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ABSTRACT

Hallem, Patricia Mary Joan. M.Sc., The Uníversity of Manitoba,

l_981. Effect of Cold Root Temperature on Gror¡th of Inlheat.

Maj or Prof essor: W. l,IoodburY.

The effecÈ of low soil Ëemperature on Èhe gror^lth of spring

r¡heat (Triticurn aestívum cv. Gl-enlea) was s¡udíed under growth

chamber condítions.

Rate of seedling

the soil ternperature

to 12oc to 8oc.

emergence was reduced progressively as

was reduced from control (16.50-17.soc)

Low soí1 temperature (12oC) was found to have no effect
- .: :. : - i

on the dry weight of wheat roots, but these roots maintained

hígh fresh weight longer than controls; -lforphology, as well

anaËomy, Índicated that root.s gror.m at both 1ow temperaËures

(tZoC and BoC) maintained living cells throughout Ëhe cold

AS

freafmenf.

Low soil Èemperature (t2oC) suppressed the influence of

plant nitrogen sÈatus ori root growth. In the control treatnent'

high nitrogen plants had roots I"lith 1o\,r fresh and dry weights'

while 1ow niËrogen plants had rooËs with high fresh and dry

weights . LzoC plants mainËained similar rooË weights until

temperature controls were removed, whereupon the root weighËs



xl,

fluctuaEed.

Root/shoot ratios were higher in 12oC plants. Adjustments

ín ratios at about 19 days post-emergence (controls) and 24 days

post-emergence (12oC) índicated the occurrence of internal changes

at about thís tirne.

Total leaf prot.eín was similar in both treatments; toËal leaf

chlorophyll was greater ín I2oC Plants; total leaf amino acids

r¡rere gïeater ín controls. Due Ëo a lag in senescence of leaves,

12oC plants maintained functional proteín and chlorophyll longer

than díd controls.

Living tillers persisted to the end of the experiment in 12oC

plants, whereas ín control plants, tiller number fell sharply from

day 24 to the end of the experíment.

12oC roots showed numerous anaÈomical adjustments. Root

díameter and corËex radius increased. The number and radius of

central metaxylem vessels increased. An external carbohydrate

layer rlTas present.

Overall , !2oC plants exhibited a 1ag in growth and senescence

of five to ten days behÍnd control plants. They were also reduced

in height. No damage ilue to vlater stress was apparent' as may have

been expected from cold soíl, buË Èhe smaller plants maintained

organs (leaves and rooËs) over an extended period. The modificatíons

in rooË anatomy would decrease Ëhe resistance to \,rater flow into

t.he root and up to the shoot and ultirnately Èo Èhe developing grain.

The carbohydrate layer may reduee the danger of root and soíl

shrinking away from each oÈher during l¡rater stress.



INTRODUCTION

Little prevíous work has been done on Èhe effecË of cold rooË

temperaËure on Ëhe overall growth of temperate cereals, especially by

growing the planrs ouË in a soil. Such wórk would be valuable in

r¡restern Canada, as spring soil temperatures are cold at seeding time,

relative to ambíent air temperatures, and even Ëhough the soil usually

contains ampl-e moisture, Ëhe 1ow temperature would render it less

available.

The present research attempÈs to símulate fíetd temperaËure

conditions at planÈing time in the Red River Valley . L2oC has been

called an optimum t.emperature for wheat root gror¡Ith (I,Iilkinson, 1967) t

BoC is a root Ëemperature used by Clarkson (L974, Lg76) in hís studies.

These temperatures are probably within the range of temperatures

encount,ered by wheat roots in early spring (Neustad and Inloodbury,

personal comrunication). Plants \^rere examined for effects of Ëemperature

stress as well as v/ater sËress induced by the cold.

It is also hoped that a thorough study of wheat plants,

emphasizing their root conditions, and growing them in their natural

envíronmenË, soil, would call atÈenËíon to the importance of roots, and

of monitoring root condiËóons, during experiments, to obtain a compleËe

picËure of plant grohrth. The information gained on biochemical

components (chlorophyll, proteín, amino acíds) and physical

characÈerist.ics, poínts out that 12oC soil Èemperature does not impair

functioning of the plant, and indeed renders it more efficienÈ in terms



of growËh. Many of the results agree with the resulËs reported by other ()

workers studying temperaÈe cereals: Power et al, 1963, 1970, with

respect Ëo barley; sojka et al, L975, and wheat; case et al, L964, and

oaËs.

The rnost important resulËs are Ëhe least conclusíve, buË hopefully'

the most excíting and stímulating to future researchers. They

demonsËrate that wheat rooÈ anaËomy, far from beÍng a rigíd characteristic'

is flexible and capable of adjustment ín a changing envíronmenË. Low

experimental soil temperature induced a cross-sectíonal (especially

with respect. to the xylem vessel number and diameter) change Ëo¡¿ards

lor^rered resisËance to fluid uptake, and Èherefore greaËer availabílity

of soíI solution.



LTTERATURE REVIEW

Soils and PlanË Growth

The influence of the soíl on the growth of any crop plant, that is,

the direcÈ influence on the gerrninating seed, and then the rooË sysÈem'

and the indirect effect on the shoot, is of fundamental irnportance in

Ëhe understandíng of the physiology of that plant. .Nevertheless' 
many

workers ignored this relationship in their studies and explanatíons of

plant behaviour. Hydroponics is culture without soil or microorganisms,

usÍng insÈead a sËeríle, aeraËed nutrient solution, or an inert medium

and nutríent solÍ¡tion. Conclusions dravTn from Èhis type of experiment

are useful only in relaËion to oËher soilless culËure experiments; Ëhey

cannot. be used to explain phenomena observed on planËs groT/ün in soíl'

In fact, results of hydroculture often differ substantíally from results

of soil culture (Nielsen et al, 1960; Case eË al, L964; Rovira and

Bowen, Ig73). Other workers used a convenËional soil mix Èo grow out

Èheir experimenËal maÈerial, or Ëhey planted in the field, but often

they assumed that the root system and it,s environmenÈ had no effecË on

Ëhe resÈ of the plant. This assumptíon \¡Ias made for the sake of

sÍurplícity, but agaín the conclusions drar^rn from any such experíment

should not be applied indiscrininaÈely Ëo all work. Most workers

fail-ed to report the condiËions under r¡hich their roots grelf' or even

to hold them consÈant while varying Ëhe envÍronmenÈ of the toPs. In

such a case, ít is difficult to say hor¿ much of the experimental



varíatlon observed was acËually due to changed ín root growth and

meËabolísm.

Soil l.traËer

Soil is a very complex system, and each of its properties is

irrevocably affected by all the others. Soil r,Tater ínfluences crop

growth, but also interacts r¡ith soil minerals and díssolved salts, soil

gases, and the soíl particles themselves, to jiggle the rhizosphere to

a ner{ but Èemporary equilÍbrium.

The soÍ1 1rater sËaÈus is expressed ín terms of soil r,Iater potential ,

and, as ín diffusion, water moves from a higher Ëo a lower potential'

The principle componenËs of water poËentíal are matric potentíal

(capíllary and surface forces and hydraulíc conductivity), osmotic

potential, and pressure Potential (hydrostatíc poËential). Each soil

vras found to be unique with respecË to the relatíve values of each

component of total tra¡er potential (Hunter and Erikson, L952; Pawloski

and Shaykewich, L972; I^lard and Shaykewich, L972); this was ímportant in

estimatíng total \^7aËer availability in a parËicular system. I'IaËer

movement Ëakes place in the soil in response to gravity, capíllarity

and so-called suction by the planÈ root. Such movement will take Place

as long as the soil is at a \^7aËer content betr¡een saturation and

pennanent wíltíng poínt. I{aLer f 1o¡,r through saturated soils is

deÈermined by the hydraulíc force and the ease wiËh which soil pores

permiÈ movement. The hydraulíc gradíent can exist in both a vertícal

and a horízonÈal- directionrand is the dlfference in heighË of l^7ater

above and below the soil column. 't¡later table is an ímporÈant componenË



of hydraulic force.rt has been staËed that vrater flows only through

pores of a cert.ain minimum díamet.er (voorhees et al, L97l; Taylor, L974;

Cannell, L977); drainage would therefore be seriously impeded in a

compact soil of high bulk density. There is no available water in

soils aË or below permanent, r{ilting point, and consequently, water

movement is so slow as to be unable to maínËain Ëhe plant. The vJater

remaíning in Ëhe soíl is tightly bound in the smallest micropores and

around individual parËicles.

The raÈe at. rrhích \.rater moves Ëhrough the hydrological cycle,

alternaËing between the liquid and vapour phases, depends on the energy

availabl-e aÈ the plant leaf (stomaÈal cavity) or the

soíl surface. It7aËer is pulled through the planÈ by transpirational flow;

if the soil is at a water potenËial below wilting, or if root absorpËion

is ínadequate, the plant vril1 wilt. AË níght, or on a very hunid day,

the planË is not transpiring. and there is minimal upward movement of

ï¡rater Ëhrough the xylem, whereas in daylight, transpiration begins, a

potential gradient is set up beËween the air surrounding the leaves and

the exËernal soil hlater, and water j-s essenËially sucked through the

plant via the xyIem.

lfater ha:s a high heat capaciÈy and high thernal conductivity and

diffusivity; weË soÍls r^rarmed faster and retained heat longer

(Rosenberg, L974). The inËrj-nsic viscosity of water, measured ín g/cm/

sec, inereases as íts temperature decreased, so that Ëhe flow of cold

t¡ater to roots would be slower. Changes in plant growth wíËh a sub-

normal rooting temperature may be due Ëo r.rater stress, as well as

temperature st.ress.



irrhile excess soí1 water could exert its effects mainly by the

exclusion of air, a vrater deficit could influence plant growth in many

ways. Germinatíon rate r¿as consíderably lor¿ered by extreme water tensions,

although final germination per centage may not have been impaired

(Pawloskí and Shaykewichr l-972). The rhizosphere of Ëhe established

plant was mainly confined to a volume of soil sufficíent to meet the

transpirational demands of the currenÈ foliage; as the soil moisËure

was used up, roots gre$I outr¡rard along moÍsture gradienËs, Ëoward more

vailable water supplíes. If a part of a root was subjected to \¡rater

stress, compensat.íon by other roots maintained a constanË upËake (Lawlor,

1973). If the waËer table dropped progressively over the growing

season, the roots grew along the recedíng front, Èo very great depths.

Potential danger exísËed where plants enjoyed an ample vraËer supply

early in growth, but a sudden drought occurred, and they were lefË rnriËh

a shallow root system, ínefficient in seeking'out and utílízing distant

reservoirs. Root hairs r^rere usually absenË in plants growing at low

soil water potential, although laterals may be much more numerous.

Roots growing 1n moisË, aerobic soíls exhibited prolific root haír

growEh. Root caps r¡rere often covered r¡ith a layer of mucilaBer â

lubricant; roots growing through dry soil showed a greater exudation of

carùonaceous mateïíal (identified Uy 14c), possÍbly nucilage, near the ¡

rooË cap area (Martín ' L977). This was perhaps a compensatory feature

for the higher friction coeffipient of dry, as opposed Ëo weÈÈed, soil

partícles, but the mucilage may al-so serve t,o maíntain a contacÈ

betr¡een soil and root surfaces under conditions of high transpirationr'

where the root may have shrunk as a result of hraËer loss (Huck et al, 1970).



Overall- p1-ant growth under waËer äËress was reduced, but the extenË

is unknown. Plants that were acclímatized earLy to growing in soil

below field capacity grevr successfully and yielded respectably (Passioura,

Lg72). Non-acclimatized plants reacted to stress by wiltíng, reduced

growth, tissue damage and even death. Some kinds of planLs, for example'

those that readily close Ëheir stomaLa during the hottest part of the

day, and Ëhose that employ the Crassulacian acid matabolíc pathway,

have become adapted to water stress tolerance.

Soí1 Temperature

The soil temperature, wiÈh íts,diurnal and annual periodicity, has

a most important effecÈ on planË growth, and yet' comparatively few

sËudies have been done using soil temperature as one of the variables,

because ít is so hard Ëo SeParate íts effecËs from, for example, waËer or

oxygen sËress. The daíly ÈemperaËure course is determíned by solar and

terrestríal radiatíon, and exhíbitB a maximum just after noon' and a

minimum just befoïe sunrise. The ampliËude of the varíation decreases

u7íth depth, to about 30 cm, where it disappeaïs. Surface variation ís

small in winter, when snow insul-ates the ground, and on mulched or

cropped 1and, or in wet soils

The annuai .o,rt". of soil temperaËure' in temperate latiÈudes, iS

usually characterízed by one maximum, in July or AugusË, and by one

minimum, in January oi February. Anplítudes of annual oscillaÈions also

decreased with depth. On an average, Ëhe dePth of peneËration of annual

fluctuatíons varies from 8-25 n(Shulrgín, 1965); below this depth'

there r{as a 1-ayer of constant temperature. ObservaËíon of Canadian



soíls has shom thaË heat contenË at 100 cm \,ras large and constant al1

year; Èherefore the rootíng volume of soil \,ras TÂ/attned from the bottom

and the top with the onset of warm r¿eather ín spring (Nielsen, L974).

The soil structure also influenced its heat capacity. Since water

has a high specifiç. heat, but a low conductívíty, relative to air,

soils which retained ürater warmed up more slowly, but held the heat

more tenaciously, especially near Ëhe surface, and Ëherefore showed a

more const,ant t,emperaËure throughout the growing period. Darker soils,

such as those high in organic matter, had a lornrer albedo or reflectivity,

and a greaÈer capacity for heat absorptíon.

Soil temperaLure affected plant growth at every stage. trrlater

absorption by seeds of wheat and corn increased with increasing

Ëemperature, reaching a maximum at 35oC (Chaudhary et a1, L}TI), and

resultíng in a greater rate of germinaËíon at higher temperatures.

Seedlíng emergence varied over a range in temperature; Ëhe emergence

curve had a maximum value characËeristic of the crop. 'Coolt crops,

such as.wheat, peas and turnips, exhibited emergence maxima at lower

temperatures (15-20oC) than rwarmt cïops, like cotton, sorghum, rice and

melon (25-300). The 'coolf crops even showed signifiganË buË sl-ow

ger:minaËíon at 5oC, and very red.uced gerrnination at 35-4OoC, while

'ürarmr crops were only inhibíted aË 40oC (Singh and Dha1iwa1, Lg72).

The low temperatures prevenËed actual germinaLion, and caused improper

seedlíng developmenË, whereas at high teurperatures, ínereased respiration

raËe and metabolic failure occurred.

Root zone temperature affected urorphology and distribution of

roots. At sub-normal temperatures, rooËs were usually whiter, thicker



and less branched than at nomal temperature; aË higher Ëemperatuïes,

rooËs became more filamenËous (KeËellapper, 1960; Brour¿er and Hoogland,

19643 NÍelsen and Cunningham, L964; Garwood, 1968; Abdelhafeez et aL,

rgTL). The soil temperat,ure profile influenced to some extent the

rooting pattern. Roots were more prolífic in the warmer zone near the

surface, and in Ëhe subsoll, fewer, thicker roots with reduced activiËy

would be present (Nielsen, L974). Anatomically, roots grown aË sub-

normal temperatures shor,red elongated cells, due to delayed maÈuration

(Burstrom,7956; varner et al, L963>, and a suberized endodermis much

closer Ëo the root tip (Brouwer and Hoogland, 1964). shoots of plants

with cold roots showed reduced leaf area and number of stonata (Herath

and Ormrod, L965). The data suggesËed a rnrater stress interaction as well.

Kleínendorst and Brouwer (1970), in studies on corn, suggested that

lowered root t.emperaËure induced water stïess in shootEr âs a result. of

reduced perureability. Growth eould only resume as the osmotic value of

the cell sap approached normal, and turgidity recovered and cell

expansÍon resumed.

Dry maËter accumulat.ion in the lamínae of rooted bean leaves \,ras

greatest at the lowesË temperature rooting medium (Humphries, Lg67), but

wheaÈ plants had decreased ÈíIlering and dry matter accumulation rin

9oc soil (sojka et al, Lg75), as compared to higher soil temperaËures,

15.50 and. 22oc. hrhíle the work by Hurnphries on rooted bean leaves

íllustrated nicely the source/sínk relatiónship between root and shoot,

thfs approach is too simplistic to be applÍed Ëo Ëhe whole planË. The

root functions as a sÍnk for meterials, especially carbohydïates,

traFslocated from the top. However, it exercises an act,ive role as
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vlell'thatofabsorptionofsomenutÏient'sandmanufacËureofsome

necessary growth factors, for example, cytokinins; hence' any stimulus

ËhaË reduces the met.abolic rate in Ëhe root sl-ows dor'¡n these processes and

indirectlY affects the shoot '

InËomaËo,higherÈranspirationratesinplantsathighersoiland

aír temperatures lras noted, buË upon examínation of the stonatal

resistance, 1t was shovrn that plants at 22oc soíL ÈemperaÈure showed

pronounced stomatal closure at lBídday (Abdelhafeez et aL, l-971)' Thís

againsuggesËeda\,raËeïstresseffect,alÈhoughoptínalirrigationl'/as

maint.aíned throughout the experiment'

Thereislittleinformatiol}ontheeffecËsub-normalroöt

temperaËure had on yield, either throughout the growing season' which is

not a pracËícal approach any!üay' as annual plants are only exposed to

cold soÍls early in their lífe, or at any period ín the growing season'

Nordin (Lg77) examíned potassium and calcium uptake in rooËs of wheat

plant'safËeraperiodofpre-cooling.Hisdatamaybecautiously

appliedtoplanËsgenninatedandgrol^7llincoldsoil.NetupËakeofboth

íons decreased during coolíng; neÈ calcium uptake recovered completely'

whíleneËpotassiumceasedcompletelyrwíthnorecovery'ThesefacËors

would ceïraínly affect fí_nal yield. sojka eË al (1975) found that

tilleríng in wheaË ís reduced as soil Ëemperature is lorn'ered from 21o

to 9oC, and Brengle and l,IhíÈfield (1969) add that tiller reduction aÈ

1-2.goC ís compensaËed for by more kernels per head Èhan aË 18.3oC-

Shultgin(1965)examinedtílleringofwheaËÍntheUssR,andconcluded

that, for wínËer wheat, average air temperature above 10oC, and maximum

soil and air temperaÈures of 15oC, produced the greaËest tillering
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i-ncrement.

