
GRoWTTI RESPoNSES 0F CoRN (ZEA MAYS L.) TNBRED

LTNES SUBJECTED TO CHILLING STRESS

A Thesis

Submitted to the Faculty

of

Graduate Studies

The university of l{anitoba

by

Solomon Kibite

In Partial Fulfillment of the

Requirements for the Degree

þlaster of Science

Department of Plant Science

May 1977

of



"GR0WTH RESP0NSES 0F CORN (Zrn unYs l.) INBP.EI)

LINES SUBJECTED TN CHILLING STRESS''

by

56¡¡MoN KIBiTE

A tlissertutit¡n subluitted to the Facutty of Graduate Stutlics of'

the University of M:tttitob:r in partill fulfillment ol' thc rcquircments

of thr"' tlc'gree ol

MASTEP. OF SCITNCE

@ 1977

Penllissiort has bectr grutttccl to tfie LIB|IARY OF T'llU tlNlVUll-

SITY OF fvl^NlTOtlA to lcnd or selt copics tlf this dissertittion, to

thc NATlONAL LIBRAIìY OF (IANAI)A tO NIiCTtItiIM tIIiS

clissert¿tion a¡rd to lend or scll copics ol the f ilnt, uncl uNlvERS¡TY

MtcRoFtLMS to publish rn abstruct of this dissertution.

The arrthor reserves other ¡rubtic¿rtion rights, ancl neitltr.:r thc

dissertatit¡¡r uor extcnsive cxtracts lio¡lr it nruy be printetl or other-

wise reprocluced without thc authot's w¡'ittc¡t ¡rertttissitltt.



11

ACIO{01'rlLEDGIvIENTS

Theauthorwishestoexpresshissincereappreciationarrd

gratitude to his advisor, Dr' S' B' Helgason' for his guidance

cluringthecourseofthisstudyandtheinvaluablecorrrnentsand

suggestions in the preparation of the nanuscript'

Grateful acknowledgment is also expressed to Dr' L' J'

LaCroix for his connents on the manuscript' Thanks are

due to Dr. W. Woodbury for his technical advice during all

stages of the work'

Theauthorisindebtedtol¡lissJeanJagdeoandMrs.Sylvia

Kusnider for their help in typing the rnanuscript'

The financial assistance provided by the rnternational

Developnent Research centre is also gratefully acknowledged'



l_ 11

Kibite, SoLomon.

ABSTRACT

The LlniversitY of Manitoba, NIaY, 1977 'M.Sc.

OF CORNGROWTH RESPONSES (zEA MAYS L INBRED LINES SUBIEç]ED TO

CHTLLING STRESS-. Major Professor: Dr' S' B' Helgason'

Therrrdesirableaspectsofchillingtenpelaturesonyoungcorn

seedlingsarewellknown.chillingtenpelaturesat-thetinreofplanting

andduringseedlinggrowthhavebeenshowntoresultinpoorstands,

chlorophylldisturbances,retardedgrowth'increasedinfectionby

diseases and ultimately reduced yield. These rndesirable aspects of

chilling tenpeTatures occulring at some point in the growing season call

notonlyforacorngenotypethatcangrovjÚldersub-optinaltempera-

tures,butwhichisalsoabletolecovelrapidlywhenthechillingstress

is renoved.

The objectives of this study were: (i) to investígate whether

chillingtoleÏanceofaninbredlineandtheabilityofthesameinbred

line to ïecove1. fron chilling stress aïe independent characters oÏ not'

anð,(2)tostudysomeofthenetabolicpropertiesexpressedbeforeand

duringchillingStressandtoestablishwhetherthesemetabolicproPer-

ties are associated with chilling tolerance and the ability to recoveÎ

fron chilling stress, respectively'

l{hen8-day-oldcornseedlingsl,{ereexposedtoan8-daychilling

stress (Lz/L|oc) growth late was retarded significantly' chilling stress

also reduced the rate of photosynthesis and respiration' and increased



sugar and starch content in the roots as well as in the leaves. Total

prote.in in the leaves declined, while the concentrations of free amino

acids and r^rater-soluble proteins in the leaves increased. The reduction

in total protein content in the leaves was accompanied by a corresponding

increase in total protein, free amino acids and water soluble proteins

in the roots. Nitrate reductase activity and nitrate content in the

leaves declined, while chilling induced a sharp increase in protease

activity. The rate of protein synthesis as indexed by C14-leucine incor-

poration, and chlorophyll content were also reduced significantly.

When the chilled plants hrere returned back to favourable temperature

Q8/22oq they showed very rapid gro$rth rates and tended to catch up

with the control plants that had not been subjected to chilling. Sorne

genotypic differences in the rate of recovery were recorded. During

recovery the concentrations of soluble carbohydrates dropped, but the

recovering plants naintained a more positive carbon balance than the

controls. The recovering plants also showed positive nitrogen balance

in the leaves and negative nitrogen balance in the roots as compared to

the controls.

Simple correlation studies established that there was no relation-

ship between chilling tolerance of an inbred line and its ability to

recover rapidly fron chilling injury. Rapid recovery fron chillíng

appeared to be nore important in detennining the final dry natter con-

tent than chilling tolerance pe? se. Also, correlation studies showed

that the pre-stress level of sugar content in the root was positively

and significantly correlated with chilling tolerance while nitrate

reductase activity t{as negatively correlated with chilling tolerance.



These properties may be useful for predicting chilling tolerance in corn'

The pre-stress levels of the other properties investigated v¡ere not

sufficiently correlated with chilling tolerance to be of predictive

va1ue.

Metabolites stored in the plant during chilling stress were impli-

cated to be responsible for the rapid growth rate observed when the

chilling str,ess was removed. However, differences in the concentrations

of netabolites accumulated during chilling stress r^Iere not shown to be

responsible for genotypic differences in the speed of recovery' The

results also indicated that the size of the root system may have a

nositive effect on recovery fron chilling stress'
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1. INTRODUCTION

The conmercial production of a crop on the fringes of its natural

habitat is affected by several factors. The most important among these

is clinate, and prominent among the climatic factors influencing plant

growth is ternperatule.

Corn originated as a heat-loving tropical or subtropical crop, and

through genetic nodification has become one of the najor crops in the

warner sections of the tempeïate regions. Its movement into the northern

portion of the ternperate region has been restricted by 1ow temperatures

and short seasons. However, as lalrd comes under greater population

pressure, there is inereasing interest in growing this high yielding

crop under relatively cool conditions.

The biggest problen lirniting large scale production of corn in the

tenperate regions is the relatively short duration of the growing season.

Qwing to the need for extending the grorving season, corn in these regions

has to be planted early. This practice subjects it to low tenperature

during germination a¡d early seedling developnent. Low tenperature at

the tine of planting and during seedling growth results in poor stands,

chlorophyll disturbances and retarded growth. In order to avoid these

problens farrners are traditionally compelled to delay planting r.rrtil late

spring. Late planting on the other hand, delays the developnent of the

crop and renders it vulnerable to late season frost injury. It also

postpones harvest to late fal1, when adverse conditions frequently reduce

the quality of the crop. These are not the only problems. In addition,



periods of low tenperatufe may occur during the grand period of growth,

affecting the final maturity or yield of varieties sensítive to such

conditions.

These undesirable aspects of low teÍPerature, occurring at some

point in the growing season as it generally does in the northern fringes

of corn adaptation, call not only for a corn genotyPe that is able to

grow r.rnder sub-optinal tempelatules, but which is also well equipped to

recoveî rapidly frorn injuries caused by sub-optinal temperatules.

While genetic differences among corn lines for low temperature

tolerance have been identified, and to a limited extent exploited in

breeding programs, a sornd physiological basis to account for the genetic

differences in cold tolerance upon which in turn a screening technique

which would provide a reliable index of field reaction to low tenpeïa-

tures is still lacking. On the other hand, the genetic differences among

corn lines for recovery from chilling injury and the associated bio-

chenical changes have not been reco gnízed for their importance, and there-

fore remain virtually rmexplored. An attempt has been rnade in this study

to fill these information gaps concerning the nature and basis of cold

tolerance in corn.

The objectives of this investigation were, therefore:

1. to identify corn genotypes which differ in chilling reaction

and recovery frorn chilling injury, and to investigate whether the ability

to grow rmder chilling stîess and the ability to recover rapidly from

chilling injury are correlated or independent of each other;

2. to study some of the netabolic changes associated with chillíng

stress and recovery from chilling injury and to determine possible corre-

lations of the observed reactions with the speed of growth and development



during chilling stress and when the chilling stress is renoved;

3. to determine whether any of the relationships shown are indi-

cated as useful in screening lines for tolerance to chi11ing.



2, REVIEIV OF LITERATURE

2.I Chilling Injury

The low tenperature injury of crop plants can be apparently classi-

fied into two types; freezing injury which occurs at tenpelatures below

goC, and chilling injury which occurs above goC. With regard to the

forrner, nany studies have been carried out and the infonnation derived

has been reviewed (Levitt, 1951; Levitt, 1956; Mazur, 1969). Studies of

the physiological mechanisms of chilling injury, on the other hand, are

not as extensive as those concerned with freezing injury'

As early as 1896, Molisch is reported by Lyons (L973) to have cited

several early studies demonstrating that a nr:mber of plant species are

killed at lovl tenPerature above the freezing point of water' Since then'

this physiological harm has been variously referred to as t'chil1ing injury",

nlow ternperature injurytt, rrcold injurytt or ttlow temperature breakdownr''

A,rnong these, the tern "chilling injury" appeals to be the preferred tern

because it iS not easily confused with freezing injury or other phenonena

related to cold or winter hardiness (Lyons , 1973) '

Chilling sensitive plants appeal to have a conmunality of temPerature

response. In these plants, the critícal temperature below which injury

occurs is most often around 10 - 12oC (Levitt, ]rg72)' Chilling injury is

usually expressed by retarded rate of growth, development of visible

synptons of injury, ffid generally by alteration of chemical constituents'

No quantitative measuïement of chilling injury has been developed so far;



therefore the level of injury is usually expressed in terms of severity

of synptons.

2.2 Corn and its Reaction to Chilling Tenperatures

Corn is a tropical or sub-tropical crop in origin and requires high

temperature for germination and grohrth. The optimul tenperature for the

growth of corn is within the range fron 65 - 75oF (Wilsie, 1961). A1-

though some genotypes of corn are known to germinate at 4oC (Kalnyn,

Ig74), at ambient tenperatures below 15oC ernergence is delayed and growth

of seedlings is retarded (Cooper and Taiton, 1968). Retarded seedling

growth in turn results in higher incidence of seedling diseases and con-

sequently increases the hazards of crop establishment.

The severity of chilling injury in crop plants is affected by

several factors. Prominent among them are: temperature, physiological

naturity and the length of the tine of exposure (Lyons, 1973). Chilling

injury in corn is known to increase progressively with decrease in

tenpercature. Walker (1969) has de¡nonstrated that loC change in soil

temperature within the range frorn 12 - 35oC induces changes in the growth

and nutritional behavior of corn. With every zoc increase in soil tempera-

'ture in the range from 12 - 26oC, he observed that the total seedling dry

weight would increase by an average of. 20% or more of the weight at the

lower tenpeïature level. Extended periods of chilling have been reported

to be lethal, whereas shorter periods were found to delay and pernanently

nodify the growth and development of corn (Creencia and Bramlage, 1971).



2.3 Effects of Chilling Tetperat

2.3.I Changes in Sugar and Starch Content

A nr:mber of components have been observed to change when plants

are exposed to low temperature. Aurong then is the large accunulation

of sugars at chilling tenperatures. Different investigators have pre-

sented different views for the expression of high sugar content at

chilling temperature. Beevers and Cooper (196a) compared the growth

of rye seedlings in controlled environments at L2 and 25oC. They

observed that seedlings exposed to Iov, temperature treatment almost

ceased to make new growth, and showed a two-fold increase in sugar con-

tent. This large effect of chilling on sugar content was not surprísing

since they also observed a considerable decline in the rate of respira-

tion, acconpanied by a less severe reduction in assirnilation rate, There-

fore, they attributed the increase in sugar content to reduced utilization

of assimilates in respiration and new gror¡¡th. Another school of thought

including Parker (1962), Sakai and Yoshida (1968), Siminovitch et a.L.

(1968) and Snith (1968) naintain a different view. These investigators

observed that the increase in sugar content at low temperature was

acconpanied by a conconnitant reduction in starch content. They ascribed

the increase in sugar content to the hydrolysis of starch to sugar. The

conversion of starch to sugar, however, does not appear to be a universal

phenonenon. In some thernophyllic plants, starch accunulation associated

with.growth reduction at low ternperature has been observed (Hi11ard and

West, L970; Guinn, l97l; Downton and Howker, 1975).

High sugar content has been associated with chilling tolerance. The

principle rmderlying the irnportance of sugar in this regard is consídered



to be that at chilling tenperatures, the uptake of water by the roots

is impeded. with the result that dehydration appealfs to be a charact'eris-

ticeffectofchillingstress.Sucheffectsofchillinghavebeen

reported in a nurnber of sensitive species including cotton (Arndt' 1937)

and corn (Kleindrost and Bror¡¡¡er, 1970). sugars, by retaining vlater,

have been implicated as protectants against tissue dehydration and con-

sequently against chilling (Christiansen et aL'' 1970; Guinn' 1971)'

High sugal Content has been also correlated with freezing tolelîance'

Evidence presented by. Levitt (1966) led to the view that the beneficial

effects of sugars on low tenperature tolerance is afforded through their

capacitytopreventthecryoprecipitationofproteinmolecules.

2,3.2 Changes in Protein Content

Increase in Soluble protein content is another phenonenon frequently

associated with acclimation to chilling ternperatures. Although there is

no investigation, known to the author, correlating soluble proteins with

chilling tolerance, there are several investigations on the other hand,

suggesting narked relationships between soluble protein content and cold

hardiness. Levitt (1956) has discussed that a plant which overwinters'

annuallygoesthrougharhythmicrisetornaximunfollowedbyafalltoa

ninirnun in freezing resistance. He has presented evidence that in the

Sr¡nrnerandintheSpring,itisusuallykilledbytheslightestfreeze,

while in the Fall, the freezing temperatures required to kil1 it drop

progressively as it becones moÎe and nore adapted to freezing' Inrpli-

cated with this freezing resistance are the adaptive changes of proteins

from insolul-rle to soluble forrns. Jimg (1959) and shih et aL' (1967) have

also observed progressive changes in soluble protein with hardening'
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Cornparisons between tolerant and non-tolerant species (Jung and Snith,

196l) and tolerant and non-tolerant cultivars within the same species

(Jung et aL. (1967b) have indicated that at any one time during the

hardening process, the tolerant lines contained higher levels of soluble

proteins than the susceptible lines. Evidence for the presence of a

positive correlation between soluble protein content of the tissue and

low ternperature tolerance of alfalfa plants has been presented by Gerloff

et aL. (1967) and Jr.rrg et aL. (I967a, b). The increase in soluble pro-

tein content was preceeded by an increase in RNA (Jr.ng et aL. , L967a;

Snith, 1968). Levitt (1966) has reviewed earlier works and concluded

that the increase in r^rater-solub1e protein content during acclirnation is

not causedby a mere SH + SS interchange. According to hin it involves

a net hydrolysis of proteins to amino acids followed by a net synthesis.

