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ABSTRACT 

The effects of subjection of 15-day-old plants of 

tomato (Lycopersicon esculentum L. 'Contessa') to low night 

temperature (LNT) of 4°C for up to 21 nights and pre-

chilling application of 10% sucrose solution on vegetative, 

reproductive and yield responses were examined under 

greenhouse conditions. 

Chilled seedlings exhibited severe inhibition of 

growth, with the degree of inhibition increasing with length 

of chilling. While sucrose treatment (ST) reduced such 

inhibition and promoted subsequent recovery, it transiently 

inhibited growth of the unchilled controls. 

In the long-term, inhibition of growth was observed 

only for the 0%-sucrose-treated plants cooled for 21 nights. 

Although LNT lowered the position of the first inflorescence 

in a direct relation to duration of exposure, this effect 

was reduced by ST. LNT had no lasting effects on the 

reproductive and productivity responses of the first two 

inflorescence (FTI), earliness of flowering, or potential 

yield and quality. ST promoted flowering of only the 21-

day-cooled plants as well as numbers of flowers, fruit set 

and large fruit responses of FTI. 



The results indicate that, although early chilling 

stunts seedling growth, plants may recover at a later 

favorable temperature without loss to their reproductive 

capacity or yielding potential. 
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CHAPTER 1 

1. INTRODUCTION 

Arizona has recently become a major vegetable-producing 

state. It ranks third in fresh vegetable production in the 

United States, with more than 50 types of vegetables already 

produced commercially throughout the year (Oebker et al., 

1990). Favorable climatic conditions, particularly in the 

southern third of the state, offer a tremendous potential 

for producing even more new crops. Growers in southern 

Arizona continue to search for such new crops that can be 

produced successfully. 

Tomatoes are produced profitably in many parts of the 

country. In some southern states, tomato production is so 

significant that it is regarded as a major cash crop that 

supplements income and complements farmers' resources. 

However, tomatoes have not been utilized significantly in 

Arizona fields due to some production-related problems. 

Although southern Arizona climate is characterized by some 

ideal conditions for growing tomatoes, it is not entirely 

without problems. Extremely high temperatures during the 

summer or the frequent occurrence of injurious low 
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temperatures in the winter are among the disadvantageous 

conditions that can lead to prohibitive financial losses. 

A potential tomato crop to produce in southern Arizona 

may be that one whose flowering and fruit set, fruit growth, 

and harvesting occur during the spring and very early summer 

months. That is to say, during the period when days are 

favorably warm and sunny and night temperatures are 

moderately warm. This production schedule requires that 

planting and the early stage of crop production occur during 

the winter. A crop scheduled as such is subject to a 

potential hazard during the early stage of growth. Whereas 

most winter days are characteristically warm and sunny, 

seedlings may be exposed to injurious low-night temperatures 

for weeks before the fields warm. Exposure of the seedlings 

to such a stressful environment may have some deleterious 

effects on subsequent growth, reproductive capacity and 

yielding ability of the plants. 

In fact, there is no such established data on 

performance of the tomato crop under the prevalent winter 

conditions in southern Arizona. This lack of information is 

one of The major factors that discourage prospective growers 

to pursue tomato production during the proposed season. 

Therefore, a relevant study aimed at providing information 

on the magnitude of low temperature influence on vegetative 
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growth and productive capacity of tomatoes grown under the 

adverse conditions characteristic of the winter months in 

southern Arizona is of primary interest. 
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CHAPTER 2 

2. SHORT-TERM INTERACTIVE EFFECTS OF CHILLING 

AND EXOGENOUS SUCROSE TREATMENTS 

2.1. INTRODUCTION 

Tomatoes (Lycopersicon esculentum) thrive under a wide 

range of soil types, temperatures, and cultural practices. 

Progressive breeding programs continue to introduce breeding 

lines of tomatoes that grow and yield equally well under 

temperature extremes. However, the plants suffer sever 

functional abnormalities as a result of experiencing 

temperatures in the chilling range {i.e., 12°C down to about 

0°C). While the physiological disorders caused by short-

term chilling of sensitive tissues are usually reversible by 

transfer at a favorable temperature, exposure of whole 

seedlings to chilling temperatures for an extended period 

results in the development of a variety of visual injury 

symptoms, including cessation of growth. 

Prospective tomato growers are particularly concerned 

with learning about not only the extent of chill-induced 

inhibition of vegetative growth but also those feasible 
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alternatives for amelioration of low temperatures. 

Beforehand knowledge of the latter may be practically 

essential for the success of tomato production, if the 

schedule of crop production does not permit avoidance of 

exposure of the plants to chilling temperatures. In fact, 

there is a host of known methods for amelioration of low 

temperatures, however, the most effective method or 

treatment is the one which may act to alter sensitivity of 

the plant to chilling injury. 

The following review deals with plant response to 

temperatures at the lower limit, with particular emphasis on 

seedling reaction to temperatures in the chilling range. It 

presents some of the aspects associated with the biological 

phenomenon commonly referred to as chilling injury in an 

endeavor to understand the factors contributing to 

development of injury in sensitive plants and identify 

conditions and/or treatments that can ameliorate such 

injury. An attempt will be made to relate all of these to 

conditions which are likely to be encountered during the 

period proposed for tomato production, so as to develop 

appropriate research procedures aimed at understanding the 

effects of length of chilling and the ameliorating effect of 

an applicable treatment. 



2.2. LITERATURE REVIEW 
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For the sake of clarity, some terms to be used here 

require definitions. A quick review of the literature shows 

inconsistency in the use of vocabulary and that a common 

terminology in the subject matter is lacking. This led 

Lyons and co-authors (1979) to propose use of the following 

definitions : 

"chilling - the exposure of plant material to some low 

temperature (above freezing). 

chilling injury - a damage to plant tissues, cells, or 

organs which results from the imposition of low temperature 

(i.e., chilling, or chilling treatment) for a period of time 

sufficient to cause permanent or irreversible damage. 

dysfunction - a disordered or impaired function in 

response to temperature which, if allowed to occur for 

sufficient time, will cause an injury." 

2.2.1. Susceptibility to Chilling Injury 

Tomatoes (Lycopersicon esculentum) are among many 

economically important crop species indigenous to warm 

regions that characteristically suffer chilling injury at 

temperatures approaching 0°C (Lyons, 1973) . Once the 

critical temperature for injury is reached (about 10 to 12°C 
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in tomatoes), they are sharply restricted in germination, 

growth, and reproduction. A multiplicity of factors control 

the temperature at which injury occurs. They include 

inherent qualities of the tissue, (such as, species, 

variety, physiological tissue age, stage of development, 

plant part, and previous exposure to stress) and external 

qualities of the environment (such as, climate of origin, 

temperature, duration of exposure, rate of temperature 

change, and conditions before, during, and after chilling). 

These factors can individually or interactively influence 

form and intensity of injury symptoms as well as the 

susceptibility to these symptoms. 

Genetic diversity of chilling susceptibility has long 

been recognized (Lyons, 1973). Patterson et al. (1976) 

described diversity of chilling sensitivity in the closely 

related species of Passiflora. Such diversity is also 

observed clearly in the genus Lycoperszcon, tomato, and 

other chilling-sensitive species (Vallejos, 1979). It has 

been shown that the closely related species of tomato vary 

significantly in sensitivity to chilling and other 

adaptations to low temperature, though none of the species 

is completely chilling resistant (Patterson et al. , 1978). 

Cultivars within a given species also vary greatly in 

response to injurious low temperatures. The ability of 10 

tomato varieties to sprout at 10°C varied significantly 
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{Smith and Millett, 1964). Kemp (1968) screened 767 tomato 

lines for growing ability of seedlings at 21/10°C, day/night 

temperature for a 2-week period following cotyledon 

expansion. Several varieties were capable of growing under 

such conditions, but those with particularly outstanding 

growth rate were just a few. 

Since organs of actively growing plants undergo 

constant physiological and physico-chemical changes, it 

would be expected that stage of development have impact on 

occurrence of chilling injury as well as on development of 

its symptoms. While fully imbibed seeds of warm-season 

solanaceous and cucurbitaceous plants are not injured by 

exposure to low temperatures for fairly long periods of 

time, they do not germinate so long as the temperatures 

remained low. Normal germination will proceed with little 

indication of injury only when temperatures rise. However, 

injury to radical initials will occur if the germinating 

seed was exposed to chilling temperatures (Herner, 1990). 

Necrosis of the tissue just behind the radical tip or damage 

to the cortex are typical symptoms of such injury. Tomato, 

pepper (Capasicum annuum) and watermelon (Citrullus lanatus) 

are among the plants which seeds exhibit such injury 

symptoms (Herner, 1990). Another good example of the effect 

of physiological age on sensitivity to chilling is found in 

seedling growth. Developing seedlings of 12 cultivated 
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tomatoes showed diminishing resistance to low temperature 

with time (Daskaloff and Ognjanowa, 1967), and tomato 

varieties whose germination rate at low temperatures is high 

may or may not perform as well during subsequent growth, if 

exposure to low temperatures continued {Kemp, 1968). 

The above discussion indicates clearly that it is the 

seedling not the seed that suffers the most at low 

temperatures. However, this should not discount importance 

of the ability to germinate at low temperatures in crop 

production. Perhaps one of the practical ways to overcome 

the problems associated with low-temperature germination is 

the use of transplants. A question to be resolved then is 

which variety to elect. Variety screening for low-

temperature seedling growth in southern Arizona, a vital 

research step that is not the focus of this study, would be 

the perfect alternative. 

2.2.2. Temperature Regimes that Cause Injury 

There is a time and temperature interaction in the 

development of chilling injury symptoms. Approximate 

time/temperature prerequisites for development of chilling 

injury symptoms in a number of vegetables have been 

summarized (Lyons and Breidenbach, 1987), and time sequences 

of physiological and visible symptom developments can be 
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determined from the published literature for tomato and 

several other horticultural commodities (Wang, 1982). 

However, no such established information on temperature/time 

regimes and development of chilling symptoms in whole plants 

is available. What is known so far about the interactive 

effects of these factors on development of chilling symptoms 

in whole plants is circumstantial and must be limited only 

to the conditions under which they occur. It is therefore 

difficult to define the interrelationship between 

temperature/time and development of injury symptoms, except 

to say that the intensity of injury, initiated below some 

threshold temperature, increases as the temperature is 

lowered or as exposure at any chilling temperature is 

extended {Christiansen and St. John, 1981). 

Raison and Chapman (1976) studied changes in growth 

rate of mung bean hypocotyl plus radical as a function of 

temperature. They reported that the temperature coefficient 

for growth <Q10) increased abruptly below 15°C. Below a 

temperature low enough to induce an injury, there is a 

curvilinear relationship between degree-hours and the 

severity of injury (Eaks and Morris, 1957). After a 

critical number of degree-hours has accumulated, the 

severity of injury increases less in response to each 

additional hour of chilling. The presumption is that the 

early event in chilling is relatively rapid in comparison to 
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the time required for exposed tissue to become irreversibly 

injured. 

There are numerous published reports on the interactive 

effects of temperature and time on growth of many sensitive 

plant species. A typical example can be found in corn 

seedlings. Creencia and Bramlage (1971) reported that 7-

day-old 'Rainbow' corn seedlings could be held for about 8 

days at 6°C without apparent injury. Injury symptoms began 

to develop after 5 days at 5.5°C, and they were more intense 

and developed more rapidly as the temperature was lowered. 

Only 3 6 hr of exposure at 0.3°C were required for appearance 

of chilling symptoms; some seedlings collapsed after 48 hr 

exposure. No growth was observed at the latter temperature. 

In cotton, chilling during the very early seedling stage 

reduced plant height in direct proportion to the duration of 

chilling (Christiansen and Thomas, 1969). 

Positive and/or negative effects of temperature and 

time on tomato seedling growth and development have been 

investigated extensively. At the cellular level, for 

example, electron micrographs from tomato cotyledon cells 

(held at 5°C from 2 to 24 hr) showed that membrane changes 

occur very quickly (within 2 hr), and that damage to 

different types of organelles required different lengths of 

exposure (Ilker et al., 1979). In earlier study, Ilker and 

his fellow investigators (1976) observed much more drastic 



24 

changes after 3 days of chilling at 5°C. There was a 

complete loss of cytoplasmic ultrastrueture, with cell death 

occurring in one of ten cells. Breidenbach and Waring 

(1977) conducted a comparative study on response to chilling 

of tomato seedlings and cells in suspension cultures. They 

reported that tomato cells held below 10°C for 6 days turned 

brown and died, with the extent of browning and death 

increasing as the temperature was lowered. Furthermore, 

their combined results indicated that tomato cell cultures 

exhibit a susceptibility to chilling comparable to that of 

tomato seedlings; implying that chilling injury of tomato 

plants is a cellular phenomenon. Likewise, DuPont and his 

group (1985) reported that doubling times for cell cultures 

of L. esculentum were 2 to 3 days at 28°C, and 3 to 8 days 

at 12°C. No growth was observed at a lower temperature of 

8°C, indicating an abrupt limit to growth between 8 and 12° 

C. 

In intact plants, 5-day-old etiolated seedlings of 

'Rutgers' tomato suffered more chilling injury as their 

exposure at 1°C was extended from 1 to 8 days (Wheaton and 

Morris, 1967), and 'Rutgers' tomato seedlings showed 

chilling damage after 4 days at 0°C; failed to survive when 

chilling at 0°C was extended to 6 days (Patterson et al. , 

1978). However, a hybrid of Rutgers involving a high-

altitude variant of L. hirsutum resisted the stress to a 
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greater degree than Rutgers or the hybrid involving another 

wild variant derived from a lower altitude. Although 

exposure at temperatures in the range 6 to 14°C for a 3-day-

period increased cold hardiness in two tomato cultivars, 

exposure at 5°C and lower was not effective; long exposure 

at these lower temperatures resulted in leaf damage 

(Drozdove et al., 1982). Two tomato cultivars exposed to 

56/42°F day/night temperature for 5 weeks exhibited reduced 

growth and the development of anthocyanin pigmentation 

within 5 days after the cold treatment (Knavel and Moher, 

19 69) . Chilling of tomato seedlings for 8 consecutive 

nights in darkness at 2°C also had an adverse effect on 

growth of both above- and below-ground parts {Melton and 

Dufault, 1991). 

Another type of studies utilize temperatures in the 

upper chilling range or slightly above the chilling range 

for the purpose of promoting flowering and increasing flower 

numbers in the earliest clusters. The positive effect of 

such temperatures on flowering of tomato has been reported 

by several investigators (Wittwer and Teubner, 1956; 

Calvert, 1957; Hurd and Cooper, 1967). However, exposure to 

these temperatures almost always result in reduction in 

seedling growth. 

In view of the preceding information, several following 

points can be argued: 
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Firstly, most chilling-related studies usually involve 

subjecting plant materials (such as, cellular organelles, 

tissues, detached plant parts, or intact plants) to 

chilling, most often in the dark, at temperatures within the 

chilling range. Chilling can be either continuous or 

interrupted, and for periods ranging from a few hours to a 

few days or weeks. In most cases, effects of chilling are 

assessed more easily within a few hours or days after warm 

temperatures are restored. There are several ways in which 

plant response to low temperature can be measured, but 

growth rate is one of the fundamental measures and it is a 

very sensitive yardstick for organic growth (Williams, 

1974) . Furthermore, some plant responses to low temperature 

which appear to be insignificant may be translated 

eventually into a major effect on vegetative growth. The 

above discussion indicates clearly the paramount effect of 

low temperature on growth of sensitive plants. Even with 

little or no changes in some response parameters, the effect 

of low temperature on growth is almost always evident. For 

example, growth of the grain cereal (Sorghum bicolor) plants 

over 7 days tended to decrease with decreasing night 

temperatures, from 16 to 1.5°C {Bagnall, 1979). However, no 

sign of chilling damage was observed at any chilling 

temperature. Chlorophyll content of tissues formed during 7 

days at 1.5°C night temperature was comparable to that of 
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control plants (16°C) and carbon dioxide exchange rates of 

leaves from the control and 1.5°C night temperature were 

also similar. 

Since there is a time factor involved in the 

development of injury symptoms, effects of continuous 

chilling would be expected to differ from those caused by 

interrupted chilling. While results from studies involving 

the former technique are crucial to cold-stress research, 

growers may be more concerned with results from the latter 

because they can be related more directly to the actual 

conditions in the field. 

Secondly, assignment of a critical temperature for 

initiation of chilling injury is arbitrary. That some frost 

tolerant plants can suffer severe structural abnormalities 

at chilling temperatures has been documented. Bagnall 

(1979) reported that three sorghum species failed to grow 

normally at a constant temperature of 5°C. At this 

temperature, all three species suffered severe chilling 

lesions, though field data showed that these species can 

withstand mild to severe frosting temperatures at night. 

This suggests existence of a critical growth-limiting 

temperature during the night different from that during the 

day. Ivory and Whiteman (1978), cited by Bagnall (1979) 

found that critical night temperature for growth of several 

C4 grasses appear to vary depending on the accompanying day 
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temperature. In C3 plants, the work of Hurd and Cooper 

(1967) showed that exposure at 16/4°C, day/night 

temperature, or at a constant temperature of 10°C for up to 

14 days had similar effects on vegetative growth and 

flowering of tomato seedlings. In all planting dates 

tested, growing at an average temperature of 10°C 

consistently increased the number of flowers, though 

negative effects on vegetative growth and anthesis were 

observed. Conversely, different results may be obtained 

from temperature regimes that vary in their average. 

Bruggemann et al (1992a) reported that growth and flowering 

proceeded in young tomato plants grown at 13°C day and 10°C 

night temperatures but not at a low night temperature of 

4°C. At 4°C, the plants died or suffered severe damage 

within two weeks. Presumably, the plants have some capacity 

to integrate temperatures fluctuating between high during 

the day and low during the night, with plant responses 

depending upon the average daily temperature reached. If 

this were to be the case, the prospects of a successful 

winter cropping of tomato in southern Arizona would seam to 

be promising, since those cold temperatures during the 

nights may be balanced by subsequent warm temperatures 

during the day. 

Lastly, the actual sequence of changes stemming from 

primary sensing of chilling temperatures and causing 
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eventually development of gross injury symptoms is yet to be 

determined. However, there is abundant evidence that some 

period of time has to elapse before the cumulative effects 

of such changes are transduced into irreversible damage that 

causes the observed symptoms. Presence of a lag period 

during which no apparent permanent damage appears to occur 

has some important practical implications. It means that 

injuries that are yet to be degenerative can be reversed if 

the exposed tissue is transferred at a favorable 

temperature. It has been shown that this reversibility 

phenomenon can be exploited advantageously in the cold 

storage industry. Hatton (1990) cited several reports on 

the potential use of intermittent warming in reducing 

chilling injury in a number of cold-stored horticultural 

commodities, thus increasing their storage life. On the 

other hand, reversal of chilling injury in intact plants 

will be dealt with more extensively later on. However, it 

is interesting to mention a few examples here. Creencia and 

Bramlage (1971) reported that injuries to corn seedlings 

induced by low temperature were reversible by transfer of 

seedlings to warm temperature (21°C) after 3 6 hr at 0.3°C. 

Similarly, reversal of low-temperature inhibition of growth 

has been reported recently for tomato (Bruggemann et al., 

1992a) . 
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Considering the examples discussed above, it would be 

reasonable to assume that exposure of field-grown plants to 

warm temperatures during the day may permit them to 

withstand injuries sustained at chilling temperatures during 

a preceding night. Since day temperatures are mostly warm 

during the winter months in southern Arizona, it would be 

worthwhile to explore effectiveness of such a characteristic 

condition in reversing the deleterious effects of the 

accompanying low night temperatures on growth and 

development of tomato seedlings. 

2.2.3. Symptoms of Chilling Injury 

Chilling can exert a variety of visual effects on 

sensitive tissues. These effects can occur during chilling 

but they usually develop more quickly and intensify upon 

restoration of warm temperatures. The symptoms of chilling 

injury have been detailed by many authors, and relevant 

summaries have also been presented (Lyons, 1973; Morris, 

1982). Some of the visual symptoms characteristic of 

chilling injury in developing vegetative tissues have been 

mentioned in the previous sections. Generally, the 

macroscopic symptoms of chilling injury in seedlings of 

sensitive species are manifested as leaf necrosis and 

chlorosis, abnormal pigmentation, premature senescence of 
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leaves, and stunted growth of the above- and below-ground 

plant parts. 

A rapidly-occurring visual symptom of chilling injury 

is loss of turgidity, which occurs as a consequence of water 

loss during chilling. Rapid wilting induced by chilling has 

been observed in leaves of intact cucumber seedlings (Wright 

and Simon, 1973), freshly excised leaves as well as the 

primary leaves of intact Phaseolus vulgaris plants (Wright, 

1974), and in leaf segments of corn seedlings (Creencia and 

Bramlage, 1971). These effects have been attributed to 

increase in membrane permeability, which was evident by 

increased rates of electrolyte leakage in water. However, 

contradictory results as to the cause and extent of leaf 

dehydration in P. vulgaris have been presented by Wilson 

(1979). He reported that chill-induced water loss is caused 

by stomatal opening during chilling, presumably due to a 

phase transition in the membranes of the guard cells or 

inactivation of the ion pumps at low temperatures. 

Replacement of the water lost from the leaf by 

evapotranspiration is prevented by the low permeability of 

the roots to water at 5°C. 

Before appearance of the above macroscopic changes, a 

series of microscopic changes are evident. A quick review 

of the literature reveals that the cytological responses of 

plants to chilling have been studied much less extensively 
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than those concerning the biochemical and physiological 

responses. Further, most studies on the ultrastructural 

changes induced by chilling involve mainly parts of the 

cytoplasm. 

Findings of earlier workers on the chill-induced 

changes in organelles, organelle membranes, or cellular 

membranes were noted briefly by Christiansen and St. John 

(1981), and they were covered later in a review by Wang 

(1982). The two reports show the apparent relationship 

between the alterations in cellular components and the 

biochemical and physiological changes induced by chilling. 

Evidently, the cytological changes characteristics of 

chilling injury are the earliest visual symptoms observed, 

and their intensity increases with duration of exposure. 

Interestingly, these changes are generally reversible upon 

rewarming, with the degree of reversibility contingent upon 

the structural part and the amount of damage it sustained. 

On the other hand, relatively few studies concerned the 

overall cellular responses to chilling. In this connection, 

the observations presented by Kimball and Salisbury (1973) 

are interesting. They found that various cellular 

components of three grass species responded differently to a 

3-day of exposure at temperatures reduced from 25 to -5°C, 

with the species differing mainly in degree of response. An 

increase in rough endoplasmic reticulum and a decrease in 
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dictyosome numbers were observed in all three species as 

the temperatures were lowered. Mitochondria exhibited 

little injury at reduced temperatures, whereas chloroplast 

were the most sensitive organelle in all species. Extended 

periods of chilling also caused extensive modifications in 

the subcellular fine structures of tomato fruit (Moline, 

1976) . 

Fortunately, effects of short- and long-term chilling 

on both the structural and ultrastructural components of 

tomato seedlings have been investigated extensively. A 3-

day of exposure at 5°C induced a variety of cytological 

changes in tomato cotyledons, including loss of cell turgor, 

vacuolization, reduction in volume of cytoplasm and vacuolar 

protein bodies, deposition of new materials in the cell 

walls, general disorganization of organelles, and a general 

loss of cytoplasmic structure (Ilker et al., 1976). 

Seedlings treated with ethanolamine, which has been shown to 

alter the in vivo membrane phospholipid composition of 

tomato seedlings {Waring et al., 1976) had generally less 

pronounced cytological damage at the cellular level and 

better preserved organelles at the ultrastructural level. 

