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ABSTRACT

Temperature is one of the main environmental factors that affect plant metabolism. Considering that
plants are sessile, their survival depends on the efficient activation of resistance responses to thermal
stress. In this comprehensive review, we discuss recent work on rapid biochemical and physiological
adjustments, herein referred to as those occurring during the first few hours or a few days after the
beginning of the change in the ambient temperature. The short-term metabolic modulation after plant
exposure to heat and cold, including chilling and freezing, is discussed. Effects on photosynthesis, cell
membranes, antioxidant system, production of heat shock proteins and nitric oxide, as well as an
overview of signaling events to heat or cold stress are presented. In addition, we also discuss the
acclimation process that occurs when the plant acquires resistance to an increase or decrease in
temperature, adjusting its homeostasis and steady-state physiology to the new temperatures. Finally,
we present studies with tropical plants that aim at elucidating the effects of temperature and the
identification of the resilience levels of these plants to the expected climate changes, and which seek
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the development of techniques for germplasm conservation of endangered species.

Introduction

Temperature is the main factor that determines the geo-
graphic distribution of organisms, both in the context of
latitudinal and altitudinal gradients of thermal niches
occupation.' The thermal range of the Biosphere is broad
and varies from 4400°C of the hydrothermal winds
operating at the bottom of the oceans” to -94,3°C of the
surface air of the Dome Argus — Antarctica.”

No organism has the capacity to withstand the full
range of Biosphere temperatures. Thus, life is limited
to a much narrower temperature range, from —20 to
+122°C.** Specifically, the existence of plants is
limited to an approximate thermal range of —10 to
+60°C, defined by the freezing point of intracellular
water and the temperature of protein denaturation.®™®
This survival range can be exemplified by the woody
trees of regions such as Alaska, northern Canada,
Europe and Asia, which are highly adapted to intracel-
lular water freezing®; and by plants from arid regions
such as cacti and agaves, which tolerate high diurnal
temperatures that exceed 60°C.’

The importance of temperature as a physical factor
on the distribution of organisms is a consequence of

its direct influence on molecular (DNA, proteins) or
supramolecular (membranes, chromosomes) struc-
tures, which results from merely a thermodynamic
effect.'™" These changes are usually fast; therefore,
changes in the ambient temperature can be quickly
detected by cell organelles, triggering specific path-
ways of biochemical and molecular responses in each
of these cell compartments and making up an inte-
grated cell response to temperature changes."

Based on the ability to occupy thermal niches,
organisms can be classified into: psychrophiles, which
live and reproduce at temperatures below +15°C,
some of which maintain metabolic activities at tem-
peratures up to -20°C; mesophiles, which live com-
fortably between +15 and +40°C; and thermophiles,
which have their best performance from +50 to
+60°C (moderate thermophiles). The term hyperther-
mophiles (or extreme thermophiles) has been used
for organisms with optimal growth rates above
+80°C."*""* A schematic representation of this classi-
fication is shown in Fig. 1. This classification is based
mainly on studies of microorganisms that live in envi-
ronments with extremely low and high temperatures
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Figure 1. Schematic representation of the main thermal niches of the Biosphere. The gastropod Nacella concinna (Strebel, 1908), the fish
Notothenia neglecta Nybelin and the vascular plant Deschampsia antarctica E. Desv. are adapted to the extreme low temperature condi-
tions of Antarctica. The bromeliad Tillandsia tenuifolia L. is adapted to a thermal amplitude from 5 to 46°C. The grass Dichanthelium
lanuginosum (Elliott) Gould grows and reproduces in thermophilic soils. The extreme thermophile microorganism Methanopyrus kandleri
Kurr et al. 1992 is able to colonize deep ocean geothermal areas. Photo credits: N. concinna and N. neglecta: Edson Rodrigues; D. antarc-
tica: Robert W. Hernandez; T. tenuifolia: Suzana Ehlin Martins; D. lanuginosum: Shoryl Pollack; M. kandleri: K.O. Stetter, R. Huber and R.

Rachel.

(e.g- Antarctica and geothermal regions, respectively).
Therefore, the thermal limits of each class may vary
according to the temperatures that different groups of
organisms can tolerate.

A classification that focuses on the plant kingdom,
alongside algae and fungi, was proposed by Levitt
(1980)"* and more recently by Zrébek-Sokolnik
(2012).” These authors describe more restricted ther-
mal limits for psychrophiles and mesophiles, and a
lower minimum limit for thermophiles compared to
the classification described previously. According to
this, psychrophiles have their growth limited from 0
to 15/20°C. In this group, we find mainly algae and
fungi and some species of plants from Polar Regions,
such as the grass Deschampsia antarctica E. Desv.
found in Antarctica, whose optimum for photosyn-
thetic activity is 10°C (Fig. 1).'° Most higher plants
are classified as mesophiles, whose optimal growth
range is from 10 to 30°C.”"> Many of the main agri-
cultural species are included in this group.'” Accord-
ing to the classification of Levitt (1980)"* and Zrébek-
Sokolnik (2012)’, thermophiles develop at tempera-
tures above 30°C. Both authors report that the maxi-
mum survival limit for thermophilic higher plants is
approximately 65°C, considering species from warmer
regions. For example, the grass Dichanthelium lanugi-
nosum (Elliott) Gould grows on heated soils adjacent

to geysers and hot springs in the Yellowstone National
Park (USA), where rhizosphere temperature ranges
between 40-57°C (Fig. 1)."* However, many native
plants of wide geographic distribution can tolerate
broad thermal amplitudes, possibly resulting from
adaptation to diverse environments. For example, the
epiphytic bromeliad Tillandsia tenuifolia L., which is
distributed from Cuba to south Argentina, is adapted
to temperatures from 5 to 46°C (Fig. 1)."” The most
extreme thermophiles of photosynthetic organisms
are cyanobacteria, which can survive in hot springs
under maximum temperatures of 73-74°C.*

Within the thermal niche of an organism, there is
an optimum temperature range that allows its growth
and physiological functioning to occur at the highest
rate, which is delimited by a minimum and maximum
temperature that completely interrupt biological pro-
cesses.” When temperature or other environmental
factors exceed the optimal limit for a given species,
changes in its metabolism and functioning occur,
which are defined as stress.”’ These changes can
be reversible or even irreversible and may lead to the
death of the organism, depending directly on the
intensity and duration of the stressful conditions."
Because plants are sessile organisms, they cannot
move like animals to avoid environmental stress.

Thus, they should wuse different adaptation



mechanisms to withstand and survive under adverse
conditions for optimal growth.”> Resistance mecha-
nisms to environmental stress in plants are divided
into two types: (i) avoidance, which includes strategies
that prevent the external stress factor from triggering
responses that modify plant functioning; and (ii) toler-
ance, developed through the activation or even modi-
fication of physiological mechanisms that allow the
plant to either resist stress without the onset of injuries
or repair the damage. Thus, the level of resistance of a
plant to a given stress will depend on its ability to acti-
vate tolerance mechanisms and also on the presence
of adaptations for avoidance, which is directly related
to its habitat.>' Table 1 shows the variety of tolerance
mechanisms, mainly biochemical, which are present
in species from different climatic regions. Plant resis-
tance mechanisms to stress are often activated by
changes in gene expression. Therefore, environmental
stressors are recognized first by the plant and then dis-
tributed through the cells by signaling pathways.
Finally, these pathways activate changes in the level of
gene expression that lead to adjustments in plant
metabolism and development, aiming at reaching
homeostasis under stressful conditions.*

As previously mentioned, changes in ambient tem-
perature can cause cold and heat effects on the plant,
between the optimum growth range and the lethal
thermal limit. When compared to other types of stress
(e.g. water, nutritional), thermal stress causes symp-
toms in plants quickly and in the short term, ie. in a
few minutes to a few hours after exposure.13 21 Thus,
plants should display a rapid defense response to var-
iations in ambient temperature, which can occur fre-
quently during the day.'® According to Levitt
(1980)," the stress due to temperature changes is
resisted by plants through tolerance and not avoidance
because plants are not able to keep their cells at the
optimum constant temperature as the homeotherms,
thus, the cold/heat might lead to an unavoidable
fall/rise in plant tissue temperature.>'> Nevertheless,
certain morphological adaptations of some plant spe-
cies such as bromeliads, e.g. presence of epidermal
structures such as hairs and cuticles, and the vertical
positioning of leaves in relation to sunlight, may func-
tion as strategies that prevent the heating of tissues
caused by the incidence of sunlight.>* These character-
istics are found mainly in species from warm and arid
regions.13 25 However, most of the resistance processes
described in plants are referred to the physiological
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and biochemical mechanisms that allow them to toler-
ate the effects of temperature changes.

In this review, we will describe the resistance
responses to thermal stress classified as tolerance,
especially the rapid responses that occur soon after
the heat and/or cold exposure,13 herein referred to as
those occurring during the first few hours up to a few
days after the beginning of the change in the ambient
temperature.

Plants can be tolerant or sensitive to cold or heat,
depending on the thermal niche where they are found
and the adaptations of each species. Through the evo-
lutionary process, species that have emerged from
colder regions are naturally sensitive to heat, and
others from warmer regions are tolerant to heat and
sensitive to cold.” Recently, for example, O’Sullivan et
al. (2016)*° studied the maximum temperatures for
photosynthesis and respiration of trees from seven
worlds biomes. These authors observed that species in
the Arctic region of Alaska had a thermal upper limit
of nine degrees Celsius lower than species in the rain-
forests of Peru. However, the main agricultural species
are considered sensitive to both hot and cold tempera-
ture extremes because they have a very narrow opti-
mal thermal limit, particularly during the
reproductive period.'” This fact is possibly due to the
process of domestication and the consequent low
genetic variability of selected strains with higher pro-
ductivity for commercial cultivation.?”*®

The acquisition of thermotolerance occurs when a
plant is exposed previously to low or high tempera-
tures for a short period of time, until a limit in which
no fatal injuries occur (a process often called “harden-
ing” or “priming”). Thereafter, the plant “is able” to
withstand the increase or reduction in temperature
that was previously considered harmful.">**~*! In this
case, the homeostasis and steady-state physiology of
the plant is adjusted, enabling it to withstand the new
temperature conditions.”® This process is called accli-
mation. For example, trees from temperate regions
become hardened to severe winter during the fall sea-
son, when low temperatures are milder, through the
gradual activation of various resistance mechanisms
that ultimately allow survival to freezing during the
winter.”! The acclimation capacity has also been
reported for species in hot regions, such as the succu-
lent Agave deserti Engelm., which is able to tolerate
temperatures between 63-67°C for one hour when
previously exposed to 50/40°C (day/night), and it is
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also able to tolerate exposure to -10°C for one hour
when treated earlier at 10/0°C (day/night).” These and
other biochemical processes of thermal tolerance
acquisition will be described in further detail through-
out this review.