The importance of protease in such processes is apparent.

2.3.3 Changes in Moisture and Mineral Contents

The effects of soil temperature on water absorption by cool and warm

season crops was studied by Kramer (1942). He showed that low tenpera-

ture reduced water uptake in all species, but the reduction was by far

greatest in chilling sensitive warrn season crops. Kleindrost and Brouwer

(1970) for:nd that the growth of corn leaves was closely related to leaf

water content, as the latter was varied by changing root ternperature.

The above two studies appeared to reflect the concept that some degree

of turgor pressulce was required as a driving force for growth and cell

divis ion.

Mineral nutrition of the plant is also one of the

events severely affected by chilling temperature. In

nany biochernical

corn Walker (1969)



has indicated that a decrease in root tenperature as sna1l as one degree

centigrade could result in a narked decrease in tissue mineral content.

Tyutynnikov and Yakolev (1975) studied phosphorus uptake by corn seed-

lings at different temperatures. Their findings indicated the absorption

was 5-6 tines more under 2t/tSoc (day/night) remperature than at rz/goc

when day length was 10 hours. Buikan (L962) observed significant differ-

ences in nutrient uptake among genetically distinct lines of corn and

showed that nutrient uptake at low temperature was slower in no¡rnal

lines than in cold tolerant ones. The nineral nutrition of a plant at

chilling temperature is also affected by nutrient loss fron the plant.

In a conparative study involving two legumes and two cereal crops,

Whatson (1963) observed increased leakage of potassium ion in root tips

of beans and corn at chilling temperatures, but no increased leakage in

pea or wheat, which are chilling tolerant.

2.4 Effects of Chilling Temperature on Photosynthesis

Differential photosynthetic response to varied environmental condi-

tions among corî genotypes have been docurnented (Duncan and Hesketh,

1968; Heichal and Musgrave, i969). Associations between genetic differ-

ences in photosynthetic ïates and chilling tolerance, however, have not

been reported. rn general, exposure of corn plants to low tenperature

reduces the rate of photosynthesis (Hesketh, 1967; Taylor and Rowley,

1971). Cooper and Taiton (1968) and Hofstra and Hesketh (i969) have shown

that photosynthesis of corn at tenperatures lower than 15oC is ninimal.

several suggestions have been proposed to explain the poor photo-

srnthetic rates of heat loving plants like corn at 1ow tenperature.
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Chil1ing, through its effect on photos)mthetic enzyme activities, has

been included in the 1ist. Taylor et aL. (I972b) observed that when

corn and sorghum plants weïe transferred. fron 25oC to 10oC at moderate

light intensity, the 1eve1s of rnost photosynthetic "r,r-", remained

r.naffected. However, NADP malate dehydrogenase, pyruvate kinase and

catalase were reduced in activity by 50% or Inore. In crops in lvhich

CO type photosynthetic C0, fixation is operative, the high tenperature

optirnun of phosphoenol pyruvate carboxylase has been impli-

cated to be the rnain biochenical lesion (Treharne and Cooper, 1969).

Supporting evidence comes also from Taylor et aL. (I972a) who observed

that chilling altered the arnino acid content of sensitive cereals,

causíng a sharp decrease in those arnino acids closely related to the

CO pathway. Recently Law (1975) has repoîted that, in corn seedlings,

both the C, and the CO tfpes of CO, fixation are operative with the

prirnary leaves showing the Ca type and the secondary leaves the CO

Ðattern.

The low rate of photosynthesis of chilling sensitive plants at low

temperatures can also be attributed to feed-back inhibition of end

products. Hunphries (1963) and Hillard and West (1970) have suggested

that temperature changes, by varying the ability of the plant to utilize

assirnilates, may partly govern the photosynthetic rate of the plant.

The evidence of such a mechanism was reviewed by Neales and fncol1 (1968)

who concluded that while the hypothesis has a sound physiological basis,

its biochernical validation suffers frorn lack of evídence.

Some workers (Hr-rnphries, 1951; Jacobson et aL. , 1957) have indicated

the possibility that the decrease in photosynthetic rate at 1ow temperature

P.
f,
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may be partly due to a decreased rate of nineral uptake by, and export

from, the roots. Decreased rate of mineral uptake nay lower photo-

synthetic rate either directly (Tsr:no and Shinizo, 1962) or indirectly

by reducing the rate of carbohydrate flow fron the leaves (Tsuto and

Fugise, 1965).

Stonatal closure during chilling resulting fron lowered water per-

neability of roots, and thus decreased vJater potential in the leaves,

is another possible cause of reduced photosynthesis at low temperatures

(Taylor and Rowley, 1971).

2.5 Recovery fron Injuries Caused by Chilling

The reversibility of chilling injury in corn, especially in regard

to genetic relationships, has not been investigated intensively.

In Xøtthiffi spp., Drake and Salisbury (1972) showed that the. stomata

in pre-chilled leaves did not open as wide at any subsequent temperature

between 5 and 45oC as did stomata in unchilled plants. Such sluggish

responses of stonata after chilling have also been reported by Tschape

(L972). He observed that under conditions of water saturation, thermo-

phyllic plants showed, as an after effect of chilling, delayed photo-

active stonatal opening and reduced CO, uptake. In Xanthiun the asso-

ciated reduction in net photosynthesis vras not due to decreased stonatal

conductance because it was observed that the inter-ce1lular C0, concen-

tration in pre-chilled leaves was equal to or greater than in the controls

(Drake and Roschke, L974).

In cotton seedlings, Stewart and Guinn (1969) could demonstrate that

a chilling induced decrease in ATP level was reversible after a 24 hour
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exposure to SoC. However, the danage was permanent if the exposure u¡as

48 hours or more. The experinent of Creencia and Brarnlage (1971) also

demonstrated a sinilar reversibility of injury in corn seedlings. They

showed that, in 7 days old corn seedlings, visual symptoms of leaf

injury developed within 36 hours at 0.3oC, but these symptoms disappeared

and the leaves returned to norrnal within 3 days when the seedlings were

transferred to 21oC.

Besides these short tefln experinents, results from long term experi-

ments present interesting findings. The observation of Patseka (I974)

showed that cooling the seeds of the double interline hybrid, vrR 25,

and all its parental f.ines resulted in an increase in yield in the hybrid

p1ant. The duration of the effect was two generations. cooling the

plant at the two leaf stage, however, resulted in a yield reduction of

the order of 9 - 26% in the hybrid and 14 - 33e" in the inbred lines. A

contrasting report comes from the work of Gerasinov (1973) who observed

in another corn hybrid, Dneprovski 247 lvf\Ì, subjected at seedling stage

to a tenperature of 0 - 4oc for '2-6 d.ays produced norrnal plants with

higher chlorophyll content and a yield equal to that, and in some cases

better than that, of plants'not s.o treated.

Albergt and Howard (L974) reported that in Florida, U.S.A., straw-

berry plants chilled for 50 days consistently produced early yields of

fruits and the highest April harvest with rnore vegetative growth and

stolon production than the controls.

In all the above works it appears that little is known of the

mechanism of recovery or how conplete the recovery is.
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3. MATERIALS AND METHODS

5. I Genotrrpes

Four inbred lines of corn 2L2-74, K-27, VCO264 andFT-F2 (the first

two originated in Manitoba and the last two in France) were evaluated

r.rrder growth-roon conditions. These entries represented a range in res-

ponse frorn the lowest to the highest in seedling growth at cool tempera-

tures (12oC) among 32 entríes obtained from the tlniversity of Manitoba

Corn Breeding Program and observed in a series of prelirninary tests.

These 32 entries (inbred lines) were chosen primarily on the basis of

their cor¡ntries of origin, md their reaction to cool temperature stress

under field conditions. Availability of sufficient seeds for the purpose

of this experinent was a liniting factor in the choice, but not a serious

one. All of the seeds used were produced, harvested and stored under

similar conditions.

3.2 Cultural Practices

Seeds were soaked in distilled water overnight and germinated by

placing germination boxes containing the seed in a germination charnber

set at 22oC. They were allowed. to geïminate under these conditions

until both the radicle and the plumule had energed. Single gerrninating

seeds were then transplanted to a 1:1:1 sand:soil:peatmoss mixture con-

tained in plastic pots. Plants harvested on the 8th day were grown in

6 inch pots while all other plants were gror¡rn in 8 inch pots. The
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germinating seeds $rere planted about 3 on deep in the soil mixture and

the pots were transferred to growth rooms set at 28/22oC (day/night)

temperature, 12 hours photoperiod, uncontrolled hunidity and 2400 1tW/cmz

light intensity. Water was applied every second day. Low terperature

treatment (Iz/I}oq was applied commencing on the 8th day through to

the 16th day after which the temperatulfe was raised back to 2B/22oC for

an additional 8-day period. Harvesting was every 8th day starting from

emergence. Plants receiving I days of favourable and I days of chilling

tenperature and harvested on the 16th day are, henceforth, referred to

as rrchilledtr. Those plants which received an alternating temperature

treatment of favourable-chilling-favourable in successive 8-day periods

and harvested on the 24th day are referred to as rrrecoveringrr.

3.3 Experinental Design

Only one growth room l^ras available for use in the present experi-

ment. 0wing to this, it was not possible to do all the planting at the'

sane time. It was theîefore necessaïy to systenatize the planting in

such a way that the chilling treatment could be applied after all plants

receiving favou:iable temperature treatnent were harvested. In order to

do this, plants which received the chilling treatrnent had to be planted

16 days after the control plants were planted. As .a result, the only

way the experiment could be laid out was in a conpletely randomized

design. The experiment was repeated twotirnes. In order to minimize

the effects of environmental factors on the results of the experiment,

it was necessary to eliminate all known sources of environnental varia-

tion to the extent possible, æd therefore, the following precautions
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were taken: All pots necessary for the experinent were filled on the

same day and pots not used innediately in the experiment were stored

mtil they were used; all plantings were done during the first half of

the photoperiod; a systematic watering frequency of every second day was

followed; teÍrpeïature was allays changed at the end of the photoperiod;

sampling and harvesting for dry natter detesnination were done in the

second half of the photoperiod and all inbred lines were sampled and

treated in the same uJay. No insecticides were used and there was no

power failure during the course of the experirnent'

3.4 Laboratory Procedures

3.4.I Sampling Procedures and Sample Sizes

Samples for the determination of chenical constituents were taken

frorn the top three leaves and the roots. After harvest, the mid-ribs

vrere renoved fron the leaf sanples and the soil was thoroughly washed

from the roots in tap water. The samples were immediately frozen to

-ZgoC and stored at that temperature until they were freeze-dried and

ground to pass 40 nesh. The freeze-dried gror.rrd sanples were stored

at 4oC rntil they were used for chenical deternination' For the assay

of nitrate reductase activity and rate of protein synthesis determination,

as measured by C14-t-leucine incorporation, fresh tissues were used'

Sample sizes varied according to seedling age' temperature treatment and

the paraneter investigated. For determination of nitrate reductase

activity and nitrate content, 5 plants per replication were used' Leaf

discs for,determination of rate of protein synthesis were collected fro¡n

4 plants. Six plants were used for measurements of photosynthesis and
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resPiration. Rate of dry natter accumulation was determined using 15 plants

per treatment combination. For the renaining paraneters, a total of 10 - 30

plants per treatment combination hrere grown adjacent to and at the sane time

with the plants grown for dry natter content determination.

3.4.2 Dry l{atter Yield and Growth Rate

Plants for dry weight detennination were cut at soil level and oven-

dried to constant hreight. A total of 15 plants per tÎeatment combination

was sarnpled. Harvesting vJas done on the 8th, 16th and 24th day after emer-

gence. Dry matter yield was expressed as grams of dry natter produced per

plant. The absolute rate of grohtth was determined using the formula:

wz-wt
----8-

where W, is the dry weight on the 24th or the 16th day; and

W, is the dry weight on the 16th or 8th day; and it was

. expressed as grams dry matter per day.

The relative growth rate per day was calculated using the formula given by

Milthorpe and Moorby (I97a) and was expressed as grans dry natter produced

per day per grarn dry weight.

3.4.3 Photosyntiresis and Respiration

When measuring photosynthetic and respiration rates, independent

measurements were taken in the lower three leaves and the renraining top

leaves. Photosynthesis and respiration rates of plants gror{n at 28/22oC

$rere neasured at 28oC and of those plants grown at I2/L)oC were measured,

at L2oC. There was an age difference of 4 days between plants measured

at 28oC and plants measured at LZoC, but the plants v¡ere of the sane size.

Six plants of each inbred line were rneasured at each temperature. Before
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measurement, leaves of each plant were detached and innediately floated on

tap v¡ateï for about 15 rninutes before they were inserted in the leaf chamber.

The assay gas (400 ppn of CO, in air) was passed through the system at a

rate of about 720 ml/min. The leaves in the chanber were allowed to equili-

brate for about 2 minutes after insertion and photosynthetic rate was first

determined. On completion of photosynthetic rate measurement the chanber

was covered with a black polyethylene bag to exclude light, and dark respi-

ration vras measured for the same sanple. The semi-open type IRGA systen

was used to measure photosynthesis, and the light intensity at the tine of

measurement was 2400 lt{/cn2. The dry matter content of the leaf sanple was

determined by oven-drying. By knowing the sanple dry weight, C0, concentra-

tion present at the inlet duct, C0, concentration at the outlet duct for

each rnn, the amount of CO, (in rng) fixed or given off per gram dry weight

per hour was calculated fron the following forrnula:

ACOrxFxk
grarn dry weight

where E = Co, exchange in ng Cor/Eram dry weight/hour;

AC0, = C0, differential in ppm between intake and exhaust streams;

F = flow rate in liters per hour;

k = approximate conversion factor fro¡n liters C0, to nB C0,

(44,000 mg COrlmole; 22.4 \íters/moIe).

