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1

SUI44ARY

The effect of water deficit on the growth and yield of biennial

rrootr crops has been studied in some detail. However, little attention

has been paid to explaining the underlying mechanisms of observed yield

reductions in such crops. Idith this in mind, Radish was chosen as an

example of this group of plants and its response to a range of types'

Íntensities and duratj-ons of water stress investigated. The development

of the fleshy axis was studied in detail.

!'later stress induced with potyethylene-glycol solutions (-5,

-10 and -15 bars) resulted in consi-derable disruption bo plant growth.

These effects however, were largely cf a transienl nature. As intensity'

and to a lesser extent duration (24, 48 and 72 h,r) , of stress were

increased the reduction of plant growth was increasingly marked until

eventuall-y shoot and also fleshy axis death occurred. Tissue death

around leaf margins, apparently as a consequence of steep water potential

gradients, was a feature of PEG-induced stress. Monitoring of fleshy axis

diameter changes throughout stress episodes reveal-ed that water loss was

continuous, probably as a consequence of poor stomatal- regulation.

Repeated episodes of PEG-induced water stress caused highly signi-ficant

yield reductions.

T¡'later stress Ímposed through soil water depletion (i.e. water

regi.mes) caused more persistent reductlons in F.adish plant yie1d. Again

these effects hrere more marked as stress intensity was increased, and

the yiel.d reduction hras proportionally greater in fleshy axis than shoot

tissue. Both cel.l dlvision and cell expansion were significantly reduced

by stress i-n both the shoot (reduced leaf area) and the fleshy axis

(reduced vol-ume). Atthough cell division was less obviousÌy decreased by

stress than was cell expansion, its reduced rate during stress appeared
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to be the primary limitation to plant recovery following stress relief.

CeII expansion v,Ias more markedly responsive to both imposition and

alleviation of stress. The general pattern of fleshy axis cell-ular

differentiation and development was not disrupted even by severe stress'

however.

, In older plants, the rate of leaf senescence was accelerated

by stress, whilst in younger plants only the rate of leaf appearance I^Ias

reduced. In plants of both ages individual leaf area was decreased. It

was determÍned that older leaves had less ability, possibly because of

Iarger cell sizes and a poorer ability to osmoregulate, than younger

l-eaves to maintain a favourable water balance.

Rapid reduction in leaf water status (PEG treatment) initiated

massive proline accumulation. Young, slowly-droughted Radish plants did

not display the same considerable reduction in plant water status as did

PgG-treated plants and, with time, were able to recommence very slow

growth unden such conditions. Soluble sugar concentrations in the leaves,

cotyledons, hypocotyls and roots of these plants rose' and cel1 wall

thickening in the hypocotyl (through lignin deposition) was observed.

It was concluded that Radish can accomodate single shortt

episodes of water stress, but that repeated episodes or very severe

stress resulls in a significant yield reduction. The Radish does not

have any stage of growth during fleshy axis development which is particularly

sensitive to waber stress. Long-term depletion of substrate moisture

results in reduced plant yietd through reduced rates of cel-I division and

inhibited cell expansion. Restoration of a favourable water supply

results in a persistent stress effect due to the reduction 1n cell numbers.

Ï,lhen stressed ear1y, before the plant has commenced substantial cell

expansion, the Radish can adapt to survive in severely water limibed

environments.
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CHAPTER 1

INTRODUCTION

t. 1 Plant trrlater Slress Response

1.1.1 Tissue lrlater Relations

The most widely accepted criterion for plant water status in

water stress studies is the tissue water energy status or water potenbial.

l,Iater potential (V) is in its simpl-est form a function of three variabl-es

(Gardner and Ehlig, 1965);

where Y is total water potential, Vn is the osmotic or solute potential,

YO the turgor or pressure potential andr Y* the component due to adsorption

forces i.e. the mat,ric potential. Also a widely used criterion is

relative water content which estimates the water held in a tissue relative

to its potentlal capacity at full turgor (Barrs, 1968). The relationship

between water potential and relative water content (RI/üC) i-s slightly

curvilinear such that as RlrlC falls bel-ow around 60% the rate of decline

in Y incneases (tlarren Wilson, 1967).

Growth and expansion of the plant is related particularly to

turgor potential, no expansi-on occurring unless turgor potential is

substantialJ-y positive, and the ability to maintain positi-ve turgor has

been used as a criterion of the relative drought resistance of different

species. For j-nstance, Eggplant is able to maintain a more favourable

water balance during stress than some other vegetables (Behboudian, 19TTa).

Possible responses to water stress allowing the maÍntenance of a relabively

better water status include the retention of a higher RlrlC for a given faII

in V, more effective control of transpiration, better osmoregulation through

soLute accumufation and, rapid recovery of waten slatus on sbress alleviation.

Intraspecific differences may not be as great as interspecific differences

in this respect (Fischer and Sanchez, 1979). The lower growth rates

+Y +Ypm- \t/
-I

î1
v

I
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incurred at reduced turgor may be compensated for in part in some crops

eg. Sorghum (Stout et aJ., 197S) through extended growth periods, however

in other crops no such compensation is apparent (eg. Beans, Elston et a7',

1976),

plant water status fluctuates markedly even in well watered plants

during the course of the diurnal period. In bhe field minimum daily water

potentials occur ab around 1400 hours (Ehrler et a7., 1978). V'later stress

thus involves the maintenance of reduced water potentlals throughout much

or all of the diurnal period; however, only sJ-ight reductions in water

status (which may involve the maintenance of positive turgor) can result

in reduced reproductive and vegetative growth.

In short-term stress episodes reduced stomatal conductance offers

the main resistance to water loss. The rapid stomatal response appears to

be directly effected by reduced turgor and precedes the action of secondary

physiological stomatal regulators such as abscisic acid (Davies and Lakso'

lgTS). Not all species of plants however are able to effectively timit

vrater loss through stomatal control, which is dependant upon a high

cuticul-ar resistance to water flow. Aspen, for lnstance, has very low

drought, t,o_lg_ralge because the cuticle has very little resistance to water

passage (Jarvis and Jarvis, 1963). In pJ-ants such as the Eggplant

(Behboudian, 1g77b) and Bean (Sorarova et a7" 1977) stomata close and

restrict water loss at a }eaf water potential of around -10 bars'

Several other resistances to water flow exist within the plant.

The common phenomenon of midday wilt, which occurs even on moist soils when

the atmospheric demand for moisture is highest, serves to illustrate the

existence of at least one such resistance which causes reduced leaf water

potenti-al. Studies on Sunflower have suggested that leaf resistance to

water flow operates as a variable independently of stomatal control and

that it limits water foss more than do the stem reslstances to flow (Black'

rgTg). Root resistance to water flow is the largest within the plant and
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is probably the primary factor regulating l-eaf water status under conditions

conducive to midday wilt. Radial passage of water from the root epidermis

to the xylem elements forms the rate limiting step (Newman, 1976). However,

in situations where soil water is not abundant a considerable resistance

(reduced hydrauJ-ic conductivity) is generated in the zone immediately

surrounding the roots, and thus an external resistance can be created i-n

excess of that which could be predicted from the general soil water

potential. It is important therefore to consider the plant ln respect

to its central position in the soit-plant-air continuum.

1.1.2 Growth Effects of l¿fater Stress

In this study the prime concern is the vegetative growth of fleshy

axis tissues derived from hypocotyl and upper nadicle tissues. !'lork on some

vegetable species has shown that germination (Ross and Hegarty, 1979) and

hypocotyl elongalion (Ronnike, 1957 ) are more sensitive to water stress than

radicle growth, but that the drought resistance of the hypocotyl may improve

in the course of time (Obloj and Kacperskapalacz, 1978). During development

subsequent to the hypocotyl stage, stress during rapid fleshy axis swelling

may have greater effects on yield compared to stress at earli-er and later

stages when growth rates are lower eg. Turnips (Stanhil1, 1958) and

Sugarbeet (Singh et a7., 1978). In the culture of field crops, it may be

beneficial to attempt to strike an irrigatj-on balance to achieve maximum

yield with acceptable quality as for instance, copious water supply has

been shown to produce maximum yield of Turnips bul to reduce cooking quality

(Stanhill, 1958). On the other hand, irrigation of a previously non-irrigated

Sugar Beet crop increased sugar yields per hectare (Draycott and Messemt

lgTT), however, discriminatory use of eplsodes of water deficit in the l-ater

periods of Sugar Beet development can be employed to further improve sugar

yietds (Singh et a7., 1978). Illater management for the Sugar Beet crop based

on the regular assessment of xylem water potential has been suggested
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(Slegman and Bauer, 1977 ) with irrigation controlled so that the average

potentia1 does not fall below -12 bars. Simil-ar programs may be desirable

for other crops where the fleshy axis is harvested.

In 1ess applied studies it has been shou¡n that there is a linear

relationship between leaf water potential and yield of Radish, Red Beet and

Onion plants subjected lo a range of salt and humidity stresses (Hoffman

and Raw1ins, 1gT1). Differences in mean water potential betv¡een fuII and

almost no yield were only 6 bars in Radish, 13 bars for Beet and 4 bars for

Onion. These responses are probably controlled by changes in planb turgor'

a suggestion which is strengthened by the observation that the application

of an external- pressure of 8.5 bars to counteract completely the internal

turgon resulted in cessation of expansion of the fleshy axis of Radish

(Kibreab and Danielson, 1977). In this sludy, with no excessive exbernal

salt supply, the osmotic poLential of tissue extract was linearly related

to the pressure applied. This indicates a role for osmoregulation' the

: tti

lowering of internal osmotic potential by the active accumulation of organic

solutes and ions, in the growth of the fleshy axis'

Leaf growth proceeds in a manner similar to fleshy axis growth

through processes of cell division and cell expansion, and thus many

principles established for leaf growth during stress may apply directly to

fleshy axis devei-opment. However, each organ has its or^m particutar funcLions

and thus simitarities can be expected to be limited to the physical rathen

than the physiological implications of lower waber status' Leaf growth

is dynamically highly responsive to reduced water potential (Barlow and

Boersma, 1972; Bunce , lgTB; and Boyer, 1970). For example, the eJ-ongation

of Maize leaves is reduced at -0.2 bar soil water potential (-7 bar

Ieaf water potential) and the process ceases al -2.5 bar soil water

potential (Acevado et a7., 1971). In Soybean and cotton (Bunce, lgT9i

however, leaf expansion continued at night even when the net assimil-ation

rate was reduced by stress and, in a similar fashion renewed Ieaf expansion
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occurred towards the end of a 4 day desäËcation period in Corn, Sunflower

and Soybean despite earl-ier severe inhibition (Boyer, 1970). It is suggested

that reduced atmospheric water demand in the first case and the accumulation

of osmotic soÌutes resulting in improved turgon in the second account for

these apparent anomal-ies. Leaf number may also be reduced by stress, but

in Field Beans (Karamanos, 1978) this was only a minor factor j-n the

reduction of total plant leaf area. An increased rate of leaf senescence

was deemed more important, but still only a minor factor rel-ative to the

reduction in leaf area. In stressed Soybean, the rate of leaf expansion

comesponded closely to leaf water polential, and relative growth rate was

negatively correlated with stomatal conductance, leaf water potential and

the rate of leaf area expansion (Sivakumar and Shaw, 1978). I'lhen subjected

to wilting, the relative growth and net assimilation rates of Tomato plants

were also reduced and normal translocation was modified, as was evident from

higher stem weight ratios (i.e. stem dry weight : total plant dry weight)

and lower lamina weight ratios (Gates, 1955).

The dependence of vegetative growth on plant water status was

also apparent in a study of Pinus resinosa and BeÉu-Za papgrifera (Braekke

et a7., 1978). Contrary, however, to the situation with stems and the

other vegetative organs discussed above, stress may result in enhanced

root growùh in some crops eg. Cotton (Ma]ik et a7., 1979). In young Cotton

an increase in the root : shoot ratio of droughted plants üias due to an

absoLute increase in root weight with no change in shoot wej-ght. This

growth phenomenon is of importance wi-th respect to the ability of a plant

to exploit a greater soll vofume and take up more water.

Although the prime aim of thi-s study is to examj-ne vegetative

growth during stress with emphasis on fleshy axis tissues, effecLs of

stress on reproductive growth warrant brief mention. Many investigations

on the effects of water stress have demonstrated that stress at critical

periods of fruit or seed formation l-ead to the greatest yield reductions
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in such crops. This response has been found in the following crops :

lrrheat (BoIe and Dubetz, lgl}i Chinoy, 1962), Rapeseed (Richards and

Thurling, 1978), Bush Beans (Dubetz and Mahalle, 1969), Soybean (Doss

et a7. , 1g74; Yazdi-samadi and saddati , 1g7B) , Peas (Salter, 1962;

Miller et a7., 1977) and,, Corn (Denmead and Shaw' 1960; Robins and

Domingo, 1953) to mention a few'

Very relevant to plant growth in stress envj-ronments is the I

ability of plants to recover from water stress episodes' Rapid recovery

of a high water status confers a growth advanbage leading to increased

plant production (Nulsen and Thurtel1, 1978). Recovery times vary with

the severity of stress; for instance, Maize plants at -11 bar leaf water

potential regain lost turgor within 40 to !o minutes, but more severely

slressed plants require longer periods (up to 3OO minutes) ' The recovery

of leaf water potential is interrupted in severely stressed Maize plants

by a plateau phase lasting around 30-45 minutes and occurring at -B to -9

bars. This phase is attributable to undetermined root processes as this

study was carried out in the dark to avoid stomatal interaction effects'

l r,i
ì

The stomata of Maize and Sorghum plants reopen normally after wilted plants

are rewatered and 2 days later their leaf diffusive resistance is close to

control levels (Sanchez-Draz and Kramer, 1g71). In the recovery period

following stress, leaf expansion may be accelerated in comparison with

control p]ants. Previously stressed Panjcurn plants have a leaf expansion

rate greater than that of plants not subjected to stress for up to 33 hours

after stress alleviation (Ludlow and Ng, 1977), This rate of expanslon is

related to the intensity and duration of previous stress and, in the light'

displays a marked transient burst soon after rewatering' However' despite

lhe increased rate of expansion, total recovery in leaf length is not

attained. It is suggested that the increased leaf expansion rate is due to

the enlargement of cells from a pool of unexpanded cells generated through

continued cell. division activity during stress' A si-mifar increase in leaf
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expansion following stress relief has also been reported for Tomato (Gates,

1955) and was accompanied by a rising lamina weight ratio and a decreasing

stem wei-ght ratio. Again recovery was not total.

The reduction in growth during stress may be due to biochemical

responses to stress as well as to the purely physical effects, and the

recovery of normal metabolism following stress relief is also of importance.

For instance, in dark grovün Illheat, chlonophyll formation on stress al-Ieviati-on

in the light shows a prolonged lag phase and yields a decreased chlorophy'l I

content. This effect became more marked with increased duration of the

previous stress (Bengston et a7., 1978). Accumulated ABA and proline fell

rapidly to return to control levels within 10 hours of stress alleviation.

Simitarly, lhe activilies of L-Phenylalanine ammonia- lyase and nitrate

reductase, which were markedly reduced in water stressed Manze seedlings,

both showed partial to complete recovery within 24 hours after rehydration

of stressed plants (Bardzik et a7. , 1971).

1.1.3 Physiology of Plants during inlater Stress

The following discussion aims to broadly outline physiological

responses to water stress, first considering those responses that affect

tissue water status (stomatal aperture and osmotic adjustment), then the

altered hormonal- balance of stressed plants, and finally examining the

changes in carbon and nitrogen metaboli-sm.

An intricate tttimingil of plant physiological responses to water

stress exists (figure 1.1 ) in relation to the rate of onset of stress,

the duratj-on of stress, the severity of stress and the varied responses

of indÍvidual species to stress. It is important to consider these points

during any attempt to compare and rel-ate findings from different studies.
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Figure 1.1

Diagrammatic generalization of the relative sensitivity of

some plant processes to water stress (after Hsiao, 1973).
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1.1.3.1 StomataL Behaviour in Response to Stress

Stomatal control is a turgor-mediated phenomenon with regulation

of aperture being subject to a complex system of controls (Zelitch, 1969).

During water stress, stomatal aperture is Lhe major factor determinlng the

plant water exchange and carbon dioxi-de flux, and regulafion through internaf

CO, concentration and endogenous ABA level has been proposed (Raschke, 1976).

However, in short term stress such as occurs when the atmospheric environment

exerts a strong demand for moisture, aperture control- via direct humidity

sensing by guard celIs may be involved (Edwards and Meidner, 1978). Evidence

of the i-mportance of subsidiary cells in regulating guard ceII activity'

independently of the bulk leaf turgor, supports this notion (Maier-Maercker,

1979i Beadle et aI. , 1978). It can thus be concluded that the importance

of the various control- mechanisms can vary, and indeed they may interact

(Schulze and Kuppers, 1979), according to the water supply and demand

conditions. V'ihatever the sensing and control mechanism, the loss of

potassium ions fnom guard cells to surrounding cells appears to be the

primary effector of reduced guard ce1l turgor (Ehret and Boyer, 1979).

The importance of stomatal- regulation of plant water balance and

the limiting of water loss during stress has been recognised for many

decades (Maximov, 1929i Fasehun, 1979). The degree to which stomata

control water loss durlng stress may vary, however. In Snap Beans, stomatal

resistance increased sharply at fairly high leaf water potentials (-B to

-11 bars) and the response approximated an effective on-off mechanism

(Kanemasu and lanner, 1969). However, in some herbage species (lfhite

Clover, Perennial Ryegrass, PhaÌaris and TalI Fescue) stomatal conductance

fell only slowly wilh developing stress and did not reach a minimum value

until much bf the herbage was dead (Johns, 1978). Even at this stage'

water loss per unit foliage area was reduced only 20 Lo 30%¡ and the greater

survival abllity of Tall Fescue was largely conferred by the }eaf-rolling
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lrait. A similar degree of variation may exist in the value of stomata

in conferring intraspecific differences in drought tolerance. An

investigation into the relative dnought resisfance of two Pinus radiata

clones indicated that the greater survival capacity of one was due to its

ability to limit transpiration to around half that of the other (Bennett

and Rook, 1978).

Similarily, stomatal frequency (or density) may also have a

role in respect to relative drought resistances. However, when field grown

Barley cultivars were screened for the relationship between flag leaf

stomatal frequency and either yield or morphological traits, no significant

correlations hrere obtained (Ledent and Jouret, 1978), which tends to

contradict this concept.

1.1.3.2 Osmotic Adiustment During I'later Stress

Osmotic adjustment or turgor regulation occurs wi-th the

accumulation of soluble compounds which decrease lhe osmotic potentiaÌ'

and hence the water potential, of cells whilst maintaining turgor. Such

maintenance of unchanged turgor potential between irrigated and non-

irrigated treatments has been found in App1e (Davies and Lakso, 1978).

Similarly Sorghum has been shou¡n to adjust Lo a water deficil through

osmotlc adjustment and leaf senescence more effectively than through

stomatal control- (Jones and Turner, 1978). Sorghum appears to osmoregulate

more efficiently than Corn (which relies more heavlly on stomatal control ) ;

and thus, through reduclng the amount of tissue water loss per unit drop

in water potential, attains greater drought resistance (Sanchez-Draz and

Kramer, 1971).

The solutes which act in osmoregulation vary, but in water stress

where ionic adjustment is l-imited (in comparison to salt stress) they are

of organic nature. For instance, water stressed Beans accumulated higher

concentratj-ons of soluble solids whilst sal-t stressed Beans adjusted
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ionically (Janes , 1966). During severe stress, Wheat accumulated

carbohydrates and amino acids in the apex and in both enclosed elongatlng

and expanding leaves (Munns et a|., 1g7g). In this study K+ was also a

major component of general osmotic adjustment, and additionally a role for

malate accumulation in leaves vras suggested.

1.1.3.3 The Role of Growth Regul ators duri-ng !'later Stress

Major growth regulators studied in relation to water stress are

abscisic acid (ABA), cytokinins, auxin, gibberellins and ethylene' For

instance, duning stress root cytokinin concentration decreaÞes and leaf

ABA level increases (vaadia, 1976). These changes result in increased

root permeabiliby and decreased stomatal couductance and represent an

example of the interaction of growth regulators effecting plant adaptation

to water stress. The application of growth regulators, such as these, has

been used to mimic the response to water stress and to gather evidence

supporting their proposed rol-es (Mizrahi and Richmond, 1972\.