The impact that changes in temperature could
cause to terrestrial life has been addressed in several
studies.’>® In this context, understanding plant
responses to thermal changes can contribute to unveil
the resilience capacity of an ecosystem. It is important
to note that plants are suppliers of the primary energy
source to heterotrophic organisms by converting the
solar energy into organic matter through photosynthe-
sis.?” In addition, forests, for example, are key for
global ecological and climatic balance, especially in
the case of tropical forests such as the Amazon, which
reduce the atmospheric temperature due to high rates
of evapotranspiration and carbon sequestration. Thus,
deforestation of tropical forests, for example, would
pose a great threat to the maintenance of terrestrial
temperature.”*’ Regarding agricultural species, not
only the climatic factor but also the global population
increase have motivated scientists to concentrate their
efforts on the development of techniques for optimiz-
ing cultivation under stressful conditions and in mar-
ginal lands, in order to supply the growing demand
for food, fiber, wood, paper, and ornamental
plants.””*"** The same concept applies to the study of
strategies for the conservation of native plant species
threatened by climate change, which can be potential
sources of various products and substances not yet
explored.*>**

All of the aspects mentioned previously on the
importance of plants reinforce the urgency and need
for research on the effects of thermal changes on
plants, which in turn intensify the effects of other abi-
otic stresses globally.*’ Therefore, reporting the
advances in the knowledge of the plant physiological
responses to the cold and the heat can help under-
standing the effects of climate change. These effects
include the more rapid establishment of intense hot
periods that can be long and often associated with
water scarcity, as well as the occurrence of sudden and
more extreme cold periods than registered in the last
century.45 -

Thus, in this review we aim to present the physio-
logical and biochemical aspects involved in plant tol-
erance to cold and heat by summarizing recent studies
focusing on responses that occur in the first few hours

up to a few days of thermal adjustment - a crucial
period that defines the survival or not of plants to
stress —, whose greater understanding is relevant to
predict plant responses to the steep temperature varia-
tions of the future climatic scenario. Finally, we will
also present a perspective on the physiological
response to temperature changes of native species
from tropical regions that harbor biomes with great
plant biodiversity.*®

Limit of heat tolerance in plants

When the limits of tolerance and adaptation to heat
are exceeded in a plant, several changes occur at the
molecular, physiological and cellular levels, which can
have negative effects on growth and development that
may trigger plant death.>"**>

Nevertheless, the effects that the increase in tem-
perature can cause to plants depend on several factors
like the temperature level; the period of exposure to
high temperature; if the temperature rise occurs grad-
ually or acutely (i.e., “heat shock”); whether the plant
had a pre-acclimation process at non-lethal high tem-
peratures prior to the exposure to extreme heat;
whether the heat increase occurs associated with other
stresses, such as the excess of luminosity and water
scarcity (frequently observed in drier regions of tropi-
cal, subtropical and temperate zones); and also the tol-
erance level of the plant that is subjected to high
temperature.”®*>°%* This set of factors may have a
direct influence on the metabolic response of the spe-
cies and its ability to acclimatize to heat stress.

Injury and cell death caused by exposure to severe
heat stress may occur within a few minutes due to
rapid protein denaturation. However, if a plant is
exposed to a moderate temperature increase (mild/
moderate heat stress), injury or cell death will only be
observed after a longer period of exposure (e.g. hours
or days) due to the disruption of metabolic processes.”

Naturally, the time at which the onset of symptoms
of heat stress occurs varies according to the plant spe-
cies and its natural environment. This can be verified
comparing the response of desert plants with the
response of plants from temperate regions. For exam-
ple, herbaceous plants from shaded locations of tem-
perate regions show leaf injuries when exposed to a
minimum of 30 minutes to temperatures of 40-
45°C.2! Meanwhile, desert plants such as cacti and
agaves require temperatures above 60°C, or even



65°C, for injuries begin to arise, which can take from
30 minutes to one hour.”*' The high tolerance of cacti
and agaves to high temperatures comes from several
morphological adaptations and some highly special-
ized biochemical mechanisms, such as the photosyn-
thetic pathway of the crassulacean acid metabolism
(CAM). In this pathway, the opening of the stomata
and uptake of CO, from the atmosphere occur only at
night, avoiding excessive water losses during the day
due to high temperatures, and allowing high efficiency
of water use in hot environments.” In general, the CO,
absorbed overnight is fixated in oxaloacetate through
the reaction catalyzed by phosphoenolpyruvate car-
boxylase. The oxaloacetate is then converted mainly
into malate by malate dehydrogenase, and stored in
the cell vacuoles.’>> However, CO, can also be fixated
and stored in the form of other organic acids such as
citrate, isocitrate, fumarate and succinate.”>** During
the daytime, when the stomata are closed, the organic
acids stored in the vacuole are released into the cytosol
and decarboxylated, releasing CO, that is converted
into carbohydrates by the Calvin-Benson (C;)
cycle.’ In this review, this type of photosynthetic
metabolism will be addressed on some occasions
because it is activated in response to several stresses
associated or not with thermal changes.”

In general, the morphological damage observed in
vascular plants in response to heat stress include leaf
and branch burn, foliar senescence and abscission,
inhibition of shoot and root growth, discoloration and
fruit damage.>® These symptoms are often observed in
species of economic importance, causing decreases in
productivity.'>*® Considering native species in their
natural environment, morphological changes due to
temperature increases can negatively affect forest eco-
systems. In a study performed in a region of temperate
deciduous forest of Canada, Filewod and Thomas
(2014)>” observed that a three-day heat wave
(31-33°C) during the spring caused a 25% reduction
in the number of leaves of the dominant tree (Acer
saccharum Marshall), and induced the appearance of
new leaves. Consequently, there was a decrease in 64%
of leaf area of the forest during this period, which lead
the authors to conclude that even short periods of
high temperature have severe impacts on temperate
forests, especially during the spring period of leaf
expansion.

Among the physiological processes that are affected

by heat, photosynthesis is the first metabolic
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mechanism influenced by thermal variation, showing
a decrease in rates when there is an increase in tem-
perature above the optimum for a given species.”*
This decrease in photosynthetic activity is perceived as
a decrease in CO, fixation and in its conversion to car-
bohydrates through the C; cycle, primarily due to the
decrease in the activity of the main enzyme of this
cycle, the Rubisco (Ribulose bisphosphate carboxylase
oxygenase).”” In some cases, stomata can be closed,
preventing CO, entry and further reducing the rate of
photosynthesis.”>*® The general decrease in reactions
of the C; cycle in response to heat comes from the
decrease in the photochemical stage of photosynthesis,
that is, the reactions that use light energy to provide
adenosine triphosphate and NADPH (nicotinamide
adenine dinucleotide phosphate) used during the C;
cycle. This is due to the high sensitivity of the photo-
system II (PSII) to temperature increase.”">® The PSIT
is formed by a complex of integral proteins, and is cru-
cial for the electron transport that occurs during the
photochemical stage of photosynthesis.*"*°' PSIT dam-
age can be observed after a few minutes to a few hours
of exposure to heat. For example, Havaux (1993)°
observed an irreversible decrease in the photochemical
efficiency of PSII after 90 minutes of exposure of
potato plants (Solanum tuberosum L.) to 39.5°C, while
Camejo et al. (2005)® found that a variety of heat-sen-
sitive tomato (Lycopersicon esculentum Mill. cv.
Campbell-28) exposed to 45°C for two hours suffered
significant reductions in both Rubisco activity and
PSII performance. The inhibition of PSII may derive
from the damage to the thylakoids caused by heat
stress, which are highly responsive to increases in tem-
perature.58 In winter wheat (Triticum aestivum L.)
plants, damage to thylakoid membranes has also been
associated with a reduction in chlorophyll content in
response to heat stress after eight-16 days of exposure
to 36/30°C (day/night).®* This pigment is located in
the antenna complexes of the photosystems, and cap-
tures the light energy used for the synthesis of adeno-
sine triphosphate and NADPH.® However, heat
resistance mechanisms can be activated when the
exposure to high temperature does not exceed the tol-
erance limit of a plant, resulting in the recovery of the
PSII efficiency and consequent maintenance of the
photosynthetic process. Indeed, Mathur and Jajoo
(2014)®> observed that wheat plants (T. aestivum cv.
Lok-1) exposed to a hot summer day reduced the effi-
ciency of PSII during the period of higher temperature
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(from 11 AM to 3 PM, at temperatures of 40-41°C),
but recovered this efficiency at the beginning of the
night (7 PM, 30°C).