Most organelles appeared almost normal during two days of 

exposure to normal temperature and dim light following 

chilling. Hence, it was speculated that compositional 

changes in the cellular membranes induced by ethanolamine 
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treatment may have a role in lowering the temperature of the 

phase transition in the cellular membranes, thereby reducing 

sensitivity to chilling. Two days after the chilling 

treatment, the chloroplast of chilled-only cotyledons showed 

greater capacity to recover and began to form both grana and 

a granular matrix. In contrast, the mitochondria and 

cytoplasm appeared to be leached, indicating a differential 

recovery response between organelles. In a later study, 

Ilker and his co-workers (1979) demonstrated that membrane 

alterations precede other cytological changes during dark 

chilling of tomato seedlings. Although changes in the 

mitochondrial components occurred within 8 hours of 

chilling, the mitochondrial structure appeared to be less 

severely injured during the longer chilling exposures than 

other organelles. It has also been shown that different 

lengths of exposure were required to damage different types 

of organelles. 

The effect of low temperatures on protoplasmic dynamics 

in chilling-sensitive species is spectacular. Cessation of 

protoplasmic streaming has long been found to occur in root 

hairs of tomato and other chilling-sensitive plants exposed 

to about 11°C (Sachs, 1864). More recently, Lewis (1961) 

found that streaming ceased or was just perceptible after 1 

or 2 minutes at 10°C in petiole trichomes of several 

chilling-sensitive species, including tomatoes. Rapid 
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streaming resumed in some species upon transfer from 0 to 

2 0°C for up to 3 days. In tomato trichome, however, 

streaming was not recoverable after 24 hr at 0°C. 

The exact mechanism of this phenomenon or the source of 

energy required for such a dynamic process to proceed are 

not known. Lyons (1973) noted results of some earlier 

investigators in support of his argument that streaming is 

an energy-requiring process, and that it is dependent on the 

physical properties of the protoplasm and subcellular 

membrane system. Although a specific role of streaming in 

normal metabolism is not known, a partial paralysis or a 

complete cessation of the process is likely to upset normal 

metabolism during and/or after chilling. 

In view of the above observations, inference can be 

made that various organelles do differ in both the liability 

to injury by the same low temperature regimes and the 

ability to recover under normal conditions. Hence, the 

growing ability of organized tissues may eventually be 

impaired, since the functioning ability of different 

organelles are somewhat interdependent. The evidence points 

to various membrane systems as an early site of chilling 

injury, but does not explain how chilling alters the 

cytological configuration in plants sensitive to chilling. 

It is also apparent that the chill-induced cytological 

changes can be reversed by transfer to normal temperatures. 
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Moreover, sensitive plants my be able to withstand chilling 

by treatments which can influence the composition, or the 

physical properties of the membranes during chilling. 

2.2.4. Temperature Effects on Plant Function 

Much of the observation noted above has documented the 

visual expressions of chilling injury. The appearance of 

such symptoms, however, tends to be a late manifestation of 

the injurious effects of chilling. In many cases, the 

visual symptoms originate as a consequence of functional 

abnormalities rather than a direct per se effect on the 

tissue exhibiting injury symptoms. This section is intended 

to understand the aspects of these dysfunctions and how they 

lead to irreversible tissue damage. 

2.2.4.1. Photosynthetic Disruption 

In most plants, photosynthesis is one of the first 

processes which exhibit sensitivity to low temperatures. In 

chilling-sensitive plants, however, the chill-induced 

changes in photosynthetic activity are relatively rapid and 

more dramatic, with the magnitude of the response depending 

on the species, variety, temperature, and duration of 

exposure. 



37 

Measurements of photochemical activities in 

chloroplasts isolated from chilled, detached leaves of 

tomato and in vivo measurements of cytochrome-554 

photooxidation in chilled leaves provided evidence that 

photosynthetic disruption develops well in advance of any-

visual damage to exposed tissues is observed (Smillie and 

Nott, 1979). Differences in low-temperature photosynthetic 

response between the chilling-resistant and-susceptible 

plants have been well documented. In intact leaves, 

comparative examination of photosynthetic activity at low 

temperature showed that chilling at 4°C caused an immediate 

and marked depression in photosynthetic efficiency in 

chilling-sensitive tomato, but not in chilling-tolerant 

spinach (Sassenrath and Ort, 1990). Differences can also be 

seen at the chloroplast level. For example, the 

photoreductive activity of chloroplasts isolated from a 

number of unrelated chilling-sensitive plants declined 

linearly with the time the detached leaves were kept at 0°C 

(Critchley and Smillie, unpublished results, cited by 

Smillie and Nott, 1979). In contrast, chilling-resistant 

plants showed no decrease in this activity during prolonged 

exposure to 0°C . Comparable results were obtained with 

closely related, chilling-sensitive tomato species, 

including two cultivars of the domestic tomato and high and 



38 

low altitudinal forms of the wild tomato, L. hirsutum 

{Smillie and Nott, 1979). 

Varietal differences in sensitivity of photosynthesis 

to chilling stress have also been reported. A good example 

can be found in the work of Kishitani and Tsunoda (1974) , 

Their results with different cultivars of Oryza sativa 

showed that cultivars grown in cool climates had less 

reduction in C02 exchange rate (CER) following three 

consecutive 12°C nights than did cultivars grown in warm 

environment. Evidence for intraspecific variation of CER 

response to chilling has also been reported for alfalfa 

(Peoples and Koch, 1978). The three cultivars tested 

exhibited varying rates of reduction in CER following a 5°C 

night. Interestingly, chill-induced changes in other 

physiological processes, such as transpiration, leaf 

diffusive resistance and xylem water potential occurred in 

just one of the cultivars. These observations, as discussed 

later, indicate that chilling can inhibit photosynthesis by 

several mechanisms. 

There are inconsonant reports as to causation of the 

apparent reduction in the rate of whole plant photosynthesis 

during and after chilling. The incapability to maintain 

photosynthesis was thought to be associated with the 

incapacity of plants to form chlorophyll (Chi) at chilling 

temperatures. Chill-induced reduction in total Chi content 
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has been documented in tomato (Melton and Dufault, 1991). 

Leaf Chi content was determined after eight consecutive 

nights of chilling {2°C) .. Effects on photosynthesis were 

not determined in this study. More recently, Bruggemann and 

co-workers (1992a) examined the photosynthetic responses of 

young tomatoes to long-term chilling under low light (60 to 

10 pmol. quanta, m"2 s"1) during the photoperiod. They found 

no significant variation in photosynthetic capacity between 

plants kept for 14 days at 6 or 10°C, whereas net 

photosynthesis measured under ambient conditions was lower 

in the former. They argued that one reason for such 

discrepancy can be the lower Chi content in the 6°C-treated 

plants. 

The fact that exposure to low temperature in the 

presence of strong light causes massive bleaching of the 

photosynthetic pigments has been well documented in 

chilling-sensitive species (Taylor and Rowley, 1971; Rowley 

and Taylor, 1972; Bagnall, 1979). It has been shown, 

however, that chill-induced inhibition of photosynthetic C02 

uptake preceded destruction of the chloroplast pigments 

(Taylor and Graig, 1971; Brooking and Taylor, 1973). The 

results of Powles and associates (1983) with attached leaves 

of a number of chilling-sensitive species, including tomato 

also confirm that inhibition of photosynthesis cannot be 

ascribed primarily to loss of Chi. Three hours of chilling 
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under high intensity illumination resulted in marked 

inhibition of the subsequent quantum yield of photosynthetic 

C02 uptake, without any detectable change in leaf Chi 

content. Earlier experiments with attached tomato leaves 

have established that loss of Chi also occurs as a 

consequence of chilling in the dark, with the amount of Chi 

lost depending on the intensity of light during the 

accompanying photoperiod (Martin et al. , 1981). No Chi loss 

could be detected immediately after chilling. Furthermore, 

the loss of Chi was equal in both chilled and unchilled 

plants exposed to high irradiance. Thus Chi loss was 

eliminated as a cause of inhibition of photosynthesis in the 

chilled plants. 

The above observations clearly establish that loss of 

Chi is not a primary causative factor in the chill-induced 

inhibition of photosynthesis. It should be emphasized, 

however, that Chi bleaching would be expected to hinder the 

recovery of photosynthesis in tomato, since the loss of Chi 

developed after restoration of warm temperature (Martin et 

al., 1981). 

Numerous reports have shown that phloem translocation 

is slowed or stopped in chilled leaves (Geiger, 1969), and 

this inhibition has been suggested as a cause of low 

photosynthetic rates of a number of species following 

chilling. Several reports, for example, attributed reduced 
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photosynthetic rates of pangolagrass (Digitaria decumbens) 

following a chilling night to starch retention in mesophyll 

chloroplasts (Hilliard and West, 1970; Chatterton et al., 

1972). The findings of peoples and Koch (1978) also lend 

support to the theory of feedback inhibition of 

photosynthesis in alfalfa (Chatterton, 1973) caused by 

decreased translocation of leaf carbohydrates during a cold-

night, and temperature-dependent feedback inhibition of 

photosynthesis has been shown for the chilling-sensitive 

peanut (Bagnall et al., 1988). On the other hand, there are 

reports which indicate that carbohydrate retention has 

little or no effect on subsequent photosynthesis (Karbassi 

et al., 1972; Crookston et al., 1974). The latter group of 

investigators noted inconsistencies in earlier reports as to 

the cause of short-term, low-temperature photosynthetic 

reductions and suggested that such variability may be 

explained by differences among species in C02 fixation. 

Their own results with bean (phaseolus vulgaris) and 

discussion of a number of relevant reports tend to suggest 

that C4 species exhibit feedback inhibition of CER and C3 

species suffer water stress induced inhibition. However, 

this explanation does not seem to apply to the C3 tomato 

species, since recent reports suggested implication of 

increases in leaf carbohydrates in the chill-induced 

inhibition of photosynthesis in tomato (Bruggeraann et al., 
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1992b) . Evidently, a feedback mechanism suggests a more 

direct role for translocation in the inhibition of 

photosynthesis. In other words, carbohydrate retention per 

se is not a key factor in reduction of photosynthesis 

observed at chilling. In the long-term, however, 

immobilization of the photosynthetic assimilates can have 

serious effects on recovery of photosynthesis and regrowth 

of chilled tissues, as shown recently for tomato {Bruggemann 

et al, 1992ab) . 

Negative effects of dark chilling have been reported 

recently on stomatal behavior (Guye and Wilson, 1987) and 

some earlier investigators proposed that photosynthetic 

reduction following an exposure to chilling was due to 

stomatal limitations. The correlation between depression in 

photosynthetic rates and declining transpiration rates has 

led a number of investigators (Pasternak and Wilson, 1972; 

Treharne and Eagles, 1970) to suggest that increased 

stomatal resistance to C02 flux is the cause of the chilling 

impairment of photosynthesis. Crookston and his colleagues 

(1974) showed this correlationship and suggested that the 

apparent reduction in photosynthesis of potted bean plants 

following exposure to cold for one night was due to stomatal 

closure brought on by temporary water stress. In tomato, 

Martin et al., (1981) demonstrated that only 35% of the 

chill-induced inhibition of photosynthesis, observed at 
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atmospheric C02 levels, was due to lowering of the 

intercellular C02 concentration (i.e., of stomatal origin). 

However, chilling caused a drop in water potential that was 

small enough (1 bar) to suggest elimination of leaf water 

deficit as the cause of the observed partial closure of the 

stomata and the consequent inhibitory effect on 

photosynthesis. It was presumed that the apparent chill-

induced increase in leaf resistance to C02 uptake may be an 

AbA-related response, since AbA has been shown to sensitize 

stomata to C02 in numerous plant species {Raschke, 1975). 

Furthermore, measurements of photosynthesis at saturating 

levels of C02 showed that Photosynthesis in chilled tomato 

plants remained depressed by about 35%, indicating that 

chilling had a more direct inhibitory effect on chloroplast 

activities. Evidence for both stomatal and nonstomatal 

causes for chilling impairment of photosynthesis have also 

been observed in attached leaves of Xanthium Strumarium 

{Dark and Raschke, 1974) and Zea mays (Raschke, 1970) . 

Evidently, the chill-induced inhibition of stomatal 

aperture alone may not account for the full degree of the 

observed inhibition, and the larger effect of chilling on 

photosynthesis which was not alleviated by saturating 

intercellular C02 levels (Martin et al., 1981) appears to 

result from a direct influence on chloroplast activity. 
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The key reaction responsible for chilling impairment of 

chloroplast activity has been the focus of numerous 

experiments, with a great deal of reports indicating that 

chloroplasts isolated from prechilled leaves of sensitive 

plants suffer damage to the multi-step, photosynthetic 

electron transport. For example, Kaniuga and Michalski 

(1978) and Kaniuga et al (1978) have diagnosed water 

oxidation as the chill-unstable process in tomato 

chloroplasts. Their results with tomato and other chilling-

sensitive plants showed that the Hill reaction was 

inactivated by chilling and reactivated by illumination of 

stressed leaves supporting similar conclusions drawn earlier 

by other investigators (Margulies, 1972; Margulies and 

Jagendorf, 1960). Their combined results indicated that 

chilling inhibition of Hill reaction activity is caused by 

release of free fatty acids, particularly lanolenic acid 

from chloroplast lipids, as well as by damage to the 

thylakoid membranes structure affecting the electron 

transport within photosystem II (PSII). The reports of 

Smillie (1979) and Smillie and Nott (1979) also suggested 

that impaired water oxidation capability is a significant 

element of prechilling injury to photosynthesis. However, 

recent experiments with attached tomato leaves showed that 

dark chilling caused no significant effect on net 

photosynthesis measured at low light intensities (Martin et 
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al. , 1981) . This finding led the latter group of 

investigators to question the notion that the reduced 

capacity for water oxidation observed in isolated 

chloroplasts is a major cause of the reduced rates of 

photosynthesis observed in attached, prechilled leaves. 

More recently, Martin and Ort {1982) demonstrated that 

PSII activity and water oxidation capacity were not 

significantly impaired in tomato by chilling in the dark. 

Although the maximum rate of PSII turnover in the isolated 

chloroplasts was 12% lower following chilling, it was in all 

cases two or more times that required to support the light-

and C02-saturated rate of photosynthesis measured in the 

attached leaf. Furthermore, measurement of the products of 

water oxidation from a series of short saturating flashes 

revealed that dark chilling caused no significant change in 

the concentration of active PSII centers. Consequently, it 

was concluded that impaired water oxidation capability and 

reduced PSII activity are not primary aspects of the 

reduced rates of C02 fixation observed in attached tomato 

leaves. 

A number of studies have suggested a mechanism for 

chilling impairment of chloroplast activity which seems to 

be at odds with the mechanism of reversible inhibition of 

Hill reaction activity proposed by Kaniuga and Michalski 

(1978) . For example, the introduction of artificial 
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electron donors and acceptors enabled Shneyour and his 

colleagues (1973) to study the effects of temperature on the 

partial reactions of the light-dependent electron transport 

in chloroplasts of chilling-sensitive plants (tomato and 

bean). Within the chilling-temperature range (10 to 12°C) 

the overall photosynthetic electron transport process in 

chloroplasts isolated from these plants exhibited an abrupt 

change (increase) in activation energy at approximately 12° 

C. Furthermore, increases in activation energies of both 

the photoreduction of NADP+ from reduced 2,6-dichlorophenol-

indophenol and the ferredoxin-NADP+ reductase were observed 

at about 12°C, whereas no alteration in the activation 

energy of the reactions associated with PSII were detected 

over the temperature range 3 to 25°C. Consequently, rather 

than PSII, photosystem I (PSI) was identified as the chill-

sensitive region of photosynthesis in chloroplasts of 

chilling-sensitive plants. 

Seemingly, the observed effect on the overall 

photosynthetic electron transfer is the result of a 

temperature-induced increase in the activation energy of the 

terminal electron transfer reaction catalyzed by the 

membrane-bound ferredoxin-NADP+ reductase. 

Temperature-induced changes in the physical properties 

of chloroplast membranes of sensitive plants have been 

detected by electron paramagnetic resonance (e.p.r.) 
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(Raison, 1974) and by electron spin resonance (e.s.r.) 

spectroscopy {Raison and Chapman, 1976}. Temperature-

induced changes in the Arrhenius activation energy of enzyme 

systems associated with these membranes have also been 

reported. The two temperature effects occurred at the same 

temperature. The fact that this corresponds to the 

temperature at which a change in activation energy of 

photoreduction of NADP+ from water occurred (Shneyour et 

al., 1973) indicates that membrane changes caused by low 

temperature play a key role in the physiological 

manifestation of chilling injury to photosynthesis of 

sensitive plants. Moreover, though a general consensus as 

to the exact chill-sensitive region of photosynthesis is 

lacking, damage to the membrane systems appear to be a 

common element of the proposed mechanisms of chilling 

impairment of chloroplast activity. Finally, all of the 

previous observations lend much support to the hypothesis 

that the primary temperature response is a thermal phase 

change in the lipid portion of the membranes, concomitant 

physical changes in the membranes, and an increase in 

activation energy of the membrane-associated processes 

(Lyons, 1973; Levitt, 1980; Raison and Chapman, 1976). 
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Temperature dependence of organic translocation has 

long been recognized, with numerous reports indicating 

reduced rates of translocation as growth temperature is 

lowered. In tomato, bean and milkweed, for example, a 

marked degree of inhibition of translocation has been 

observed below 5°C {Hewitt and Curtis, 1948). Similarly, 

chilling a short portion of the path has also been shown to 

inhibit translocation in a number of different plants. For 

example, inhibition of translocation by localized cooling of 

the path has been observed in tomato (Bohning et al., 1953). 

There is, nevertheless, circumstantial evidence that 

carbohydrates are translocated independently of temperature 

or even at an enhanced rate at lower temperatures. Thus, 

the results of experiments with tomato carried out by Hull 

(1952) are particularly interesting. Plants with a few-

centimeter-long portion of the stem cooled (1°C) exhibited 

an equal translocation of endogenous sucrose, whereas 

greater translocation of external sucrose was observed. 

Crafts (1951) has also presented an excellent review of a 

number of supportive reports. 

Although the results from localized cooling experiments 

appear to be rather controversial and the methodology 

involved does not reflect in any way the actual condition in 
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the field, the technique afforded a wealth of information as 

to the nature of chilling inhibition of translocation in the 

individual subdivisions of the translocation system. Geiger 

(1969) reviewed a number of experiments which permitted 

separate consideration of path, sink, and source-chilling 

effects on translocation. His analysis of the kinetics of 

inhibition and recovery observed during localized cooling of 

these regions suggested differing mechanisms of inhibition 

in the various subdivisions of the translocation system. 

The apparent long-lasting inhibition due to sink chilling 

and the quick recovery on warming were indicative of 

inhibition of a metabolic process directly involved in 

moving the translocate. Presumably, the mechanism of 

chilling inhibition in the sink region directly interferes 

with the energy input required to maintain translocation. 

The transient inhibition of translocation due to localized 

path-cooling, as found in the chilling-insensitive sugar 

beet, when contrasted with the long-range persistence of 

path-chilling inhibition and the lag in recovery upon 

warming observed in the chilling-sensitive bean, suggested 

the existence of physical damage to the conducting system. 

It was postulated that the extent of damage in the former 

may be negligible, whereas comparatively more severe damage 

occurs in the latter and that it must be repaired before 

translocation resumes. 
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The careful work of Giaquinta and Geiger (1973) has 

established the existence of physical damage to the 

translocation path and its involvement in blockage of 

translocation shown already for bean (Geiger, 1969). 

Arrhenius plots for petiole tissue respiration and for 

cytoplasmic streaming in leaf hair cells did not display the 

discontinuity in slope characteristic of chilling-sensitive 

plants, indicating that the observed inhibition of 

translocation was not due to severe temperature inhibition 

of either of these processes. On the other hand, the 

variation in the degree of displacement of p-protein 

crystals along the petiole as a result of sudden pressure 

release in bean petiole at 25 and 0°C suggested that 

chilling has physically blocked the sieve tubes. Further, 

electron micrographs of sieve tubes revealed that the cold 

treatment caused structural alteration and displacement of 

the cytoplasmic material lining the sieve tube wall 

resulting in blockage of the sieve plates. A chilling-

induced phase change in the lipid portion of the plasma 

membrane of the sieve tube reticulum has been suggested as 

the primary temperature response which causes the observed 

cytoplasmic changes and the consequent occlusion of the 

sieve pores. Physical changes in the plasma membrane have 

also been shown to occur overtime in cells from chilled 

tomato cotyledons (Ilker et al., 1976). It follows that 
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membrane damage would presumably cause inhibition of 

translocation in tomato, since it responds to chilling in a 

manner exemplified by bean. 

It must be emphasized, however, that localized cooling 

represents an unusual situation for plants under field 

conditions. Although inhibition of translocation in 

sensitive plants appears to occur mainly by the mechanism of 

damage, systemic cooling would affect each of the component 

subprocesses of translocation to a certain extent and by a 

different mechanism, ultimately giving rise to the observed 

chilling effect. In conclusion, a part from consequences of 

inhibition of translocation on photosynthesis, it is 

conceivable that blockage of translocation could also 

predispose the non-photosynthesizing parts to carbohydrate 

starvation, which has been shown to occur in root tips of 

maize accompanied by reduced respiration and cessation of 

growth (Crawford and Huxter, 1977). 

2.2.4.3. Anomalous Respiratory Behavior 

Irregularities in the respiratory behavior in response 

to chilling have been the focus of numerous studies. A 

sudden respiratory burst or a brief decline followed by 

faster respiration are common manifestations of respiratory 

upset during or after chilling of detached organs, tissues, 
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or mitochondria from sensitive plants. Earlier reports 

concerning such changes in respiratory activity were covered 

in a review by Lyons (1973) and discussed in a chapter by 

Levitt (1980), and thus will not be reported here. However, 

some of their arguments are worthy of mentioning. It is 

abundantly clear that the primary respiratory response to 

chilling occurs before the common visual symptoms of injury 

are observed. That an abrupt change in respiratory activity 

of attached leaves may occur below a threshold temperature 

without any apparent injury symptoms has been demonstrated 

(Minchin and Simon, 1973). 

As with other injury symptoms, there is a correlative 

relationship between temperature/time and both the magnitude 

and pattern of the respiratory response. This relationship 

is clearly evident in cucumber fruit chilled for different 

periods of time (Eaks and Morris, 1956) and in attached 

cucumber leaves (Minchin and Simon, 1973). Leaves can 

recover their initial rate of respiration by subjection to 

warm conditions after a short period of chilling (Wright and 

Simon, 1973). In contrast, longer exposure can cause a 

persistent respiratory upset. This has been shown to occur 

concomitantly with apparent injury symptoms (Eaks and 

Morris, 1956). Further, the respiratory quotient (RQ) for 

cucumber chilled for long period was more than unity, 

indicating a major upset in normal metabolism. 
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It has been argued that disturbances in the normal 

balance of biochemical processes can arise as a consequence 

of inhibition of the mitochondria-bound respiration {aerobic 

phase) without any inhibition of the anaerobic phase of the 

overall respiratory process. Differential temperature 

effects on the activity of several respiratory enzymes were 

found in soybean (Duke et al., 1977). The Arrhenius plots 

for activity of several lipid-based dehydrogenases displayed 

the inflections typical of chilling-sensitive plants. Below 

a critical temperature, a marked increase in the Arrhenius 

activation was observed in all of the dehydrogenases tested. 

Such extramitochondrial enzymes as alcohol dehydrogenase and 

glucose-6-phosphate dehydrogenase, however, showed linear 

Arrhenius plots of activity. Thus, it is likely that normal 

metabolism would be greatly upset by such a disproportionate 

inhibition (or acceleration) in activities of various 

enzymes. Levitt {1980) also noted a line of evidence in 

support of the above concept. In his view, the differential 

temperature effects on both the aerobic and anaerobic phases 

can account for the observed discrepancies {either an 

increase or a decrease) in the rate of respiration. It can 

also explain the lack of success in detecting any chilling-

induced changes in the RQ of a number of plant species 

reported earlier by Platenius (1942), cited by Lyons (1973). 

Any inhibition of the aerobic phase allows the anaerobic 
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respiration to take over, causing no apparent change in the 

rate of C02 evolution. It must be stressed, however, that 

the initial increase in rate of respiration can result from 

increased rate of breakdown of substrates under anaerobic 

conditions. This would then be followed by an inhibition 

due to accumulation of toxic intermediates. 

