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Many important agronomic species grown in temperate climates have been imported 

from warmer tropical and subtropical habitats. Unlike native temperate climate species, 

most plants from warm climate evolutionary origins have very little capacity to acclimate 

to cool much less freezing temperatures. Because the cool temperature sensitivity of these 

crops plays a central role in determining the growing range as well as annual variations in 

their economic success, there is intense interest in discovering the mechanistic bases for low 

temperature sensitivity. It is hoped that by defining the primary chilling-induced lesions 

that cause the metabolic dysfunctions in warm climate plants that it will be possible to 

devise strategies to minimize the sensitivity. However, the relevant physiological bases of 

chilling sensitivity depends critically on the seasonal climatic conditions of the target 

growing region, whether the low temperature episodes occur at night or in the light, as well 
as on the species of warm climate plant under consideration. These issues are considered 

in the context of what is currently understood about the underlying mechanisms of chilling 

sensitivity.
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INTRODUCTION

Many of the commercially most significant crops in temperate regions of North America 

(e.g., corn, soybean, cotton and others) are referred to as chilling sensitive. Plants that fall 

into this category are botanical immigrants to these temperate zones from tropical and subtrop-

ical origins where selection pressures to deal with low temperature do not exist. The physiol-

ogy and, in particular, the photosynthetic metabolism of these plants can be adversely affected 

by even moderately cool temperatures, e.g., as high as 10•Ž. Often the dysfunctions do not 

reverse when permissive temperatures are restored. Indeed, the damage initiated at cool 

temperature can actually progress after warm temperatures are restored as primary disruptions 

spawn secondary and tertiary consequences.

CHILLING-SENSITIVE PLANTS ARE INCAPABLE OF LOW 

TEMPERATURE ACCLIMATION

As a group, these warm climate species have an exceedingly limited capacity to acclimate 

to low temperature episodes. This is contrast to plants native to temperate climates. Native
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temperate species respond to low temperature episodes, or sometimes to secondary environmen-

tal signals that are normally the harbinger of cold weather, by enacting a genetically program-

med adaptive response. Some species can survive temperatures below •|40•Ž but they cannot 

tolerate anything close to these extreme temperatures during much of their life cycle. There 

are many aspects involved in cold acclimation which conspire for full development of low 

temperature tolerance. For example, sucrose and other simple sugars accumulate during the 

acquisition of cold tolerance in most species (Anchordoguy et al., 1987). Although accumu-

lation of these sugars is a requisite component of cold acclimation and is believed to be 

instrumental in protecting membranes during freezing, this alone is not sufficient to confer full 

tolerance. This fact is presaged by the bewildering complexity of changes in gene expression 

that accompanies the acquisition of cold and freezing tolerance in species capable of cold 

acclimation (Thomashow,1999). Although the actual function of most of these cold-induced 

genes in the development of cold tolerance is unknown, it is known that many cold-regulated 

genes contain a drought responsive DNA element (DRE) that interacts with the transcriptional 

activator CBF 1 (Thomashow, 1999). Constitutive expression of CBF 1 confers considerable 

cold/freezing tolerance to unacclimated plants confirming its central role the acclimation 

process (Jaglo-Ottosen et al., 1998; Liu et al., 1998). Thus, while native temperate plants 

respond to repeated exposures to cool temperature by progressively acquiring greater tolerance 

through intricate if only partially understood acclimation processes, warm climate species 

respond by accumulating damage and progressively becoming physiologically unfit. The 

modest level of genetic variation for chilling tolerance that does exist in these warm climate 

species appears to reside in their recovery ability rather than in their acclamatory capacity.