As previously mentioned for thylakoids, cell mem-
branes are generally one of the first structures that are
affected by the increase in temperature.”'>**% Heat
accelerates the movement of lipids and leads to dena-
turation of the protein components of cell mem-
branes. These effects cause an increase in membrane
fluidity, allowing ions to leak and making these struc-
tures more prone to rupture, which ultimately leads to
the inhibition of various cellular (e.g. transport of ions
and metabolites) and physiological (e.g. photosynthe-
sis) processes.”*'>**%” In plants of Arabidopsis thali-
ana (L.) Heynh. exposed to 35°C for 22 days, it was
observed a reduction in the membrane lipid content,
and an increase in lipid degradation during the late
period of stress exposure (18-22 days).®® Likewise,
wheat plants (T. aestivum) exposed to high tempera-
tures (35/24°C, day/night) for 12 days presented dam-
age to thylakoid membranes due to reductions in lipid
components.”” These authors also found a relationship
between lipid composition and oxidative stress, since a
higher content of malondialdehyde (MDA; a reaction
product of the lipid oxidation by reactive oxygen spe-
cies or ROS) and a greater formation of “ox-lipids”
(i.e. lipids containing oxidized fatty acids) by the
endoplasmic reticulum were observed after heat expo-
sure.”” In fact, heat may lead to an increase in ROS
formation mainly in the chloroplasts, mitochondria,
and peroxisomes.””””> These ROS are more reactive
forms of oxygen in their basal state (O,), such as sin-
glet oxygen (,0?), superoxide radical (*O,~), hydroxyl
radical (HO®) and hydrogen peroxide (H,0,), which
are formed naturally during highly energetic processes
such as photosynthesis and respiration.”” ROS can
cause oxidative damage to molecules such as nucleic
acids, proteins, and lipids, which ultimately affect met-
abolic activities and the integrity of organelles.”>”*
Among the main damages caused by ROS is lipid per-
oxidation (LPO), a complex process of oxidation of
polyunsaturated fatty acids that occurs both in ani-
mals and plants, and leads to the formation and prop-
agation of lipid radicals, the rearrangement of double
bonds of unsaturated lipids and the potential destruc-
tion of membrane lipids.”>”® Under favorable environ-
mental conditions for plant metabolism and growth,
the excess of these oxidative damages is avoided
because ROS production is counterbalanced by

antioxidant mechanisms that eliminate these com-
pounds. In general, the plant antioxidant system
includes non-enzymatic components such as ascor-
bate, glutathione, tocopherols (vitamin E) and carote-
noids; and a complex enzyme system containing, for
example, superoxide dismutase (SOD), ascorbate per-
oxidase (APX), guaiacol peroxidase, glutathione
reductase (GR) and catalase (CAT).”*”>777® SOD is
the first enzyme to perform ROS detoxification, con-
verting the superoxide radical into H,O,, which is
converted into H,O by CAT, APX and guaiacol perox-
idase enzymes.” The APX also acts in the ascorbate-
glutathione cycle along with GR and several other
enzyme components to regenerate ascorbate and
reduced glutathione.*

In the case of exposure to environmental stresses
such as heat stress, the balance between ROS produc-
tion and elimination is rapidly disturbed, leading to
an increase in ROS content.”’ According to heat inten-
sity, ROS production can be continuously increased
until detoxification by plant antioxidants is no longer
possible and leads to irreversible oxidative damage
(known as oxidative stress), which can cause cell death
and affect plant survival.”?> Thus, the tolerance of a
plant species to heat stress is directly related to its abil-
ity to control ROS production and redox homeosta-
sis.”! For example, Zou et al. (2017)*' found that a
heat-tolerant cultivar of the Chinese cabbage (Brassica
campestris L.) presented less damage to the photosyn-
thetic apparatus and less accumulation of ROS when
exposed to 40/30°C (day/night) for five days com-
pared to the heat-sensitive cultivar. The authors attrib-
uted these responses to increased activities of the
antioxidant enzymes CAT, SOD and guaiacol peroxi-
dase. In a study with two blueberry cultivars (Vacci-
nium spp.), it was observed that the Jersey cultivar
had higher heat tolerance than the Diana cultivar,
which was associated with lower oxidative content
(H,O, and superoxide radical content) and higher
transcriptional levels for antioxidant enzymes and oxi-
dative protein-repairing genes in the tolerant cultivar
after exposure at 48°C for 18 hours.*?

Heat exposure may also lead to increased produc-
tion of reactive nitrogen species (RNS), which include
the gaseous nitric oxide radical (NO) and several other
compounds that result from their reaction with differ-
ent molecules, such as peroxynitrite (ONOO™), perox-
ynitrous acid (HONO,), and the nitrogen dioxide
radical (*NO,).**** Similarly to ROS, when stress



exposure leads to deregulated synthesis or exacerbated
production of RNS, these molecules can have toxic
effects on cells because they can react with various cel-
lular components such as thiols, enzyme cofactors,
proteins, nucleotides, and lipids, which finally result
in the so-called nitrosative stress.®>*> Specifically for
lipids, RNS can cause LPO like ROS, and thus affect
the membrane structure through nitration reactions
caused mainly by NO derivatives such as *°NO, and
ONOO™.***” NO and related molecules may also per-
form post-translational modifications through various
mechanisms such as S-nitrosylation, nitration and
binding to metal centers, targeting tyrosine residues of
proteins, thiols, DNA and lipidsss’gg, affecting metabo-
lism and gene expression.”® Studies with sunflower
plants (Helianthus annuus L.) have shown that heat
stress (exposure to 30°C for one hour, followed by
35°C for one hour and 38°C for four hours) causes an
increase in the content of S-nitrosylation and nitration
reaction products caused by RNS.”"** In addition, the
authors found that enzymes with tyrosine residues
such as carbonic anhydrase and ferredoxin-NADP
reductase, which are important components of the
photosynthetic process, had significantly reduced
activities when affected by nitration. In citrus plants
(Citrus aurantium L.), it was observed that the expo-
sure at 42°C for five hours caused a significant
increase in the NO content associated with visible leaf
damage and increased rate of electrolyte leakage, sug-
gesting damage to membranes.”

However, it is important to note that, despite the
deleterious effect of ROS and RNS accumulation over
a long-term period of heat exposure, the rapid increase
in the content of these molecules during the initial
period of stress (known as oxidative and nitrosative
burst for ROS and RNS, respectively) can act as part
of the signaling pathways for activating acclimation
mechanisms in species tolerant to high temperatures,
under such

to allow their survival

94,95

in order
conditions.

Resisting heat - rapid physiological and biochemical
mechanisms of tolerance to high temperature

Plant species considered to be tolerant to high temper-
atures have acclimation mechanisms (Table 1) that
can be activated by transcriptome, proteome and
metabolome adjustments in the plant cell when
exposed to heat.®® One of the first acclimation
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responses to heat is the change in the composition
and integrity of the cell membranes.”'**"*

Resistant species exposed to heat show an increase
in the proportion of saturated fatty acids, which allow
the increase of their thermal melting level, avoiding
the fluidization of the membranes under conditions of
high temperatures and thus increasing their resistance
to heat.” In a study carried out with cool-season turf
grasses (two varieties of the hybrid Poa arachnifera
Torr. x Poa pratensis L., and Festuca arundinacea
Schreb.) from the US central region with different lev-
els of heat stress tolerance, it was observed that the
exposure to temperatures of 35/25°C (14/10 hours
light/dark) for 36 days followed by 27 days at 40/30°C
(14/10 hours light/dark) led to an increase in the lipid
saturation rate in the more tolerant grasses, showing
that lipid saturation is associated with the difference
in tolerance between the three grasses.”® It has also
been reported that changes in the lipid composition
aiming at increasing the heat resistance of the mem-
branes may occur during a short exposure to high
temperatures. Higashi et al. (2015)"
changes in the lipidome of A. thaliana exposed to
high temperatures (30, 34 and 38°C) for one day.
These authors found that heat stress induced a reduc-
tion in the amount of polyunsaturated fatty acids chlo-
roplast membrane, that is, the membrane of this

assessed the

organelle became more resistant to temperature
increase by enhancing the proportion of saturated lip-
ids. Similarly, Tang et al. (2016)°® found that Arabis
paniculata Franch. increased the membrane lipid satu-
ration after two days of exposure to 35°C. This pattern
was maintained throughout the long-term exposure to
stress (22 days), suggesting that the thermotolerance
of A. paniculata resulted from the maintenance of
the membrane lipid composition so it does not fluidize
during exposure to heat.*®

A highly consolidated mechanism of heat acclima-
tion and an example of rapid response in plants is the
production of heat shock proteins (HSPs).”® HSPs are
highly preserved proteins among eukaryotes and pro-
karyotes, which are key for thermotolerance acquisi-
tion.”® When a plant is exposed abruptly to a
temperature rise of 5°C or more above its optimum
growth temperature, a reduction in the synthesis of
regular proteins may be coupled with an increase in
the production of HSPs.*> Induction of HSPs expres-
sion may occur a few seconds after the temperature
increase, and the maximum level of transcripts may
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be observed within one to two hours of exposure,
when it begins to decline.”® HSPs can be classified as
HSP100, HSP90, HSP70, HSP60, and small HSPs
(sHSPs) according to their molecular mass, and act as
molecular chaperones in the quality control of other
proteins.” The specific functions of each HSP are still
quite obscure, but it is known that these chaperones
assist in various processes involved in the mainte-
nance of heat responses.”> A recent study demon-
strated that the acquired thermotolerance of the wild
genotype of A. thaliana occurred when the exposure
to temperature increase was gradual, i.e. they were first
exposed to 37°C for 90 minutes, followed by recovery
at 22°C for 90 minutes, and then at the higher temper-
ature of 44°C for 45 minutes.'” At the end of this pro-
cess, HSP21 expression in the plants was higher,
allowing recovery and greater tolerance to the new
exposure to 44°C for 90 minutes compared to plants
that were not subjected to a gradual increase in tem-
perature. These results clearly show the importance of
HSP for the acquisition of heat tolerance in A.
thaliana.'®

Secondary metabolites are essential compounds for
plant survival to environmental changes, including to
heating.'”" Some studies showed accumulation of
these substances, mainly phenolic and terpenoid com-
pounds, when tolerant plants are exposed to high tem-
peratures.'”>"'%> Heating tolerance was also related to
an increase in steroids (e.g. brassinosteroids).”*'%° In a
screening study for tomato (Solanum lycopersicum L.)
genotypes tolerant to heat, Zhou et al. (2015)'*
observed that the most tolerant genotype had higher
accumulation of total phenolic compounds and caro-
tenoids when exposed to temperatures of 36/28°C for
seven days compared to the most sensitive genotype.
Some studies also reported the importance of second-
ary metabolites in plant response to short periods of
exposure to high temperatures.'”” "% In a study on
the emission of isoprenes from the canopy of oak
trees,'”” the authors exposed the canopy of the plants
to hot and cold light alternately every 20 seconds in
order to induce a change in leaf temperature for
approximately 20 minutes. The alternation of foliar
temperature (30.5-35.7°C) was accompanied by a
similar fluctuation in isoprene emission, where the
increase and decrease in temperature were followed by
higher and lower isoprene content, respectively. The
authors concluded that the emission of isoprenes is
rapidly activated as a tolerance response to the short

periods of high temperature in the leaves of this
tree.'”” The increase in content of total phenolic com-
pounds was also observed in cabbage plants (B. olera-
cea L.) exposed for 20 minutes to 40, 50 or 60°C every
24 hours for five days when compared to plants that
were not subjected to heat.''” In addition, phenolic
content was higher in plants exposed to 60°C com-
pared to other thermal conditions, evidencing the
involvement of these molecules in the initial periods
of acclimation to intense heat.