3.4.4 Chlorophyll Content

Chlorophyll content was determined using the nethod of MacKinney

(Vishniac, 1957).
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3.4.5 Rate of Protein SYnthesis

Leaf sarnples were taken frorn the 2nd and 3rd leaves from the top of

four plants per treatment cornbination. Leaves were washed in rr'rrning tap

water for 20 minutes, blotted dry and leaf discs were punched out from

the fully expanded terninal portion of leaves using a #3 cork borer' Dup-

licate sets of random sanples of 10 leaf discs each were pTepared' Each

sample was then arranged on filter Papel ptaced in petri-dishes and 3 nl

of reaction mixture containing 0.025M citÏate phosphate buffer pH 6'5,
1/l

25 Vg/nI of streptonycin sulfate, 5 Ppm kinetin and 13 mM C'--L-leucine

was added and the sarnple incubated for 2 hr at the temperature in which

the plants thernselves were gÏov¡n. At the end of the incr:rbation period'

the sanples we1.e washed for t hour in running tap water to lenove the un-

incorporated Cl4-leucine fron the free-space. The leaf discs were blotted

dry and placed in 1.6 ml of 80% ethanol and were gTound in a homogenizer,

centrifuged at 15,000xg for 20 min and the ethanol supernatant saved for

counting. The ethanol insoluble residue was washed with two changes of

ethanol, once with two ml of TCA and once nore with 80% ethanol' each tíme

centrifuged at 2000xg for 10-15 minutes. The pÏotein was solubilized with

1 ¡nl of 0.3N KoH, stoppered with rubber stoppers, incubated at 37oC fot

18 hr, and the supernatant saved for counting. one hr'rrdred ul aliquots

of the ethanol and KoH fractions were counted in 10 nl of aquasol cocktail '

The radioactivity of the etha¡rol and KOH fractions was surnmed to obtain

totaluptake.Rateofproteinsynthesiswasexpressedastheratioof:

Total radloactrvrtY [dPInJ
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3.4.6 Reducing Sugar Content

Reducing sugaïs were extracted by stirring 25 ng of freeze-dried

gro,ad sample for 15 rnin in 10 nl of hot (60oC) B0% ethanol in centrifuge

tubes. After standing for 5 min at room tempelatule, the extract was

centrifuged for 20 min at 37,000xg. The residue was sirnilarly re-extracted

three more times and the supernatant fluids combined. The ethanol was

slowly evapoïated in a water bath at zooc by bubbling nitrogen gas through

the solution. The residue was ïe-suspended in 10 nl of distilled water and

the concentration of sugars was determined by dinitrosalicylic rnethod

(Fisher and stein, 1961). D-(+) naltose monohydrate (Baker grade, Baker

Chemical Company Lot No. 1-5902) was used as the standard and the results

expressed as sugar/gram freeze-dry weight'

3.4.7 Starch Content

The residue frorn the sample used for reducing sugar determination lvas

resuspended in 4 mI of distilled water and the starch gelatinized by placing

the centrifuge tubes in vigorousty boiling water for 2 min. The samples

.wer'e then cooled rapidly at 30oC, 5 ml of sodiun phosphate buffer (pH 6'9)

was added, and they were placed in a 30oC water-bath. 1.0 nl (15 mg) of

cr-arnylase [(diastase) Bacterial crude type III-A fron B' subtiLLis, free

of foreign extenders, Sigma Cherlical Conpany Lot 80C-11701 was added and the

incubation carried on for 2 hours after which the reducing sugars produced

rvere determined by the rnethod of Fisher and Stein (1961) ' Linter starch

[Fisher Laboratory Chemicals, Lot No. 742804) rvas used as a standard and

the result was expressed as Ing starch/gtarn freeze-dry weight-
I

3.4.8 Total Protein

standard Kjeldahl nethod and was

weight basis.

Total protein was determined bY

expressed as percent protein on oven

the

dry
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3.4.9 Water-Soluble Proteins

Water-solub1e proteins were extracted following the procedure of

perez et.aL. (Ig7S) using 10 nl of double-distilled water. The amor¡nt of

pïotein in the extract was detennined by the nethod of Lowry et aL. (1951)

üIater-soluble protein was expressed as mg/gram freeze-dry weight'

3.4.10 Free Amino Acids

Free amino acids were extracted by stirring 0.2 g'ram of freeze-dried

ground sanple in 5 nl of distilled water at 0-4oC for 30 min. The homo-

genate was treated as described by Cntz et aL. (1970) and analyzed for

anino acid by using the ninhydrin nethod described by Moore (1968). L-

leucine was used as the standard and the results expressed as mg anino

acids per gran freeze-drY weight.

3.4.11. Nitrate Reductase Activity

The method of nitrate reductase activity determination was essentially

the same as described by Hageman and Hucklesby (1971), except for the

following nodifications: casein (3% w/v) was added to stabilize the enzyme

(Schrader et aL., |g74);0.2 nl of lM zinc acetate was added to remove the

excess NADH which would otherwise interfere with the color developrnent

(Scholl et aL., Ig74); and before honogenization the samples were frozen

to -ZgoC for 3 min [the shearing action of the ice crystals so formed and

the partiaL cell éisrr:ption due to membrane breakage facilitates better

extraction of the enzyme). Nitrate reductase activity was expressed as

UM IOJO2 produced per gran fresh weight per hour'

3.4.12 Nitrate Content

A portion of ttle leaf samPles used

deternination was freeze-dried, gror:nd

for nitrate reductase activitY

to 40 mesh and used for tissue
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nitïate content deternination. A sample of 0.1 gran of freeze-dried

powder was stirred vigorously for 10 nin in 10 n1 of deionized distilled

vJater. The resulting solution was treated with charcoal to renove the

green color and filtered through Whatnan #4 filter paper before the nitrate

content of the solution was deterrnined by the rnethod of Kamphake et aL.

(1967). Appropriate dilution was necessary to bring the concentration of

the nitrate v¡ithin a working range. Nitrate content vras expressed as pg/

0.1 gran dry weight (1 gran fresh weight equivalent).

3.4.13 Protease Activity

Extraction of protease vlas carried following the procedure of Perez

et aL. (1973), except that 10 n1 of the extraction mixture rvas used.

Protease activity was deternined by the rnethod of Cruz et aL. (1970)

except that henoglobin (freeze-dried salt free) was used as the substrate.

Protease activity was detemined in the sample used for nitrate determina-

tion and vras expressed as 
^0.D. rrr/hr/eram freeze-dry weight.

3.5 Statistical Analysis of the Data

One way analysis of variance (ANOVA) was carried for each parameter

in two r^rays: (1) the AN0vA pooled over all inbred lines was used for com-

paring'any two adjacent treatment means, (2) separate ANOVA for each of

the four inbred lines was used for comparing treatment effects within

inbred lines. For the AN0VA of dry matter content each plant was used

as a replicate. \

A 4 x 20 (4 classes and 20 treatment combinations, i.e., 4 inbred

lines x 5 treatment per inbred line = 20 treatment conbinations) contin-

gency Chi-square test of independence on frequency distribution of the
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dry natter content data was executed to determine if the dry matter con-

tent data collected had u¡rifonn distribution from treatment to treatment.

Sinple correlation analyses v¡ere made between growth rate (both

absolute and relative) and the levels of the other properties (metabolites

and netabolic processes) in three different ways: (i) the pre-stress

levels of plant properties versus growth rate during chilling stress;

(2) the levels of plant properties expressed during chilling stress versus

growth rate during chilling stress, and (3) the levels of plant properties

expressed during chillíng stress versus growth rate during recovery.
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4. RESULTS

4.I Visual Observations

The growth of the corn plants in the controlled environment loom was

fairly satisfactory. During tlne 24 days of growth at favourable tenpera-

ture, the plants attained a rate of growth almost conparable to that

expected in their natulal environment. On the 24th day of growth at

favourabl e (28/22oC) temperature, inbred lines 212-74 and VC0264 were

described as vigorous and larger leaved with rvell developed root systens;

while F7-FZ and K-27 were less vigorous, narrow leaved and had srnaller

root systems.

þon exposure to chilling stress, red pigrnentation, presumably antho-

cyanins, developed in the leaves of the chilling tolerant inbred 1ines,

VCO264 and F7-F2. The amotnt of anthocyanin appeared to be higher in

VCO264 than in F7-F2. Within the plant profile, the lower leaves seemed

to produce more anthocyanin than the upper leaves. Production of antho-

cyanin was also obseryed in some plants of 212=74, but such individuals

formed only a minor segment of the populati on. ' K-27 did not produce any

visible level of anthocyanin, but showed yellowing of leaves that h/ere

fully exposed to 1ight. Most leaves of this inbred line showed drooping

orientation.
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4.2 Experimental Observations

The effect of tl,io ternperature regimes, a constant favourable (Z8/ZZoC

day/night temperature) versus an alternating (8 days 28/22oC + I days

I2/70oC + 8 days 28/22oC) tenperature on 18 paraneters vÍas evaluated.

The mean squarre ratios (F-values) as influenced by inbred line, seedling

age and tenperature treatments (confornded as treatment effect) are pre-

sented in Appendix Table 1. For all parameters, the treatment effects

were highly significant. lllhen the total sum of squares was sub-divided

arnong the four inbred lines, the treatment nean square ratios were again

highly significant for all paraneters and in all inbred 1ines.

In the presentation of more detailed results which fol1ow, the

various parameters are grouped into six classes , ví2., (1) changes in

dry matter content and grovlth rates during chilling stress and during

recovery fron chilling stress, (2) changes in the rates of photosynthesis

respiration, and chlorophyll content due to chilling stress, (3) changes

in soluble carbohydrate netabolisn during chilling stress and during

recovery fron chilling stress, (4) changes in the concentrations of total

protein, water-soluble protein and free amino acids during chilling stTess

and during recovery frorn chilling stress, (5) changes in nitrate reduc-

tase activity, nitrate content, protease activity and rate of protein

synthesis during chilling stress and during recovery frorn chilling stress,

and (6) association between the levels of plant properties with chilling

tolerance and recovery fron chilling stress. The results of each of these

classes will be presented separately.



4.2.1 Change in Dry Matter Content and Growth Rates During Chilling

Stress and During Recovery fron Chilling Stress

Changes with ti¡ne in the rates of dry matter accr¡nulation in the

stover of four corn inbred lines of known reactiòn to chilling teÍrpera-

ture weïe followed at a constant favourable (28/22oq and. at alternating

(8 days 28/22oC + 8 days LT/LOoC + 8 days 28/22oC) tenpeïature conditions.

Fifteen plants of each inbred line were harvested at 8-day intervals to

determine the dry natter weights.

Before any further statistical analysis and interpretation of the

data were undertaken, a Chi-square test of independence on the raw data

of dry natter yield was executed. The objective was to determine if the

dry natter data obtained were randon sarnples with norrnal distribution,

and if the frequency of distribution was uniform from treatment to

treatment. To do this, the observations of each treatment conbination

were classified into four frequency classes using one standard deviation

as a class interval. A 4 x 20 contingency table (4 classes and 20 treat-

ment conbinations, i.e.,4 inbred lines x 5 treatments per inbred line =

20 treatrnent combinations) was constructed and a test of independence

was executed. The Chi-square value obtained, 10.27 with 57 degrees of

freedom (Appendix Table 2), was not significant, indicating that the

distribution of dïy natter yield within a treatment had the same form

regardless of genotype, seedling age and tenperature treatnent received.

The dry matter weights of the four inbred lines at different stages

of growth and at different temperature conditions is presented in Table 1.

Frorn the data in Table 1, the absolute and relative rates of growth per

day during chilling stress and during recovel:f fron chilling stress r¡/ere
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TABLE 1. Dry matter weights (in grans) of four corn inbred lines grown at
favourable (28/22"C) and alternating (8 days 28/22 + 8 days 12/10 + 8
days 28/22) temperature conditions and harvested at 8-day intervals.

'l

r_L_^, 8 days 16 days 24 days LSD'
rnDre(1
line Control ffi @--gE

212-74 0.15 0.28 (11.2)t 2.51 4.s8 (42.2) 10.85 0.30 0.36

K-27 0.r2 0.32 (is.2) 2.r0 2.60 (36.7) 7 .09 0.2r 0.26

vco264 0.r2 0.44 (20.0) 2.20 6.15 (62.0) 9.92 0.2r 0.26

F7-F2 0.11 0.34 (19.4) 1.7s 4.s0 (62.2) 7.24 0.2r 0.26

MEAN O.T2 0.34 2.L4 4.46 8.78

CV = 11 .38eo.

LSD for conparing treatnent means between two inbred lines:

íeo - 0. 23 grams
L% - 0. 29 grarns

1^ LSD for comparing two treatment means within an inbred line.
t- Figures in parenthesis are dry matter contents of chilled plants

expressed as percentage of dry natter content of control plants
of comparable age.
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calculated. These growth rate values are presented in Table 2.

Exposure of eight-day oId corn seedlings to chilling temperature

resulted in a considerable reduction ín both absolute and relative grolth

rates. The greatest reduction in growth rate occurred in 2L2-74 and the

least in VC0264 (Table 2).

on the 16th day, the dry matter weight of chilled plants of all

inbred lines was significantly less than that of the respective controls.

On this day, the dry matter weight of chilled plants expressed as percen-

tage of the dry natter weight of r:nchilled controls in the four inbred

lines ranged from 11 .2 - 20.0% (Table 1). Comparisons vrere also made

between 8-day old unchilled seedlings and 16-day old chilled plants of

each inbred line using the appropriate least significant difference (LSD)

values for cornparing treatment effects within inbred 1ines. These con-

parisons indicated that inbred lines VCO264 and F7-F2 had accunulated

significant quantities of dry rnatter during the B days of growth at

chilling temPelatures, whereas in the inbred lines 212-74 and K-27, the

amount of dry matter accumulated during this period was not significant.

From these LSD cornparisons, fron the growth rate data presented in Table

Z, and also frorn the dry natter ratios of chíl1ed/r¡nchi1led plants on

the 16th day (Table 1), the reactions of the inbred lines to chilling

stress were apparent. Inbred line 2L2-74 artd K-27 were designated as

chilling sensitive and VC0264 and F7-F2 were described as chilling

tOlerant. The terms |ttolerant" and ttsenSitivett, hOInIeVel, are uSed in

a rathêr restricted sense;, the term'rtoleïantrtdenoting the ability of

an inbred line to gain a statisticalty significant quantity of dry matter

within eight days of growth at chilling tenperature.
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TABLE 2. Absolute growth rate (grans dry natter produced per day) and
relative growth rate (gram dry natter produced per day per gran dry
rnatter) of four corn inbred lines during chilling stress and during
recovery frorn chilling stress.