DIFFERENT GROWING REGIONS REPRESENT DIFFERENT CHALLENGES 

FOR CHILLING-SENSITIVE PLANTS

Photosynthetic metabolism is among the most chill-sensitive processes in these plants and 
the chilling sensitivity of photosynthesis plays a critical role both in limiting the geographical 
range where these crops are grown as well as contributing to the annual variation in the 

economic success of these crops, particularly those grown near the northern border of their 
cultivation. Thus it is very clear that the chilling sensitivity of species from warm climate 
evolutionary origins has far reaching consequences for agricultural production as well as for 
agronomic practice (Boyer, 1982). Perhaps less well appreciated is that the goal of research 

aimed at understanding and ameliorating chilling sensitivity can be quite different depending 
upon the prevailing climatic conditions of the target growing region. This point is perhaps 
best illustrated by considering the very different issues concerning low temperature that need 
to be confronted in growing maize in the cool wet climates of northern Europe versus the warm 
humid continental climate of the midwestern corn belt of the United States. The agronomic 
challenge for maize in northern Europe is early growing season temperatures that routinely 
hover at the lower limit of the permissive range with frequent episodes, particularly at night 
and early morning periods, when temperatures fall into the chilling sensitivity range. Thus, 
in this growing environment, issues concerning the effects of low temperature on development 
and particularly on chloroplast development are centrally important in understanding the 
mechanism and in devising amelioration strategies (Baker and Nie, 1994).

In contrast to cold-tolerant crop species such as winter rye or wheat, maize plants grown 

at 14•Ž develop small, chlorotic leaves with a reduced abundance of photosynthetic compo-

nents on a leaf area basis and perform photosythnesis less efficiently. This cold exposure 

phenotype arises from a number of quite striking aberrations during chloroplast development. 

For example, it has been shown that the accumulation of the chloroplast encoded thylakoid
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proteins of the PS I and PS II reaction center complexes, cytochrome f and the a,9 heterodimer 

of the chloroplast ATPsynthase were preferentially suppressed compared to the nuclear 

encoded chloroplast proteins LHCII and LHCI (Nie and Baker, 1991). We have observed in 

tomato that even a single cool night (i.e., 4•Ž for 16 h in the dark) strongly suppresses the 

synthesis of chloroplast encoded proteins relative to those that are synthesized in the cytoplasm 

and imported into the chloroplast (unpublished data). The observed reduction in accumula-

tion of these chloroplast proteins and the associated anomalies in thylakoid membrane 

deployment undoubtedly contribute directly to the decreased photosynthetic efficiency and 

capacity in maize grown at cool temperatures (Nie et al., 1995).

The agricultural issues pertinent to low temperature sensitivity of maize are distinctly 
different in the midwestern corn belt of the United States than for the cool wet climates of 
northern Europe. In the major corn growing regions of the Midwest, air temperatures are for 
the vast majority of the growing season solidly within the permissive range. Chilling episodes 
are infrequent, are confined almost exclusively to quite early or very late in growing season, 
and occur as transient low-temperature excursions followed by rapid return to permissive 
warm temperatures. Thus, in contrast to the northern Europe condition, low temperature 
induced chloroplast developmental changes have little if any role in explaining the chilling-
induced dysfunctions in photosynthetic metabolism that are relevant to the U.S. corn belt. It 
should be evident that the experimental systems and treatments that are appropriate to studying 
these two circumstances are quite different. It follows that while there may be some overlap-

ping aspects between these two chilling environments, the underlying inhibitory mechanisms 
and therefore the suite of genes and gene products that are involve are likely to be quite 
different. A survey of recent research bears out this view even though these different outcomes 
have sometimes lead to controversy when the importance of differences in the chilling environ-
ment failed to be recognized.

In addition to the climatic circumstances under which a chilling-sensitive plant encounters 

low temperature exposure another factor that has a strong effect on the underlying inhibitory 

mechanism is whether or not the low temperature exposure coincides with high light exposure.