Lyons and Raison (1970) studied the effect of a wide 

range of temperatures (25 to 1.5°C) on the oxidative 

activity of mitochondria isolated from healthy (unchilled) 

plant tissues. Their results showed that an immediate and 

direct effect of chilling on sensitive species is to 

suppress mitochondrial respiration. It also clearly showed 

that lowering the temperature had no direct effect on the 

phosphorylative efficiency of mitochondria from either the 

chilling-sensitive or the chilling-resistant plant species 

though the rate of energy production would be reduced 

concomitant with reduction in oxidative activity. 

Presumably, impairment of mitochondrial phosphorylative 

capacity occurs after the tissues have been injured for some 

period of time. This has been shown to be the case in 

tomato tissues chilled at 0°C for 12 days (Lewis and 

Workman, 1964). The chill-induced downward bend in the 

Arrhenius-type plot of mitochondria oxidative activity seems 

to hold for activity of other membrane systems, including 
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chloroplast (Shneyour et al. , 1973; Murata et al., 1975) and 

the vacuolar membranes (Yamaki and Uritani, 1973). 

2.2.5. Mechanisms of Chilling Injury 

A number of mechanisms have been proposed as a cause of 

the injury symptoms commonly observed at chilling 

temperature (Levitt, 1980; Lyons; 1973; Wang, 1982). These 

include chill-induced metabolic perturbations, toxin 

induction, changes in cell permeability, and temperature-

induced phase transition in the cellular membranes. This 

section deals strictly with the last concept, since the 

membrane phase transition seems to be a primary causative 

factor common to all known types of chilling injury {Lyons, 

1973; Raison, 1974). 

2.2.5.1. The Role of the Membrane 

That the characteristic inflection in Arrhenius plot 

for enzyme activity is due to temperature effect on the 

lipids has been reported (Watson et al., 1975). The bend 

disappeared when the enzyme was freed from the associated 

lipid by treatment with non-ionic detergent. Sechi and 

associates (1973) also demonstrated that activities of the 

membrane-bound enzymes depend upon their association with 
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the membrane lipids. There is an optimum fluidity of the 

membrane phospholipids. When far from this optimum, 

conditions for functional activity may be lacking. 

Chill-induced physical changes have been shown to occur 

in membranes of glyoxysomes, mitochondria, and proplastids 

{Wade et al., 1974) and in membranes of both mitochondria 

and chloroplasts of sensitive plants (Lyons, 1973; Raison, 

1974). When chilling-sensitive plants are cooled to a 

chilling temperature, the lipid portion of the membranes 

undergoes a phase transition from the fluid to the solid 

(gel) state. Consequently, enzymes with a lipid base suffer 

conformational changes which would affect their active sites 

and hence the kinetics of their reaction. The results of 

ESR studies have established this beyond question. ESR 

labels of the membrane lipids from chilling-sensitive plants 

underwent a temperature-induced change in molecular ordering 

of the lipids that corresponded with the critical 

temperature for activation energy increase for the membrane-

bound enzymes (Raison, 1974; Raison and Chapman, 1976). 

There is a well-documented relation between 

unsaturation of fatty acids, a lower phase transition 

temperature, and chilling resistance. Thus, the greater the 

degree of unsaturation of the membrane lipids, the lower the 

phase transition temperature of the memberanes of plants, 

animals, and microorganisms (Levitt, 1980; Lyons, 1973; 
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Wang, 1982) . Membrane lipids from chilling-sensitive 

plants, on the other hand, tend to have a higher proportion 

of saturated to unsaturated fatty acids, and the higher 

phase transition temperature commonly observed in chilling-

sensitive plants has been related to inability to maintain 

membrane fluidity at chilling temperatures. Various 

membrane compositional changes have been related to chilling 

injury. In chilling-sensitive cotton seed, for example, it 

has been shown that efficiency of DNA polymerase activity 

was decreased in response to chilling (2°C) and this was 

associated with fatty acid content of the nuclear membrane 

(Clay et al., 1976). It has also been reported that the 

degree of unsaturated fatty acids in the chloroplast 

membranes, represented by the double bond index, was 

negatively correlated with the reduction in photosynthetic 

CER at 10°C compared to that at 20°C (Peoples et al. , 1978b) . 

Their results tend to support the early concept that the 

degree of unsaturation of membrane fatty acids influences 

the physical state of the membrane and hence its 

sensitivity to low temperature (Lyons and Asmundson, 1965; 

Lyons and Raison, 1970). 

In contrast, the results of some experiments led a 

number of investigators to suggest that a temperature-

induced change in the physical properties of the lipids is 

not the primary cause of chilling injury. A line of 
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conflicting evidence can be found in a review by Lyons 

(1973) and, therefore, will not be repeated here. However, 

Levitt (1980) noted the results of some studies which seem 

to provide possible reasons for the negative results as to 

lack of correlation between the phase transition of the 

lipids and chilling resistance. In tomato, chilling-

tolerant lines had higher levels of unsaturated fatty acids 

at the mature-green stage than did non-tolerant lines 

(Tabacchi et al., 1978, 1979) and treatment of tomato 

seedlings with ethanolamine altered phospholipid composition 

and somewhat diminished the symptoms of chilling (Ilker et 

al. , 1976) Thus compositional changes in membrane lipids 

can be correlated with chilling injury, as can lipid phase 

changes. It is the precise relation of the physical 

properties of membranes to the thermal phase transition of 

the lipids that is not certain, as yet. 

As with opposition to a key role for compositional 

changes in membrane lipids in chilling injury, there are 

reports which also suggest that inflections in Arrhenius-

type plots are not invariably associated with chilling 

sensitivity. For instance, linear Arrhenius plots have been 

reported for the effect of temperature on the rate of 

oxidation of pollen grains from tomato {Patterson et al., 

1979) and seeds of mung been and cucumber (Simon et al., 

1976). An excellent critical analysis of much of the 
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reported criticisms of the membrane lipid hypothesis can be 

found in a chapter by Raison and Orr (1990). Although they 

acknowledge that part of the criticism is justifiable and 

that advocation of a phase change in membrane lipids as the 

key factor in chilling does not imply that it is the basis 

of all chilling-induced disorders. They contend that the 

majority of the opposing reports are incapable of refuting 

such hypothesis due to lack of sufficient evidence, 

misconceptions, differences in experimental procedures, and 

failure to separate the reversible primary temperature 

response from the time-dependent, irreversible changes which 

lead to visual manifestation of chilling injury. 

2.2.5.2. Chilling Injury not Associated with 

Lipid Phase Transition 

A great deal of the reports above have suggested a 

major role for temperature-induced membrane lipid changes in 

the response of sensitive plants to low temperature. The 

results of a number of experiments reported by Raison (1974) 

demonstrated the coincidence of the temperature at which the 

physiological response is initiated, and the temperature of 

the membrane phase change, and the consequent changes in 

kinetics of membrane-bound enzymes. These evidence clearly 

point to the membrane as a locus of the temperature response 
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in sensitive plant species. However, the results of some 

experiments suggest the existence of an alternative , or 

additional mechanism of chilling injury not associated with 

lipid phase transition. 

Direct temperature effect on activity of enzymes which 

are not membrane-bound or have no lipid base has been shown 

to occur in chilling-sensitive plants. For example, 

measurement of K,,, PEP, a parameter which indicates the 

effect of temperature on the affinity of an enzyme for one 

of its substrates, at 1.3 and 20°C for PEP-carboxylases from 

tomato (tropical), wheat (temperate), and Caltha Intraloba 

(alpine) showed that the PEP for the tomato enzyme 

increased nine-fold at 1.3°C (Graham et al. , 1979). K,,, PEP 

values for the latter two species did not change 

significantly at the lower temperature. Presumably, the 

enzyme from tomato underwent structural changes about the 

active site with low temperature and that this resulted in a 

changed affinity of the enzyme for one of its substrates. A 

possible cause of such denaturation of soluble enzymes (and, 

therefore, inactivation) is thought to be a low-temperature 

induced weakening of the hydrophobic bonds, leading to 

unfolding of the enzymic protein molecule (Simon et al., 

1976). Decreased activity of PEP-carboxylase could lead to 

an imbalance in metabolism, since it appears to have an 

important regulatory role in C3 plants (Graham et al., 



61 

1979) . Native differences between enzymes in energies of 

activation can also upset normal metabolism. The results of 

Rhodes and Wooltorton (1977) with seven enzymes, involved in 

chlorogenic acid metabolism, from chilled tomatoes provided 

evidence in favor of the kind of chilling injury above. Two 

of the seven enzymes showed a marked, reversible increase in 

activity below 10°C. 

In view of all evidence above, it can be inferred that 

low-temperature induced changes in either lipids or proteins 

qualify as the primary event in chilling injury, though 

lipid changes seem to predominate. Also, changes in both 

cellular constituents are likely to occur concomitantly in 

tissues of whole plants exposed to low temperature. Thus, a 

treatment which is intended to manipulate just one of these 

constituents at low temperature would be expected to produce 

just a partial reduction in the effect of low temperature on 

growth and development of sensitive plants. In other words, 

artificial stabilization of membranes alone would result in 

greater amelioration of low temperature only if chilling 

injury is entirely due to the phase transition of membrane 

lipids. 

2.2.6. Amelioration of Chilling Injury 

The predominant mechanism of chilling injury as well as 
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the cellular component(s) which qualify as primary 

temperature sensor, which initiate a series of physiological 

disorders leading to an irreversible loss of cellular 

integrity were identified in the preceding section. With 

this understanding in mind, we will focus in the following 

section on how some environmental conditions alter the 

chilling sensitivity of plants and attempt to identify a 

treatment which may enhance their ameliorating effect. 

An understanding of what constitutes the variable 

resistance to chilling injury in sensitive tissues is yet to 

be fully realized. Nevertheless, it has been widely 

reported that exposure of plant material to some 

environmental conditions induces a variety of physiological 

changes which bring about accumulation of various 

metabolites, many of which have been implicated in 

conferring chilling tolerance in sensitive tissues. 

Elaborate reviews of the literature on the effects of an 

array of environmental conditions on cold resistance have 

been presented by Levitt (1941, 1980), therefore, this topic 

will not be covered in detail here. There is increasing, 

although circumstantial, evidence that carbohydrate level 

and/or composition influence sensitivity of the plant 

material to low temperature. The environmental conditions 

which lead to accumulation of carbohydrates in plant tissues 
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and reduced sensitivity to low temperature are the focus of 

the following discussion. 

2.2.6.1. The Role of Light 

That light is a prerequisite for increasing hardiness 

in many plants and algae has been reported (Hatano, 1978; 

Tumanov et al., 1976; Yelenosky, 1979). It is a widely held 

belief that light influences the ability of plants to 

withstand low temperatures, both through its morphogenetic 

and photosynthetic effects. Accordingly, cold-hardening of 

many herbaceous plants and algae in the presence of light is 

much more effective than in darkness (Tumanov et al. , 1976; 

Yelenosky, 1979). In practice, a major objective of 

training young fruit trees is to minimize shading of the 

lower branches for improved overall production. Such 

shading has been shown to reduce the cold resistance of both 

vegetative and reproductive tissues {Howell and Shaulis, 

cited by Howell and Dennis, 1981). Seedlings of several 

chilling-sensitive genera showed greater tolerance to 

chilling in the dark when chilling began during the diurnal 

light period than when the exposure was initiated at the end 

of the dark period (King and Reid, 1987; King et al., 1982, 

1988; Patterson et al., 1979; Rikin et al., 1979, 1981). 

That endogenous carbohydrate concentrations- continue to 
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decline during the last hours of the dark period and 

increase sharply with the onset of light has been reported 

for a number of plant species, including barley (Sicher et 

al. , 1984) soybean {Rufty et al., 1983), and tomato (King et 

al. , 1988). Coincidently, chilling sensitivity of tomato 

seedlings was highest during the last hours of the diurnal 

dark period, and low-temperature tolerance was regained 

within 10 minutes of light exposure {King et al., 1988) . 

Low-temperature sensitivity decreased linearly with duration 

of exposure to light, up to 60 minutes. Also, seedlings 

exposed to high light intensity at the start of the light 

period were less sensitive to subsequent chilling than did 

those exposed to low light or seedlings held in the dark. 

These observations led King and associates (1988) to suggest 

that increased tolerance of tomato seedling to chilling 

following exposure to light is a photosynthetic response. 

Presumably, the increased sensitivity to chilling towards 

the end of the dark period is due to carbohydrate depletion, 

whereas light may promote chilling tolerance through 

accumulation of photosynthetic products rather than through 

an immediate phtomorphogenic effect. The ability of tomato 

shoots, fed with various sugars (glucose, fructose, or 

sucrose) during chilling, to survive chilling in the dark 

for up to 9 days (King et al., 1988) provided evidence in 

favor of the above explanation. Moreover, addition of DCMU, 
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a photosynthetic inhibitor, in light negated the light 

effect in cotton cotyledon discs, and the increased chilling 

injury in whole cotton seedlings and isolated cotyledonary 

tissues caused by dark pretreatment was prevented by 

application of sucrose in the dark (Rikin et al., 1981). 

The inactivation/reactivation of Hill reaction in detached 

leaves of tomato has been shown to be largely controlled by 

light {Kaniuga and Michalski, 1978; Kaniuga et al., 1978). 

The reaction was inactivated by chilling and reactivated by 

illumination of stressed leaves. In 1968, Kuraishi and co

workers found a positive correlation between high levels of 

NADPH and cold hardiness. Such high levels were achievable 

only in light. Rikin et al (1981) argued that both ABA and 

sucrose can contribute to the accumulation of NADPH. 

Presumably, the apparent effectiveness of ABA in decreasing 

chilling injury in cotton seedlings is due to its direct 

effect on stomatal closure. Thus, ABA may indirectly 

decrease C02 fixation and this, in turn, brings about the 

accumulation of NADPH. Sucrose can also be involved in 

maintenance of a high level of NADPH, since sucrose can 

generate such a metabolite via the hexose monophosphate 

shunt. 

In view of the above evidence, light appears to be an 

essential requirement for developing chilling resistance. 

Apparently, light exerts its protective effect through the 
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accumulation of photosynthetic products such as 

carbohydrates. The accumulated sugars may act as precursors 

for the synthesis of certain metabolites, including proline 

(Purvis, 1981), glutathione (Rikin et al., 1979), ATP 

(Stewart and Guinn, 1969), and NADPH (Rikin et al., 1981), 

all of which have been shown to be involved in providing 

chilling tolerance in tissues of sensitive species. It is 

noteworthy, however, that exposure to strong light 

subsequent to chilling in the dark can hinder the recovery 

of plants from chilling injury as reported already for 

tomato (Martin et al., 1981). 

2.2.6.2. Temperature Conditioning 

Certain temperature regimes can influence the ability 

of sensitive plants to either withstand chilling or recover 

from chilling injury. Such effects are achievable in two 

ways. Preconditioning of chilling-sensitive plants by 

exposure to low but non-injurious temperature, for some 

period of time before exposing them to an injurious one can 

prepare them to withstand low temperatures for a relatively 

longer period before exhibiting visual injury symptoms. 

Cold hardening has been documented for numerous 

species, including peas (Kuraishi et al., 1968), cotton (St. 

John and Christiansen, 197 6), sweet pepper fruit (McColloch, 
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1962), and grapefruit (Harding et al., 1957). An excellent 

review of the literature on the success of temperature 

conditioning in alleviation of chilling injury to numerous 

horticultural commodities can be found in a chapter by 

Hatton (1990) . In tomato, tomato seedlings conditioned at 

12.5°C for 3 or more hours were found to be more resistant 

to subsequent chilling at 1°C than did seedlings transferred 

directly to the same chilling temperature (Wheaton and 

Morris, 1967). King and co-workers (1988) reported that the 

temperature during the night before chilling had a marked 

effect on severity of chilling injury that developed in 

tomato seedlings. Seedlings held at a night temperature of 

10°C before chilling were much less severely injured by 

chilling at the end of the dark period than did seedlings 

which had been held at 20 and 26°C night temperatures. The 

results of Drozdove and associates (1982) revealed that cold 

hardiness can be induced in young tomato plants by 

conditioning them at a temperature (6°C) much lower than 

those above. The temperature effect on carbohydrate levels 

or the primary temperature sensor discussed earlier were not 

reported by these investigators. However, other studies 

have shown that this conditioning also induces changes in 

composition of membrane lipids (Wang and Baker, 1979; Waring 

et al., 1976) which may account for the apparent increase in 

resistance to subsequent chilling. Moreover, studies have 
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shown that low night temperatures reduce the utilization of 

carbohydrates {Hilliard and West, 1970; Tylor et al., 1972). 

Cotton seedlings held at 15°C day and 10°C night 

temperatures accumulated sugars and starch and were not 

injured during subsequent exposure to 5°C compared to 

control plants which had no increased sugars and starch 

(Guinn, 1971). Other examples for low-temperature induced 

increase in reducing and total sugars can be found in the 

reports of Purvis and co-workers (1979) and Siechmann and 

Boe (1978) . Sugars may be responsible for the protection 

conferred by hardening since high levels of carbohydrates 

protect against low-temperature induced inactivation of 

mitochondrial enzymes in some cases {Heber and Santarius, 

1964; Scrutton and Utter, 1965). 

2.2.6.3. Intermittent Warming 

Another temperature regime which has been shown to be 

effective in reducing chilling injury involves fluctuating 

the temperature from low to high and then back to low one or 

more times for various periods of time. Intermittent 

warming has been shown to be effective in reducing chilling 

injury in many crops, including cucumbers and sweet peppers 

(Wang and Baker, 1979), tomatoes (Marcellin and Baccaunaud, 
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1979), okra (Ilker and Morris, 1975), and plums {Smith, 

1947). 

The effectiveness of fluctuating the temperature 

depends upon the severity of injury. Rewarming of 

previously injured tissues usually promotes higher metabolic 

activities. Rewarming of tissues which injury is still 

reversible is thought to allow the tissue to metabolize 

excess intermediates accumulated during chilling before they 

reach toxic level, or to replenish any substances which were 

depleted or were not sufficiently synthesized during 

chilling. Rewarming of irreversibly injured tissues, on the 

other hand, enhances the degradative processes and hastens 

development of the injury symptoms. Thus, the viability of 

intermittent warming depends upon the careful timing of the 

treatment. The results of Creencia and Bramlage (1971) with 

corn seedlings provide strong supportive evidence for the 

influence of both the timing and duration of the warming 

treatment on the reversibility of chilling injury. The 

apparent chilling injuries incurred at 0.3°C were reversed 

completely by transfer of seedling to 21°C after 36 hr of 

chilling, but not after 48-60 hr. Seedlings rewarmed after 

72 hr never recovered and soon collapsed. Other evidence in 

support of the above concept can also be found in the 

results of Smith (1954) with plums and the report of Pentzer 

and Heinze (1954). The rewarming treatment may also reverse 
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chilling-induced damage to membranes, metabolic pathways, or 

organelles (Lyons and Breidenbach, 1987; Martin et al., 

1981) as well as chilling-induced inhibition of 

translocation (Lange and Minchin, 1986). 

The beneficial effects of the above interesting 

phenomenon may be more easily attainable under controlled 

atmosphere. Thus, the great majority of intermittent 

warming research have been concerned with alleviation of 

chilling injury to various horticultural commodities during 

cold storage, where environmental factors other than 

temperature are more easy to manipulate. In contrast, the 

effectiveness of naturally fluctuating temperatures in 

reversing chilling injury in field-grown crops varies with 

the location, since the extent of reversal that can be 

achieved depends upon the contribution of each of the 

environmental factors which prevail in a given region. In 

southern Arizona, for example, almost every cold night is 

followed by a warm, sunny day. Such a characteristic 

environment may be practically advantageous. The 

implication is that the natural interruption of cold by warm 

temperature in combination with sufficient light may reverse 

chilling injury suffered during the cold night. How quickly 

and to what degree can this reversal occur are questions 

remain to be answered. 
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2.2.6.4. Avoidance by Environmental Manipulation 

As discussed earlier, chilling exposure is commonly 

thought to cause a primary event that is followed by a 

series of subsequent physical and physiological disorders 

which give rise to a variety of visual symptoms. The exact 

type and extent of symptoms development depend upon the 

severity of injury and the environmental conditions before, 

during, and following chilling. Interestingly, the same 

factor(s) which initiate and contribute to development of 

injury symptoms can circumstantially play an important role 

in the reversal of the resulting injuries. From a practical 

view, an important consideration is to adopt protective 

measures and practices to avoid the potential danger from 

chilling exposure, increase tolerance to chilling injury, or 

minimize the severity of the resulting symptoms. 

Indeed, the safest avenue of protection would be to 

prevent exposure to injurious temperatures. This can be 

achieved in two obvious ways, including alteration of plant 

culture and manipulation of the environment toward more 

favorable conditions. The first approach involves limiting 

production of chilling-sensitive crops to seasons which pose 

minimum risk of exposure to chilling. This may not be 

possible to adopt when the economical advantage of the crop 

is determined by a specific market window. The second one 
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involves the use of protective structures or materials which 

are not always economically feasible, specially when 

competition from outdoor production is anticipated. The 

existence of such restrictive circumstances would 

necessitate the adoption of other measures to reduce the 

sensitivity to chilling injury or limit the extent of 

symptoms development. Evidently, experiencing a favorable 

temperature following exposure to chilling in the dark 

allows the plants to recover from chilling injury. Since it 

appears that the extent of recovery is influenced by the 

severity of injury, it may be useful to introduce a 

treatment aimed at delaying the onset of chilling injury. 

Obviously, a straightforward treatment should possess some 

capacity to maintain the integrity of the primary 

temperature sensor (i.e. the cellular membranes) during 

chilling. 

2.2.6.5. Protection by Exogenous Sugars 

That the endogenous carbohydrate contents just before 

chilling influence the extent of chilling injury has been 

observed for tomato (King et al., 1988). However, the most 

direct evidence for a role for soluble sugars in the 

resistance of sensitive tissues to chilling injury comes 
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from studies involving the exogenous application of 

carbohydrates before or during exposure to chilling. 

That appreciable amounts of exogenous sugars can be 

readily absorbed by intact tomato leaves has been documented 

(Hull, 1952; Went and Hull, 1949). This sugar feeding has 

been shown to permit the carbohydrate-starved leaves 

(Bohning et al., 1953) and tomato seedlings (Went and 

Carter, 1948) to continue to grow in the dark, with the 

extent of growth depending upon the temperature. Sugar 

sprays can also prevent injuries not associated with 

temperature, such as the burning effect caused by foliar 

application of urea to tomato plants (Emmert and Klinker, 

1950). Chilling injury can also be either reduced or 

prevented by exogenous application of sugars. In a series 

of experiments with rice, for example, treatment of rice 

seedlings with glucose and fructose before chilling in the 

dark increased their ability to survive the chilling 

treatment (Tajima and Kabaki, 1981). However, application 

of sucrose appeared to be less effective than the latter two 

sugars in reducing chilling injury. Likewise, sucrose was 

less effective than glucose in stimulating either growth or 

respiration of maize roots which were inhibited by chilling 

(Crawford and Huxter, 1977). On the other hand, injury to 

chilling-sensitive cotton cotyledon discs floated on sucrose 

solutions in darkness before they were exposed to chilling 



74 

while they were floating on distilled water was less than 

for similar discs which were floated on distilled water 

before and during chilling {Rikin et al., 1981). 

Furthermore, discs floated on 0.5% sucrose exhibited less 

injury than those floated on 0.1% sucrose. Investigations 

with excised tomato shoots showed that shoots fed with 

sucrose, glucose, and fructose in the dark for about 2 hr up 

on the end of the dark period and were then chilled in the 

dark while they remained in the sugar solutions suffered 

much less injury than did seedlings which were fed with 

deionized water (King et al., 1988). Evidently, sucrose was 

the most effective sugar, whereas mannithol treatment 

hastened chilling injury. However, it is noteworthy that 

supplemental sugars may be useless and may even be counter 

productive in some cases. The sugar fed to green plants is 

indeed supplementary to that normally produced, and it may 

produce dramatic structural and metabolic changes similar to 

those changes caused by the accumulation of internal sugars 

(Hilliard and West, 1970). 