The accumulation of phenolics and isoprenoids in
response to heating may aid in heat tolerance because
they have an antioxidant action and protect the photo-
synthetic apparatus.'®"'°*'"! This effect was clearly
observed for anthocyanins in mutants of A. thaliana
deficient in the synthesis of these phenolics exposed to
high temperatures (35-45°C) for 30 minutes.'® In this
study, the activity of antioxidant enzymes and the
scavenging ability of the 1.1-diphenyl-2-picrylhy.dra-
zyl radical were lower than in the wild variety, and the
content of H,O, and membrane leakage were higher
in the mutants than in wild plants, which maintained
the anthocyanin synthesis. Finally, the brassinoste-
roids, recently defined as phytohormones that are
involved in plant growth and development, are also
related to tolerance to stresses such as heat.'"”"'"? For
instance, studies show that the exogenous application
of brassinosteroids in plants prior to high-temperature
exposure induce thermotolerance mechanisms such as
increased HSP expression and antioxidant capacity
during heat stress (for reviews see.''>''?).

The raise in temperature often leads to a reduction
in the water content of plant tissues. In this case, the
increased synthesis of substances such as compatible
osmolytes may help enhance the osmotic potential of
cells, allowing the recapture of soil water and mainte-
nance of the plant’s water potential.*>''> Compatible
osmolytes are substances that have no adverse effects
on plant metabolism even at high concentrations and
include soluble sugars, polyols, proline and glycine
betaine.’®''® Wahid and Close (2007)"'!” observed that
exposing sugarcane (Saccharum officinarum L.) plants
to temperatures of 40/35°C (day/night) led to a
decrease in water content during the first 12 hours,
which was recovered after 24 hours. These authors
observed that water state recovery after 24 hours in
sugarcane was associated with the accumulation of
proline, glycine betaine and soluble sugars, which
indicated that the osmotic adjustment occurs rapidly



through the increase in osmolyte content after expo-
sure to heat stress. Similarly, Ramani et al. (2017)""®
found that exposing a heat-tolerant variety of wheat
plant to 45°C for four hours resulted in a smaller
decrease in leaf water content than in the heat-sensi-
tive variety, which was associated with higher proline
and glycine betaine content in the heat-tolerant vari-
ety. In addition, it has been reported that compatible
osmolytes also act as buffers of redox potential and
prevent oxidative damage.'” Such effects could be
elucidated especially in studies with exogenous appli-
cation of osmolytes before heat exposure (for a review,
see’®). For instance, Rasheed et al. (2011)"?° observed
that the immersion of sugarcane nodal buds in solu-
tions of 20 mM proline and glycine betaine for
eight hours before treatment at high temperature
(42°C for up to 48 hours) led to a reduction in ROS
production concomitantly to an increase in the con-
centrations of compatible osmolytes.

Plants have a complex signaling system that trigger
the responses to high temperature throughout the
organism, thus reaching acclimation to the heat stress
(Fig. 2). It is already widely supported that high-tem-
perature signaling pathways are activated by the
increase in fluidity of the plasma membrane.®® The
alteration of the membrane fluidity activates the chan-
nels that mediate the entrance of calcium ions (Ca*™)
into the cell. Ca** triggers several downstream events
that lead to the acquisition of thermotolerance, such
as the activation of heat shock transcription factors
that induce changes in the expression of several heat-
responsive genes.*>” Saidi et al. (2010)'*' demon-
strated that the increase of Ca*" in the cell cytoplasm
begins in less than five minutes after transferring
mosses from 22 to 35°C, and reaches a maximum at
15 minutes, which in turn triggers higher levels of
HSP genes expression. In this work, these authors also
verified that a previous exposure to 32°C led to lower
Ca’" influx and HSP induction after a new exposure
at 35°C. The authors associated this result with the
higher rigidity of the membranes caused by the higher
saturation level of the lipids induced during the initial
acclimation period, supporting the hypothesis of the
importance of the membrane in the signaling of heat
responses.

Other important signaling molecules include
NO and ROS, which, according to some studies,
may be integrated with Ca*" in the signaling
transduction network that causes the activation of
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Figure 2. Schematic representation of the high-temperature per-
ception by the plant cell and components of the signaling path-
way for the activation of acclimation mechanisms to heat stress.
ABA: abscisic acid, Ca*™: calcium, NO: nitric oxide, ROS: reactive
oxygen species, SA: salicylic acid.

transcription factors and heat acclimation genes
(Fig. 2).”"'?>!%* Regarding ROS, the exposure to
abiotic stresses such as heat leads to the induction
of two subsequent peaks of ROS synthesis in the
apoplast through the respiratory burst oxidase
homolog D protein during the first minutes of
exposure. These peaks are said to be propagated
to other plant tissues, carrying a systemic signal
over long distances.”’ NO synthesis is also induced
a short time after heat exposure. When exposing
A. thaliana plants to 45°C, the NO synthesis
began to increase after 10 minutes, reaching a
maximum between 60-70 minutes of stress, which
seems to be related to the heat shock protein tran-
script 18.2 (HSP18.2)."** Another type of molecule
involved in stress signaling are phospholipids,
such as phosphatidyl inositol 4.5-bisphosphos-
phate and phosphatidic acid (PA)."*> It was
observed that the synthesis of these signaling lip-
ids is induced in less than five minutes after the
transfer of suspension-cultured tobacco (Nicotiana
tabacum L.) BY-2 cells to 40°C."*¢

Heat responses can also be activated by phytohor-
mone-dependent signaling pathways, such as abscisic
acid (ABA), salicylic acid and ethylene (for a review,
see!' *127128) " Suzuki et al. (2013)"% using different
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mutants of A. thaliana showed that exposure to high
temperature (37°C) increases ROS synthesis by respi-
ratory burst oxidase homolog D after five minutes,
which is required for a peak in ABA synthesis at 10
minutes,
between the reactive species and hormones in heat
response signaling. For mustard plants (Sinapis alba
L.), exposure to 45°C led to a 400% increase in total
salicylic acid levels after one hour, which was associ-

demonstrating a crosstalk relationship

ated with increased antioxidant activity during the
next five hours of treatment.'” Ethylene activates
heat-specific transcription factors that lead to the
expression of genes that increase plant tolerance, as
revised in."*® There is still much to explore in terms
of heat hormone signaling, especially considering
that there is a complex crosstalk system between hor-
mones and other signaling molecules such as ROS,
NO and Ca®" that make up the stress response
(Fig. 2),"°""*? and that the signal transduction pattern
may be highly specific to the plant organ and type of
thermotolerance.'*

The knowledge of heat effects on plant physiology is of
great importance if we consider that we are living under a
progressive process of global warming, which began in
the 19™ century® and may directly affect productivity
and ecosystems. The global temperature showed the
greatest increase in the last 30 years, and 2015 was the
year in which the average global temperature reached for
the first time an increase of 1°C compared to the end of
the 19" century.13 3 Thus, temperature may be considered
one of the major climatic factors influencing plant physi-
ology in the subsequent years. In fact, if anthropogenic
gas emissions are not efficiently controlled, the thermal
increase over the 21 century may be greater than 2°C by
2100.* In addition, there is strong evidence showing that
periods of extreme heat will be more frequent and longer
while the average global temperature continues to
increase.”>"** Consequently, with a warmer Earth, the
drought rate in dry climate regions may be exacerbated
because the higher temperature increases plant evapo-
transpiration and water evaporation from the soil.'*
Therefore, the increase in global temperature will most
likely be associated with more intense and longer drought
periods,* exposing plants to thermal and water stress
simultaneously, requiring a great plasticity from plants to
tolerate such conditions and survive.

It is predicted that a rise in temperature above 1°C for
the next 100 years may directly affect the biodiversity on
Earth.*>*%*>13137 Some studies have already reported

changes in the geographical distribution of plant species,
which are moving towards the poles and places of higher
altitude due to the temperature increase in the environ-
ments where these plants originally inhabited."**"** In
addition, the mortality of trees worldwide due to heat
stress and the decrease in water availability resulting
from global warming is becoming more frequent.'*!
Many cultivated species may also reduce their productiv-
ity due to global temperature increase, including wheat,
corn, rice, and soybean, which may threaten global food
supply.””'*>!'*> Thus, it is increasingly relevant to evalu-
ate and study plant responses to temperature increase,
which may help to preserve native species potentially
under threat of extinction due to climate change, as well
as the development of cultivated species with increased
tolerance to heat stress.

Resistance and injury by cold

Despite the predicted global warming scenario for the
next decades, models of climate simulation reveal that
cold events will persist in the 21st century and may be
more intense than in the 20th century.”” These events
occur in both tropical and temperate regions and usu-
ally have a short duration, from 24 hours to a few
days.*”'**"'*® Depending on the intensity, the temper-
ature of these events may be low but above 0°C that is
called chilling, or if it is below 0°C is defined as freez-
ing, in which ice formation may occur within the tis-
sues.'*”1*8 1n this section, we present the responses of
plants to both chilling and freezing stresses.