THE COMBINATION OF COOL TEMPERATURES AND HIGH LIGHT INHIBIT 

PHOTOSYNTHESIS BY VARIOUS PHOTOOXIDATIVE MECHANISMS

Most warm-climate plant species are sensitive to brief exposures to low, non-freezing 
temperatures. Low temperature exposure in combination with even moderate irradiance 
levels causes rapid, often very severe, inhibition of photosynthesis in a broad range of 
warm-climate plants including maize (Baker et al., 1983), cucumber (Peeler and Naylor,1988), 
and tomato (Martin and Ort, 1985). Numerous potentially contributing elements to the 
inhibition have been identified and all may ultimately arise from the photosynthetic produc-

tion of active oxygen species (Wise, 1995).
The photosynthetic generation of biologically reactive molecules including reduced and 

excited species of oxygen, peroxides, radicals, and triplet state excited pigments is common 

place because plants frequently encounter light intensities that exceed their photosynthetic 
capacity (Asada, 1996). Higher plants are surfeited with diverse and sophisticated mecha-
nisms both to minimize the generation of potentially damaging reactive molecules as well as 
to rapidly detoxify those that are produced. Strategic leaf and chloroplast movements can 

greatly attenuate the amount of incident light that is absorbed (Satter and Galston, 1981). 
Dynamic processes that operate within the chlorophyll antennae array of photosystem II can 
rapidly dissipate as heat a large portion of the light that is absorbed, thereby greatly diminish-
ing the threat of photosynthetically generated reactive molecules (Horton et al., 1996; Owens,
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1996). Chloroplasts are further protected by the capability to employ numerous alternative 
electron acceptors when the availability of CO2 is inadequate to accommodate the electron flux 

potential. Oxygen can sustain significant levels of photosynthetic electron flux operating 
either as substrate for rubisco in the photorespiratory pathway (Ogren , 1994) or by interacting 
directly with photosystem I and/or ferredoxin in a Mehler reaction (Asada and Badgr , 1984; 
Schreiber et al., 1991; Hormann et al., 1993). The reduction of sulfite (Dittrich et al., 1992) 
and nitrite (Kobayashi et al., 1995) can sometimes function as significant electron sinks within 
the chloroplast. Cyclic electron transport involving photosystem I and the cytochrome b6f 
complex (Kobayashi and Heber, 1994) as well as a cryptic photosystem II cycle (Thompson 
and Brudvig, 1988; Rees and Horton, 1990) have also been implicated as potentially impor-
tant mechanisms in avoiding the consequences of over excitation under conditions of inade-

quate CO2 availability.
While the reduction of oxygen is a highly effective strategy to sustain electron flow and 

thereby avoid dangerous pigment states and over reduction of NADP , it nevertheless carries 
the hazards inherent in formation of reduced oxygen and hydrogen peroxide (Asada , 1996). 
Superoxide radicals generated by the one-electron reduction of molecular oxygen by photosys-
tem I/ferredoxin are rapidly converted within the chloroplast to hydrogen peroxide by 
CuZn-superoxide dismutase. Whereas hydrogen peroxide associated with the photorespir-
atory pathway is generated and detoxified by catalase in peroxisomes (Ogren, 1994), 
detoxification of hydrogen peroxide produced in the chloroplast relies almost exclusively on 
the activity of ascorbate peroxidase bound to the thylakoid membranes and localized in the 
vicinity of photosystem I (Miyake and Asada, 1992). Because monodehydroascorbate 
reductase catalyzes the regeneration of ascorbate in the chloroplast at the expense of 
NAD(P)H, monodehydroascorbate reduction must be stoichiometric with oxygen reduction as 
a photosynthetic electron sink in order to ensure sustained capacity to detoxify reactive oxygen 
species.