ABA applied exogenously can be used as an effeclive anti-

transpirant provided plants are only mildly stressed (Talha and Larsen,

jg16). The effects may be transient, however, and the effectiveness of

repeated applications may decl-ine with time (Goode et a7' , 1978) ' A large

increase in the level of endogenous ABA in a stressed plant is a widespread

phenomenon causing reduced stomatal aperture (Blake and Ferrell, 1977)i

short chain fatty acids (eg. undecanoic acid) may also accumulate and a

synergistic actj-on with increased ABA has been proposed (!üillmer et a7"

1978).

ABA synthesis can occur in the chloroplasts of plant cells and

the compound can neadily migrate to other pl-ant parts (Loveys, 1977). The

accumulation of ABA is due to increased synthesis (Milborrow, 1978) and

increased levefs are probably maintained because the rate of synthesis and

metabol-ism are both elevated and approximately equal (Harrison and !'lalton'
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1975). Plants, having experienced stress episodes, appear to retain some

persistent hormonal adjusbment which confers greater stomatal sensitivity

to subsequent stress periods and elevated ABA levels (Davies, 1978).

Accumul-ated ABA has effects other than on the stomatal response.

If is a potent stem growth inhibitor (During and Scienza, '1975) and, in

interaction with other hormones, can effect changes ln general growth

patterns of plants subjected to stress; for i.nstance accumufated ABA

interacts with apical dominance (auxin) factors in the Corn tassel and

causes growth promotion of lower axillary inflorescences (Damptey et a7.,

1978). It has also been suggested that proli-ne accumulation during stress

may be caused by ABA accumulation and partiaì-ly regulated by the level of

accumulated ABA (Rajagopal and Andersen, 19TB). Other suggested consequences

of ABA accumul-ation include reduced leaf gnowth, enhanced senescence and

the production of epidermal hairs (Jones, 1978).

Reduced cytokinin level-s are associated with water stress and

have been correlated with decreased protei-n synthesis (Ben-Zioni- et aJ.,

1967). Reduced levels may also interact with increased ABA in synergistic

effects on stomatal closure (Bengston et aJ., 19TB); additionally they may

regulate the rate of increase in transpiration i-n the wake of stress

alleviation.

Auxin levels also fall during stress. Reduced level-s may be

involved in decreasing cell extensibilily (Clel-and, 1967 ) and in reducing

the hydraulic conductivity of tÍssues (Boyer and lrlu, 1978).

Litf1e change in gibberellin 1evels occurs during stress. In

an Ínvestigation of leaf abscision, for example, GA3 was found to play

only a minor role (Davenport et a7., 1979). However it has been suggested

bhat the tissues of pJ-ants previously subjec-ued to stress may be more

responsive to GAa during recovery (Rai et a1.., 1978).

During water stress, ethylene levels and emmission tend to rise

in some tissues (Sivakumaran and HaJ-l, 1978), and have been associated with
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reduced grohrth rates and enhanced senescence (lüright , 1979 ) . Exogenous

ethylene has been shovo:l to decrease the extension period and extensibility

of Barley roots (Hall et a7., 1977), and the ability of some species to

continuously generate increased leve1s of ethylene during stress is

correlated with the leaf shedding reaction (Aharoni, 1978).

1.1.3.4 Carbon Distribution and MetabolÍsm durins Water Stress

This section considers the effects of water stress on carbon

fixation, its distribution throughout the plant and, its expenditure in

respiration processes. The reduction of photosynthesis during water stress

is a widely reported phenomenon (Kriedemann and Smart, 1971; Rawson, 1979i

Planchon, 1979; Parsons et a7. , 1979). Reduction in total plant photo-

synthesis occur as a result of both reduced photosynthetì.c activity per

unit leaf area and of reduced produclion of new leaf area (Boyer, 1976).

Photosynthebic activily declines as a result of reduced stomatal aperture,

increased mesophyll resistance (Pospisilova et a7., 1978) and, inhibited

chloroplast activity.

At the metabolic level, stress reduced ribulose 1,5-diphosphate

activity (O'Toole et a7., 1977), inhibited carbon flux from serine to

sucrose and inhibited carbon met,abolism via oxaloacetate Índuce a shift

from sugar to amino acid metabolism and increased photorespiration activity

(Lawlor, 1976; Lawlor and Fock, 1977, 1978). The level of reduction in

photosynthesis following identical stress treatments has been used to rank

the relative stress resistance of Rice cul-tivars (Jones, 1979). This study

also detected photosynthetic adaptation resulting from a previous stress.

The rate of translocation is less sensitive to water stress than

is photosynthesis. Photosynthetic rates of Bean, for instance, decline

as a result of rapid stomatal closure, whereas translocation rate in the

first few hours after the onset of stress appears relatively insensilive

(HoddinotL et a7., 1979). fn Strawberry subjected to dnought, the pattern
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of carbon distribution was unaffected but the amount translocated was

considerably reduced (Udovenko and Goncharova, 1977). Stress in Bean

plants caused a brief lnitial stimulation of translocation followed by a

virtual cessation of acropetal- assimilate distrj-bution (Plaut and Reinhold,

1965). 0n stress alleviation, acropetal translocation resumed rapidJ-y.

Both here and in a study on lJheat and Bean plants (Couch and Todd, 1972)

stress resul.ted in a retention of carbon in ethanol solubl-e fractions.

In contrast, studies on Tomato and Bean (Woodhams and Kozlowski, 1954)

revealed that leaf, stem and root concentrations of starch and both

reducing and non-reducing sugars fell during stress, and that on stress

alleviation starch concentrations alone recovered. However, bearing in

mind the process of osmoregulation, it would appear that increased sugar

concentration durlng stress is the more Seneral plant response.

Respiration is less sensitive to stress than is photosynthesis

(Lawlor and Fock, 1978), and, it has been suggested that the decline in

respiration rate on stress is associated with the decreased growth and

not with maintenance (Penning de Vries et a7-, 1979).

1.1.3.5 Effects of Slress on Nitrogen Metabolism and Nitrogen Containing

Compounds

The uptake of nitrate and, Lo a lesser extent, ammonium is reduced

by water stress through reduced root permeability and reduced water flow

(Frota and Tucker, 1978a). In relation to dry matter productionr however,

plant nitrogen'content increases in stressed plants.

The enzymes of nilrate assimilation are reduced in activity

during drought. Reduced ni-trate reductase synthesis has been reported in

the wake of reduced polysome levefs, with this sequence being reversed

on stress alleviation (Morilla et a7. , 1973). Nitrite reductase activity

also declines with stress but the response is less sensitive than that of
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nitrate reductase. This difference in the effect of stress on the two

enzymes has been proposed as a mechanism which prevents toxic nitrite

accumulation (Heuer ex aJ., 1979). It was further suggested that the

reduction in nilrate reductase activj-ty is a result of direct inhibibion

and of reduced synthesis, whilst the reduction in nj-trite reductase

activity is due to direct inhibition by stress alone 
i i..¡.;.,:

Fundamentally related to growth is the production of proteins / {

for various functj-ons. Accumulation of amino acids, nitrate and nitrite

in stressed tissues has been reported as a consequence of decreased protein

synthesis (Frota and Tucker, 1978b). Protein synthetic rates are reduced

more in drought sensitive than drought tolerant Maize cultivars (Botha and

Botha, 1979). Increased rates of protein degradati-on are not suspected as

a major cause of reduced protein 1evels (Maranville and Paulsen, 1972),

and the reduced synthetic rates may be due to dissociation of polysomes

to monosomes (Hsiao, 1970). Conversion of polysomes to monosomes is a

reversible process on stress alleviation. Thls phenomenon appears to be

directly proportional to growth reductions in stressed plants (Rhodes and

Matsuda, 1976). However, directly relating to protein synthesis, RNA

leve1s in stressed tissues have been found to fal-1 due to increased

destruction (Gates and Bonner, 1959) and decreased synthesis (Sheoran

and Sihag, 1978). Thus an interaction of processes may serve to reduce

protein l-evels, for example in drought hardy Black Locust seedlings pol-ysome

levels faIl, RNAse activity increases and only reduced rates of protein

synthesis are maintained during stress (Brandle et a7. , 19TT).

The most spectacular change in chemical composition of many plants

experiencing water stress is the accumulation of high tissue concentrations

of the amino acid prollne (Palfi ex a7., 1974). Another organic moÌecu]e,

the quarternary ammonium compound glycinebetainer frâV also accumulate. fn

stressed Banl-ey the accumul-ation of glycinebetaine is proportionally less

than that of proline (!,lyn Jones and Storey, 1978), however on stress
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alleviation prolj-ne levefs faII more rapidly than those of glycinebetaine

(Ahmad and !¡yn Jones , lgTg) . A general increase in amino acid levels

during stress has been reported and attributed to proteolysis and also to

increased net synthesis in some (eg. proline) instances (Thompson et a7',

1966). Moreover, it has been demonstrated tha| proline accumulation is

independent of protein synthesis (Boggess and Stewart, 1980). The

biochemical mechanisms leading to proline accumulation such as inhibited

oxidation, enhanced production, and protein breakdown' may differ in

importance between species (Boggess et a7., 1976). The proì-ine accumulated

during stress may serve to protect celI constituents during periods of

water stress (Jager and Meyer, 1977; Schobert and Tschesche, 1978) and

the relative magnitude of proline accumulation has been correlated with

drought hardiness in a group of Barley cultivars (Singh et a7', 1972) '

This view has been questioned however, with the suggestion that proline

accumulation is merely a non toxic product of the interruption of normal

metabolism (Hanson et a7., 1g7gi TaI eÈ aJ., 1979i Ferreira et a7', 1979)'

1.1.4 The Effect of V'later Stress on CelI Growth and MorPhological

Development

ce1l division and ceIJ- expansion in leaves, stems, roots and

cotyledons are reduced by water stress (Ordin, 1966). CeIl expansion

requires the exertion of positive internal pressures against the cell-

wall and also the presence of auxin which has a role in cell wall loosening.

Critical values of water potential exist in rel-ation to auxin-induced cell

waII loosening in Avena coleoptiles. Elastic stretching is reduced to a

low level, and is auxin insensitive, at 1ow waber potential' Irreversible

plasfic stretching, although fess sensitive, is similarly reduced at a

water potential below about -3 bars in the bathing solution (Cleland'

1g5g). At higher water potential, plastic stretching is proportional to

the water potential of the bathing solution.
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The growth rate (expansion) of a single cell can be thus

expressed in terms of two major variables (Green, 1968), viz;

Rate = Cell Extensibility x Turgor Pressure

Extenslbility, in trrite-ZLa for exampJ-e, is not constant but falls to zero

as turgor is reduced to 807" of full turgor. In this study it was shov¡r

that the criticat turgor value could be reduced, however, by previous

stress episodes.

The elasticity of cetl walls may decrease (i.e. increasing

elastic moduli) as ceIl turgor increases to high values and also as cell

volume increases during normal celJ- growth (Steud1e et a7-, 1977). Thus

a direct controL l-ink between turgor and ceII extensibility may serve to

mediate cell growth both during slress and during favourable grrowth

periods. The following formula illustrates the major parameters involved

in cell growth and can be used to determine the hal-f time (Tå ) of swelling

or shrinkage of indi-vidual plant cells;

rå = 0.693 . vA\

Lp (e+n)

where V is ceII volume, A is cell area, Lp is hydraulic conducti.vilyr e the

internal osmotic pressure and, n the elastic modulus. The flow of water

1nto or out of the cetl is determined by the magnitude and di-rection of the

water potential gradient between the cell and its environment. The water

potential of the ceII is determined primarily by the balance between turgor

pressure and osmotic potential. Through breakì-ng dourn, and defining and

measuring, the parameters of cell growth discussed above a greater under-

standing of the physical effects of water stress on plant growth is being

attained.

Turgor pressure is not only important for cell expansion, but

also is an important factor in relation to cell divisi-on. In factt

comparatively, cel-I division may have a greater turgor pressure requirement

if maximum rates are to be attained (Kirkham et a7., 1972). However, cell
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division may proceed at a reduced rate at a turgor pressure below that

which halts ce1] expansion (Gardner and Nieman, 1964). In support of this

suggestion, it was found Llnaiu Vicia faba root elongation rate was reduced

6-fo1d by a stress which only protonged the mitotic cycle 1.86-fold

(Murln, 1979). The S-phase of cell division (including DNA synthesis) was

the period most sensitive to stress.

The relative sensibivities of cell expansion and of cell division

may vary between species and possibly between organs on the same plant.

Studies wlth Sugar Beet leaves have shown that a smalÌ reduction in turgor

has far more effect on cell division than on ce11 expansion (Terry et a1.,

1971) but the two processes appear equally sensitive in Soybean hypocotyls

although 1n lhe absence of any osmotic adjustment ceII expansion may be

slÍght1y more sensiti-ve (Meyer and Boyer, 1972). Effects of stress on

other plant processes may influence the more direct effects on division and

expansion. Although cell division is reduced by stress during the early

phase of endosperm development in the !'iheat grai-n, the relative effect

during the subsequent expansion period is difficult to gauge, as the severely

reduced assirnilate suppJ-y causes shrivelled grains (Brocklehurst et a-2.,

1978) .

Morphological consequences of stress on ceII division and

expan-sion include reduced leaf thickness due to smaller mesophyll and

palisade cells, and thus reduced interce1lular ai-rspace and substomatal-

cavity volume (Manning et a1., 1977). The number and cross-sectional area

of leaf xylem elements may also be reduced. SmaIIer leaf cells resulting

from stress have thicker walls which may confer greater plant tolerance lo

Iow v¡ater potential (Cutler et aÌ., 1977). Advantages of smaller cells

incl-ude reduced susceptibility to mechani-cal damage on shrinkage, Iower

osmotic potential- and a lower turgor requirement for growth. The increased

internal to external leaf area ratio nesulting from reduced leaf area may

confer an added advantage through improved water use efficiency (Smith and

NobeI, 1978).
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Stress can afso alter the morphology of reproductive development

which may result in lower yields. The formation of new primordia in the

developing Bar1ey apex is an example of an extrenely sensitive yield-

related process (Husain and AspinalÌ, 1970). Primordium formation is

considerably more sensitive than the growth and morphogenesis of lateral

spikelets.

cambial activity may also be reduced by stress and may be

regulated through a requirement for daughter cells to expand to a critical

size before they in turn can divide. This was apparently the case in

excised and stressed Fraxinus stems in which the critlcal size is around

6 p diameter (Doley and Leyton, 1968).

Altered root anatomy under water deficit conditions has also

been recorded. Rice grown in dryland condition when compared r¡ith the

same variety grourn i-n paddy has a reduced root diarneter, lncreased stele

diameter, reduced numbers and sj-zes of cortical cells, and a reduced

number of metaxylem elements (E1-Aishy, 1979). These alterations however

should be considered in relation to the fact thaf no drought treatment

was applied. Also regarding roots, the importance of the maintenance or

acceleration of root growth during stress may exceed that of shoot

adaptations in conferring drought tolerance. This situation was found in

an experiment comparing Lwo EucaLgptus species, which demonstrated that a

deep and ramifying root system conferred the greatest degree of drought

tolerance (Pereira and Kozlowski, 1976).

Relevent to stress effects on tissue morphology is the point

that stress may also be invol-ved, both direcLly and indirectly, in

irreversible physiological disorders. An example of a direct effect is

pithiness in Celery. This disorder may be triggered by ABA accumulation

and results in tissue breakdov¡n within the petiole (Aloni and Pressman,

jg7g). Indirect involvement is instanced by the synergistic effect water

stress can have in the development of blossom end rot i-n Tomatoes. Tissue

breakdown at the distal end of the fruit is believed to be due to limited
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calcium supply, with cal-cium supply bei.ng a process easily inhibited by

restricted water supply (Geraldson, 1957).

1.1.5 The Effect of Water Stress on Cell lrlall Metabolism and on the

Structure and Function of Cells and their Organelles

Cell waII metabolism is reduced during water stress. ïn Avena

col-eoptiles the hot-acid solubl-e and cellul-ose fractions are first affected

and with increasj-ng severity, the other non-cellulosic polysaccharide

fractions are then decreased (Ordin, 1960). However, the synthesis of

all cell wall fractions appears to be uniformly reduced in stressed Sunflower

and Almond leaves (Pl-aut and Ordin, 1961), The wall- metabolism of tracheid

elements and other cambial derivatives is also reduced when excised Pine

stem tissue is stressed (l'lhitmore and Zahner, 1967).

At the ultrastructural level, water stress disrupts symplastic

transport when plasmolysis causes either breakage of plasmodesmatal

connections or leaves only protoplasmic connections through cytoplasmic

strands (Hechtian strands). Callose production around plasmodesmata

occurring during plasmoì-ysis is removed during recovery, with subsequent

restoration of electri-ca1 coupling (Drake et a7. , 1978).

During severe stress, which causes vacuolar and inter-cellular

space shrinkage, lip1d droplets and vesicles proximal to dictysomes appear

and rupture of the plasmalemma and/ox the tonoplast occurs in Sunffower

mesophytl cells (Fellows and Boyer, 1978J. Chloroplasts however, retain

their integrity at a low water potential- which results in the loss of

many other ce11u1ar organelles. Below certain water potentials tissues

lose their abi-lity to recover, bub this capacity Ì-s apparently tissue-

specific with Sunflowen phloem tissue for example having greater des

tolerance than mesophylJ- tissue. Similarly in Sorghum, and to a lesser

extent in Maize, mesophyll celts are more prone to damage (assessed by

tonoplast ruptune) than bund]e sheath cel-l-s (Giles et a7., 1974). In

t.
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MiLche1l grass, moreover, multiple vesiculation occur-s in mesophyll cells

during stress, but not in bundle sheath cel1s (Mittelheuser, 1977).

Chloroplasts of Sorghum have swôl-Ien outer membranes during

stress, and, in the case of bundle sheath chloroplasts, have reduced starch

contents (Kenneth et a7., 19761. Both the loss of starch and the

vesiculation of the tonoplast observed during stress are reversible on

stress alleviation. Despite the maintenance of Sunflower chloroplast

integrity during severe stress, photosystem II activiby is considerably

reduced. This reduclion has been attributed to changes in conformation

of the lamellar membranes (Fel1ows and Boyer, 1976).

Root tissues suffer ultrastructural damage, simllar to that

described for leaf tissues, during stress. The meristematic cells of Maize

roots exposed to stress display rearranged chromatin, reversion of

polysomes to monosomes, and damaged and rearranged membranes of

mitochondrial crislae, the endoplasmic reticulum and plastids. AII lhese

effects are reversible provided not more than 60% of the cellular water

is lost (Nir et aJ.., 1970), Root tissue dehydrated to a lethal state,

however, has totat structural disruption with only large chromatin masses

being recogni-sable (Nir et al., 1969).

Alteration in the activity of certain enzymes may be rel-ated to

this ultrastructural damage caused by stress. Increased hydrolysis and

membrane damage has been tinked to increased activity of acid phosphatase

and acid and atkaline lipases within chloropJ-asts of stressed Cotton

(Da Silva ex a1., 1974). Similarly acid }ipase activity rose in stressed

mitochondria. Coupled with damage and increased degradative enzyme

acbi.vity may be impairment of cellular oxidation processes. In air dried

Rice leaves decreased activities of peroxidase and catalase could result

in loxic leveÌs of compounds such as hydrogen peroxide (Mishra ex a7.,

1978).

t
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1.2 The Radish Plant

1.2.1 General Introduction and Discussion

The Radish (Raphanus sativus L. ) is thought to have originated

i-n an area to the west of the Mediterranean (Banga, 1976). Numerous

cultivars within four generally acknowledged varieties exist. The round

red cultivars belong to the varieLy radicuTa, Llne fleshy axis of which is

generally eaten raw as a salad vegetable noted for its pungent flavour.

The pungent principle is believed to be 4-methytthio-3-butanyl

isothiocyanate (Friis and Kjoer, 1966). The fleshy axÍs has little

nutritj-ona1 value, being around 93% water with low fibre and protein'

and only trace quantities of vitamins (Purseglove, 1968) ' It is however,

an important vegetable crop in many Asian countri-es, and is grown

commercially throughout the world.