Exposure of plants to low temperatures is one of the
major environmental factors that influence their
growth and development.'* In fact, approximately
57% of the world’s land areas and 26% of rural areas
are affected by cold stress.'*® Plants that are sensitive
to cooling can suffer damage at temperatures close to
15°C, while tolerant plants survive at temperatures
just below 5°C."*”'>! Among the plants susceptible to
cooling are most of the tropical plants, whereas among
the tolerant plants there are species of subtropical and
temperate plants, as well as mosses, lichens, and trees
of arctic areas.'*?

The impact of cooling on plants depends on the
chilling rate, exposure time, and other associated
stresses.'> Depending on the tolerance of the species,
the damage caused by low temperatures (chilling
injury) may occur in a few hours or days,”' determin-
ing the degree of sensitivity of a given species. When



there is a sudden cold, the injury can occur after a few
minutes and is called a “cold shock”.'>">*

One of the plant damages caused by chilling is the
reduction of photosynthetic rates, since the cold
affects both electronic transport in the thylakoids and
carbon fixation.'>® In addition, cold can inhibit photo-
synthesis by reduced availability of free phosphate in
the chloroplast due to the low utilization rate and con-
sequently, the accumulation of trioses-phosphate,
reducing phosphate availability for photosynthe-
sis.>!*® In plants susceptible to low temperatures, pho-
tosynthesis is interrupted just above the freezing point
mainly due to the susceptibility of thylakoids to cold,
while in tolerant plants, photosynthesis can be main-
tained even at negative temperatures until the freezing
point of cellular fluids.>" Photosynthetic damage can
occur within a few hours of cold exposure, as demon-
strated for rubber plants (Hevea brasiliensis Muell.
Arg.), which presented injuries after four hours of
exposure to 10°C."”” However, these plants showed to
be tolerant to cold and after their transference to
28°C, they returned to their previous values of photo-
synthetic rates in less than 24 hours. In chicory plants
(Cichorium intybus L.), the lowest maximum photo-
synthetic rate found in plants maintained at 4°C was
related to changes in the activity of enzymes involved
in CO, fixation and the availability of this gas for pho-
tosynthesis."”® A reduction in the content of photo-
synthetic pigments induced by cold may also
contribute to the decrease in photosynthesis. For
example, cold sensitive genotypes of corn (Zea mays
L.) grown at 14/12°C (day/night) showed reductions
in the content of the photosynthetic pigments and,
consequently, in the photosynthetic rates when com-
pared to tolerant genotypes.'>

The efficiency and regulation of the photosynthetic
process can be assessed by the chlorophyll a fluores-
cence analysis.'®'®> During the irradiation period,
the light absorbed by the chlorophyll is used in the
photochemical processes of photosynthesis and the
excess of energy can be dissipated as heat or be re-
emitted as light, a process known as chlorophyll a
fluorescence.'®” These three processes are competitive
and changes in photosynthetic rates and heat dissipa-
tion will cause additional changes in chlorophyll a
fluorescence, resulting in lower fluorescence values.
Due to its relevance, this parameter has already been
used as a tool for the selection of cold tolerant maize
lines.'** A reduction in the values of chlorophyll a
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fluorescence can be observed after a few hours of cool-
ing, as related for pea (Pisum sativum L. cv. Ranen)
which was maintained for eight hours at 4°C and the
bromeliad Aechmea blanchetiana (Baker) LB Sm. after
four hours at 10°C.'%>!% Nevertheless, an increase in
the rates of chlorophyll a fluorescence, which would
indicate a recovery of the photosynthetic process, may
occur if the thermal conditions return to the optimum
of the species.'””'®

Another damage related to cold is the change in the
cell membranes fluidity. This damage can also be
caused by heat, as mentioned in the previous section
of this review. However, under cold exposure mem-
branes become rigid, while under heat they become
more fluid. Chilling may cause a reduction in mem-
brane fluidity due to the transition of the lipid compo-
nents from a fluid-crystalline state to a solid-gel state,
leading to dysfunctions such as increased permeabil-
ity, water and intracellular solutes loss, and inactiva-
tion of transport channels.*"'>*

The membrane lipids can move within one of the
layers, and rotate around their own axis, and these
movements are thermodynamically directed and tem-
perature dependent.'® These movements are reduced
when temperature decreases, making the membrane
more rigid. In most chilling-sensitive plants, the tem-
perature at which the transition phase begins is close
to 10°C. In addition, differences in the structure of
membrane lipids can influence chilling tolerance. Sen-
sitive plants usually have a higher content of saturated
fatty acid residues in the lipids, while the more resis-
tant ones show an increase in the desaturation of these
molecules.">

The loss of membrane fluidity is one of the main
signals for the activation of the cold response pathways
and may lead to an enhance in ROS and RNS synthe-
sis, causing an imbalance between the production of
these reactive species and the protection of the antioxi-
dant defense system, generating injuries like LPO.”®
MDA is one of the main products of LPO and is con-
sidered a good indicator of structural integrity of mem-
branes exposed to low temperature.'”” Two hybrid
strains of sweet sorghum (Sorghum bicolor (L.)
Moench), M81-E and Roma, were evaluated for cold
tolerance. Lower values of MDA and higher content of
unsaturated fatty acids were verified in the membranes
of the hybrid M81-E after 24 hours at 10°C. This sug-
gests that the high degree of unsaturation would pro-
tect the photosynthetic system during the initial stress
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exposure, ensuring a higher cold tolerance for this
hybrid compared to Roma.'®® Interestingly, in soybean
plants (Glycine max (L), Merr. cv. Essor) maintained at
1°C for up to eight days, higher MDA values were
observed in the roots than in the hypocotyl, suggesting
that this organ is more susceptible to injury caused by
low temperature.'® The authors related these results to
the increase in the antioxidant enzymes activity in the
hypocotyl, indicating a greater resistance to the effects
of ROS damage in this tissue.

In order to control the increase of ROS and thus
contribute to cooling tolerance, several species use the
antioxidant system. For example, in watermelon
plants (Citrullus lanatus (Thomb.) Mansf. cv. dulce
maravilla) cultivated at 10°C for 30 days, the lowest
cold tolerance was related to the higher H,O, content
and reduction in the activity of APX, CAT and GR
when compared to plants grown at 35°C."7° Interest-
ingly, the comparison of cold tolerance in leaves of
female and male plants of the Chinese Populus
cathayana Rehd., showed an increase in H,O, and
APX values in both sexes after cultivation at 4°C for
14 days, but SOD and GR levels were higher in male
plants, suggesting that male plants of this species are
more tolerant to chilling than females.'”" The increase
in the enzyme activities in response to cold may be
related to adjustments in gene expression. It has been
reported that rubber plants grown at 10°C have a 2.5-
fold increase in APX gene expression after 24 hours,
and the activity levels of this enzyme also increased
after one hour of cold exposure, demonstrating that
responses of the antioxidant system may occur
rapidly."”’

Together with ROS, there is also evidence of the
involvement of RNS in response to cold stress. For
example, in pea plants (P. sativum cv. Lincoln) sub-
jected to different stresses, such as chilling, heat and
high light intensity, an enhancement in NO and its
derived molecule RSNO (S-nitrosothiol) levels were
verified under low temperature (8°C for 48 hours).'””
Furthermore, it is reported that the activity of the
antioxidant enzyme system can be increased or
inhibited due to NO-induced post-translational
modifications,””'”? suggesting that RNS has a dual
role both as a pro-oxidant and as an antioxidant.
This role is thought to be dose-dependent, i.e., it
stimulates the antioxidant system and promotes cell
survival under low concentrations and causes injury
under high concentrations.*'”* Proteomic studies

have identified that NO can target the antioxidant
enzymes SOD, APX, GR and CAT causing S-nitrosy-
lation and nitration in these molecules.”®!'”>!7>17¢
Additionally, these post-translational modifications
occur in about 30% of the cold responsive signaling-
related proteins.'”’

Particularly, cold is considered one of the abiotic
stresses with greater efficiency in the activation of NO
synthesis.'”® Although the molecular mechanism
responsible for the synthesis of NO in plants is still
controversial, L-arginine and nitrite are considered
the main NO precursors.'”” In mammals, the major
pathway of NO production is the NADPH-dependent
oxidation of L-arginine to L-citrulline, catalyzed by
nitric oxide synthase, although no mammalian gene
homologous to this enzyme was found in plants.*” In
plants, the nitrate reductase (NR) catalyzes the reduc-
tion of nitrite in NO."®*'®' NR is the key enzyme in
the nitrogen metabolism and participates in the reduc-
tion of nitrate in nitrite, which is subsequently
reduced to ammonium by the enzyme nitrite reduc-
tase and the ammonium formed is used in the amino
acids production.153 Thus, to produce NO, NR
changes nitrate, its higher affinity substrate, by nitrite,
generating NO.*”'”® This regulation appears to be at
the concentration level of the substrate, therefore high
levels of nitrite are required to competitively inhibit
the reduction of nitrate.'®* In plants maintained under
cold conditions, this is considered one of the main
pathways for the production of NO.”>'*>!%% The
induction of an increased NO production by cold
occurred in A. thaliana after 20 minutes of exposure
to 4°C compared to plants maintained at 22°C. NO
production continued to increase up to four hours of
cold exposure and tests with NR inhibitors showed
that this enzyme was responsible for the NO
generation.'®*

The low temperatures, as well as heat, can also
reduce water absorption by plants due to the decrease
of their water potential, which can lead to dehydra-
tion."”” Thus, many plants regulate their osmotic
potential through the accumulation of solutes in the
interior of their cells, such as compatible osmo-
lytes."'®'>* Examples of these osmolytes are sugars,
being sucrose, glucose and fructose one of the most
important that are accumulated during cold stress.'®>
In addition, studies show that enzymes involved in
sucrose metabolism can be regulated by tempera-
ture.'®>'®” An increase in the activity of the enzyme



sucrose-phosphate synthase, one of the enzymes of
sucrose synthesis, was verified in A. thaliana after cul-
tivation at 4°C for 24 hours'®®
(B. oleracea) at 5°C for 72 hours.'® This increase in

and in cabbage

this enzyme shows an important role in sugar accu-
mulation and acquisition of cold tolerance.