The triplet ground state of molecular oxygen allows it to participate in unusual chemistry 

that generates an additional, potentially hazardous, form of reactive oxygen within chloro-

plasts. The triplet excited state of the primary donor of photosystem II, 3P680*, can form 
during charge recombination reactions within the photosystem II reaction center (Vass and 
Styring, 1993). Although reaction center carotenoids generally efficiently quench chlorophyll 
triplets, when the rate of triplet formation is increased by reduced flux of electrons from the 
reaction center, molecular oxygen can interact with the excited triplet state of the pigment 

generating strongly oxidizing and highly reactive singlet oxygen, 1O02.
Under most circumstances, the aggregate effect of these protective and detoxification 

processes coupled with considerable capacity for repair, effectively prevents the inhibition of 
photosynthesis by excessive irradiance. However, our evidence indicates that the capacity of 
these processes can be suppressed and exceeded in warm climate plants illuminated at cool 
temperatures. Summarized in Fig. 1 are 14CO2 pulse-labeling data showing chilling-induced 
changes in the accumulation of label in the substrate pools of the chloroplast bisphosphatases . 
Most visible is the increase in label in F-6-P in the chilled plant following 90 s 14CO2 
pulse-labeling. Other experiments established that the light-dependent, reductive activation 
of chloroplast bisphosphatases is substantially inhibited following illumination at low temper-
ature in tomato. However other chloroplast enzymes also dependent on thioredoxin mediat-
ed reductive activation, for example phosphoribulokinase , were largely unaffected (Sassenrath 
et al., 1990). Recently we performed equilibrium redox titrations to determine the electron 
sharing equilibria among thioredoxin f and its target enzymes which reveal that the redox 
midpoint potentials for the regulatory sulfhydryl groups of the various thioredoxin-regulated 
enzymes span nearly 50 mV (Hutchison et al., 2000). Figure 2 illustrates that these results can
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Fig. 1 Pulse labeling with 14CO2 reveals that overnight chilling inhibits the activation of chloroplast 

bisphosphatases in tomato.

Incorporation of 14CO2 into the photosynthetic carbon reduction cycle intermediates was mea-

sured in tomato leaflets under steady-state photosynthesis conditions. Control plants were 

illuminated at 1 000 (white bars) or 200 (gray bars) ƒÊmol•Em-2•Es-1 PPFD at 30•Ž. Chilled 

plants (black bars) were pretreated at 1 000 ƒÊmol•Em-2•Es-1 PPFD at 4•Ž for 6 h, rewarmed and 

then illuminated for 1 h at 30•Ž at 1 000 ƒÊmol•Em-2•Es-1 PPFD. This graph is adapted from 

Sassenrath et al. (1990).

largely explain the differential effects of oxidation induced by low temperature on thioredoxin-

mediated activation of chloroplast enzymes in tomato. There is plentiful evidence that 

illumination of chilling-sensitive plants at low temperature causes an enhanced production of 

photosynthetically and photochemically generated reactive oxygen species that can outpace the 

protective and detoxification process of the chloroplast (e.g., Wise, 1995 ; Asada,1996) thereby 

expending a substantial portion of the chloroplast's reductant reserves. Figure 2 provides the 

quantitative basis for explaining how the resultant lowered redox poise of the stroma could be 

translated into the differential effect of chilling that we observed on the reductive activation of 

tomato chloroplast enzymes. For example, were the chilling and light treatment to cause a 

lowering of the redox poise of thioredoxin f in the light to its midpoint potential, Fig. 2 

illustrates that, while•`75% of PRK could be (i.e., at equilibrium) in the reduced state at pH 

7.9, FBPase and SBPase would be only minimally reduced. When we mimicked this situation 

by poising intact tomato leaves in the dark at -320 mV (Hutchison et al., 2000), this 

prediction was borne out. The intermediate midpoint potential and the intermediate effect of 

the chilling and light treatment on ATPsynathase reduction further supports this interpreta-
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Fig. 2 Scheme showing the energetic relationship of the thiol/disulfide exchange between thioredoxin f
 and its various reaction partners within illuminated tomato chloroplasts (i.e., pH 7.9).
The vertical bars represent the redox potential range of the species from 10% oxidized to 10%
 reduced (i.e., 59 mV for an n=2 reaction). Graph adapted from Hutchison et al . (2000).

tion. In addition to providing a plausible mechanism for the low-temperature induced 

inhibition of photosynthesis in this important group of chilling-sensitive plants , these data also 
form a quantitative basis to help understand the differential activation and deactivation 

kinetics of the various thioredoxin-regulated chloroplast enzymes .