1.2.2 The Radish Fleshy Axis

The edible fteshy axis is derived from the hypocotyl and upper

radicle tissues. Soon after emergence tissues wlthin the hypocotyl core

begin to divide and expand, resulting in rupture of the cortex at opposite

poles and subsequent rapid development until 40-50 days after sowing

(Hayward, 1938; I'Ieaver and Bruner, 1927 i PaIiwaI and Kavatheker , 1971) .

The anatomical composition (figure 1.2) of the mature fleshy axis consists

of large parenchyma cells aranged in irregular rays and surrounded by a

relatively thin band of pericycle tissue. A cambial ring runs between

the pericycle and inner parenchymatous region. The parenchymatous region

contains the xylem elements, a large proportion of the phloem tissue, and,

areas of secondary cambium.

ft has been proposed that the early growth of the hypocobyl occurs

entirely by ceII expansion (BilIington, 1970). However, the subsequent

growth and the transition from hypocotyl to fleshy axis is associated with

both active cell division and expansion. Division occurs primarily in

I
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Fizure 1.2

Diagrammatic representation of the progressive development of

the Hadish fleshy axis, where: ep, epidermis; cor cortex;

€rrr endodermis; pclr pericycle; par, parenchyma;

mx, metaxylem; px, protoxylem; ph1, primary phloem;

pâr ray; câ¡ cambium; xy?t secondary xylem; ph?, secondary

phloem; and, ca?, secondary cambium.

1. cross section of hypocotyl soon after germination,

through to 5., cross section of young fleshy axis showlng

all tissue types of the fully mature axis.

(After Hayward, 1938. )
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the cambium, although as men|ioned above, secondary sites of cell division

become obvious in the parenchymatous region as roots approach maturity'

Cambial actlvify is closely correlated with cytokini.n levels.

over a 40 days growth period the concentration of zeatin, and zeaflin

derivatives, rises in a sigmoid fashion similar to that.displayed by

fleshy axis diameter, and, as the increase in diameter slows the

concentralion of an unident.ified cytokinin increased (Radin and Loomist

1gT1). It was suggested from the evidence obtained, that zeatin and its

derivatives regulate cambial activity in Radish and are synthesised in

the shoot, whilst the unidentified cytokinin may be synthesj-sed in the

roots and transported to the shoot.

Translocation of photosynlhetic assimilates to the developing

fteshy axis has been shov¡n to be determined by the storage capacity of

that organ (Starck and Ubysz , 19T6; Starck and Stradowska, 1977) ' The

fleshy axis however, does not store sucrose before maturalion because

high invertase aclivity, particularl-y acid invertase, exists (Ricardo

and Sovia , 1gT4). Prior to maturation reducing sugars are present in

far higher concentrabions than sucrose, but at maturation invertase

activity falls and sucrose accumulates in the fleshy axis.

1.2.3 Growth of bhe Radish Plant and its Response to Environmental

Variables

poor correlations between shoot and fleshy axis growth panameters

have been consistently reported in Radish studies (Muthukrishnan and

Arumugam, 1977; Thamburaj, 1gT3), and phenotypic selection towards

decreasing this aspect of variability has found little success (Prasad

and prasad, 1978). However, plant seleclion procedures do offer ample

scope for the overall improvement of varieties. Effects of seed size and

vigour add to this genetic variabillty with Radish crops. Seeds less than

2.5 nrß diameter yield significantly less than seeds greater Lhan 2'5

mm diameter (Kononokov and Kravchuk, 1974). Low-vigour seed also
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reduces the yield of fleshy axes through causing an earfier cessation

of rapid growth (Cfien et a7., 1972).

Radish cultivars in general, are hlghly responsive lo light

and other envÍronmental factors. Raclish is a long-day flowering plant, I

/

but earlier maturing cultivars respond to a long photoperiod less than do

Iate maturing cultivars (Obraztsov, 1971). Fleshy axJ-s growt'h of the

European cul-tivar rCometr under long-day conditions can be accelerated

by high light intensity despite bolting and flowering (Yoo, 1977).

Under identical conditions, two Chinese cultivars exhibited decreased

fleshy axis development and required vernalization befcre responding

normally to light intensity and photoperiod. Far-red light has been shown

to inhibit Radish seed germination ancl, in one cul-tivar tested, blue light

had a similar effect (Swarnker and Kumar, 1977). Red and tr'trhite light, and

also dark, have no inhibitory effects. In a study on the enlargement

growth of detached Radish cotyledons, red light caused increased reducing

sugar concentratlons (probably through increased amyla-se activity) r and,

zeat]:n applied after light stimulation enhanced the effects (Huff and

Ross, 1975). It was postulated that increased sugars, through increased

osmotic potential, caused greater cell expansion in response to light

triggered phytochrome activation of arnylase. Another effect of light

is to inhibit the potentlal elongation of Radish hypocotyls which can

occur if seedlings are grown in the dark. In Sakurajima seedlings' applied

regulators ( 1AA, GA3 and BA) have litt1e or no effect against the

inhibitory effect of light on elongation, and, from a study of endogenous

growth inhibitors, it was concluded that inhibitors control- elongation

either through their depnessed destruction, promoted biosynbhesis or both

(Hagesgawa and Miyamoto, 1978).

By varying irradiance and carbon dioxide concentrationst

increased growth rates may be obtained in Radish. Higher levels of

assimilates in the plant, due to increased shoot growth and increased
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net photosynthesls, result in more favourable dry matter distribution

to fleshy axis tissues (Combe, 1979).

Temperature, like light, has both qualitaLive and quantì-tati-ve

effects on Radish growth and metabolism. Flowering in Japanese Radish is

hastened by vernalizaLion whilst time to flowering in unvernalj-zed plants

fluctuates in an annual rhythm accordlng to the period of seed storage

(Yoo and Uemoto, 1976). The gibberellin content of Radish plants doubles

in response to seed or seedlir,g vernalization (Suge, 1970). In the longer

term temperature has imporlant effects on growth. For instance, 1n a root

temperature experiment (shoots at ambient temperature) germi-nation did not

occur at 5oC, was optimal and followed by normal shoot and fleshy axis

growth at 2OoC, and occurred aL 25 and 3OoC, but subsequent fleshy axis

malformation and abnormal shoot growth was obvious (l'lendt, 1977l,. SimilarJ-y,

bed gror^rn Radish with bottom heat (14-16oC) significantly outyield unheated

controls (7-t¡oC) (Goldsberry and Halbett, lgTT). A constant ambient

temperature between 20 and 30oC appears optimal for rapid growth and

maximum yield (Nieuwhof, 1976 and '1978). Radish growth at above optimal

temperatures results in increased axis elongation, increased shoot dry

weight and decreased axis girth (Suzuki and Takano, 1978; Suzuki, 19TB).

The interaclion of temperature and relative humidity has

significant effects on fleshy axis production. High humidity (100%) and

Iow temperature (eOoC) causes etongated tsausage-shapedr fleshy axes' whilst

both hlgh humidit,y and high temperature (:OoC) result in normal gJ-obe-shaped

axes. Low humidity (50%) at eÍther temperature also results j-n normal

fleshy axes (Pareek and Heydecker, 1970).

In view of the theme of this thesis, some discussion of Radish

response to stress situations is warranted. Although fhe observations

menbÍoned above consider high temperatures, such temperatures of up lo

around 3OoC are not uncommon under normal growth conditions. Both high

(39oC) and low (4oC) stress temperatures r^rere used to compare Radish
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response with control plants at 20oC. Both stress treatments caused

massive increases 1n the proline concentration of tVrlhite lciclef leaves

and the high temperature treatment caused i'educed plant height and lower

leaf chlorophyll concentrations (Chu et aJ.., 1974). The cold treatment

inhibited the increase in plant fresh, but not dry, weight. rn the heat

stress treatment proline only accumulated when the relative humidity was

Iow, viz. 50% as againsL 93%, Salinity stress and soil water deficit al-so

reduce growth and chlorophyll concentration, and result in increased

proline leve1s (Chu, 1974). SaIt (NaCt) and al_kali (Na2C03) stress

applied to germinating and young Radish seedli-ngs causes stunted seedlings,

decreased rootlet formation, reduced respiration, and a delay in the

translocation of carbohydrates and fat derivatives from colyl-edons to the

embryonic axis (Raman and Rama Das, 1978). Seedlings were more sensitive

to alkaline than saline conditions. A less commonly encountered stress,

atmospheric pollution, has also been shown to significantly reduce Radish

growth. Low concentrations of ozone,and sulphur dioxide, which together

have additive effects, results in reduced shoot and fl-eshy axls fresh

weights and reduced fleshy axis diameter and length (Tingey ex a7., 1971).
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CHAPTER 2.

MATERIALS AND METHODS

2.1 P1ant Material

In the course of experimentation two round red Radish cultj-vars

were used, rFireballr (supplied by Arthur Yates and Co. Pty. Ltd. ) and

rMarst (supplied by Hendersons Seed Co. Pty. Ltd. ). Use of rFireballr was

discontinued because of pregermination noted in the seed supplied. Both

cultivars are common commercial lines. Samples of seed (100) from each

cultivar yielded 98% germination in water soaked fil,ter paper lined petri

dishes.

On the basis of an unreplicated preliminary investigation, seeds

were graded by mesh sieves and only those in the range of 2.5 to 3.5 mm

diameter were used in the experiments. Table 2.1.1 presents the data

(means for five plants) on which thj-s decision was based. AII harvest

growth parameters seem to be neduced with smaller seed size. Kononokov

and Kravchuk (1974) established that seed size greater than 2.5 mm

resulted in greater yields of fleshy axes than seed size less than 2.5 mm.

Small seeds demonstrate a slower rate of fleshy axis diameter development

compared with large seeds (figure 2.1.1) and by a predetermined harvesl

data show reduced diameters (ca. 2 mrn).

2.2 Growth Environments

Plants were grown in a glasshouse and in a controlled-environment

cabinet.

The glasshouse was whitewashed during the hof summer months and

cooling was provided by an evaporative cooler and supplementary air

conditioning unit. t'linter heating by steam pipes was supplemented with

a sealed oil element unit. Temperature was thus maintained belween 15-2OoC.
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Table 2.1.1

The effect of parent seed size on growth

parameters of Radishes harvested 50 days after

sowing.

Category Seed Seedling Leaf
Size Height Area
Range at I

days

Fresh T,leight F1eshy Dry lrleight Moisture Content
Axis

Shoot Fleshy Volume Shoot Fleshy Shoot Fleshy
Axis Axis Axis

(mrn) (mm) (cr2) (e) (e) (cc) (e) (e) (%FI¡t) (%F!,¡)

Small 2.0-2.5

Medium 2.5-3.5

Large 3.5-4.5

22.7

25.3

33.7

288

355

352

16.4

22.0

22.6

0.62

0.87

1 .01

0.80

1 .12

1 .50

95

94

94

95

95

94

12.04

15.24

15.90

15 .68

21.83

23.72
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Figure 2.1.1

Parent seed size effect on maximum fleshy axis diameter

growth of Radish.

. Small

Medium

Large
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Photoperiod control, when required, was achieved with incandescent globes

(60 !ù Phillips rPearl-t) supported one metre above canopy level.

The growth cabj.net had a height-adjustable plant platform of

1.25 square metres. The light source v¡as a bank of 28 fluorescent tubes

(65 hl Phillips '!,lhite') and B incandescent globes (60 Vü Phillips 'Pearlr ).

Photoperiod was 12 hours in most experiments. A light flux density of

about 400 pein/.rn2l""" was rnaintaineci at canopy level, and temperature

was 2ooc t 1oc constant in most experiments.

2.3 Growth Svstems

Several systems for growing, and methods for stressingr plants

were used. There was marked interplant variability and a preliminary

experiment was conducted to examine the validity of using the mean of a

small number (5) of plants to compare treatments. The Bartlett Test

does not assume a normal distribution and was used to test bhe homogeneity

of variance of growth parameters measured on plants grome in three pots

in the glasshouse. Despj.te large natural variation between individual

plants within pots (figure 2.3.1) no significant differences between means

were found for any parameter. Thus although estimates of the coefficients

of variance indicated that sample variance was large for each parameter

(table 2.3.1), each pot has been shou¡n to represent a true population

sample. In other words, each pot had a similar parameter mean with like

variance about that mean in the absence of any treatment likely to have

an adverse or promotive effect on plant performance. !,lith this information

available, Spearmans Rank Correl-ation Coefficient tests were carried out

with the pooled data (15 plants). There lras a surprisingly poor correlation

between shoot and fleshy axis growth (table 2.3,2). For example, a

correlation coefficient of only 0.39 between shoot and fleshy axis fresh

weight. 0n the olher hand fleshy axis parameters showed high correlatlons

with each other. Prasad and Prasad (1978) and Muthukrishan and Arumugam
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Figure 2.3.1

Natural- variation in Radish shoot and fleshy axis organs

between 15 plants cultured as three replications.
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Table 2.3.1

Coefficients of variatj-on for a range of

growth parameters cotlected from 15 plants

constituting three replications.

Growth
Parameter

Coefficient of Variation

Pot 1 Pot 2 Pot 3 Poo1ed Data

Shoot Fresh !'leight

Shoot Dry !,leight

Fleshy Axis Fresh !'leight

Fleshy Axis Dry lrleight

Leaf Area

Leaf Number

Fleshy Axis lt4aximum Diameter

Fleshy Axis Volume

0.436

0.411

0.565

0. 551

0. 314

0. 197

0.405

0.582

0.349

0.379

0.662

0.529

0.281

0.206

0.356

0.67 1

0.582

0.600

0.823

0.771

0.573

0.267

0,562

0.829

0.435

0.438

0.635

o.584

0.403

o.244

0.412

0.645
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Table 2.3.2

Correlations between various growth parameters

based on data r'rom 15 individual Radish plants'

Parameter Shoot
Fresh
Ïleight

Shoot
Dry
lrleight

Fleshy
Axis
Fresh
ïleighL

Fleshy
Axis
Dry
!,leight

Leaf
Area

Leaf
Number

6

FIeshy
Axis
Maximum
Diameter

T

FIeshy
Axis
Vo1ume

2. 3. 4. 5 I

8.

7.

6.

5.

4.

3.

¿.

1.

0.384

0. 339

0.619

0.975

0.493

0.386

0.942

1 .000

0.300

0.324

0.582

0.930

0. 405

o.297

1 .000

0 .998

0.907

0.008

0.421

0.964

1 .000

0.970

0.879

0.101

0.539

1 .000

0.904

1 .000

1 .000a.457 0.016

0.371 -0.006

0.576 1.000

1 .000
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(1977) have al-so reported poor correlations between shoot and fleshy axis

parameters. As a consequence of this preliminary experiment, further

experiments were conducted using small numbers of plants in pots, in which

detailed measurements of shoob and fleshy axis growth were taken separately.

Although not proven, an apparent decline in seedling vigour

occurred as the seed aged and direct sowing of dry seed I^Ias abandoned

during the period of experimentation. seeotwere thereafter pregerminated

and only vigorous seedlings were transplanted. In Iater experiments surface

sterilj-zation of seed was practised ( 1 part hlhite KingR ICI 4% w/vl to 1

part distilled water and shaken for 5 minutes, followed by 2 hours washing

under flowing taP water).

Seeds hrere germinated on distilled water soaked filter paper in

petri dishes. Germination proceeded normally whether the petri dishes were

wrapped with Alfoil or placed unwrapped into the growth cabinet. The seeds

were allowed to grobl on for 48 hours (pregerminated seed) up to one week

(sma1l seedlings) before being transplanted. Seedlings kept in petri dishes

for longer than 48 hours were moistened with half-strength Hoagland's

nutrient solution.

Dark coloured plastic pots (100 to 210 mm diameter) were used.

The plants vüere grovrn in a variety of rooting media: fine river sand

alone, coarse river sand alone, a mixture of isolite and coarse sand (1:3)'

coarse river sand and clay loam mixture (1:1) and vermiculite al-one. A

layer of gravel and, for sand, fine nylon mesh was used to facilitate

drainage.

Mineral nutrients were supplied by watering with various

dilutlons of Hoaglandrs solution (Hoagland and Arnon, 1938) in most

experiments. In one experiment OsmocoteR (3 month), a slow release

fertilizer formulation, was incorporated into the soil to a depth of

10 cm ß e/T kg soir).
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2.4 Imposition of Stress

l,later stress was imposed either by allowing depJ-etion of the water

in the rooting medium or by substituting for the water in the medium with

a solution of knome osmotic potential. Potyethylene glycol (PEG 4000 M.l{. )

was used as the osmoticum and was dissolved in half-strength Hoaglandrs

solution (osmotic potential -0.7 bars). PEG solutions in the range of

-5 to -15 bars (Slavik, 1974) were used to impose water stress. Several

studies have reported toxic and undesirable effects of PEG in addition to

those caused by the decrease in osmotic potential (Lawlor, 1970; Leshamt

1966; Mexal et a7., 1975). No visible toxic effects were noted in the

present study. In addition a comparison of the light transmission over

the spectral range of 300 to 700 nm for commercial PEG (Union Carbide)

with that of analytical grade PEG (BDH) and with PEG puri-fied by the

method of Al-bertsson (1971) reveal-ed no differences in absorbance. This

indicated that the PEG used was free of impurities.
' The volume of PEG solut.ion applied to impose stress was generally

equal to twice that volume of water required to wet air dried rooting

medium to field capacity. At the end of a perj.od of stress the PEG

solution r¡ras removed by flooding the rootin65 medium with either Cistilled

water or nutrient solution at double the volume of PEG originally applied'

In the alternative technique, the rate of depletion of water in

the rooting medium \^Ias recorded by weighing pots dai1y. The weights

obtained daily were used to calculate the timing and amount of water

required to maintain regimes where either a) the rooting medium was cycled

between field capacity and a predetermined lower water content, or b) was

cycled between two levels of water content below field capacity.

Salt and cofd stress were also imposed in one experiment. SaIt

stress was imposed and alleviated as was that imposed with PEG, but using

a '17 g/L NaCI solution (-10 bars osmotic potential). Cold stress was

imposed by transferring plants to 5oC t O.5oC with 400 pein/"^2/=".

irradiance for 12 hours Per daY.
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2.5 Measurement of Plant V'later Status

Plant water status was monitored, as a general rule, through

measurements of leaf relative water content. Estimates of water potential

and some estimates of osmotlc potential were also carrled out'

2.5.1 Relative l¡later Content

Relative water content was determlned with either whole leaves

or wlth leaf discs (1 cm diameter). V'Iho1e leaves were used when the

oldest ffully expanded' l-eaf on the plant was the first formed true leaf.

Leafdiscs(3to5)werepunchedfromthebladetissueoflargerleaves

with a cork borer. The last fully expanded leaf was u:*ed in af1

estirnates. The following formula was used to calculate relative water

content (Barrs, 1968):

(%) R.W.C. = I:I. - d.w. * 100

t.w. - d.w.

Fresh weight (f.w. ) was measured immediatety after exclsion of leaf material'

Ieaves being placed in a sealed ptastic bag during the short interval between

excision and weighing. Turgid weight (t.w. ) was obtained after floating

the material for 4 hr on distilled water under diffuse light. The leaf

was then blotted dry with soft absorbant tissue and weighed. Dry weight

(d.w. ) was obtained following oven drying (gooc) for 48 hours.

2.5.2 l^later Potential

Leaf water potential was measured by two techniques, therrnocouple

psychrometry and with the pressure bomb (Barrs, 1968). For psychrometry a

Ieaf (or part thereof) was placed immediately after excision into the

psychrometer cup so as lo line the whole surface. The cup was then sealed

with the thermocouple plug and placed lnto a water bath Qsoc t O.Ooloc).

Tissue was allowed to equilibrate with the chamber atmosphere for a

minimum of 2 hrs. The spanner type psychrometer used had 24 channels
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(thermocouples). Deflections recorded on a moving chart recorder were

quantified by comparison with a standard curve prepared wíth salt solutlons

of known water potential (Barrs' 1968).