These responses may have in part reflected responses of the planË

Ëo vernalizaÈíon. Low temperaÈure hastened floral inducËíon, which was

promoted by a J-ong-day photoperiod. In wínËer wheat, for insËance, if

Ëhe seed was vernalízed and grown out under long day condiËíons, Seven

leaves would be produced per Ëiller, and the tiller number would be

reduced, as r,rould the number of spikelets per head. Spring wheats may

retain some ïesponse to vernalization. An exËreme example is seen in

sorne of Ëhe Mexican semi-dwarf wheaËs. These lines were selecËed as

day-neuËral, in keeping with the aims of Ëhe CIMYT program t,o develop

r¿heats wíth wide geographic adaptability. However, if they were

vernalízed, a single tiller developed early and bolh leaf number and

spikelet number s.¡r¿s reduced (Halse and l^Ieír, L974).

trrrhile responses Ëo vernalization and to photoperiod were inherited

independenËly (Halse and Weir, L974), ít is not clear how responsive

Canadían varieties may be Ëo these factors.

Root Growth and Metabolísm at Sub-opËímal Root Temperature

Root met,abolisrn at sub-opËimal root temperatures was invariably

affected \^rith respect to several Parameters. Unfortunately, many

discrepancies exist in the literature as to the duration of the cold

treatmenË, Ëhe actual low Ëemperature used, Ëhe stage of growËh at \,Ihich

Ëhe roots were subjecËed to a Iow temperature, and the shoot temperature.

Also, growth conditions prevíous to the experíment are very important,

as they establish an equilibrium of root/shoot metabolisn against which

experimenËally induced varíation will be coupared; these were differenË

ín almost every lab. In addition to these complicaËions, Êhere T¡Ias no
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comprehensíve sÈudy of the effect of sub-optimal root temperature for

any one crop. The temperate cereal-s, wheat, oats, tye and barley, can be

conveniently classed togeËher, and probable applicaËions to one crop

extrapolated from work done on another. More heat-loving crops, such

as beans, corn and Èomatoes, \¡rere also extensively sÈudied, and appear

to have many símílarities as we11.

Possibly Èhe most obvíous effect of cooling of roots was the

change in weíght relaÈive to that of roots gro!ürì aË the so-called

roptimumt rooË tempeïature. While indívidual crops experienced

distínct minima, opÈima and maxima, growth was pracËical1y suspended

below a soil temperature of 40C fo= most crops (Namken eË al, Lg74).

But as the soil (or nutrient solution) Ëemperature optimum was attained,

dry weight accumulaËj-on was maximízed; in fact, it was thís standard

(dry weíght accumulation) r¿hich was often used to define optímum root

Ëemperature. However, optimum root temperature can only be defined for

specific experímental condiËions; it varied greatly wiËh age of the planË,

shoot Ëemperature and 
"nríton*.ntal conditions. For oaËs gro\dn in a poÈ

ín a greenhouse, and only subjected Ëo regulated soil temperature from the

fífth day to harvest at various stages of plant growth, Nielsen et al

(1960) found Ëhat rooË growth measured in g dry weight per pot (with 10

plant,s in a pot) was maximum at AfOr (SOc), and thereafter decreased as

soil ËemperaËure íncreased to 54o,67o, and BOot (12.20, irg.4o, and

Z6.loC) for all treatments. Exclusion of phosphorus from the

fertil-izer treaËments resulËed in Ëhe lowest rooË yield, but Èhe trends

all remalned Ëhe same. Barley (Power eË al, 1963) responded to added

phosphorus in the same vray. In this experiment, nine seedLÍngs of barley,
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prevíously grown at l5oc Ëo the two-leaf stage, were poËËed together

and then subjeeted to 90, 15.5o o-Ï 22oc soí! tenPerature (air

ËempeïaËure ülas ZZ}C). On any gíven day, greatest rooË growth occurred

at 15.5oC soil Ëemperature, buË when dry weights rfere compared at equal

sËages of morphological development (three-leaf' four-leaf' tillered'

headã¿, sofË dough, mature), ít Eas found Ëhat prior to heading, root

growth (expressed as g dry weíght per cm) at 9oC 'n'as less than the

other tr^ro Ëreatments, and was maximum at 15.5oC. By soft dough stage'

dry weíghts aË 15.50 and 22oC sÈarËed to decline, whereas dry weÍght at

goc continued to increase, and surpassed the oËher t\,7o treatments. rt

appeared that a period of adjustment lÄlas required for Lhe barley plant

to inítÍate rapid growËh and development. AË lower soÍl temperatures'

Èhe adaptaÈion period was longe¡, buË once Ëhe períod I^7as over' growËh

raÈes were simílar. ïor wheat as well, 15.5oC soil temPerature resulted

in the greatesË root dry weight per plant, and root dry weight at goc

surpassed thaÈ at ZtoC (Sojka et al, Lg75). In this study, seedlings were

gïornrn to Ëhe three-leaf "t"gà 
at 25oC, and on1-y exposed Èo Ëhe

experimenÈal temperaLures f'or 25 days, whereupon Èhe rtrhole lot was

harvested. Therefoïe' no ínformaËion regarding the rate of

accumulaËion of dry matËer r'Ias obtained'

In a sËudy of a variety of crops, Brouwer (1962) showed that

opËimum root Ëemperature for dry weight accumulaÈion rn¡as a range rather

than a specifie temperature, for crops such as flax, straÌÀTberries, peas

and.beans,buËrape'maizeandoatsdoinfacËhaveapoíntoptimum.He

found for oaËs that the opLímum root temperature for dry matter gaín
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hras 2OoC. Hís r¿ork dif€ers from others¡ ín Ëhat all his plants were

gerninated at 20oC and then gro!ún to harvest, after from tv¡o to six weeks

in a nutrient solution, instead of in soil. The crops he studied all

had a root tempeïature optimum around 15o-30oC, which was higher that

that found for tenperate cereals by other workers menËioned, all of

whom grew theír experimental maËerial in soil.

It is unfortunaËe that most experiments r¡rere terminated v¡e11 before

yields could be not.ed, because all the experímental work cited above

can only be applied to yÍeld of roots. It must be remembered Ëhat, for

all the crops listed above, financial profíts are measured in terms of

graín or fruits, and there is an equilÍ-brium point beyond whích the

rooË may become a liabilíEy, and may lower yíeld by virÈue of iËs size

and íts drain upon photosynËhetic products.

Brouvrer (L962) determined that, for strawberries, optimum root

Ëemperature for fruit dry weight accumulaËion v¡as arouïrd 25o-3OoC,

whereas, for root dry weight accumulaËion, 1t ranged fron 10o-25oC.

Barley root yields have been maximized aË 6o-l3oC (KorovÍn et a1,

L96L; trrli11íams and Vlamis, L962; Power eË a1, l-963, L964, L970; Mack,

1965). Grain yields were besË aÈ 18oC. Yiel-d of oaË graÍn has been

greatesË at l8o-2ooc (C""" et al, 7964), but wlth ample nitrogen,

phosphorus and poËassíum, most ïooËs were produced at 5oC. Nielsen eÈ

a1 (1960) found that, at, heading and maturiÈy, yields of foliage and

grain or stratl fncreased with temperaÈuïe to 67oF (19.4oC) regardless of

nutrient treatment, but aË 80oI Q6.7oq, all yields were depressed

belotr those at 41oF (SoC). Wheat yields have been best wíth root zone

temperatures of about zOoC, but it has been reported that wheat produced
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fer¿er tillers at L}.BoC than at 18.3oC. However, aE L2.8oC, there rsere

502 more kernels per head (Brengle and ltrhitfield, L969).

The optimum rooË Ëemperature for yield of coËton seemed t.o be

about 28o-30oc (Letey eË al, 1961; Pearson et a1, 1970). The most

favourable root zone temperaËure for ríce r^ras quoted by Owen (1971) as

being around 25o-30oC. At the time of tilleríng, r¡rateï ËemperaËure

r¡¡as most import,ant, because the growÍng poínÈs were submerged, but once

tillering was compleËe, yíeld potential was fixed, and air teurperaËure

became critical. At high úrater t.emperature, tillering rate was

increased over a shorter períod, so Ëhat as root and growing point

temperature eras increased, yield potential was decreased. This phenomenon

exists in any tilleríng plant where yield is measured in fruíts of folíage

(as ín grasses and forage crops). Peas gror.m at a root temperaËure of

about 21oC had the greaËest yield.

Root erops needed specíal consideraÈion, as Ëheir potenËíal yield

r¿as directly affected throughout their life cycle by the soil temperature.

Whereas other crops had a yield potential measured by photosyntheËic

versus respiration raËes of tops, which could be greatl-y reduced by a

col-d rootrs ínabílity to supply water, minerals and some growËh hormones

to Èhe developing shoot, root, crops had a yÍeld potential determined by

Ëhe inrmediat,e envlronment (the soil), which could be altered by reduced

photosynËhesis and supply of translocated carbohydrate to the

subterranean heterotropic organ. Army and Miller (1959) found that

turnips had an opt.imum root temperaËure of 19oC l-n the autumn, but in

spring it was 27oC; the difference in the spring ¡,ras related Ëo more

sunshine. PotaËo.production can be related to both number and size of
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tubers. Tuber number was highest aÈ a soí1 temperaËure of 10-C' and

decreasedsteadílywit'hincreasingtemperature.However,atcooler

temperatures, smaller tubers predominated. Yíelds of sugar beet rooÈ

trere greatest at 24oC soíL temperature (Radke and Bauer, L969), but per-

cenËage sucrose eras greatest at about lBoC (tto and Takeda, L963; Radke

and Bauer, 1969).

It is importanË to notice carefully if yield of above-ground parts

is quoted in grafn or fruits' or in tops or foliage' IË is Èrue that

leaf area and photosynthetic capabílity of any plant determine iËs

yieldPoÈenËialbyfixíngLheamountofcarbohydraËeavaílablefor

grain fillíng and fruít production, buË top yield is not the same as

fruit yield. Thus Níelsen (1974) quoted several sËudies on beans, coffee,

cit.rus and sugarcane in an ambiguous manner, referring only Èo ttopt

gro\'rth. Brouwer (Lg62) made it clear that he dÍstinguished between

shoots and fruÍËs in his sËudies on Èhe effect of rooËing solution

temperaËuïe on relative dry weight accumulatíon of various crop specíes'

Differences in root weights at varíous temperaËures have been

observed for a variety of crops; however, there is little ínformation

abouÈ whaË makes up this greaÈer root mass. In some cases' rooËs grown in

soil- were ímpossible to-clean thoroughlYr so any chemical analysis of

their compositÍon would be íncorrecË. Nielsen and Humphries (1966)

pointed ouË that the size of the root system \^Ias not necessarily

related to Ëhe shoot requíremenÈs, and so Ëhe rooË sysËem of any plant

mây not always absorb water and nutrients to the full extent of which

it is capable. The shooË, r,rhích is a sink for root assimilates,



L7

controlled to a certain extent Ëheir rate of uptake. One theory under-

lying the root/shooË ratio was that of relating niÈrogen assimílated

to carbohydraËe fixed (TroughËon, L974). The ratio could be affected

by environmenË, but varied as Ëhe plant grehT' and so would need to be

interpïeted with cauËion. In víew of this' roots could be analysed

for nitrogen aS vre11 as total carbohydrate' at different temperatules'

to determíne their relaÈÍve abiliËy Èo receive and store photosynthetic

products from Ëhe top. The ratio between these t\,Io components, as

well as any deviaËíon from conÈrol conditions, would h.lp to poinË out

any possible rnetabolic rabnormalitiesf in cold roots'

Most studies confined Ëhemsel-ves Ëo an anal-ysis of varíous nutrients,

especially nitrogen, phosphoïus, potassium and calcium, Ín rooËs grown in

cold media, to get an idea of ion upÈake under these condítions' ActÍve

absorpËion of ions depended on energy supplied by oxídaËion of carbohydrate

through respíration, and absorptíon r¡Ias slowed down by cold (Nielsen

and Hurnphríes, Lg66). Entry of ion inËo the free spaee of roots'hlas

not teBpeïaËuïe dependent, aS it occurred rnainly through passive

dlffusion.

Temperature had a definite regulatory effect on the raËe of respíration,

(Fujíwara and Suzuki, 1961), which supplied energy for Íon absorptÍon' as

well as other root meÈabolic activiËíes. Field sËudies, as well as

greenhouse studies, often combÍned ímpaired aeration, achÍeved by

flooding wíth waËer or ni¿rogen gas, wiËh l-ors soil temperature' to

meadure yields under condiËions of reduced respíration (Luxrnoore eË al,

L973; Labanauskas et a1-, 1975). In each experiment, all done with vlheat,
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reducíng soil oxygen, esPeciall-y on a long-term basis (20 to 30 days),

or increasing soíl temperaÈure to 25oC, drastically redueed grain yield.

Low soil tempeïature (5o or 15oC), either at control aeration or under

condiÈions of flooding, had líttle effect on yield reduction, in Ëerms

of grain dry weight per pl-ant. It appeared then that cold soil díd

not impede the diffusion of oxygen Ëo the respíring roots, and díd not

reduce respiraÈion below that required for contínued reproduction, but

thaË it somehow reduced ïooÈ meËabolíc raËe. An íncreased yiel-d rnight

have been expected if Ëhe root functioned rnainly as a sink for

photosynËhate, in competítion \,Iith Ëhe developing grains, but no such

increase was found r¡¡hen root. respiratíon htas inpaíred by cooling.

However, long-term oxygen exclusion ín the vícinity of the roots caused

deformitíes, similar Ëo Èhe sympËoms of excess shooË hormone.

The conclusions drawn in Ëhese studies poÍnËed Ëo a more active

funct.ion for roots than jusË a sink for exporËs from the top. On Ëhe

other hand, Jensen (1960) measured raËes of respiration, by both carbon

dioxíde release and oxygen uptake' by íntact rooËs of tomato and corn'

and found that it approxímately doubled betr,¡een 25o and 30oC. At 25oC,

Luxmoore et al (1973) found grain yields to be greaËly reduced' compared

to yields at loÌ^rer soil ËemperaËures. Such supra-opLimal Ëernperatures

affected mofe than respiraËion raËes; wiËh biological reactíons, Èhe

QtO i" ofËen in the range of two to three, but may be higher with

specífie enzyme systems; aË very high teurperatures' enz)rme malfunction

and Èissue damage can result.

Reduced p1ant growth raËe at sub-normal root temperature has been
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ascribed to nutrienË deficiency. In fact, phosphorus deficíency and

cold stress can both induce a characteristic purple anthocyanin

pigmentation ín affected planËs.

Phosphorus as a soil constítuent is immobile, and SuËton (1969)

concluded that. the soil temperaÈure could reduce the availability and

quantity of naËive phosphorus to plants. He suggested that the

beneficial effects of fertílizer phosphate r¿ere mainly due to Lts

increased availabiliËy and higher concentration in soluËion, at any

soil ËemperaËure. In an analysís of oat roots harvested 43 days afÈer

emergence, Case eË al (L964) found thaË phosphorus upÈake increased as

soil temperaËure increased from 15o xo 25oc. In each case, phosphorus

content of rooËS vlas greatest where it was applied ín a more soluble

form. Phosphorus conËent of shoot.s was also compared, and it evidently

increased as soil temperature increased as well, showing thaË at higher

root. Ëemperatures, phosphorus passed through the entire plant systen more

quickly, and accumulaÈed in Èhe tops.

PoËassium uptake (using t6*o) was studíed by Nordin (7g7V), and his

work shovred that influx into roots of intact wheat plants decreased wíth

root coolíng, and Èhat poËassium movement r,ras restricted to Ëhe lower

shoot, whereas potassíum content of upper shoots decreased" Potassium

influx recovered Ëo al-most normal rates 12 hours after reÈurn to normal

control temperaËures, whereas plant.s noË provided with this recovery

períod did not resume normal potassium influx. Potassium leakage by

diffusion was also reduced aË low temperature, pointing to the

probabilíty that membrane permeability wiÈh respect Ëo potassium may

have been decreased by cold; upon return of plants Ëo normal root
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temperaËure, potassium leakage oï efflux increased' so that net uptake

was negative. This íncrease ülas explained by a higher perneabíliËy of

the root cell- membrane induced by return of roots to conËrol Ëemperature.

Nordin (L977) also sËudíed calcium upÈake and ËranslocaËíon in the

inËact wheat plant (using Otr^). Total calcíum uptake ín the planËs

decreased during root cooling, but contrary Èo potassium, recovered

aften¿ards. The effects on calcium distríbution resembled those of

potassium, with the exceptions ÈhaË no decrease of the calcium conËent of

the upper shoot occurred, (calcíum is naËurally very in'urobile in Ëhe

planÈ) and the íncrease of calciurn in the roots was low. After cooling,

the rate of íncrease of calcium in the roots was hígher than in the

conËrols, and an increase in cal-cir¡m conËent of the upper shoot was

observed.