GROWTH RATES
During chilling Duríng recovery

Tnlrra¡l-i:-:* Absolute Relative Absolute
r Lne Relative

chilled Control ch]lled control chilled control ffi

212-74 0.019 , 0.298 0.096 0.370 0.538 I.042 0.349 0.183
(6.4%)' (s1.6%)

K-27 o.O2S 0.248 0.r23 0.3s8 0.285 0.624 0.262 0.152
(i0.0%) (4s.7%)

vco264 0.040 0.260 0.162 0.364 0.7I4 0.965 0.330 0.189
(rs .4%) (8 4 .0%)

F7-F2 0.029 0.250 0.141 0.346 0.520 0.686 0.323 0.178
(Lt .0u"¡ (7s .8%)

MEAN 0.028 0.253 0.130 0.360 0.514 0.829 0.316 0.L76

I Figrrtu, in parenthesis are absolute gïowth rates ofchilledplants
expressed as percentage of control plants of conparable age.
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I{hen the chilled plants were returned back to favourable temperature

a relatively rapid growth rate was observed in all inbred lines (Table 2).

As a result of this rapid growth Tate, the chilled plants tended to catch-

up with the control plants that had not been subjected to chilling. As is

shown in Table 1, the gap between chilled plants and their controls nar-

roned from |l-20e" (dry matter content of chilled plants expressed as per-

centage of dry matteï content of the controls) at the termination of the

chilling stress (i.e., on the 16th day) to 36.7 - 62.2% witlnin eight days

of ex¡rosure to favourable temperature (i.e., on the 24th ð.ay). The data'

in Table 2 also show that inbred lines varied widely in the extent of their

Tecovery frorn chilling stress. Relative growth rate during recovery was

nost rapid in 272-74 (0.349 grams dry matter/day/gram dry rnatter weight)

and least rapid in K-27 (0.262 grams dry natter/day/gram dry matter

weight).

As a result of the variability in the rate of recovery, differences

in the ranking of the inbred lines at the two different stages of com-

parison, i.ê., on the 16th day and on the 24th day, were observed. On

the basis of the sensitivity of dry rnatter increase to chilling stress

measured on the 16th day, the four inbred lines could be placed on a

tentative tolerance sequence:. YCO264 > F-7-pZ > K-27 > 272-74. 0n the

24ih day, that is, after the chilled plants had received 8 days of

favourable temperature, this sequence vlas changed to: F7-F2 > VCO262 >

212-74 > K-27. These changes in the ranking of the inbred lines at the

two different stages of comparison suggested that the ability of an

inbred line to grow at chilling temperatuïe nay be controlled indepen-

dently of the ability to recover rapidly from chilling stress. This

fact was further substantiated by correlation analyses. In the control
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plants that uiere gror{n at favourable tenperature only, the growth rate

betr{reen days 16 and 24 was significantly correlated with the growth rate

between days 8 and 16 (r = +.751; P > 0.01). A similar correlation

analysis ïun on the chilled plants, on the other hand, suggested that

chilling tolerance was not significantly correlated with the speed of

Tecovery (r = +.493).

Once the independence of the rate of recovery from chilling stress

u¡as established, it was of practical interest to know which one of the

two traits was more important in deternining the final dry matter con-

tent explessed on the 24t]n day. A stepwise multiple regression analysis

of the fonn: y = f(xr, x2, x3)

where Y = the dry matter content on the 24th day;

x, = dïy matter content of I days old seedlings;
L'

x, = relative growth rate between days I and 16; and

x- = relative growth between days 16 and 24; was run.
5-

This analysis was applied both to plants subjected to chilling stress

and to the control series. The stepwise nultiple regression analysis

(Table 3) indicated strongly the inportance of rapid grorvth rate between

days 16 and 24 in deter¡nining the final dry matter yield on the 24th day

in both the chilled plants and in the unchilled controls. It alone

accounted for 54.7% and 48.2% of the variability in the dry matter con-

tent in the chilled plants and in the control plants, lespectively.

Growth rate between days I and 16 resulted in a re<iuction of the residual

sum of squaïes by a further 34.5% and 30.3% in chilled plants and control

plants, respectively. If seedling chilling tolerance was more inportant
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TABLE 3. Stepwise nultiple regression analysis of nean dry natter yield
of chilled and r:nchilled corn plants on relative growth rates at
different stages in ontogeny.

Variable added
to equation

Total reduction
in residual

sun of squares

(%)

Resression coefficients 
"Hi:iål:""bf bZ b, coefficient

(R)

RGRI days 16-24

RGR days 8-16

Seedling weight
on the 8th day

RGR days 16-24

RGR days 8-16

Seedling weight
on the 8th day

54.7

89.2

98.9

Chilled plants

0.333

0. 530

0.375

0.378

0 .443 3r.7

**
0.739

**
0. 935

**
0.992

48.2

78. 5

99. 8

Control plants

0.988

1.082

0. 818

0.893

0. 905 74.09

0.694

0. 802

0. 999

*ìk

**

**

N = 16.
1-RGR = Relative
**

Significantly

groÏ¡th rate.

different fron the previous R at the L% level.
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than the speed of recovery, obviously, a higher reduction in the residual

sr¡n of squares would have been obtained for relative growth rate between

days 8 and 16 (i.e., during chilling stress) than between days 76 and 24

(i.e. , during recovery) .

Thus, linited findings of the present experirnent established that:

(1) corn genotypes vary, both in seedling chilling tolerance, and in

their ability to recover quickly fron chilling stress, (2) the ability

to recover rapidly is not correlated with seedling chilling tolerance

per se, ild [3) when corn plants were subjected to an 8-day chilling

stress, the rate of recovery was more important than seedling chilling

tolerance per se.

4.2.2 Changes in the Rate of Photosfnthesis, Respiration and Chlorophyll

Content Associated with Chilling Stress

4.2.2.I. Effects of chilling tenperature on photostsnthesis. It was

considered logical to determine the extent to which changes in the ïates

of dry matter accurnulation resulting fron exposure to 1ow temperature

vrere a reflection of changes in the rate of photosynthesis, and to assess

genotypic differences in photosynthesis in relation to chilling.

The rate of photosynthesis in the t?top leavesrr and the 'rlower leavestt

of the four corn inbred lines as measured at 28oC and 12oC is presented

in Table 4. Highly significant genotfpic differences in the rates of

photosynthesis, both in the top and lower leaves were noted when measure-

ments were taken at 28oC. At this tenperature, the chilling tolerant

inbred 1ines, VCO264 anð F7-F2, exhibited significantly higher photo-

synthetic rates than the chilling sensitive inbred 1ines. Measurements

at I2oC showed no significant differences in photosynthetic rates among
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TABLE 4. Photosynthesis and respiration
hour) in the ?'top leavesrt and !'lower
lines as affected bv temperature.

rates (ng C02 per gram dwt per
leavest' of four corn inbred

Lower leaves Top leavesInbred
lines L2OC 2goc r20c 2Boc

272-74

K-27

vcoz64

F7-F2

PlEAN

272-74

¡.-¿ /

vcoz64

F7-F2

MEAN

36. 1

58. 5

38. 1

39. s

Photosynthesis

64 .8

73.8

99.3

100. 1

çng COr/{n dwtlhr) I

24.7
)47

20.6

2L.0

65.8

67.r
82.2

91.0

38.0 84. s 23.9 /o. )

3.8
A1

3.2

4.0

Respiration

6.5

7.4

10.6

8.2

çng Cor/ ffi dwtlhr)

3.6

4.4
2.3

7.3

13. 0

L0.7

L4.2

3.8 8.2 3.4 11.3

CV (photosynthesis) 13.0Y"; CV (respiration) 18.7vo.

LSD:

Between two photosynthetic rate values
Between two respiratory rate values

1- mg CO"/mg dwt/hr = nilligran carbon dioxide per
per hour.

\-z

S.3
I.4

gram leaf

1o,
L'O

ilõ
1.9

dry weight
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the four corn inbred 1ines. Averaging the effects over the four inbred

lines and two teaf positions, chilling resulted in a highly significant

reduction in the rate of photosynthesis. The magnitude of reduction

varied from genotype to genoty?e, mainly dependíng on the photosynthetic

efficiency of the inbred lines at 28oC, but was of the order of about 62%.

Comparisons within the plant profile showed the lower leaves to have

higher photosynthetic rates as compared to the top leaves at both 28oC

and 12oC. The lower leaves exceeded the top leaves by about 10% when

neasurements were taken at 28oC and 37eo when measured at 12oC. These

relationships also indicated that photosynthesis in the top leaves r^ras

more sensitive to chilling (reduced by an average of 69eo) than is photo-

sfnthesis in the lower leaves (reduced by an average of 55%).

4.2.2.2. Effects of chilling tenperature on respiration. The rate of

respiration of the four inbred 1ines, as affected by temperature and

leaf positions, 5-s presented in Table 4. Like photosynthesis, respira-

tion was significantly reduced by chilling tenperature. When inbred

line and leaf position effects were disregarded, the rate of respiration

at chilling tenperature was reduced by an average of about 63%. Unlike

photosynthesis, the rate of respiration at 28oC was higher in the top

leaves than in the lower leaves. The rate of respiration in the lower

leaves at this temperature was about 72% that of the top leaves. At

IloC, this trend was reversed and the lower leaves exhibited a 9% higher

respiration rate than the top leaves. Consequently, the degree of

reduction in the rate of respiration at chilling temperatures appeared

to be much higher in the top leaves (reduced by 70u") than in the lower

leaves [reduced by 54%). The results of both photosynthesis and res-

piration experinents indicated that the top leaves vJere more sensitive
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to chilling stress than the lower leaves.

4.2.2.3. Effect of chilling temperature on total chlorophyll content.

Unlike the measurenents of photosynthesis and respiration, chlorophyll

content was determined in the top leaves onIy. Also, sarnpling for

chlorophyll content was carried out at eight-day intervals and concomi-

tantly with the sarnpling for dry matter content.

Exposure of eight-day old seedlings to low temperatures for eight

subsequent days resulted in about 40% reduction in chlorophyll content

(Table 5). This reduction in chlorophyll content was highly significant

in all inbred 1ines.

When chilled 16-day o1d plants hrere returned to 28oC and. allowed

to grow at this temperature for eight days, a sharp increase in chloro-

phyl1 content in the top three leaves was observed. This increase in

total chlorophyll content, about 22eo ovêT and above that of the appro-

priate 24-day old rinchilled controls, was significant in all inbred

Iines. It was assurred to have resulted fron inproved internal plant

nutrition, generated by remobilization of rnetabolites from sites of

storage to the actively growing top leaves.

The total chlorophyll content was partitioned into its major con-

ponents, chlorophyl1, and chlorophyl1O, in an attempt to identify which

of these two very important chlorophyll types was most severely affected

by chilling tenperature. Since all the energy trapped by chlorophyllO

must be passed through chlorophyl1r, a disproportionate amount of the

two at chilling temperatures may also affect photosynthesis. A know-

ledge of the relative changes in these conponents was therefore desirable.

The chlorophyll. to chlorophyll' ratio (Table 5) did not show significant
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TABLE 5. Changes
and chlorophyll
chilling stress

in total chlorophyll
/ch1orophvl1- ratio

A,:D
and durlng recovery

content Ûng/gram freeze-dry wt)
of four corn inbred lines during
from chilling stress.

Inbred
lines

8 days

Controls

16 days 24 days

Chilled Control Recovering Control

2t2-74

K-27

vco264

F7-F2

MEAN

2r2-74

K-27

vco264

r /-r¿

MEAN

r.32

1.13

1.11

L.T2

TotaI

0.58

0.72

0.82

0.57

chlorophyl 1

1. 09

1.20

1.11

1. 01

content

0.88

1.03

0. 95

0.92

0. 75

0. 83

0. 86

0 .67

T.17 0.67 1.10 0.94 0.78

r.79

1.55

r.63

r.63

Chlorophyl 1./chlorophyl 1O ratio

1.63 r.62 1.89

1.54 1.53 1.54

1.56 L.78 1.57

L .62 r .64 1.57

1. 56

1 .66

I .61

1 .65

1.69 1.59 7.64 r.64 r.62

CV (Total chlorophyll content) 3.0%; CV (Chlorophyll"/chlorophyl1O) 13.Seo.

LSD:

Between th¡o total chlorophyll content values
Between two chlorophyllr/chlorophy11O ratios

0.04
0.37

I9o

0.0ó
0. s0
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changes as the inbred lines were subjected to different temperatures.

Therefore, it was concluded that the increase or decrease in total

chlorophyll content vlas not due to any type of chlorophyll being pre-

ferentially affected, but due to a general increase or decrease of both

tfpes of chlorophyll nolecules simultaneously.

4.2.3 Changes in Soluble Carbohydrate Metabolisn During Chilling Stress

and During Recovery from Chilling Stress

The growth and developrnent of plant ce1ls depend on soluble carbo-

hydrates for energy production and as a building block for storage and

structural conpounds. Besides these basic functions, soluble carbo-

hydrates, sugars in particular, have been reported to provide protection

against freezing (Levitt, 1966) and chilling (Christiansen et aL. , I97O)

injuries. Such relationships of sugars with chilling tolerance in corn,

however, have yet to be established. A knowledge of soluble carbohydrate

netabolisrn as affected by changes in temperature, Ðd especially, the

relationships of soluble carbohydrates and chilling tolerance in corn

was therefore deemed necessary in order to better understand the effects

of chilling and favourable post-chilling temperatures on the growth and

developrnent of corn. The following observations were noted.

4.2.3.L. changes in sugar content. when eight-day old seedlings of

the four inbred lines were subjected to chilling ternperatuïe, highly

significant accunulations of sugars in the leaves, as well as in the

roots, were recorded [Table 6). The amount of sugar accumulated in the

leaves during chilling stress l\ras on the average about 2.8 tines greater

than the amount contained in 16-day o1d r¡nchilled controls. When com-

pared to the pre-stress level (i.e., on the eighth day after emergence)
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TABLE 6. Changes in sugar content (rng/grarn freeze*dry weight) in the
leaves and roots of four corn inbred lines during chilling stress
and during recovery from chilling stress.