' pressure bomb est]mations of leaf waten potential were obtained

on a commercial instrumenb (Soilmoisture Equipment Corp' ) ' The leaf was

placed through the chamber head and the seal around the petiole tightened

until no light was visible along the petiol-e channel. Approximately 5 mm

of petiole protruded above the seal. After securing the ch¿rmber head to

the chamber the pressure was increased slowly untiJ- xylem fluid appeared

at the vascul-ar bundles. A COZ/air mix was used to pressurize the chamber'

Determination of fluid appearance at the vascular bundles was facilitated

with a travelling microscope. lllater potential was read directly off the

pressune gauge which was calibrated in bars'

2.5.3 Osmotic Potential

Leaf osmotic potential was measured with a micro-osmometer

(Barys, 1968). Plant material- was sampled lnto a plastic tube which was

immersed in liquid ni-trogen and then sealed before storage at -20oC' The

stored material- was thawed (30 min) and sap was expressed through a fine

wire mesh with a micropress. A 10 lo 50 pI sample was placed into the

Kna,re"R micro-osmometer to determine osmotic polential by freezing point

depression. The data obtained were compared with a standard curve prepared

with NaCI solutions of knov¡n osmotic potential (Slavik, 1974) '

2.6 Macroscopic Growth Parameters

The growth of the shoot and fleshy axis was assessed from

measurements of leaf area and number', shoo1, and fleshy axis fresh and

dry weights, fleshy axis maximum diameter, fleshy axis volume' Other

data (eg. water content) were calculated from this primary data' An

unreplicated preliminary experiment yielded the fresh and dry weight data

I

t
d
'\
I
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(means for five plants) presented in table 2.6,1. A stage of rapid

shoot growth precedes a similar stage in fleshy axis deveJ-opment. Sigmoid

growth patterns for both organs are clearly discernible (figure 2.6.1).

As good correlations existed between fleshy axis volume, fleshy axis

fresh weight and fleshy axis maximum diameter (üable 2.3.2) the convenient

and nondestructive measurement of diameter was used to fol1ow fleshy axis

development, and stress effects' over time.

2.6.1 Fresh !Ùeieht

Tissue fresh weight was determined immediately after harvest

using a top-pan balance accurate to 0.01 g. Shoot fresh weight included

al1 above ground parts to the clear demarcation rcollarr at its junction

with the fleshy axis. Fleshy axis tissue included al.l- tissue below the

shoot junction to the transitlon between swollen and normal tap root

tissue. Lack of anthocyanin and a considerable reduction in diameter

marked this transition.

2.6.2 Dry lrleight

Dry weight was determined after placing tissue into paper bags

and drying it at BOoC for Z2 hours in a forced-draught oven.

2.6.3 Leaf and CotYledon Area

Leaf and cotyledon areas were measured with an electronlc

planimeter and included the petiole to its junction with the stem. The

Paton Eleclronic Planimeter produced a digital readout of the area of

tissue presented on a transparent conveyor and passed between a line of

photocells and a light source at a constant speed.

I

I

t
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Table 2.6.1

Changes in fresh and dry weights, and moj.sture

content, of the shoot and fleshy axis of

developing Radish plants.

Days
from
Sowing

Fresh t'leight

(e)

Dry !,Ieight

(e)

Moi-sture Content

(% F.tü. )

Shoot Fleshy
Axis

Shoot FIeshy
Axi-s

Shoot FIeshy
Axis

14

21

28

35

42

0.70

2.58

4.40

10. 30

12.39

0.09

0.17

0.55

2,07

8.31

0.05

0. 17

0.27

0.47

0.78

0.01

0.01

0. 07

0.11

0.47

93

93

94

95

94

89

94

e7

95

94
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Figure 2.6.1

Relative fresh weight development of Radish shoot and

fleshy axis organs.

. -. Shoot

Fleshy Axis
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2.6.4 Leaf and Cotyledon Number

Cotyledons and leaves were counted provided bhey retained

their structural integrity. 0n1y dead and clearly disintegrating tissue

was excluded. A young l-eaf was counted if the two halves of its blade

had unfolded to be on or about the same axis.

2.6.5 Maximum Fleshy Axis Diameter

This measurement was made using vernier scale callipers. The

rjawsf of the instrument were adjusted to touch either side of the fleshy

axis at its visually assessed widest point. Diameter was measured to an

accuracy of 0.1 mm.

2.6.6 Fleshy Axis Length

Fleshy axis length (mm) was measured from the shoot/fleshy axi-s

transition zone to the fleshy axis/root transition zone with verni-er

callipers.

2.6.T F1eshy Axis Volume

Volume was determined by lowerlng the organ on the end of a long

fine needle into a measuri-ng cylinder contai.ning distilled water. The

meniscus 1evel before and after the organ was fully submerged was read and

the difference between the two measurements gave fleshy axis volume. The

density of the fleshy axis was calculated frcm the fresh weight and volume.

2.6.8 Continuous Monitoring of Fleshy Axis Diameter

Changes in fteshy axis diameter during stress were continu.ously

monitored with a heart/smooth muscle transducer (Harvard, Model 386)

connected by means of a light spring tension against a lever resting on

Lhe organ (figure 2.6,2). The rotary capacitance-bridge electronlc

transducer r{as connected through a variable bridge balance unit to a moving

chart recorder. The apparatus was calibrated by gently moving the Iever
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FÍgure 2.6.2

Coupling system between the Radish fleshy axis and the rotary

displacement transducer used for the continuous monitoring of

axis diameter.

1. Photograph of transducer coupled to Radish fleshy axis.

2. Schematic diagram of transduction and monitoring system

(a, chart recorderi br bridge balancei c; transducer).

3. PIan diagram of transduction unit (d, spring tension

adjustment; e, transducer support arm; f, Ii-ght

tension spring; Br transducer lever Isteel rod];

h, rotary displacement transducer casing; i, plastic

contact pad; j, Radish fleshy axis; k, lead to

bridge balance).

c
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hrith a knou¡n distance adjustment on vernier scales touching the lever,

and recording the deflection on the chart recorder. An accuracy of 0.1

mm was detectabl-e.

2.7 Microscopic Growth Observations

Cell numbers and sÍzes, etc.

axis tissues.

r^rere recorded in shoot and fleshy

2.7.1 Shoot Tissue

A 1.1 cm disc was excised from eibher cotyledon or feaf tissue

avoiding main veins. The disc was incubated for 20 hr aL zOoC in 1.0 ml

of 5% Chromic acid (Brov¡r and Rickless, 1949), shaken for 1 min on a

vortex mixer, allowed to incubate for a further 4 hr and reshaken.

Immediately after the second shaking an aliquot was placed on a Haemocyto-

meter and the number of cells in four grids counted. The count was

repeated on another alì-quot for each leaf disc. Each grid held 0.1 mm3 of

solution and the number of cells per Ieaf disc was calculated from these

data. Provided lhe leaf or cotyledon area was known the cell number per

l-eaf could be estimated. However as leaf size and leaf number were

highly variable detailed estimations of l-eaf ceII numbers were not made.

2,7.2 Fleshy Axis Tissue

Fleshy axis tissue was sectioned and stained immediately in 1%

safranin and then passed through an ethanol- series (30, 50, 70 and 90%).

Flfteen minutes was all-owed for each of the alcohol steps, and prior to

the 70% step tissue vlas stained with 0.5% lieht green Ln 70% ethanol.

Tissue was finally placed in 100% ethanol for 30 minutes, 50 xylol- : 50

ethanol for '15 minutes and then xylol for 2 minutes before being mounted

in Canada balsam and covered with a coversllp.
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The paraffin wax technique (modified from Johansen' 1940)

was used initially to prepare transverse sections for estimation of cel-l

size and cel-l numbers. A 2-5 mm thick disç of fleshy axis tj-ssue vüas

exci-sed with a nevr razor blade and infiltrated under vacuum with F.A.A.

for 18 hours. After fixing, the tissue l^ras washed in two changes of 50%

ethyl alcohol and passed through an ethanol series (5r 10, 15r 20r 30t

5Or 70,85, 95 and 1007" ethanol). Two hours were allowed for each step

in this series. Tissue was then cleared in a chloroform/ethanol series

(1:2r 1:1, 2:1 and pure chloroform) again altowing 2 hours per step.

Paraffin infiltrabion was initiated by holding tissue at 3OoC and adding

paraffin wax until- the chloroform was saturabed (ca 48 hours) ' Tissue

was then transferred into pure molben wax (M.P. 56oC) for 12 hours, the

wax being renewed aL 4 hr intervals. Embedding was carried out by transferring

the tissue into an AlfoiÌ casl, into which molben rdax v'/as poured' The

cast was cooled rapidly in flowing water. After trimming, the cast was

attached, with molten wax, to an object holder, and sections (10 p) cut with

Lhe razor blade attachment on a hand operated rotary microtome. Clean

slides hrere labelled and smeared with Mayers al-bumen. Sections were

removed from water filled petri dishes in which they had been floati-ng,

onto a thin layer of water covering lhe sÌide. The slide was dried on

a hfarm hot pJ-ate. The staining series follows: wash in xylol for 5

minutes, in ethanol/xyloJ- (1:1) for 5 minutes, in absolute ethanol:anesthetic

ether (1:1) for 10 minutes, after the tissue became opaque it was washed

in 707" ethanol for 5 minutes then quickly in commercial alcohol, followed

by two changes of absolute alcohol (2 minutes each). The sections were

stained for 2 minutes wibh llght green, cleared with clove oil, and passed

through Z x 2 minute changes of xylene. The sections were mounted in

Canada balsam, covered with a coverslip and allowed to dry for three days.

This technique was ti-me consuming and a simpler and quicker

technique was devised. lissue was collected and fixed overnight

at 4oC in 4% buffered formaldehyde (O'Brien et a7', 1977). It was
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then washed with disbilled water and dehydrated in 100% methyl ceflosofve

(2-methoxyethanol) for 24 hrs at 4oC (Considine, pers. comm.). JB4 was

used to infiltrate and embed the tissue (JB4 pamph]-eL, Polysciences).

Embedding was carried out between two small plastic weighing trays as

oxygen must be excluded to al1ow polymerization. Infiltration was at

4oC and embedding at room temperature. The casts were trimmed and fixed

to wooden specimen hotder blocks with AralOiteR cement. The sections (4 U)

were cut with glass knives (Bennett et a7., 1976) and floated on warm

water. Sections were then transferced to slides and all-owed to dry

overnight whereupon they adhered tightty to the slides. The sections

were stained with toluidine blue (0.05% in benzoate buffer) for five

minutes, washed in water, allowed to dry and mounted in Permamount'

The sections prepared by either technique were used to assess

cell expansion and division. The transverse section was transected by

two radj-ating J-ines (figure 2.7.1) at gOoC to each other. These passed

through the widest and narrowest points of the pericycle. CeIl widths

and cell numbers for cortex, pericycle, cambium, parenchymatous ray

tissue and pooled tissue types vJere measured along these transects. An

optical micrometer r,Jas used. An optical micrometer grid permitted the

estimation of the number of cel1s, and consequently the average cell areat

for each tissue type. Estimates of ce1l area were collected as the mean

for five or ten randomly selected areas within tissue types.

CeII wall thickness was estj-mated by photographing the relevant

sectÍons and measuring the wall thicknesses of 10 randomly selected

parenchyma ceIIs for each section. A dissecting microscope with eyepiece

micrometer r^/as used to measune thicknesses from the developed negatives

and these values were then avenaged and corected for magnification.
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Figure 2.7.1

Diagrammatic representation of tissue classification and

data collection transects used on the Radish fJ-eshy axis.
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2,8 Chemical Procedures

Labelled CO, was supplied to stressed and unstressed plants.

Counts per minute were determined in sugar fractions and in crude alcohol

soluble and alcohol Ínsoluble extracts of leaf, cotyledon, hypocotyl and

root tissues. Additionally, sugar and proline concentrations were

measured.

2.8.1 14 Treatment

Five hundred pci

perspex chamber by adding !

Plants were exposed to this

within the chamber by means

stopped 15 minutes prior to

vialwithlNKOH.

14of C was released into a 100 I rectangular

ml of lactic acid (BB%) Lo 250 pI of xaH14coa.

abmosphere for one hour. Alr was circulated

of a small electric fan. The reaction was

removing the plants by flooding the reaction

2.8.2 Counts in Alcohol Soluble and Inso1uble Extracts

Twenty milligrams of coarsely ground freeze-dried plant material

was extracted by boiling for 15 minutes in B0% ethanol. The supernatant

hras removed and the process repeated twice. The supernatants were stored

aL 4oC. Residues b¡ere also hel-d at 4oC overnight, in 80% ethanol-, bel,ween

extractions.

The combined supernatants vüere evaporated to dryness under vacuum

and taken up in 10 mI of double distill-ed water. The residue was dried in

a 4OoC oven and storecl aL 4oC in a vacuum dessicator,

A 0.1 mI aliquot of the alcohol soluble extract was mixed with

10 mI of ACSR cocktail (xylene-surfactant base) and counted for 'lO minutes

in a liquid scintillation counter. Counts were adjusted for machine

efficiency, counting duration and dilution to yì-e1d c.p.m. in the sol-ubl-e

extract from one gram dry weight of tissue.
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The insoluble residue was ground 1n 2 mI of distilled water

in a glass Duall homogeniser, and made up to 5 mI volume. An aliquot of

1 mI was removed and made up to 5 mI wÍth distilled water. This was mixed

with 15 mI of ACS cocktail and the resultant gel counted for one minute.

Counts were adjusted in a similar fashlon to those for soluble extract to

yieLd c.p.m.

2.8 .3 Total Sugars

Concentrations of total sugars in the alcohol extract were

determined by the anthrone colorimetric test (Yemm and !ùi11is, 1954).

A 0.1 ml aliquot was made up to 1 ml- with distilled water. This was

carefully layered onto 5 ml of anthrone reagent j-n boiling tubes. The

tube was vigorously shaken, capped with a hot (5OoC) marble, and placed

in a boiling water bath for 6 minutes. The tube was then cooled by

plunging into an ice bath, and optical density aE 620 nm tlas recorded

30 minutes later. Concentration of total soluble sugars was quantified

by relation to a sucrose standard curve (5 to 60 Ug).

2.8.4 Separation of Sucrose, Glucose and Fructose

From the alcohol soluble extract bulk (lO mt) 500 pl was removed

and spotted onto a I'lhatman 3 mm chromatography paper. The paper was run

using ethyl acetate/pyridine,/dislilled water (10:4:3) j-n a descending

chromatography tank. Sugar markers (5 pl of 1 mglm1 sucrose, 0.2 mglm1

glucose and 0.2 mg/ml fructose) and a sample extract marker were run on

strips at both sides of the paper.

After 20 hours the papers brere rernoved and allowed to dry for

one hour. The marker strips were cul off and developed by dipping through

first a AeNOa in acetone solutÍon followed by a NaOH in chloroform sofution

(Anet and Reynolds, 1954). Papers were allowed to dry between and after

dips. The rel-ative positions of the sugars v¡ere determined and the

corresponding sugar cut out for elution, Four unknowns were run on one

paper.
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The sugars were eluted by allorving 2 m1 of distilled water

to run by capillary action up between two glass slides (netd together

by an elastic band) and dov¡n through the paper piece held by one corner

at the end of the slides (Dent , 1947). As this paper was bent 9Oo to

the horizontal the water after collecting the sugar was able to drip

into vials placed directly below. Many eluti.ons were performed at one

time by arrangi-ng the slide pairs around the periphery of a large raised

petri dish containing distilled water. Elution of the 2 mL volume required

around 3 hrs.

2.8.5 Concentrations of Sucrose Glucose and Fructose

One mI of the eluted sugar was used to determine sugar concentration

by the anthrone test (see 2.8.3). Concentrations were adjusted for dilution

to yield the concentration per mg dry weight.

2.8.6 SPecific Activitv of Sucrose, Glucose and Fructose

one ml of the eluted sugar was added to 10 mI of ACS cocktail

and counted fon 10 minutes. Counts were adjusted to c.p.m. and divided

by the sugar concentration (see 2.8.5) to estj-mate specific actÍvity.

2.8.7 Scinfillation Countin

Twenty ml glass scintillation vial-s and ACSR cocktail (Amersham)

were used for aII counting. The Packard model 3320 liquid scintillation

spectrometer was set for 14C t.rd gave an efficiency of 87.3%. Counts were

adjusted for time of counting and machine effi-ciency to yield counts per

minute (c.p.m. ) daLa. Presented data was adjusted for dilution during

extraction to provide c.p.m. on either soluble or insoluble extract from

1 mg dry welght. As quench curves were not constructed absolute counts

(d.p.m. ) were not calculated. Based on the knowledge of plant organ total

dry weights counts per organ were estimated.
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2.8.8 Proline Determination

Freeze dried tissue (around 20 mg) was homogenised in a Duall

homogeniser using 1.5 g DeCalso resin and 5 mI of MClri (12 methanol:5

chloroform:3 distilled water). The homogenate was centrifuged for 5 minutes

at 2OOO rpm and the supernatant collected. The pellet l^ias resuspended in

5 ml- MC!ü and recentrifuged. Three ml of chloroform and 5 mI distilled

water was then added to the combined supernatants, shaken, and centrifuged.

The aqueous layér was removed to boiling tulres containin8 5 ml glacial

acetic acid and 5 m1 freshly prepared ninhydrin reagent (125 mg ninhydrin:

3 mI glacial acetic acid:2 mI 6 M orthophosphoric acid), and placed for

45 minutes in a boiling water balh. Toluene (5 to 20 ml) was added after

cooling. This mixture was shaken and optical density of proline read at

515 nm (Slngh, Paleg and Aspina11, 1973). Concentration was estimated

against a proline standard curve (0 to 1OO Ug). Anthocyanins, from the

hypocotyl tissue, were not taken up into the benzene layer and thus did

not interfere with the estimate.
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CHAPTER 3

RESULTS

3. 1 ïrnpo sition of Episodes of Inlater Stress during Growth

3.1.1 Introduction

Radish is a biennial crop species and demonstrates no morph-

ologically distinct growlh stages between germination and maturation in

the first growing season. Despite this lack of phasic development, it

is possible that different stages in the development of the fleshy axis

are of varying sensitivity to water stress, and that a critical period can

be distinguished. fdentification of such a period would be beneficial in

the optimal water management of Radish crops, and in elucidating water

stress effects on growth and development.

This possibifity was explored in an experiment where polyethylene

glycol (PEG) was employed to induce water deficit at ten stages during the

growth of Radish plants.

3.1.2 Methods

The experiment was conducted in the glasshouse under prevailing

winter conditj-ons. Temperature llas modified to vary between 15 and 2OoC

and daylength was extended to '16 hrs.

Radish seedsr cv. fFireballr, were pregerminated and seeds of

uni-form radicle protrusion sov¡r into 160 mm (top diameten) pots at 5 mm

depbh 2 days later. Five healthy seedlings were established j-n each pot

by day 10, and monitoring of fleshy axis maximum diameter of 3 plants in

each pot was commenced. Monltoring üias continued aL 2 day intervals to

day 5T when the plants were harvested. Except during an episode of wat'er

stress the pots were watered with Hoaglandrs sol-ution (fr strength) every

second day and with distilled water on alternate days. The experlmental
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desígn v¡as a randomized complete block, with 3 replications each on

separate benches in the glasshouse compartment.

The remaining 2 plants in each pot (those not used to monitor

diameter) were sampled to provide data on the water status of plants just

prior to and at, the 48th frr of water stress. Plant water status was

assessed from the youngest one or two fully expanded leaves which were

sampled (: x I cm discs) for the estimation of relative water content.

The remaining tissue r¡ras used for psychrometric determination of water

potential.

Ten identical episodes of water deficit were imposed at 3 day

interval.s on different pots of plants, commencing 20 days post sowing and

continuing until da.y 47, Use of a conlrcl pot increased the number of

pots per replication to 1 1. Water stress was imposed b5' flooding the

isolite/sand (4;1 v/v) filled pots with 600 mI of PEG (-tO bar). The

episode was terminated with 900 ml of di-stilled water. Each episode of

water deficit was of 48 hrs duration. The last episode was terminated on

day 49 and all plants r^¡ere gro!'rn on to day 57 when they were harvested.

In addition to the plants j-n the main experiment, a further pot

of plants v,ras grown under the control conditions to provide rnaterial to

relate the diameter at different times to anatomical development occuring

within the fleshy axis. Transverse fleshy axis sections vilere prepared from

single plants harvested on each of days 10, 24, 37 and 48. The results

of this study are presented in Appendix I (page 110).