CHILLING TEMPERATURES AT NIGHT (i.e., IN THE DARK) CAUSE A PERSISTENT 
DISRUPTION OF PHOTOSYNTHETIC METABOLISM IN SENSITIVE PLANT SPECIES

Low temperature episodes disrupt many cellular processes in chilling-sensitive species 
from nutrient transport to photosynthesis (e.g., Martin et al ., 1981; Ort et al., 1989; Monroy 
et al., 1997). Much work has focused on the effects of low temperature on carbon assimilation 

particularly exposure to chilling under high light conditions as discussed above and reviewed 
more extensively in Allen and Ort (2001). In addition to decreased thioredoxin-dependent 
reductive activation of stromal bisphosphatases (Sassenrath et al., 1987, 1990; Hutchison et al., 
2000) direct damage to the photosynthetic apparatus by enhanced formation of oxygen 
radicals and damage to the oxidative side of PSII are also well documented in many thermo-

philic species (e.g., Martin et al., 1981; Wise, 1995). Thus credible mechanistic links have 
been established between high light chill damage and dysfunctions in photosynthetic metabo-
lism.
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The mechanistic connection between low temperature and photosynthetic metabolism is 

more tenuous in circumstances in which chilling-sensitive species encounter chilling tempera-

tures at night (i.e., in the dark). Nevertheless, the deleterious effects that a cool night (<10

•Ž) can have on whole plant photosynthesis the following day is substantial and well 

documented in a wide range of warm climate species. Phaseolus vulgaris, Sorghum vulgare, 

Oryza sative, Medicabo sativa, Digitaria decumbens and Lycopersicon esculentum all exhibit 

a substantial depression of photosynthesis following a night chill exposure (Izhar and Wallace, 

1967; Chatterton et al., 1972; Pasternak and Wilson, 1972; Crookston et al., 1974; Kishitani 

and Tsunoda, 1974; Peoples and Koch, 1978; Martin et al., 1981). For example, in tomato 

a 16 h dark chill (4•Ž) causes a•`60% decline in photosynthesis the next day after permissive 

temperatures are restored. This substantial inhibition is only in small part accounted for by 

changes in stomatal conductance that accompany such conditions (Martin et al., 1981). Rates 

of thylakoid membrane electron transfer, although depressed after the chill, are ample to 

support control rates of photosynthetic carbon fixation and thus cannot account for the decline 

in net photosynthesis (Kee et al., 1986). Nor are there changes in the affinity of rubisco for 

CO2 under chilling conditions that would explain the chill-induced dysfunction seen at the 

whole plant level. In fact, direct chill-induced damage to the photosynthetic apparatus 

appears not to be a major contributor in these chill-induced effects on photosynthetic perfor-

mance.

One of the more promising clues concerning potential factors underlying the altered 

photosynthetic metabolism due to low temperatures at night was the discovery that en-
dogenous circadian rhythms in chilling-sensitive species are impacted by exposure to dark 
chills (Martino-Catt and Ort, 1992). Catalase, PSII chlorophyll a/b binding protein, phos-

phoenolpyruvate carboxylase and rubisco activase all exhibit endogenous rhythms in tran-
script levels (Carter et al., 1991; Martino-Catt and Ort, 1992 ; Zhong et al., 1994). Rhythms 
in many cellular processes are maintained even when plants are held under constant (free 
running) conditions, with a period of approximately 24 h. These circadian rhythms, by 

definition, have temperature compensation to maintain the same cycle period over a range of 
temperatures. However, circadian rhythms in chlorophyll a/b binding protein and rubisco 