Several principles concerning the mechanism of uptake of phosphorus

and potassium, as opposed to calcium, can be called upon to explain the

differences between the ions. Fírstly, phosphorus and potassium were

presumed Ëo be translocated Ín the synplast of the root, whereas calcium

Ëravelled through the apoplast (Nordin, L977; Pitman, L977; Clarkson

and Sanderson, 1978). Travel Èhrough the syrnplast enËailed rnovement

Êhrough Ëhe cytoplasm of one cell and the plasmodesmata linkíng

adjacent cells to Ëhe cytoplasm of the next. The presence of hígh

densitíes of plasmodesmata in even SËate 111 endodermal ee1ls would

allow ready access to the sÈele and Ëhence to the rest of the plant.

(State l- endodermal cells possess suberin in transverse and radial

walls; ín State 11 ce11s, a continuous layer of suberin is laid down as
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lamellae between the plasnalenrma and Ëhe ceI1 wal-l ; and ín State l-11

ce1_ls, a thick layer of cellulose is deposíted over Ëhe suberin l¡mellae

(clarkson and Robards, 1975; Pítman, L977)). Pitman (L977) reporLed

that various reviews on symplasËíc movement all concluded that it v¡as

a non-a-ctive process, but active processes and hence metabolic energy rdere

probably required for ínitial entry into the symplast, and for cyËoplasmic

streaming which moved the íons through the cell. Viscosity of cytoplasm

increased as its ÈemperaËure decreased (Nielsen and Humphríes, 1966).

Sínce there is no evidence in the literature of an active efflux

of potassium from the roots, it seems probable thaË the lowered leakage

from the rooË r¡ras caused by a decreased cell membrane penneability for the

ion at. low Ëemperature. This could also account for decreased uptake.

Calcíum, on the oËher hand, T,,7as ËranslocaËed apoplastícally, through

the cell wa1l, by diffusion and passive movement in absorbed waËer, and

by ion exchange. Nordinr s (L977) experiments with calcium also

indicated a lowered membrane perneability during cooling, both ín

terms of efflux and Ínflux, buË immediately upon return of the plants to

control root Ëemperatures, calcium influx resumed at the control raÈe'

and efflux declined. This was possibly due Èo a lower calcium

concentration Ín cooled roots Ëhan in control-s. Thís calcium may have been

strongly bound to cell walls, or at least Ëo cell interior. Indeed,

Humphries (1951) showed that the uptake of one element by excised roots

was ínversely proportional Èo the concentration of thaË element in the

rooË cells.

Transpiration rate greaËly affecÈs the flow of water and solutes

through the entire plant, beginníng wÍth absorption at the root/soil
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interface. Therefore, it is reasonable that 
"oodiaions 

affecting

Éranspiration raËe will affect íon uptake; conversely, factors affecting

ion solution influx r¿il1 affecË transpiration raËe. Transpíration is

conËrol1ed'by stornatal openlng and closing, due Ëo ehanges ín guard

cell turgídÍÈy. Potassium has a general function in the regulation of

v/ater in plant ce1ls, and it has been shov¡n to acË during osmoËic

adjustments of plants placed under stress (Rains, Lg76). rt was found

thaÈ potassium was selectively absorbed by planËs, and was one of

the main íons ínvolved in protecting the plant from losíng water and

becoming physiologically dry. More specífically, potassíum accumulation

by the guard cel1s, and the resulting increased Ëurgor, caused the stomata

to open. Abscissic acíd was able to prevent, potassíum accumulaËion by

guard cells within minutes of application (varner and Ho, rg76).

Nordín (I976a, L976b) examined Ëhe relationship betr¿een vrater-

stTessed wheaË planÈs and theír Ëranspiration rates upon Ëheir reËuïn

to control temperaÈures. (rn both cases, root cooling, to Loc for 24

hours' a very low temperaÈure for a very short time relative to oËher

studies done, induced waËer stress in the plants.) The uost important

observat,íon Ì¡ras Ëhat ,transpiraËion raËe in sËressed þlants ¡vas much lower

than ín unstressed plants, and thaË there !'ras a delay in transpiratíon

upon sÈimulatíon of the planË by light afËer its return to conËrol

Ëemperature. Nordin also observed microscopically that stomatal

aperËures nere smaller in plants wiÈh cooled roots, when Èhey were

sËimulated by ]-ight, and even after 24 hours in Ëhe control_ chamber,

stomata did not open t,o the exÈent of Ëhose in conËrol plants, which

had not been subjected to the vTater stress. Nordin concluded that the
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decreased 1rater flow through the plant after removal of stress could be

atËrÍbuted rnainly to increased stomaËal resisËance, and not Èo effects

on root conductivíty. This stonatal resístarlce could be induced by

reduced potassir:m upÈake by cooled roots (Nielsen eË a1, 1960; Nordin, 1976b)

Net potassiuu uptake did noË return to normal in cold-sËressed plants .- -- "

whích r¡rere reËurned to control temperaËure, thereby continuíng a potassium

deficiency already índuced by cold treatmenË. However, ín a subsequent

paper, Nordín (L977) concluded that potassium deficiency and resultant

guard cell flacidity rvere noË the reasons for ímpaired transpiration.

RaËher, water stress and/or abscissic acid was irnplicated.

Nordín based his conclusíons that shoot raËher than root influences

$rere responsible for water stress and Èranspiration 1ag on duplícaËes of

all his experimenÈs, usíng excised tops ín boËh control and test

siruations. clarkson et al (L974) and Clarkson (1976) studied

exudation by detopped barley roots held at low tempeTature, but they

included a pïe-treatment at the selected 1o\,7 temPerature as part of the

experimental regíme. In principle, their conclusions contradícted those

of Nordin, alËhough they found that a low pre-treatmenË temperature

appeared to produce an adaptation to the imposed stress, and exudation

raÈe (although not the urater poÈential, expressed as concentraËíon of

poÈassium and other inorganic ions) was increased by the adaptatíon

period. A decreased resisËance to vraËer movemenË, possibly through an

íncreased hydraulíc conductivity of the cooled root' \'Ias irnpJ-ied.

Consequently, Èhe rooË df-d play an actíve parË in regulating r¡later

conËent of the whole plant, but onl-y after a period of adjustment.
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This approach is more realistíc than the 24-hour ísolated ËreaËmenË

peÏiod of Nordin; his conclusíons may have been eorrect, where roots

had no adjustment period, and were acting as truly stressed organisms,

whereas clarksonrs may have adapted, and \¡Iere no longer in a state of

Ëemperatule StreSS. However, the potassium concentration of the sap

rÂras noË altered and Ëhis reinforced Nordint s Ëheory that reduced

transpiratíon and I,rater sËress in the plant \¡Iere not due to defíciency

in the guard cells. Clarkson et aL (L974) began by implicaÈing

abscissíc acid, and the abscissic acl-d/cytokínin ratio in the plant'

as the reasorr for altered water movement in the planË as a whole, buË

after study, they rejected this hypothesis, and ascribed the dífferences

in exudation raËe to changes in the membrane of rooÈ cell-s induced by

low temperature.

clarksonrs various sËudies were the only ones to observe influx of

tüater and ions after a pre-treatment period' (Some of Nordints

experiments employed a post-tïeatment period of adjustment and recovery')

Nordin (L976a) found ËhaË ï,rater stress could be induced by subjecting

roots of Ëhree-day o1d planËs to tvlo hours of mannítol in the nutrienÈ

solution, or to periods of coolingr or to one hour of drying. clarkson

(Lg76) found ËhaÈ a Pre-treatment períod of !2 to 72 houxs allowed for

an adaptation mechanism to be impLemented; Power eË a1 (1970) proposed

ÈhaË a períod of adjustmenË I¡7as required for plants gro!'rrl at soil

temperature belolr Ëhe optimum for dry weight accumul-at1on, whereupon

Ëheir grolrth rate approached tnormalr. It r¿ou1d seem that experímental

condiËions which most nearly approximaÈe natural conditions would yield

the most valuable information. The infornaÈion gleaned by Clarkson and
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his various co-rrrorkers agreed with posítions held by students of root

anatomy, that. water stress, for instanee, when indueed by cold soi1,

caused a structural change in the p1-ant which allowed the plant. to

maíntaín adequaËe !¡ater content. A revíew of the anatomical and

morphological literature will follor¿.

Nitrogen uptake and assímilation have been investigated as weIl,

sínce they occur primaríly through the rooËs. Unfavourable root

tenperatures, either high or l-ow, resulÈed ín accumulaÈion of nítrate-

nitrogen in plants, due to a reduction in nítrate-reductase activiËy

(Younis et a1, L965; Nowakowski et al, L965: I{atschke et a1, 1970).

Protein synthesis, which occurred acËively ín the root, followed

typical temperaËure 1aws, and in the cold envíronment, proceeded very

s1ow1-y.

There is a dearth of inforuratÍon on Èhe hormonal activity of the

xylem sap exuded from cooled rooËs. Nordin (7976b) examined the effect

of abscissic acíd on tTanspiratíon raÈe of the excised shoots of plants

¡¿hose rooÈs had been subjected to cooling, buË he did not analyze the

roots of eíther experimenËal or control plants for changes in the

concentration of endogenous abscissíc acid. Clarkson et aI (L974)

concluded that the effec_ts of cooling on both exudation and the

accumulation of soluble carbohydrate ín barley \¡rere consequences of

reduced growth and the possíble alËeration of the relative amounts of

growËh subsËances ín the root, specifically, abscissic acid and

cytokinin. In a later publ-ícation, Clarkson (Ig76) inÈroduced a

different mechanism for alËered exudaËion raËe (membrane modifÍcat.íon),
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but did noÈ disprove or refuÈe the hormonal balance Ëheory. Inlork done

by Atkin et al (1973) on corn supplíed more evidence for its validity.

In analyses of xylem sap of 30- to 40-day o1d plants, grown in root

media of Bo, 13o, 1Bo , 23o, 28o and 33oC, they found the greatest exporË

of total cytokinin and gíbberellin occurred at 28oC, and the lowest

export of an unídentified growËh inhibitoï occuïred at 33oC (the root

temperature optimum for shoot extension gror^7th) ' As Ëhe root teutperaËure

approached 8oC, Ëhe sap contained more inhibitor and less cytokinin.

At the lower ïoot teûlperatures, root extension was restrictedr root

mass and branching decreased, and shoot growth r,ras also restricted,

suggesËing that prolonged cold introduced an altered balance bet¡"reen

the growth promoters (gibberellin and cytokinín) and Èhe gro1,lth

inhibitor.

In anoÈher study, on grapes, Skene and Kerridge (L967) analyzed and

compared cytokinin aetivity in root exudate of detopped plants growing

aE ZOo and 30oC. In the case of grape, 30oC produced longer prirnary

shooËs, longer and thinner roots, and a tnore massíve root sysËem (ín

Ëerms of both fresh and dry weights). Thus it appeared that, for overall

plant growth, 30oC r¡as approaching the optimum. For both temperatures'

major cyÈokínin activiËy occurred at the same location on a chromatogram'

but sap fron 20oC ïoots contained an additíonal cytokinin, not present

in the 30oC rooÈs. Skene and Kerridge speculated that temperature had

an effect on cytokínin productíon or ínterconversion, or on the

uËilizaËíon of cytokinins by roots for their own growth. No

conclusions v/ere drawn.
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Asíde from these fe¡¿ sËudies, no informatlon can be found reviewing

rooË sËress índuced by eooling, and íts effecËs on hormones exported

from roots vÍa Ëhe sap. Torrey (L976> made an interesting point, especially

ín 1íght of the possíble interaction of certain hormones, and Èhe effect

an abnormal balance may have on plant growth. Abscíssic acid caused

sËomaËal closure, and according Ëo Torrey' abscissíc acid originated

in the shoot, and parÈicularly in the chloroplasË. Cytokiníns caused

sËomaËal opening, and they in their turn orÍginated ín the root. A

certain mutant tomato, j@, synthesized only abouË 10% of the

abscíssic acid that a normal plant did, but rôot exudate and leaves of

the plant showed a much higher cytokinín content. These plants showed

increased resisËanee to r,rater absorpËion, due to the high cyËokinin of

roots, and abscissic acid ËreaËment of the shoots increased root

exudaËion ïate. It r¡¡as tentatively concluded that abscissic acidts effects

on stomatal movement r,rere largely localízed in the leaf , v¡hereas

cytokinints effecÈs on stomatal activity nay have originated in the root

and been transported Ëo the shoot (Tal and Imber, L970, 19711, Tal et al,

L970). In cold-root-stressed cereals, abscissíc acid concentration has

not been studied, but concenËratíon of cytokinin (in corn and grapes)

uras al-tered (Skene and Kerridge, L967; Atkin et a1" 1973). Transpiration

rate was reduced in r¡heat (Nordin, 1976b). The mechanism, although not

yeË described, may be linked to a disturbed abscissic acíd/cytokinin

ratio ín a stressed plant.

Lo¡s soil temperaËure has scme indirecË effects on root growth as

well-. In the naËural environment of the plant, and even in greenhouse
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and gror,rth chamber studies where the soil is not sterilized, micro-

organisms have a very lmportanÈ role in the breakdornm of organic matter'

and the release of mineral nuËrients, into Èhe root environment. In

cooler soils, this rate of release ís considerably slor^ler' and may even

stop, if the temperature range of the organism ís exceeded, and it ís

either killed or becomes dormant,.

At íncreasingly 1ow tempeïatures, some of the physical properËíes

of the soil phase are altered. ViscosiËy of liquid r¡raËer íncreases.

Solubílitíes of both gaseous carbon dioxide and oxygen increase.

SolubiliÈy of ions is decreased as the solvent Ëemperature decreases.

À11 these seemingly insignificant effects combine to further limit

the supply of water and nutríents to a plant whích may have internal

mechanisms t.o auÈonatícally limít absorption when its rooËs experience

cold stress.

IË is noter¿orthy thaË mosË studies grew plants initially at

high tenpeïatuïe, for example, at zOoC, and stressed them at a much

lor¿er temperature, for example, aË 8oC. This was unnatural in several

srays. Firstly, the heaË capacity of Èhe soil would prevent abrupt

transiËions in ïoot temperaËure. Secondly, Ín the field, surface roots

(to a depth of 30 to 50 cro) would be exposed Ëo repeated diurnal

fluctuations in Ëemperature. Thirdly, for spring planted crops, Èhe

trend ís tor,rard a gradual warming of the roots, from Ëhe surface down'

rather than an abrupt coolíng, as mosË labs employ. All the díurnal

fluctuations and vertical temperaÈure gradienËs rïiould be very difficult

to impose in the lab or greenhouse.
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Top Growth of Plants with Roots Exposed to Cold Soil

The indirect effect that cold soil has on the growËh of above-ground

plant parts is varied, and by extracting information from the reports

of differenË indÍviduals or groups, a tenËative scheme of this

phenomenon can be reaLized.

Size, expressed as shoot dry weighË, \.Ias moniËored for wheat. by

Sojka et a1 (1975), and rnlas greatest aÈ 15oc, lowest at 9oC, and

íntermediate at 2LoC. The reducËion from uaximum dry weight r¡ras L27. at

2LoC, and 20fl at 9oC. Barley followed the same general pattern, with

maxiuum top dry weíghË (expressed in g/cn) occurring at 59oF (15oC),

and declining on either side of this temperaËure (Power et al, 1963).

In both Ëhese experíments, harvesË T¡Ias carríed out before heading, so

top dry weighÈ comprised only sÈem and leaf tissue, and maybe unemerged

heads, and should not be construed as an indication of grain yield.

Unfortunately, studies of temperate,i)cereals (wheat, oats, ïYê, barley)

often quote top yield as dr.¡ weight. In víew of the fact that cold

Ëemperature stïess has been inËerpreted as \.IaËer stress by many workers,

a look at fresh weights as well as dry weíghts nay yield some valuable

information. Brouwer (Lg62) did quote fresh weights, but only for

broad beans. For each leaf (first, Èhird, fífth, seventh) fresh weíght

increased with root temperature Ëo a plateau at about 20o to 3OoC, where

it declined sharply. IË is noteworthy Ëhat Brouwer found 2Oo to 30oC

Ëo be the ternperature range for roots of broad beans whích produced the

greaËest relaÈive dry weighËs of both roots and shoots. In other words,

20o to 30oC was optimum rooË Eempeïature for broad beans'
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Brouwer (L962) also reporËed that, at the lower root temperatures

studied, the ínítíatíon of new leaves llas much less retarded Ëhan the

development of the leaves. This held true for all plants ín his study:

peas, rape, broad beans, red kidney beansr Straelberries, maízet oats and

flax. At 10oC, for exarnple, the number of leaves differed only by one

from Ëhe number present aË Ëemperatures rangíng from 15o to 30oC, but

the fresh weighÈ of the índividual leaf r¿as much 1ess. AË 50 and 35oC,

not only the fresh weÍght of the leaves, buË also the number of leaves,

was much smaller.