3. 1 .3 n"¿4!"

There were no residual effects of any of the episodes of water

deficit, as vras apparent in the lack of slgnificant differences between

treatments in the data at the final harvest (table 3.1.1 ). The table

further indicates that shoot and fleshy axis growth have a simifar

sensitivity to a short period of water deficit.
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Table 3.1.1

Final yield data (day 57) for Radish plants

subjected to a single episode of water stress

at one of 10 stages during growth

" lrr " "

Stress Stress Fleshy Fleshy Fleshy Fleshy Shoot Shoot Shoot Leaf
Number Period Axis Axis Axis Axis Fresh Dry Moisture Area

Volume Fresh Dry Moistune lteight l^leight Content
lrleight lleight Content

(days ) (mr ) (e) (e) (%) (e) (e) $) (.*2 )

1

2

3

4

5

6

7

I
9

10

11

20-22

23-25

26-28

29-31

32-34

35-37

38-40

41-43

44-46

47-49

Control

4.7

4.8

4.2

2.7

2.6

3.7

2.4

3.0

3.4

3.1

4.9

4.5

4.6

4.2

2.5

2.4

3.6

2.3

2.9

3.2

2.8

4.7

0.37

0.33

0.31

0.21

o.21

0.28

o.20

0.25

0.24

0.23

0.37

91.8

92.7

92.7

91.6

91.6

92.4

91.3

91.6

92.2

92.1

92.2

2.7

2.5

2.7

2.3

2.5

3.7

2.9

2.6

2.3

2.4

2.5

o.26

o.24

o.28

o.25

o.25

0.22

0.28

0.27

o.23

0.24

0.26

90.4

90.4

89. B

89. 1

90.3

94.0

90. 1

89 .8

90.0

89.9

89. B

77 .3

70.0

72.0

62.1

68.3

64.6

71 .4

73.3

66.6

64 .8

70 .4

SÍgnificance N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
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f'later stress caused general and considerable reductions Ín both

Ieaf water potential and relative water content (table 3.1.2). The variation

in both parameters r^ras large, but overall mean water potential was -4.9

bars for the prestress measurements and -19 bars for those during stress;

the equivalent values of relative water content were 94.8% and 63.2%. The

relative water content was the more consistent measure of plant water

status when individual plant values r^rere compared.

Fleshy axis diameters r^rere recorded every second day but the

results (some presented in table 3.1.3) were difficult to interpret. There

r¡Iere no signifi-cant differences between any treatments before water stress

was imposed as may be expected. Af,ter stress episodes commenced, however,

some significant differences appeared. Only on day 30 were there differences

capable of straight-forward interpretation. 0n that occasion, the mean

diameter of the axes of episode 4 plants (which were at tfre 24th hour of

stress) was significantly less than the mean of all treatments not subjected

to stress at or before thal time. This was not the case for episodes 1, 2

and 3, despite the fact that for episodes 1 and 3 diametens vüere recorded

on the 48th hou" of stress. In accordance with these observations, it was

noted (tab1e 3.1.2) tfrat episode 4 plants had a stress relative turgidity

lower than a1l- others. For all epi-sodes subsequent to episode 4 there were

no consistent trends in significance with respect to diameter of plants

cumently being stressed. This supports the conclusion from the final

harvest data that the episodes of stress had no residual- effect. The

contraction of the fleshy axis which occurred during the period of stress

is shomr for early, middle and Iate stness episodes in figure 3.1.1.

During the late episode of stress fleshy axis diameter was reduced by

0.5 mm at the 48th frr of stress, a reduction representing a 5% decrease

over the prestress diameter. Despite the lack of significant differences

attributable to stress episodes figure 3.'1.1 indicates that fleshy axis

diameter growth after stress all-eviation does not continue at the prestness

¡
rl

'!

I
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Table 3."1 .2

!üater potentials and relative water contents

of leaves of Radish plants measured just prior

to and at the 48th hour of an episode of stress

imposed at 10 timed stages during growth.

Stress
Number

Stress
Period

!,later
Potential

Relative
ttater
Content

( days ) (- bars ) (%)

Prestress During Stress Prestress During Stress

1

2

3

4

5

6

T

I
9

10

20-22

23-25

26-28

29-31

32-34

35-37

38-40

41-43

44-46

4T-49

8.3

9.1

8.3

3.9

4.2

4.5

1.4

3.1

3.6

2.5

24.6

31.1

20.9

20.2

14.4

12.6

8.8

13.9

13. B

19 .1

90. 3

91.7

91 .3

95.5

94.3

97.5

96.6

98.3

96.6

96.1

69.0

62.9

70.1

50.5

63.2

66.3

57.4

62.5

70.9

59.5

I
I



43b.

Table 3.1.3

Maximum fleshy axj-s diamebers for Radish

plants subjected to an episode of water

stress at one of 10 timed stages of growth.

Stress
Numben

Stress
Period
(days )

Maximum Fleshy Axis Diameters (mm)

on daYs...

10 20 30 40 50 56

1

2

3

4

5

6

7

I

9

10

11

20-22

23-25

26-28

29-31

32-34

35-37

38-40

41-43

44-46

4T-49

Control

1 .38

1 .41

1 .47

1.37

1.52

1.42

1 .41

1.45

1.37

1.42

1.45

1 .83

1.82

1 .86

1.77

1.87

1.77

1 .80

1.79

1 .83

1.75

1 .83

1 .91

1 .86

2.06

1 .63

2.21

2.50

2.12

2.40

2.19

2.08

2.16

3.36

3.35

3.9 1

2.67

2.68

4 .41

2.95

5.90

5.51

4.52

4.54

11.55

13.11

12.21

8.88

8. 85

12.17

7 .70

9.42

11 .44

11.02

13. 36

16.45

17 .23

16.29

13.16

13. 91

16 .46

12.48

14.36

15.52

14.50

17 .02

Significance

L. S.D.

N.S. N.S. tÊ N.S. N.S.*

0.58 1 .67 /

I
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Figure 3.1.1

Development of fleshy axis diameter in plants stressed

for 48 hr at -10 bars (PEG) during earIy, middle and late

stages of growth.

Episode 2 (early)

Episode 5 ( middle)

Episode 9 (late)

Control

l_l Stress Period



I

t-

,
t
,
,
t

1

1

1

1

1

1

,
,
,
,

t
t

t
,
I
at

t

?rrÈ
-10
É
Êl
Ei

He
H
A
Ø.8Hx
ä7
cn
l¡lJ6
ft

5

4

18

17

6

5

4

3

2

0

t
,
,

t

t
,
,

a

a

t
a

,
,
t

!t
t

,
,

t
a,

tt

I
I
t

05
46

P=0
day

t

t

I
,
t
t
,
,

.05
34)

P=0
day

,

l

,tt
3

2
la----tt

IJ IJ

8 12 16 20 24 28 32 36 40 44 48 52 56 60

TII"IE FROM SOI,ITNG (DAYS)

)

1



44.

Ievel, nor at the prestress rate, until some time Later. Thus a recovery

period requirement j-s in evidence.

A consistent effect of stress in addition to bhe short-term

fleshy axis contraction, i^¡as Oes/ication-induced necrosis of the margins
I

of the older leaves, I

Di-scussion

Imposition of a brief period of water deficit resulting in leaf

water potential fall1ng to as low as -19 bars (60% RV,IC) at the end of 48

hrs dld not cause a significant residual growlh effect. No stage of

Radish growth h/as more sensitive than any other to such an epi.sode of

stress.

During the period of stress both shoot and fleshy axis tissues

rwiltedr, an effect shown by decreased axis diameter. Although the stress

imposed was sufficient to sli-ghtly reduce photosynthetic area due to

marginal leaf necrosis, and, fteshy axis expansion appeared to be slowed'

neither effect was significant when compared to the growth of control plants.

These results correspond well wilh the majority of water stress

experimenls conducted on root crops, where a simple response to prolonged

adverse soil moisture conditions and only indirect relati-onships with any

particular stage of growth are characteristic (Salter and Goode, 1967).
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3.2 The Effect of lrrlater, Salt and CoId Stress on Radish Growth

3.2,1 Introduction

The previous experiment demonstrated thab a short severe water

stress episode imposed at various times had no significant ultimate effects

on growth. During the stress episode, however, marked tnansient responses

were recorded. It was possible that short-term extreme stress could

result in long-term growth reduction and an experiment was designed to

compare the effects of several levels and durations of PEG-induced stress

and several durations of sal-t (NaCI) and cold (5oC) stress to see whether

or not they had any long-term effects. FoÌlowing the previous demonstration

of a lack of differenti-al sensitivlty to stress at different plant agest

the present treatments were applied only once and at the same time.

3.2.2 Methods

The experiment was conducted in the growth cabinet under a 16

hr photoperiod. Pots were watered dai1y, except during stress episodest

with Hoaglandrs solution (å strength).

Ten Radi_sh seedsr cv. rMarst were sown in each pot (100 mm top

diameter) in coarse river sand. The number of plants per pot was reduced

to 5 on the lgth d.y after sowing. Plants retained were those of medium

size (on the basis of cotyledon area and helght), with no apparent

abnormality and were evenly spaced within the pot. These plants were

further thinned to a final 3, 2 days later. At this time the plants

retained were those with a hypocotyl diameter closest to the mean diameter

of all plants.

Three levels of PEG (water) stress were imposed (-5, -10 and

-15 bars), each for durations of 24, 48 and 72 hours' The salt (Nacr'

-10 bars) and cold (5oC) stresses were also imposed for similar durations.

A control set of plants was provided for each stress duration, and the
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experiment was replicated 3 times. The plants were stressed during

the rapid phase of growth, commencing 21 days after sowing. Three

additional pots in the -5 and -10 bar PEG and -10 bar NaCl- treatments

were groü¡n to determine plant water status.

In the PEG and NaCI treatments stress was initiated by wateri-ng

the pots with 200 mI of the appropriate solution. Stress was terminated

by watering the pots with 300 mt of nutrient solution.

Maximum fleshy axis diameter was reconded every second day for

each plant, commencing on day 12 and continui.ng until harvest (day 30).

Diameter vras recorded daily during the episode of slress as well as 4 hr

after stress imposition and 4 hr aften stress alleviation. Leaf water

potential was determined with the Spanner psychrometer on the last fully

expanded leaf of each plant in the additional pots just prior to stress

alleviation.

The data were subjected to statistical analysis as a factorial

design. For each harvest parameter treatment means were then grouped

according to whether they fell into the first, second or third group of

means between the smal-Iest (most reduced by stress) and largest mean

recorded for that character. According to the frequency wilh which a

treatment caused measured attributes to fal] into each group, that treatment

was assessed as either: (i) l-ethal, (ii) severe stress' (iii) m1ld

stress or (iv) slighl stress.

3.2.3 Resultl

Leaf water potential feI1 during stress in the three treatments

monj.tored (table 3.2,1). The neductj-on was greatest in the -10 bar PEG

treatment and least in the -5 bar PEG. Salt stress resulted in the leaf

water potential falling to a fevel intermediate between those of the two

v¡ater stress treatments.
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TABLE 3,2.1

Leaf water potenbial of plants subjected

to stress induced by PEG or NaCl.

Ðuration
of Sfress
Episode

(hr)

(osmoric potenr:-TT"3l'3åL.ion lvs], bars)

-5 PEC -10 NaCI -'10 PEG

(leaf water Potential, bans)

0

24

48

72

- 4.8

- 7.2

- 9.5

-16.1

- 5.6

-10. 1

-11.3

- 17.0

- 4.3

-12.1

-21.2

-29.7
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In contrast to the previ-ous experiment (section 3.1 ) all the

plant growth attributes measured demonstrated significant persistent

effects of stress. At the time of harvest, all the surviving fleshy axes

and shoots were found to have the same water content (92.6 and 90.7%

respectively) and, it can be concluded that aII stressed tissue had

r:eturned to a similar degree of hydration.

Using the procedure outlined above, treatments were ranked

into categories based on their relative effects on all growth attributes

(table 3,2.2). CoLd stress had no deleterious effect on growthr nor

did the -5 bar water and the -10 bar salt stress treatments imposed for

24 hours only. In contrast, lhe -15 bar PEG treatments for 48 or 72

hours resulted in plant death. A degree of interaction between the

intensity and duration of water stress treatments hlas noticable.

Neither salt nor cold stress red,uced leaf a?ea, in marked

contrast to bhe considerable reductions caused by PEG induced water

stress (figure 3.2.1). The severity of the effects of PEG were

governed by the concentnation of the PEG solution rather than the duration

of stress as a1I durations of -15 bar stress caused leaf area reductions

greater than those caused by -10 bars. This reduction in leaf area with

stress was due almost entirely to leaf death, as the short period between

stress imposition and harvest following stress alleviation (circa 7 days)

allowed little time for leaf expansion and inj-tiation provided the plant

survived stress. Severe margi-nal leaf necrosis was common. The effect

of stress on shoot fresh weight (figure 3,2.2) was closely related to

this reduction Ín l-eaf area and shoot dry weight foll-owed fresh weì-ghf .

The effects of the various stress treatments on fleshy axis

fresh and dry weights (figure 3.2.3) were similar but not identical to

the effects on shoot fresh weight al-ready described. For example, -15

bar imposed fon 48 hours or even 72 hours did not cause the virtual

total loss of tissue which was evident in the shoot. I,{ith a less severe
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TABLE 3,2.2

Ctassification of stress treatments as to

their severity based on fleshy axis diameters

recorded aE 2 day intervals after the stress

episode and on final harvest growth data.

Classification Treatments

-5 bar PEG -10 bar PEG -15 bar PEG -10 bar trlaCt 50C CotO

duration (hrs)

Killing stress

Severe stress

MiId stress

Slight stress

No Effect

72

48

24

48&72

24

48e72

24

/ 72

48

24 24, 48 & 72
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FIGURE 3.2.1

The effect of three durations (24, 48 and 72 hr) of salt- and

cold- or three 1eve1s of water-stress on Radish leaf area

recorded ! days after stress commencement.

Controls (1, 2 & 3)

-5 bar PEG

-10 bar PEG

-15 bar PEG

-10 bar NaCl-

5oc coto
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FTGURE 3.2.2

The effect of three durations (24, 48 and T2 hr) of salt- and

cold- or three leve1s of water-stress on Radish shoot fresh

weight recorded ! days after stress commencement.

Controls (1,2&3)

-5 bar PEG

-10 bar PEG

-15 bar PEG

-10 bar NaCl

5oc colo
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FIGURE 3.2.3

The effect of three duralj-ons (24, 48 and 72 l:,r) of salt- and

cold- or three levels of water-stress on Radish fleshy axis

fresh weight recorded ! days after stress commencement.

Controls ( 1, 2 &, 3)

-5 bar PEG

-10 bar PEG

-15 bar PEG

-10 bar NaCI

5oc cotd
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stress however (-10 bar for 48 hr) the reduction in fleshy axis fresh

weight (circa 40%) was greater lhan lhe loss in shoot weight (25%),

These responses related to the symptoms stress caused in the fleshy

axis, with mild stress having no permanent effects, severe stresses

(such as -10 bars for 48 hr) causing shrunken, convoluted fleshy axes'

and, Iethal stresses causing a slow breakdown of the fleshy axis and a

rapid breakdown of shoot tissues. InterestingJ-y, despite lhe apparent

death of ptants subjecled to 48 hours of -15 bar PEG' by harvest some

developed axillary shoot buds which were indicative of possible

regeneration.

In figure 3.2.4 the effects of stress on the whole plant

fresh weight are presented, and, integrate these effects on shoot

and fleshy axis tissues. Exposure to -'10 bar NaCI for up to 3 days

caused no yield reduction. This suggests that the osmotic polential

of the NaCI sol-ution was balanced by osmoti-c adjustment in the plant'

possibly through the uptake of Na+ and CI- ions. This suggestion is

supported by the observation that plants which wilted upon the imposition

of the salt stress had at least partially regained turgor after 24 hours.

They subsequentJ-y wilted once more if the stress was prolonged, possibly

due to the combined effect of the salt and depletlon of the water content

of the medium. This type of response to salt stress l^/as also reflected

in fleshy axls diameter. The fleshy axis lost diameter rapidly during

the first 4 hours of stress, but thereafter some recovery towards the ,...

prestress diameter r^ras apparent durj-ng at least part of the remainder of , '
.i

the various stress episodes (figure 3.2.5).

In comparison with the minor reduction in fleshy axis diameter

which resulted from -10 bar salt, -5 bar PEG stress (figure 3.2.6) fraO

a larger effect, and -10 (figure 3.2.7 ) and -15 bar PEG (figure 3.2.8)

produced marÌ<ed shrinkage. AI1 of these effects were more pronounced

as the stress was proJ-onged. Axis diameter fel-l rapidly upon stress



4Ba.

FTGURE 3.2.4

The effects of three durations (24, 48 and 72 lnr) of salt- and

cold- or three levels of water-stress on the combined Radish

shoot and fleshy axis fresh weights recorded Ç days after

stress commencement.

Controls(1,2&3)

-5 bar PEG

-10 bar PEG

-15 bar PEG

-10 bar NaCl

5oc cold
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FIGURE 3.2.5

The effecb of 24, 48 and 72 hours of -10 bar NaCl

induced salt stress on Radish fleshy axis diameter growth.

24 hour stress (a)

48 hour stress (b)

72 bour stress (c)
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FIGURE 3,2.6

The effect of 24, 48 and 72 hours of -5 bar PEG induced

water stress on Radish fleshy axis diameLer growth.

24 hour stress ( 1 )

48 hour stress (Zl

72 hour stress (:)
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FïGURE 3.2.7

The effecb of 24, 48 and 72 hours of -10 bar PEG induced

water stress on Radish fleshy axis diameter growth.

24 hour stress

48 hour stress

72 hour stress

(a)

(b)

(c)
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FIGURE 3.2.8

The effecL of 24, 48 and 72 hours of -15 bar PEG induced

water stress on Radish fleshy axis diameter growth.

24 hour stress (a)

48 hour stress (b)

72 hour stress (c)
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imposilion but then continued to fall during the period of stress.

This continuous reducbion would have been due to both slow equilibration

with the external solution and continued depletion of the water in the

rooting medium, and consequent concentration of the PEG solution. There

!ùas a decreasing capacity for the plants to expand the fleshy axis upon

stress alleviation as the severity of the stress increased. Howevert

in all cases, there I¡Ias a phase of rapid axis re-expansion duri-ng the

4 hours immediately subsequent to rewatering. !ühere stress had been both

severe and prolonged, however, this early expansion upon revratering was

followed by contraction and ultimate death.

In contrast lo these major effects of water stress, plants

subjected to cold stress were little affected. The plants did not wiltt

but comparison between the control (figure 3'2'9) and cord stress (figure

3.2.10) axis diameter curves reveals that cold stress had considerable

effects on fleshy axis growth. The axis virtually ceased expansion

during exposure to low temperature and, although recommencing soon

after the temperature increased, did not rapidly increase to compensate,

in the short term for lost girth.

The 16 hour photoperiod to which plants were exposed in this

experiment was not a good choice. Bolting occurred frequently and

probably conlributed to the variability of lhe plant responses. Radish

is a long day ptant (Leopold and Kriedemanr¡ rlgT5) and most plants had

elongated internodes by day 30 (provided they survived stress) although

the extent of elongation was variable.

3.2.4 Discussion

All leve1s and durations of waten stress caused significant

reductions in the final yield of Radish. The significant yield

reduction caused by -10 bars PEG for 48 hours, in comparison to an

insignificant effect in the previous experiment (section 3.1) was
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FIGURE 3.2.9

Fleshy axis diameter growth of Radish control treatments

grown to accompany water, cold and salt stress treatments.

1

2

3

(24 hour stress control)

(48 hour stress control)

(72 hour stress control)
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FIGURE 3.2.10

The effecl of 24, 48 and 72 hours of cold stress (¡oC)

on Radish fleshy axis diameter growth.

24 hours stress (a)

48 hours stress (b)

72 hours stress (c)
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possibly due to a higher evaporative demand of the growth cabinet

environment; mean daily relative humidity of 50% as agai-nst a mean

oî 75% in the glasshouse. Leaf water potential al tfre 48th hour of

stress was, however, similar in both experiments, viz. -19 and -21

bars respectively. None-the-less lower relative humidity may have

resulted in more rapid reduction, and less rapid recovery, in leaf

water potential and consequently reduced overall plant water status.