activase mRNA expression in tomato and other warm climate plants that were investigated are 
stalled by chilling in the dark. Although these enzymes are so abundant in photosynthetic 
cells of mature leaves that transient changes in de novo synthesis do not have a significant 
impact on activity, this work raised the intriguing notion that some of the depression of 

photosynthesis in thermophilic plants following a chill is the result of the mistiming of 
multiple circadian regulated processes. In the photosynthetic cells of a leaf as with all cells 
there are a wide variety of reactions and pathways that must be separated from one another to 
avoid futile cycles and other types of biochemical interference. We normally think about the 

compartmentation that achieves the requisite separation in physical terms involving organelles, 
substrate channeling within enzyme super complexes and other forms of physical separation. 
However, in principle, compartmentation could be achieved temporally and circadian control 
of gene transcription and enzyme regulation would be expected to be the central controlling 
element of this mechanism for separating potentially competing reactions and metabolic 

processes.
Recently, our understanding of the effects of chilling on circadian regulated processes has 

broadened based on the effects that chilling was observed to have on the rhythm of sucrose 

phosphate synthase (SPS) activity in tomato. Figure 3 shows that, as is the case with the 
endogenous rhythms of chlorophyll a/b binding protein and rubisco activase gene transcrip-
tion, changes in the rhythm of SPS activity in tomato are stalled during a 12 h dark chill 
resuming upon re-warming, resulting in oscillations that are 12 h out of phase with the actual
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Fig. 3 Low temperature treatment delays the circadian rhythm controlling SPS activity .

Plants were transferred to constant low light (50 ƒÊmol quanta•Em-2•Es-1) and constant temperature 

(26•Ž) conditions. The light and dark boxes above the figure represent day and subjective night 

periods. A low temperature treatment (4•Ž), represented by the shaded box, was imposed for 12

h, between h=29 and h=41. Following rewarming
, samples were taken to determine the effect 

of low temperature on the circadian rhythm in SPS activity (black squares) . Comparison of the 

reference circadian rhythm (gray squares) and the post-chilling oscillation (black squares) demon-

strates that the 12 h low temperature treatment delayed the oscillation in SPS activity by 12 h . 

Graph adapted from Jones et al. (1998).

diurnal time. The low-temperature induced shift in SPS activity rhythm appears in turn to be 
driven by low temperature interference with the circadian transcriptional regulation of a type 
2A protein phosphatase (Jones and Ort, 1997; Jones et al., 1998). This mistiming of SPS 
appears to be detrimental to a plant by causing feedback inhibition of photosynthesis due to 
a lack of available inorganic phosphate in the stroma (Sharkey , 1990; Laporte and Sharkey, 
1995). However, chilling does not delay all circadian rhythms in chill-sensitive species as 
illustrated by the lack of effect on chilling on the endogenous oscillation in mango leaf 
stomatal conductance (Allen et al., 2000) and the different mode of disruption of chilling on 
nitrate reductase regulation in tomato (Tucker and Ort , 2002) discussed next.

Although carbon and nitrogen assimilation are inter-dependently coupled in plant 
metabolism, disruptions in nitrogen assimilation have remained largely unexplored as contrib-
utors to the chill-induced metabolic upheaval thermophilic species experience . The regula-
tion of nitrate reductase (NR) is very similar to that of SPS and PEPcase kinase , two enzymes 
that are strongly affected by low temperature exposure in chilling-sensitive species due to 
interference with their normal pattern of phosphorylation state changes (Jones et al ., 1998; 
Borland et al., 1999). Just as mistiming of SPS appears to be detrimental to a plant by 
causing feedback inhibition of photosynthesis due to a lack of inorganic phosphate in the 
stroma, mistiming of NR activity would be expected to disrupt cellular metabolism should its 
activation lose coordination with photosynthetic carbon reduction because of the need for 
carbon skeletons in amino acid biosynthesis. Nitrogen assimilation is also an energetically 
intensive pathway and uses reductant that must be provided by concurrent photosynthesis . 
Finally, the activity of NR must be tightly linked to both nitrite reductase activity as well as 
the glutamine synthetase/glutamate synthase pathway in order to prevent accumulation of 
cytotoxic products of nitrogen reduction such as nitrite and ammonia . NR exhibited behav-
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for similar to SPS immediately following a chill initiated during a high point in endogenous 
NR activity rhythms (Jones et al., 1998). However, unlike for SPS, we found an increase in 
NR activity following a chill independent of when the plant's daily rhythm was disrupted 

