions would lead us to
assume that all species and genotypes experience the same level of heat stress when exposed to
the same air temperature, but they do not. This phenomenon is particularly important to consider
when studying heat stress responses during the day, when shifts in stomatal conductance alter
transpiration and latent heat loss, and thus leaf temperature, based on soil moisture, plant
hydraulic conductance, and atmospheric vapor pressure deficit. Options such as aerial sensor-

based thermal cameras in the field or Raspberry Pls for recording high-frequency tissue
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temperatures under controlled environment chamber experiments need to be better explored to
establish standard protocols and develop tools to routinely associate physiological responses to in
situ tissue temperature. When these are not available, the use of thermocouples (Shi et al., 2015)
or handheld infrared thermometers (Deva, Urban, Challinor, Falloon, & Svitakova, 2020) to
measure tissue temperature on representative plants in the study can help assess the degree to
which the treatment air temperature has been translated into a change in plant tissue temperature.
Reporting tissue temperatures will both improve our knowledge of the actual temperatures that
lead to heat stress and enable more direct comparisons between studies that use different

methods for imposing heat stress.

Developmental stage is a crucial determinant of plant vulnerability to heat

The developmental stage at which a plant is exposed to heat stress strongly affects the overall
plant response. Regardless of the plant functional type, two of the most heat-susceptible phases
in a plant’s life cycle are the early seedling stage and the reproductive period.

The early seedling stage is a vulnerable phase under heat stress in all plants. Poorly-
developed roots restrict the ability to take up water for latent heat loss. In addition, short
seedlings sit in the Earth’s boundary layer (the thin layer of still air immediately adjacent to the
ground surface, analogous to the leaf boundary layer; Villagarcia et al., 2007), minimizing the
potential for convective cooling but still allowing for high radiative energy input. In reforestation
sites, the bare, dark soil can produce extreme temperatures at seedling height, inhibiting growth
and killing seedlings (Grossnickle, 2000). Indeed, at a site with maximum air temperatures of
near 30 °C, air temperatures reached 45 °C at 50 mm above the soil, and a blistering 75 °C was

recorded just above the soil surface (Kolb & Robberecht, 1996). Thus, not only are seedlings
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susceptible to heat stress due to their small size, they can also experience much more extreme
thermal conditions than larger and older plants.

Reproduction may also be equally suppressed by heat stress across different plant species
and functional types. However, the implications of decreased reproduction are much more severe
for annual species, and particularly annual crops, than they are for perennial plants, like trees,
which can make up for a poor reproductive year in future times. Dry land crops, including
sorghum, millets and wheat, encounter harsh environmental conditions during different growth
and developmental stages, with heat and drought stress being the major constraints (Zampieri,
Ceglar, Dentener, & Toreti A, 2017; Pfleiderer, Schleussner, Kornhuber, & Coumou, 2019).
Although a combination of heat and drought stress affect crops globally, recent reports point to
an increase in temperature as a primary factor affecting crop yields (Ortiz-Bobea, Wang,
Carrillo, & Ault, 2019), including wheat (Tack, Barkley, & Nalley, 2015) and sorghum (Tack,
Lingenfelser, & Jagadish, 2017). Comparatively, heat stress during reproductive stages is even
more detrimental compared to heat stress during vegetative stages in both annual and woody
perennial crops, leading to significant yield losses (Prasad et al., 2017; Hussain et al., 2019).
Among the reproductive stages, gametogenesis (Begcy et al., 2019; Soltani, Weraduwage,
Sharkey, & Lowry, 2019 [common bean]; Wang et al., 2019 [maize]) and flowering (Vara
Prasad et al., 2000 [peanut]; Jagadish et al., 2010 [rice]; Chiluwal et al., 2020 [sorghum]; Aiging
et al., 2018, Bheemanahalli et al., 2019 [wheat]; Zinn, Tunc-Ozdemir, & Harper, 2010; Hedhly,
Hormaza, & Herrero, 2008 [flowering plants]) are highly sensitive to heat stress, leading to
spikelet sterility and decreased seed and fruit numbers. The above studies have used a wide range
in genetic diversity, and extensively investigated the physiological, anatomical and molecular

responses of heat stress during these two sensitive stages.
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In contrast to the work on gametogenesis and flowering, the impact of heat stress on
floral meristem development has received minimal attention (Jagadish et al., 2014). Currently,
the number of studies related to heat stress impact on reproductive stages can be summarized as
follows: flowering > gametogenesis > floral meristem. Floral meristem development is
extremely important as the final floral (panicle) architecture and the potential floral units
(spikelets) are a manifestation of changes that occur at this stage. In crops, considering that the
transition from the vegetative to reproductive (floral) meristem occurs after approximately 45 to
55 days after sowing (Quinones, Mattes, Faronilo, Sudhir-Yadav, & Jagadish, 2017), the canopy
cover is not sufficiently developed to cover the exposed soil surface (Fig 2A; Munns, James,
Sirault, Furbank, & Jones, 2010).