This sensitivity of growth to evaporative demand has been emphaslsed

in other crops. fn wel-l- watered Kikuyu, for instance, growth is highly

responsive lo the alteration of evaporalive demand and is considerably

enhanced during cloudy periods when evapotranspiration is reduced

(Murtagh, 1978), The possibility of other unidentlfied variables,

however, cannot be excluded as causing this conflict in resul-ts. For

example some factor relaled to growth rates may increase the susceptibility

of plants to stress damage. In this comparison of experiments, the

significant effect was associated wlth a substantially faster growth

rate (figures 3.1.1 and 3,2.7), and certainly the relatively greater

growth rate and the higher evaporative demand existing in this experiment

would imply that the plants having yield signifi-cantly reduced by -10

bar PEG for 48 hours ü¡ere exerting a greater demand on the substrate

moisture supply.

The relative effects of the different lypes of stress imposed

in this experiment have also been invesligated in another Radish cultivar
rl¡'lhite lcicl-er, wlth similar stress leveIs and methods of imposition

(Chu, 1974). AII stress types were shou¡n to completety inhibit shoot

elongation but plant fresh and dry weight increases differed between

various stresses. It was concluded that fresh weight and plant height

were more sensitive to stress than was growth in dry weight, and that

water stress produced a more profound effect than either salt or cold

stress. Data showing osmotic adjustment during water stress, occurring

r

,l
:i
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after a transient leaf water deficit, was also presented. Low temperature

had no effect on plant water status. These findings, although obtained

on physiologically younger plants, support the conclusions drawn from

this present experiment.

It is apparent from the data on fleshy axis diameter that salt

and cold stress caused far less reduction than the PEG treatments. The

magnitude of fleshy axis contraction increased primarily wibh PEG

concentration and to a proportionally lesser extent with duration of

stress (figures 3.2.6, 3.2.7 and 3.2.8). Similarlly, the extent of

recovery during the initial rapid phase was decreased as the level and

duration of stress were increased. Comparison of the pattern of diameter

Ioss for the -10 bar PEG for 72 hours stress (figure 3.2.7 ) with the

pattern of decl-ine in leaf water potential (figure 3.2.11l, obtained in

an almost identical experiment (Chu, 1974) indj-cates that the reduced

water status of shoot tissue is mirrored in the response of the fleshy

axis. lrlork on Cotton and Red Pine has shoç¡n that changes 1n stem diameter

during water stress fol-Iow changing leaf water potential closely (So,

1979), and supports this hypothesis. Further, it can be proposed that

the initial rapid phase of recovery corresponds to the recovery of shooL

water potential. As leaf area (figure 3.2.1) is increasingly reduced by

more severe stress episodes, so too is the ability of the rapid recovery

phase to result in the return of fleshy axis diameter to near the prestress

level. The second, slov,I, phase of recovery probably relates to the

degree of ultrastructural damage incurred as the severity of stress was

increased, and possibly accounts for marked differences j.n the degree of

response between the severe water stress treatments and the -5 bar

water stress, the salt, and the cold treatments. A study on Sunflower

leaf mesophylt cells during Oes$tæation has shou¡n that tonoplast and

plasmalemma disruplion commence ab -15 bar leaf water potential (47% Rl,lC)

and continues to completion at -26 bars (28% Rl'lC or less); tissue was
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FTGURE 3.2.11

The water potential of the first leaf of Radish,

cv. I'lhite fcicle, subjected to different environmental

stresses (from; Chu, 1974).

Control

5oc stress

-10 bar NaCl stress

-10 bar PEG stress
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incapable qt fqll felydfation 4! a ¡qter potential beÌow -20 bars

(Fellows and Boyer, 1978). This is relevent to both fleshy axis response

and the reduction in leaf area, particularly the phenomenon of leaf

margin necrosis. Leaf margin necrosis occurs on recently expanded

healthy green leaves as well as on older mature leaves, which suggests

that a gradient of leaf water potential decreasing towards the margin

is generated during stress. Tissue death from desliæation then occurs

at the margins independent of any overall senescence. A similar response

has been reported as a consequence of atmospheric drought (Maximov, 1929) '
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3.3 Continuous Monitoring of Radish Fleshy Axis Diameten during

Episodes of I'later Stress

3.3.1 Introduction

As reported in the previous experiment (section 3.2) marked

fluctuations in fleshy axis diameter occurred during and following

episodes of wat,er stress. The general response ü¡as a foss of diameter

during stress fol-Iowed by a rapid return towards the previous diameter

on stress alleviafion.

In order to obtaín debailed information on the sl,ri-nkage and

recovery process an experiment was designed to conlinuously monilor fleshy

axis diameter during stress imposition and alleviation. So as to conflne

the study to realistic situations only a rel-atively mild and a relatively

severe stress were imposed (ref . section 3,2').

3.3.2 Methods

Plants r¡rere grown in controlled environment under a 12 hr

photoperiod. Ten Radish seedsr cv. rMarsr, were sov¡:l into each pot

(top diameter 160 mm). A coarse sand rooting medium vras used and pots

watered daily with Hoaglandrs sol-ution (] strength). By day 12 Lhe

pots had been thinned (section 3.2) to 3 plants.

The experiment consisted of 3 treatments, control (no water

stness), -5 bar PEG (mild stress) and -10 bar PEG (severe stress) each

for 48 hr and was replicated 4 tlmes. Stress was imposed by applying

600 mI of lhe appropriate solutlon to each pot and was alleviated by

washing out the sol-ution with 900 ml- of nutrient solution. Unlike the

previous experj.ments, the pots vüere supplied with a further 600 ml of

the appropriate solution 24 hr after the initial application in an attempl,

to prevent undue concentration of the PEG solution following water loss

through transpiration. Only one replication of each treatment was

continuously monitored throughout stress. SingJ-e plants from each pot
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$¡ere chosen with fleshy axis diameters closest to the mean diameter of

atI planls (3 cm).

Stress episode of the remaining 3 replications was commenced

at g,3O am on day 33 post sowing and maximum fleshy axi*s diameters were

recorded aL 9.30 am, 12.30 pm, 4.30 pm and 9.30 pm both during stress

and on the day of stress alleviation. As only one transducer was available

for continuous diameter moni-toring the remaining replications of each

of the three treatments vùere monitored over three separate interval-s.

The control was monitored on days 23 Lo 26, the mild stress on days 29

to 32 and the severe stress on days 26 Lo 29. Monitoring continued from

1O.OO am on the first day up to 10.00 am the day following stress aÌIeviation.

The transducer was extremely sensitive to plant movement and for

this reason could not be used in the growth cabinet. The measurements

were made in a room with restricted ai-r movement but with the environment

controlled to give similar conditions to those in the growLh cabinet.

Relative water content r¡ra-s measured 48 hr after stress imposition

on one plant from each of the pots remaining in the growth cabinet.

F}eshy axis maximum diameter was necorded every second day during the

growth of alt plants in these 3 replications, commencing 10 days after

sowing. AIl plants were harvested 10 days after stress all-eviation

i.e. day 45.

3.3.3 Results

Leaf relative water content feIl during the period of stresst

mild and severe stress resulted in 63.5% and 44.0% RlriC respectively as

against 86.6% RhlC in control planls. Severe desbåcation j-nduced marginal

leaf necrosis in the severeJ-y stressed plants (figure 3.3.1).

Maximum fl_eshy axis diameter, as in the previous experiment

(section 3.2), was markedly reduced during stress (figure 3.3.2). The

reduction in diameter bras greatest under the severe stress episode' whilst
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FIGURE 3.3.1

Comparlson of control and plants water stressed for 48

hours with -5 bar PEG (centre) and -10 bar pEG (RHS).
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PIGURE 3.3.2

The effect of 48 hour episodes of -5 and -10 bar pEG-

induced water stress on Radj-sh fleshy axis diameter growlh.

Control

-5 bar PEG

-10 bar PEG

I ¡ Stress period
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control plants continued to grow and maintained thj-s difference Ín

diameter to the final harvest. Again, the fleshy axis diameter of

stressed plants increased rapidly when stress l^¡as allevi-ated but there-

after mildly stressed plants continued to expand at a greater ra.te than

those severely slressed. However, neither treatment attained the rate of

expansion of control plants within the period of the experiment. Ïühen

the second appJ-ication of PEG was made after 24 hours stress the fleshy

axis diameters increased briefly but thereafter continued to decrease

(figures 3.3.2 and 3.3.3). Axis diameter was reduced at the end of the

48 hour period 4% by mild stress and 18% by severe stress over the

immediate prestress diameter.

Similar responses were found wibh the single plants monitcred

continuously (figure 3.3.4), both the loss in diameter with the imposition

of stress and the expansion which occurs upon immediate necovery follow

a uniphasic pattern, with diameter asymptotically approaching a lower limit

as stress continued. Following application of PEG, the rate of decrease in

diameter (figure 3.3.5) was gneater and continued for longer in the severely

stressed planl. The diameter of the mildly stressed plants reached a lower

Iimit 12 hours after stress was imposed and thereafter changed but little'

whereas severely stressed plants continued to decrease in diameter

throughout the 48 hours of stress. This loss in diameter was unaffected

by the di-urnal light cycJ-e a1so, in contrast to the earlier data' the

second application of PEG had little or no effect on diameter (figure 3.3.4).

The immediate expansion upon re-vratering l/ras very rapid, being largely

cornplete within the first hour following stress alleviation. The rate

of expansion then fell to a rate afmost indistinguishable from that in

the control plants.

The data gathered at the final harvest (table 3.3.1) demonstrate

that neither episode of water deficit had lasting effects on shoot fresh

weight, shoot dry weight, fleshy axis dry weight or fleshy axis density
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FIGURE 3.3.3

The effect of 48 hour episodes of -5 and -10 bar PEG-

induced water stress, and subsequent allevlation, on Radish

fleshy axis diameter.

Control

-5 bar PEG

-10 bar PEG
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FIGURE 3.3.4

Cumulative change in Radish fleshy axis diameter monitored

conlinuously during, and immediately after, 48 hour

episodes of -5 and -i0 bar PEG-induced water stress.

Control-

-5 bar PEG

-10 bar PEG
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FIGURE 3.3.5

Rate of change in diameter of Radish fleshy axes during

48 hour episodes of -5 and -10 bar PEG-induced water

stress and subsequent alleviation.

Control

-5 bar PEG

-10 bar PEG
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TABLE 3.3.1

Final harvesl growth data collected after the

imposition of 2 levels of PEG-lnduced water

stress.

,l
li;

PEG
Treatment
for
48 hr

Shoot Shoot Leaf
Fresh Dry Area
l,Ieight ï'leight

F1eshy F1eshy Fleshy Fleshy Fleshy
Axis Axis Axis Axis Axis
Fresh Dry Volume Diameter Density
Ï'leight hleight

(e) (e) (c*2) (e) (e) (cc) (cm) (e/cc)

-5 bar

-10 bar

Control

9.34

10.36

10.72

1 .10

1 .03

1.25

199.2

207.5

255.4

17.17

16.13

25.33

1 .01

0.96

1 .30

15.9

14. B

20.6

3. 35

3. 10

3.56

1 .06

1 .09

1.23

L.S
(o

.0.

.05 )

34.3 5.17 / 3.4 0 .21 /
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(e. fresh weight,/volume in c.c). Interplant variability within

treatments v\ras high however and this may have decreased the likel-ihood

of discerning statistically significant differences between treatments.

Nevertheless, plant leaf area was significanLly decreased, the 2 stress

treatments producing a similar recluction in comparison to the control.

A similar response was obtained wjth fleshy axis fresh weight and volume.

Only the severe stress treatment, however, was significantly different

from the control in the case of fleshy axls diameter.

Duri-ng the course of the stress episodes diffusive resistance

measurements, at irregular interval-s, were made on the last fully expanded

leaf of one of the plants from each pot treated with -5 bar PEG Ín the

3 replications remai.nlng in the growth cabinet. Diffusive resistance

increased rapidly after the onset of -5 bar PEG stress (figure 3.3.6)

in a manner similar to the loss of diameter (figure 3.3.3) r and, after

the initial increase over 6-8 hr U-ttle increase in diffusive resistance

or further decrease j.n fleshy axis diameter had occurred by the 24th hour

of stress. However, a marked increase in diffusive resistance, not

reflected in a diámeter response (figure 3.3.4, continuously monibored

diameter), was shown to occur during the night cycle.

3,3.4 Discussion

The results indicate that exposure of Radish plants to short

stress episodes can cause a significant reduction in yield, and this

finding supporþs the previous experiment (section 3.2). However, in

contrast to the previous experiment with similar stress treatments, onJ-y

fleshy axis fresh welght and volume and leaf area were significantJ-y

reduced. An overall concfusion can be ciravm bhat although short episodes

of stress can reduce all growth at,tributes, fnesh weighL gain and perhaps

expansion growth (as margj-naI leaf necrosis also affects leaf area) appear

to be the most sensi.tive processes. A similar study on Radish (Chu, 1974)

also reported greater sensj.tivity of fresh weight and expansion.

I

t
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FIGURE 3. 3.6

Change in diffusive resistance of Radish plants stressed

with -5 bar PEG for 24 hours.

ControL

-5 bar PEG



3

31

921

7

3

3

29

23

1

1

1

1

11

I

Ir
v{.

\

\

\
\

\

\

\

\

\
t

Midnight

12 16 20 24 28 32 36 40

Hours after commencement of stress

\
I

Eo

v,

c)o
(d
+)
v).-l
vt
o)É
c)

.rl
Q
5q{
q{
.rlo

I

ùI
I\ait\,

I

I
I
,

I

I

i.l
I
I
I
I
I
I
I
I
I
I
I
I
I
I

l \

I
7

5

I

Noon
1

048 44 48



57

Continuous monitoring reveal-ed no short term fluctuaLions in

diameter, such as might be anticipated during the night cyc1e, and

produced diameter curves corresponding fairly closely to those presented

in the prevlous experimenb (section 3.2).

Diffusj-ve resistance results, which reveal a more complete

closure of stomata at night in stressed plants (-5 bars PEG), when

considered i-n comparison with the diameter results show that complete

stomatal- closure does not result in improved water status of the fleshy

axis. It is also apparent that stressed pl-ants had a higher maximum

diffusive resistance than unstressed plants. This result conflicts with

data relating Cotton stem dj-ameter to l-eaf water potential, reJ-atÍve

water content and diffusive resistance. Cotton stem diameter during a

stress episode increased during the night period closely in line with

Íncreasing leaf water potential and diffusive resistance and with a less

close correlation to increasing relative water contenl (Jordan and

Ritchie, 1971). The method of stress induction may cause this apparent
¡eUteYa-ø-

conflict; whereas the night diffusive¡and stem diameter of the water

deficit droughted Cotton are closely altied, ib may be that, where a

relatively constant osmotic sol-ution bathes the root system, water

availabiliby from the medium does not increase as evaporative demand

decreases.



i
rn an attenpt to ensure that plants were not, at any time,
exposed to abundant water. In view of the short
equilibration tine between water applications and the
continual 10ss of water through the plants, the water content
would not have equilibrated throughout the rnass of soil in
the tine available. As water was applied to the soil
surf_ace, it is also possible that ïoot growth in the upper

layers of soil was stirnulated. The description of the
treatment in terms of field capacity is given, therefore,
to define the amount of water supplied, not the water status
of the soil. Nevertheless, it is anticipated that this
treatment effectively reduced soil water avairability.
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3.4 Soil l¡later Deficit Induced Stress effects on the Pattern of

F1eshy Axis Development

3.4.1 Introduction

This experiment was designed to study the effect of a water

deficit imposed by allowlng plants to depJ-ete a limited water store.

Different regimes were established by allowing the soil water content to

fall to predetermined percentages of field capacity before rewatering.

These cyclic stress treatments !üere conlinued far T weeks and the effects

on yield and fl-eshy axis anatomy l¡Jere measured.

3.4.2 Methods

Two types of stress regime were imposed on the plants. In the

first the soil water content was allowed to fall to a predetermined l-eveÌ

and was then returned to field capacity. In the second the soil vratei"

*
content was cycled between 2 levels, both below field capacity. Figures

3.4.1 and 3.4.2 ill-ustrate these 2 regimes. The treatments chosen for

the experiment blere:

Regime 1 : Field capacity (F.C.) to 35% F.C.

Regime 2 : F.C. Lo 25% F.C.

Regime 3 : F. C. Lo 15% E' .C.

Regime 4 : 35% F. C. to 15% F.C.

A 1 part coarse rj-ver sand : 1 part black clay J-oam rooting medium was

used in this experiment, and pots (20 cm top diameter) of plants wene

maintained within regime limits by the gravimetric method employing a

15 kg clockface barance. Fierd capacity ( 100%) was defined as the water

content (15%) after / days free dnainage from saturation. Other

determinations of field capacity (Hausenbuil-ler, 1978) gave soil water

content values of 24% (48 hr free drainage from saturation) and 17%

(-0.1 bar capil.Iary equi-librium method). Soil dry weight was determined

foltowing oven drying ( 1O5oC) for 24 hr. No abtempt was made to l-imit

I

rl

'1

4

'1
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FIGURE 3.4.1

t'later use pattern, monitored by the gravimetric method,

for pots of Radish (10 plants) cycled between 100 and

35% of field capacity.
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FÌGURE 3,4.2

Ìüaler use patlern, monitored by the gravimetric method,

for pots of Radish (10 plants) cycled between 35 and

15% of field capacity.
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Surface evaporation duri-ng lhe growth period, howeverr a compensation

üIas made for the increase in pot weight attributable to plant grol¡¡th'

Three additional pots (regime 1 ) were harvested at 10 day intenvals

commencing on day 20 and plant weight estimated from lhese samples was

taken into account in the subsequent additions of l^¡ater (table 3.4.1)'

Pot weights were recorded at 10 am daily to indicate the need for

rewaterj-ng and to provide data on waten usage'

I^Iater was applied simply via top watering, and to ascertain

whether moisture was evenly distributed down the soil profile in the pot'

2 additional pots ü/ere grovun (one maintained under regime 2 and the other

regime 4). !,lhen the plants were well established, the pots were harvested

on the day following a return to the maximum water content appropriate to

their respective regimes. Soil from each pot was divided into fractions

from 4 depth zones and the moisture content of each was determined'

The absence of any systematic or marked differences in water content of

the soil from different levels (table 3.4.2) indicated fhaf water was

reasonably evenly distributed throughout the profilet even where pots

rdere rel^Iatered to a water content less than that at field capacity'

Ab atlempt was made to establish the relationship between soil

water content and soil suction potential (figure 3.4.3). Pressure membrane

apparatus (Winter , 1974) was used to establish soil suctions of -1 ' -3'

-10 and -15 bars, and the capillary method was used to establish -0.1 bar'

After alJ-owing 7 days for equilibration, soil moisture contents were

determined and the relationship ptotted from the means of 2 replicates'

unexpectedly, beyond -3 bar the soil moisture content was not reduced

at lower suction potentj-a1. This apparent anomaly may have been due to

the characteristics of the rooting medium:- mechanical analysis (Hausenbuiller'

19?B) showed 73% of the soil particles to be greater than 50p in size and

21% Lo be less than 2p in size (table 3.4.3). This would suggest that

most of the soil water was held loosely but that the remainder was tightly
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h!

l,

TABLE 3.4.1

Details of water regj-mes imposed for

four treatment levels of water availabillty.I

Regimes Regi-me Pot lrleight Limits Adjustments for Increasing
Plant lrleight

fl
st

(% of field capacity)

Day 1

(e)

Day 20 Day 30 DaY 50

(e) (e) (e)

1 00-35

100-25

100-15

35-15

8000-7398

8000-7307

8000-72 1 6

7398-7216

20

20

20

20

70

70

70

70

22

22

22

22

n

r
I
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TABLE 3.4.2

Soil water content with depth. in pots

(20 cm top diameter) containing 50:50

sand/soil rooting medium.

LeveI

(cm)

Treatment

Regime 1 (100-35% F.C.)