Sugars can also be related to antioxidant
defense.'®>'® The antioxidant role of glucose might
be related to its function in the pentose phosphate
pathway, increasing the production of NADPH, one
of the major cofactors of the ROS-scavenging
enzymes, and thus contributing to decrease the for-
mation of this molecule in the cells.'® Fructose also
plays a relevant role as an antioxidant, since this
sugar was twice more effective than glucose in
removing *O," and therefore, it was associated with
a key role in defense during chilling."*® In cold accli-
mated plants, raffinose might be involved in the sta-
bilization of PSIL'! As mentioned previously,
membrane stabilization is an important mechanism
of cold resistance, and carbohydrates play a key role
in this process.192 Sucrose, fructose, and oligosac-
charides from the raffinose family can be inserted
between the lipid polar groups decreasing membrane
permeability,"”*'”* which might be increased due to
the membrane damage induced by cold.

Exposure to cold also leads to a reduction in
plant growth, as demonstrated for Cistus albidus L.
and Quercus ilex L.'”> This growth decrease was
associated with the reduction of the starch: soluble
sugars ratio, suggesting that photoassimilation
under these conditions was deficient for maintain-
ing growth since the stock components were remo-
bilized and not re-stocked.'” Different varieties of
chicory also showed a growth reduction when
transferred from 16 to 4°C, which was associated
with changes in the photosynthesis during this
period.'”®

Lower nutrient uptake can affect plant growth dur-
ing exposure to low temperature. The nitrate uptake is
temperature sensitive and depends not only on the
temperature at the root but also on the temperature at
the shoots, in which its absorption is generally lower
at chilling."”® In relation to ammonium absorption, a
study with sensitive (L. esculentum Mill. cv. T-5) and
cold resistant (L. hirsutum LAI778) tomato plants
showed the absorption inhibition of this ion up to
seven hours after a four-hour exposure to a tempera-
ture gradient from 15 to 5°C in susceptible plants,
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whereas the reabsorption in resistant plants occurred

soon after the increase in temperature.'”’

Cold acclimation - signaling and acquisition
of freezing tolerance

There are more than 1,000 cold-induced genes and
among them, about 170 genes encode transcription
factors and presumably, all these factors might recon-
figure the transcriptome at low temperatures.'”® Thus,
signaling responses to cooling are complex and often
involve similar stages to those reported for plants
exposed to heat. Efficient signaling that ensures sur-
vival during exposure to low temperature can lead to
cold acclimation, a stage for the acquisition of freezing
stress. Fig. 3 shows the major signaling pathways
described in this section.

The modification in the plasma membrane fluidity
induced by cold acts as a biological thermometer and
as a signal of various physiological processes in
plants.”*”**! Similarly, the cold perception by pro-
karyotic and mammalian cells also occurs by modify-
ing the fluidity of biological membranes.**> The
higher rigidity of the plasma membrane, induced by
cold, might modulate the enzymes activity on mem-
brane lipids, such as diacylglycerol kinase and phos-
pholipase D, and thus increase the concentration of
PA**>** PA formation occurs rapidly, starting in
less than two minutes after exposing Arabidopsis
plants to 0 or 10°C.*** The increase of PA in the cells
can trigger an increase in ROS production, which has
a regulatory effect at low concentrations.”*> The accu-
mulation of NO during the cold can contribute to the
maintenance of this low concentration of ROS since
NO can signal the activation of antioxidant enzymes
through post-translational regulation.”™”> The main
source of NO during the cold is via NR,”>'*>'** how-
ever, the mechanisms regulating the activity of this
enzyme are still unclear.’°® Yaneva et al. (2002)*"
demonstrated that cold stimulation in NR activation
does not occur via de novo synthesis of the enzyme,
but through the post-translational NR regulation via
protein phosphatases, being protein phosphatase 2A
one of the most important in this process. One of the
pathways for this phosphatase activation by cold is
related to the increase in intracellular PA level **®
suggesting a possible
increase via membrane lipid catabolism and the con-
sequent increase in NO synthesis via NR (Fig. 3).

relationship between PA
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Figure 3. Diagram illustrating the cold signaling in plants via
gene activation and accumulation of compatible osmolytes. The
association between PA, PP2A and NR is hypothetical, and there
may exist other forms of NR activation during cold exposure. CBF:
C-repeat binding factor gene, CC: calcium channel, COR: cold
responsive gene, CS: cytoskeleton, DAGK: diacylglycerol kinase,
MR: membrane rigidity, NO: nitric oxide, NR: nitrate reductase,
PA: phosphatidic acid, PLD: phospholipase D, PP2A: protein phos-
phatase 2A, ROS: reactive oxygen species.

The accumulation of ROS and NO can induce COR
(cold responsive) genes and the accumulation of
compatible osmolytes, activating tolerance responses
to cold.?*>*%° Among ROS, H,0, was responsible for
the induction of nearly 60% of the tolerance genes
for chilling, and most gene alterations started within
24 hours after exposure to 10°C in Japonice rice.”"

As in the case of heat, cold-induced membrane
rigidity may increase intracellular Ca®* concentration
which is caused by an influx of this ion through the
plasma membrane via a calcium channel and/or the
release of the calcium stored inside the vacuole.'”’
Another activating mechanism of calcium channels by
cold is via depolymerization of microtubules and
microfilaments. In this case, the temperature drop
might induce the reorganization of microfilaments,
which somehow might be connected to calcium chan-
nels, thus dissipating the tensile force that kept them
closed and allowing them to open.'®?"!

The induction of CBF (C-repeat binding factor)
genes by calcium occurred within 15 minutes after
transferring A. thaliana plants to 4°C."® These acti-
vated CBF genes generate transcription factors that in
turn activate the COR genes, which finally lead to cold
acclimation."’ Among these transcription factors are
CBF proteins, which are activated by binding to

C-repeat/dehydration-responsive elements, which is
one of the main regulation processes of plant response
to cold."'® It is considered that approximately 12% of
the COR genes are controlled by these transcription
factors.’°! As a result, the increase in cytoplasmic cal-
cium, together with membrane fluidity, are important
indicators of plant responses to cold.'>*"'

Some studies reported the role of ABA in signaling,
although others indicated its absence or a small role of
this hormone. Because of this controversy, many
authors suggested that there are two pathways: one
that is dependent on ABA and another independent,
which might result in the expression of COR
genes.”?"*'>?1% Tt is generally considered that ABA
increase is not enough to induce all genes related to
cold tolerance.*'* Furthermore, Rihan et al. (2017)**!
observed that the concentration of this hormone must
be constantly regulated according to environmental
and physiological changes in order to guarantee effec-
tive signaling and thus modulate physiological
responses to cold. These authors addressed the actions
of other hormones such as salicylic and jasmonic acids
during cold exposure, which might also promote cold
tolerance, and of gibberellins that might activate regu-
lating proteins, usually reducing growth during
chilling.

On the other hand, signaling responses of plant
acclimation to low temperatures may be a process of
freezing tolerance acquisition. In temperate regions,
for example, woody plants are able to become hard-
ened, i.e. they resist harsh winter in which tempera-
tures are below the freezing point of the water.”' The
process of acclimation of these species occurs during
fall, when exposed to warmer temperatures that are
slightly above 0°C. This process occurs progressively
according to the drop in temperature until the trees
become completely resistant to temperatures between
-5 and -15°C that are characteristic of winter. During
acclimation, growth is interrupted and several resis-
tance mechanisms are activated such as the accumula-
tion of soluble carbohydrates and unsaturated lipids
of cell membranes (Table 1). However, if there are
extremely cold winters or even sudden periods of cold
during spring or fall, these plants may suffer damage
because they were exposed at a stage when they were
not yet acclimated.”

In order to survive the harsh winter, plants must
cope with the two major freezing damages: cell dehy-
dration and membrane damage.*’> Formation of



intracellular ice (known as intracellular freezing) can
lead to cytoplasm destruction.”’ Often formation of
ice crystals occur first in the vessels and spread to
other parts of the plant, but the ice remains outside
the cell and does not produce a direct damage to the
protoplasm.147 However, extracellular ice, which is
formed in the intercellular spaces and between the cell
wall and the protoplasm, has a very low water poten-
tial and can reduce cell volume, leading to membrane
damage, with a similar effect to dehydration.*"'**

As mentioned previously for plants exposed to heat
and low temperature, the accumulation of compatible
osmolytes acts on the cell osmotic adjustment and
allows the maintenance of water content, reducing
stress by dehydration.''® This accumulation of osmo-
lytes can also delay water freezing in the tissue by
decreasing the freezing point, since the freezing tem-
perature of the protoplasm becomes the same of the
solute.”' In addition to this mechanism, ice formation
can be avoided with the process of super cooling, in
which water remains in the liquid state even at tem-
peratures below the freezing point.*"'*”*'* Besides
that, plants and others living beings can produce ice-
binding proteins that bind to ice crystals surface mak-
ing them smaller.>"” The freeze resistance mechanisms
may also be phenological, e.g. leaves fall in autumn
and higher growth occurs in spring, when thermal
conditions are more favorable.*'*

The ability of plant cells to tolerate freezing was the
basis for the plant preservation technique known as
cryopreservation, which consists of storing cells, tis-
sues, organs or seeds at very low temperatures, usually
in liquid nitrogen at -196°C or in its vapor phase at
-150°C.2'® Under these conditions, the cells do not
divide and the metabolic activity would be virtually
zero, which would guarantee a theoretical conserva-
tion with no time limit.*'” This technique is well estab-
lished for species propagated vegetatively (asexual
multiplication of cells, tissues or plant organs) as
tubers, fruit trees, ornamental and cultivated plants of
tropical or temperate origin, which present a generally
high survival to the process (close to 100%) and have
a rapid and direct regeneration.*"’

This technique is particularly useful for the conser-
vation of endangered plants. For example, in the case
of Androcalva perlaria CF Wilkins, an endangered
species from Australia, and the palm tree Phoenix
reclinata Jacq., which both presented a regeneration

TEMPERATURE (&) 387

capacity of 70% after cryopreservation.”'®*'” Touchell
and Dixon (1994)**° also showed that it is possible to
preserve some seeds of the Australian flora at a tem-
perature of -20/-80°C. These kind of studies can serve
as a basis for the establishment of cryopreservation
banks, which would preserve plant genetic resources
of endangered or economically important native
species.