(Tucker and Ort, 2002), indicating that this was not circadian regulation dependent effect but 
rather a temporary stress induced override of the normal rhythmic behavior of the enzyme. 
Extended rhythm experiments showed very clearly that contrary to the behavior of SPS (Jones 
et al., 1998) after the first 7 h following a chill NR activity returned to the appropriate phase 
of its endogenous rhythm. By 2 h after rewarming NR transcript accumulated resulting in the 

production of an over abundance of protein and a stimulation of NR activity. However, 
activity was not stimulated in proportion to protein accumulation. Our experiments indicate 
that the pool of nascent protein remains largely inactive, as it is under most conditions. Thus, 
the increase in activity is a reflection of the increase in protein level but a lower overall 
activation state. Considering the metabolic liability that inappropriately high rates of NR 
activity represents for a leaf, it is significant that the plant is unable to fully and quickly 
deactivate the additional enzyme present, as it does when there is a decrease in light during the 
middle of the day (Huber et al., 1992a, b ; Lillo et al., 1997). The inability to use the complex 
and rapid mode of inactivation available for NR suggests a fundamental dysfunction caused 
by the chilling stress that may be a hallmark of the metabolic difficulties of thermophilic plants 
species following low temperature episodes. Inhibitor studies indicate that the increase in NR 
activity after re-warming of tomato leaves is due to the de novo production of transcript 

(Tucker and Ort, 2002). The chilling-induced stimulation of NR activity is entirely prevented 
when cordycepin, a nuclear transcription inhibitor, is applied prior to returning the leaves to 
room temperature. The outcome is the same whether the plant is chilled at a high or low 

point in the activity cycle indicating that the effect is not aberrant clock behavior but rather 
a temporary metabolically driven override of it. It follows that new transcription would also 
necessary for the increase in both NR protein and activity to occur as well.

CONCLUDING THOUGHTS

Because even a 1•Ž improvement in chilling tolerance would have far reaching economic 

and agronomic benefits for the production of crops such as corn, soybean, cotton and tomato 

in temperate regions, there is a great deal of interest in the biochemical and genetic basis of 

chilling sensitivity. Whereas research into the bases of cold tolerance reveals the physiology 

and genetics of acclimation, i.e., the mechanisms by which plants improve their ability to cope 

with cool and freezing temperatures, research into the bases of chilling-sensitivity of warm 

climate plants for the most part reveals the biochemistry and molecular aspects of the dysfunc-

tion caused by the low temperature exposure, i.e., what has gone wrong. It is hoped that by 

defining the primary chilling-induced lesions that cause the metabolic dysfunctions in warm 

climate plants that it will be possible to devise strategies to minimize or otherwise circumvent 

the sensitivity. It has been emphasized in this brief overview, that the relevant mechanistic 

bases of chilling sensitivity depends critically on the seasonal climatic conditions of the target 

growing region, on the diurnal pattern of occurrence of the low temperature episodes, as well 

as on the species of warm climate plant under consideration. Thus, whereas plants designed 

to over produce antioxidants in the chloroplast may be useful protection for a corn plant in 

the Midwestern corn belt against an infrequently occurring morning low temperature excur-

sion, expression of borrowed cold acclimation traits might be much more appropriate and 

effective for a corn plant grown under cool conditions in northern Europe. My predilection 

is that amelioration of chilling sensitivity in important crop plants will be advanced in-

crementally, will rely on broadly based research on different climatic conditions and different
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species and will be implemented largely by transgenic means.
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