(%)

Regime 4 (35-15% F.C. )

(%\

0-4

4-8

8-12

12-16

13.8

10. 1

12.6

11.1

3.1

4.5

5.2

5.1

I
Y)41)'

I
J
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FIGURE 3.4.3

Soil-water retention curve for 50% coarse river sand:

50% black clay loam rooting medium used for water regime

experiments.
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TABLE 3.4.3

Characteristics of the 50:50 sand/soil

rooting medium used in waler regime

experiments.

Characteristic Category Value

BuIk density

Specific gravity

Porosity (%)

Mechanical Analysis (%)
(particle size)

1.47

2.50

41.2

<2y
2-20

20-53
53-500
>500P

21 .1
3.0
1.7

54.5
19.7
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held anfl may have been only expressable from the soil at pressures

beyond -15 bars. SoiI porosi-ty estimation supported this conclusion

with a value of 41%.

The experj-ment was grown in the glasshouse under late summer

conditions with the photopeniod extended to 14 hours wiih artificial

lighting. During the growth period the average daily mean relative

humidity (monitored by hygrograph) was 757". The 4 water regimes were

replicated 5 times.

The pots, containing 7 kg of soil mix, vüere each sourn to a

depth of 1 cm with 10 pairs of Radi-sh seed (cv. rMarsr ). 0n day 7 the

least uniform seedling in every pair was removed. Nutrition was supplied

by slow reLease fertilizer (3 g Osmo"oteR, 3 month formulation) mixed

evenly in the top 10 cm of the potfing mix. At the sowing date (day 1 )

all pots vrere at field caPacitY.

!,Ihen the plants were harvested on day 50, those from each pot

were divided into pairs with similar fleshy axis diameter' One plant

of each pair was chosen at random for anatornical studies and the other

for dry weight determination. Five pairs of plants were selected from

each pot in this way, but only plants from 3 of the 5 repl-icates were

used for anatomical studies. Transverse sections of the fleshy axes

were prepared from the point of maximum diameter for the coll-ection of

anatomical data. AIl non-destructive measurements, e.g. fresh weight'

were collected from all 10 plants in each pot'

3.4.3 Results.

The harsher water regimes (3 and 4) caused significant reductions

in fleshy axis yield (table 3,4.4) and fleshy axis diameter, volume, fnesh

weight and dry weighb were significantly reduced. This reduction appeared

to be related to the volume of water suppJ-ied to the plants, as both of

the harsher stress regimes caused simil-ar reductions in yield and were



TABLE 3.1.4

Harvest yietd data from 4 water regi-me treatments offering decreasing levels of water availability.

Trealment Regime Total Total l,later shoot Shoot Leaf
Limits l,tlater P1ant Use Fresh Dry Area

AppJ-ied Fresh Efficiency lrleight lfeight
lnleight )

(%F'c' ) (cc) (e) (e/ke) (e) (e) (cm-

Leaf Fteshy Fleshy Fleshy Fleshy Fleshy Shoot F1eshy
Number Axis Axis Axis Axis Axis Moisture Axis

Fresh Dry Di.ameter volume Density content Moisture
tr^leight t¡leight Content

(e) (e) (cm) (cc ) (e/cc) (%) (%)

Regime 1

Regime 2

Regime 3

Regime 4

1 00-35

100-25

100-15

35-15

6621

6000

4936

4341

22.14

18.17

13. 53

12.96

1.72

1.52

0.92

0.96

10.75

8.92

8.99

8. 87

0.77

0.66

0.69

0.68

199.7

176.2

182.8

171.9

6.5

6.8

5.8

6.1

11.39

9.25

4.54

4.09

2.39

2.16

1.61

1.56

11.92

9.51

4.99

4.52

0.96

0.97

0.91

0.92

92.B

92.6

92.3

92.3

92.5

91.6

91.2

90.2

1 .06

(N.S. ) (N.S. ) (N.S. ) 0.5 1.89 0.14 0.28 2.OB (N.S. ) (N.S. ) (N.S' )

0

0

0

97

?o

4B

L. S.D. / 623 2.89 0.25

Oro
0)
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suppl-ied with similar total quantities of water (table 3.4.4). The

water use efficiency of the plants in these regi-mes was considerably

lower (0.9) than that of the more libenal water treatments. As the

water use efficiency was reduced 44% by the harsh treatments, whilst

the volume of water supplied was reduced by onLy 27%, something more than

a simple volume relationship caused the differences in yields (which

suffered a 34% reductj-on on a total plant fresh weight basis) '

Differences in shoot growth did not reach statist,ical significance

(fresh weight and leaf area) with the exception of leaf number which was

significantly reduced by regime 3. The reduction in leaf number was due

to j-ncreased leaf death (senescence) apparently associated with plants

cycling over a large range of -soil water status (100 to 15% F.C. ). The

greater apparent sensitivity of the growth of the fleshy a-xis to

differences in water supply was sufficienl to result in significant

effects on total plant fresh weighù despite bhe lack of shoot, response.

pla¡ts wi-lted severely as they approached the lower limits of

regimes 3 and 4, and to a lesser extent 2. This wilting appeared to be

more intense as the Plants aged.

Differential effects of the various regimes on fleshy axis

diameter occurred early (figure 3.4.4) and continued through to the end

of the experiment. By day 18 reglmes 1 and 2 clearly diverged from, and

maj-ntained faster growth than, regimes 3 and 4. Regimes 1 and 2 had

been rewatered for the first time before day 18 but regimes 3 and 4 were

first rewatered after this time. The diameter of the fleshy axis of

plants subjected to regime 1 incneased at a greater rate than that of

plants i-n regime 2, but the diameters of plants in regi-mes 3 and 4 were

similar and considerably fess than the other two '

Anatomical studies of the fleshy axes suggested that the effect

of stress on fleshy axis diameter was due to a significant reductj-on in

ray parenchyma cell slze, and consequently to reduced total ray area
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FIGURE 3.4.4

The effect of ctifferent water regimes (4) 
' offering

decreasing water availability, on the diameter growth

of the Radish fleshy axis.

Regime 1 (F.C. Lo 35% F.c. )

Resime 2 (F.C. Lo 25% F.C. )

Regime 3 (F.C. Lo 15% F.C. )

Regime 4 ß5% F .C. Lo 15% F. C. )
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(tab1e 3.4.5). As a result, the band of pericycle surrounding the ray

region occupied a large percentage of the cross sectional area of stressed

(regimes 3 and 4) fleshy axes, but a lesser proportion of control sections.

The data al-so reveals trends towards reduced cell- size in the penicyc]-e'

and reduced cell number i-n both pericycle and ray tissues of stressed

fleshy axes, however, these differences did not reach lhe level of

statistical significance.

tühen parenchyma celf size (figures 3.4.5 and 3.4.6) is plotted

against diameter for all treatments, the data.ilþounO to fil a common

curve. This indicates that stress caused a generaÌ decrease in parenchyma

ceII size but did not interfere with the pattern of development within

fhis tissue type. This is particuJ-ar1y important when the pattern of

fleshy axis development is considered, as the sequence of Ínitial slow

hypocotyl development followed by initiation of rapi-d cell expansi.on is

not altered by stress. Thus it appears that a reduced rate of ceJ-I expansion

was the cause of smaller diameters associ-ated with regimes 3 and 4. A

similar relationshlp is found for pericycle tissue (figure 3.4.7). In

this tissue cefls are divided from the cambium and expand until the

fleshy axis approaches a diameter of B-12 mm ab which time periclinal

cel1 divlsion is initiated and pericycle growth in the anticlj-nal plane

to a large extent ceases. This pattern of pericycle development

accomodates the rapid expansion of the parenchyma tissue. Again' as

data from aII treatments fit the general curve it can be concluded thaf

stress was without differential effect on the pattern of development,

bu.t had simultaneous and simil-ar effects on cell expansion and ceII

division. The relationship between pericycle width and cell size and

number (figures 3.4.8 and 3.4.9) was linear and supports this conclusion

as both cell divislon and cel-l expansion data from all treatment.s was

fitted by the same regressi.on line. Further, the fact that no malformation

of the fÌeshy axi-s nor increased frequency of splitting was observed in



TABLE 3.4.5

The effect of different regimes (4) offering decreasing water availability on Radish fleshy

axis anatomY at harvest.

Treatment Regime Average Calculated Calculated
Limits Individual RaY Number of

Ray ParenchYma RaY

Parenchyma Area ParenchYma
Cel-I Area Cells to

Occupy RaY
Parenchyma
Area

(%F.c.) (u2) (ro*2) (xlo4)

Average Calcul- Calculated Percent-
Individual. ated Number of age of
Pericycle Peri- PericYc1e T.S.
Cell Area cycle CeIIs to Area

Area OccuPY OccuPied
Pericycle by
Area Pericycle

(u2) (*2) (103) $)

Peri- Number Calcul-Fleshy Fleshy
cycle of ated Axis Axis
l,lidlh Cells Fleshy Diameter Vofume

Across Axis
Peri- T.S.
cycle Area

(*r2 ) (mm) (cc )

Regime 1

Regime 2

Regime 3

Regime 4

1 00-35

100-25

100-15

35-15

2016

1501

990

1016

452

389

192

190

28.4

30.6

23.4

18. 3

331

276

296

285

26.8

21.9

16.0

14.5

73.6

73.5

46.5

46.2

6.2

(u)

333

316

303

293

31 .0

30.7

27.8

26.8

477

411

209

205

23.6

21.5

14.4

14.1

10.3

9.8

4.2

J. t

6.3

4

9

9

L. S. D. / 569 123 (N.S. ) (N.s. ) (N.s. ) (N.s. ) 1.0 (N.S. ) (N.S. ) 128 4.5 2-3

o\
N)
p)
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FIGURE 3.4.5

The effect of decreased water availability on the

relationship between Radish fleshy axis diameter and

the number of ray parenchyma cells per unÍt area

(ceII size index).

^ Regime 1 (F.C.-35% F.C.)

A Regime 2 ß.C.-25% F.C. )

o Regime 3 (F. C,-15"/" F. C. )

o Regime 4 ß5% F. C. - 15% F. c. )
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FIGURE 3.4.6

The effect of decreased water availability on the

relatlonship between Radish fleshy axis diameter and

average ray parenchyma cell area.

^ Regime 1 (F. C.-35% F.C. )

A Regime 2 (F.C.-25% F.C. )

o Regime 3 (F.C.-15% F.C, )

o Regime 4 ß5% F. C. -15% F .C. )



A

 
A

^
o^ a

^

o
o oo 

ora åA
o

ÂA
A
O 
OA

^

A
A

o

oo
o

À
^aoo

o

A A

O oo
2.0 ooE

OA

a

0 4 B 12 16 20 24 28 32'36 40 44 48 52

FLESHY AXIS DIAMETER (mm)

oto a

A

o

o

()

(\t
3
frlÉ

JJ
fl]
c)

2,
>{

c)z
Ê1É
P.

tr¡
C)

É
t¡l

c5o
J

3.0

1.0



62d

FIGURE 3.4 .7

The effect of decreased water availability on the

relationship between fleshy axis diameter and average

pericycle cell size.

^ Regime 1 (F.C.-35% F.C. )

A Regime 2 (î.C.-25% F.C. )

o Regime 3 (F.C.-15% F.C. )

o Resime 4 ß5% F. c. - 15% F. c. )
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FIGURE 3.4.8

The relationship between pericycle width and average ceII

area in Radish fleshy axes subjected to a range of soil

noisture regimes : (y = 0.87.x + 51.5; L.R. = 0.862).

^ Regime 1 (F.C.-35% F.C. )

A' Regime 2 (F.C.-25% F.C. )

o Regime 3 (F. C.-15% F.C. )

o Regime 4 ß5% F.C.-15?'" F.C. )
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FTGURE 3.4.9

The relationship between pericycle width and the number

of cells across the pericycle of Radish fÌeshy axes

subjected to a range of soil moisture regimes:

(y = 14.7.x + [-115.8]; L.R. = Q.876)

A Regime 1 (F. C.-35% F.C. )

A Regime 2 (F,C,-25% F.c.)

o Regime 3 (F.C.-15% F.C. )

o Regime 4 ß5% F.C.-15% F.C
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any treatment lncluding that cycled between 100 and 15% of field capacity

supports the conclusion that the pericycle and ray parenchyma tissues

maintain their genera} growth patterns relative to each other despite

water stress.

Individual measunements of growth and fleshy axis anatomy

only differed significantly in certain comparisons between the two harsh

regimes and those which htere fess severe. There ü¡as a general trend for

a greater severity of effect from regime 1 to regime 4, however' 'trr the

Iight of this trend, regime 1 can be considered to have been amply

supplied with water, regirne 2 to confer a mild stress, and regimes 3 and

4 to exert successively more severe stress. Individual differences

were frequently obscured by considerable interplant variabj-lity' but

the general conclusion is clear'

3.4. 4 Discussion

Ibisapparentthatreducedyieldwasduetowaterslressat

lower timits of regimes 3 and 4 rather than being directly related to

bhe total vofume of water supplied. Regimes 1 to 4 were watered,

respectively, 10, B, 6 and 16 times each (table 3.4.6). The harsher

regimes experienced either longer (reglrrre 3) or more frequcnt (regime 4)

exposure to very l-ow soil moisture than regimes 1 and 2' The water

use efficiency of ptants grown under the harsh regimes was reduced to

only stightly above half that of the more liberal regimes by the very

Iow soil moisture and indicates poor adaptation bo these conditions '

Similar resul-ts have been obtained wilh Peas (Manning et aI' ' 1977) where

water use efficiency dropped substantially unden harsh condj-tions' It

r¡ras suggesled that variation in water use efficiency, which is not

constant within species or between plants grol{n at diffenent moisture

Ievels,providesatoolforimprovingcnopsbothgenetical.Iyand

physiologically.Wateruseefficiencyisgenerallyconsideredtobe



TABLE 3.4.6

i¡,later used and number of rewaterings for individuat pots conslituting a grasshouse water regime

experiment offering increasing levels of water stress'

Replication II Replication III Replication IV Replication v
Treatment Regime RePlication I

Limits

(%F.c. ) (cc)

I'laler Number l'later Number

Used of Used of
Rewaterings Rewaterings

(cc )

ldater Number l¡later Number

Used of Used of
Rewaterings Rewaterings

hlater Number
Used of

Rewaterings

(cc )

6929

6532

4647

4736

Regime 1

Regime 2

Regime 3

Regime 4

1 00-35

100-25

100-15

35-15

6429

5832

6277

4669

6759

5362

4879

503 1

(cc )

6342

6114

3994

3750

10

I

5

14

(cc )

6644

6159

4884

3520

10 11

7

6

17

9

I
6

9

I
5

17

7

6

13
17

Or
(^)
Ê)



64

primarily related to stomatal control and improved water use efficiency

of plants growing under arid conditions has been reported several times

(Lange and Losch, 1980). The low diffusj-ve resistance (section 3.3) in

Radish during stress when compared to that at night, supponts the proposal

that Radish does not exert efficient stomatal control. As stomatal

response is small it is not surprising that yield is not directly

proportional to the volume of water applied.

Although the relationship between the processes of cell expansion

and ceII division requires further investigation it is clear that cel1

s|ze was generally reduced across Lhe 2 major tissue types, the pericycle

and the ray parenchyma. Stress did not prevent the fleshy axes from

developing according to the normal pattern of growth. This supponts the

conclusion that this crop, and other bienniat trootf crops (Salter and

Goode , 196T ), have no stage of growth particularly sensitive to water

stress in the first season. Three growth stages were identified from

the anatomical- observations (pre-initiation of axis swelling, initiati-on

of axis swelling and post-initiation of fleshy axis swelling) but none

showed greater or lesser sensitivity as judged by devlation from the

diameter curve pattern of well watered plants. In Turnip, sensitive

growth stages have been identified by a technique of improving t'he soil

water status and measuring the resultant effects on final yield

(Stanhi1l, 1958). Although these stages were identified in relation to

their sensitivity to water supply, they were derived from the response

to wet conditions and not to drought. Improved water availability during

the seedling stage resulted in increased plant yield at harvest' A wet

period during early rrcotr swelling depressed final yield however, but

this was attributed to changes in nitrogen utilization' The greatest

increase in fj.nal- yield was recorded when the wet treatment was imposed

closest to the harvest date. This experiment demonstrates the effects

of improved water status at times differing in the relationship between
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plant gro$¡th potential- and evaporative demand. It does not identify

stages particuLarly sensitive to water stress however, when this is

judged by the extent to which a stress episode wiII result in an

irreversible depression of fleshy axis size.

The consequence of reduced cell size as a response to water

stress was iJlustrated many decades ago (Maximov, 1929). In Beet it

was established that those plants within a sample population which had

experienced drought, and which had the smalfest cellsr Vtere the plants

producing the rfinestt (i.e. largest) fleshy axes (fable 3.4.7).

Conversely, for planls grou¡n under favourable conditions, the greatest

yield was associated with fhe largest cell size. Thus it can be concluded

that smaller cell size as a consequence of stress is also of adaptive

importance in withstanding a stress period. It can be speculated that,

if Radish had been bred and selected for yield under non-iffigated rather

than irrigated conditions, Radishes with relatively improved water use

efficiency and larger numbers of smaller cells woul-d have been produced

under regimes 3 and 4.
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TABLE 3.4 ,7

Correlation between ceII size and rrootl

development of Beet grown under dry and

humid conditions respectively (x).

Group Diameter of
Parenchymatous
Cells

(u)

Average lr,leight of Roofs

(e)

Dry Year
(1905)

Humid
( 1906)

T 8-1 1

11-14

14-17

>17

271 .7

172.7

67.0

33.3

II

III

IV

64,3

139.2

207.6

* Maximovr 1929 (After Kolkunov)
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3.5 The effect of Severe SoiI I¡,iaber Deficit, and its alleviation' on

the development of the Fleshy Axis

3.5. 1 Introduction

The previous experimenl (secbion 3.4) prompted a more detailed

examination of the anatomy of the fleshy axis durlng water stressr with

the aim being to clearly delineate stress effects between cell expansion

and division processes. For this reason a regime harsher than those used

in the previous experiment was compared with a well watered regime to

ensure the greater likelihood of significant differences. In order to

further extend the understanding of Radish fleshy axis development in

relation to water stress the experiment was designed such that after a

considerable period ofìsevere water limitation, stressed planls were

rewatered to the control regime and the recovery fcllowed by observatiou

of the anatomy of the fleshy axis and of the grcwth of the plant.

9.s.2 Methods

The procedures for pot preparation and water regime maintenance

were similar to those described for the previous experiment; except that

in the present experiment mineral nutrients \^rere supplied in the watering

solution (å-strength Hoagland's solution) and no attempt was made to

adjust for the increase in plant weight over time. The 2 regimes selected

were:

1. Fie1d Capacity (F.C.) to 35% F.C. lControl]

2. 25% F.C. to 15% F.C. [severe stress]

Three harvests r¡¡ere carried out (30, 35 and 45 days post-sowì-ng)r with

a subharvest being taken on day 40. By day 30 the stressed pots had

experienced the lower limit of their regime at Ìeast once following the

slow dnying dovrn from field capacity (day 10). 0n day 36 the severe

stress treatment vvas convented to the control regime.
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The experiment was conducted j-n a growl-h cabinet under a 12 hr

photoperiod. Daily mean relabive humidity was approxi-mately 50%' The

treatmenls were replicated 4 times and the experj-ment was statistically

analysed as a factorial. design.

plant establishment proved difficult and 3 attempts to populate

the pots with uniform seedlings failed. The first attempt repeated fhe

methods used i-n the prevj-ous experimentr but here emergence blas poor'

The second attempt involved sowing the seeds just below the surface, but

also faited to produce acceptable emergence. It was then decided to use

transplanted seedlings grovrn in a coarse-sand fi11ed seedling flat sown

to a depth of 1 cm. Brratic and poor emergence remained a problem with

this system also. Finally, surface sterilized rMarsr seed b¡as spread onto

waler-soaked vermiculite in seedling flats. The seed here was covered to

0.5 cm with wet vermiculite and the flats were covered v¡lth glass slteets.

Emergence was rapid and uniform; on day B the glass 1^¡as removed and the

seedlings were transplanted 2 days later. Ten seedlings were transplanted

into each pot. All pots were at field capacity initially and the water

deficit treatment commenced from transplanting (day '10). The poor

emergence of the seedlings in the earlier attempts was probalily due to

excess soil water and consequent reduced partiat pressure of oxygen around

the seeds (MacDonald and Gordon' 1978).