Under dry land cropping systems, the soil surface temperatures during the day are
significantly higher than the canopy, due to absorption and dissipation of heat by soil, as visually
illustrated in Fig. 2A. A large proportion of heat absorbed by the soil surface, when radiated back
towards the plant, can increase the temperature of the basal portion of the stem (Fig. 2A; Munns
et al., 2010). Coincidentally, the floral meristem initiation in most crops occurs at the base of the
stem, thereby exposing the initiation and early development of the floral meristem and spikelet
differentiation to much higher temperatures than the canopy temperature due to this soil heating
phenomenon. Accompanied by limited water under dry land conditions, the very early floral
meristem growth and spikelet differentiation has been shown to significantly modify the
morphology of field-grown rice floral meristems (Fig 2B and C; Quinones et al., 2017). Such
morphological changes alter the proportion of primary and secondary branches and ultimately
the final floral architecture and sink size (i.e. total number of floral units per inflorescence),

leading to lower seed numbers and lower yield (Wu et al., 2016). High day and night
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temperatures (under well-watered conditions) imposed from the start of panicle initiation and
lasting for 15 days were correlated with reduced spikelet fertility (r=0.58), but the correlation
was much stronger with reduced spikelets per panicle (r=0.88) (Wu et al., 2016). This indicates
that heat stress per se during panicle initiation could have a similar impact on panicle
architecture and size, as combined drought and heat stress. In broccoli, a significantly higher
sensitivity to heat stress coincided exactly with floral initiation, resulting in unevenly sized
broccoli heads, however, a similar impact was not seen when the stress was imposed either
before floral initiation or after the flower buds had differentiated (Bjorkman and Pearson, 1998;
Lin et al., 2019). These studies indicate that the level of sensitivity of floral meristems to heat
stress exposure appears to be consistent with grain and vegetable crops. Apart from the cited
studies, information on physiological and molecular mechanisms or pathways on how heat stress
affects early floral meristem development in annual crops is very limited, and almost nothing is
known about how heat stress affects these processes in trees.

Recently, an interesting phenomenon has been documented in barley wherein ~17% of
daily water loss was from stomata on the leaf sheath (Sadok, Lopez, Zhang, Tamang, &
Muelhbauer, 2020). Previous findings show that the temperature perceived by the developing
panicle enclosed within the leaf sheath can differ depending on the developmental stage. In rice,
panicles exposed to stress during earlier developmental stages recorded lower internal tissue
temperatures than the surrounding air (Shi et al., 2015), while just before heading, rice panicles
tend to have a similar, or even higher temperatures than the ambient air (Lawas, Bheemanahalli,
Solis, Jagadish, 2018). This discovery opens up new research directions to optimize sheath
stomatal density as a potential means to alter the plant’s microclimate, with the aim of protecting

floral meristem development and gametogenesis from heat stress damage (Fig. 4).
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During early growth stages, the negative impact of high soil temperature (Fig. 2a) on
rooting characteristics, including root architecture, anatomy and hydraulic conductance, cannot
be ruled out. Current information related to heat stress and roots is mostly obtained from
controlled environment studies. For example, hydroponically-grown tomato seedlings exposed to
six days of moderate to severe root temperature (32 to 39 °C) resulted in reduced nutrient uptake
(Giri, Heckathorn, Misha & Krause, 2017). In more recent studies, high air temperatures
increased the root length and mass ratio in primary roots and the root length and surface area in
primary lateral roots in maize seedlings (Vescio, Abenavoli & Sorgona, 2021); in contrast, heat
stress during flowering suppressed root morphological traits in oilseed rape genotypes (Wu,
Shah, Duncan & Ma, 2020). These inconsistent findings indicate that heat stress impact on
rooting characteristics varies based on stress intensity, stage and also crop species, warranting
further investigations. Further, the limitations of considering air temperatures (instead of plant
tissue temperatures) while investigating heat stress impact on aboveground plant parts has been
extensively detailed in the previous section and there is similarly a difference between soil
temperatures compared to air temperature, particularly between the soil surface and deeper soil
layers (Reynolds & Ewing 1989; Shati, Prakash, Norouzi & Blake, 2018; Ostmeyer et al.,2020).
Hence, we strongly recommend recording soil temperatures to reliably associate soil micro-
climate with heat stress impacts on root biology. In summary, information on the impact of heat
stress on root biology in plants is very limited and largely remains a “black box” in field-grown
plants.