In view of the above evidence and those discussed in 

the previous sections, it can be seen that carbohydrates can 

impart chilling resistance in tomato seedlings irrespective 

of their origin. Evidently, sucrose is more effective than 

other sugars. It can also be inferred that the qualitative 
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as well as the quantitative properties of carbohydrates may 

be involved in the resistance mechanism. 

The exact mechanism of resistance afforded by sugars is 

still unresolved. A number of mechanisms involving 

carbohydrates have been suggested. Soluble carbohydrates 

can influence chilling resistance by contributing to the 

osmotic potential of the cell. An increase in the osmotic 

potential decreases the cell water potential and reduces 

water loss from the tissue. It is a well established fact 

that treatments which restrict water loss during chilling 

greatly reduce chilling injury in vegetative tissues and 

fruits {Christiansen and Ashworth, 1978; Wilson, 1976; 

Wright and Simon, 1973). In tomato, however, mannithol 

hastened rather than reduced chilling injury. This led to 

the postulation that the effect of sugars in reducing 

chilling sensitivity of tomato is metabolic, and not osmotic 

(King et al., 1988). Sugars may also substitute for water 

in the hydration of proteins. Thus the structural 

conformation of enzymes may be maintained by binding 

particular sugars at certain critical sites during the 

chilling of plant tissues. 

Although the physiological events which are thought to 

lead to chilling injury are believed to be unrelated to 

those which lead to injury by freezing, there are reports 

which suggest that membrane deterioration can also be a 
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primary injurious element in freezing injury (Levitt, 1981). 

Interestingly, exogenous sugars have been used to impart 

frost resistance in excised stem segments of Cornus 

stolonifera (Fuchigami et al., 1973) and in tellering wheat 

nodes (Tumanov et al., 1976). Various sugars also stabilize 

cell membranes during freezing and thawing of plant tissues 

(Sakai and Yoshida, 1968) and sucrose protected membranes 

against damage by freezing (Heber, 1968). 

Since it appears that low-temperature induced membrane 

deterioration may be the primary causative factor in both 

chilling injury and freezing injury, and sugars seem to 

stabilize membranes at freezing temperatures, it seems 

possible that carbohydrates may also be able to exert a 

similar stabilizing effect on membranes during cooling of 

chilling-sensitive plants. It must be emphasized, however, 

that sugars are not effective in reducing injury by low 

temperatures in all cases (Levitt, 1941). If membrane 

damage is the sole primary event in chilling injury, 

membrane stabilization by exogenous sugars may very well be 

the candidate treatment for alleviation of the deleterious 

effects of chilling temperatures. Accordingly, it would be 

worthwhile to investigate the viability of exogenous sucrose 

pretreatment in reducing chilling injury under the stressful 

temperatures which prevail during the winter nights in 

southern Arizona. 
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With this background, the experiments reported herein 

were designed and carried out with the following objectives 

in mind: 

1. To study the effects of duration of exposure to low 

(4°C) night temperature following cotyledon 

expansion on fresh and dry weight of leaves and 

stem diameter of tomato seedlings. 

2. To assess any alterations in the short-term effects 

of various durations of low-night temperature 

exposure (0, 7, 14, or 21 cold nights) on various 

vegetative parameters as a result of application of 

sucrose prior to cooling of the seedlings. 

2.3. MATERIALS AND METHODS 

In the spring of 1990, planting of tomato 

(Lycopersicon esculentum L. CV. Contessa, Petoseed CO., 

California, USA) with various experimental variables was 

established. 

Plant material and growth conditions. The greenhouse 

and cold storage facilities at the Main Campus, Department 

of Plant Sciences, University of Arizona were utilized in 

this study. The cultivar used is of the determinate type 

that performs relatively well under cold conditions. The 

plants are large, vigorous and good for stake or bush 
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culture. It is also resistant to F1 and 2, TMV, ASC, and ST 

diseases. The fruits are jointed, deep oblate, firm and 

large. Plants were raised from seed in a naturally 

illuminated and temperature-controlled glasshouse. Growing 

containers were made up from Todd flats model 150-5 

(Speedling Inc., Sun City, Florida, USA), a styrofoam type 

container utilizing inverted pyramid-shaped cells. 

Individual flats measuring 67.6 X 34.9 X 12.7 cm were cut 

into two parts so that each part had no less than 48 cells 

(3.8 cm sg/cell), herein after referred to as the 

experimental plot. The flats were placed on a glasshouse 

bench with sliding aluminum "L" rails to insure free air 

flow beneath them. 

Planting was made on 18 Mar. 1990. The cultural 

procedures were designed to maximize uniformity of growth. 

Seeds were first sown on moist Sunshine Mix No. 3 (Fisons 

Western Corp., Vancouver, B.C., Canada) contained in the 

above-described planter flats. They were then covered with 

up to 1/2 cm of dry and finely screened portion of the same 

growing medium, sprinkled lightly with tap water, and kept 

in a glasshouse set at 25/18°C day/night temperature under 

natural photoperiod. Under these conditions, emergence was 

observed within 8 days. Emergence was considered to have 

occurred when the cotyledons had expanded sufficiently to be 

free from the seed coat. 
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Plants were thinned to one plant per cell(48 most 

uniform plants, plot) with the appearance of the first true 

(plumule) leaf, approximately 11 days after seeding. The 

selection procedure was based primarily on cotyledon size, 

appearance and vigor. Plants selected for experimentation 

must have had cotyledons 1.4 to 1.6 cm long. The young 

plants were watered as needed to maintain adequate moisture 

for vigorous growth. Individual plots were equally 

fertilized with aqueous 20-20-20 fertilizer solution 

according to manufacturer's recommendation for seedling 

production (20 grams in 2-gallons of water) every 4 to 5 

days. Flats were spaced progressively farther apart as the 

plants grew. This was particularly important when, during 

the course of chilling treatment, plants in certain plots 

grew much larger in size than plants in a neighboring plot. 

Dark chilling of seedlings. Exposure of seedlings to 

periods of cold of different durations during the diurnal 

dark period commenced on 2 Apr. 1990 and lasted for 21 days. 

The experimental treatments were initiated when the first 

true (plumule) leaf was approximately 1.2 cm long in at 

least one treatment across all replications. 

Planters containing the seedlings were placed on wall-

mounted shelves in a cold room with dimensions 2.2 X 1.25 X 

2.25 m and chilled in the dark at 4±0.3°C, 90-95% relative 

humidity (RH). An attempt was made to avoid any variation 
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in the cold room environment and the possible effect it may 

have on uniformity of growth. Variation in growth chamber 

environment occurred over a prolonged time period, though 

temperature was extremely controlled by a microprocessor 

(Miller, 1983). Noticeable differences between replications 

were recorded. In a preliminary experiment, we noticed the 

effect of such a variation when plants were chilled at 4°C 

for 7 to 10 consecutive nights on the same shelves (e.g., 

the upper most shelf tended to produce measurably different 

plants than a lower shelf). In this study, however, such a 

chamber effect was markedly reduced by allowing plants in a 

given replication to experience systematically the 

microenvironment of each of four shelves for at least one 

cold night within a 7-day period. 

Low night temperature was imposed on the seedlings for 

12 hr, from 7 pm to 7 am, during the second and the third 

weeks. Nightly chilling was delayed by about 90 min during 

the first week in order to perform the exogenous application 

of sucrose. While all experimental plants were grown 

exclusively under the existing conditions in the glasshouse 

during the day light hours, they were grown under one of 

four temperature patterns during the dark hours (Fig. 1) -

namely: (1) continuous exposure to glasshouse temperature, 

(control); (2) exposure to 7, 14, or 21 cold (4°C) nights 

followed by 14, 7, and 0 nights of exposure at the warm 
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(16°C) temperature in the glasshouse, respectively. 

The natural day light cycle in this experiment was 

approximately 12 hr, from 06:35 (dawn) to 18:30 (sundown). 

Natural irradiance in the glasshouse was determined 

periodically during growth (at 1200 hr) with a LICOR quantum 

sensor (for PPFD). Irradiance level sensed at plant height 

averaged 1,450 pmol. m"2 s"1 PPFD (400-700 nm) . Only one 

irradiance reading, at the center of the growth area, was 

taken. Temperature and relative humidity in the glasshouse 

were monitored by two Bendix Hygro-Thermograph recorders 

model 594 (Bendix Corp., USA). Temperature was 

thermostatically set at a 23/16°C day/night cycle. However, 

thermograph records showed an average temperature of 22.2°C 

during the days and 17.9°C during the nights. The highest 

temperatures being recorded almost always around noon and 

the lowest near the early morning hours (6 am to 8 am). The 

relative humidity (RH) averaged 83% during the day and 88% 

at night. 

Pre-chilling sucrose feeding-. As shown in Figure 1, a 

daily application of exogenous sucrose was carried out in 

the first seven days of the chilling treatments (7 

applications, total). Sugar feeding was performed in 

subdued light at room temperature in a work room adjacent to 

the glasshouse. Seedlings were fed with sucrose immediately 
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after sunset and subsequently moved to the cooler for cold 

treatment. Only control plants remained in the glasshouse. 

A 10 per cent (w/v) sucrose solution was prepared by 

diluting 100 g of "cane sugar" up to 1000 ml in deionized 

water. A total of 17 liters of solution were prepared at 

the start of the treatment. They were contained in a 70 X 

40 X 12 cm plastic container with a clamped drain-fitting (1 

cm diameter). A similar container contained water only. 

Tween-20 at a concentration of 0.1% was added to the sugar 

solution and to the water as surfactant. A preliminary 

experiment showed that 0.1% Tween solution had no effect on 

growth and inflorescence development. Enough fresh solution 

was added every other day to replenish that consumed in 

previous treatments. 

Half of the plants in each experimental plot (flat) was 

treated with sugar. The other half (24 plants) was treated 

with water. The solution containers were placed just side-

by-side during the treatment. A seedling flat, held in an 

inverted position, was rested on the rims of the solution 

containers with the aerial part of the plants completely 

immersed into the solution, one half of the seedlings in the 

sucrose solution and the other half into the water. After 

approximately 10 min immersion period, plants were removed, 

but the flat was kept suspended in exactly the same inverted 
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position until all droplets were collected back into their 

respective containers. 

Though sugar spraying is more practical, the immersion 

technique was favored because the flats, benches and growing 

medium are not contaminated with sugar, human error in 

application is avoided and uniformity of application is 

maximized. Further more, sugar feeding through the lower 

surface of the leaves, the site where sugar is taken up more 

readily in tomato (Went and Carter, 1948), can easily be 

performed. The method also allowed for measuring the total 

volume of solution actually used {1.8 liters/7 days, by 

subtraction) and then calculating the proportion used up by 

each plant in a 7-day period {2.1 ml. plant"1, by division) . 

The investigator believed that repeated application of sugar 

may result in build up of a fine crust of sugar that can 

block stomatal pores and also may render the plants 

susceptible to infestation with sugar-loving pathogene. As 

a precautionary measure, plants were submerged in tap water 

for up to 5 min at the end of the dark hours, to remove any 

residual sugar. 

Data collection. Three weekly harvests were carried 

out to determine growth responses of seedlings to the 

experimental variables (Figure 1) . 

Sampling was initiated immediately after dawn, with the 

glasshouse plants (unchilled plants) being harvested first. 



•k * 

<D 
U 
3 
-P 
rtf 
u 
<D 
a 
e 0) 
Eh 

-P 
Xi <7> 
•H 

20 4-

16 

12 

8 --

4 --

germination 

•7? 1 1 1 1  h  I I 1 I 1 
0 1 

I I 1 1 I 1 
9 11 13 15 17 19 21 

Nights 

Figure 1. Sketch for the schedule of dark chilling (4°C) and application of 

sucrose during a 21-day interval. A control plants; •, O, • plants 
chilled for 7, 14, 21 nights, respectively. Arrows indicate transfer 

to the cold-room and transfer back to the greenhouse. *, **, *** 

indicate first, second and third sampling. Solid bar indicates 

schedule of sucrose treatment. 

2 



Experimental Plot 

1 
SPill! 

2 

2 
IIPII 

Pit} mitmm 
1 

1 2 
lllftl 
3 

2 1 

1 
•tiifwli1;® r̂ tti!!? 

2 

2 
ti H J j Vi; ri.'VrL 

••• 3' 1 

1 2 : 3;::-; 
r- 1.• 

3 2 1 

— 0% Sucrose———10% Sucrose-

Figure 2. Sampling pattern. • first; • second; 
|~~1 third; • plants left for subsequent 
experimentation. 



86 

Four plants per treatment plot were harvested in intervals 

of seven days, starting on 9 April. The pattern in which 

plants were sampled is illustrated in Figure 2. As can be 

seen, each individual plant left for subsequent 

experimentation was ultimately grown in a cell in the center 

of four empty cells, thus crowding and over lapping were 

minimized. 

Primary data collected include : fresh weight of the 

leaves, (FWL); dry weight of the leaves, (DWL); stem 

diameter, (STMD). 

Data collection proceeded as follows. Stem diameter 

was measured just at the cotyledonary node before the plants 

were harvested. The mean of four readings per treatment 

plot was used for statistical analyses. The stem was cut 

horizontally just at the cotyledonary node, so that the 

cotyledons remained attached to the cut stem. Plants 

harvested from each treatment in the glasshouse were 

bundled, warped in moist filter-paper, marked, sealed in 

dark plastic bag, and brought to the laboratory. Chilled 

plants were harvested in the same way, but were kept on 

crushed ice lined with plastic film inside a portable 

cooler. All leaves including, cotyledons and the upper most 

leaf with petiole clearly visible, were severed from the 

stem by the use of scissors. They were then weighed, and 

FWL recorded. Leaves were placed under running tap water to 
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rinse off the sugar residue, warped in aluminum foil and 

immediately frozen in liquid nitrogen. Leaves were kept 

frozen in ultra freezer (-70°C) until they were freeze dried 

and DWL was recorded. A Srtaurious balance {Model 2003 MPl) 

with 0.1 mg sensitivity was used for both FWL and DWL. 

Experimental design and statistics. The experimental 

treatments were combined in a 4 X 2 complete factorial 

experiment, set up as a split-plot design and tested in four 

replications. 

The 4X2 factorial consisted of : (a) four periods of 

low-night temperature; and (b) two levels of supplemental 

sucrose. As mentioned above, the seedling flats served as 

main plots to which levels of the main-plot factor {a} were 

randomly assigned. In the meantime, they served as blocks 

for the subplot factor (b). Treatments were assigned as 

such in hopes of improving measurement of the main effect of 

the subplot factor and its interaction with the main-plot 

factor {Gomez and Gomez, 1984). 

The statistical analysis system (SAS) through the 

Center for Computing and Information Technology {CCIT), 

University of Arizona was used for data analysis. Growth 

data for weeks one, two and three were separately subjected 

to a factorial analysis of variance (ANOVA) followed by mean 

separation by the least significant difference (LSD). 
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General observations. The recent experiments of 

Bruggemann and co-investigators (1992a) revealed that death 

or severe damage to young tomato plants occurred within two 

weeks of exposure at 4°C night temperature. Four to five 

weeks of chilling at 6°C night temperature resulted in death 

of 16% of the plants, and the destruction of the apical 

meristem in all surviving plants. Furthermore, formation of 

new leaves was arrested during chilling at 6°C. Contrarily, 

no such deleterious effects were observed under the 

conditions of the experiments reported here. All cold-

treated plants actually survived without any apparent 

temperature effect on the meristematic tissue. Further, 

formation of new leaves proceeded in all experimental 

plants. However, it was visually clear that appearance of 

new leaves was markedly reduced during chilling. Such 

contrasting effects of exposure at the same low (4°C) 

temperature for somewhat tantamount intervals may be 

attributable to differences between the varieties used 

and/or the extremely low irradiation level during the 

accompanying photoperiod which was, in Bruggemann's 

experiments, more than eleven times less than the lowest 

irradiance (1000 iimol. rn"1 s"1 PPFD) recorded by the author 

during the 21-day chilling treatments. 
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Under the conditions of the present experiment, 

however, wilting, chlorosis and leaf necrosis were clear 

visual manifestations of chilling injury. A slight leaf 

wilting was evident in all plants at chilling, presumably 

due to loss of leaf turgor. Wilting disappeared rather 

slowly, within 3 to 4 hr, after transfer back at the warm 

temperature in the glasshouse. However, the sucrose-treated 

plants suffered less leaf wilting and regained turgidity 

more quickly {as observed visually) than did the water- and 

cold-treated plants. The fact that the leaves had regained 

turgidity at the warm temperature following every cold night 

does not necessarily suggest that all components of chilling 

injury suffered during the night were equally reversible by 

transfer at the warm temperature. Such an argument can be 

supported by the findings of Wright and Simon (1973} who 

found that leaves from chilled cucumber seedlings suffered 

severe wilting when chilling occurred at 85% RH, but not at 

a saturated {100% RH) atmosphere. In both cases, however, 

leaf respiration and photosynthesis were equally reduced. 

It is difficult to mention with certainty the underlying 

cause of the supposed loss of leaf turgor under our 

experimental conditions. The loss of water from the leaves 

of chilled plants might be the consequence of the chilling 

of the leaves, or it might be an indirect result of a 

temperature effect on function of the root system. Whereas 
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leaf water deficit may result from loss of stomata 

regulation due to temperature effect on membranes of the 

guard cell, cooling of the root may also bring about an 

increase in the resistance of the root to the passage of 

water, which reduces the supply of water to the leaves. The 

latter may be a more possible explanation of the observed 

wilting than the former, since dark chilling (1°C for 16 hr) 

of young tomato plants at RH close to 100% has been shown to 

cause a significant reduction in transpiration of the 

attached leaves (Martin et al., 1981). Crookston and co

workers (1974) found that a significant reduction in 

transpiration of leaves of potted bean plant was manifest 

only if the roots as well as the shoots were cooled (5°C) . 

In fact, the RH within the cold room used in the present 

experiment was always high (90-95%) which is close to that 

used by Martin. Also, the loss of leaf turgor actually was 

not rapid. It was observable only after a considerable drop 

in the temperature of the growing medium appeared to have 

occurred. Turgidity was also regained slowly and wilting 

vanished completely after the growing medium appeared to 

have been warmed sufficiently. Such observations seem to be 

consistent with the correlation between the 

appearance/disappearance of wilting and the changes in soil 

temperature reported by Crookston et al. (1974). Thus, it 

is possible that a temperature effect on the root might have 
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had a role in leaf wilting observed under the present 

experiment. 

In all cold-stressed plants, a slight chlorosis and 

purple pigmentation of the lamina and minor necrotic lesions 

were observable by the end of the first week of chilling. 

The fact that the magnitude of these symptoms was highest in 

plants chilled for 21 nights is not surprising, since 

severity of injury is well known to increase as exposure is 

prolonged at any chilling temperature (Lyons, 1973). 

However, again, the visual expression of injury symptoms was 

much less severe in the sucrose-treated plants at all 

durations of chilling exposure. It is interesting to 

mention here that chlorosis was also observed for the 

sucrose-treated plants grown exclusively with warm nights. 

Thus, in the short-term, exogenous application of sucrose 

appeared to have reduced chilling damage of the plants, and 

induced some kind of injury in the warm-treated plants. 

Such an early postulation may be supported by the following 

results. 

Leaf fresh weight. The main and interactive effects of 

night temperature and sucrose treatments on fresh weight of 

the tomato leaves are shown in Table 1, Appendix. Main 

effects of both night temperature (A) and sucrose treatment 

(B) were highly significant at all sampling occasions. 

However, the A x B interaction was consistently highly 
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significant, suggesting that the fresh weight response to 

various durations of low temperature exposure changed 

depending on the concentration of the applied sucrose 

solution. Table 2 and Figure 3 show the effects of various 

intervals of cold exposure and sucrose treatment on the 

growth parameter for fresh weight of leaves. 

After 7 days from initiation of the experimental 

treatments, it was obvious that lowering the temperature 

during the night had a marked inhibitory effect on growth of 

seedlings. This was evident by the highly significant 

reduction in fresh weight of leaves from the cold-stressed 

plants compared to plants grown in the glasshouse with warm 

(16°C) nights. However, the sucrose treatment appeared to 

have reduced the low temperature inhibition of growth, since 

fresh weight of leaves from cold-stressed plants which were 

not fed with sucrose was reduced to a highly significant 

degree compared to the cold- and sucrose-treated plants. 

Apparently, the sucrose treatment had no significant 

influence on fresh weight of leaves at the warm temperature. 

This was shown by the insignificant difference in fresh 

weight of leaves between the control plants without sucrose 

and the sucrose-treated ones. 

After 14 days, a highly significant loss of fresh 

weight was recorded for leaves from the warm- and sucrose-

treated plants as compared to control plants which had not 
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been treated with sucrose. In fact, the observed inhibition 

was associated with a concurrent increase in chlorosis and 

purple coloration of the leaves. Such negative effects on 

growth and appearance of the leaves indicate that 

application of sucrose at warm temperature induced some kind 

of injury to the plants. 

As far as the cold-stressed plants were concerned, it 

was obvious that their growth continued to be depressed to a 

highly significant degree as compared to the controls at 

either levels of sucrose concentration. However, inhibition 

of growth caused by 14 cold nights was much less severe in 

the sucrose-treated group of plants, as shown by the highly 

significant increase in fresh weight of their leaves over 

the group of chilled plants which were treated with water 

alone. The effect of rewarming on growth of the group of 

plants which were chilled for just 7 nights is interesting. 

Although fresh weight of their leaves was still inhibited to 

a highly significant degree as compared to the controls, 

their growing ability appeared to have improved very 

significantly over the plants which continued to experience 

the cold temperature. Evidently, the sucrose-treated plants 

showed a highly significant degree of recovery of fresh 

weight over the water-treated ones. Although a complete 

recovery of fresh weight was not achievable within 7 days 

after rewarming, the improvement of growth at the warm 
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temperature suggests that either the chilled plants had some 

capacity to recover at a favorable temperature or the damage 

caused by chilling was reversed "repaired" by rewarming. 

After 21 days, the drastic effect of prolonged exposure 

to chilling was quite evident on growth of seedlings. 

Plants which experienced the largest interval of cold showed 

the greatest degree of inhibition, with the sucrose-treated 

plants still outgrowing the water-treated ones by a highly 

significant degree. The effect of sucrose treatment on the 

recovery of fresh weight at the warm temperature was also 

spectacular. By the end of the chilling treatment, 

significant differences in fresh weight were not detected 

between the sucrose-treated plants chilled for 1 to 2 weeks 

and the control plants. The group of sucrose-treated plants 

which was held at the warm temperature for 14 nights 

subsequent to a 7-night interval of cold exposures actually 

had the largest fresh weight increase over all other plants. 

Recovery of fresh weight proceeded at a slower rate in the 

cold- and water-treated plants, which were still lagging 

behind the control plants. Sucrose treatment appeared to 

have had no significant effect on fresh weight of the plants 

which had been grown exclusively at favorable temperature. 

The fresh weight data of the rewarmed plants indicate that 

recovery from chilling injury is a time-requiring process, 
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Table 2. Effects of duration of exposure to low {4°C) night 
temperature during a 21-day interval on fresh 
weight of tomato leaves: Modification of the 
temperature effect by application of sucrose. 

Fresh Weight of Leaves (g) 

After 7 After 14 After 21 
Nights Nights Nights 

No. Nights0 Sucrose Sucrose Sucrose 
at 4°C 0% 10% 0% 10% 0% 10% 

Control 3 .94 4 .00 7 .21 5. 

in CO 

10 .93 10 .68 

7 1 . 19 1 .94" 3 .85 5. 26" 8 .86 12 .41" 

14 1 .29 1 .96** 1 .63 2 . 87** 5 .74 9 .45** 

21 1 .37 2 . 00** 1 .61 2 . 94" 2 .35 4 .43" 

LSDb 
5% 
1% 

0 
0 
.36 
.51 

0 , 
0 , 
,57 
.81 

1 
2 
.79 
.55 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

b LSD for comparing two temperature regime means at the 
same or different sucrose levels. 

Indicates significant (1%) difference between sucrose 
treatments within a temperature regime. 
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whose degree and speed depend on the extent of previous 

injury. 