Inbred
lines

8 days

Control
16 days

ffi
24 days

Recovering Control

2L2-47

K-27

vcoz64

F7-F2

MEAN

2L2-74

|\.-¿l

vco264

F7-F2

MEAN

97.2

109. 8

L25.4

10L.2

151.3

209.0

207.8

268.9

56.2

88.2

I07.5

75.6

72 .4

s6. 8

68. 9

62.6

In the leaves

65. 5

69.2

93.4

73.8

108. 4 209.2 75.5 81 .9 65.2

57 .4

114. 5

72 .7

93.7

243.5

r47 .3

156. 0

87.9

141.8

79.9

T2T.4

80.7

106. 1

7r.2

51.1

In the roots

64.0

52.5

56.2

56.0

81 .5 160. 1 57.2 107.8 77.3

CV (leaf sugar

LSD:

BetÍJeen thro
Between two

leaf sugar
root sugar

content)

59o

22. B

15. 0

70.6%.

L%

30.2
19.9

content) II.4e"j CV (root sugar

content
content

values
values
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the annount of sugar in the 16-day old chilled plants was found to be

increased by two-fold. Incidentally, the extent of increment of root

sugar content at chilling tenperatures was proportionally very similar

to that observed in the leaves

Returning corn seedlings to favourable tenperature after exposing

them to an 8-ð.ay chilling stress resulted in appreciable declines in the

concentration of sugars from the leve1 observed at chilling temperature.

In spite of this significant decline in sugar content, the recovering

24-ð,ay o1d plants continued to maintain a more positive carbon balance

ín the leaves, as well as in the roots, compared to the 24-day old

controls .

4.2.3.2. Changes in starch content. The trends of change in starch

content appeared to para11el changes in sugar IeveIs. The results of

the present experiment indicated that, conconitant with the increase in

sugar content, chilling also resulted in a significant increase in starch

content in the leaves and roots ol all inbred lines (Table 7). The amount of

starch that accumulated during chilling stïess varied depending upon the

genotype and plant part. However, averaging over the four inbred lines,

it was obseryed that the level of starch in the chilled plants exceeded

thaf of the 16-day o1d controls by about 204% in the leaves and II4% in

the roots

During recovery from chilling stress, depletion of starch in the

leaves as well as in the roots was observed. The depletion appeared to

be more seveïe in the leaves than in the roots. This was apparently due

to the emeïgence of new leaves during recovery. However, on the 24th

day, the recovering plants were sti11 rnaintaining a more positive starch
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TABLE 7. changes in starch content (ng/gram freeze-dry weight) in the
leaves and roots of four corn inbred lines during chilling stress
and during recovery fron chilling stress.

Inbred
lines

8 days

Control
16 days 24 days

Chilled Control Recovering Control

212-74

K-27

vcoz64

F7-F2

MEAN

2I2-74

K-27

vco264

F7-F2

MEAN

I72.7

156.3

156.3

r44.5

252.I

250.6

26r.0

23L.9

I4L.3

144.5

ILT.7

122.5

1)) c,

124 .4

116. 4

L04.2

In the leaves

r27.2

7I8.7

TI8.7

723.9

r57 .4 248.9 I22.7 130. 0 116. 9

L46.4

153.9

151.1

L76.5

166.6

169.9

i88.7

T7L.B

185.9

186. 3

I84.4

T2!.L

136.6

138. 0

159. 6

In the roots

737.0

T4L.3

L48.3

L84.4

150. 5 L74.2 152. 8 185.3 158. 5

CV (Ieaf starch

LSD:

Between two
Between two

content) 10.8%; CV (root starch

leaf starch content values
root starch content values

content)

5"ó

z:;.g
20.9

a72

I9o

3L.7
27.9
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balance compared to their contlols.

exceeded their controls by about 11eo

in root starch content.

this day, the recovering Plants

leaf starch content and bY 30e"

On

in

4.2.4 Chanses in Total Protein, Water-Soluble Protein and Free Amino

Acid Concentrations During Chilling Stress and During Recoverl

fron Chilling Stress

Results from prelirninary ex¡rerinents indicated that inbred lines

which were chilling tolerant were characterized by exhibiting nitrogen

deficiency when they were subjected to cool temperatures, while their

chilling sensitive coi.nterparts did not show this symptom. An investiga-

tion on nitrogen netabolism was therefore initiated. This section deals

with the effects of chilling and favourable post-chi11i-ng tenperatures

on the concentrations of total protein, water-solubIe protein and free

amíno acids in leaf and root tissues. Changes in leaf nitrate reductase

activity, nitrate content, protease activity and rate of protein synthe-

sis during chilling and favourable post-chil1ing temperatures are dealt

with in the next section.

4.2.4.I. Changes in total protein content. The concentration of protein

in the leaves and roots, like most other metabolites, declined during

ontogeny (Table 8). When grown at favourable temperatures, the four

inbred lines showed a consistent trend in leaf total protein content with

K-27 showing the highest and VCO264 showing the lowest level of leaf total

protein content. This trend in total protein content, however, was dis-

torted when the inbred lines r,rere subjected to chilling tenperature.

Unlike the leaves, the roots showed no consistent trend in root total

protein among the four inbred lines.

Exposure of 8-day old seedlings to chilling tenperature for 8 days
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TABLEs.Changesintotalproteincontent(onpercent
basis) :_n itre leaves anã roots of four corn inbred
chillingStlessandóuringTecoveryfrornchilling

oven dry weight
lines during

stress.

Inbred
line

8 days

Control

16 days

Chilled Control

24 days

Recovering Control

2r2-74

K-27

vcoz64

F7 -F2

MEA¡I

2L2-74

Í\-LI

vcoz64

F7-F2

MEAN

32.L3

36.07

28.07

32.07

24.87

25. 00

L8.77

2r.23

25.r7

¿o. ¿J

23.40

23.57

22.83

27.13

2t.97

22.t3

In the leaves

28.20

a^ ? aJ¿. JJ

25.23

27.60

s2.08 22.47 28.36 24.59 ¿J.J¿

¿ / .J5

23.L0

24.70

2r.70

25. 80

19.50

25.40

17.LO

15 .90

18. 20

16. 60

16. 50

20.70

20.60

18. 80

In the loots

17 .45

19. 30

18.90

21.05

25.L2 22.80 L9.32 16.95 19. 15

CV (1eaf total
CV (root total

LSD:

Between two
Between two

protein content) 4-77%;

þrotein content) 5.80%.

Leaf total Protein content
Toot total Protein content

L9o

2.76
2.85

.,.-:':'t: 
:,. .:, ,.. ,' ' ,:.r".

.':::,.:,'..- " ' '',,. i::ì..
,:-',t 

i.j -\

..-.."..'..-.,-¡r, jtlrrtj.li .,j,.tr:ì.

, ] :;.,i

' , 
,. . '' .ìa ri:.,.

.-: ?..- -__l-- -:--- ;:

values
values

5-ó

,uu
1.94
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resulted in a significant reduction in leaf total protein content. The

extent of reduction in leaf total protein content during chilling stress,

was on the average, about 2I% as conpared to 16-day old unchilled con-

tro1s, and was matched by a corresponding increase in total protein con-

tent in the roots. Root total protein content of the chilled 16-day old

plants exceeded that of the unchilled 16-day old contro'ls by an average

of 18%.

Returning 16-day old chilled plants to favourable ternperature resulted

in an increase (about 9.4%) in leaf total protein content within 8 days.

During the same period, there vtas a concomitant reduction (about 25.6e")

in root total protein content. However, the recovering 24-day old plants

in general showed a nore positive nitrogen balance in the leaves and a

negative nitrogen balance in the roots as compared to the 24-day o1d un-

chilled controls (Table 8).

4.2.4.2. Change in water-soluble protein content. Chilling resulted in

an increase in water-soluble protein content [Table 9). Averaging over

the four inbred lines, the concentration of water-soluble protein in the

leaves of chilled 16-day old plants exceeded that of the L6-day o1d con-

trols by about 54.6eo. Except in 212-74, the leve1 of water-soluble protein

in the roots of the chilled 16-day old plants of the renaining inbred lines

was also significaatly higher than the 16-day old unchilled controls. At

chilling temperature, the smal1 rooted inbred lines , K-27 and F7-F2, 
_showed

higher concentrations of water-soluble proteins in the roots than the

larger rooted inbred lines.

When the chilled plants were returned to favourable temperature, the

level of water-soluble protein in the leaves of the recovering plants
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TABLE 9. Changes in water-so1uh1e protein content (mg/gram freeze
dry wt) in the leaves and roots of four corn inbred lines during
chilling stress and during recovery from chilling stress.

Inbred
lines

8 days

Control

16 days

ffi
24 days

Recovering Control

2r2-74

K-27

vco264

F7-F2

IvIEAN

2r2-74

K-27

vcoz64

F7.F2

MEAN

74.99

88.96

85 .41

83.28

87. 89

85.17

93.78

85. 76

46.35

64.r0

60.32

49.90

47.r8

52.86

52.39

A1 /11

In the leaves

74 .30

61.74

55.34

50.73

83. 16 88. 15 60. 53 5s. 17 49.96

100.02

78.30

97.54

73.65,

94.75

87.92

106.53

In the roots

73.96

62.I8

52.25

73.34

76.75

L}r.26

86.37

9r.02

64.04

60.93

58.45

80. 19

91.95 90.71 65.43 88. 8s 66.0s

CV [1eaf water-solubIe protein content) 4.82e"i
CV (root Ì¡ater-soluble protein content) 7.50eo.

LSD:

Between two leaf water-solub1e protein content
Between tvJo ïoot water-soluble protein content

values
values

5% Leo

4.43 5.89
8.06 L0.7r
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declined to a level lower than what it was at chilling temperature.

water-soluble proteins in the roots, on the otheT hand, remained at

about the same 1eve1 as during chilling stress. However, cornparisons

between recovering 24-day o1d plants and 24-day o1d controls showed

that the recovering plants contained on the average about r0.4% anð,

35.4% more water-soluble protein in the leaves and. roots, respectively.

4.2.4-3. Changes in content of free arnino acids. Chilling treatment

begun on 8-day o1d seedlings resulted in a highly significant accumula-

tion of free anino acids in the leaves and roots of al1 inbred lines
(Table 10). The degree of change in free amino acid content, induced

by lowering the tenperature frorn 28/22oC to I2/I}oC, was calculated as

percentage change from the varue of 16-day old r:nchi1led controls.

Averaging over the four inbred lines, free amino acids were increased.

by 63.7eo p-.nd 82.0% in the leaves and roots, respectively.

The contposition of free amino acids in the leaves of the four inbred

lines at chilling and favourable temperatures is given in Table 11.

Taylor et aL. (I972a)have reported that a 1.5 day chilling stress resulted

in the reduction of free anino acids related to the Co pathway in chilling
sensitive species. This finding was not supported by the observations

of the present experiment, si-nce an increase in the content of all free

anino acids was recorded. The conflicting results of the present experi-

ment with that of Taylor et aL. (I972a) might have been due to differences

in the length of the chilling stress as an g-day chilling tïeatment h¡as

applied in the present investigation while Taylor et aL. used a chilling
stress of only 1.5 days. Also, proline did not appear to provide thetype

of protection against stTess leported by Bates et aL. (1973), Taylor et aL.
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TABLE 10. Cnanges in free anino acid
the leaves and roots of four corn
and during recovery fron chilling

content (mg/gram freeze-dry wt) in
inbred lines during chilling stress
stress.

Inbred
lines

8 days

Control

16 days

ffi
24 days

Recovering Control

2I2-74

\-¿ I

vcoz64

F7-F2

MEAN

a1a 1Â¿L¿- t+

I\-¿ /

vcoz64

F7-F2

MEAN

18.92

39. 01

13. 56

18.83

43.42

38. 39

21.58

24.67

74.70

24 .34

15 .98

t4.66

18.15

2r.70

T3.4I

14 .33

In the leaves

L8. 37

30.40

13.85

15.61

22.58 32.02 19.55 L /.4¿ 16.90

36.92

32.69

28. 10

3I.77

36. 5s

38. 39

36.92

11.90

18. 56

13. 15

13.70

23.69

25.16

22.78

17.08

In the roots

79 .47

24.43

L5.24

19. 84

32.57 35 .91 79.74 14.33 22.I8

CV (free arnino
CV (free amino

LSD:

Between two
Between two

acids in the
acids in the

roots) 3.35%;
leaves) 3.47Y".

leaf free arnino acid content
root free amino acid content

values
values

59o

0.89
1.35

T%

r.27
Iq7
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TABLE 11. Effects of chilling tenperature on free amino acid compositíon
in the leaves of four corn inbred lines.

Tenperature was lowered from 28/22oC to II/IOoC when seedlings were 8

days o1d. Samples were taken after the seedlings were exposed to the

chilling temperature for 8 days. Data given are for 16-days old chilled

plants and 16-days old controls.

Anino acid concentration [ng/gm dry wt)
212-74

---1--_7CHLD- CONT-

K-24 vcoz64 F7-FZ

CHLD CONT CHLD CONT CHLD CONT

Aspartic acid
Threonine

Serine

Glutanic acid

Proline
Glycine
Alanine

Valine

Isoleucine
Leucine

T)trosine

Phenylalanine

0. 39 0.66

0.24 0. 65

1 . 30 4.25

0.64 2.40

0.13 0.20

0 .56 4. 85

3.83 6.79

0. 13 0 .23

0. 06 0.13

0.10 0.19

0.10 0.29

0.03 0.08

0.61 0 .46

0.22 0.19

1 .45 0.62

2 .05 1. 03

0. 04 0 .04

2.34 0.47

2.55 2-42

0.22 0.08

0.09 0.03

0. 14 0.04

0 .22 0.09

0.07 0.02

0.46 0.61

0. 38 0.25

2.35 0.80

1.86 1.59

0.15 0.11

1.91 0.50

3.78 3 . 09

0.15 0.r2
0.08 0.02

0.13 0.06

0.26 0.r2
0. 10 0. 04

0. 66

0. 69

5. 60

2.68

0.17

7.50

7.r4
0.23

0 .09

0.L2

0.24

0. 05

0.70

0.44

2.62

0.77

0. 15

1 .56

5 .50

0. 15

0 .05

0.13

0.20

0.07

CHLD

CONT

Chil led

Control

16

L6

days o1d plants.

days o1d plants.
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(I972a) and Barnett and Naylor (1966) as the exten\ of its increment was

by far lower than the level reported by these workers '

During recovery frorn chilling stress, the leaves of the chilled

24-d.ay old plants contained, on the average, about the same level of

free amino acids as the 24-day old controls (Table 10). On the other

hand, recovering plants of all inbred lines had significantly lower free

amino acids in the roots conpared to the 24-day old unchilled controls.