Heat stress exposure during later reproductive developmental stages, such as
gametogenesis and flowering, leads to spikelet sterility and lower yield, while heat stress during

floral meristem development cuts back on the overall sink size and hence operates via a different
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route through which an irreversible yield reduction occurs. A practical advantage for studying
heat stress impacts during flowering is that the easy accessibility of the inflorescence allows for
imposing appropriate phenotyping methods, with accuracy at the desired target stage. Unlike
flowering, gametogenesis and the floral meristem stages are embedded within the stem
vegetative tissue, significantly reducing the ability and accuracy of identifying the developmental
stage, thereby lowering the repeatability of quantifying stress impact at the target stage. Hence,
innovative phenotyping methods including image or sensor-based phenotyping tools that can
enhance the accuracy of stress impact detection during floral meristem initiation and spikelet

differentiation are essential to address this knowledge gap in crop science (Fig. 4).

Heat tolerance and recovery are equally important

Studies on heat stress, either using controlled environment chambers or field conditions, are
generally aimed at enhancing “tolerance”, a widely accepted target to protect plants from future
warming scenarios. In contrast to warming experiments, plants are not exposed to heat shocks
and heat waves for their entire growth period, but rather transiently, allowing the plants to
recover from the stress impact (Rueher, Gast, Weber, Daug, & Arneth, 2016; Schymanski et al.
2013; Way, Schnitzler, Monson, & Jackson, 2011). Although identifying mechanisms and traits
that help plants tolerate these brief episodes of stress is important for breeding and selecting
climate-resilient plants, similar information on crops’ ability to overcome the damage caused by
heat shocks or waves once the stress is released is very limited. This is of particular relevance to
effects of heat on reproduction. A heat wave could block reproduction (and in many cases this
means loss of yield) or could only delay reproduction and seed set, perhaps until after the heat

wave. There is very little information addressing this issue.
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Unlike heat stress, drought stress studies have been actively pursuing both tolerance and
recovery strategies, simultaneously at the physiological and molecular level, to minimize the
stress’ impact during the vegetative (Abid et al., 2018 [wheat], Zhang, Lei, Lai, Zhao, & Song,
2018 [maize]), reproductive and grain-filling stages (Lawas et al., 2019 [rice]). The physiological
processes in crops that were affected by moderate drought, including photosynthetic processes,
reactive oxygen species levels, membrane stability, recovered completely, but this was not the
case with a severe stress exposure (Abid et al., 2018; Zhang et al., 2018). Similarly, within 60 h
after drought stress was released, metabolic responses in flag leaves, flowering spikelets and
developing seeds returned to normal levels, although the recovery was not able to reverse the
metabolic changes completely (Lawas et al., 2019). An identical response was captured with
anther proteomic changes exposed to drought stress (Liu & Bennett, 2011). In this study, 14 and
13 proteins were significantly altered under drought stress in the sensitive rice genotype IR64
and the tolerant Moroberekan, respectively, with none of the proteins reverting to normal in IR64
but 10 proteins reverted back to normal levels after rewatering in Moroberekan. The study by Liu
& Bennett (2011) provides evidence for differentiating contrasting genotypes based on recovery
at the molecular level, even in the highly sensitive reproductive tissue, while the rate of post-
stress recovery is an area of research that has not been well studied yet in plants, in response to
heat stress.

In comparison to drought stress, heat stress in crop plants generally leads to similar
changes in physiology (Prasad et al., 2017, Cossani & Reynolds, 2012) and metabolic or
transcriptome responses (Bheemanahalli et al., 2019; Begcy et al., 2019), either under high day
or night temperature increases (Impa et al., 2019; Impa et al., 2020). However, none of these