Brouwer (L962) and Power et al (1963) r.rere in agreement with

respect Ëo Ëhe exístence of a disËinct optímum for maximum growth,

a]Ëhough their explanations for it differed. Brouwer found Ëhat'

shortly after plant,ing, differences in growth at root temperatures in

the rniddle of the range studied (15o to 30oC) I.lere very small, wiÈh only

the extremes (5o and 10o, and 35oC) showing a direcË growth-reducing

effecË. After a certaín period of Èime, the optimum became more and

more pïonounced: with peas and red kidney beans, 29 a¡rd 20 days after

germination respecËive1-y are the tímes necessary to establish a 10o to

15oC range for maximum fresh weight, and at 43 and 30 days after

gçrmination resPectively, the optimun remaíned essentially the same,

having narrowed to a specific temperaËuïe in the range. AlÈhough

Brouwer admÍtted that a saËisfactory physiologícal explanation for the

growth schedule as yeÈ remaíned elusive (as of L962), at the time he

attributed Ít to potassium uptake. Up to a temperature of 15oC, growth

and poËassium uptake were directly proportional' whereas aË higher root
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temperatures, ínitial growth was relatively more rapid, and avaí1ab1e

potassium more rapídly depleted, resulting in reduced amounts in the

soil at laËer stages. Below 15oC, growth was inhibited by I¡IaÈer

deficiency.

The findings of Power et a1 (1963) wiÈh barley r^rere Ëhe same: for

the firsË few weeks after planÈing, planË development' expressed by plant

height in cm, proceeded most rapidly at vlarmer soil- temperaËures, and

thereafËer declined. Grovrth at 59oF (f5oC) was rather slow for Ëhe

first week, but then increased rapidl-y, and soon surpassed AOof (Z6.ZoC).

Plant development at +Sof (l.ZoC) and 52oF (11.1-oC) was simílar Ëo that

aË 59oF, excepË that. the initial time lag of lovr growËh rates lasted one

to two weeks longer. At seven weeks after transplanting, growth rates

of 80oF plants had declined, whereas those of plants aË lower soíl

tenperaËures had surpassed them and showed no sígn of decline. Power

et a1 (1963) suggested that this was d-ue to a lowering of optímum soíl

temperaËure as gro\^rth progressed, but it seems reasonable to apply

Brouwerrs thesis here, and attribute the decline in growth rate Èo

depleËion of available nutrienÈ early on ín Ëhe life cycle, and perhaps

to cror¿ding in the pot, reducing \.IaËeT and nutrient upËake per plant.

There could also be an environmentally índuced morphological and/or

anaËomical adaptation aÈ r.rork here. This possíbility wí11 be explored

in the next secËion of this revier¡.

tr{hatever Èhe explanation, Ít appears that normal growËh is in no

way hampered by soil temperatures which are lower than those usually

employed, and Ëhat the plants can adapÈ quickly and atÈaín a normal

growth raËe.
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tr{ater content of p1-ant parts was not íncluded ín mosË papers, and

cannot be calculaËed because fresh weíghts were also omítted. However,

vrater use data \¡/ere quoted for barley by Power et a1 (1963, L970), with

nutrient uptake, specifically upËake of added phosphorus. Their work

sho¡,red Ëhat final dry weíghts, grain yíelds and nutrient uptake of

planËs ¡¿iËh rooËs at 9oC usually equalled or exceeded those at 15.5oC,

the soil ËemperaËuïe considered Èo be opEirnr¡m for barley production.

Growth of 9oC plants lagged behind the others unËil Ëhe four-leaf stage,

where it íncreased to approxímately the growth rate at higher soil

¡emperatures. Nutrient uptake and water use data suggested that this

slow Ínítíal growth rate may have been due to resÈricÈed translocatíon

from rooË Èo shoot, and not to reduced uptake of eíLher l,Iater or nutrients

by cool rooËs. trlater use per g dry uatÈer of tops was highest at 22oC

soÍI Èemperature, and lowest at 9oC. In terms of leaf area' r,IaËeï use

was lor¿est aË 15.5oC soil temperature until after heading.

Nutrient uptake of cereal-s with Ïoots exposed Ëo a range of

temperatures supporËed the hypothesis thaË reduced uptake was not.to

blame for slow íniÈial growËh, and that it was probably due to s1o¡¡er

rates of metabolÍsm and translocation which prevented the absorbed

subsËances from reachíng Ëhe tops, where their presence or'absence would

be revealed by chemical analyses. In facË, NÍelsen et al (1960) found

ions to be more concentrated in ïoots of lucerne grown at 5oC Ëhan at LzoC-

Case et aL (L964), in a study of the influence of soil temperature

and added phosphorus on oaËs, found that phosphorus upËake was highest

at 15oC (opËÍrnun root temperaËure for oaËs), lowest at 25oC, and
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ÍnËermediate at. 2ooc. They measured phosphorus uptake as mg per pot,

ï^r-ith 20 plants to a pot. Nielsen et al (1960) also studied oats, and

found thaË concentrations in shoots, on a dry weight basís, of nitrogen,

phosphorus, and the caËíons magnesium and poËassium, tended to increase

rrith increasing temperature, from 41oF (soc) through to 67oF (l9.4oc),

and Ëo declíne aË 80oF Q6.7oC), whereas calcium content decreased

along Ëhe same Ëemperature curves. 67oy rooË temperature produced Ëhe

most root dry maÈter per Ëop growth per pot.

Amount and availability of phosphorus ín the soíl appeared. to have

a signifisant effecË on níËrogen uptake and assÍmílation, although

Nielsen concluded that temperature should have lÍttle effect on uptake

of phosphorus from soil rich in this elemenË, and that this prínciple

should apply t.o other elemenËs. Therefore, at low soil temperatures,

omission of supplemental phosphorus suppressed uptake of nitrogen,

phosphorus and potassium (Nielsen et al, 1960), and reduced theír
concentration in tops.

Labanauskas et al (1975) studied nutrient uptake by wheat plants at

50, 15o and 25oc, with respect to concentration and total amounËs of a

range of macro- and micronutrients in the grain. prants groqrn aË 25oc

soíl temperature yielded lo¡+er amounts of graín per pot than those grov¡l

aË 50 and 15oC. AlËhough the concentraËíons of most of the determined

nuËrients ín the grain from plants grorÂrn at 25oC soil teurperature !,rere

higher than from plants grovrn at 50 and 15oc, the total amounts per pot

found Ín the grain of plants

Ëemperature were l_or¿er than the others.

from the 25oC soil

Nutríents considered r¿ere
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.

nítrogen, phosphorus, potassium, calciúur, magnesium and sodium (expressed

as a per cent and as g peï pot), and zirLc, manganese, copper and íron

(expressed as ppm and as total mg Per poË). Only total sodium per pot

and ppm zinc fail-ed to show any signific¿nt differences; in every oËher

case, the values for 50 and tSoC dittered sígnificantly fron 25oC.

power and his co-workers (1963, L970) studied contenÈ of nitrogen

and phosphorus in barley. In terms of per cenÈ total nitrogen in tops,

the maximum amounË occurred at the four-leaf stage for all soil treatments'

90, 15.50 and 22oC, although before Ëhe four-leaf sËage, total nitrogen

uptake for 9oC soil temperature was markedly 1-ower. AË most stages of

growth, soil temperaËure did not influence iÍt=ogen uptake. In general,

phosphorus conËenË and upËake varied in a manner similar to nítrogen

conteriË and upËake, increasing until maturity for all ËreaËments. In

general, per cent total niËrogen and phosphorus ín tops was highest for

9oc soil temperature afËer Ëhe four-leaf stage' and loqrest at 15'5oc;

Ëota1 nitrogen upÈake showed the opposiLe trends, being lowest in 9oC soíl

treatment until the soft-dough stage, where it surpassed the other tr¿o

treatments, whicti were similar and tended Ëo even out at this stage.

The reasons gíven for these Ërends in nutrÍent 'uptake were the same as the

explanaËions for the dífferences in dry weights at given experimental

ËemperaËures, and just as vague. It I^7as suggested thaË 1ow soíl

tempeïature had a direct effect on Ëhe physiology and meËabolic activity

of the plant, and effecÈÍvely stifled nutrÍent translocation from roots

to Ëops (ín Ëhe case of phosphorus) (case et al, L964), or inhíbited

Ëransfonnatíon of absorbed fo::ms Èo forms utiLizablè by the plant (as in
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the case of nitrogen) (Nielsen, L974). Hence there rvas a buildup of

Íons in Ëhe roots, and top growth suffered quantitatively, although

seemíngly not qualitat.ively. It has also been suggested thaÈ cold soí1

has an indirect effect on plant growth by influencíng the raËe of break-

down of organic matter by soil microorganisms, thereby limiting the

avail-abilíty of the elements cont,aíned in the organic matÈer to rooÊs.

rf íË is true thaÈ reduced growËh rates aË sub-optfuual soil
temperatures srere partially or wholly due to reduced translocation of

absorbed nutrients to sites of uÈilizaËíon ln the tops, then it seems

possible that ËranslocatÍon of photosynthate down the sËem to the roots

might also be affecËed. Fujiwara and Suzuki (1961) concluded that, with

the Ëop phoLosynthesizíng portíon of Èhe barley plant maintained at

optimuu temperature for photosynthesis (zSoc), and the root at optimrrm

temperature for respiratíon (3OoC), Ëhe rate of translocation of photo-

synthate down the stem would be maxtmized, and Ëhere qrould be mininal-

storage of sugars ín the root, and therefore little increase in root

dry weight. on Ëhe other hand, with the top temperaËure kept at z5oc,

buË root ÈemperaËure lor^rered (in thís experimenÈ, to 15oC mínimum),

translocatíon rate was lor.rered, but, the rooË accumulated dry matter as

its respíration raËe r.ras greaËly reduced. These conclusions gave

suPPort to Ëhe Èheory thaË reduced plant growËh at 1ow temperaËures r^ras

due Ëo a met.abolic sLow-down ín the roots. Respiration provÍded energy,

and wíthout ít' aetive transfer of substances across the root and ínto the

transpíratíon stream could not, occur.

A1so, it has been reporËed ÈhaÈ rooË dry weíght increased at low
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tempeïatures; Por^rer et a1 (1963) sËated that low temperatures restricËed

top grohrËh more than rooË growth, but that the opposiÈe occurred at high

temperatures. Brouwer and Hoogland (L964) provided a series of pícËures

of bean seedlings growTt at root t.emperatures ranging from 50 to 35oC;

it is quite evident Èhat at rooË temperaÈures approximating the optimum'

roo¿ mass increased much more than Ëops, and at the highest temperature,

root mass was drastícally reduced

Tíllering and eventual grain yield are tl{o functíons of cereal

growth whích are closely connecËed. Both can be altered by soíl

temperaËures other than the optimun. Nielsen (L974) reported that wheat

gre\,r more slowly at L2.8oC than at 1B.3oC, and produced fewer tillers.

However, aË Ëhe lower soil t,empeïature, the plants produced 50"/" more

kernels per head. Sojka et a1 (1975) found Èhat tílleríng aË every,

harvest daÈe r¿as maxímized at 15oC soil temperaËure' and aË harvesÈ,

tillers per plant at 9oC slightly outnumbered those at 2LoC. Neither

Lu:<rnoore et al (1973) nor Labanauskas et al (L975) quoted data on number

of tillers per planË, but they each found Ëhat yield of wheat grain was

híghest aË 50 and 15oC, as oppose¿ to ZS?C, both ín terms of g grain per

plant, number of grains per head, and mean grain weíght. Barley shov¡ed

the same response to soil temperature; tillers per plant and grain yield

in g per plant were all greatest aË l-5.5oC soil ËemperaËure, and although

22oC proðuced more tíllers than did 9oC, 9oC produced a greaÈer grain

yield per planË. Nielsen (1974) sketched a temperature/yield profile

for Ëhe temperate cereals barley, oats and r¡heaË, and in each case' graÍn

yield was besË aË 15o to- 20oC, and drastical-ly lower as the ËemPeraÈure
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r^ras raised. It was suggesËed that the yield poËential of barley at

least, and probably the other cereals, decreased wiËh rising rooË

temperatures parË1y because higher temperatures hasËened maturity, and

did not allor¿ for the development of all the plant facËors leading to a

reaLízed maxímum yield potential.

It appears to be fairly conclusive that 1or,¡ soil t.emperatures (at

least to a minimum of 4oC, when all growth stops) are not injurious to

plant.s, and merely provide an environment,al stimulus which, when overcome,

provides no petrnanent impediment to normal growËh.

Anatomy and Morphology

Since the origínal inventíon of Ëhe rnagnífyÍng lens made examínation

and descripËion of planÈ cells possible, conËinued improvements have

elevated the mícroscope Ëo an instrument of great precísion and power,

capable of revealing even minute st,ructural feaËures of plant cells.

DespiËe the fact, that microscopy is so híghl-y developed Èoday, Percivalrs

text (1921) is a reference text for many discussions of wheat anaËomy.

In his texË, Èhe short sect.ion on rooË strìucÈure describes the seminal root as

having epidermís, cortex, endodermis, pericycle, phloem and xylen; the

xylem consisËs of archs of protoxylem, and a central large metaxylem vessel.

OÈher descriptions of r¿heat root anatomy, for example, Ëhat of Cutter

(1975), have either assumed this confíguration to be correct, or have not

t.aken the trouble Ëo examine some roots to see if there are in fact

exceptions to this rul-e. Meyer (L976), in his observations of rooËs,

consídered príncipally the varíations in cross-sectíonal dianeter of Ëhe

metaxylem vessel and of the r¡hole rooË. He did make a note of the
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periodic apPearanc e of a di-vessel system in a seminal root' where Ëhe

crosswallsplitasingleintotwo.(However,theequivalentradiusof

the metaxylern vessel was not altered.) Passioura (L974) described the

anatomy of wheat roots' and separaEed seminal from nodal roots'

According to his díscussion' Lhe xylem of the seminal axis is

domínatedbyasinglelargevesselinthecentÏeofthestele,whereas

thenodalrootsarel.argerindiameËerandhaveseverallargevessels.

InhisexperímenLsonwheatgrowingonstoredwater,Passioura(L972)

attributedtheperformanceoftheplanËsrestrictedÈooneseminalroot

toq'aËerconservat'ion,becauseofthereductíoninxylemvesselnumber

andthereforegreaterresísËaficetowateruptake.Inhisdiscussion'

he cited xylem diameËer as an importanË character to 
-b,e 

incorporated into

a breeding program, buL not vessel number'

Meyer(1976)showedthatthediaueterofthemetaxylemvesse]-

wasundergeneËicconËrol.HegrewwheaËrooËsinanutríentsolution

containedingrowthpouches,andfoundËhatasÈhetemperaturefell

from 350 to 50C, Ëhere was an increase in the average radius of the

metaxylemvessel.Inthisstudy,heobservednoconsisËentincreasein

vessel number.

SíncetherooÈisthesíteof\'IaÈeruptake'resístancetowater

absorpt'ionisofgreaÈinteresttoPracticalphysiologistsaswellas

theoristsandmathematicians.Inhisstudyontheresistanceexhibited

byrootsyst.emsofwhiteclover(tråiofi"nrepensL)andtallfeseue

(res.tuea. arundínacea schreb.), Burch (1979) concluded that root xylem

rTas not the slte of a major resístance to lraËer uptake, but that, in wet

soils'I{aËermovemerrtintoandËhroughasystemwaspredomínantly
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influenced by a large resistance to radial water flux through rooË

tissues ouËside the xylem, and ÈhaË, with drying of Ëhe soil' a rooË

contact resistance exísted due to shrinkage of root, soi1, or both'

Taylor and Klepper (L975) believed that the same $7as true foI coËton'

and in fact, Huck eË al (1970) phoÈographed a diurnal fluctuation ín

cottofi root diameËer, corresponding to variations in relative humidiÈy

at the leaf./aír inËerface. I,lind (1955) and Passioura (1972, ],974, 1977)

studied the monocotyledon wheat, and suggesEed that axial resistance

regulated by rooË xylem tissue was most important in water uptake and

conservatíon. Landsberg and Fov¡kes (1978) aËËempËed, by means of

modellíng mathenatical manipulations based on observaËions and

measurements by other workers, to seParaËe the resistances of axial

(xylem or veïtical) and radial (cross-sectional or horizontal) componenËs

of the monocot rooË. They concluded thaË the interaction between the

t\¡ro must be considered, and not the índependent effect of either one'

Graecen et a1 (Lg76) did not study axíal versus radíal flow, but did

attribuËe waËer flow across the root Ëo gradients in osmotic and

matric pot.entials rdiÈhin the rooË, and beËween the root and soil'

The work done by many individuals and groups on exudatíon rates

from deÈopped root sysÈems held for varíable períods at dífferent

temperatures has never been atËacked from the sËand-poínÈ of anatomical

varl-ations índuced by different temperatuÏe regímes. Brouwer and

Hoogland (1964) descríbed the endodermis of bean groü7ll aÈ sub-normal

Ëemperatures. Relative to Ëhat of bean grovm aÈ a norx0al Èemperature'

iË was suberised much closeï to the tip. Clarkson (L976) found the



40

same feature in rye roots. Apart from Èhis structural change, raËes

of waÈer flow through detopped roots have been inËerpreted mainly on the

basis of theory and conjecture. As was noted before, Clarkson (1976)

believed the íncrease r¡ras due Ëo changes ín the lípids of cel1 meubranes

aË low temperatures; a1so, an increase in Èhe number of ion absorpËíon

siÈes resulËed in increased water ínflux to maintaín osmotic balance.

Kaufmann (L975) reached similar conclusions t¡hen he compared xylem

pressure potenËiåls of cíÈrus and Engelmann spruce at low soil temperaËures.

Tyree (1973) believed that the regulation of osmotic poÈential was

the key. He presenÈed a model whereby íncreased vlater flux through

excised roots r^ras an electro-osrnotic phenomenon Ëo maintain ínternal

salt concenËration. Excísion would disrupt the normal rate of

movemenË, as the pump would now be actively pumpíng anions to the

exudate, and the resulÈing electrogenic poËential difference in the

xylem sap would cause cations Ëo be drawn in through the root to the

exudate. Enhanced rÀrater flow was nainly an osmoÈic reactíon to Ëhe

Íncreased salt flux, and hras temperaÈure-independent.