Leaf dry weight. The main and interactive effects of 

the length of chilling exposure and the sucrose treatment on 

the dry weight of leaves were also consistently highly 

significant (Table 1, Appendix). The only exception was 

detected at the first sampling for the temperature x sucrose 

interaction, which was significant. The results, summarized 

in Table 3 and illustrated in Figure 4, show clearly that 

the effects of various durations of exposure to chilling and 

sucrose feeding on production of dry matter paralleled the 

effects they had on the fresh weight parameter (Table 2 and 

Figure 3). 

In general, it will be seen that a severe inhibition of 

dry weight of leaves was evident from the very beginning, 

with the degree of dry weight loss increasing as exposure to 

chilling was extended. This was shown by the highly 

significant reduction in dry weight observed for the cold-

stressed plants following 7, 14, or 21 nights of chilling as 

compared to the unchilled groups of plants. In fact, the 

21-day interval of cold resulted in production of the least 

amount of dry matter, with the sucrose-treated plants 

consistently outperforming the non-sucrose-treated plants by 

a highly significant degree. Furthermore, application of 

sucrose also had a highly significant effect on the 
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production of dry matter during the warm intervals 

subsequent to chilling. Such an effect was more pronounced 

on recovery of dry matter observed for the sucrose-fed 

plants which have experienced the shortest interval of cold. 

By the end of the experimental treatments, dry weight of 

leaves from these plants was not significantly different 

from the control plants. Although all the other rewarmed 

plants showed a marked increase in leaf dry weight, they 

were still lagging behind the control plants at the last 

sampling occasion. 

The effect of sucrose treatment under favorable 

conditions on the production of dry matter, on the other 

hand, showed a somewhat different trend. At the first 

sampling, the sucrose-treated plants had a highly 

significant increase in dry weight over the water-treated 

ones. Such an increase was followed by a highly significant 

and a significant reduction at the second and third 

sampling, respectively. This, again, indicates that the 

leaves from these plants appeared to have suffered some kind 

of injury as a result of sucrose feeding. 

Stem diameter. The main and interactive effects of 

various intervals of chilling and sucrose treatment on stem 

diameter were also consistently highly significant (Table 1, 

Appendix). 
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Table 3. Effects of duration of exposure to low (4°C) night 
temperature during a 21-day interval on dry weight 
of tomato leaves: Modification of the temperature 
effect by application of sucrose. 

Dry Weight of Leaves (g) 

No. Nights* 
at 4°C 

After 7 
Nights 

Sucrose 
0% 10% 

After 14 
Nights 

Sucrose 
0% 10% 

After 21 
Nights 

Sucrose 
0% 10% 

Control 0. 37 0 .42 1 .02 0 00
 

to
 * * 

1 .30 1 .16 

7 0. 10 0 . 18 0 .33 0 .52** 0 .08 1 .14 

14 0. 10 0 - —. * * .19 0 .13 0 .25** 0 .44 0 .74 

21 0 . 11 0 . 19 0 .13 0 .26** 0 .19 0 . 3 6 

LSDb 
5% 
1% 

0 
0 

o
 o
 

0 
0 
.08 
.12 

0 
0 
.20 
.28 

3 The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

b LSD for comparing two temperature regime means at the 
same or different sucrose levels. 

and ** Indicate significant difference between sucrose 
treatments within a night temperature regime at 5% and 1% 
level, respectively. 
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Figure 4. Tomato leaf dry weight as affected by 
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Table 4 and Figure 5 show clearly that application of 

sucrose had no significant effect on stem diameter of the 

control plants at any sampling occasion. This appeared to 

differ from the apparent effects that the sucrose treatment 

had on fresh and dry weight of leaves observed for the 

control plants (Table 2 and 3). Thus, such differential 

growth responses to application of sucrose under favorable 

conditions suggest that the leaf tissue was a major site for 

any sucrose-induced effects (positive or negative) on growth 

of the above-ground part of the plant. 

On the other hand, application of sucrose at low 

temperature appeared to influence stem growth. This was 

evident by the results for chilled plants shown in Table 4 

and Figure 5. After 7 cold nights, chilling appeared to 

have a highly significant inhibitory effect on stem 

diameter. However, a highly significant increase in stem 

diameter was observed for the sucrose-treated plants over 

the water-treated ones. As with growth of the leaves, stem 

growth was also markedly inhibited as the time of exposure 

to chilling was extended. At the last (3rd) sampling, stem 

diameter of the plants which were grown exclusively at the 

lower night temperature was the smallest of all the 

experimental plants. However, stem diameter of the sucrose-

treated plants was superior to that for the water-treated 

ones. In fact, the sucrose-induced increase in stem 
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diameter of the latter plants was so big that a significant 

difference in stem diameter was not detected between these 

plants and the cold- and water-treated plants which had been 

rewarmed for 7 nights. 

The positive effect of sucrose treatment on stem growth 

was also evident during rewarming of the chilled plants. 

Sucrose feeding appeared to have resulted in a rather 

complete reversal of the low-temperature inhibition of stem 

diameter within 7 days after 7 or 14 cold nights. This was 

evident by the insignificant difference in stem diameter 

between the control plants and the sucrose-treated ones, 

which were grown at the warm night temperature for 7 nights 

following 7 cold nights. 

After 14 warm nights, the former group of plants 

actually had a significant and insignificant increase in 

stem diameter over the water-treated and the sucrose-treated 

controls, respectively. Sucrose treatment also resulted in 

a somewhat similar effect on the recovery of stem diameter 

of the sucrose-treated plants whose chilling exposure lasted 

for 14 nights. Although stem diameter of plants treated as 

such was significantly smaller than that observed for the 

water-treated controls at the last sampling, it was not 

significantly different from that for other control plants 

which received the sucrose. Reversal of the low temperature 

inhibition of stem diameter was also observed for the cold-
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and water-treated plants, but the speed of such a reversal 

was much slower than that observed for the sucrose-treated 

plants. 

Inhibition of growth is one of the most obvious visual 

expressions of injury that chilling-sensitive plants suffer 

as a result of extended exposure to a sufficiently low 

temperature. A review of the above-mentioned results shows 

clearly such a negative effect of low temperature on growth 

of tomato seedlings. Exposure of young tomatoes to the 

lower night temperature for the first 7 nights resulted in a 

severe inhibition of all growth parameters tested (Table 1, 

2 and 3). Melton and Dufault (1991) also observed similar 

effects on various growth parameters following chilling (2°C 

night temperature) of tomato seedlings for 8 days. Various 

growth data, recorded at the last sampling, are also in 

complete accord with the widely-recognized notion that the 

extent of injury symptoms increases with the time of 

exposure to a chilling temperature (Christiansen and St. 

John, 1981; Lyons, 1973). Upon termination of the 

experimental treatments, it was obvious that the magnitude 

of the low-temperature inhibition of various growth 

parameters has increased with the length of exposure to 

chilling. 

The data also support the view that transfer of 

previously chilled plants at favorable temperature may allow 
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Table 4. Effects of duration of exposure to low (4°C) night 
temperature during a 21-day interval on stem 
diameter of tomato seedlings: Modification of the 
temperature effect by application of sucrose. 

Stem Diameter (mm) 

No. Nights' 
at 4°C 

After 7 
Nights 

Sucrose 
0% 10% 

After 14 
Nights 

SugrQge 
0% 10% 

After 21 
Nights 

Sucrose 
0% 10% 

Control 1.90 1.80 3 .70 3.60 4 .70 4.60 

7 1.20 
. , - . * * 
1.50 1.80 3.40" 4.20 5 .10** 

14 1.20 1.50** 1.50 1.80 3 .40 4.20** 

21 1.30 1.50*' 1.50 1. 80 2.10 3.20** 

LSDB 
5% 
1% 

0  . 2 0  
0.30 

0.30 
0.40 

0 .40 
0.60 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm {16°C) nights, respectively. 

b LSD for comparing two temperature regime means at the 
same or different sucrose levels. 

Indicates significant (1%) difference between sucrose 
treatments within a night temperature regime. 
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n Control 

• 7 Nights 

14 Nights 

21 Nights 

0 
0% Sucroso 104 Sucrosa 0% Sucroso 10% Sucroso 0% Sucrose 10% Sucroso 

— 1st Sampling 2nd Sampling— —3rd Sampling— 

Figure 5. Stem diameter of tomato seedlings as affected 
by duration of exposure to chilling and 
exogenous sucrose. Standard deviations 
indicated by bars. 
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them to recover normal growth, with the magnitude and speed 

of recovery depending on the extent of injury. By the end 

of the experimental treatments, the results showed that the 

smallest inhibition of various growth parameters was caused 

by the shortest interval of cold. It appears that exposure 

at the lower night temperature for up to 14 nights was not 

long enough to cause an irreversible injury to growth of the 

plants, since a marked recovery of all growth parameters was 

observed within 7 days subsequent to 7 or 14 cold nights. 

That the rewarmed plants showed a rather complete 

reversal of only the low-temperature inhibition of stem 

diameter by the last sampling seems to suggest that various 

parts of the tomato plant are not invariably susceptible to 

chilling injury. The observed differences in the response 

to chilling between various parts of the plant is not 

surprising, since visual symptoms of chilling injury to 

leaves of corn seedlings also preceded the appearance of 

injury symptoms on other parts of the plant (Creeneia and 

Bramlage, 1971). 

The combined results of the cold- and sucrose-treated 

plants also strongly support our hypothesis that a rise in 

the internal carbohydrate levels prior to experiencing a 

chilling temperature may alter the low-temperature responses 

of sensitive plants during and subsequent to chilling. 

Though the experimental procedure did not involve 
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determination of any differences in the internal sugar 

content between the experimental plants as a result of 

sucrose feeding, it has long been shown that an appreciable 

amount of sugar can be taken up by the tomato plant through 

its leaves (Went and Cater, 1948; Hull, 1952). Evidently, 

low-temperature inhibition of various growth parameters 

during the first 7-day interval of cold was markedly reduced 

by prechilling application of sucrose. Such findings are 

consistent with the results of a number of experiments with 

tomatoes reported by other investigators. For example, low-

temperature inhibition of growth of young tomatoes was 

markedly reduced by drought hardening of the seedlings 

before chilling (Bruggemann et al., 1992a) and sensitivity 

of tomato seedlings to chilling was also reduced by 

conditioning of the plants at a temperature slightly above 

the chilling range before they were held at an injurious 

temperature (Wheaton and Morris, 1967). Such treatments are 

well known to influence the endogenous sugar contents. 

Similarly, feeding cut tomato shoots with various sugars 

increased their survival at a chilling temperature (King et 

al., 1988). 

The influence of the sucrose treatment on growth during 

the warm periods subsequent to chilling was also 

spectacular. The sucrose-treated plants which were held at 

the warm night temperature for 14 nights following chilling 
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actually had stem diameter and fresh weight superior to 

those observed for the controls by the last sampling. 

Bruggemann et al. (1992a) also observed that drought-

hardened tomatoes recovered from chilling much faster than 

the well-watered ones. Whereas the applied sucrose appeared 

to have had a major influence on the growing ability of the 

plants during and subsequent to chilling, sucrose alone can 

not account for the observed recovery since rewarming of the 

water-treated plants also resulted in some recovery. 

In our opinion, a temperature effect on cell division 

and expansion might also have had a major role in the 

observed recovery. The rapid appearance of new leaves and 

the remarkable increase in expansion of the already formed 

leaves upon rewarming {as estimated visually) strongly 

support such an opinion. Additional support can also be 

found in the experiments of Dupont et al. (1985) which 

showed that doubling times for cell cultures of tomato 

increased as the temperature was lowered from 28°C to 12°C. 

Although no growth was observed for cells held at 8°C, 

fluorescein diacetate staining indicated that up to 90% of 

the cells were alive even after exposure of the cells to 8°C 

for up to 2 weeks. Furthermore, transfer of such cultures 

at 28°C resulted in a rapid resumption of growth at a rate 

virtually identical to that for unchilled cells. 

Interestingly, similar results were also obtained for cells 
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held at 0°C. 

That the previously chilled leaves actually resumed 

leaf expansion upon rewarming does not necessarily suggest 

that their functioning ability was fully regained. It is 

possible that a persistent physiological disorder was 

suffered by these leaves, since varying degrees of chlorosis 

were observed for all chilled leaves at the last sampling. 

The sucrose-induced inhibition of growth observed for 

the control plants at the second sampling is particularly 

interesting. Such a transient inhibition of growth suggests 

that sucrose feeding under high intensity light and 

favorable day/night temperature may not be beneficial to 

growth of tomatoes. The temperature-dependency of the 

effect of sucrose feeding on growth has been reported 

already for the tomato cotyledons (Calvert, 1959). Went and 

Carter (1948) also showed that sucrose feeding was 

beneficial to growth of the tomato only when the temperature 

was high and the light intensity was low. 

In conclusion, the apparent sucrose-induced 

modification of the low-temperature growth responses and the 

observed capacity of the plants to recover from chilling 

injury are, in the short term, considered to be rather 

encouraging. However, it is difficult to determine, within 

the schedule of this experiment, whether the experimental 

treatments had any far-reaching effects on the plants. Such 



effects will be discussed in the next chapter, in light 

the postchilling growth and development observations. 
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CHAPTER 3 

3. POSTCHILLING GROWTH, DEVELOPMENT 

AND YIELD RESPONSES 

3.1. INTRODUCTION 

Both the quantitative and qualitative aspects of the 

harvested portion of any crop are generally decided by the 

physiological responses of the crop to the environmental 

conditions which prevail throughout the crop production. A 

growing season which poses minimum risk of exposure to 

rigorous conditions is, among other things, conducive to the 

attainment of high early and total yields of marketable 

quality. On the other hand, an economically significant 

market window may dictate a planting schedule during which 

the plants may be subjected to unfavorable environmental 

conditions. In southern Arizona, a commercial tomato 

culture whose harvest is timed to occur in late spring is 

likely to fail due to the frequent occurrence of chilling 

temperatures for weeks before the warm temperatures prevail. 
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Possibly, the injuries incurred during a cold night may be 

reversed somewhat by subsequent exposure to favorable 

temperatures during the accompanying photoperiod {Chapter 

II). Nevertheless, the ability to survive the environmental 

stresses experienced in the early stage of growth and 

development does not necessarily ensure that a desirable 

level of production is attainable. The repeated exposure of 

young tomato to low-temperature stresses in the early stage 

of production may not only hinder the normal growth of the 

seedlings but also delay flowering, fruiting, and possibly 

reduce total yields and quality (Brasher and Westover, 

1937) . 

Prechilling exogenous carbohydrate treatments have been 

shown to reduce chilling injury in rice seedlings {Tajima 

and Kabaki, 1981). Also, exogenous sucrose was particularly 

effective in reducing low-temperature sensitivity in young 

tomatoes (King et al., 1988). The influence of prechilling 

sucrose feeding (PSF) on the reproductive aspects and yield 

of the tomato plant are not known. In our opinion, it is 

possible that a reduction in chilling injury to young tomato 

plants by PSF may consequently bring about a reduction in 

the consequences of early chilling on the reproductive and 

yield responses. The objectives of the present study were 

to determine the long-term interactive effects of early 

chilling and sucrose pretreatment on subsequent growth, 



113 

reproductive aspects and yield of the tomato plant. 

3.2. LITERATURE REVIEW 

Studies have shown that low-temperature injury in 

seedlings and fruits of many chilling-sensitive plant 

species can be either reduced or completely reversed by 

timely transfer of the exposed tissues at non-chilling 

temperatures (Creencia and Bramlage, 1971; Ilker and Morris, 

1975; Marcellin and Baccaunaud, 1979; Smith, 1947; Wang and 

Baker, 1979). In more recent experiments with tomato, 

Bruggemann and co-workers (1992a) reported that all 

seedlings survived four weeks of exposure at 8°C, but not at 

6°C night temperature. The plastochron index/time slopes 

revealed that the rate of seedling development was markedly 

reduced and completely arrested during chilling at 8°C and 

6°C night temperatures, respectively. Interestingly, all 

chilled plants, including plants which survived the 6°C 

treatment regained their developmental capacity quickly, 

within the first week after the chilling treatment . 

Furthermore, four weeks of chilling in the dark period had 

just a short-lived effect on seedling growth. All plants 

resumed normal growth at favorable growth conditions in the 

greenhouse (22/18°C, day/night) after a short delay of 

approximately one week. Unfortunately, the long-term 
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effects of early chilling on the reproductive parameters 

were not reported. Indeed, the apparent ability to survive 

early chilling or the capacity to recover from chilling 

injury suffered early in the season may be worthless 

particularly if earliness and yields are also influenced by 

the temperatures experienced during the early stage of 

growth and development. 

3.2.1. Long-term Expresions OF Chilling Injury 

A review of the literature reveals that incidence of 

sub-favorable temperatures at the onset of the growth period 

can have far-reaching consequences. The careful work of 

Christiansen and Thomas (1969) showed that chilling (10°C) 

of germinating cottonseed caused a significant reduction in 

the height of the plants at maturity as well as a delay in 

total crop maturity, with the effect being in direct 

relation to the duration of chilling. Although chilling did 

not significantly reduce total yield, crop value was 

significantly reduced because of low fiber quality. The 

results of Rylski (1973) with sweet pepper (C. annuuin) are 

particularly interesting. The data showed that large, high 

quality fruits were obtainable only from flowers borne on 

plants which were grown at relatively high night temperature 

(18 to 2 0°C) from the time of cotyledon expansion until 
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flowering began on the 5th and 6th nodes. In contrast, 

flowers developed under low night temperature (8 to 10°C) 

produced small oblate fruits. Such a temperature effect on 

fruit shape and size could not be rectified by transfer at 

favorable temperature after anthesis. 

The inhibitory influence of hardening temperatures on 

earliness and yield has long been observed for tomato. A 

series of field experiments by Porter (1935, 1936) showed 

that hardening produced a somewhat larger total yields for 

the season. However, hardened tomato plants consistently 

produced lower early yields than did the unhardened plants. 

These observations led Porter to conclude that hardening of 

young tomato plants retards plant growth and is detrimental 

to the early production of fruit as well. Similar results 

were obtained earlier by Crist (1928) under greenhouse 

conditions. In 1937, Brasher and Westover also hardened 

young tomatoes moderately for about 10 days in cold frames. 

Their results seemed to coincide closely with those reported 

by Porter. Accordingly, they also concluded that hardening 

" has a stunting effect on the plant, does not make the 

plants better able to survive under early spring conditions, 

and results in lower early yields ". Courter and associates 

(1977) emphasized the importance of the careful formulation 

of hardening regimes imposed on various vegetables. In 

their view, plants overly hardened with low temperature 
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resume growth slowly and may never fully recover, mature 

later, and may have lower yields. 

One of the most serious consequences of exposure to low 

night temperature during flower development in tomato is 

flower malformation which will give wrinkled flat and 

cracking fruit (Monteiro, 1983). Strong supportive evidence 

for low-temperature induced deformities in tomato flowers 

and fruits can also be found in the report of Knavel and 

Mohr (1969). Growing under a temperature regime of 56/42°F, 

day/night temperature for 5 weeks following cotyledon 

expansion caused a significant increase in the numbers of 

deformed fruit borne on the first and second clusters in 

just one of two varieties tested. The differential 

histological examinations of buds from the first and second 

clusters of both warm- and cold-treated plants provided 

strong evidence which substantiate that abnormal fruits were 

developed as a result of low-temperature induced 

abnormalities in development of the ovaries before anthesis. 

The results also indicated that genetic differences may have 

an important role in flowering and fruiting responses to low 

temperature. The influence of such differences has been 

shown by the differential varietal response observed for 

growth rate and fruiting where night temperatures of 10 and 

15°C have been used (Learner and Wittwer, 1953). 

An other serious long-term effect of early chilling is 
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its possible influence on date of flowering. In many cases, 

an early production of quality tomatoes can significantly 

contribute to the total economical value of the crop. Any 

delay in flowering can negatively impact earliness of fruit 

set and growth. Thus, the residual effect of early chilling 

may eventually be translated into prohibitive financial 

losses. Tesi (1983) reported that a delay of 10-11 days on 

flowering of the first cluster may be observed when 

temperature is lowered from 10 to 12°C to 6 to 8°C. 

However, flowering of the first cluster was delayed only 2 

to 3 days when the temperature was lowered just in the last 

6 hours of the night (Pardossi personal communication, cited 

by Tesi and Tognoni, 1986). Vallejos and associates (1983) 

used the plastochron, a unit of a model developmental scale 

devised by Erickson and Michelini (1957), to evaluate the 

differential low-temperature responses of four genotypes of 

Lycopersicon grown under a high- and low-temperature regimes 

from seeding to fruit set. The plastochron values showed 

that, growth rate, rate of initiation of leaf primordia, and 

the amount of acquired biomass were reduced in all genotypes 

grown at low temperature (12/5°C, day/night) compared to 

those grown at favorable temperatures. However, the 

apparent reduction in plant sizes was comparatively more 

pronounced in the low-altitude L. hirsutum followed by the 

domestic tomato L. esculentum. Furthermore, this effect on 
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the vegetative parameters correlated very well with the 

observed delays in flowering which was extremely retarded in 

the latter genotype and failed to produce seed bearing 

fruits. The hybrid tomato exhibited the greatest growing 

ability at low temperature, indicating that growth and 

developmental responses to low temperature are under genetic 

control. 

On the other hand, there are reports which indicate 

that experiencing low temperatures during the early weeks of 

plant growth may have neither harmful nor beneficial effect 

on the reproductive variables. For example, Bruggemann and 

co-workers (1992a) made a very brief mention of the outcome 

of their preliminary experiments which showed that growth 

and flowering proceeded in young tomato plants grown at 

13/10°C (day/night), though plants chilled at 4°C either 

suffered severe damage or died within two weeks. However, 

Melton and Dufault (1991) obtained results with a more 

extreme low temperature which seem to be at odds with the 

observations of Bruggemanns1 group at the lower temperature 

(4°C) used. The former investigators grew tomato plants, at 

their fifth-leaf stage, under a temperature regime of 26/2°C 

(day/night) for 8 consecutive days before they were set 

permanently in the field. Although low temperature 

significantly reduced all vegetative variables, it had no 

long-lasting effects on earliness of fruit set, total 
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yields, and fruit quality. Likewise, normal flowering 

occurred in tomato plants grown at 2 6.5°C during the day and 

5°C at night (Went, 1944). It has also been reported that 

the number of flowers and fruit set of two tomato cultivars 

were not adversely affected by exposure to night 

temperatures in the range 3 to 10°C for several weeks 

beginning at the 4-leaf stage, however differences between 

the cultivars were clearly evident {Abad and Guardiola, 

1986). 

In view of the above evidence, it can be inferred that 

varietal differences play an important role in both the 

vegetative and reproductive responses of the tomato plant to 

low temperature. Indeed, the extensive experiments of Kemp 

(1968) have shown that several tomato varieties possessed an 

outstanding capacity to withstand low-temperature growing 

conditions from seeding to fruit set. Furthermore, the 

temperature during the day appears to have a regulatory 

influence on the response of the plant to low night 

temperature (i.e., the higher the temperature during the day 

and the shorter the exposure to cold during the night the 

less pronounced the effect of the cold temperature is likely 

to be). Presumably, lowering the temperature during the day 

may add to the inhibitory influence of low temperatures 

experienced at night through the depressing effect of the 

former on photosynthesis. It is also believed that the 
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plants may have some intrinsic capacity to integrate the 

temperatures experienced throughout the day into an average, 

noninjurious temperature. Experimental data which seem to 

provide support for the above explanations have been 

reported. For example, exposure to a day/night temperature 

regime of 10/10°C or 15.6/4.4°C {i.e., an average of 10°C) 

for a short period during early growth had similar effects 

on growth and were similarly effective in increasing flower 

number (Hurd and Cooper, 1967). Likewise, it has been 

demonstrated that the number of leaves to the first 

inflorescence was not altered when the plants were grown at 

different temperature patterns but with the same mean daily 

temperature during the first few weeks from cotyledon 

expansion (Calvert, 1957}. Leaf numbers were the same 

whether high(70°F) or low (58°F) temperature occurred during 

the day or night. It was concluded that the degree of the 

leaf number response appeared to be determined by the mean 

daily temperature. Similar conclusion has been drawn by 

Lewis (1953) in relation to the temperature-sensitive period 

for flower number, and by Wittwer and Teubner (1956) as to 

the number of flower response. These observations along 

with the preceding explanations can account for the normal 

growth and development observed by Went (1944) as well as 

explain the negative results of Vallejos and his group 

(1983). They also seem to suggest that a natural 
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environment characterized by a high-day and a low-night 

temperatures may not be disadvantageous to growing tomato, 

since the day temperature appears to compensate for the low 

temperature during the night. 