Engelmann (2004)*' in a review on cryopreserva-
tion listed examples of germplasm banks around the
world: the National Center for Genetic Resources
Preservation (Fort Collins, CO), which retains a total
of 360,629 seeds especially of rare and threatened
species and/or with limited longevity; the National
Bureau for Plant Genetic Resources (New Delhi,
India), which maintains 1,200 accesses of 50 different
species, mainly of medicinal use; and the Indian Insti-
tute for Horticultural Research (Bangalore), which has
a pollen collection of 600 accesses belonging to 40 spe-
cies from 15 different families, some of which have
been stored for more than 15 years. Considering the
recent climate changes, which may lead to species
extinction, the formation of germplasm banks using
this technique might be used as a conservation mea-
sure. However, it should be noted that for some spe-
cies, whose seeds do not support the effects of
freezing, other methods should be employed.

Tropical plants: Conservation
and temperature changes

Tropical forests are an essential component of the
global climate system, providing habitats for a myriad
of plant and animal species.”*' Our knowledge about
most of the biogeochemical functions that operate in
tropical forest ecosystems is still scarce, so these envi-
ronments have great potential for the study by future
generations of scientists. The current lack of knowl-
edge is particularly worrying given that tropical forests
have unrestricted access to land use and conversion
for other purposes.”*' This situation may be worsened
if we consider the vulnerability of tropical plants to
the expected climate change. Tropical plants have
developed under narrow temperature limits, suggest-
ing a limited ability to adapt to high heating changes
and sudden cooling*** Cunningham and Read
(2002)*** showed the vulnerability of tropical species
to temperature changes. These authors observed that
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temperate tree species have a higher photosynthetic
rate at lower temperatures than tropical species, and
maintain higher photosynthetic rates in a higher ther-
mal range (12-16°C) than tropical plants (9-11°C).
According to these authors, data were consistent with
the highest seasonal and daily temperature variation
for temperate climate compared to the tropical cli-
mate. Similarly, Rao (2004)""
temperate climate tend to be more tolerant to low

reports that plants from

temperatures and have high survival during exposure
to thermal variations between 0 and 5°C than tropical
ones, which may suffer at temperatures below 10°C.

Feeley et al. (2012)*** referred that the vulnerability
of tropical plants to temperature changes may lead
them to migrate to more suitable places for survival.
However, it is still uncertain if tropical forest plant
species can migrate rapidly enough to keep pace with
climatic changes, which could gravely endanger such
species. These authors mention that such uncertainty
derives from the fact that most studies on climate
change and conservation are focused primarily on
North America and Europe, with only a few on tropi-
cal systems — despite the fact that the tropics retain
the highest biodiversity of the planet.*®***

Although the vulnerability referred for tropical
plants, the great biodiversity in tropical environments
suggests the existence of various tolerance mecha-
nisms to temperature stress, especially in plants spe-
cies that are known to survive beyond the thermal
range commonly described for the tropical region. For
example, Cunningham and Read (2006)°* found that
leaves of tropical tree species tolerated higher temper-
atures (51-55°C) than temperate ones (48-51°C). Fur-
thermore, the fact that many tropical trees are more
than a century old suggests that they have tolerated
climate fluctuations in the past.”** However, according
to Feeley (2015),”*° tropical plants are poorly repre-
sented in studies that investigate and predict the
impacts of climate change. In this sense, investigations
about the effects of temperature on plants become an
important indicator of the impact that climate change
might cause to tropical biodiversity.

Physiological and/or biochemical analyses can be
important tools for predicting plant resilience to ther-
mal changes, including for tropical species. In fact,
many tropical biomes show great thermal amplitude.
For example, regions of the Cerrado (Brazil) have
extremely low temperatures during certain times of
the year, reaching values close to or below zero during

7 and the region of Serra dos Orgaos,

located in the state of Rio de Janeiro (Brazil), where

. 22
the winter;

the average temperature is 19°C, with an amplitude of
5 to 40°C during the day.**®

These data show that tropical species can be inter-
esting study objects of tolerance mechanisms to ther-
mal changes by both cold and heat. Since 2004, our
work group has studied the physiological and bio-
chemical aspects of species from the Bromeliaceae,
whose representatives inhabit several thermal ranges
present in the tropics. Members of Bromeliaceae
(commonly known as bromeliads) are distributed in
the Neotropical region, from the state of Virginia to
Texas in the USA, throughout Central and South
America, being only one species, Pitcairnia feliciana
(A. Chevalier) Harms & Mildbraed, reported in the
East African coast.”* Bromeliads are represented by
approximately 58 genera and 3,200 species**” and can
be found in regions that extend from sea level to the
Andes, inhabiting humid places such as the Atlantic
Rainforest to dry regions such as the Caatinga.**’

The broad distribution of bromeliads indicates a
great plasticity in the occupancy of a variety of envi-
ronments and the presence of multiple adaptations to
stressful conditions such as temperatures ranging
from 0 to 40°C, drought, intense sun, and nutrient
shortage.”* In Brazil, about 40% of the total species
and 73% of the genera of bromeliads are present, being
80% found in the Atlantic Forest.>’' Fig. 4 shows
examples of bromeliads of different habits, demon-
strating the high adaptability of the family to the envi-
ronment: Tillandsia tenuifolia L. (Fig. 4A) and Vriesea
inflata (Wawra) Wawra (Fig. 4B) are epiphytes; Acan-
thostachys strobilacea (Schult f.) Link, Klotzsch &
Otto (Fig. 4C) is an epiphyte or saxicolous; Alcantarea
imperialis (Carriere) Harms (Fig. 4D) is rupicolous,
while Nidularium minutum Mez (Fig. 4E) is terrico-
lous. These species can survive to mean temperatures
ranging from 9 to 29°C, while some of them survive
even when the thermal sensation is equivalent to 0°C,
as is the case of the imperial bromeliad (Fig. 4D).

Recently, Cach-Pérez et al. (2014)*** published a
review referring that epiphytic bromeliads are suitable
for studies on global climate change, due to their high
dependence on water availability in the form of rain,
fog or dew.””>**° According to the same review, the
fact that bromeliads present small sizes and are easy to
handle both in the field and in the laboratory makes
them suitable for research on rapid physiological
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Figure 4. Natural populations and ornamental characteristics of bromeliads from the Brazilian Atlantic rainforest. (A) Tillandsia tenuifolia
L. growing in the State Park of Intervales (Ribeirao Grande, Sao Paulo), where minimum and maximum average annual temperatures
are approximately 9 and 29°C, respectively.?”” (B) Vriesea inflata (Wawra) Wawra growing in the Biological Reserve of “Alto da Serra de
Paranapiacaba” (Santo André, Sao Paulo), where temperatures may vary from 2 to 32°C.*’® (C) Acanthostachys strobilacea (Schult. f.)
Link, Klotzsch & Otto growing in the Biological Reserve and Experimental Station of “Mogi-Guagu” (Mogi-Guagu, Sao Paulo), where the
minimum and maximum average annual temperatures are approximately 11 and 30°C, respectively.”’”’ This species also occurs in Cer-
rado areas. (D) Alcantarea imperialis (Carriere) Harms growing in an inselberg at the National Park of “Serra dos Orgaos” (Teresépolis,
Rio de Janeiro). Temperatures at this site may vary from -5 up to 38°C.2’° (E) In situ conservation of Nidularium minutum Mez in the Bio-
logical Reserve of “Alto da Serra de Paranapiacaba”. (F) A specimen of Vriesea hieroglyphica (Carriere) E. Morren with a tank formed by
overlapping of broad leaves that allows water storage from the rain. (G) Ornamental aspect of the foliage of tank-forming bromeliads.
Photo credits: (A) Suzana Ehlin Martins; (B) Camila Freitas; (C) Victdria Carvalho; (D) Luciana Mollo; (E) Camila P. Carvalho; (F, G) Catarina
C. Nievola.
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232 that occur at

responses to environmental changes
daily intervals.

In vitro cultivation is a tool that can be applied to
the study of variations in environmental factors on
growth and physiology, which was already applied to
bromeliads in several of our studies.*’®**’~**' This
technique allows the cultivation of seed or plant tis-
sues (explants) under controlled temperature and light
(Fig. 5A) in a nutrient medium under aseptic condi-
tions,”*? guaranteeing disease-free plant production®*’
(Fig. 5B to D). In the case of studies on the influence
of temperature, plants grown in vitro can be main-
tained in Biochemical Oxygen Demand incubators
that allow easy adjustment and control of temperature
and photoperiod (Fig. 5E). Thus, the maintenance of
plants in culture flasks allows their easy transfer to dif-
ferent temperature conditions, in order to simulate the
temperature variations of the natural environment. In
addition, plants under in vitro conditions may also be
subsequently removed from the flasks and maintained
in substrates to adapt to ex vitro growth, i.e. acclimati-
zation process (Fig. 5F to J). This stage is considered
critical and often limiting for in vitro cultivation,
mainly due to the fact that the plants are transferred
from an environment with high relative humidity, low
light intensity and external energy supply (carbohy-
drates in the culture medium) to an environment with
opposite conditions, which requires the plants’ own
production of carbohydrates through higher photo-
synthetic activity, and increased transpiration rate due
to reduced environmental humidity.***

Thus, the acclimatization process allows the evalua-
tion of plant growth recovery after the in vitro period.
It is worth mentioning that in vitro cultivation and
acclimatization also allow the rapid and numerous
production of plants for use in ex vitro physiological
studies.**>**

We used the in vitro technique for evaluating the
influence of the low temperature on the in vitro
growth of the bromeliad N. minutum,”>’
Fig. 4E. Our results showed that changes in the carbo-
hydrate metabolism of this species were associated
with cold tolerance. It was observed a higher glucose
content in the leaves of this bromeliad when main-
tained at 10°C for six months compared to those

as shown in

grown at 25°C, thus attributing to these carbohydrates
a cryoprotection function. In the case of sucrose
amount, it was lower in plants cultivated at 10°C than
in those maintained at 25°C. Similar results were

observed for the bromeliad A. imperialis, also culti-
vated in vitro (Fig. 4D).**®

Mollo et al. (2011)*** found that myo-inositol, glu-
cose, fructose and sucrose were found predominantly
under high temperatures (30°C), while under low
temperatures (15°C), sucrose was apparently replaced
by trehalose, raffinose and stachyose. Starch content
was highest in plants grown under high temperatures.
The lowest starch content was found under low tem-
peratures, suggesting its conversion into soluble car-
bohydrates to protect plants from cold. Despite the
fact that Guy et al. (1992)'® observed that sucrose is
accumulated in largest quantities during cold expo-
sure, a low proportion of this carbohydrate was
detected compared to other hexoses when this brome-
liad was maintained at lower temperatures.”*® These
results indicated that chilling delayed the growth of A.
imperialis and increased sugar levels, mainly trehalose,
thus suggesting that these sugars can be involved in
cold tolerance, as referred previously in this review
(see section on mechanisms of cold tolerance).