Glass (1978) called the increased exudation raËe and poËassium

ion efflux a response to t{ounding. He found a two-hour recovery period;

at four hours after excisíon, exudation had increased beyond control

levels, and aË six hours, it was back Ëo normal" He criticízed

papers r¿hích reported increased exudatíon rate, based on measurements

taken inmediately after excision.

Neither of these workers concerned himself with root anatomy, or

wiËh a temperature effect..

Gross physical appearance of root systems gror.¡n at belor¡r-normal
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root Ëemperature has been Ëhoroughly iescribed and photographed by

Brouwer and Hoogland (1964) ; for Èhe variety of crops sËudied, Ëhe

effect of 1ow t.emperatule I¡IaS the Same. tColdr roots \,Iere Shorter,

thicker, nore fleshy and white; laterals appeared far back from the tip,

and hairs T¡rere rrot numerous. tWarmt roots, in comparisonr \,rere

long, thin, fibrous and yellow, and possessed abundant root hairs and

laterals close to the apex.

BursËrom (1965) examined Ëhe correlation between root ce11

elongaËion and root temperature. In an analysis of r,rheat root growth,

it was found ËhaË the real rate of streËching of índivídual cells or

segments increased rapidly up to 30oC, but the grand period of

elongatíon r¡ras very much shortened with increasing tenperaËure, so final

cell length decreased. Consequently, final root length rnay decrease.

The total growËh in length of roots had an optimum around 20oC, and

decreased as Ëhe temperature varíed in eiÈher direction. AË optimum

Ëemperature, cel1 division lras more rapid but of shorter duration

than at lower Ëemperatures, and cold roots experieneed delayed

maturaËion and therefore a greater degree of elongation (Nielsen, L974).

Another stïuctuïal feature of some ïoots is the exËerna1 mucigel

layer, composed of carbohydrate, and discussed by Martin (1977) and by

Balandreau and Knowles (l-978), among others. An extensíve review of

the root mucígel has been presenËed by Balandreau and Knowles (1978).

Detailed studies usíng electron microseopy and autoradiography showed

that Ëhe root cap ce1ls \{ere very act.ive in the production of mucigel'

As the root extended Ëhrough the soÍl, mechanical abrasion caused
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sloughing of the outer ce1ls of the root cap' and release of the

mucigel, which could act to lubricaËe the soil/root ínÈerface' It r'ras

estímated Ëhat between three (wheat) and ten (corn) tonnes per hectare

per year of carbon \¡rere transferred to the soil in thís way (Balandreau

and Knowles, 1978); Ëhese fígures far exceed grain yield in these

crops.WhiletherooËcap\¡IasoncethoughttobethesouTceofthe

mucigel, later work has shor'¡n it is secreLed by epidermal and

root hair cells on the older portions of the root'

IË has been suggested that the mucígel may have a role in

maintaíning contact between the root and Ëhe soil surface, when rooË

shrinkage occurs during períods of rapid ËIanspiratíon' The evidenee'

however, is índirecË, being based on Ëhe observatíon that soí1 particles
I

cling more tenaciously to Ëhe rooËs of planËs grolJn under dry conditions'

Themucigelprobablyhasanimportantinfluenceonthemicroflora

oftherhizosphere.ItwouldprovidenutrientstoËhoseorganisms

r¿hich are able to degrade iË, and to metabolize the constituenË sugars'

In addition, ÍË may slor,r dor¡n diffusíon of organíc maËeríals which rleakt

from the root cells. The resulËing íncrease in concentTaËion of these

materials aË the root surface may selecËively favour development of

microbes, whích are able Èo assocíate wíth the mucigel'

ApparentlYrnoonehasstudíedthevariabilityofthemucigel

layer of roots subjected Ëo varying tempeÏatures. This topic t¡ill be

featuredintheResultsandDiscussionofthisËhesis.

'Theeffect'ofcoldroottemperaturesonplanÈgrowthhasbeen

aËtributed to a water sLress effect. Rel-aËively few studies have

been done, correlatíng eold rooÈs and overall plant perforrnance'. and
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thereforé, an examination of Ëhose done on dry versus T¡IeË soil may

provide some clues. Passioura (1972, L974, 1977) felt that a plant

could function best ín times of water stress if it had a srnall, shallow

root sysËem, even a single semínal root. of smalI dínrneter. Such a root

systen r¡ould automat,ically restrict the intake of water ín t.imes of

plenty, such as early ín the season, when vegetative growth ís taking

place, assuring a supply laËer, for grain growth, when rain is noË

1-íke1y to fall. His experiments on wheaË plants grovtn on sËored \^rater

back up thís theory.

On Èhe other hand, Hurd (1974) and Hurd and Spratt (1975) have

found that those varieËies rshich Ëhríve in rdryt boxes were those

which could quíckly produce an extensive root system' especially ones

whích branched freely and grew deep, to take advantage of all available

vraËer. In their naÈural habitat, these roots would be fol1ov¡ing a

fal1íng \n/aËer table throughout the growing season.

IË is ínteresting to note that, while these two philosophies are

diametricall-y opposed, they have both been developed in response t.o

very similar clímatological condiËions, namely, the arid, drought-prone

wheaË-growing plains of T¡Iestern Canada and Australia.

IË is ÍmportanË ËhaË the inherent genetic variability of the wheat

p1-ant can be exploited by the plant itself, Èo optimize the use of

any \¡rater present in its rooting environment, in response to a

tenperature or moísture stimulus. This variability has been recognízed

and used by MacKey (1973) and by Hurd (1974), Ín breeding and

development of new and more drought-resistant cultÍvars.
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MATERIALS AND METHODS

Materials

Glenleawheat,Tríticumaestivum'allofoneseedlot'waschosen

as the tesÈ material. Glenlea was selected because iL ls commonly grown

ín l"ranítoba, and because it is a relaËively hígh yíelder (Manitoba

Zonation TrÍa1s, L97L-75' L974-78) '

The seeds \^lere treated with Captan, a powdered fungicide' prior

to planting. soil míx used for the first replicaËion I¡Ias 1 perlite: I

sand: 1 unsteriLízed soíl; for the second, third and fourth replicaËions'

Turface was substituÈed for perlite. The soil míx was chosen insËead

of a naËíve soil for reproducíbility in future work, ín this and other

labs. ?reliminary determinaËíons of the field capaciËy of each soíl

mix allowed it to be maínËained aË approximately L207' of field capacíËy

forreplícationl,andL5O%offieldcapacityfortheËhreeoËhers.

It was necessary to eliminaËe moisture sÈress from the experiment'

and Ëhe seerningly hígh water contenLs resul-ted ín no flooding or

pooling of waËer at Ëhe bottom of the PoËs'

No analysis of soil nutrients r¿as conducted' nor tras seed

nitrogen determíned.

po.s used. were three-l-itre capacity, rectangular plasËic Frig-o-seal

containers. Their shape and depth allovired maximum use of space in Ëhe

lraËer bath, while maintaining consÈant' brisk lüater flow around each
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poË. The water boxes, made of wood and lined \,riËh plast.ic, were deep

enough to contain the pots p1-us r.raËer up Ëo the leveI of the soil in

each poË.

Experimental soil temperatures rüere maintained by a Jer¡el

tAquachillerr waËer pump/refrigeration unit. In the control-, treatment

temperature \,ras allowed to fluctuate without any regulation about Èhe

ambienË aír temperaÈure. The soil surface \^Ias covered r¿ith whiÈe

styrofoam packing chips to ínsulate against possible Ëemperature variatíon

induced by overhead lighting and ambÍent air temperatures in the growt.h

cabinet. The sËyrofoam chips also reduced surface drying.

Methods

Seeds were planted in soil that had already been brought to

experímental moisËure coritent and temperature, and thinned to a

maxímum of six seedlings per pot, at about one week after planting.

Experímental- t.emperatures for replícatíons 1 and 2 were 80, 12o and

control (L6.5o-L7.Soc); in the third and fourth replicaËes, 8oc was

omitted. 12oC was chosen because it approxímates the temperature

near the soil surfacå at about May 1, when wheaË is sown in the Red

River Val1ey, surrounding l^Iinnipeg. Also, according to l{ilkinson

(Lg67>, cereal roots in the Red Ríver Valley region follow the 12oC

isotherm into Èhe soil Èhroughout the growing season. BoC was selecËed

beeause ít woul-d definitely impose a sËress on plant growth, and

because oËher studíes, for example by Clarkson and his co-workers,

used an experimental temperaËure close to 8oC. The control r¡as
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regulated by the maintenance of growth cabinet air temperatures at

ZOo ltSoc, day/nighË, a regime which is commonly used in growing wheat

indoors. I,Iith this regime in use, ít should be possible to equate

control results vríth data quoÈed in the líËerature r.¡here root temperature

is not monitored, but where air temperature ís maíntained at about the

same leveI as in this work. The light intensity r¡las approxímaÈely

210 rnicroeínsteins t-2 "."-1, and measured by a Li-cor guanËum

radiomeËer/photorneËer, model LI-1854.

Moisture conËent r'¡as maíntained by weight. Fertilizer in Èhe

forrn of 20-20-20 (nitrogen:phosphorus:potassium), diluted % tablespoon

in a gallon of $IaËer, r.¡as added during Ëhe growíng season, when all

the plants had reached the È¡¿o-leaf sËage ín any one treatment. Since

one of the desired observations was the effect of stress on the plants,

Ëhis single application of fertilizer was deemed sufficient, since it

resulted in a pronounced nitrogen deficiency, and hastened senescence

in Ëhe lower leaves especially.

ExperimenÈal temperatures were ímposed until 24 days after 507.

emergence of the plants in any one treatmenË, when the rAquachillert

was turned off. Soil Èemperatures trere then allovred to attain

cont.rol val-ues; Ëhis took about 24 hours. This was done because, in

the field, the soil temperaËure has by this tine (mid- to late-May)

risen with the arríval of warmer days and nights.

Plants r¿ere harvesËed for destrucÈive examination aË intervals

of five days, beginning at L4 days after 50id euergence of the tTeatment,

and contj.nuing through 1-9, 24r 29,34 and 39 days after 50% emergence.
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Each t.reatment consisËed of tr¿o boxes conËainíng a number of Fríg-O-Seal

containers; aÈ each sampling date, one randomly selected Frig-O-Seal

container was removed from each box, and all the plants conÈained

Èherein (approxinately six in each conÈaíner, or L2 in all) pooled to

comprise Èhe replicaËe sample.

Harvest was begun ax L4 days post-emergence because, by this tíme,

the young planË ís dependenË on photosynt,hetic producËs from the top,

and has depleted the stored resources in the seed. Any results thus

obtaÍned should reflecË the true effect of cold on the rooËrs ability

to support plant growËh.

Various physical parameters of the plants r^7ere recorded:

Reps 1 ar.d 2: leaf length

leaf dry weight (oven-dried)

leaf fresh weíght

root fresh weight

root dry weight (oven-dríed)

Reps 3 and 4: leaf lengËh

leaf fresh weight

leaf dry weíght (freeze-dríed)

leaf area

plant heighË

pl-ant fresh weight

plant dry weight (freeze-dried)

rooÈ fresh weíght

rooË dry weight (oven-dried)

In all- replications, only the first, third and fifth leaves were examined.
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Varíous biochemical assays were conducËed on the leaf tissue. All

phoËometric determinaÈions I¡rere done on the same Bausch and Lomb

rspectroni,c 20t. All the original data obËained by physical measurement.

and by biochemical assay are tabulated ín the appendix of this thesis;

díagrams in the text are usually illustrative of inÈeractions betríeen

factors.

Chlorophyll:

In replications I and 2, a portion of fresh tl-ssue was ground

iuuuediately in 80% aceËone (Arnon, 1949), centrífuged to sediment

leaf Ëissue, made up Ëo constant volume, and absorbance read at 683

nm. In replieat.ions 3 and 4, chlorophyll was extracted from freeze-

dried tissue in the same manner. ResulËs are expressed in relative

chlorophyll units.

Amino Acids:

In replications 1 and 2, a portion of fresh tíssue was boiled ín

80% ethanol for 10 minutes to exËract free amino acíds (Tetley and

Thimann, l-974). The extract was diluted l-:10 with distilled water, and

a ninhydrin test (Yeun and Cocking, 1955) done on an al-iquot. Prolíne

and hydroxyproline were deÈermined by reading absorbance at. 440 nrn; all

oËher amino acids hrere determined by reading absorbance at 570 run.

In replícations 3 and 4, the same procedure was followed using- dríed

leaf tissue. AbsoluËe amount.s of amino acids r¿ere dete::rnined from

standard curves of valine and hydroxyproline.

Protease

In replicaÈions

frozen irnmedÍately ín

1 and 2 only, a portion of fresh tissue rnras

Tris exÈracËion buffer, pH 6.8 (Peoples and
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Dalling, 1978), and Ëhawed and ground at a later date for assay. In no

case vras the tíssue left ftozen for uore Ëhan a week. The freezing

and thaqring disrupts cell membranes for a more compleËe release of

enzyme. The ground ruixture T¡ras cenËrifuged, filÈered through Sephadex

20 to remove endogenous amíno acíds, and an alíquot of the filtrate

incubated with an aliquot of casein solution in a water bath at 50oC.

The reaction was stopped by TCA, and activity determined by a ninhydrin

Ëest on Èhe supernaÈant of the eõntrifuged uixËure (Peoples and Da1-1ing,

1978), in the same manner as for amino acÍd determination. Protease activitv

vras expressed as mg total amino acíds released, from the standard

curve with valíne and hydroxyproline.

Protease determinaËion r.ras not. carried out for replícaËions 3 and 4,

because the results obtained from the first tr^ro were very confusing,

and ít was fe1Ë that a thorough look at the oËher componenËs (amino

acids, protein, chlorophyll) would yield results that would be beneficial

to future studíes and ínt,erpreËations of leaf protease.

Reducing Sugars:

This assay \Àtas only conduct,ed. on replicat.ions 1 and 2, as there.

seemed to be líttle difference beËween Èreatments with respecÈ to reducing

sugar cont.ent. An aliquot of the same 80% ethanol extract as r^ras

used for amino acíd determínatíon was used for reducing sugar

determinaÈion, and a Somogyi tesË done (Nelson, L944). Absorbance

was read at 500 nm. Absolute amounts of sugar were calculated from a

standard curve with glucose.

ProËein:

In replicaËions 1 and 2, an aliquot of the same fíltrate used
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for protease determination \¡ras reacted with an aliquot of comtercial

coomassie blue dye reagant, and Ëhe absorbance read aË 595 nrn (Bio Rad

Technical Bulletin /11051). Absolute proteín con.Éent was determined

from a standard curve using the proteín standard supplied ín the dye kit.

In replicaËions 3 and 4, drJ-ed leaf tÍssue rras ground Ín a mortar and

pestle wíËh Ëhe same Tris extracËion buffer, cenÈrifuged and filtered

as in replÍcatíons 1 ar'ð. 2, and the same protein determination done.

Since no destrucËion of any cellular componenËs under consideration

should occuï duríng freeze-drying, or during freezing in buffer and

Ëhawing, Ëhe values obtained for all replícaËions are comnarable,

regardless of the method by which they were obtained.

Anat.omical Observations

Matería1s

Three varieties of wheaË, Tritícum aesÈivum, were chosen, all

of whích are widely gro!,m on the Canadian prairíes: Glenlea, a hígh-

yielding utílity wheaË, of which tr^ro seed 1ot,s were selected, and

Sinton and Neepawa, two hard red spring wheats, of which one seed lot

of each was selected.

In a plastíc cup, 15C g of soil (1 unsterilized soil: I sand:

l- Turface) was mÍxed with r¡rater to bring ít to 50% field capacity, r¿hich

was thereafter meintained by weight. The soil \¡¡as covered wíth white

styrofo¡m chfps, for insulaËion, and Èhe cups floaÈed in wooden boxes fu1l

water at Ëhe desired experimental temperaËures, untíl soil ternperature

r4ras aÈ the proper level.

Experinental temperature, regulat.ed by a Jewel rAquachillert, was

of
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LzoC, with a non-regulated control, which fluctuated around 16.50-

L7.6oC. These tempeïatures $rere chosen for the same reasons gíven

Ëhe prevíous MaËerials and Methods section.

MeÈhods

Seeds were surface-steríLízed r¿iËh Teranine (diluted 250x) and

planted five per cup. One week following 502 emergence of the seed

lot, all t.he plants ín Èhe 1ot were harvested whole, and the roots

sËained by ínrmersing them whole (stíl| attached Ëo the Ptant) in 0.5%

meËhylene b1ue, and placing the planËs in a sËream of movíng air for

about 1.5 hours.

The prinary seminal root r¿as chosen for examínaËion; it was cut

off at the seed and cross-sectional examínaËion begun aÈ the cut

surface. For hand sectioning, Ëhe root piece was held in a styrofoam

packing chip, and cut \.lith a stainless steel razor blade. Sectíons

were plaeed on a glass slide coated wiËh llaupËrs adhesíve and 37"

formalin, heated Ëo dry, then covered with glycerin and a cover slip.

Examination and measuremenË were done under a light microscope.

A linited examínaËion of roots was done on the first replicat.ion

of the fírst part of this work.. Immediatel-y after harvesË, several

randomly chosen roots from plants at 14, 24 and 34 days post-emergence

were p1-aced in buffered glutaraldehyde and embedded in methacrylate.