studies capture the extent of the reversal of physiological or molecular responses during the post-
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stress recovery phase to ascertain the level of phenotypic plasticity in plants. There are some
papers that address this question in trees (Ameye et al., 2012; Haldimann & Feller, 2004;
Hamerlynck & Knapp, 1996; Rueher, Gast, Weber, Daug, & Arneth, 2016) and in crops,
including grape leaves (Liu et al., 2012), rice seedlings (Mangrauthia et al., 2017), and recent
work on the recovery of photosynthetic capacity in wheat and spinach (Chovancek, Zivcak,
Brestic, Hussain & Allakhverdiev, 2021; Agrawal & Jajoo, 2021) and starch levels in cotton
leaves (Loka, Oosterhuis, Baxevanos, Noulas & Hu, 2020). Additionally, post-stress
photosynthetic recovery in field-grown maize and soybeans (Siebers et al., 2017; 2015) has been
recorded, as has the rapid recovery of leaf total non-structural carbohydrate levels after 12 h of
stress (Siebers et al., 2015). Although some studies recognize the importance of heat stress
recovery, post-stress recovery has not been extensively considered to the extent that it can be
effectively integrated into breeding programs. In addition, the studies noted above all measured
heat stress recovery on vegetative tissue, while investigating differential levels of recovery in
reproductive tissue would be an intriguing research direction, similar to observations made under
drought stress (Liu & Bennett 2011). Hence, we recommend that future studies addressing heat
stress consider both tolerance and recovery in the experimental design, to incorporate faster and
more efficient post-stress recovery-related traits for developing robust heat resilient phenotypes

for future climatic scenarios (Fig. 4).

Conclusions
Heat stress from climate change, whether imposed through long-term increases in annual mean
temperature or via more frequent and extreme heat waves, is poised to reduce crop yield, and

ecosystem productivity. To improve our predictions of how heat stress will affect vegetation and
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improve heat stress-related breeding efforts, we outline four key areas of focus. First, a stronger
integration of knowledge and tools across heat shock, heat wave, and long-term warming studies
will help us identify and develop varieties and genotypes that have higher chances of success in
their target environments. Sensor-based tools for measuring plant tissue temperature are now
accessible and economically feasible to the extent that they can be routinely used in heat stress
studies to link heat stress-tolerance and recovery mechanisms in relation to tissue temperatures.
Information generated based on tissue temperature will open up new avenues for the crop
modelling community to refine crop mechanistic models and enhance their prediction accuracy.
Increased efforts to find alternative ways to impose and quantify heat stress impacts on tissues
and developmental stages that are less accessible (for example, the floral meristem) and fully
incorporating methods to integrate heat stress recovery into heat stress tolerance improvement

programs is strongly recommended.
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Table 1. Declines in the maximum photochemical efficiency of photosystem II (¥./F},) after an
acute heat stress on black spruce (Picea mariana (Mill.) B.S.P.) needles. Seedlings were grown
under either a cool temperature regime (Cool, upper table) or a warm temperature regime
(Warm, +8 °C above the cool temperature regime, lower table). The F\./F, was measured on
samples before and after an acute heat stress, with samples exposed to a stress temperature
between 37 °C and 55 °C for a stress duration between 2 minutes and 15 minutes (see Way and
Sage (2008) for more details). Note that the decline in F\/F, is greater when the heat stress
exposure temperature and/or exposure duration increase and that the warm-grown needles incur
less damage to photosystem II for a given acute heat stress, indicating the acquisition of
thermotolerance. Values are the means of n=2-6 sets of needles.

Cool Exposure temperature (°C)

Duration | 37| 40| 44| 46| 47| 48| 49 52| 54| 55

2 min

3 min -

5 min

10 min % decrease in Fv/Fn

15 min 0-10
11-20
21-30

Warm Exposure temperature (°C) 31-40

Duration 44| 46| 47| 48 54 | 55 41-50

2 min . 51-60

3 min 32| 36 61-70

5 min 47

10 min

15 min
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Figure 1. Upper panel: Conceptual illustration of the differences in heat stress durations and
temperatures used during heat stress studies in heat shock, heat wave and warming scenarios
compared to a baseline, control treatment; recovery periods are indicated in the heat shock and
heat wave scenarios when the temperature returns to the baseline. Lower panel: Blue, orange and
red colors indicate optimum temperature, moderate and severe high temperatures, respectively,
experienced by the plant.
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Figure 2. Infrared picture of a wheat canopy depicting a significantly higher soil surface
temperature than leaf temperature (A; from Munns et al., 2010). Floral meristem morphology
under direct seeded rice (DSR) without stress (B) and under drought stress equating to 40 kPA
(C; from Quinones et al., 2017).
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Figure 4. Major knowledge gaps related to leaf sheath temperatures (1), floral meristems (2) and

recovery rates (3) under heat stress and suggestions to addresses these gaps to complement
efforts towards developing heat tolerant plants that are better adapted to future hotter climates.
Insets indicate the need to explore genetic diversity for variable leaf sheath temperatures (inset

1); floral meristems that can sustain heat stress exposures without significant negative impacts on

the final inflorescence and sink size (inset 2); and rates of heat stress recovery at the organ or
whole-plant level (inset 3). Inset 3: R(+) indicates a high rate of post heat-stress recovery; R(-)

indicates a lack of recovery.
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