On the average, loots of the recovering 24-day old plants had about

35.4% less free amino acids than the 24-day old controls.

4.2.5 Changes in Nitlate Reductase Activity, NitTate content'

Protease Activity and Rate of Protein synthesis During

Table 12 contains data on changes ín nitrate reductase activity,

nitrate content and protease activity in the leaves of the four corn

inbred lines analyzed as affected by tenperature tleatment.

When B-day o1d seedlings were subjected to chilling temperature,

the leve1 of nitrate reductase actÍvity declined significantly in all

inbred lines. Averaging over the four inbred lines, the magnitude of

reduction in nitrate reductase activity l,ias about 30.5% and 35.5% as

compared to 8-day o1d controls and L6-day old controls, respectively'

Under chilling tenperature, the tolerant lines exhibited significantly

lower nitrate reductase activity than the susceptible lines.

In contrast to changes in nitrate reductase activity, the leve1 of

protease activity showed a steep increase when corn plants were exposed

to chi11ing. The arnplification of protease activity was significant in

all inbred lines, but was much more intense in the chilling-tolerant

Chilline Stress and During Recovery frorn CÞilling-llress
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TABLE 12. Changes in nitrate reductase
protease activity in the leaves of
chilling stress and,during recovery

activity, nitrate content and
four corn inbred lines during
from chilling stress.

Inbred
lines

8 days

Control

16 days

ffi
24 days

Recovering Control

Nitrate reductase activity
(Ug KNO2/gran fresh wtlhr)

2L2-74
K-27
vco264
F7-F2

MEAN

2L2-74
K-27
vcoz64
F7 -F2

MEAN

212-7 4
K-27
vco264
F7.F2

MEAN

7.48
5.32
4.4L
5.45

4.84
5 .08
2.43
J. JO

6.7r
6. 10
6.r2
5.44

4.70
3.43
3.04
1.08

2.69
1 .9s
2.5r
r.22

s .66 3.93 6. 09 3. 06 2.09

2470
2625
2625
2635

r245
385
960
640

1 705
850

12 85
915

830
1060

720
1010

Nitrate content
(Ug/grarn fresh wt)

1670
2695
1 835
1460

2589 932 19 15 1189 90s

Protease activitY
(40. D . ,f'/hr / Sram free ze dry wt)

1.8
2.3
1.6
2.r

2.8
4.0
2.L
4.0

3.5
3.8
s.2
A.,

1Á

1.1
1.5
0.6

'> /1

2.2
r.2
2.2

J.¿ 4.2 L.2 2.0 2.0

CV (nitrate reductase activity) 7.53eo; CV (nitrate content) IB.75eo3

CV (protease activity) 7 .23%.

LSD:

Bethreen two nitrate reductase activity values
Between two nitrate content values
Between two plotease activity values

52o

",500
0.6

T%

0. s5
/J+

0.9



50

inbred lines, F7-F2 and VC0264, than in the sensitive inbred 1ines. When

compared to 16-day o1d unchilled controls, protease activity was increased

by 2.5; 3.3; 3.5 and 7.3 fold in chilled 16-day otd plants of. 2L2-74,

K-27, VCO264 and F7-F2, respectively.

Norrnally, high nitrogen fertilization followed by any factor that

restricts plant growth would be expected to result in the accumulation

of nitrate in the tissues through its effect on nitrate reductase activity.

This has not been the case with chilling stress. Chilling reduced leaf

nitrate content by an average of about SL.Ieo (Tab1e 12). In all inbred

lines, the reduction in tissue nitrate content was significant and presuned

to be due to the inability of the plants to absorb nitrate when exposed

to chilling stress.

The rate of protein synthesis as indexed by C14-teucine incorporation

in the leaves of corn plants grown at chilling and favourable temperature

and rneasured at t2oC and 28oC, respectively, is presented in Table 15.

Although syrnptoms of protein degradation in the leaves were recorded when

young corn seedlings were exposed to chilling tenperature (Tables 8, 10

and 11) the data in Table 15 showed that protein synthesis was taking

place at the same time. However, there l¡tas a narked decline in the rate

of CI4-leucine incorporation due to chil1ing. The magnitude of decline

ranged from 39% to 49% and was greater for the vigorous inbred lines,

212-74 and VC0264, than for the less vigorous inbred lines, F7-F2 anð.

K-27. The rate of protein synthesis as determined by this nethod did

not appear to reflect the original ranking of the inbred lines with res-

pect to chilling tolerance or growth rate at favourable tenperature.

Also, fron the results of this experiment, no evidence was obtained
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indicating that rapid rate of protein synthesis had an important influence

on the rate of growth at chilling tenperature

When the chilled plants were returned to favourable temperature, the

1evel of nitrate reductase activity of the recovering plants exceeded

that of the controls by about 46.4%. In all inbred lines the differences

between the recovering plants and the 24-day old control were statisti-

cally significant. During recovery, changes in protease activity and

tissue nitrate content were also observed. Protease activity decayed

back to its norrnal leve1 and no significant differences were observed

between the recovering plants and the 24-day old controls. With regard

to tissue nitrate content, an average increase of the order of about 31%

was recorded when the means of the recovering plants and the 24-day oLd

controls were compared. The larger rooted inbred 1ines, 212-74 and

VCO264, contained significantly higher contents of nitrate as compared

to the 24-day old controls. Recovering plants of the mediocre rooted

inbred lines, K-27 and F7-F2, on the other hand, contained lower 1evels

of nitrate as conpared to tlne 24-day old controls. These differences,

however, were not statistically significant.

4.2.6 Association Between the Levels of Plant Properties with

Chi11íng Tolerânce. and Recovery fron Chilling Stress

One of the prinary objectives of this study was to determine whether

any relationship exists between the metabolic properties of an inbred

line and its chilling tolerance or its ability to recover rapidly from

chilling stress. Any such relationship would be a useful aid in screening

parental lines, hybrids and segregating populations in order to develop

new varieties that would perforn well particularly in the cooler corn
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grovring aleas. símple correlations between glowth rate (both absolute

and relative) and the levels of the remaining parametels were, therefore'

calculated in three different ways: (1) the pre-stress levels of plant

properties Ðe1s1)s growth rate during chilling stresst (2) the 1evel of

plant properties expïessed during chilling stless Ðersua growth rate

during chilling stress; and (3) the levels of plant properties expressed

during chilling stless ue?sus growth rate during Tecovery' The results

of these correlation studies are presented in Table 14'

Outoflgplantpropertiesinvestigated,onlythePÏe.stresslevels

of sugar content in the loots and nitrate reductase activity in the

leaves were significantly correlated with the 1evel of chilling tolerance

(Table 14). Sugar content in the roots was positively correlated with

chilling tolerance whereas nitlate reductase activity was negatively

correlated with chilling tolerance. The levels of the following propel-

ties expressed at chilling tempelature - total protein in the leaves'

free amino acids in the leaves, nitrate reductase activity in the leaves -

were negativety correlated with chilling tolerance, whereas water-soluble

proteinintheleaves,freeaninoacidsintherootsandprotease

activity in the leaves were significantly and positively correlated with

chilling tolerance. Also, the levels of root sugar content and root

protein conLent expressed at chilling tenperature uIe1'e both negatively

and significantly correlated with the rate of recovery frorn chilling

stTess. The significance and inplications of these correlations will be

discussed in a subsequent section'
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TABLE 14. Associations of the levels of sorne plant properties exhibited before
chilling stress and during chilling stress with chilling tolerance and
ability to recover rapidly from chilling stress (Chil1ing tolerance and
ability to recover rapidly fron chilling stress utere represented by asbo-
lute and relative grov¡th rates).

Correlation I1 Correlation II2 Correlation IIï3
Plant property 

d----tr- ^r, *, ^r, *,
Corre lation coefficients

Sugar content (leaf) -.001 +.29L +.044 +.423 +.058 +.100
(root) +.999** +.820* +.LI7 +.131 - .707* -.946**

Starch content (leaf) -.002 +'.278 + .454 +.079 +.091 -.304
(root) + .620 +. 185 +.255 -.005 - .307 -.191

Total protein (leaf) -.532 -.590 -.746x -951** -.556 -.397
(root) -.78I -.690 -.477 -.339 -.811** -.777*

Water-soluble protein fleaf) +.577 +.559 +.802* + .862*x +.25I -.2I5
(root) - .734 -. 857 +. 310 +.405 - .268 - .478

Free amino acids (leaf) -.434 -.399 -.845** -.899** -.578 -.104
(root) -.204 -.4I7 +.836** +.825** +.135 -.454

Nitrare content +.067 -.054 -.289 -.365
Nitrate reductase activity -.799** -.858** -.812* -.832*
Protease activity -.47I -.254 +.967** +.889**
Chlorophyll content -.629 -.684 +.698 +.615
Photosynthesis (top leafl +.49I +.269 -.603 -.605

(lower leaf) +.536 +.I44 +.481 +.678
Respiration (top leaf) - .361 -.597 - .779 - .677

(lower leaf) -.67I +.117 -.735 -.559
Protein synthesis -.250 -.592 +.086 +.043

1 Pt"-rttess 1eve1 of properties versus chilling tolerance.
)- The level of properlies during chilling stress versus chilling tolerance.
3 Th" leve1 of properties during chilling stress versus recovery from

chílling stress.
A- ABS = Absolute growth rate.
q- REL = Relative gror{th rate.
*

Significant at the 5% level of significance.
** 

Significant at the 1% level of significance.
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5. DISCUSSÏON

5.1 Growth and Metabolic Changes During Chilling Stress

5.1.1 Effect of Chilling on the Sfnthesis and lvfetabolism of

Carbohydrates

There are many reports of changes in the synthesis and metabolisn

of carbohydrate when sensitive plant species are subjected to chilling

stress. These have shown that the rates of photosynthesis (Hesketh,

L967; Cooper and Taiton, 1968; Hofstra and Hesketh, 1969; Taylor and

Rowley, 1971) and respiration (Beevers anci Cooper, i964) are reduced

significantly and that the concentration of sugars increase s1ow1y

(Parker, 1962; Beevers and Cooper, 1964; Smith, 1968; Hillard and West,

19701 Guinn, 1g7I). This study provid.es ad.ditional evidence supporting

the observations previously reported. In the present investigation,

photosynthetic and respiratory rates were reduced by about 60% and trvo-

fold increases in sugar and starch contents were recorded. The inhibi-

tion of plant grorvth rate by chilling tenperature was more severe than

that of photosynthesis and respiration in all observations.

Experimental findings of some investigators working with crops other

than corn (Parker, 1962; Sakai and Yoshida, 1968; Siminovitch et aL.,

1968; Snith, 1968) led to the view that low tenperatures prornote the

hydrolysis of starch to sugar. This view has not been supported by the

findings of the present experiment. When corn plants were exposed to

chilling stress concornitant increases in both sugar and starch contents
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were recorded. This observation lent support to the conclusion that,

in co¡n, the excess accumulation of sugars at chilling temperatures was

not a result of starch hydrolysis, but a direct product of current

photosynthesis.

Although the chilling tolerant lines showed significairtly higher

photosynthetic rates than the chilling sensitive lines when they were

grown at favourable tenperatures, these apparent differences dininished

at chilling tenperatures. This should not be surprising since factors

such as improper nitrogen nutrítion (Ry1e and Hesketh, 1969; Tsuno and

shinizo, 7962), reduced stonàtal aperture (Taylor and Rowley, rgTr),

reduced chlorophyll content, and feed-back effect of accr¡nulated carbo-

hydrates (Upmeyer and Koller, L973;.Neales and Incoll, 1968), all of

which were observed during chilling stress, can impose restriction on

photosynthesis and as such mask the true potential of the genotype.

The exact mechanism by which chilling causes reduction in growth

rate is not clearly known. Nevertheless, reduction in photosynthetic

rate does not aPpear to be the prinary biochernical lesion affecting

growth rate during chilling stress. Support for this contention is

obtained frorn the observation that nore than two-fold increases in

starch and sugar content were recorded during chilling stress. This

would indicate that deficiency of carbohydrates, and therefore, photo-

synthesis, was not limiting growth. Further evidence cones from the

observation that gror^rth rate averaged over an 8-day period, was more

sensitive to chilling stress (reduced by 85 - 94%) than photosyrrthesis

(reduced by about 60%). The greater sensitivity of growth rate than

photosynthetic rate to chilling may indicate rhat chilling primarily

affects sone other factor controlling growth, and its effect on
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photosynthesis is secondary. Since the leaves of the chilled plants

showed drooping orientation and lowered nitrate uptake (Table 12), it

seens probable that the prinary effect of chilling was to linit viater

and nutrient uptake from the soil.

Reduced r,\¡ater and nutrient uptake aïe crucial in the life of the

plant when it is exposed to chilling stress. For exanple, reduced water

uptake would be erpected to bring about loss of cel1 turgor pressure.

One of the inrnediate effects of loss of cel1 turgidity is the alteration

of menbrane structure. Altered membrane structure nay not only increase

the activation energy of nenbrane-bound enzyme systens, but will also

elicit an inbalance with non-membrane bound enzyme systems, consequently

leading to reduced growth rate (Lyons, 1973). In addition, turgor pre-

sure is crucial in cell enlargernent, supplying the necessary push or

pressure from inside the cel1 (Hsiao, 1973; Kleindrost and Brouwer, 1970)

and as such may assume a profound role ín plant growth rate. Reduced

turgor pressure in the guard cells of stonata may bring about a reduction

in stomatal aperture, the consequence of which would be reduced CO2

diffusion into the leaves and ultinately reduced photosynthetic rate.

Since nutrient elements are necessary as cofactors to pronote the forrna-

tion of -C-C- chains, for manufacturing a wide spectnnn of enzymes and

for the sfnthesis of chlorophyll molecules, red.uced nutrient uptake would

also be expected to retard photosynthesis and grolth. Thus, the direct

effects of turgor change and nutrient uptake can be considered as the

primary factor responsible for causing other indirect effects such as

accunulation of carbohydrates and reductions in photosynthetic and res-

piratory rates.

The significant increase in soluble carbohydrates, particularly that
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of sugars' appears to be a protective nechanisrn designed to nininize

injuries caused by chil1ing. The increase in osnotic potential of the

plant will reduce the extent of tissue dehydration (Christiansen et aL.,

L970; Guinn, l97r) and possibry, sugars may also serve to stabilize

protein molecules (Levitt, ig66).