The roots from 14 days post-emergence from al-l- three temperature Ëreatments

were sectioned, made ínto slides, and stained: Toluidine blue was

used for xylem tissue, and periodic acid/Schiff's for earbohydraÈe.

an
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RESI]LTS AND DTSCTJSSION

Seedlípg Emergènce

The appearance of the emergent seedlings was idenËical and normal

in all three temperature treaËments. Emergence proceeded at about a

simílar rate following a three-day Lag behind conËrols Ín the case of

12oC soil, 
"rrd 

about a seven-day Lag in 8oC soil (Figure 1). These

data supoort data reported bv Blackshaw (1979) for wheat. The final

per cent emergence declined slightly as the soil temperaËure falls.

RooÈ Growth

Figures 2, 3, 4 and 5 íl1-ustrate the fresh and dry weights, pêr

cent vrater and fresh/dry weight ratio of rooËs for the average of

four replícates for the tr^ro treaËments, control and 12oC soi1, and.

two replicates for 8oC soíl.

IË has been observed that r¿heat rooËs follow a L2oC ísotherm down

inËo the soil over the growing season, eiÈher as the result of

coincidence, or because 12oC rnay be an optimum temperature for the

extension of wheat rooËs (tr{ilkínson, Lg67). In the Red River Va11ey,

the mean daily temperature aË the soíl surface reåches I2oC at abouË

nid-May; at this time, a steep temperature gradienÈ exists, with rapid

wa:ming of only the few surface cm. Other sËudíes Ín this laboratory

indicate thaÈ by the time the col-eoptil-e energes (seed planted at 2.5

cn depth), the roots may extend 15 cm or more Lnto Ëhe soil (NeusËad
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andl^Ioodbury'unpubl-íshed)'Thus'iËispossibleËhaË'inthefield'

seedling rooËs are exposed Ëo the range of temperatures used ín these

experíments.

RootgrohTthrate,expressedasfreshweightíncrease,showsthat

12oC roots grow at a greateÏ rate' and to a greater síze at 39 days

post-emergence' than do conÈrols (Figure 2) ' The dry weight curves

for the two treatments are al-most identical (Figure 3) '

Martin ij.Lgll) fta 14c to shoots and monítored its appearance in
_L4

roo's and in soil . He found a reasonabry consistent l-oss of -'c

from roots at tr'ro atmospheríc growËh temperatures, and over a range

of plant ages; total 144 t""o.rered from soil amounËed to toug1'Ly 207'

of photosynËhate, and 407' of total t4t tt"""located to roots'

Correspondíng to thís loss of carbon \¡IaS a cortÍcal disinËegraËion,

which occurred in sterilized and unsterilized soÍl-s' corËical death

appears ín control rooËs ín the present research' and not in l2oc

ïoots. Several physical features manifesÈ this'

Thecortexcomprises2/3to3/4oftherootvolune(Roviraand

Bowen,1973).Cel1deaËhandturgorlossareaccompaníedbyaloss

of water and a reduced fresh weight. Tresh weight of L|oc roots

reachesagreat'ermaximum,butdryweightsofrooËsfrombothtreatmenËS

arealmostÍdentical.Corticaldeathisfollowedbyalossofcell

maËerial to the soil, specifically, of 407" of the total carbon

ËranslocatedtoÏoots(Martin,Lg77).ThísmeansthatconËrolplanËs

mayrequirel.4timesthemeasureddryweightasincomingphotosynthate

tomaintainLherootsystem,butthelostcarbonísnotrecoverab]-e.
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ConËrol roots are yellowish brovm and wiry; both 12oC and 8oC

roots are white and fleshy. This indicates I'7ater reËention and the

maintenance of 1íving cells and cytoplasm by the low temperaËure roots'

as opposed to non-living cel1s, whích have lost their conËents in

control rooËs.

I'inally, actual examinaÈion of root cross-secËions (of all three

temperature ËreaËments) revealed that the cortex of contTol roots

had begun to break down withín a cm of the apex' elhereas there I¡Ias no

sign of breakdown in 12oC and 8oC roots.

The trends in per cent I^/aËeï content in control and 12oC roots

complement the fresh weight resulÈs. Initially, per cent water and

fresh weíght are lower ín cold-stimulated roots, buË surpass controls

by 24 days post-emergence. Per cent \¡Iater, líke other parameters

(rnainly in leaves) reaches a similar maxímum value in both temperaÈure

treatments, and decl-ines at a similar rat.e, but after a lag of one to

two samplÍng periods (5 to 10 days) for L2oC roots. The decline in

per cent waËer also fol-l-ows Ëhe temperature shÍft to control values '

This lag phenomena was also seen by Power and his eo=workers (1963, L97O)

in theír various experiments investígaÈing the growth of barley

under cold soíl condítíons.

The fresh weight/dry weight ratio follows a simil-ar pattern of

identical ïate of decline, but afËer a 1ag in l-2oÇ 1oots (I'igure 5) '

The controls show a conËinuous decline, ríght from the firsÈ sanpling

daËe, whereas 12oC roots maintain a constant ratío uP to 24 days post-

emergence.
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Thé curves describing fresh weight, dry weÍghË, per cent \^rater

conËent and the fresh weight/dry weight ratío for Ëhe firsË tr¡o

replicates (three experimental temperatures) vrere not as smooth as those

for all four replicates. The same trends are present' and agaín, L2oC

soí1 emerges as a very favourable temperature for wheat roots.

The fresh weight of the 12oC roots suïpassed that of the oËher

Ëwo treatments at every sarnpling date, and increased early in the

experiments at a very sharp raËe. Fresh weights of the other tr¡o

rooË systems are equal up to day 29, when controls drop off sharply,

viith a subsequenË return Ëo the salne values as on day 29. 8oC roots

continue to increase, and by the end of the experiment' apProach 12oC

fresh weighÈ

Dry weights of 12oC roots are slighÈly betteï overall Ëhan controls

(except on day 29), anð, 8oC roots are definiËely lagging, alÈhough

again, by the end of the experímenË¡ they are still increasing-

The data for per cent water content and fresh weight/dry weight

raËÍos are similar ín all three treatments, but the per cent Ì^7ater

content is much less sensiÈive, and responds to stimul-i with

fluctuations of símilar shape but much smaller magnitude than do

fresh and dry weight. Note that the decline in fresh weight/dry weight

raËio Ís very large, going frorn 15/1 to 4/L. Loss of turgor of

cortical cells (which represent the greatest part of root volume), uporl

theír deaËh or senescence, would be expecËed Ëo resul-t in a large

loss in Ëhe r¿ater-holding eapacity of the Toot, as is seen in the data.

Death of cells within the stele would have lfttle influence. The

per cent \,yater daÈa would .be expecËed to be less sensiËive to changes
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l_n

rat

hTater-holding capacity, sínce \^/ater turns up in both terms of the

ío (Fresh weight - Dry weight x 100), and cortical death would
Fresh weight

influence both terms simultaneously.

Fresh weight/dry weight ratio shows a constant decline in

control roots (except for day 34). The cold-rreated root systems

both increase to about day 29, when they both decline, 12oC very

sharply, and 8oC much more gradually.

The decision at the beginning of the research to remove the

temperature controls at day 24 was perhaps unfortunate. It was

thought that allowing the soil to \,Iarm up at this point would mimic

field soj-1 condítions; however, it appears that many internal changes

occur in the plants at about this time, independenË of external

stimuli. Growth analysis data of root and shoot (Figures 6, 7 and 8)

help to illustrate this. Analysis of fresh weights show that, ín root

and shoot, the overall growth rates are similar for each treatment,

except for the rise in root fresh weight of 12oC plants at ð,ay 34.

The composite curve (root plus shoot) has the same pattern for both

treatments.

Interpretation of dry weight data proves more complícated, unÈil

the composíte curve is examined in conjunction with the separate curves.

In control plants, the trends for dry weights are the same as for fresh

weights, that is, root and shoot grorvth rates increase approximately

in synchrony. Hor,¡ever, for the first three sampling periods in 12oC

plants, the slope of the composite (root plus shoot) curve is zero,

shorving no apparent change in growth rate, until day 24, when the
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composite curve drops sharply. At this point, Èhe shoot growth rate

increases abruptly, while the rooË drops just as sharply. It appeaïs

that, aË abouË d,ay 24, there ís a transient shift to the shoot, which

depresses the supply of growt.h materials to the root. Following day

24, the overall dry weight plunges, as do those for root and shoot, as

the plants mature and senescence sets in. The fal1 in composite

growth rate to\¡/ards the end of the experíment is noted ín conËTol and

12oc curves.

The onseÊ of senescence noted at 24 days post-emergence is ear1y,

even ín stressed plants. Deliberately-induced nutrient stress, as

r,¡e1l as erowding in the poËs, were the maín causes of this premature

senescence.

IË may come as no surprise Ëhat growth analyses of the total

fresh and dry weights of the Ëhree leaves examined (leaves 1, 3 and 5)

show the same general trends as the daËa for root grohTth analysis,

only with a delay of again about one sampling period (Figure 9).

The plant, whíle funct.íoning as a whole organism, appears to display

iÈs overall cycles independenÈly in aË least some of lts component

parËs.

rn these experiients, soí1 temperature control was only iuposed

through 24 ð,ays post-emergence (on1y Ëhe early growth stages \./ere

studied). rË may be Ëhat young roots show diffeïent suscepËíbility

to soil Ëemperature than do older rooËs. Also, the semínal and

nodal (adventitious) roots may noË shov¡ idenÈícal responses. rn

addiÈion, as the season advances, the steepness of the temperature
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gradienË (12o to BoC) decreases exponentially as the 12oC isotherm

moves down. Thus, unless 12oC is a sharply defined optimum for root

growth, the roots may lose track of Ëhe 12oC isotherm as it becomes

more dif fuse. (l^lilkinson, L967).

InÈeraction of Nitrogen sËatus and RooË Temperature

Brour¿er (1966) reviewed the influence of various environmental

factors on root/shoot raËio. He pointed out that low nitrogen and

IohT rooË temperature would favour rooË gro\,Ith and depress shoot gror'I"th'

I{hen the niÈrogen of the leaves (protein plus amino acids) is

considered, ít is seen that Èhe plants in the first two replicates

were gïo\¡ring at a higher nitrogen status Èhan plants in replÍcates 3

anð. 4 (Figure 10). The reason for this differênce ís not clear,

sínce soil nitrogen data l^Iere not obtaíned. However, if the root

growËh data are no\¡r compared for Ëhe high and l-ow niËrogen plants as

replícaËes I and 2 versus 3 and 4, iX becomes apparent Èhat, in the

control planËs, root gro\^lth was influenced by nítrogen; root growth

was gïeaËer in the lor¿ nítrogen plants, as Brouwer suggested (Fígures

11 and 12). For the 12OC pl-anÈs, there is very l-ittle difference

in root grovtËh across the four replícat.es, as long as the root

tenperature I¡Ias held at LzoC. After Ëhe temperaËure shift, root

growth was sÈrongly depressed in the high niËrogen planËs, whereas

the temperature shíft had little influence on the low niÈrogen Plants.

Brouwerrs analysi-s índicated Èhat an increase ín temPerature of

the soÍl, or ín nitrogen staËus, should depress root grohtth and

promote shoot. growËh. It woul-d seem that, for vrheat at least, 1ow
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root tempeïature overrides the effect of niËrogen status, where rooË

growth is consídered. At the higher temperaËures, eíther Ëhroughout

plant growËh ín the control plants, or after Ëhe Ëemperature jump

(in 12oC planËs), niËrogen sËatus of the Plants becomes the dominant

influence.

This interpreËaÈion musË remain speculative aË thís point. It

is based upon a l-iurited number of experíments' and the cause of the

change in nitrogen status is unknown. In addiÈion, we do not have

data for shooË growth and total plant niËrogen across the four

replicates. However, if roots at L2oC are insensítíve to the nitrogen

status of the plant, the observation has important ínplications for

nitrogen fertlLi'zer and date of planting.

RooË and Shoot Growth Correlations

In repl-icates 3 and 4, total fresh and dry weight for root and

shoot were obtained for root temperaËures of L2oC and conËrol.

Various combinations of Ëhese data can be used Ëo look at growth

correlations between these Ër{o organs.

The roor/shooË rario (fresh weight and dry weighË, I'igure 13) of

the conËrol plants shows a moïe or less conùinuous declíne, from day 14

Ëhroughday2grafterr^rhíchthevalueseemstosÈabilize'OnËhe

other hand, the 12oC roo¿s show an abrupt decline in the ratio at

about day 24.

The ratio is higher for the 12oC planËs, largely as the result
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of depressed shoot growth. Tn L2oC plants , at day 24' there ís an

inhibition of root growth and a suÏge Ín shoot growth; after day 29,

Ëhe curve shífts back to the same slope as before. Note that the

cont,rol plant,s show a shif t in the rooË/shoot ratio at day 19, and

recoveryseemstooccuÏat.day24.I'orrooÈsatbothtemperatures'

there is an abrupË loss of both fresh weight and dry weight following

day 34 (Figures 2 and 3) . In the control P]-ants, this is aecompanied

by an abrupt declfne ín shoot weight. This reínforces the Ëheory

thaË meËabol-ic changes occur wíthín Ëhe plant at about days 19 Eo 24,

and that Ëhese processes are noË much influenced by the root temperature'

Flora1 initiation and jointing probably occur at abouË Ëhese points'

and both r¿ould impose a heavy demand on reserves. Plant height

shows an abrupt increase, beginníng at. ð,ay 24, indicating the onset

of jointing (Figure 14).

Leaf Nitrogen and ChloroPhYll

The índivídual leaf patterns for Ëota1 nitrogen give the expected

overall paÈÈern. The total rÍses early in the life of the respective

leaf, reaches a plaËeau, And then falls as senescence Progresses and

the leaf eventually becomes non-functional. Both ËreatmenËs, LzoC

and control, show these tïends.

chlorophyll per leaf also expresses the lífe cycle of the leaf

quiËe clearly, rising early in the experíment and falling as the leaf

ye1-lows and senesces.

The relationship between these ÈÌ.7o Parameters is significant'
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The greatesË proteÍn component of the leaf is RuDP carboxylase'

oï FracÈion 1 proËein, which is contained in the chloroplasË.

Usually the first visible sign of senescence is yellowíng, índicative

of chloroplast disruption and chlorophyll breakdown. But before this,

the protein componenË of the leaf has sËarted to decrease, and the

constituent amíno acids are being exported from the dying organ.

Therefore, loss of leaf proteín precedes loss of leaf chlorophyll.

Figure 15 gives the total protein per leaf (leaf I plus leaf 3

plus leaf 5). The total protein ís nearly equívalent for each

treatmenË, aS expressed by a Simílar area under each curve, but

the 12oC plants hold a more constant amount of leaf protein over a

longer períod (the plateau from about 19 to 34 days Post-emergence).

The conËrols peak sharply at day 24, and fa1l again just as sharply.

This means that the 12oC plants t protein is functional, at leasË ín

the first, third and fifth leaves, for a longer period, whereas the

control plants t prot.eín ís probably being exported to subsequent

leaves, and, by the end of the experiment, Ëo the developing grain.

This funcËíonal protein is important in Ëerms of functÍonal

chJ-oroplasts, for photosynthesís Ëo be conËinued in each leaf as

long as possíble. And indeed, Ëhe 12oC leaves develop and senesce

nore sl-oI¡Ily Èhan do the control leaves.

AmounËs of amino acids generall-y coincide wiËh amounts of

protein (Figure l-6), although the actual total amino acids per plant

is much greateï in cont.rols. Again, Ëhis could be an indicaÈion of

the overall faster growEh rate of control plants. I{here meËabolism
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ís proceeding at a gïeater raËe, at àny given time, relatívely more

amino acids are in Ëransit between products; in l2oc plants, the

respecÈive producÈ proteíns last slightly longer. overall, due to

t.he greater anounts of amino acids in conËrols, there is uore

organic nitrogen ín conËrol plants.

The relatíonship between amino acíds and proËein is expressed

as a raËio, amino acids per total leaf niËrogen (amino acids plus

protein), in Figure 17. rt ís notevüorthy Ëhat the curves are very

simílarly shaped, showing Ëhe same general patËern early ín the

experimenË, with a sudden upward shíft ín Ëhe ratio (in favour of

amíno acids), at d.ay 24 ín 12oc plants, and aË day 29 Ln conÈrols.

The control ratio has been constant to d,ay 29, rísing probably as a

result of the senescence of Ëhe large fifËh leaf, and the export of

organic níËrogen. 120c plants, conversery, have shown a less constant

raËio, falling to day 24. (the decline in Ëhe raÈio indicates an

íncrease ín proËein relative to amino acids). The jump at ð,ay 24

shows mobílization of some of Ëhe protein, but since the toËal

proteín is consËant, Ëhe amino acids are immediately reused, appearing

as leaf proËein in newly-manufactured leaves.

The chlorophyll conËent per g dry weight 1eaf, in the 12oc

treatment, is greaËer in leaf 1, the same as or greater in leaf 3, and

nearly the same in leaf 5; 12oc soíl Èemperature delays chlorophyll

synËhesis. overall, the amounË of chlorophyll ín leaf 1 plus leaf 3

plus leaf 5 ot i-2oc plants is greater than in the corresponding leaves

of control plants, and, líke proteín, it persists longer (Figure 1g).

rncreased chlorophyll content of 12oc plants may indicaËe an
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increased lighÈ-trapping potenËial, but Ëhe dark reactíons would

sËíll be lirniting. The chlorophyll molecule is not involved in these

dark reactions, buÈ enz)¡mes, including RuDP carboxylase' are.