3.2.2. Reproductive Development and the Cold 

Treatment 

An other line of reports indicate that imposition of 

carefully-timed low temperature regimes in the first few 

weeks of growth can indeed have long-term beneficial effect 

on the reproductive processes. A great deal of information 

on growth and fruiting responses of the tomato to varying 

temperature conditions can be found in the elaborate 

thermoperiodicity reports of Went (1944, 1945). It has been 

found that flower clusters were much larger at low (8, 13, 

or 16°C) than at high {22, 2 6.5, or 30°C) night 

temperatures, with the effect also being influenced by the 

corresponding day temperature. Furthermore, fewer 

interinflorescence leaves were produced when plants were 

grown at the low night temperatures. However, these effects 

were strictly observed for plants which had received the 

temperature treatments at a somewhat advanced age. 

The responses to temperature treatments given during 

the first few weeks from germination have been reported by 
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several investigators. Goodall (1937) has made observations 

on the factors affecting the position of the first 

inflorescence. In 1947, Roodenburg studied the temperature 

effect on the number of leaves produced before the first 

cluster and reported that, with a low temperature, a minimal 

number of leaves is formed. The time during plant 

development when cold treatment would modify the nature of 

the inflorescence was first investigated by Lewis (1953) . 

His data showed that, shortly after cotyledon expansion, the 

plant enters a sensitive phase when changes in temperature 

will alter the number of flowers in the first cluster. This 

sensitive period has been suggested to be between the 8th 

and 12th day after cotyledon expansion. A low temperature 

treatment of 14°C given from the time of cotyledon expansion 

to the appearance of the first cluster caused an increase 

in flower production, with the effect being extended to the 

5th cluster in some cases. During the same period, a number 

of reports (Lawrence, 1952, 1953, 1954; Roodenburg, 1952; 

Verkerk, 1955) have indicated similar results, and proposed 

intervals of cold (13°C) exposure following cotyledon 

expansion as conducive to development of greater numbers of 

flowers on the first clusters. These reports have also 

pointed out that the cold treatment minimizes the number of 

leaves subtending the first flower cluster. 

The above observations and those reported later (Aung, 
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1976; Calvert, 1957, 1959; Hurd and Cooper, 1967; Wittwer 

and Teubner, 1956, 1957) have defined the advantage of the 

use of properly cooled tomato seedlings. They have also 

demonstrated that the temperature effects are shown variably 

according to the varieties and the environmental conditions 

during and after the cold treatment. Accordingly, 

recommendations for the use of cold treatment in practice 

were published by Wittwer and Honma (1979) . For higher 

early yields of marketable quality, exposure to low (52 to 

56°F) temperature should begin upon emergence of the first 

true leaves and last for ten days to three weeks, depending 

upon the prevalent conditions during the temperature 

treatment. 

Interestingly, there are reports which indicate that 

exposure to temperatures much lower than those recommended 

for the cold treatment for the same or even longer period 

can produce rather similar effects on the node of the first 

cluster, flower number, or time of flowering. For example, 

a temperature regime of 56/42°F (day/night) for 5 weeks 

following cotyledon expansion caused a significant increase 

in the number of flowers in the first cluster of one variety 

and a statistically insignificant increase in an other one 

(Knavel and Mohr, 1969). However, the number of flowers in 

the second cluster of either variety was not affected by the 

cold treatment. Noto and La Malfa (1986) reported that the 
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longer the exposure to a low (7°C) night temperature, the 

younger the plant at flowering and the lower the number of 

leaf nodes before the first cluster of three cultivars 

tested. Plants exposed to a night temperature of 7°C for up 

to 3 weeks following cotyledon expansion produced the lowest 

number of leaves below the first truss and were the earliest 

to flower compared to those exposed to 21 or 14°C for 1, 2, 

or 3 weeks as well as those exposed to 7°C for 1 or 2 weeks. 

However, the number of flowers was virtually unaffected on 

the first and second clusters by chilling. 

On the other hand, that exposure to the same low-

temperature regime may not always cause a concomitant 

decrease in the number of leaf nodes and an increase in 

flower number has been demonstrated. For example, the same 

cold exposure pattern produced reduction in both the number 

of leaves and number of flowers in some varieties and quite 

the opposite response in an other (Wittwer and Teubner, 

1956). These observations and those reported by Lawrence 

(1954) led the former two investigators to suggest that the 

temperature-sensitive period determining the node of the 

first cluster precedes slightly that sensitive period during 

which alteration in flower number occurs. Their data also 

suggested that the temperature effect on flower number is 

likely to be initiated during the second week after 

cotyledon expansion, which seems to be in conformity with 
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the 8- to 12-day interval suggested by Lewis {1953). 

However, Calvert (1957) demonstrated that the period from 

cotyledon expansion to the onset of the temperature-

sensitive phase for flower number is not constant, and may 

be extended into the third week for some varieties. 

The above conflicting observations can account for the 

lack of positive results observed for some varieties. 

Possibly, cold exposure of a given variety at a time that is 

not in harmony with the time at which the flowers of the 

first cluster are differentiated is not likely to be 

effective in altering the flower number response. Thus, the 

better results obtained with longer periods of cold exposure 

may possibly be brought about by the sufficient exposure to 

cold at the proper time. 

The leaves produced before the first cluster has been 

suggested as an objective measurement of flowering in tomato 

since a relatively good correlation existed between the 

number of leaves to the first cluster and days from sowing 

to first anthesis (Wittwer and Aung, 1969). A number of 

reports (Calvert, 1957; Lewis, 1953; Wittwer and Teubner, 

1956) have attributed earliness of flowering to the lower 

number of leaves produced between the cotyledons and the 

first cluster. However, this relationship is not always 

precise. For example, although plants grown at a constant 

warm temperature of 80°F for five weeks were significantly 
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larger in size and produced greater number of leaves below 

the first cluster than did plants of the same variety which 

were grown at 60/50°F (day/night) for the same period, both 

plants flowered and fruited at the same time. Presumably, 

the warm temperature hastened the rate of node production. 

Thus, it may be the rate of leaf production but not the 

number of leaves which determines the time of flower 

initiation in tomato. It must also be emphasized here that 

although chilling increases flower number, it may also 

restrict growth, and hence delay the first anthesis (Hurd 

and Cooper, 1967). 

3.2.3. Carbohydrate Content and Crop Maturity 

It is quite evident that the flowering process in 

tomato and the consequent fruit set and fruit growth are 

greatly influenced by temperature changes. Just how cold 

exposure brings about a change in the flowering response is 

still unresolved. Although temperature appears to play a 

major role in the transition to flowering, it certainly is 

not the only regulatory factor involved in the flowering 

process. It is well known that flower initiation is not 

only influenced by temperature but also by several other 

factors, including irradiance, photoperiod, C02 level, 

nutrition, water supply, etc. (Chapter 8, Vol. II - Bernier 
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et al., 1981). The fact that these factors can act 

interactively to influence the flowering response of tomato 

has been presented (Aung, 197 6; Calvert, 1959; Wittwer and 

Honma, 1979; Wittwer and Teubner, 1957). 

3.2.3.1. Accumulation of Sugars and Flowering 

The view that sugar concentration plays a major role in 

flower initiation is justifiable by the fact that all 

factors which are known to influence flowering also 

influence the internal sugar concentration. Low temperature 

has been shown to cause a drastic increase in soluble-

carbohydrate contents of young tomato plants (Bruggemann et 

al., 1992b). Whether low-temperature induced increase in 

the endogenous sugars is directly responsible for promotion 

of flowering observed for tomato is uncertain. However, as 

with photoperiodically sensitive plant species, significant 

increases in carbohydrate level in the shoot tips have been 

observed for many cold-requiring plants upon transfer at an 

inductive low temperature (Chapter 8, Vol. II - Bernier et 

al., 1981). The evidence discussed in this chapter indicate 

that a significant increase in soluble sugars and starch 

content is observed only for plants grown under the 

inductive low-temperature treatment. Flowering occurs in 

the induced plants, while those grown under non-inductive 
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conditions remain vegetative. Further, growing conditions 

which prevent the increase in the level of carbohydrates 

during the inductive cold period inhibit flowering. 

Flowering is also inhibited by conditions which lead to 

carbohydrate depletion immediately following the cold 

treatment. However, a quick review of the chapter shows 

that a direct correlation between the internal carbohydrate 

content and flower initiation is lacking. 

3.2.3.2. Exogenous Carbohydrate Studies 

A more direct support for involvement of carbohydrates 

in the floral transition comes from studies in which 

carbohydrates, fed to plants in light conditions too low to 

induce flowering, replace part of the light requirement for 

flowering (Cumming, 1967; Esashi and Oda, 1964; Takimoto, 

1960). Further support for the important role of sugars 

comes from both in vivo and in vitro experiments involving 

the application of exogenous sugars (Chapter 6, Vol. I -

Bernier et al., 1981). These studies show that relatively 

high carbohydrate levels are needed at all steps of flower 

initiation. In all cases, sugar levels that are optimal for 

vegetative development are not quite sufficient for 

reproductive development. However, it must be emphasized 

that supranorrnal sugar concentrations can be inhibitory 
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(Posner, 1967, 1969, 1971). 

Exogenous carbohydrates have been shown to increase the 

ability of young tomato plants to withstand injurious low 

temperatures (King et al., 1988), and increase growth of 

tomato seedlings under unfavorable light conditions (Went 

and Carter, 1948). Carbohydrate tests of the extracted cell 

sap of petioles, leaves, and fruits from large, potted 

tomato plants showed that extracts from plants sprayed with 

equal molar solutions of sucrose mixed with urea solutions 

had a significant increase in carbon content than did 

extracts from the untreated plants (Emmert and Klinker, 

1950). Quality and taste of fruits from sucrose-sprayed 

plants were markedly improved by the treatment. 

In greenhouse studies, similar foliar applications of 

sucrose and urea solutions applied to 10-week-old plants 

throughout the season produced a significant increase in 

fruit number, without any detectable increase in yields over 

the untreated check plants {Klinker and Emmert, 1953). The 

same sprays, applied only after three clusters had set, 

increased fruit numbers and yields to a highly significant 

degree in comparison to the untreated plants. Further, 

sprays of sucrose alone were not effective at any 

concentration used. In field experiments, however, sprays 

of sucrose alone were found to be effective in increasing 

early yields of an early maturing variety, but did not 
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influence early yields of a late-maturing one. 

The long-term effects of exogenous sucrose applied to 

young tomato plants grown under extremely low temperature 

for an extended period of time are not known. All the above 

observations provide substantial, although circumstantial, 

evidence for the influence of exogenous sucrose on earliness 

and yields. Since sugar feeding appears to promote 

flowering and improve both quality and quantity of early and 

total yields, investigation of the long-term effects of pre-

chilling exogenous sucrose treatment on the reproductive 

development and yield of tomato is warranted. 

3.3. MATERIALS AND METHODS 

The experiment was conducted at the Campus Agricultural 

Center of the University of Arizona in Tucson, Arizona, USA 

(110° 57' W longitude, 32° Yl' N latitude, and 710 m 

elevation). The experiment was established in a fan and pad 

cooled greenhouse with corrugated fiberglass panels, double-

polyethylene roofing, and a gas-fired unit heater. The 

temperature regime in the greenhouse was 22°C during the 

days and 16°C at night. A Hygro-Thermograph recorder, 

placed in the center of the growth area, showed an average 

day temperature of 23.7°C and an average temperature of 

17.4° C during the night. Relative humidity (RH) in the 
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greenhouse averaged 45% during the days and 60.5% at night. 

Photosynthetic photon flux (PPF) was sensed periodically 

during growth, at plant level, with a LICOR quantum flux 

meter. Maximum irradiance in the greenhouse reached 13 50 

pmol. m-2 s-1 at midday. It should be emphasized that the 

proportion of clear and sunny days during the experiment was 

no less than 65% of the time. Plants were grown under the 

above conditions until the experiment was terminated. 

Cultural. Approximately three days after the chilling 

treatment was accomplished, the remainder of the plants was 

moved to the new greenhouse. Flats were arranged on a 

greenhouse bench in an order same as previously set up in 

the glasshouse. Seedlings continued to grow in their flats 

for a few days to allow them to adapt to the new greenhouse 

environment before transplanting. 

The six most uniform plants in each treatment plot were 

selected for subsequent experimentation. Only vigorously 

grown plants with good appearance were selected, but plant 

height in each individual treatment was also taken into 

consideration. 

Transplanting was carried out on 6 May 1990. It took 

place when control plants attained a height of approximately 

19 cm. Individual plants were transplanted to 28 cm {19 

liters) polyethylene pots filled with a mixture of steam 

sterilized top-soil, mulch (50% wood shavings and 50% ground 
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pine and fir bark), and Sunshine Mix NO.3 in the ratio 

5:4:1, by volume. Pots were placed on the greenhouse floor 

at spacing of about 0.5m center-to-center. Plants were 

staked and progressively tied as they grew, using standard 

commercial recommendations (Cook, 1980). 

Pots were watered to maximum holding capacity when a 

tensiometer (10 cm deep) reached approximately 0.2 Pa in a 

given treatment across all replications. Pots were also 

flooded with tap water every 7-10 days to prevent 

accumulation of salts. 

Plants were routinely fertilized with aqueous 

fertilizer solution (12 grams of 20-20-20 fertilizer in one 

gallon of water), starting immediately after transplanting 

and once every 7 to 10 days thereafter. Fertilizer was 

given at the rate of 400 ml of solution per plant until at 

least two fruits were set in the first flower cluster. From 

this time and until the end of the experiment, the strength 

and the amount of solution given to each plant were doubled. 

Individual plants were tapped periodically (at midday) 

to improve pollination (Picken, 1984). Tapping began as 

soon as anthesis occurred in the first flower cluster. 

Plants were tapped with enough force, so that the flower 

clusters were sufficiently vibrated. 

Data collection. Several variables were considered in 

order to determine the growth, flowering, and yield 
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responses of potted tomatoes grown in the greenhouse under 

favorable conditions subsequent to sucrose feeding and 

cooling of the plants in the early seedling stage. Except 

for total yield, standard measurements for all variables 

were taken from each of the six plants in every treatment 

plot. 

The following growth parameters were considered as 

measures of postchilling growth responses : (a) transplant 

height; and (b) final plant height. 

Transplant height measurements were taken approximately 

three days after transplanting. It was made by placing one 

end of a plastic centimeter-ruler just at the cotyledonary 

point and measuring from this fixed position to the point of 

attachment of the upper most visible leaf. 

The vertical distance between the cotyledonary point 

and point of attachment of the upper most visible leaf on 

the main stem was considered an objective measurement of 

plant height at the end of the experiment {i.e., at the time 

just before plants chosen for measurement of potential yield 

were detopped). The cut and defoliated stem was 

straightened on a bench and the defined measure of its 

length was recorded. Occasionally, the stem had to be 

segmented in order to facilitate the measurement. 

Flowering of tomato in relation to pre-transplanting 

low-temperature and exogenous sucrose treatments was 
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evaluated in respect of the four following variables : 

number of leaves subtending the first inflorescence; number 

of leaves up to the second inflorescence; position of the 

first flower cluster; flowering date. 

The number of leaf nodes formed below the first flower 

cluster and those subtending the second cluster were 

recorded. In both cases, cotyledons were included. Leaf-

node count was carried out when all plants had at least one 

flower open. 

Cluster position was measured vertically between the 

cotyledonary point and the point of attachment of the first 

cluster. Measurement was taken by a plastic ruler and 

recorded in centimeter. 

Plants were considered to have reached anthesis when 

one flower on the first cluster has become fully open. 

Flowering date was recorded as the number of days from 

seeding to anthesis of one flower on the first cluster. 

The following yield parameters were studied in order to 

determine the yielding ability of tomato plants under the 

experimental conditions : number of flowers in the first 

and in the second cluster; number of fruit set in each of 

first and second cluster; accumulative weight of fruit from 

the earliest two inflorescence; total yield. 

The numbers of flowers in each of the first and second 

cluster were recorded for every experimental plant. Flowers 
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in each of the first two clusters which reached anthesis 

normally and subsequently set fruits no less than 0.3 cm in 

diameter were counted and the numbers recorded as fruit set 

in each cluster. 

All fruits from the first two clusters in every plant 

were harvested at the breaker stage (Ware and McCollum, 

1980) in order to determine the effects of the experimental 

treatments on their total weight. Fruits were then graded 

according to USDA standards of medium (5.5 - 7.0 cm), large 

(> 7.0 cm), and cull fruit. Fruits of little or no 

commercial value were graded as cull. Fruit with smaller 

than 5.5 cm diameter and those with blossom end rot (BER), 

cracks, green shoulders and seams were considered to be 

cull. The accumulative weight of each grade was recorded 

for the first two clusters in each plant 

In order to determine the yielding potential of the 

plants, all fruit from just one plant in every treatment 

plot were harvested in the turning stage. Plants selected 

for such a measurement must have had dark green leaves, 

large and closely spaced clusters, and a main stem not less 

than 1.2 cm thick at a point 15 to 20 cm below the upper 

most visible leaf. Plants were detopped at 2 cm above the 

fifth cluster on the main stem to prevent further growth. 

Total fruit weight was recorded. Weight of normal fruit 

whose diameter was greater than 5.5cm was also determined. 



136 

Experimental design and statistics. The study involved 

a 4 X 2 factorial experiment, set up as a split-plot design 

and tested in four replications. Each treatment plot 

consisted of six plants (a total of 192 plants). Plants 

selected for this experiment maintained their previous 

replication identity, but they were randomly reassigned to 

the experimental plots within each replication. 

Computerized statistical analysis of variance (ANOVA) 

by statistical analysis system (SAS) was done with the 

assistance of CCIT of the University of Arizona. Treatment 

means were compared by using the least significant 

difference (LSD). 

3.4. RESULTS AND DISCUSSION 

General observations. As far as chilled plants were 

concerned, it was visually clear at transplanting that they 

had reduced root growth compared to control plants. Their 

recovery from transplant shock was also noticeably slower 

than that observed for the control plants. In both cases, 

however, the sucrose-treated plants were superior to the 

water-treated ones. The first of the above observations 

seems to be in line with the negative effects of low 

temperature on growth of both roots and shoots of tomato 

reported already by Melton and Dufault (1991). Roots and 
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shoots are interdependent, and it is not surprising that the 

previously observed damage to the above-ground parts also 

contributed to inhibition of root development. The second 

observation is also not surprising, since recovery of 

seedlings from transplant shock is well known to be 

influenced by the degree of root development. 

At transplanting, the previously observed chlorosis was 

on the rise particularly in those leaves which experienced 

the largest interval of cold, whereas all new unchilled 

leaves looked normal. During the first week after 

transplanting, some senescence of the cotyledons occurred in 

the chilled plants and the sucrose-treated control plants as 

well. In some cases, abscision of the cotyledons occurred 

within 2 weeks after transplanting. Bruggemann and 

associates (1992a) made similar observations during recovery 

of previously-chilled young tomatoes. By the first 

anthesis, the first 2-3 leaves on the main stem of the 

chilled plants and the sucrose-treated controls exhibited a 

combination of severe discoloration and tight inrolling and 

malformation of the leaf lamina. Such leaf deformities seem 

to be identical to those caused by elevated C02 level under 

high light intensity (Nagoaka et al., 1974). The possible 

cause(s) of such deformities will be discussed in the 

following chapter. 

Postchilling growth responses. Plant height at 
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transplanting and final plant height were used to index 

growth responses of the plants subsequent to chilling. 

Night temperature regime (A) and sucrose treatments (B) had 

highly significant effects on both transplant height and 

final plant height (Table 5, Appendix). For both 

parameters, however, the (A) x (B) interaction was also 

highly significant. 

With regard to the interactive effects of the 

experimental treatments on plant height, it will be seen 

from Table 6 and Figure 6-A that, at transplanting, 

significant inhibition of plant height in response to 

chilling was observed only for the water-treated plants 

chilled for 21 nights. Whereas height of such plants was 

not significantly smaller than either the sucrose-treated 

controls or the water-treated plants chilled for 7 nights, 

it was inhibited by a significant degree as compared to the 

rest of the plants. Significant differences in plant height 

among the rest of the experimental plants were not detected. 

While application of sucrose had no significant influence on 

height of plants grown exclusively at the warm temperature, 

it influenced transplant height only within the largest 

interval of cold, with the sucrose-treated plants outgrowing 

the water-treated ones. 

The data for final plant height (Table 6 and Figure 6-

B) show clearly that the differences in final height between 
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Table 6. Influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of tomato seedling upon plant height 
at transplanting and final plant height. 

No. Nights0 
at 4°C 

Plant Height (cm) 

No. Nights0 
at 4°C 

At Transplanting Final Height 

No. Nights0 
at 4°C 

Sucrose Sucrose No. Nights0 
at 4°C 0% 10% 0% 10% 

Control 19.3 18.0 79.3 78 . 0 

7 17.4 19.4 77 .4 79.4 

14 19.2 19.5 79 .2 79.5 

21 12.6 14.9* 72.6 74.9* 

LSDb 
5% 5.9 5.9 

The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

LSD for comparing two temperature regime means at the 
same or different sucrose levels. 

Indicates significant (5%) difference between sucrose 
treatments within a night temperature regime. 
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(A) At Transplanting (B) Final Plant Height 

Figure 6. Plant height at transplanting (A) and 
final plant height (B) as affected by 
length of chilling and exogenous sucrose 
treatment. Standard deviations 
indicated by bars. 
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various groups of plants were identical to those observed 

at transplanting. Whereas final height of the water-treated 

plants chilled for 21 nights was still the smallest, 

significant differences between the rest of the plants were 

not found. 

The combined results show clearly that any inhibition 

of plant height suffered during up to 14 cold nights was 

abolished completely at transplanting. Presumably, the 

subsequent increase in height of such plants occurred at 

rates not significantly different until the end of the 

experiment. The insignificant differences in plant height 

observed for these plants at transplanting does not 

necessarily suggest that the growing ability of other above-

ground parts was also restored. In fact, obvious symptoms 

of chilling injury to chilled leaves were evident at 

transplanting. 

The persistent inhibition of plant height observed for 

the water-treated plants chilled for 21 nights, and the 

apparent reversal of such inhibition by sucrose, appeared to 

have been initiated during early growth, since similar 

effects were observed for both factors at transplanting. 

Flowering-related responses. Numerous reports (Aung, 

1976; Calvert, 1957, 1959; Hurd and Cooper, 1967; Wittwer 

and Teubner, 1956, 1957) have shown a strong correlation 
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between earliness of flowering in tomatoes and both the 

numbers of leaves formed below the first and second clusters 

and height of the earliest cluster. Thus, such parameters 

were followed to determine earliness of flowering under the 

conditions of the present experiment. 

The results in Table 5 {Appendix) show that night 

temperature regime had a highly significant effect on 

numbers of leaves up to the second inflorescence, whilst it 

had no significant effect on numbers of leaves subtending 

the first inflorescence. The results also show that sucrose 

treatment had no significant effect on numbers of leaves 

subtending either the first or second inflorescence. 

A significant reduction in numbers of leaves subtending 

the second, but not the first inflorescence was observed for 

plants chilled for 7, 14, or 21 nights as compared to 

control plants over all sucrose levels (Table 7). 

Significant differences between chilled plants over all 

sucrose levels were not detected. 

As to position of the earliest inflorescence, it will 

also be seen from Table 5 (Appendix) that main effects of 

both night temperature regime (A) and sucrose treatment (B) 

on such parameter were highly significant. However, the A x 

B interaction was also highly significant. 