5.I.2 Effect of Chilling on the Synthesis and Metabolism of proreins

lfnen the corn seedlings were subjected to chilling stress, total
protein in the leaves declined by about 20% whíIe the levels of water

soluble proteins and free amino acids increased. The activity of the

enzylne nitrate reductase and the concentïation of its substrate nitïate
declined, whereas a sharp increase in protease activity was recorded.

At the same time, the rate of protein srnthesis, as indexed by c14-

leucine incorporation, was reduced to about 50%. The reduction in total
protein content in the leaves h¡as accompanied by a correspondíng increase

in total protein, free amino acids and water soluble proteins in the

roots.

It is not clearly known whether the effects described above were

essentially aspects of senescence, or whether they were representing yet

another nanifestation of the working out of a genetically determined

adaptive nechanisn as envisaged by Levitt (1966) and other workers. How-

ever, it is noteworthy that -the latter view was supported by the observa-

tions of the present study. The basis of this hypothesis is that these

symptons were in general more accentuated in the chilling tolerant than

in the chilling sensitive lines. This is clearly evidenced by the corre-

lation studies (Tab1e 14), which revealed that at chilling tenperature

leaf total protein, leaf free anino acids and nitrate reductase activity
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I¡¡ere negatively correlated, while the levels of free arnino acids in the

roots and protease activity in the leaves l{ere positively correlated,

with the rate of growth at chilling teÍperature. These correlations

appeared to point to the fact that greater mobili zation of nitrogenous

metabolites frorn the leaves to the roots hras a characteristic properry

of chilling tolerant lines. The correlation analysis presented. in Table

14 also revealed a strong positive relationship between water soluble

protein in the leaves at chilling tempeïature and the leve1 of chilling
tolerance. Thus, forrnation of higher quantities of water soluble proteins

nay be considered as an additional charactei' d:ifferentiating chilling

tolerant corn genotypes fron chilling sensitive genotypes. when put to-

gether, all these observations led to the hypothesis that the concomitant

changes in nitrogenous netabolites were indicative of the fact that pro-

tein hydrolysis followed by fornation of water soluble proteins was taking

place as an adaptive mechanism. Examples from the works of Li et aL.

(1965) and Kohn and Levitt (i966) illustrate this view and show rhat this

type of change in protein metabolism is not essentially a matter of

senescence.

The association of water soluble protein with chilling tolerance

has not been previously reported in the literature. However, formation

of water soluble proteins in plants exposed to hardening tempeïatures

has been consistently found to reflect both genetic and environmentally

induced variation in cold (freezing) tolerance (Jung et aL., r967a, b;

Jwrg and snith, 1961; shíh et aL., L967). Also, the concentration of

Inlater soluble proteins hras associated with cold tolerance when top growth
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was Tegulated hlith chemicals (Shih and Jung, 1977). The role of water

soluble proteins in chilling tolerance is not clear from the results

of the present investigation. Since several properties of water soluble

proteins, including their capacity to bind water and to Protect enzymes

when the enzymes are subjected to freezing and thawing (Gerloff et aL.,

1967; Herber, 1968) have lent support to the relationship between hlater

soluble proteins and freezing resistance, it is possible that the same

principles could hold true regarding chilling tolerance. However, this

hypothesis is largely speculative and the matter requires further

investigation.

In recapitulation of the preceeding discussions, it would be appro-

priate to state that corn plants subjected to chilling stress show an

aTray of netabolic changes seerningly designed to mininize injuries

caused by chi1ling. Arnong these, the nost important rnetabolic changes

are; a drarnatic increase in the osmotic potential of the plant, forna-

tion of wateï soluble proteins and nobilization of nitrogenous metabo-

lites from the leaves to the roots. Given that the chilling stress is

not so severe as to cause death to the plant, these netabolic changes

occur in both tolerant and susceptible genotypes alike; but the extent

to which different genoty?es manifest these changes vary widely. Ït

appears that the reactions of corn to chilling environments are under

its genetic constitution and from the multiplicity of the rnetabolic

changes observed it can be inferred that there nust be many genes

directly or indirectly affecting the leve1 of chilling tolerance. Thus,

chilling tolerance can be regarded as a quantitative rather than a

qualitative trait. Even after the necessary simplifications have been
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attenpted in the present study, it remains evident that the whole

phenomenon is still very complex. In view of this fact, it should be

emphasized that the potentiality for chilling tolerance may be expressed

in different ways by different genotfpes.

5.2 Growth and the Associated Metabolic Changes During Recovery

from Chilling Stress

The virtual cessation of growth as soon as environ¡nental stress is

inposed followed by a rapid growth rate upon relief of stress is a

phenomenon frequently referred to in literature dealing with drought

and heat stress (Gates, 1968; Hsiao, 1973). The same reaction was

obtained in corn subjected to chilling stress in this investigation.

A transitory phase of acclerated rate of growth irunediately following

the release from chilling stress was recorded in all inbred lines

(Table 2). This response may have been due to the accunulation of cell

metabolites caused by the physical constriction of cel1 enlargement,

and the degradation and translocation of proteins and carbohydrates.

0bviously, such phenomena cannot be e:içected to occur when the chilling

stress is so severe as to preclude the accumulation of metabolites or

so prolonged as to cause death to meristematic tissues.

It is evident fron the results here reported that a nunber of

important physiological changes accomp¿rny recovery fron chilling. A

brief review of these rnetabolic changes nay illustrate the types and

direction of changes one may expect during recovery.

Following recovery from chi11ing, the concentration of soluble

carbohydrates dropped to a level lower than that during chilling stress.

However, aftøt 8 days of recovery at normal temperature, the chilled



62

Plants rvere showing a more positive carbon balance than their rurchilled

contrrols.

lvith respect to nitrogenous rnetabolites, the following changes

were observed during recovery. The levels of total protein and nitrate

ín the leaves increased as compared to the levels of the sane metabo-

lites during chilling stress. on the other hand, the levels of water

soluble proteins, free amino acids and protease activity in the leaves;

and total protein and free anino acids in the roots, decreased as com-

pared to the levels of the same at chilling temperature. The leve1 of

changes in nitrate reductase activity in the leaves and viateï soluble

protein in the roots appeared to d.epend on the genorype.

When conparisons were made between the recovering plants and the

24-day o1d controls, the levels of total protein and water-soluble

protein in the roots of recovering plants were found to be higher than

in the controls. Meanwhile, the leve1s of free anino acids in the

leaves and roots of the recovering plants were found to be lower than

in the controls. Comparisons with respect to nitrate reductase activity,

nitrate content and protease activity showed that the changes in these

paraneters r'r¡ere dependent on the genotype. In general, these observa-

tions were in agreernent with the findings of omarnan et aL. (1971), who

found that the incorporation of anino acids into protein was greatly

stinulated following recovery with the result that the metabolic pro-

cesses of the plant,including protein synthesis,v/ere increased.

so¡ne investigators (Barnett and Naylor, 1966; Taylor et aL., r972a;

Bates et aL., 1973) have observed a several-fold increase in free proline

content when plants were exposed to stress conditions a¡rd have suggested
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that free proline nay act as a storage conpound for carbon and nitrogen

when the synthesis of both starch and protein is inhibited. These

workers attribute the accelerated growth upon relief of the stress to

the utilization of such a storage pool, and have ernphasized strongly

that selection for the potential to synthesize high 1evels of proline

should be given special attention in plant breeding. The results of

this investigation, however, do not support the hypothesis that proline

was an important factor in rapid recovery from chilling stress. The

following evidence supports the contention that the role of proline

with regard to chilling stress hras not profound: (1) the leve1 of

increase in free proline content observed at chilling tenperature was

very 1ow compared to the several-fold increase reported by the above

cited workers t (2) evidence for starch synthesis during chilling stress

was observed in the present experinent indicating that metabolites were

stored as heavy molecular weight compounds; and (3) the free arnino acids

that accunulated during chilling stress, including proline, appeared to

be largely the result of protein hydrolysis rather than newly synthesized

amino acids.

In addition to showing that the growth of plants following recovery

is rapid, the results of the present experinent showed that inbred lines

varied markedly in their response to favourable tenperatures following

chilling. However, no evidence was obtained indicating that these geno-

typic differences in the rate of recovery were direct reflections of the

differences observed in the concentration of metabolites that accumulated

during chilling stïess. This aspect will be disðussed in more detail

elsewhere in this repoït.
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Rapid recovery fron chilling stress has, to this time, not been

well r:nderstood, nor has the inportance of it been recognized by plant-

breeders. It may have been overlooked due to the expectation that

such traits would be correlated with seed or seedling characteristics.

The indication of the statistical test in the present experirnent is

that the ability to recover rapidly fron chilling injury is a character

independently controlled from seedling chilling tolerance. A1so,

evidence was obtained indicating that when the chilling stress was mild

and of short duration, the ability to recover rapidly frorn chilling
stress was more inportant in determining the final plant development than

seedling chilling tolerance per se. These considerations indicate an

urgent need for plant breeders to take advantage of the neglected

capacity for rapid recovery from chillíng stress. It is likely that,

with further knowledge of the process involved, it might be possible

to tap this tnused potential for the breeding of fast growing genotypes.

Rapid recovery may have several advantages in providing flexi-
bility and stability of grain yield under noderately cool temperature

conditions. For example, if a rapid rate of recovery is not achieved

when high temperatures recur, this is 1ike1y to be reflected in smaller

final size of plant with the yield consequently reduced. Lack of rapid

recovery fron chilling stress Inay also delay flowering and grain fi1ling,
and by so doing rnake the crop vulnerable to late season weather and

insect injury. Rapid recovery, unless initiated as early as possible,

rnay overlap with inflorescence development. such overlapping of rapid

growth rate with inflorescence development nay induce the production of

smaller ears and uitinately reduce crop yield (Milthorpe and Moorby, Ig74)
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5.5 The Association of Metabolic Properties with Chilling Tolerance

and Recovery from Chilling Stress and Their Utilization as

Criteria óf Selection

The task of selecting for chilling tolerant genotypes would have

been much sinpler had knowledge advanced to a point where the basic

principles concerned in the genetic control of chilling tolerance been

clear. llnfortunately, this stage has not yet been reached. There is

no shortage of schemes and hypotheses to set beside a nountain of obser-

vational and experinental data, but the unifying thread which might

a11ow the plant breeder to identify the chilling tolerant genotype from

among a heterogenous population is stil1 lacking. For example, based

on the findings of many experimenters, Lyons (L973) has presented a

schematic pathway of events leading to chilling injury in sensitive plant

tissues. His nodel shows that every process or event has its cause, and

each produces its consequences, out of which flow other events or pro-

cesses. lvlodels of this kind have some attraction in seeking to explain

the behavior of a plant when it is subjected to chilling, but they have

nothing to offer a plant breeder by way of proposing selection criteria

for chilling tolerance. From a plant breeding point of view, it would

have been desirable if a single controlling response or master reaction

differentiating the tolerant genotypes from the sensitive genoty?es hras

available, and more so if the level of chilling tolerance could be pre-

dicted before the occurrence of the stress. One of the primary objec-

tives of the present study was, therefore, to identify a character that

is expressed at favourable temperatures and which is correlated with

chílling tolerance with such consistency that corrr genotypes can be
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screened under field conditions without the need for subjecting the

plants to chilling stress. In order to arrive at this objective it
v¡as necessary to correlate the pre-stress levels of all parameters

studied in the present experinent with the rate of growth at chilling

tenperatures.

Findings of the present experiment indicated that out of the 19

paraneters investigated only the pre-stress levels of sugar content in

the roots and nitrate reductase activity in the leaves were signifi-

cantly correlated with chilling tolerance (Table 14). The correlation

of chilling tolerance with sugar content was positive; and its correla-

tion with nitrate reductase activity v/as negative. No other paraneteïs

studied appeared pronising as selection criteria to be useful in a corn

breeding progran.

A difficulty lies in utilizing root sugar content as a criterion

of selection for chilling tolerance. sanpling roots is not only an

expensive venture, but is also destructive, and therefore its use as

a selection criterion in a segregating population is virtually inpossible.

I.t would have been desirable had such a characteristic of chilling toler-
ance been expressed in the leaves where sampling would be easier, Iess

expensive and non-destructive. Although there was a good correlation

between sugar content in the leaves and sugar content in the roots [r =

+.654, P ) 0.01), there was no correlation between sugar content in the

leaves and chilling toler¿ulce. The reason why there was no correlation

between sugar content in the leaves and the level of chilling tolerance

could not be easily explained. One possible reason is that each pooled

sanple of leaf consisted. of leaves which vlere at different stages of
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developrnent and this might have distorted the correlations. In contrast,

the whole root system t{as.harvested for sugar deterrnination.

The nature of this experiment did not permit the definition of the

nechanism by which high levels of sugars in the roots affect the rate of

growth at chilling tenperatures. However, the hypothesis that sugars,

by providing readily available energy for growth at chilling temperatures

would help the plant to withstand chil1ing, was quickly dispelled when

it was learned that there was an excess accumulation of sugars during

chilling stress. The opinion of Christiansen et aL. (1970) is that

sugars, by retaining moisture, ilây protect the plant from dehydration

and indirectly from chilling. Because there was a good correlation

between the pre-stress levels of sugars in the roots and the 1eve1 of

chilling tolerance, md there was no correlation between the leveI of

sugars that accunulated in the roots during chilling stress and the level

of chilling tolerance (see Table 14), the conclusion is unavoidable that

the level of sugars present before chilling stress, and not the 1eve1

that accumulated during chilling stress was the important factor in

chilling tolerance. If so, the main differences in grovrth rates among

the four inbred lines should be attributed to the differences in the

amount of dry natter that accunulated in the first few days the plants

were exposed to chilling. Further studies are obviously needed to prove

this hypothesis.

The negative correlation between the pre-stress levels of nitrate

reductase activity and the level of chilling tolerance also deserves

further discussion. Several workers (for exanple, Bolaria, 1956: Smith

1968; and Palnertree, 7972) have indicated that increased nitrogen
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nutrition predisposes the plant to cold injuries. Nitrate reductase is

a substrate inducible enzyrne and the level of its activity has been

shown to be rate limiting in nitrogen metabolism (Hageman and Hucklesby,

1971). In the present experinent, nitrate reductase activity was signi-

ficantly correlated with leaf total protein content (r = +.651, P > 0.01).