Hence, a higher chlorophyll/protein raËío dges noÈ ensure a higher

rate of photosynthesis. Soluble protein was characEerized in this

experimenË, and it may be taken to rePresent the RuDP carboxylase

component. Even though the l2o[ planÈs conËaín more chlorophyll, there

is no concommitant rise in total leaf protein, so Ëhe overall ríse in

photosynthesis rBay not rise significantl-y. However, unless leaf

proteíns are ídentified indivídually, ít is ímpossible Èo say if

RuDP carboxylase is changing relaËive Ëo the other componenËs'

Maximum leaf area seems not to be affected by cold rooË

temperature (Figure 19). The light absorptive area persists longer.

Àlso, the leaves in 12oC plants maintain functional chlorophyll and

protein (photosynthetis apparaËus) for a longer tíme. Net photosynthesis

may indeed increase in 12oC plants because of this physícal adjustment.

Tíllering

The cold soil stimulus resulËs in a great,er nuuber of tillers Per

p1-ant in the L2oC treatment than in Ëhe control. The control tillers

begin to dÍe rapidly by day 29, arld by the end of the experimenÈ,

fer.rer than one living tiller per plant remains (Figure 20). In 12oC

plants, by means of a slov¡er rate of grorÀrth from germinatíon on (as

il-lustrated by the characËeristic tlagt in many parameters already

discussed)ohave conserved Ëheír resources, having been gíven only

tap rrrater sínce the beginning of the experimenË, and can sËil1
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suppoït tillers aË the final sampling date. None of the tillers ín

either Ëreatment appeared to have reproductive sËructures. They serve

prímarily as proof of the effÍciency of. 1,2oC plants as opposed Eo

controls, despite the fact that all the plants r^7ere probably

deficient with respect Ëo several nutrients.

RooË AnatomY

I^Iíth respect to vascular Èissue rnodíf ications, an increase in

rooË díameter and. in cortex radius is noÈed in the lZoC treaËmenË

(Tables 1 aurd 2). Meyer's sËudy (L976) índicated that, ín moist soil,

the axÍa1 resisËance in rooËs T^7as limiËing Ëo \,7ater flow up to the

shoot, buÈ in drier soíls, as in soils where the rr¡aËer r¡hích is presenÈ

is of liníted availability, radÍal resístance ín soíl becomes

linitíng. As the root diaureter Íncreases, so does iËs surface area'

as well as root volume. Sirnilarly, the volume of the soil eylinder

adjacent to Ëhe rooË Surface, from which water is extracËed, is also

íncreased. This enlargement of root diameter vrould decrease the

relative resistance of Ëhe soil to lTater uptake by the planÈ in Ëwo.

trays: firstly, by increasing the acËual anounË of reserve \À7ater

adjacent to the ïoot, and secondly, by lowering the radial resistance

of the soi1, as a hígher concentration of moísture leads Èo a greater

hydraulic conductíviÈy. In addition to supplying the plant ¡¡ith a

more constanË SuPply of T¡taËer, the larger reserve in Ëhe soil may

prevent or delay rooË shrinkage, which occurs in times of waLer st.ress.

The number of disËínct cenËral metaxylem vessels, separated from
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each other by cel1s, not just by a cross-wall, is greater in 12oC

roots, giving ríse to an overall increase in Ëhe total central

metaxylem vassel díarneËer per root. This structural nodificat.ion is

shown in Figure 21.

The present results sho¡¿ changes ín metaxylem anatomy ín roots

grown at L2oC as follows: orì.e, an increase in the number of metaxylem

vessels, and t\¡ro, an íncrease in vessel radius. It is also shown

thaË varieties differ ín vessel number and size. Tables L and 2

contain all the infonnaËion describing these paramet.ers of seminal roots.

The dogma thaÈ the seminal root.s of wheaË have one metaxylem

vessel, whereas the nodal (adventitíous) roots have several, has

stood for many years (since Percival, L92l). Thus, Ponsana (L975)

examined the distribution of rooËs in monoliths of field soil. Since

iË r¿as not possible Ëo trace indívidual root.s down the profile, the

semínal rooËs were identified on the basis of metaxylem anatomy.

On thís basisr âny root that had several vessels would be classified,

perhaps incorrectly, as a nodal rooË. Passíoura (L972) grer¿ r,¡heat

plants Ín lengths of sewer pipe fÍlled wíth soí1. Development of

nodal roots üras prevented by a small aluminum pan on the surface; the

seminal roots r¿ere threaded through a small hol-e in the bottom of

the pan. He indicaÈed that the semínal roots had only one meËaxylem

vessel. Meyer (L976) grew seedlings of a number of varieties in a

nutrient solution contained in growth pouches. A small number of hís

plants (less than L27") showed a double vessl r¿íth a co 'non wa1l o

However, the effecËive vessel radius Ìras noÈ changed by this

configuration. Root,s of seedlings of a durul wheaË also showed.
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Figure 21. Central metaxylem vessels in wheat rooL grovrn at 12oC

soil Ëemperature (200x).
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several vessels (Woodbury, personal coumumicaËion). Seminal rooËs

of barley having several metaxylem vessels have been observed (Volkmar,

personal cormunicaËion). Barley rooÈs are considered to show Ëhe

same dÍstínct differences between seminal and nodal roots as do wheat

ïoots (Bríggs, 1978).

The present results show that, under some condiËíons, semínal

roots can develop seveïal central meÈaxyJ-em vessels. This is elearly

wíthin the geneËíe capability of the plant, since Ëhe patËern is

characterisÈic of nodal rooËs. It would appear ËhaË environmental

conditions nay nodífy the paËtern of differentiation in the roo!.

However, both Passioura and Meyer noËed l-arge variations wíthín

varietíes; breeding for desírable characterisÈícs would be made much

more difficult, due Ëo the necessity of removing Ëhis variability

Ëo geË a real view of envíronmenÈal effecË.

PassÍoura (I972, L976) suggesËed thaË the metaxylem vessel of

seminal roots of the wheaÈ plant may constítuËe a limitíng resístance

to rrater flow. The plant can develop a maximum of six seminal roots'

but five ís most connlon (Meyer, L976). Seuinal root prímordia

differentÍaËe during grain development, and the number of primordia

can be reduced by stress condÍtions at this Ëime. Seed size is a

facËor; seminal root nunber decreased from 5.2 to 4.2 as seed size

decreased from 59 to 20 rng. Germínation Ëemperature had a slight

effecË on the number of seminal rooÈs developed; betr,Ieen 10o and 35oC,

the number of rooËs increased from 5.0 to 5.3, but a large varieËy x

temperature inÈeractíon rvas evident. Meyer studied 24 vatieties at

different temperatures. The mean vessel radius decreased frorn 35 nrn



90

at lOoC, to 30 nm at 27oC. Varieties had a mean vessel radius (5 cm

fron the root base) ranging from 27 Ëo 36 nm. However, in a poL

sËudy, it was found Ëhat vessel radius \¡Ias noÈ constant over the root

length; it increased from 26 nm at 1 cm' to 45 nm at l-05 crn below the

base of the plant.

The exËerna1 carbohydrate layer of roots also shows modifications

índuced by the cold soil temperature. Tn cross-sectíons of roots

grown at L2oC soil temperature, ín comparison wiÈh those grown at

BoC and at conËrol temperature' a very distínct Layet of carbohydrate'

characterized by positive staining with periodic acid/Sctrittrs stain,

was noted. This carbohydrate layer, although not biochemically

identÍfíed, is possíble mucilage. It was found on Ëhe roots preserved

from the fírst replieate of the first Part of the experiment, which

were embedded in plastíc. The roots of seedlíngs in the second part

of the research \¡rere exposed to Ëhe sËain, but without a protective

coating around them, the outer layer was desËroyed in sectioning.

There r¿ould also be a loss of mucilage to microbes under non-sterile

conditíons, as well as a sloughing off of mucilagenous tissue to

the washing solution.
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SUMMARY AND CONCLUSIONS

Às the soil temperatuïe dropped from 16.5o-L7.5o to r2o to goc,

the pre-emergence 1ag phase was prolonged; there was little effect on

rat.e og growth. since growth would be expected to decline with

lower temPerature, it seemed that biologícal and physiological changes

may have occurred during the lag phase, which compensaËed for the

temperature effects.

once seedling growth was esËablished, soil temperat,ure had a

dÍfferential effect on gro\,rËh of rooË and shoot. shoot growth was

depressed by low t,emperature, although the plants appeared normal

and healthy. However, root growth was only depressed at goc; fresh

and dry weights of L2oc plants equalled or surpassed. those of plants

gror¡rn at higher tenperatures.

The ímportance of this íncreased efficiency of growth and

meËabolísm, despite vrhaË has been prevíously considered a negative

influence, is most clearly understood by observing the plants aË

heading. when the controls were beginning Èo head, aË about d,ay 34,

and by ð'ay 39, there was rel-atively 1ítt1e green tissue left on the

Ëop for grain fílling; only the top leaves Ì^reïe not senescent. L2oc

plants headed about one sampling period behind controls, and even Èhen,

Èhere was much green tissue left Èo ensure adequate graín filling.

The root as well tras conservative of the photosynËhate translocated

down from the shoots. There ?Jas no Þ¡astage through dead cells and
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loss of cell conËents; the rooÈ tissue remained intact and funcËíonaI,

The thick mucigel layer may be construed as \,raste, buË it eould aid

in supplyJ,ng water Ëo roots, and l-n promoting spnbiosis with soil

microflora.

In general, the 1or¿ soil temperaËure favoured an íncrease in rooL/

shoot ratío. However, ít appeared Èhat there may have been a criËical

temperature locaËed between 80 and. 72oC, below whj-ch depression of

rooË gror¡rth occurs . In other experimenËs, a shif t in plant growth

rate occurred at abouË the four-leaf stage in plants at t.he lowest,

soil temperature, wíth Ëhe result that, a1-though maturity vras delayed,

the accumulated weight of roots, shoots, and grain eventually equalled

that of plants gror4rrÌ at the higher soil temperatures. This growth

compensation was not seen in the presenÈ study, because the experiment

díd not continue through to maturity.

The 1-ag phenomena which had been observed before I¡ras present in

this series of experiments. The quesLion: was it obligatory, due to

Ëhe ínability of Èhe col-d-sËimulated plants t.o surPass this gror^7th

rate because of a shortage of waËer and nutrient from the cooled

rootsi orr was it voluntary, due Ëo an adaptation to the cold stímulus

by iurplenenting a different growth schedule. It would appear vólunËary

from these resulËs. I^Jere it merely a thermodynamíc response to cold,

it coul-d be expected that the growth raËe afËer day 24 would take off

as the temperature control was l-ifted, and adjust itself to the conËrol

rate. This dld not occur. In addition to Èhis, basic anatomical

features r¡ere altered irreversibly, and Èhe plant seemed Ëo benefit.
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This adaptability Ís exciting ín terms of breeding; the mechanísms

for stress adapÈatíon were already pïesent in the wheat p1ant. A

plant should be capable of beíng moulded to almost any environnenË,

after the physical features which besË suit that environmenÈ are

ascerÈained. rt must be concluded that wheat (and other temperate

cereals) has evolved a number of nechanisms which allor¿ it to compensate

for low Ëemperature during germinatíon, emergence and early growth.

Experimentally, these compensations will- on1_y be seen íf time is

allowed for the processed to occur.

The observed effect of nitrogen sËatus on plant growth may be

important. Increased nitrogen usually shifËs the root/shoot raËio in

favour of vegetaËíve growth; low tempeïatuïe has the opposiÈe effect.
rn our experiments, where nutríent supply was limitíng, as indícated

by rapid leaf senescense and rnobilízation of leaf nitrogen, lower

soil temperature appeared Ëo abolish Ëhe effects of nitrogen on ïoot
growth. rf thís occurs under field condÍÈions, low temperature

may offseË Ëhe effecÈs of fertílízer nitrogen.

FurÈiler work should focus on the priorÍty which nitrogen, r^7at.er,

temperature, and líght exert on root and shoot development. The

means by which the genetic patËern controlling yíerd, protein and

drought tolerance modifies the response pattern should be examined.

Ït would also be most helpful to discover how the death of the cortex

is influenced by these factors, and Íf the exudation of carbonaceous

materi-al ín turn influences the rhízosphere microflora.

Perhaps the most signíficant results of this research perËaín
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to root anatomy. The cold-stimulated rooÈ reacted to decreased \,rater

availabílíty by self-imposed adapËation, to overcome this líuritatíon

in several ways. More nuuerous and larger central metaxylem vessels

lowered resistance Ëo up\47ard soluËe flov¡. A greater total radíus of

cenËral metaxylem gave less resistance to flow, as well as a greater

surface area for entry into the vessels from Ëhe root external to

the stele. An intact corÈex facilitated flow through líving ce1ls,

instead of by a tortuous rout.e around air pockets in a dead root. A

greater whole-root radius made contacÈ with a greater amount of

soil water. rn addition Ëo all these inner nodifícatíons, the

carbohydrate outer J-ayer reslst.ed dehydration, and helped prevent

shrinkage and separatÍon of soil and root, and the formaËion of air
pockets between Èhen.

MosÈ importanËly, previous assumptions Ëhat Èhe seminal root

has only one cenËral metaxylem vessel, while the nodal roots have

more than one, are not valíd.

Statístical analyees done on the root anatomy data are not

conclusive of the signífígance of differences betr.¡een treatmenÈs

overall, a1-though some varíeties show signifigance wíËh respecË to

soDe paramet.ers (tables-1 and 2). However, close examínation of

all the ehanges ín r}oc planËs poinËs out that these rooËs are all

rnodified in the same dírecËion, that ís, aL]- towards lor¿ered

resj-stance to !üater uptake. whÍl-e statistics ís a useful tool in

interpretation of resulÈs, ín Ëhís case, statistícal results nay

only discourage furËher work on wheat planËs with their root,s
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subjected to temperature sËress, and this would be an unfortunaËe

misuse of statisÈics. My hope is that fuÈure workers will be

excited by the revol-utionary information furnished by the series

of experiments described in thís Ëhesis, and will overcome the

handícaps of seemingly ínsígnífícant results, and a messy and

tedíous experimental method, to sËudy roots, whether stressed or

growing under optimal condiËions, in much greater detail.

The present resulËs suggest that l2oc may be optlmum for r¿heat

root extension and growËh, and for the growth of shoot.s attached to

roots growing along a L2oC isoËherm. There is an adaptat.ion to

the cold stimul-aËion, as these plants r¡Iere grolJn from initial

ímbíbition and germinatíon at Ëhe experimental tenperature.

This is noË to be confused with a recovery meehanísm mentioned by

some workers, who subjected plants grovln at nornal temperatures to

sudden periods of col-d; recovery implíes damage, and the plants

in this research vrere not damaged by cotr-d. The tlagt períod not,ed

here is not a recovery period, buË a valuable growth adapt,ation, Ëo

facil-ítate very effícíenË grori'IËh.

The planË Èhat deveolps when root.s grolr at 12oC soil

tempeïature, while the tops develop aE L6.50-17.5oC air temperature'

has an overall smaller shooË, wiËh an extensíve and viable root

system, whích combine Ëo make the best of environmental- adversities

(low nítrogen, r,?aËer stress, crowding) and benefits (tZoC soil).
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TABLE 7" Shoot fresh and dry weights

Control

(average of two replicat.ions) .

L2oc

Days post- Fresh
emergence (e)

Dry
(e)

Fresh
(e)

Dry
(e)

L4

19

24

29

34

39

r.470

2.87 6

3" 911

5 .105

6.486

5.596

.r52

.448

.732

1. 306

2.340

2.082

.632

I.329

2.3L3

3.660

6.043

6.289

.086

.r70

.323

.855

L.250

L.420

TABLE 8.

Days posÈ-
emergence

Plant height (average of four replícations).

Control LzoC

CmCm

L4

T9

24

29

34

39

9.2

1l:1

L2.g

20.0

39.s

49.9

7.L

8.2

10.1

14.0

2t.2

33.7
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TABLE 9. Root/shooË raËios, fresh
replícations) .

and dry weights (average of Ëwo

LzocControl

Days
emer

posË- Fresh Dry
ce

a4

L9

24

29

34

39

Days post-

1.061

1.136

.931

.803

.878

.77 7

.7 09

.611

.447

.36L

.354

.280

L.7 24

L.522

1. 651

L.047

1.073

.762

.851

. B0s

.827

.446

.497

.460

TABLE 10. Root fresh and dry weights

ConËro1

(average of four replications).

Lzoc

F::esh Dry Fresh Dry
(e)emerqence (e) (e) (Ð

L4

19

24

29

34

39

1. 101

2.042

2.669

3. 515

3.626

3.7 99

.07 4

.L72

.26r

.434

.578

.537

.92L

L.862

3.774

3.942

5.46s

4.54L

.073

"L37

.277

.343

.583

.547
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TABLE 11. Number of tillers per plant (average of four replicatíons).

Days post- Control J,zoC
emelgence

L4

L9

24

29

34

39

t. 05

2.28

2.44

2.06

1.59

.63

.65

r.52

2.27

2.38

2.65

2.56

TABLE 12. Leaf fresh weight from plants with roots exposed to 8oC
soil t.emperature (average of two replieaÈions).

Days post- Leaf 1 Leaf 3 Leaf 5
emergence

T4

T9

24

29

34

39

.080

.082

.081

. 078

.0s6

.027

.066

.l-69

.220

.2r9

.2l-4

.203

.222



TABLE 13. Leaf dry weight from plants with roots exposed
temperaËure (average of two replications).

Days post- Leaf I Leaf 3
emergence

tL2

to BoC soil

Leaf. 5

74

19

24

29

34

39

TABI.E 14.