Research from our group also performed with A.
imperialis cultivated in vitro showed that the periodic
thermal condition of hot days and cold nights
(30/15°C) might be related to the ability of this species
to modulate the CAM metabolism in the absence of
water (unpublished data). This type of metabolism
allows the maintenance of photosynthetic activity and
growth even under adverse environmental condi-
tions,‘r"r”Mg’249 such as extreme temperatures. Liittge
(2004)** pointed out that low nocturnal and high
diurnal temperatures are favorable to CAM induction.
Likewise, Haag-Kerwer et al. (1992)**° verified that
CAM induction is enhanced when day/night tempera-
ture differences are increased, being this transition less
sensitive to constant temperatures. Dodd et al
(2002)**" reported that the induction of CAM metabo-
lism may be related to phytohormone signaling. Nie-
vola et al. (2005)*** verified the influence of low
nocturnal temperatures over the induction to CAM by
ABA hormone in the bromeliad Ananas comosus (L.)
Merr. cultivated in vitro. Results showed that plants
exposed to a thermoperiod of 28/15°C (light/dark) for
four months induced CAM activity and presented
higher amounts of ABA compared to plants kept at
constant 28°C light and dark, which consequently
maintained C; photosynthesis. In another work per-
formed with A. comosus plants under the same culti-
vation and temperature conditions of the previous
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Figure 5. Methods of plant cultivation (A to J) and conservation of bromeliad species (K and L). Controlled light period and temperature
for plant growth can be obtained in a culture room (A). In vitro cultivation can be performed with meristematic tissues activity such as
nodal segments (B) or from seeds germination (C) for the propagation of a large number of plants (D). Biochemical Oxygen Demand
incubators with controlled environmental conditions can be used in experimental studies about temperature influence on plants sur-
vival and growth (E). In vitro cultured plants may be acclimatized in soil and maintained in a culture room for later use in experimental
studies (F). A plastic sack may be used as a cover to prevent moisture loss and dehydration during acclimatization (G). Detail of juvenile
bromeliads in seedling trays during acclimatization (H). Species obtained from their natural environments and allocated in the Bromelia-
ceae collection of the Research Center on Ornamental Plants — “Instituto de Botanica”, Sao Paulo, Brazil (ex situ conservation; more infor-
mation at http://botanica.sp.gov.br/) (K and L) were used as seed sources for in vitro conservation and propagation studies. Photo
credits: (A-C, E-H, J) Victdria Carvalho; (D) Camila P. Carvalho; (I, K, L) Catarina C. Nievola.

study, it was shown that the cytokinin levels decreased  utilizing C; photosynthesis (under constant 28°C).**
in terms of hours in CAM-expressing plants (under  These rapid variations may be essential for the control
28/15°C, light/dark) when compared to plants  of metabolic activities related to day/night thermal
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adjustment. The functioning of CAM metabolism is
described previously in this review (see the section on
heat effects).

Finally, studies were also carried out maintaining
bromeliads in vitro at high temperatures in order
to identify their thermal limits in relation to heat
exposure. In fact, the concern with the possible
effects of global warming impels research in order
to identify heat-tolerant species. The survival of A.
strobilacea (Fig. 4C) was maintained under high
rates for up to 45 days under 35°C (light/dark) in
conjunction with water deficit conditions simulated
by the addition of polyethylene glycol 6000 in
nutrient medium (reaching a water potential of
-0.8 MPa),”®* although the plants showed signifi-
cant growth reduction. Fig. 6A and B show the
effects of exposure to a high temperature (32°C) to
a seven-day period over the leaf temperature of A.
strobilacea through infrared thermograph images.
This technique allows non-contact temperature
measurements and can be useful to detect the level
of the stress response in the tissues.”>>*® The
influence of cooling on the tissues of the bromeliad
N. minutum was also verified using thermographic
images. This species, when exposed to 10°C for
10 days, showed a clear drop in temperature
mainly in the leaves when compared to plants
maintained at 25°C (Fig. 6C to F).

In addition to the great applicability of in vitro cul-
ture for the study of tolerance mechanisms to thermal
stress, as demonstrated previously, this technique has
been considered an efficient strategy to propagate
genetic material of rare and endangered species, aim-
ing to ensure long-term survival of this material in
nature.”” In this sense, the use of low culture temper-
atures, aiming to slow down growth, has been consid-
ered for those collections aimed at conserving
germplasm in small spaces.*®

Seed cultivation allows the maintenance of the
genetic variability of the species, which is required in
conservation programs and is considered an alternative
to seed banks, especially for recalcitrant seeds that lose
viability when stored or frozen.**" Under slow growth,
the need for subcultures (replacement of culture
medium) is decreased and the expenses related to culti-
vation are reduced. The maintenance of in vitro collec-
tions using low temperatures has been applied for
several species, and the thermal range used may vary.
Examples are the apple cultivation at 4°C>%

Drosophyllum lusitanicum (L.) Link and Phoenix dacty-
lifera L. at 5°C,****** Xanthosoma spp. at 9°C,>* and
Podophyllum peltatum L. at 10°C.>*°

In the case of bromeliads, many species are con-
sidered vulnerable, including in Brazil.?*” This is
largely due to the widespread use of bromeliads as
ornamental plants and their illegal extraction
(Fig. 4F and G).*> In fact, most bromeliads have
overlapping leaf sheaths that form a structure
known as tank or phytotelma,® as observed in
hieroglyphica  (Carriere) E.
(Fig. 4F), a species that is much appreciated in
landscaping.**® Because of this, it is important to
develop strategies of germplasm conservation for
endangered bromeliads, including the maintenance
of slow growing in vitro collections. We cultivated
and maintained in vitro collections of the bro-
meliads V. inflata®*® and A. imperialis*® at 15°C, a
temperature that is considered low for tropical
1 'We also observed that this culti-
vation temperature could still be reduced, since

Vriesea Morren

environments.

some bromeliads like N. minutum and A. strobila-
cea survived for up to three months at 10°C,237238
being transferred successfully to ex vitro cultivation
and restoring growth at 25°C.

Therefore, considering the thermal plasticity of
members of the Bromeliaceae, our research group
aims to investigate the resistance of several species,
vulnerable or not, currently present in the scientific
collections of the Research Centre on Ornamental
Plants of “Instituto de Botanica”, Sao Paulo, Brazil
(Fig. 5K and L), which is composed of 160 species and
1,158 specimens (more information at http://botanica.
sp.gov.br/).

In view of the scenario of global warming, even
it controlled, it is necessary to increase our knowl-
edge of resilience mechanisms of organisms to this
condition. Regarding plants, it is important to esti-
mate the survivability of the existing vegetation to
heat stress, as well as to discover sources of genes
related to heat tolerance, aiming at biotechnological
application e.g. the development of resilient crops.
Tropical plants have been considered to be more
vulnerable to climate change.””> However, the
responses of these species to temperature stress in
general still requires further research in order for
us to better evaluate the capacity of survival of
tropical plants to potential climate changes. Cer-
tainly this knowledge will contribute significantly
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Figure 6. Morphological (A, C and E) and infrared thermograph images (B, D and F) of bromeliads exposed to varying temperatures. (A
and B) Acanthostachys strobilacea (Schult. f.) Link, Klotzsch & Otto plants of approximately one month old exposed to 32°C for
seven days. (C-F) Nidularium minutum Mez plants of five months old exposed to 25°C (C and D) and 10°C (E and F) for 10 days. Thermo-
graphs taken with an infrared camera allows the qualitative assessment of surface temperature of leaves and roots. Overall, it is possible
to verify that plants under exposure to higher temperatures (25-32°C) were able to keep roots with lower temperatures than the leaves.
Meanwhile, N. minutum plants under cold stress (10°C) kept roots with higher temperatures than the leaves. All thermographs were
obtained with a Testo 875-1i infrared camera (Lenzkirch, Germany). Bars: (A) 2 cm, (C and E) 3 cm. Photo credits: (A, B) William T. Hagi-
wara; (C-F) Camila P. Carvalho.

to ecosystem conservation, creating sustainable = CAM crassulacean acid metabolism
CAT catalase

alternatives for humanity. CBF C ¢ bindine fact
-repeat binding factor

Abbreviations COR cold responsive genes
ABA abscisic acid cv cultivar‘

APX ascorbate peroxidase GR glutathione reductase
Cs Calvin-Benson cycle HSP heat-shock protein
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LPO lipid peroxidation

MDA malondialdehyde

NADPH nicotinamide adenine dinucleotide
phosphate

NO nitric oxide

NR nitrate reductase

PA phosphatidic acid

PSII photosystem II

RNS reactive nitrogen species

ROS reactive oxygen species

SOD superoxide dismutase.
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