With regard to such an interactive effect, it will be 

seen from Table 8 and Figure 7-A that chilling of the water-
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treated plants for up to 21 nights caused a significant 

inhibition of height of the first cluster as compared to the 

water-treated controls. Evidently, the degree of such 

inhibition was increased as the interval of cold was 

extended. Although a similar trend was observed for the 

cold- and sucrose-treated plants, a significant degree of 

inhibition of height of the first cluster was observed only 

for plants chilled for 14 or 21 nights as compared to the 

water-treated controls. Sucrose had no significant 

influence on position of the first cluster at the warm 

temperature. At the cold temperature, however, the sucrose-

treated plants were consistently superior to the water-

treated ones. This was shown by the significant and highly 

significant differences between plants within each duration 

of chilling (Table 8). 

The main and interactive effects of both experimental 

treatments on date of flowering are also shown in Table 5 

(Appendix). Night temperature regime had no significant 

effect on number of days to first anthesis, whereas the main 

of sucrose treatment was highly significant. However, the 

interaction between sucrose and night temperature regime was 

also highly significant. 

In the mean separation, significant reduction in number 

of days to first anthesis was observed only for the sucrose-

treated group of plants chilled for 21 nights (Table 8 and 
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Table 7. The influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of tomato seedlings on number of 
leaves preceding the first and second 
inflorescence. 

i. Nightsa 
at 4°C 

No. 
First 

Leaves to 
Inflorescence 

No. 
Second 

Leaves to 
Inflorescence 

i. Nightsa 
at 4°C 

Sucrose 
Mean 

Sucrose 
Mean 

i. Nightsa 
at 4°C 0% 10% Mean 0% 10% Mean 

Control 10.0 9.8 9.9 12 .7 12 .4 12 . 6* 

7 9.7 9.4 9.5 11.7 11.9 11.8 

14 9.8 10 .0 9.9 11.5 12 . 0 11.8 

21 9.9 9.3 9.6 11.8 11.5 11.7 

Mean 9.8 9 . 6 11.9 12 . 0 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

Value differs significantly {5%) from all other night 
temperature regime means. 



145 

Table 8. The influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of seedlings on height of the first 
inflorescence and flowering of the tomato plant. 

Height (cm) of 
First Inflorescence 

Days to 
First Anthesis 

No. Nights* 
at 4°C 

Sucrose 
0% 10% 

Sucrose 
0% 10% 

Control 54.1 53 .0 70 70 

7 50.0 52 .0* 70 68 

14 47.0 50.0** 69 69 

21 42 .9 46.9** 70 66 

LSDb 
5% 3.8 3.5 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

b LSD for comparing two temperature regime means at the 
same or different sucrose levels. 

and ** Indicate significant difference between sucrose 
treatments within a night temperature regime at 5% and 1% 
level, respectively. 
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Figure 7. Height of the earliest inflorescence (A) 
and days to first anthesis (B) as 
influenced by length of chilling and 
exogenous sucrose treatment. Standard 
deviations indicated by bars. 
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Figure 7-B). Such plants had a highly significant 

reduction in number of days to first anthesis compared to 

the water-treated plants at the same interval of cold, and a 

significant reduction compared to the rest of the plants. 

A quick review of the literature reveals that there is 

much confusion concerning the widely-held notion that, the 

degree of the leaf-number response of the tomato plant to 

temperature during the earliest 2 to 3 weeks following 

cotyledon expansion determines both the position of the 

earliest inflorescence on the main stem and time of first 

anthesis. With a low temperature, fewer leaves are formed 

below the first inflorescence and a consequent reduction in 

both height of the first inflorescence and days to first 

anthesis occur. While numerous reports (Calvert, 1957; 

Lewis, 1953; Wittwer and Teubner, 1956) have attributed 

hastening of flowering to a low-temperature induced 

reduction in numbers of leaves formed before appearance of 

the first inflorescence, opposing results have also been 

published. For example, lowering the temperature during 

early growth of the tomato seedlings reduced numbers of 

leaves but had no effect on earliness of fruit set in the 

earliest clusters {Melton and Dufault, 1991) . Calvert 

(1957) also found that, although subjection to different 

temperatures for the first five weeks from cotyledon 

expansion caused variation in numbers of leaves, all plants 
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of the same variety flowered and fruited at the same time. 

In discussing our own findings, it will also be seen that 

they neither completely contradict nor do they entirely 

agree with the established facts about the low-temperature 

flowering responses of the tomato plant. 

With regard to the effect of sucrose on numbers of 

leaves preceding the first and second cluster, our data 

(Table 7) showed that the degree of leaf number response was 

not significantly altered by sucrose treatment, though 

positive effects on growth of chilled leaves were evident 

{Table 2 and 3). Such findings are consistent with the 

earlier report of Calvert (1959) who also found that 

spraying tomato cotyledons with 10% sucrose solution for 20 

days from cotyledon expansion increased cotyledon size 

without any apparent influence on numbers of leaves produced 

below the first inflorescence. The leaf number response to 

sucrose was similar at different temperature regimes. Thus, 

it appears that an effect of exogenous sucrose on the leaves 

may be exerted mainly on their growth but not on the degree 

of leaf production. 

The other findings of the present experiment, which 

seem to conform with previous reports are the apparent 

temperature effects on both the number of leaves subtending 

the second inflorescence (Table 7) and the position of the 

earliest inflorescence {Table 8 and Figure 7-A). 
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The first of these findings showed that low temperature 

caused a small but statistically significant reduction in 

the number of leaves preceding the second cluster 

irrespective of both the duration of exposure and 

concentration of the sucrose solution. This appears to be 

in line with a number of reports (Noto and La Malfa, 1986; 

Wittwer and Teubner, 1956) which showed that the effect of 

low temperature persisted beyond the first inflorescence and 

reduced the number of leaves preceding the second one. The 

thermoperiodicity reports of Went (1944, 1945) also showed 

that the number of intercluster leaves was influenced by low 

temperature. In our opinion, the reduction observed in the 

present study may be attributed, at least partly, to a 

temperature effect on the number of leaves produced between 

the first and second clusters, since the number of leaves 

below the first cluster (Table 7) was nearly identical for 

all plants. 

The second of our findings, that is the observed 

lowering of the position of the first cluster with length of 

chilling (Table 8 and Figure 7-A) is also in line with 

several previous reports (Noto and La Malfa, 1986; Wittwer 

and Teubner, 1956) which showed similar temperature effect 

on the length of the stem below the first cluster. These 

investigators also showed that such a cluster position 

response was accompanied by a reduction in the number of 
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leaves up to the first inflorescence and hastening of 

flowering. Thus, they ascribed both the lower position of 

the first cluster and the earliness of flowering to such a 

reduction in leaf formation. In considering our own 

results, it would not be possible to explain either the 

observed lowering of cluster position or promotion of 

flowering only within the largest interval of cold at the 

10% sucrose concentration by a temperature effect on the 

number of leaves produced, since neither significant 

differences in the number of leaves were not detected. 

In fact, the common practice of relying on counts of 

the expanded leaves alone for assessing rate of development 

has led to much confusion in the literature, particularly 

when plants have received treatments which affect both the 

time of flower initiation and rate of vegetative growth 

(i.e., the rate of leaf appearance or formation). An 

excellent theoretical presentation of the potential error(s) 

in estimating the time of flower initiation based on the 

macroscopic count of the leaves alone has been published 

(Collins and Wilson, 1974). 

Although the effect of temperature on flowering has 

been established beyond question, it is possible that other 

factors may also have a role in flowering. For example, the 

extensive experiments of Vallejos and associates (1983) with 

four Lycopersicon genotypes showed that, the growth rate and 
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flowering of the hybrid were much less severely inhibited by 

low temperature than did L. esculentum and two ecotypes of 

L. hirsutum. Thus, they concluded that the low-temperature 

growth and development responses of the hybrid were under 

genetic control. Noto and La Malfa (1986) also observed 

that low (7°C) night temperature for two weeks from 

cotyledon expansion had no significant effect on the leaf 

number response in one of three tomato cultivars. Thus, it 

would not be unreasonable to postulate that a characteristic 

of the cultivar used in the present experiment may be that 

any variation in the node of flowering response occurred 

within a very narrow range irrespective of the temperature. 

In fact, the standard deviations (data not shown) from the 

mean number of leaves had a small range (.5 to 1.4). This 

also suggests that the number of leaves to be produced 

before differentiation of the earliest cluster occurs 

probably has a minimum, which low temperature does not 

reduce further. Calvert (1957) showed that the node of 

flowering occurs within a range, which maximum/minimum vary 

with the variety. It has also been observed that, at high 

intensity light, lowering the temperature may have little 

effect on the leaf number but may seriously inhibit the 

growth rate of the plants (Calvert, 1959). Both conditions 

actually' existed under the present study. Such findings 

seem to provide support for our previous postulation. 



152 

On the other hand, it has also been suggested that, 

rather than the leaf number, it is the rate of leaf 

primordia formation that determines the time of 

inflorescence initiation (Calvert, 1959). Moreover, studies 

with tomato (Hussey, 1963J and cucumber (Milthorpe, 1959) 

have also shown that the rate of leaf production may remain 

constant, or nearly constant, with time regardless of the 

variation in the environment. The production of new leaves 

occurs at regular intervals irrespective of changes in 

growth-rates of the plant organs. Thus, Hussey (1963a) was 

led to conclude that the two processes of leaf production 

and growth of plant organs (i.e., apical enlargement) appear 

to be independent. With the exception of the sucrose-

treated plants cooled for 21 nights, the nearly constant 

time to first anthesis and the apparent differences in 

cluster position observed for other plant groups (Table 8 

and Figure 7-A) may be attributed to such constancy of the 

rate of primordia formation under the different 

environments, despite the observed variation in growth of 

leaves and stem (Chapter 2) and length of stem below the 

first cluster (Table 8). 

Just what brought about earliness of flowering (i.e., 

promotion of time to first anthesis) in just the sucrose-

treated plants chilled for 21 nights may not be elucidated 

by the supposed constancy of the rate of primordia 
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formation. It may be attributed, however, to treatment 

effects on various steps of the multistep process of 

flowering. In other words, since anthesis is the final 

event in the flowering process, it would be expected that 

promotion of anthesis be the outcome of not only the 

earliness of inflorescence differentiation but also the 

hastening of inflorescence development after initiation. 

Accordingly, in an attempt to understand the possible 

cause(s) of the differential flowering responses under the 

present experiment, one should consider the possible effects 

of the experimental treatments on the individual steps of 

the flowering process and contributions of such effects to 

the speed by which the final event occurs. 

It is well known that flowering of the tomato occurs at 

a somewhat wide range of temperature. At temperatures in 

the lower range, however, the tomato plant seems to behave 

in a way exemplified by many cold-requiring plants. In so 

far as the thermoinduction of such plants, the longer the 

cold treatment the more effective it is up to a certain 

maximum value (Bernier et al., 1981). Likewise, the more 

positive response to longer periods of cold has also been 

reported for tomato (Note and La Malfa, 1986). Thus, it 

would not be surprising that attainment of responsiveness to 

cold, under the present experiment, was possible only by 

exposure to the largest interval of cold. The lack of 
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responsiveness to chilling for up to 14 nights, on the 

other hand, does not necessarily suggest that plants treated 

as such have not perceived the environmental stimulus (i.e., 

low temperature). Since thermoinduction is known to be a 

quantitative process (Bernier et al., 1981) it is possible 

that the stimulus was perceived by the plants but an optimal 

induced state was not attainable due to the shorter period 

of chilling. 

Bernier et al. (1981) discussed a line of experimental 

evidence which suggest that, though perception of the 

inductive treatment is the property of a number of plant 

organs, such property is most developed in the leaves. 

Further, they also noted the classic view that, 

thermoinduction brings about the accumulation of 

photosynthates in the induced leaves as well as synthesis of 

a transmissible floral stimulus. It has also been suggested 

that attainment of an inductive state is influenced by the 

leaf area. It must be emphasized, however, that the 

necessity of a sufficient leaf area might not be related to 

the thermoinduction itself, but to the supply of sufficient 

quantity of assimilates together with the floral stimulus to 

the receptor meristem. In our opinion, it is possible that 

the inductive capacity of leaves from the non-sucrose-

treated plants, within the 21-night interval of cold, was 

reduced due to not only the observed inhibition of both 
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fresh and dry weight of leaves compared to the sucrose-

treated ones (Chapter 2) but also the reduction in leaf area 

(as estimated visually). Such a reduction in leaf area in 

response to chilling has been observed already for tomato 

(Milton and Dufault, 1991). The inhibition of stem diameter 

observed for such plants at the third sampling (Table 4, 

Chapter 2) seems to suggest that translocation of 

assimilates and the supposed flower-promoting substance to 

the shoot apex might have also been inhibited. 

The shoot apex has been suggested as the primary site 

where evocation (i.e., the second step in the flowering 

process) occurs. Such a process begins with the arrival of 

the floral stimulus and assimilates at the shoot apex, and 

ends with the irreversible commitment of the terminal bud to 

reproduction. Since the meristematic tissue is essentially 

non-photosynthetic, any inhibition of assimilate 

translocation would result in inhibition of the mitotic 

activity at the shoot apex. Melthorpe (1959) has suggested 

that the rate of activity in the terminal bud is influenced 

by the supply of assimilate. In addition, studies with 

tomato (Hussey, 1963b) have shown that, although the size of 

the first two leaves on plants held at high temperature was 

ten times the size of those on plants of the same age held 

at low temperature, the apices of the later plants were 

over twice the size attained by the former. The results of 



156 

an earlier experiment {Hassey, 1963J seemed to suggest that 

the two processes of leaf formation and expansion and apical 

enlargement are independent. Thus, it is reasonable to 

assume that an adequate supply of assimilates might have 

been more readily available for the apices of the sucrose-

treated plants than for the water treated plants. As a 

consequence, the evocation process in the former might have 

been more advanced than in the latter. In general, it 

appears that the promotive effect of sucrose was brought 

about mainly through the protection it imparted against the 

chilling damage to growth during and subsequent to chilling. 

Clearly, such a promotive effect was subject to the length 

of chilling. 

Reproductive responses and yields. With regard to the 

numbers of flowers and fruit set responses, it will be seen 

from Table 9 (Appendix) that significant effects on the 

numbers of flowers and fruit set in either the first or 

second inflorescence were produced only by the sucrose 

treatment. Significant effects as arising from the night 

temperature treatments and its interaction with the sucrose 

treatment were not detected. Application of sucrose, on the 

other hand, had a significant and highly significant effect 

on the numbers of flowers in the first and the second 

inflorescence, respectively. The degree of significance was 

reversed in the case of the fruit set; the effect was highly 
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significant in the first and significant in the second 

inflorescence. 

The mean numbers of flowers summarized in Table 10 

indicate that, treatment of the seedlings with the 10% 

sucrose solution has resulted in a small but statistically 

significant increase in the numbers of flowers in both the 

first and second inflorescence as compared to the 0%-

sucrose-treated plants over all durations of chilling. The 

numbers of fruit set response was also similarly affected by 

application of 10% sucrose solution. This was true for both 

the first and second inflorescence (Table 11). 

Evidently, in our study, chilling of the seedlings in 

the dark for up to 21 nights had no significant influence on 

the numbers of flowers in either the first or the second 

inflorescence. This appears to be at odds with the positive 

results observed by other investigators {Aung, 197 6; 

Calvret, 1959; Hurd and Cooper, 1967; Wittwer and Teubner, 

1956, 1957). Further, our observations for the second 

inflorescence are particularly inconsistent with those of 

Lewis (1953) who found that, when the low-temperature was 

prolonged from the time of cotyledon expansion until the 

appearance of the first inflorescence, there was an increase 

in flower numbers in the first five inflorescence. However, 

results which seem to be in line with our findings have also 

been published. Noto and La Malfa (1986), for example, 
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Table 10. The influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of tomato seedlings on the number of 
flowers in the first and second inflorescence. 

No. Nights3 
at 4°C 

No. 
First 

Flowers in 
Inflorescence 

No. 
Second 

Flowers in 
Inflorescence 

No. Nights3 
at 4°C 

Sucrose 
Mean 

Sucrose 
Mean 

No. Nights3 
at 4°C 0% 10% Mean 0% 10% Mean 

Control 6.8 7.2 7 . 0 5.6 6.6 6.1 

7 6.4 

C
M
 C

O
 

6.3 6.7 6.5 

14 6.7 7 . 0 6.9 5.8 5.9 5.9 

21 6.6 7.5 7.0 6.2 6.5 6.4 

Mean 6.6 7.2* 6.0 6.4* 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

Values differ significantly (5%) from 0% sucrose mean. 
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Table 11. The influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of tomato seedlings on the numbers 
of fruit set in the first and second 
inflorescence. 

No. Fruit in No. Fruit in 
First Inflorescence Second Inflorescence 

No. Nights3 Sucrose Sucrose 
at 4°C 0% 10% Mean 0% 10% Mean 

Control 6.2 6.8 6.5 5.3 5.9 

7 6.0 6.8 6.4 5.8 6.1 

14 6.4 6.7 6.6 5.3 5.7 

21 6.2 7.2 6.7 6.2 6.2 

Mean 6.2 6.9* 5.6 6.0 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm {16°C) nights, respectively. 

Values differ significantly (5%) from 0% sucrose mean. 
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reported that the number of flowers in the first and second 

inflorescence of three varieties was virtually unaffected by 

chilling (7°C) for up to 21 nights. Knavel and Mohr (1969) 

obtained a somewhat similar result when seedlings of two 

tomato cultivars were held at 42°F for 35 nights. 

Furthermore, varietal differences in the number of flower 

response to low temperature have also been reported 

(Calvert, 1959). In our opinion, the insignificancy of the 

temperature effect on the number of flowers under the 

present experiment may be attributed to the variety, since 

the number of flower response to low temperature appears to 

be a characteristic which may vary with the variety. 

As to the number of flowers response to the sucrose 

treatment, our results also seem to be inconsistent with the 

previous report of Calvert (1959). He reported that flower 

numbers were unaffected by 10 or 20% sucrose solution 

sprayed onto the cotyledons daily for 20 days following 

cotyledon expansion. Such inconsistency may be due to 

differences in the experimental procedure. Possibly, under 

the present experiment, more sucrose was taken up by the 

plants, since not only the cotyledons but also the rest of 

the above-ground parts of the plant were in contact with the 

solution. Also, Calvert has not used an extreme temperature 

as the one used under the present study. 

One of the most conceivable consequences of low-
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temperature inhibition of various plant functions is 

starvation of the non-photosynthesizing parts (i.e., shoot 

apices and roots). A classic example can be found in the 

report of Crawford and Huxter (1977). It is also 

conceivable that such metabolite-starved parts would 

experience a severe inhibition of growth. The commonly 

observed inhibition of various plant functions at low 

temperature have been attributed primarily to a low-

temperature induced structural and compositional changes in 

various membrane systems (Giaquinta and Geiger, 1973; Lyons, 

1973; Raison, 1974; Raison and Chapman, 1976; Shneyour et 

al., 1973; Wang, 1982). Heber (1968) reported that sucrose 

protected various membranes against freezing temperatures. 

Application of various carbohydrates also markedly reduced 

sensitivity of young tomatoes to chilling injury (King et 

al., 1988). Thus, it is possible that the effectiveness of 

the applied sucrose in increasing the number of flowers may 

be ascribed to a direct effect of sucrose on stability of 

various membrane systems at chilling, and a consequent 

reduction in chilling injury to various membrane-based 

processes (i.e., processes which contribute to synthesis and 

supply of various growth substances to the shoot apex) 

during and subsequent to chilling. 

It has been shown that, at low temperature, the rate of 

dark respiration of tomato leaves was much lower than gross 
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photosynthetic capacity at the same temperature (Burggemann 

et al,, 1992a} . In a subsequent study {Bruggemann et al., 

1992b) , it was found that, after 14 days of chilling (6°C) 

during the night, the endogenous carbohydrate contents in 

the chilled leaves had increased 8-fold. Although sugar 

concentrations decreased quickly during a subsequent 7-day 

recovery period, the concentrations of the monosaccharides 

remained much higher than the initial rates. Babenko (1973) 

found that, among various exogenous sugars applied to winter 

wheat plants through the roots at low temperature in the 

dark, sucrose and glucose exhibited the highest metabolic 

activity. Such sugars were energetically incorporated in 

the metabolism of free amino acids, various proteins, and 

nucleic acids. Thus, it was concluded that, at low 

temperature, sugars of endogenous origin may also be 

metabolically involved in formation of a whole series of 

derivatives essential for promotion of the flowering 

processes. 

With such findings in mind, it would not be 

unreasonable to assume that, under the present experiment, 

carbohydrates {endogenous and/or exogenous) might have also 

been actively incorporated in metabolism of the tomato 

plant. Our growth data (Chapter 2) seemed to provide 

support for such an assumption. The utilization of 

carbohydrates of various origins and mobility of the 
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resultant metabolites might have proceeded in the cold- and 

sucrose-treated plants at rates much faster than those for 

the cold- and water-treated ones, presumably due to the 

supposed protective effect of the applied sucrose. Thus, it 

may also be possible that various carbohydrates had a direct 

metabolic role in the observed increase in flower numbers, 

since a number of studies {Bernier et al.f 1981) have shown 

that the intensity of flowering is influenced by the 

availability of sufficient amounts of carbohydrates and 

other metabolites at the shoot apex at the time of 

inflorescence development. It may also be argued that, 

although low temperature is well known to promote the flower 

number response, low temperature per se may not be the sole 

factor which determines the degree of such a response. 

Another result which is suggestive of a role for roots 

in reproductive development was obtained with tomato where 

flower number in the first inflorescence is increased by 

reducing root temperature. As demonstrated by Phatak et al 

(1966), this temperature effect is graft transmissible. 

Since a temperature effect on the below-ground parts was 

visually clear under the present study, a role for the roots 

in the observed increase in flower numbers may not be 

completely discarded. The presumption is that synthesis of 

a temperature-sensitive growth factor in the roots of the 

cold- and sucrose-treated plants might have occurred at a 
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relatively adequate rate and translocated to the shoot 

apices more readily than in the water-treated plants. 

The fact that the effects on the number of fruit set 

responses paralleled those for the number of flower 

responses is not surprising, since promotion of the former 

responses would depend, at least partly, up on the degree of 

the latter {Bernier et al., 1981). 

The main and interactive effects of the experimental 

treatments on various yield responses are also shown in 

Table 9 (Appendix). It will be seen that significant 

effects as arising from either experimental factors, or 

their interaction with each other on fruit yield from the 

earliest two inflorescence or total yield were not observed. 

The analysis of variance for the large, medium, and 

cull fruit yields form the earliest two inflorescence has 

shown that the experimental factors had no significant 

influence on either parameter. On the other hand, 

significant effect on the large fruit yield was exerted only 

by the sucrose treatment without interaction with the main 

experimental factor. The results, summarized in Table 12, 

show that the large fruit yield, expressed as percent of the 

total, was increased significantly by application of 10% 

sucrose solution as compared to fruit yield from plants 

treated with water alone over all durations of chilling. 

The analysis of variance also showed that the 
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Table 12. The influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of tomato seedlings on total, large 
(L), medium (M), and cull (C) fruit yields from 
the earliest two clusters. 

Total Yield (kg) % of Total Yield 

No. Nights 
at 4°C 

a Sucrose L M c i No. Nights 
at 4°C 

a 

0% 10% 0% 10% 0% 10% 0% 10% 

Control o. .795 0, .820 42 48 26 25 32 27 

7 0. .884 0 . .922 46 49 24 21 30 30 

14 0. .966 0. .936 43 42 25 27 32 31 

21 1. , 035 1. .053 35 50 29 23 36 27 

Mean 0. .920 0, .933 41 47* 26 24 33 29 

a The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 

Value differs significantly (5%) from sucrose mean at 0% 
sucrose. 
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Table 13. The influence of increasing periods of low night 
temperature and application of sucrose during 
early growth of seedlings on total and percent 
marketable fruit yields of the tomato plant. 