Days post-

.020

.020

.019

.019

.014

.or2

Leaf 1

.011

.033

.037

.o4L

.038

Leaf 3

.041

.o49

Relatíve chlorophyll units per^g dry weight leaf tissue from
plants with rooËs exposed to 8"c soil temperaËure (average of
two replicatíons).

Leaf 5

74

T9

24

29

34

39

84.6

88. 5

B3. s

66.3

22.8

4.8

IL6.7

80. 3

101. 7

56. s

42,8

78.7

90. 6
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TABLE 15. Mg total protein per
with rooËs exposed Ëo
replicatíons) .

Days post-
emerqence

Leaf 1

g {ry weíght leaf tissue from plants
B'C soil temperature (average of Èwo

Leaf 3 Leaf 5

T4

L9

24

29

34

39

50. 84

39. 33

39.01

24.49

8. 68

76.6L

38. 43

50.85

28.29

13.58

TABLE 16. Mg imino acids per
vüíËh roots exposed
replícations) .

Days post-
emerqence

Léaf 1

e drv weieht leaf Ëíssue
fo gÖc =oil t.*perature

49.44

35.56

from plants
(average of two

Leaf 5Leaf 3

L4

79

24

29

34

39

28.90

33.4L

40 .57

20.69

40.89

59 .51

2L.26

67.97

30.49

74.06

50.77
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TABLE 17. Mg amino acids per
with rooÈs exposed
replications) .

g drx weight leaf tissue from plants
to B-C soil temperat.ure (average of tv¡o

Days post-
emergence

Leaf 1 Leaf 3 Leaf. 5

L4

T9

24

29

34

39

TABLE 18.

Days post-
emergence

Root fresh
to BoC soil

6.47

9.67

10. 53

1.68

2.3r

L4.79

9.11

L2.82

6. 10

14.97

8. 18

and dry weíghts from plants wíth roots exposed
temperaLure (average of two replícations).

Fresh Dry

T4

L9

24

29

34

39

.3s9

.s93

L.6l-6

2.693

3.055

3.9s4

.046

.090

.LzB

.2L7

.269

.366



TABLE 19. RaÈe of emergence, expressed as per cent
emergence (control and L2-C, average of
BtC, average of Ëwo replications).

115

of fínal control
four replicatíons,

BocDays after
plantins

Control L2oc

1

2

3

4

5

6

7

8

9

10

11

L2

13

L4

15

16

L7

1B

L9

20

2!

22

23

0

0

0

0

0

0

0

0

1.8

L3.7

38.6

62.2

77 .6

82.5

84.5

86.6

89.0

89.3

89 .9

92.t

92.L

92.L

92,L

92.r

ôt '1

92.7

0

0

0

0

0

0

0

0.6

L7.L

35.0

46.4

61.5

7 L.7

7 4.6

BL.2

81. B

84.6

85. 6

87. B

87. I

87.8

87. I

88. 4

L6.4

54.2

83.0

88.1

92.7

96.8

97 .9

99.2

99.2

99.s

99.s

99.5

100.0

100. 0

100. 0

100. 0

100.0

100.0

100. 0

100.0



TABLE 20. Protease actívity as mg

weight leaf tissue: Leaf

Days post- Control

116

""i¿" released per g dry
of Ëwo replications).

8oc

Èotal amino
1 (average

L2oc

T4

L9

24

29

34

39

L9.r45

2L.884

6. 898

36.L29

8.525

8.084

22.37 2

LL.394

L4.4L7

L4.087

7 .390

L3.7L9

7 .593

7.543

TABLE 21. Protease activity as mg total amíno acids released pre g dry
weight leaf tissue: Leaf 3 (average of tv¡o replícations).

Days post- Control L2oC 8oC

emergence

L4

L9

24

29

34

39

L2.07 2

L7 .897

8.07 4

44.252

1_4.86r

4.903

3.529

r.243

6.224

L4.567

12.8L9

L4.560

L2.893

11. 651

16. 651

L4.340



TAßLE 22. ?roËease activiËy as ng
dry weíght leaf tissue:

Days post-
emerqence

ConËro1

toËal ¡mino acíds
Leaf 5 (average of

ô
L2-C

LL7

released per g dry
two replications).

8oc

T4

L9

24

29

34

39

TABLE 23. Reducing
(average

Days post-
emergefice

14 .130

39.318

L5.9L9

LL.269

3.64t

L.232

1.058

6.9s2

3. 631

sugars as mg per g dry weight leaf Ëissue: Leaf 1

of two replications).

control Lzoc Boc

L4

L9

24

29

34

39

L5.928

L5.724

9.79r

2L.857

77 ,946

16. 581

L7.933

22.306

38.t29

18.210

11.184

20.L07

22.3L2

42.735
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TÆLE 24. Redueing sugars as mg per g dry weighr leaf tissue: Leaf 3
(average of tr¿o replications).

Days post-
emergence

Control Lzoc Boc

Days post- Control
eneTgence

18.868

22.5ss 9.000

17.258 10.578

L7.645 10.251

37.262 18.791

37.480 24.2L4

T2OC Boc

T4

L9

24

29

34

39

L4.L48

9.874

L0.926

46.368

34.984

TABLE 25. Reducing sugars as mg per g dry weighL leaf tissue: Leaf 5
(average of two replications).

I4

L9

24

29

34

,39

12.21,4

L8.478

7L.822

23.L02

L9.497

20.908 L7.549

27 .0r0 8.969
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TABLE 26. Analysis of variance of leaf fresh weight z Leaf. I.
Data Ëransposed to 10910 (1+x).

DF SS MS

Replicate 3

Temperature 1

.0001 .00003

.00042 .00042 10.00

.00569 00742 33.81

.00080 .00020 4.76

.00113 " 000042

Date

TxD

Error

TxD

Error

4

27

Total 39 .00813

TABLE 27. Analysis of varianee of leaf fresh weighr: Leaf 3.
Data t,ransposed to logr' (lra() .

DF SS MS

Replicate .0025 .0008

TemperaËure 1 .0002 .0002 2.86

Date 5 .0465 .0093 L32.86
**

**
5

33

.0328 .0066 94.29

.0024 .00007

Total 47 .1055
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TABLE 28. Analysis of variance of leaf fresh weight: Leaf 5.
Data transposed to 10910 (f+x).

DF SS MS

Replícate 3

Temperature 1

.0077

.0115

.0006

.0062

.0155

.0027

.0115

.0003

.0031

.0010

11. 5

0.3

3.1

Date

TxD

Error

2

2

15

¿

Total 23 ,0415

TABLE 29. Analysis of varíance of leaf dry weight: Leaf 1. DaËa
t,ransposed to logr0 (1+x).

DF SS MS

Replicate 3

Temperature 1

.00 .00

Date

TxD

Error

4

4

27

.00003 .00003

.00002 .00000s

.00 .00

.00006 .000002

¿t

15 .0
¿

2.5

.0-

ToËal 39 .00011
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TASLE 30.

Replicate

TeItrperature

Date

TxD

Error

Total

TABLE 31.

Replicate

Temperature

Date

TxD

Error

Total

J

1

5

5

33

47

Analysis of variance
transposed to logr'

Analysis of variance of leaf dry weight: Leaf 3. Datatransposed to logr' (f+x¡.

DF SS MS

.00028

.00

.00055

.00075

.00001

.00159

.00009

.00

.00011

.00015

.0000007

0.00

757 .r4

2]-4.29
ú¿

DF

of leaf
(l{ar) .

SS

dry weight: Leaf 5. Data

MS

3

I
2

2

15

23

.0025

.0011

.00028

.00062

.0004

.0049

.0008

.0011

.00014

.00031

.000026

42.30

s.39

LT.92
¿&
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TABLE 32. Analysis of variance of root fresh weight. Data transposedro logr' (f+x¡.

DF SS MS

Replicate 3

Temperature I

.24

.055

1.11

.069

.3L6

r.79

.08

. 055

.222

.014

.0096

5.73

23.L3

L.46

t

¿JDate

TxD

Error

Total

5

5

33

47

TABLE 33. Analysis of variance of root d.ry weight. Dat.a transposedro logr' (1+x).

MSSSDF

Replicate 3

Temperature 1

.0153

.0002

.r792

.0018

.0250

.2275

.00051

.0002

.0358

.0004

.00076

.26

47.LL

.53

Date

TxD

Error

Total

5

5

33

47
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TABLE 34. AnalysJ-s of variance of root/shoot ratio (fresh weight).

DF SS

Replicate

MS

Temperature 1

.0032

.801

1. 315

.]-34

.530

SS

.0032

.801

.263

.027

.0482

MS

L6.62

s .46

.56

¿-L

Date

TxD

Error

5

11

Total 23 2.783

TABLE 35. Analysis of varíance of root/shoot ratio (dry weíght).

DF

Replicate

Temperature 1

Date

TxD

Error

.0008

.2L02

.6195

.0514

.LIg2

.0008

.2L02

.t239

.0103

.0108

L9.46

LL.47

.95

&¿

&s

11

Total 23 1.0011
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TABLE 36. Analysis of variance of root per cent r.rater.

DF SS

Replicate 3 37.29 L2.43

Temperature I 69.L7 6g.17

Date

TxD

Error

Total

s 3 24 .6s 64 .93

5 65.10 13.02

33 167.62 5.OB

47 662.83

&¿
L3.42

&r
72.7 8

&
2.56

TABLE 37. Analysis of variance of leaf lengËh: Leaf 1.

DF

Replicate 3 tL.L47 3.7L6

Temperature 1 1.191 1.191

Date

TxD

Error

Total

4 8.606 2.rs2

4 4.686 r.L7 2

27 588.7 4 21.805

39 674.37

.06

.10

.05
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TABLE 38. Analysis of variance of leaf length: Leaf 3.

DF SS MS

Replicate 3 110.72 39.9I

Temperature L 4L9.49 4L9.49 35.43

Date 5 76L.66 152.33 L2"87

TxD 5 185.18 37 .04 3.13

Error 33 390.61 11.84

Total 47 1867.66

TABLE 39. Analysís of variance of leaf length: Leaf 5.

DF SS MS

Replícate 3 166.17 55.39

Temperature L 438.62 438.62 2.57

Date 2 44.4 22.2 .13

TxD 2 8L.42 40.77 .24

Error 15 2563.64 L70.84

Total 23 3293.25

¿J
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TABLE 40. Analysis of variance of leaf area: Leaf 1.

DF SS

Replícate

MS

Temperature I

Date

TxD

Error

Date

TxD

Error

.523

2.3I

L40.94

6.s4

54.40

.523

2.3r

35.24

r.64

1.88

r.23

78.7 5

.874

29

Total 39 204.77

TABLE 41. Analysís of variance of leaf area: Leaf 3.

MSSSDr'

Replicate 1

Temperature 1

3.8

].4.32

296.89

229.87

33.26

3.8

14.32

59 .38

45.97

3.O2

9 .06
¿J

37.58
&J

29.L05

11

ToÈal 23 578.1,4
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TABLE 42" Analysís of variance of leaf area: Leaf 5.

DF SS MS

Replicate I .64 .64

Temperature L 20.46 20.46 I.54
Date 2 34.43 L7.22 1.30

TxD 2 t62.85 81.43 6. 13*

Error 5 66.4 L3.28

ToÈal 11 284.78

TABTE 43. Analysis of variance of shoot fresh weighÈ. DaËarransposed to logr' (f+x¡.

DF SS MS

Replicate 1

Temperature I

.0006 .0006

.0610 .0610

.547 6 .1095

.0107 .002L

.0159 .0014

.63s7

Date

TxD

Error

Total

5

5

11

23

&J

42.32
&¿

76.00

1.48-
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shoot dry weight Data transposedTABLE 44.

ReplicaËe

Temperature

Date

TxD

Error

Total

Replicate

Temperature

Date

TxD

Error

Total

Analysis of variance of
to logr' (f+x¡ 

"

DF SS MS

I

1

5

5

11

23

.00

.078

.95L

.052

.052

1.133

.00

.078

.]-902

.0104

.0047

&J-

16. 60
¿J-

40.47

2.2I-

TABLE 45. Analysis of variance
lo8ro x'

DF

of plant height. Data transpósed to

MSSS

I

1

5

5

11

23

.00084

.1536

1.5082

.0186

.L042

r.7854

.00084

.1536

.3016

.0037

.0095

76.L7

3L.7 5

.39
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TABLE 46. Analysis of variance of number of tillers per plant.

DF SS

Replicate

MS

TemperaËure 1

Date

TxD

Error

2.7

L.24

L2.04

]-0.27

7.6

o

r.24

2.4L

2.05

.23

5 .39

4.3s
¿&

B. 915

33

Total 47 33.85

TABLE 47. Analysís of variance of relative chlorophyll units per
g dry weíght leaf tissue: Leaf 1.

DF MS

ReplicaËe 3 14r9.5I 473.L7

TemperaËure L 2634.L4 2634.1.4 3.e4-

Date 4 75396.15 18849.04 27.46*

TxD 4 2535.07 si3.77 .92-

Error 27 18531.25 686.34

Total 39 100516.12

SS
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TABLE 48. Analysis of variance of relative chlorophyll units per
g dry weight leaf tissue: Leaf 3.

DF SS MS

Replicate

Temperature

Date

TxD

Error

Total

ReplicaËe

Temperature

Date

TxD

Error

Total

8442.88

4758.77

57 25.2L

230.06

9929.47

28486.39

28L4.29

4L58.77

2862.6L

115.03

667.96

3

1

5

5

33

47

467t.96

3923.s6

81980.62

4842.0L

L2332.9

L077 5.05

L557.32

3923.56

16396.L2

12r0. 50

373.724

¿¿
10.50

&¿

43.87
¿

3.24

TABLE 49. Analysís of
g dry weight

DF

varíance of relative chlorophyll units per
leaf tissue: Leaf 5.

SS MS

3

I

2

2

15

23

6.28

4.32

.77

¿
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TABLE 50. Analysís of varÍance of mg amino acids per g dry weight
leaf tissue: Leaf 1.

DF

Replicate 3 1806.42 602.02

Temperature I 2L2.06 ZL2.O6 2.06-

Date 3 1 0L4.57 338.19 3.28*

TxD 3 3L8.62 I06.2L 1.03-

Error 2L 2L66.09 103.1s

Total 31 55L7.76

TABLE 51. Analysis of variance of mg amino acids per g dry weight
leaf tissue: Leaf 3.

DT

ReplicaÈe 472.9L Ls7.63

186.60 186.60Temperature 3 3.7r

o?

2.48

140. 55 46.85

373.32 L24.57

21 1055.79 50.28

Total 31 2229.57

MSSS

MSSS

Date

TxD

Error
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TABLE 52. Analysis of variance of mg amino acíds per g dry weight
leaf tissue: Leaf 5.

Replicate 3 18.100 6.033

Temperature I 12.842 L2.842 3.I7

Date 2 283 . 691 L4L.846 35 . 01

MSSS

¿¿

Total 23 399.369

TABLE 53. Analysis of variance of mg imino acids per g dry weight
leaf t.issue: Leaf 1.

DF SS

Replícate 3 5722.48 L9O7.49

Temperature I 15. 50 15.50 .03

TxD

Error

Date

TxD

Error

Total

2 23.958 LI.979 2.96

15 60.778 4.052

3 10864.t6 362r.39 6.13

3 1688.02 562.67

2L t24L3.66 591.13

31 30703.82

.95

MS

&&
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TABLE 54. Analysis of varíance of mg imíno acids per g dry weíght
leaf tissue: Leaf 3.

DF SS

Replicate 3 1727.54L 575.847

Temperature 7 258.76 258.76 .27

Date 3 148.007 49.336 .05

TxD 3 2473.683 824.56L .85

Error 21 20475.33L 975,0L6

Total 31 25083.32L

TABLE 55. Analysis of variance of mg imino acids per g dry weight
leaf tissue: Leaf 5.

SS

Replicate 3 21664.723 722L.574

Temperature L 9666.92 9666.92 2.53

Dare 2 t4999.792 7499.896 I.g7

TxD 2 8L29.993 4064.996 r.07

Error 15 57231.805 38L5.454

Total 23 LLI693.23

MS

MSDF
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TABLE 56. Analysis of variance of mg total protein per g dry weight
leaf tissue: Leaf 1.

DF

Replicate 3 3f58.753 1052.918

Temperature L 22L8.445 2278.445 3.19
t(Date 3 6532.4IL 2L77 .470 3.13

TxD 3 246.029 82.010 .L2

Error 2L L4625.706 696.462

Total 31 2678L.344

TABLE 57. Analysis of variance of mg ËoËal proteín per g dry weíght
. leaf Èissue: Leaf 3

Replicate 3 13578.036 4526.0L2 8.52
J

Temperature L 2906.48 2906,48 6.4I

Date 4 8748.63 2187.16 .76

TxD 4 ]-034.029 258.507

Error 27 92L6.1L2 34L.337

ToËa1 39 35483.287

SS

MSSSDF
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TABLE 58. Analysis of variance of mg total proËein per g dry weight
leaf tissue: Leaf 5.

MSSSDF

Replicate

Temperature

Date

TxD

Error

Total

Replicate

Temperature

Date

TxD

Error

Total

J

1

2

2

15

23

6393.202

395.443

L702.452

2L5.LOg

17 36.325

L0442,53L

2L3L.067

395.443

85r.226

107 .555

115.755

3 "42

7 .35

.93

¿&

TABLE 59. Analysis of variance of rate of emergence.

DF SS MS

J

1

2T

2L

L29

t75

.L7L

4.334

90.l-67

L2.43L

1.948

109.051

.057

4.334

4.294

.592

.015

287.02

284.37

39.2L

**

¡ú

J¿