The lack of significant correlation bethreen leaf total protein content

and chilling tolerance night again be attributed to the inefficiency of

the sarnpling nethod. For the detennination of nitrate reductase activity,

only the second and the third leaves from the top ti/ere used. In con-

trast, leaf total protein content was deterrnined on samples collected

frorn the top three leaves. The inefficiency of the latter sampling

method is apparent as the topmost leaves may vary widely in the stage of

their rnaturity, and as such may introduce more sanpling error into the

experiment.

It4any workers (for example, White, 1973; Smith and Leinweber, I97,I;

Gates, 1968; Bates et aL., 7973; Barnett and Naylor, 1966) have proposed

that storage colnpounds accumulated before or during an environmental stress

are used in the earLy initiation and fornation of new growth rvhen the

stress is removed. With the prenise that the speed of recovery from

chilling stTess may be a reflection of the anount of metabolite accumu-

lated in the plant during chilling stress, an attenpt hras nade to corre-

late the level of netabolites expressed'at chilling temperature with

the rate of recovery. The correlation analysis (Tab1e 14) indicated

that, uti-lízati.on of metabolites that have accumulated during chilling

stress did not contribute in a major way to the observed genotypic dif-

ference in the rate of recovery. In fact, significant negative correla-

tions were obtained for the levels of sugar content and total protein
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content in the roots. In view of the hypothesis aror:rd which the cor-

relation studies were made, these negative correlations appeared very

strange lvhen they were first noticed. A careful exarnination of the

data (Tables 6 and 8), however, revealed that the small rooted geno-

types, K-27 and F7-F2, contained higher concentlcations of sugars and

totat protein when they weïe exposed to chilling stress. It is there-

fore assumed that under conditions which result in mobilization of

netabolites to the roots, genotypes with smaller Toot systems would

accumulate higher concentrations of metabolites than genotypes with

larger root systems. If this is true, then the negative correlations

of total protein and sugar contents in the loots with the rate of

ïecoveïy frorn chilling stress were indicating ihe prinrary importance

of larger root systems for more rapid growth during recovery. This

suggestion is largely confirrned by the data on tissue nitrate content

(Table 12) ivhich indicated that the uptake of nitrate during recovery

was significantly higher in the leaves of the larger rooted genotypes,

VCO264 and 212-74, than in the leaves of the smaller rooted genotypes.

It is, therefoïe, proposed that metabolite reserves nay affect the rate

of recovery for only a few days, and after initial regrowth, other fac-

tors such as photosynthesis and nutrient uptake influence plant growth

rate nore than netabolite reserves.

The interpretation of the results presented above should by no

means be considered conclusive. This has to be emphasi.zed, not only

because of the complexity of the problern, but also because of the

limitation irnposed by the sma1l number of inbred lines used in the pre-

sent study. Because of linited growth room facilities available and
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the large nunber of paraneters inyestigated, it was not possible to

handle nore than four inbred lines. It is, therefore, strongly sug-

gested that this experinent be repeated, using a large number of geno-

types and perhaps only those parameters that appeared promising as

selection criteria in the present study. If the results are confirmed

with adequate certainty they may have an important bearing on the

breeding and selection of genotypes suitable for the cooler corn growing

regions.
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6. SIJMTTARY AND CONCLUSION

- Two chilling tolerant and two chilling sensitive inbred lines were

selected for intensive investigation based on preliminary evaluation of

32 inbred lines for reaction to chilling. The tine course changes in

dry rnatter accumulation in the stover of these,selected inbred 1ines,

namely, 212-74, K-27, VCO264 and F7-F2 were followed at a constant

QS/22oCl and alternating (8 days 28/22 + 8 days 72/lO + B days 28/22oC)

temperatures by harvesting 15 plants of each inbred line at 8-day inter-

va1s. In a similar manner, the time course changes in the contents of

soluble carbohydrates, nitrogenous metabolites and enzymes riere studied.

The carbohydrates investigated were reducing sugars and starch,

while the nitrogenous metabolites were total protein, water-so1uble pro-

tein, and free amino acids. Independent deterrninations of these para-

meters were made in the top three leaves and in the roots. Also,

chlorophyll content, protease activity, nitrate reductase activity and

nitrate content in the top three leaves were determined. In separate

experirnents, the rates of photosynthesis, respiration and protein syn-

thesis as indexed Uy C14-leucine incorporation were measured.

^- ^++^--* r,Jas rnade to correlate the plce-stïess levels of all theserur 4LLç¡rrPL

properties with the rate of grorvth at chilling tenperature with the hope

of identifying biochenical criteria suitable for predicting chilling

tolerance in corn. Also, attempts were made to correlate the levels of

these properties expressed during growth at chilling termperature with

the rate of growth at chilling temperature and also with the rate of
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growth during recovery fron chilling stress. The idea behind these cor-

relation studies was to identify biochelnical changes that may provide

protection against chilling injury; and to assess the contributions,

if any, of these biochemical changes to the rate of recovery from

chilling injury. The following observations were recorded.

1. Subjecting eight-day-o1d corn seedlings to chilling tenperatures

for a period of eight days resulted in severe reductions in growth rates.

The extent of reductions in growth rates varied from 86 - 94eo depending

on the genotype

2. When the chilling stress was removed, the recovering plants

started to grow at a nuch faster rate than the control plants that had

not been exposed to chilling temperatures. By so doing they at least

partially compensated for the loss in dry matter accumulation brought

about by chi11ing. Sone genotypic differences r4¡ere recorded anong the

four inbred lines with regard to their response to favourable tenperature

following chi1ling.

3. The levels of all properties (netabolites, enzymes and netabolic

processes) investigated changed significantly during chilling stress and

during recovery from chilling stress. Most of the netabolic changes

expressed during chilling stress appeared to have been designed to

mininizing injuries caused by chi1ling.

4. Out of 18 paraneters investigated, only the pre-stress 1evels

of sugar content in the roots and nitrate reductase activity in the

leaves were significantly correlated with the 1eve1 of chilling tolerance.

Sugar content in the roots was positively correlated with chilling

tolerance whereas nitrate reductase activity I,Jas negatively correlated
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with chilling tolerance. The 1eve1s of the following properties expressed

at chilling tenperature - total protein in the leaves, free amino acids

in the leaves, nitrate reductase activity in the leaves - were negatively

correlated with chilling tolerance, whereas water-so1uble protein in the

leaves, free amino acids in the roots and protease activity in the leaves

were significantly and positively correlated with chilling tolerance.

Also, the levels of root sugar content and root protein content expressed

at chilling tenperature were both negatively and significantly correlated

with the rate' of recovery fron chilling stress.

Based on the above observations, the following conclusions are

reached:

1. The ability to recover rapidly frorn chilling injury in corn is

a different and an independently controlled character from the ability to

grow at chilling tenperature. In much the same way as there are geno-

typic differences in chilling tolerance, there appear to exist differ-

ences among corn inbred lines in their ability to recover rapidly from

chilling injury. Rapid recovery from chilling injury appeaned to be more

irnportant in determining the final dry matter content than the ability

to grow at chilling temperatures.

2. Rates of photosynthesis, respiration, protein synthesis and

chlorophyll content are not the primary biochenical lesions affecting

growth rate at chilling temperature, and therefore, selection for these

characters would not help to identify chilling tolelant lines in a

breeding prograin.

3. Based on the correlation studies and visual observations, it

is suggested that chilling tolerant lines can be identified by the
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following characters:

a) before chilling stress, the leaves of chilling tolerant lines

express 1ow levels of nitrate reductase activity, while the

roots show high 1eve1s of sugars.

b) during chilling stress, the leaves of the tolerant lines con-

tain high 1eve1s of anthocyanins, water-soluble proteins,

protease actívity; and Iow levels of total protein, free anino

acids and nitrate reductase activity. The roots of the tolerant

lines also contain high levels of free amino acids.

4. Rapidly recovering inbred lines appeared to be characterized by

having large and well developed root systens.
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õó
AFPENDIX T RLti 2. 4 x l0 Contlnßcncy Chl-squnro tcst of indcpcndencc on th('frcquency dls-

tribution of dry Fnttcr yiclrl d¡ta.

INPUT DATA, EXPECTED FRIOUENCIES A.IiD CONTRIBUTION
0F Ficil crLL To (:[I_sQlt^Rti

TREAT¡IDNT
COTß INATIONS Clsss intcÌva¡: st¡ndar(l (lcvistions

abovc or bcloH th!' ncm
+l-t

8-diy old cont¡ols

16-day old chilled

l6-day old controls

24-day old Recovery

24-da), old Contro¡

2rz-74

K-27

vco264

I I-F¿

212-74

K-27

vco264

F7-F2

K-27

vc0264

F7-F2

?t2-74

K-27

vc0264

Í t-îZ

2t2-74

K-27

vcoz64

I l-l¿

OB FREQ

EX FREQ

CEIL X2

OB FREQ

EX FREQ

cEtL x2

OB FREQ

EX FREQ

CELL X2

OB I.REQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

cEtL x2

OB FREQ

EX FREq
CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ

EX FREQ

CELL X2

OB FREQ
EX FREQ

CELL X2

OB FREQ
EX FREQ

CELL X2

OB FREQ
EX FREQ
CELL X2

OB FREQ

EX FREQ

CEIL X2

J.
z.tJ
0.00

0 .00

Z.)J
U. J5

t.
0. 43

J.
¿. )5
0.00
a

¿.55
0. 00

3.
¿. )J

0.00

0 .00

2.

0 .0c

J.

¿. JJ

0, 00

2-

0 .00

2.

0. 00

¿.J5
0. 00

a

0 .00

0.00

2. 55
0. 3s

J.
¿. JJ
0. 00

0. 00

I
z. )5
0. 43

0.00

4. 65
0.00
)
4. ó5
0. 99

4.ó5
0.28

8.
4 .65

4.65
0.00
J.

4. 65
0. 00

J.

4. ó5
0.00

4.ó5
0.00

4.65
0 .00

J.

0.28

6.
4. 65
0. l6
6.
4 .65
0.16

4.65
0.00

6.
4. 65
0. L6

4t
4.65
0.00

4.
4.65
0. 00

4.65
0. 00

4. ó5
0.00

J.

4. 65
0. 00

6.
4. ó5
0. ló

ó.
4 .95
0 .06

7.
4 .9s
0 ..19

4.95
0, 04

J.

4.95

4 .95
0.04

4.95
0.04

4. 95
0.04

7.
4. 95
0. 49

4.95
0.04
q

0. 04

4.95

4. 95
0 .0.1

4. 95
0. 04

5.
4 .95
0. 04

b.
4.95
0.06

4.95
0. 04

4. 9S
0.04

4.95
o.42
7

4.95
0.49

4.95
0.04

a

z .8s
0. 04

2.85
0, 04

J.
t e<

0. 04

2.85
0. 04

J.

2 -85
0.04

0.15

0. 04

0. 04

z. õ5
0. 04

2.E5
0. 15

2.
? Âq

0. 04

2 .85
0. 04

2.

0. 04

2.
? Rq

0 .04

2.ES
0. 04

3.
2e<
o.04

2.85
v. l5

)
¿.öt
0.04

J.

0. 04

Colrmî Totals 93.çt

Grand Tota¡ 300.

Chl-squarc. ¡0.20 Hith 57 dcgrees of freetlon.
Thcorctlcal Chl-squarc, 75.62 -.5X; 84.74 - lt.
Ori-squarc r¿s adjustcd vla yatcrs Corrcction for Contlnuity Factor.

Jt.
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APPENDTX TABLE 3. pedigree, mean rate of growth per day (inches) at 7soF,
nean rate of growth under 55oF and cornparative rate of growth (ssoF/
75oF ratio) of the 32 inbred lines inctuded in prelininary Experinent I.

Ser.
No. Pedigree

Mean rate of growth (inches/day)

-- o-
IJ E - -o_55 f. -- t--O-))/ /5 f

1

2
3
4
5
6

I
9

10
11
T2
L3
74
15
16
L7
18
19
20
2I
22
23
24
25
26
27
28

29
30
31
32

0.766
0.724
0.553
0.522
0 .504
0.647
0.755
0.744
0.769

0.569
0.639
0. 785
0.793
0 .679
0. 866
0.595
0.796
0.707
0.568
0.750
0 .65s
0.740
0.696
0. 808
0.973
0.680
0.732
0.559
0.797
0.615
0.56

0.207
0.182
0.043
0.L47
0.129
0.2I9
0.I82
0.186
0. 139

0.205
0.196
0.2s2
0.229
0. 184
0.234
0.23L
0.239
0. 181
0.r52
U.¿L/
0.L70
0.274
0. 180
0.204
0.22s
0.I57
0. 168
0. 011
0 .1B6
0.063
0.156

0.270
0.257
0 .078
0.282
0.256
0. 338
0.247
0.250
0.181

0.360
0. 308
0.296
0.289
0.27r
0.270
0. 388
0.300
0.2s6
0.268
0.289
0.260
0.289
0.257
0.252
0.23L
0.231
0.230
0.020
0.233
0.702
0.29r

K-25
K-26
K-27
K-29
K-48
K-51
K-52
cM-25
cM-72
cM- 108
Spooner W329 A
French FNO gr? RB 214n F7-F2

" uv 113915n vc 0264f! F101
Smith C.L.T. I2-7I
Haa Pala 70I T-22-7I
272-74
SWF x 814

It tl

63-326 x KN 11"
4495 x D

2019-1 backcrosses
Guatenala Grupo 30-IA
4639 x K27 S. I97L'I
A63g x K27 I- r?

I\¿J- I

K27-T
K29-T
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APPENDIX TABLE 4. Nitrogen and phosphorus contents
leaves of 10 corn inbred lines grown at 28/22oC
and 12 / ICoC ternp era ture .

(e" d-ry weight) in the
(day /ntght tenperature)

I nb rccl Linc

I)hoìlhorus

W n%-- 28/22\',

N i t ro¡',c'rt

iz / ioo c 28 /22o ('.

4639 x K-2751-1971

K-26

F7 -F2

vco264

Smith C.L.T. I2-7L

rl a1 tÌa

2r2-7 4

SWF x 814

N-¿t

C\T-72

0.28

0.26

0. 1B

0.23

0.20

0.24

0.2s

0.20

0.22

0.24

0 .37

0.28

0 .37

0. 4s

0.22

0.32

0.24

0. 39

1/1

2.5

)L

3.2

7A

)')

3.r

,6

4.8

3.5

3.0

2.6

3.2

3.2

2.7