Total Yield (kg/plant) Marketable Yield (%)a 

No. Nightsb Sucrose Sucrose 
at 4°C 0% 10% 0% 10% 

Control 5.1 5.2 84 85 

7 5.3 5.1 83 82 

14 5.1 4.7 78 83 

21 5.3 5.9 81 83 

Mean 5.2 5.3 81 83 

a Values are for normal fruit with diameter > 5 cm. 

b The 7, 14, and 21 cold nights were followed by 14, 7, and 
0 warm (16°C) nights, respectively. 
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experimental treatments had no significant effect on the 

total marketable fruit yield/plant. This is also shown 

clearly by the percent marketable yield data summarized in 

Table 13. 

Generally, the above results do not conform to other 

previous studies (Wittwer and Teubner, 1956; Wittwer and 

Honira, 1979) which showed that the Specific effects of low 

temperatures during the 21-day period following cotyledon 

expansion are not only expressed in increased flower 

numbers, but in higher early and total yields. Such 

positive effects were actually not observed under the 

present study. The flower numbers, number of fruit set, 

productivity of the earliest two inflorescence, and total 

yield {Table 10, 11, 12 and 13, respectively) were virtually 

unaffected by exposure of the seedlings to low temperature 

for up to 21 nights. It must be emphasized here that most 

positive effects of low temperature on various reproductive 

parameters have almost always been observed under 

experiments which utilized temperatures in the upper 

chilling range, or slightly above it. Evidently, in our 

study, low-temperature exposure decreased seedling growth 

(Chapter 2) and likely was stressful. However, early 

chilling for up to 21 nights appeared to have had no long-

term effects on the reproductive capacity of the plants. 

Melton and Dufault (1991) reported similar short- and long-
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term effects for low temperature on growth and yields of the 

tomato plant. In our opinion, it appears that attainment of 

any favorable effects for low temperature on the 

reproductive aspects may be subject to the temperature 

extreme; temperatures in the upper chilling range may 

promote yield responses {Wittwer and Teubner, 1956; Wittwer 

and Honma, 1979) whereas those in the lower range may be 

inhibitory (Hurd and Cooper, 1967) or exert neither positive 

nor negative effects on the reproductive capacity as shown 

by our own results and those by others (Melton and Dufault, 

19991; Noto and La Malfa, 1986). 

With regard to yield responses to the sucrose 

treatment, our results showed that a positive effect of 

application of 10% sucrose solution was reflected only in an 

increase in the large fruit yield from the first two 

clusters. Such results seem to be in line with other 

reports (Emmert and Klinker, 1950; Klinker and Emmert, 1953) 

which showed that the positive effects of sucrose sprays on 

fruit quality and yields of the tomato plant may vary 

depending on the concentration of the applied solution, 

plant age, and the season of the year during which the sugar 

is applied. Thus, it may be possible that the plants would 

have responded differently {negatively or positively) to 

the sucrose treatment had the sucrose been applied at 

anthesis or during fruit set and growth. We also believe 
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that an increase in only the large fruit yield might have 

been brought about at the expense of other fruits on the 

same cluster(s). Variations in the competitive potential 

between successive clusters or between flowers on a given 

cluster have already been suggested (Hurd et al., 1979) . 

This might have been the case under our study, since it was 

visually clear that most large fruits were obtained from the 

first three open flowers in either the first two clusters. 
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CHAPTER 4 

4. GENERAL DISCUSSION AND CONCLUSIONS 

The immediate and short-term effects of chilling 

exposure are generally recognized in a number of reviews of 

low temperature influence on biological systems; however, 

references to delayed or sustained expression of low 

temperature influences at later favorable temperatures are 

limited {Lyons, 1973; Wang, 1982). From a practical view, 

the type of research designed to assess persistence of cold 

injury beyond the chilling period itself is, indeed, of 

primary interest. Among the few reports concerning 

prolonged expression of cold lesion is that of Bruggemann et 

al (1992a) who showed that, as a consequence of long-term 

chilling of young tomatoes, the reversible inhibition of 

growth was associated with an irreversible inhibition of 

photosynthetic capacity of mature leaves. Earlier 

experiments with tomato (Hurd and Cooper, 19 67} revealed 

that, although chilling increased flower number, it 

restricted growth, and hence delayed anthesis. Recently, 

however, Melton and DuFault {1991} found that early chilling 
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had no long-term effects on earliness of fruiting, total 

yields, and fruit quality, though negative effects on 

various vegetative parameters were evident during early 

growth. 

The purpose of this study was to determine the short-

and long-term reaction of young tomatoes to early chilling 

and exogenous application of sucrose. The focal point here 

was on the influence of subjection of the seedlings to low 

night temperature for periods of different lengths and 

exogenously applied aqueous sucrose solution on vegetative, 

reproductive, and yield responses of the plants. Here we 

proceeded from the assumption that by increasing the 

internal carbohydrate content through sucrose feeding prior 

to chilling, sensitivity of the seedling to chilling injury 

would be altered, favoring desirable physiological responses 

during chilling and at a later favorable temperature. 

From the first part of the experiment, several facts 

emerged. First, lowering the night temperature resulted in 

severe inhibition of fresh and dry weight of leaves and stem 

diameter regardless of concentration of the applied sucrose 

solution. This was shown clearly at the first sampling. 

Evidently, however, plants which received the 10%-sucrose 

treatment suffered much less severe inhibition of various 

growth parameters as expected. 

Second, the ameliorating effect of the applied sucrose 
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persisted beyond the schedule of the sucrose treatment 

itself irrespective of duration of low temperature. 

Undoubtedly, application of sucrose promoted the recovery of 

various growth parameters at the favorable temperature 

following 7 or 14 cold nights, and markedly reduced 

inhibition of growth suffered by plants whose chilling was 

extended for up to 21 nights. 

Third, the magnitude of the low-temperature inhibition 

of various vegetative parameters increased as the length of 

chilling was prolonged. Considering fresh weight of leaves 

from the water-treated controls as 100%, fresh weight of 

leaves from the water-treated plants cooled for up to 21 

nights was reduced to 35, 22, and 21% at the first, second, 

and third sampling, respectively. Such a parameter was much 

less severely inhibited in the sucrose-treated plants which 

had their fresh weight of leaves reduced to 51, 41, and 40% 

at the same sampling occasions. Similar temperature/time 

effects were also observed for other growth parameters 

tested. 

Fourth, the additive influence of duration of low 

temperature on various growth responses was manifested 

clearly at the last (third) sampling. It will be seen from 

Table 14 (Appendix) that, the extent of such additivity 

phenomenon was generally largest for the dry weight response 

and smallest for the stem diameter response irrespective of 
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level of the sucrose treatment. Apparently, the 

physiological disorders induced by the low temperature were 

more severe in the leaves than in the stem. The data also 

indicate clearly that recovery of vegetative growth at 

favorable temperature subsequent to chilling is a very slow 

process. At the last sampling, it was obvious that various 

vegetative parameters of the water-only-treated plants whose 

chilling lasted for just 7 nights were still lagging behind 

the controls. Such was in contrast to the full recovery of 

various parameters exhibited by the sucrose-treated plants 

which were similarly cooled. 

Fifth, sucrose feeding at favorable temperature under 

high intensity light during the photoperiod had no 

beneficial effect on growth and, in fact, caused a temporary 

inhibition of growth within 7 days from termination of the 

sucrose treatment. 

The results of the second part of the experiment 

indicated clearly that, despite of the apparent stunting 

effect of low temperature on early growth, exposure to the 

lower temperature for up to 14 nights had no long-term 

effect on neither plant height at transplanting nor final 

plant height. However, lowering the temperature during the 

21 nights following cotyledon expansion had a long-lived 

inhibitory effect on both parameters, giving the water-only-

treated plants but not the sucrose-treated ones a dwarf 
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aspect from the time of transplanting until termination of 

the experiment, 

Another evidence for the long-term influence of both 

experimental treatments was shown by the effect they had on 

position of the earliest inflorescence. Chilling during 

early growth of seedlings lowered the position of the first 

inflorescence in a direct relation to the length of exposure 

to cold. Evidently, again, the temperature effect on such a 

parameter was significantly reduced as a result of sucrose 

feeding. 

Interestingly, neither of the two experimental 

treatments influenced the number of leaves formed before 

appearance of the first inflorescence, whereas the numbers 

of leaves produced below the second one were nearly equally 

reduced by exposure to low temperature for 7, 14, or 21 

nights without regard to concentration of the applied 

sucrose. Further, earliness of first anthesis was observed 

only for the sucrose-treated plants whose chilling lasted 

for 21 nights. 

Chilling of the seedlings for up to 21 nights had no 

far-reaching influence on neither reproductive parameters 

tested nor yielding potential of the plants. Though 

application of 10% sucrose positively influenced both flower 

number and number of fruit set on the earliest two 

inflorescence, it had neither positive nor negative 
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influence on the accumulative weight of fruits from both 

inflorescence. The promotive effects of sucrose on flower 

number and number of fruit set responses were reflected only 

in an increase in weight of the large fruits. Sucrose 

treatment also had no long-term effect on total yield and 

fruit quality. 

The combined results of this study show clearly the 

serious consequences of low temperature exposure on early 

growth of young tomatoes. Exposure at low ambient 

temperature for an extended period severely inhibited 

various growth aspects of the seedling. Among the more 

significant events known to occur during early growth of 

seedlings which might be influenced by chilling are the 

rapid cell division and expansion. That tomato cell 

cultures exhibit susceptibility to chilling similar to that 

of tomato seedling has been reported (Breidenbach and 

Waring, 1977) . Low temperature limit to growth has also 

been observed for the suspension cultures of tomato cells 

{DuPont et al., 1985). The cells were not killed, however, 

instead, chilling of the suspensions preserved them in a 

nongrowing state. Key (1964) showed that RNA and protein 

synthesis were essential for cell expansion in seedling 

tissue. Synthesis of both components has been shown to be 

reduced in leaves of the chilling-sensitive cotton plants at 

low temperature (Guinn, 1971). Thus, inhibition of growth 
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observed under the present study may be attributable to a 

chill-induced reduction in synthesis of such components 

and/or other components of hormonal nature which are also 

known to promote cell division and elongation. 

The primary physiological event which initiates such 

metabolic disorders has not been established beyond 

question, as yet. However, a number of reviews {Lyons, 

1973; Raison, 1974; Wang, 1982) have indicated that the 

multiplicity of metabolic disorders commonly observed at 

chilling temperatures may be ascribed to a primary 

temperature effect on structure and/or composition of 

various membrane systems. Raison {1974) suggested that the 

chill-induced phase transition of the membrane lipids from 

the liquid crystalline to the solid (gel) form involves 

greater order of the lipid molecules and therefore a 

contraction of the membrane. These changes are known to 

alter permeability of the membrane to water and aqueous 

solutes. If the chilling temperature is extremely low and 

the chilling itself is sudden, the contraction of the 

membrane may not be uniform, leading to the formation of 

cracks in the membrane. Consequently, the membrane becomes 

more permeable, permitting the leakage and other injurious 

phenomena described in a number of reviews (Lyons, 1973; 

Wang, 1982). Rather than an increase in permeability, a 

gradual chilling can be expected to lead only to a uniform 
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solidification and contraction of the membrane, resulting in 

a decrease in permeability. A decrease in permeability of 

artificial liposomes to water has been reported (Blok et 

al.( 1976). Similarly, permeability of tomato chloroplasts 

to glycerol and erythritol also showed discontinuity at low 

(11°C) temperature (Nobel, 1974). 

At low air temperature, the below-ground part of the 

plant is likely to experience a much more gradual cooling 

than the above-ground parts. Thus, the root cells may be 

better able to adapt by a gradual, uniform contraction of 

the membrane without the formation of fractures. Therefore, 

the effect is a marked decrease in the permeability of the 

water-absorbing root cells. It has been shown that low soil 

temperature can cause an increase in root resistance to 

water absorption {Kramer, 1940). More recently, Crookston 

and associates (1974) reported that, at low (5°C) 

temperature, a gradual drop in the temperature of the 

growing medium occurred concomitant with a temporary 

moisture stress. Thus, the slight loss of leaf turgor 

visually observed under the nearly saturated atmosphere in 

the cold room may be ascribed to a chill-induced decrease in 

permeability of the plasma membrane of the root cells to 

water. If this was actually the case, occurrence of even 

more severe changes in the physical properties of other 

subcellular membrane systems might have also existed, since 
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the plasma membrane of chilled cotyledonary tissue of tomato 

has been shown to be much less sensitive to chilling than 

all other subcellular membranes (Ilker et al.( 1979). 

Membrane changes due to the chill-induced phase transition 

of the membrane lipids may also conceivably lead to a 

metabolic inhibition. Levitt (1980) and Raison (1974) 

reviewed a line of experimental evidence which provide 

strong support for the initial chill-induced but reversible 

phase transition of the membrane lipids and the concomitant 

decrease in the activity of chloroplast and mitochondrial 

membrane-associated enzymes as the earliest physiological 

events which actuate a variety of metabolic disturbances 

commonly observed for the chilling-sensitive plant, 

including tomatoes. 

The fact that biomass accumulation was nearly arrested 

at chilling seemed to suggest that reversal of the 

physiological disorders suffered during the cold nights was 

not possible by exposure to the warm temperature during the 

accompanying photoperiods. The apparent partial reversal of 

inhibition of growth observed for the sucrose-treated plants 

provided evidence for the involvement of sucrose in the 

reduction of chilling injury to young tomatoes. 

The exogenous application of various sugars has already 

been shown to impart protection against chilling injury in 

tissues of a number of chilling-sensitive species, including 
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cotton cotyledon discs (Rikin et al., 1981), rice seedlings 

(Tajima and Kabaki, 1981) , and cut tomato shoots (King et 

al. ( 1988). However, the mechanism by which soluble sugars 

of endogenous or exogenous origin reduce chilling 

sensitivity is still uncertain. It has been shown that 

exogenous sucrose protected the membranes against freezing 

damage {Heber, 1968) and also stabilized vesicle membranes 

during dehydration in nematodes {Crowe and Crowe, 1985). 

Thus, it may be possible that, at the lower night 

temperature, the applied sucrose preserved integrity of the 

cellular membranes, resulting in a decrease in sensitivity 

of the seedling tissue to low temperature. 

Levitt (1980) suggested that, as with freezing injury, 

tissue dehydration caused by chill-induced increase in root 

resistance to water up take may also lead to physical 

changes in membranes of thermophilic plants at above 

freezing temperatures. In fact, both dehydration and 

membrane changes appeared to be common to chilling injury in 

cotton seedlings (Guinn, 1971b) . It may be possible that, 

due to its affinity to water, sugars may retain water and 

protect the tissue from dehydration. The possibility that 

the protective action of the supplied sucrose was due to 

water retention is a remote one, since leaf wilting was 

never severe and, in fact, showed a lag period prior to its 

appearance. Such a postulation may also be supported by the 
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findings of King and associates (1988) who showed that 

application of equimolar (14 mM) concentrations of sucrose, 

glucose, and fructose to cut tomato shoots markedly reduced 

the severity of chilling injury, while mannitol hastened its 

onset. Thus, it was concluded that the effect of sugars in 

reducing sensitivity is metabolic, and not osmotic. It was 

found that, at stem temperature of 12-24°C, sucrose supplied 

to carbohydrate-starved tomato plants in the dark through a 

basal leaf resulted in varying degrees of subsequent 

elongation of the stem and apical leaves {Bohninh et al., 

1953). Similar results were observed for the interactive 

effect of temperature and exogenous sucrose on growth of 

attached tomato cotyledons (Calvert, 1959) and whole tomato 

seedlings (Went and Carter, 1948). In a model experiment 

with winter wheat plants held at low temperature in the 

dark, it has been shown that, among various exogenous 

sugars, sucrose exhibited the greatest capacity for diverse 

and complete utilization in metabolic processes (Babenko, 

1973) . 

In our opinion, it may be possible that, at low 

temperature, carbohydrates might have had a dual action. 

Possibly, the sucrose supplied to the plants over a 7-day 

period had a direct stabilizing influence on the physical 

and cytological properties of the cellular membranes, thus 

reducing their sensitivity to chilling and promoting their 
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ability to adapt to low temperature. Consequently, the 

interconvertion of the naturally-accumulating sugars might 

have occurred at a faster rate at either the low or high 

temperatures following termination of the sucrose treatment. 

These effects can be expected to bring about promotion of 

growth during extended chilling, faster recovery at a 

subsequent warm temperature, and promotion of the early 

steps of reproduction, all of which have been demonstrated 

under this study. In fact, such a dual action of sugars has 

not been explored and, therefore, may be worthy of a future 

investigation. 

In discussing the practical implications of our 

results, the apparent positive effects of the supplied 

sucrose do not necessarily advocate the use of sugar feeding 

in practice. They, however, suggest simply the importance 

of conditioning of the plants in such a way that may 

increase their internal carbohydrate contents prior to 

chilling. This may be achieved by practices such as 

withholding water (Bruggemann et al., 1992ab) or by 

temperature conditioning (Wheaton and Morris, 19 67; Guinn, 

1971; Drozdove et al., 1982), all of which have been shown 

to increase the endogenous sugar contents and also decrease 

chilling injury. Therefore, investigating the effectiveness 

of such practices on growth and viability of the seedling 

under the winter conditions in southern Arizona may be 
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desirable. 

It may also be desirable to investigate the 

reproduceability of our results under the actual conditions 

in the field. Although night temperature frequently dips 

below that optimal for growth, the fall of temperature is 

usually gradual and, quite often, reaches the lowest level 

between dawn and sunrise. Such a natural condition may, 

indeed, be less injurious than the sudden chilling under the 

present study. However, the plants may also be subjected to 

other injurious conditions of the environment characteristic 

of the winter months in southern Arizona, including rain 

fall and frost. 

Under such circumstances, the use of protective 

structures may be feasible technically but not economically 

due to the expected competition from outdoor production in 

the state of Florida and southern California and imports 

from northern Mexico. Although growth was severely 

inhibited, this inhibition appeared to be transient. In 

fact, the water-treated plants which experienced the largest 

interval of cold appeared to have not lost their 

reproductive and yielding potential, though their growth 

appeared to have been modified permanently by prolonged 

exposure to low temperature. Such results seem to suggest 

that the use of sophisticated structures with expensive 

cooling and heating systems may not be necessary under the 
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winter conditions in southern Arizona. A simple structure 

(i.e., cold frame) with static ventilation combined with 

some type of ground cover may provide, at least, enough 

protection against the harmful effects of rain fall and 

frost, whereas it may not cause a significant change in the 

temperature within the structure itself during the cold 

nights. In fact, such information on plant performance 

under such protective structures is nonexistent and, 

therefore, a relevant study may be of primary interest to 

prospective growers. 

Although foliar discoloration and desiccation appeared 

to be common to leaves in the lower canopy of chilled plants 

and the warm- and sucrose-treated ones, the reproductive and 

yield responses appeared to have not been influenced by such 

phenomena. However, it may be beneficial to investigate the 

effects of preventing or reducing severity of such a 

persistent injury TO chilled leaves. The persistence of 

injury to tomato leaves beyond the chilling period has been 

ascribed to an irreversible inhibition of photosynthesis of 

chilled leaves due to exposure to photo-inhibiting 

irradiance levels during the accompanying photoperiod (Yakir 

et al., 1986a b) , a possible P.-limitation as a consequence 

of accumulation of free monosaccharides after transfer back 

at a favorable temperature (Bruggemann et al., 1992b; Labate 

et al. , 1990), or a persistent low activity of ribulose-1,5-
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bisphosphate carboxylase/oxygenase (Rubisco) even at 

conditions which do not lead to photoinhibition following 

chilling (Bruggemann et al., 1992b) . In fact, the plants 

were grown under high intensity light throughout the 

experiment and, within a few days from initiation of the 

sucrose treatment, the negative effect of the supplemental 

sucrose was obvious in plants grown exclusively at warm 

temperature. No wonder, the recovery of chill-impaired 

chloroplast activity seemed to be inhibited by exposure to 

strong light following chilling in the dark, and was 

attained more quickly when plants experienced a long, dark 

period following chilling (Martin et al., 1981). 

Presumably, a somewhat long period of dark or low intensity 

light in combination with warm temperature may allow the 

plants to utilize the excessive carbohydrates, thus reducing 

the degree of photosynthetic inhibition and the consequent 

damage to leaf tissue following chilling. In practice, this 

may be achieved by shading of the plants during subsequent 

photoperiod of high intensity light. 

In conclusion, our results seem to suggest that the 

possibility exists for a successful winter cropping of 

tomato in southern Arizona. Among other things, it is the 

lack of information that discourages growers who may be 

interested to pursue tomato production in southern Arizona. 

Hopefully, the results of this study can provide useful 
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stimulus for additional research on various cultural-related 

points raised in the previous discussion. 
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5. APPENDIX 
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Table 1. F significance for fresh weight of leaves (FWL), 
dry weight of leaves (DWL), and stem diameter 
(STMD) of tomato seedlings at the first (1st), 
second (2nd), and third (3rd) samplings.* 

F Significance 

FWL DWL STMD 
Source 
of 

Variation 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

Replication 

Night 
Temperature bbb bbb bbb 

(A) 

Sucrose bbb bbb bbb 
(B) 

Interaction bbb abb bbb 
{AXB) 

C.V.(a), % 11.2 9.7 16.8 8.0 14.2 19.4 10.1 8.0 6.9 

C.V. (b), % 9.5 8.9 10.4 9.9 8.9 12.2 4.8 8.2 5.5 

The 1st, 2nd, and 3rd samplings were carried out after 7, 
14, and 21 cold (4°C) nights, respectively. 

a and b Significant at p=0.05 and p=0.01, by F test, 
respectively. 
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Table 5. F significance for plant height at transplanting 
(T) and final plant height (F), number of leaves 
up to the first cluster (1-1) and the second 
cluster (1-2), height of the first cluster (HFC), 
and days to first anthesis (DFA) of the tomato 
plant. 

F Significance 

Plant Height No. Leaves 
Source 
of 

Variation T F 1-1 1-2 HFC DFA 

Replication 

Night 
Temperature b b NS b b NS 

(A) 

Sucrose b b NS NS b b 
(B) 

Interaction b b NS NS b b 
(AXB) 

C.V.(a), % 28.8 6.5 8.0 7.7 6.4 3.6 

C.V.(h), % 8.4 1.9 9.7 9.5 2.6 3.1 

NS, a, and b Non-significant and significant at p=0.05 and 
p=0.01 by F test, respectively. 
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Table 9. F significance for number of flowers in the first 
cluster (1-1) and the second cluster (1-2), number 
of fruit set in the first cluster (1-1) and the 
second cluster (1-2), total yield from both the 
first and second cluster (1-1 & 1-2), and total 
yield of the tomato plant. 

F Significance 

Source 
of 

Variation 

No. Flowers No. Fruit Set 

1-1 1-2 1-1 

Yield Total 
1-2 (1-1 & 1-2) Yield 

Replication 

Night 
Temperature NS 

(A) 

Sucrose a 
(B) 

Interaction NS 
(AXB) 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

C.V. (a) , % 24.4 

C. V. (b) , % 2 8.4 

25.6 18.3 23.7 49.0 13.1 

17.3 26.2 15.9 23.9 10.5 

NS, a, and b Non-significant and significant at p=0.05 and 
p=0.01 by F test, respectively. 
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Table 14. Percent change in fresh and dry weight of leaves 
and stem diameter of the tomato plant after 21 
days from chilling of the seedlings.3 

No. Nights 
at 4°C 

Fresh Weight 
of Leaves 
(% Change) 

Dry Weight 
of Leaves 
(% Change) 

Stem 
(% 

. Diameter 
Change) 

No. Nights 
at 4°C 

Sucrose Sucrose Sucrose No. Nights 
at 4°C 0% 10% 0% 10% 0% 10% 

Control - 2 11 - 2 

7 19 14 38 12 11 9 

14 47 14 66 43 28 11 

21 78 59 85 72 55 32 

a Values are calculated from the 21-day data in Table 2, 3, 
and 4. 

Percent change = a treatment value - control value X 100. 
control value 
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