Prior to each harvest, the diameter of the fleshy axis was

measured on each plant and lhe plants (10) in every pot were labelled

in order of increasing diameter. Plants 1, 5 and 10 were then harvested

on days 30 and 35 for the assessment of water status, counting of cell

numbers in leaf discs and measurement of fleshy axis analomy. The

remaining Z plants in each pot were used to assess plant growth- After

stress was alleviated Lhe procedure was altered; on day 40 (4 days
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after stress alleviatj-on ) plants 4 and 7 in the remaining pots were

harvested for leaf-disc cell counts and to provide data on the fleshy axis

anatomy. On day 45, plants 5 and I from lhe same pots were harvested and

used to assess these parameters. The 6 remaining planls were used, on

day 45, to provide growth data. In addition to the collection of

anatomÍcal data the response of the fleshy axis was recorded photographically

on sections pnepared by the JB4 Method (See Materials and Methods) '

3.5.3 R"g!þ.

Severe stress caused a marked reduction in plant growth, with

significant effects on all aspects measured with the exception of

cotyledon fresh weighl, cotyledon moisture content and cotyledon number

(tab1e 3.5.1). The reduction in shoot fresh weight was reflected in shoot

dry weight and was due to a reduction in both leaf area and leaf number.

Fleshy axis dlameter, fresh weight and dry weight were similarly reduced.

The data also indicated that growth in length of the fleshy axis was

inhibited by stress. Although growth recovered markedly following stress

alleviation, by 9 days after rewatering differences between control and

stressed plant growth parameters \^iere slill highly significant.

stress reduced leaf relabive water content by ca. 6% and

also resulted in a signiflcantly decreased leaf osmotic potential '

Correspondingly, both leaf and hypocotyl water content were reduced by

stress.

The major effect of stress occurred before the firsL harvestt

and in the intervening perJ-od between the first harvesl (day 30) and the

second (day 35) smal-l increases in growth measurements were recorded'

For instance, leaf area incneased marginally between days 30 and 35

(figure 3.5.,1). Upon stress alleviation (day 36), leaf area increased at

a rate comparable with that of control plants. Similar responses were



TABLE 3.5.1

Harvest yields and water relatlons for stressed, stiess alleviated (day 36) and r¿eL] watered Radishes

harvested at 4 tlmes during the growth period' 
.ir ì,.¡_J

Harvest Treat- Shoot Fleshy CotY-
Day ment Fresh Axis fedon

t'lei8ht Fresh Fresh
trJeight Weight

Leaf Leâf Coty- Coty- Nunber Fleshy Fleshy Fleshy Shoot F)'eshy Coty-
Area Number tedon ledon of Axis Axis Axis Dry Axis ledon

Area Number Cells Dia- Length Voture Weigbt Dry Dry
per meter !'leight t'leight

l,;1.".
Disc

("r2 ) (c.2 ) (xlo3 ) (¡wn) (mm) (cc ) (e) (8) (g)

Hater Osm- ReIa- Shoot FÌeshy Coty-
Used otic tive Mois- Axis ledon

Pot- Water ture l'Jois- Mois-
entiaÌ ConL- Con- ture ture

tent tent Con- Con-
tent tent

(cc) (-bars) (%) (%) (%) (%)(e) (e) (e)

30

35

40

t5

Control 0.99

Stressed 0.14

Control 2.5O

Stressed 0.23

Control /
S¡ressed /

Control 6.68

Stressed 2.46

0.13

0. 04

0 .83

0. 05

11 .27

0. 95

27 .9

4.2
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6.1

161.8

61 .7

0.08

0.03

0.87

0. 03

13. 98

1 .12

0.012

0. 007

0.059

0.007

0.598

0. 068

0.0 14

0 .009
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0. 007
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0.1t
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22,1

29,9
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21 0

2.7

1,7

6.9

1.9

15.0

2,5

21 .1

7.7

30.9

28.6

33. 6

28.8

41 .0

30.0

0. 08

o.02

0. 17

0. 03

0.50

0. 19

1?Ot

973

2476

1115

5215
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FIGURE 3.5.1

The effect of severe water stress and its allevÍation on

the development of Radish leaf area.

Control

Stressed
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measured for both shoot flresh and dry weight. The formation of new

leaves r^Jas also virbually halLed during the stress period, but

subsequentJ-y proceeded at a rate exceeding the control- rate (figure 3'5'2) '

The mean number of cells in an excised leaf disc, which is an j-ndex of

cell size, recovered during stress to decrease at a rate similan to that

of the control. On stress alleviation leaf cell size recovered at a

rate exceeding that of the control (figure 3.5.3), finally yielding cells

of a similar size by 9 days after stress alleviation' The difference

between mean cell size and 1eaf area, which was significantly different

to the control at the final harvest, \¡Ias due to both a reduction in

individual leaf size and reduced leaf number. Both these effects were

presumably due to a reduction in cell division during stress as the cel-1

size index shows that Ieaf cells expand rapidly on stress alleviation to

very near the control ce|} size. The rate of leaf appearance exceeded

the control rate following stress allevia|ion, buL, as leaf number did

not fu1ly recover to the control level in the same period that full

recovery in leaf cell size occurred, it appears that leaf prlmordium

initiation was reduced during stress.

Shoot and fleshy axis fresh weight increased after allevlation

of stress at slightly faster rates than the increases in dry weight

(figures 3.5,4 and 3.5.5). This was due to the restoration of high

tissue water status. !Ùhereas shoot tissue showed some increase in both

fresh and dry weight durj-ng stress, no such increase in these growlh

attributes was measured in the fleshy axis tissue. This indicates a

greater relative sensitlvity to water stress of fleshy axis growth' as

compared to shoot growth.

Fl.eshy axis diameter, volume and length were affected by stress

and its alleviation in a fashion almost idenl,ical to that already reported

for growth in weighb of bhis organ (figure 3.5.5). However, as rÌularsr
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FIGURE 3.5 .2

The effect of severe water stress and its alleviafion on

Radish plant leaf number.

Control

Stressed
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FIGURE 3.5.3

The effect of severe water stress and its all-eviation on

the.number of cells in excised 1.1 cm leaf discs.

Control

Stressed
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FIGURE 3.5.4

The effect of severe water stress and its alleviation on

the fresh and dry weights of Badish shoot tissue.

Control

Stressed
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FIGURE 3.5.5

The effect of severe water stress and its alleviation on

the fresh and dry weights of the Ra-dish fleshy axis organ.

Control
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is a globe-type Radish, the effects were most pronounced on diatneter

and to a slightly lesser extent on volume (table 3.5.1).

In cont,rast to the immediate increase in cell expansion in

shoot ti-ssue upon revratering (figure 3.5.3), fleshy axis recovery

commenced only after a lag period following stress alleviation (figure

3.5.6).

At the anatomical level stress caused significant reduction-s

in cellsize in cortex, pericycle, cambium and ray parenchyma tissues

(table 3.5.2, see also figure 3.5.7). Similarly cell number was

reduced in alt tissue types except cortex; as the cortex was formed

prior to stress this exception was expected.

Pericycle tissue was considered in greatest detail as it

constitutes the most homo*"rfou", persistent tissue type in the fleshy
f\'

axis. Cell division in the pericycle was not reduced to the same extent,

during the last 5 days of stress, as ceII expansion which was virtually

hatted (figure 3.5.8). The number of ce1ls in the anticlinal plane

(i.e. across the pericycle, see figure 3.5.11) stabilized following 40

days of growth withoul water stress, whereas cal-culated pericycl-e cel-l

width on the anticlinal plane continued to increase finearly with time.

Stressed fleshy axes developed too slowly to attain the plateau in cel1

number along lhe anticlinal plane. This plateau occurs around the time

of rapid periclinal cell division in the pericycle, and is probably

closely involved wj.th the rapid expansi.on and dlvision of the ray

parenchyma core tissues. After stress was alleviated, cells in the

pericycle expanded slowly during a 4 day lag phase and then more rapidly

and attained similar cell widths in the anticlinal plane as control

perlcycle cells. Ce1I number recovered in a simj-l-ar fashion but did
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FIGURE 3.5.6

The effect of severe water stress and its alleviation on

the diameter of the developing Radish fleshy axis.

Control-

Stressed
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ÎABLE 3.5.2

Fteshy axis anatomical data at harvest of stressed, stress allevieted (day 36) and unstressed Radishes

sampled at 4 times duríng the growth period.

Harvest Treat- Cortex Number Calcu-
Day ment l{idth of lated

Cel1s Indiv-

Ë:::Ï å::i:.
CeII
!'Iidth

(u) (u)

ieri- Number Calcu- Cam- Number Calcu- Fleshy Number Cal,cu- Number Calcul-
cycLe of lated bium of I'ated Axis of tated of ated
wi¿tn CeUs Indiv: Width Cel-Is Indiv- Diam- Cells Indiv- CelLs Individ-

acloss idual across idual eter per r idual pÊn 400 ual
Pe:i- Peri- Cam- Camb- 400 y' Peri- ¡r¿ of Ray

cy,:Ie cycl-e bium ia1 of cycle Ray Parench-
CeIl CeIL Peri- CeIl Parench- yrna

Width Width cycle Area yma Cell Area
Tissue

(u) (u) (u) (u) (rnm) (u2) (u2)

Dist-
ance
from
Endo-
dermls
to
CenLre

(u)

Number
of

from
Endo-
dermis
to
Centre

52

32

102

42

57

114

Calcul-
ated
Average
Individ-
uaL
Celf
l/Jidrh

(u)

3

4

3

4

3

ç

6

9

7

I
6

I
I

7

A

7

5

8

5

9

A

10

10
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Stressed
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Treat.x Harvest
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Treatment

6.8

12.O

3.3

9.0

2.1

8.3

2,O

2.8

7.O

15 .0

1a

14.9

0.6

9.tt

0.3

1.0

186

149

12

1',I

tò

14

100

33

196

54

314

95

12(¡

271

T

14

7

26

12

34

17

32

27

27

18

)o

15

27

23

30

30

3.0

1.9

7.3
1.8

16. 5

¿,¿

22.8

9.7

59

33

121

44

191

48

200

143

T

57

27

308

27

667

43

1 333

400

3¿ó

141

1228

192

327

1 685

6

4

12

5

6

15

*I (NS)

t
t

(NS )

(NS )

t

(NS )

(NS)

t

*(NS )
t

T

tr (Ns) *

{o
6



70c.

FIGURE 3,5.7

A comparison of transverse sections (x 85) through the fleshy

axes of a Radish severely droughted over 20 days and an

unstressed control.

1. Unstressed

2. Stressed

A. Cortex

B. Endodermis

C. Pericycle

D. Cambium

E. Parenchyma lissue

F. Xylem Elements
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70d.

FTGURE 3.5.8

The effect of severe water stress and its alleviation on

Radish fJ-eshy axis average pericycle cell width

(anticlinal plane) and the number of cells across the

pericycJ-e.

Control

Stressed
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not fully recover to control fevels during the period of the experiment.

Hence, recluced cell division was langely responsible for the difference

between control and stress pericycle widths (anticlinal plane) recorded

Ç days after stress a1levi-ation (figure 3.5.9). Use of anticlinal

pericycle cel-l width as an indicator of ceII expansion (figure 3.5'B)

was valid as the mean pericycle cell area, estimated from cell- counts

per unit area (400 p2), was almost identical (figure 3.5.10). However,

unlike pericycle cell wldth, ceII area was not shown to recover completely

to the contnol level in the 9 days after stress alleviation. This

difference is attribubable to an unrealised potential for further

expansion in the periclinal plane.

The ray tissues occupy the major porlion of the cross sectional

area of the expanding Radish axis and the proportion occupied increases

with size. Data collected on transects from the axis centre to the

endoclermis represented primarily this predominant ray tissue. In

comparison to control, stress reduced both cetl size and cel-l number

(figure 3.5.11) but these were shown to increase at a slow rate during

the late 5 days of stress (figure 3,5.12). After stress alleviation'

as with the pericycle tissue, a lag phase ensued during which little

recovery occurt'ed (figure 3.5.13), to bc foil-owed by rapid recovery in

the following 5 days (flgure 3.5.14). Ray parenchyma ceII size in

stressed plants did not equal that of the control plants during the

period investigaied (rigrlru 3.5. 15), however.

3.5,4 Discussion

Radish plants subjected to an extended period of severe stress

which was then alleviated for 9 days yiel-ded less than 107" of the control

fleshy axis fresh weight and l-ess than 40% of the control- shool fresh

weight. The ovenall plant yield reduction vras ca. B0% of the conLt'ol
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FIGURE 3,5.9

The effect of severe water stress and its alleviation on

Radish fleshy axis pericycle width.

Control

Stressed
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FIGURE 3.5.10

The effect of severe water stress and its alleviation on the

number of pericycle cells per unlt area and the average

pericycle cell area in the pericycle of the Radish fleshy

axis.

Control

Stressed
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71c.

FIGURE 3.5. 1 1

A comparison of transverse sections (x 85) through the

fleshy axes of a Radish severely droughted over 25 days

and an unstres-sed control.

Unstressed

Stressed

A. Anticlinal Plane

B. Peri-clínal Plane

1

2
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FIGURE 3.5.12

The effect of severe water stress and its alleviation on

the distance, the cell number, and the average cell width

along a transect from the centre of the Radish fleshy axis

to its ttendodermisrr.

Control

Stressed

. Distance from centre to tfendodermisfr (U)

x Average cell width (U)

0 Number of cells from centre to endodermis
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71e.

FIGURE 3.5.13

A comparison of transverse sections (x 85) through the

fleshy axes of a Radish alleviated for 4 days after 36

days of drought and an unstressed control.

Unstressed

Stressed

A. Pericycle

B. Cambium

C. Parenchyma (Ray)
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FTGURE 3.5.14

A comparison of ray parenchyma tissues (x g5) from the

fleshy axes of a Radish alleviated for 9 days aften 36

days of drought and an unstressed control_.
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FIGURE 3.5.15

The effect of severe water stress and its alleviation on

the number of ray parenchyma cells per unit area and the

average parenchyma cell area in ray tissue of the Radish

fleshy axis.

Control

-St,ressecl
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72.

yield. The long term reduction in shoot yield vras apparently centr:ed

on ce]l division, but cell expansion was also reduced. ceII division'

although proceeding at a slow rate during the last stages of stress,

was reduced sufficiently to cause a reduction in the number of leaf

primordia which were present and expanded following stress alleviation.

In a like manner the number of ceLls within any leaf was reduced'

CelI expansion in the leaves, recorded during the last 5 days of stress'

occurred at a rate similar to the control rate. Prior to this, however,

stress had effected a large reduction in gell sj-ze. 0n stress alleviation

cell expansion was rapid, and leaf area expansion and leaf production

(through the expansion of existing prj-mordia) occurred at rates exceeding

those of the control pì-ants. A similar response to stress and its

release has been proposed to explain the increase in leaf elongation

rate above control levels following stress alleviati-on in Panicum

(Ludlow and Ng, lgTT). Incomplete length recovery in comparison with

controls was attributed to lhe reduced rates of cell division during
'I

r l,¡.

stress. The leaf area of Field Beans subjected to drought has been
, " | :" " '

shol^¡n to be reduced mainly by mechanisms determinlng leaf si-ze rather

than those associated with leaf production or unfolding (Karamanos,

19ZB). This conclusion can also be draurn from the present experiment.

During stress Radish leaf area was reduced to 10% of the control- and

after stress alleviation increased, but to only 40% of the control'

In comparison, leaf number vias reduced to only 55% of the control

during stress, and, more importantly, recovered to B0% of the control

after stress alleviation. Unfortunately, in the Field Bean study no

attempt was made to describe the resul-ts in terms of ceII expansion

and division. However, it has been generally acknowledged that, during

stress, cell expansion is the most sensitive leaf growth process as

well as being the process most responsive to improvement of plant water

status (Acevado et a7., 1971; Sepaskhah and Boersma, 1979; Barlow and

Boersma, 1972).
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The fact that leaf cell size during stress, increased during

the later stages of stress at a rate similar to the control, indicates

adaptation to the stress environment. An increase in the osmotic

potential of expressed sap was noted during the stress period and implied

a degree of osmotic adjustment. In a similar vein, it was reported in

the Field Bean study (discussed above) tnat threshold values of leaf

water potential- at which the rates of leaf production and unfolding

declined l^Iere more negative in a drier environment. In view of the

preceding discussion it can be concluded that short term reduction in

plant leaf area is attributabte to the extreme sensitivity of ceII

expansion to water stress. The long term and largely irreversible

reduction in leaf area is due primarily to the effect of stress on cell

division.

The effect of stress on cell division and cell expansj.on

processes in the fJ-eshy axis is more compllcated than in shoot growth

due to the physical constnaints on the growth of various constituent

tissue lypes. This may in part explain the apparently greater sensitivity

to stress of fleshy axis growth, compared with shoot growth. Stress

reduced both cell expansion and celI division in the major fleshy axis

tissues (pericycle and parenchyma). In the pericycle on the anticlinal

plane, cell expansion r^¡as more sensitive to stress than cel-I di-vision,

but, as was the case for shoot growth, reduced cell division during stress

appeared to offer the primary limitation to fleshy axis expansion. As

growth in the ray parenchyma region is largely dependant upon the growth

of the pericycle to provide troomf for development these differences

between division and expansion were not so obvious. Durlng the last 5

days of stress cel-l width and ceII number, in the anticlinal plane of

the ray parenchyma region, both j-ncreased by ca. 20% indicating similar

effects of stress on both processes. 0n the basis of these data it is
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concluded that in the Radish fteshy axis, and the shoot, ceIl expanslon

is comparattvely more sensitive to stress and more responsive to stress

alteviation than celt division. Beduction in the latter process, howevert

is primarily responsible for long term yield reductions following drought

periods.



3.6 Distribution of assimilated

75'

C and the Sugar content of Sbressed14

and Unstressed Radish plants

3.6.1 Introduction

The previous experimenL demonstrated that young Radish plants

were able to survive prolonged, severe water stress and to recover

apparently undamaged. Growth was effectiveJ-y suspended during the period

of severe stress and it was of interest to examine the carbon balance

of plants during that period, the distribution of any assimilated carbon

among the plant organs and to ascertain whether metabolites accumulated

and resulted Ín osmotic regulation in the stressed tissues.

3.6 ,2 Methods

A system of plant culture was required in which many plants

could be grown which were similar to those lnvestigated in the previous

experiment (section 3.5). Prel-iminary investigation led to the adoption

of a culture system in which plants were grov,rn in vermiculite and allowed

to dry out over a number of daYs.

The experiment was conducted in a controlled environment.

Temperature l¡ras maintained ab 2OoC, photoperlod 12 hr and lighf flux

density 380 pein/.2/"u, at canopy 1eveI. Relative humidity, monitored

by hygrograph, had a daily mean of ca. 60%.

On day 1 surface steril-ized medium grade seedsr cv. 'Marsr,

were placed into petri dishes lined with filter paper soaked in disbi-lled

water. These were vrrapped in Alfoil and placed in the growth cabinet

for 48 hr. These pregerminated seeds r^rere then sov¡n at a depth of 1 cm

and a rate of 40 seedlings per pot (15 cm square surface area, 11.5 cm

deep plastic pot) in vermiculite. The seedllngs were thinned on day 10

to retaln the 30 most uniform. The two treatments (control and stressed)

were replicated 4 times and the whole experiment was duplicated to give a

total of 16 pots. Up to day 10, all the pots were stood in al-uminium
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trays holding 2 pots (the duplicate pair) and containing hatf-strength

Hoaglandrs solution to a depth of 2 cm. The soLution was topped up

daily and renewed weekJ-y. Black plastlc was fitted around the pots

over the exposed solution surface to reduce evaporation and prevent

a1gal growth. The pots which were to be subjected to waler stress were

removed from the trays on day 10 and allowed to dry down for 20 days.

As a result, these plants had experienced a considerable water deficit

by harvest (day 30) although they did not wilt markedly.

Forty-eight hours before the plants r^¡ere harvested (day 28)

the pots in one duplicate set were removed to an identical environment.

Two replicates each of controf and stressed pots (4 in al.I) at a time

were then placed into a100 l perspex chamber (C0, concentrati-on of

64 me) and exposed to 5OO pci ot 14cO, tl4cOrconcentration of 0.395 me)

for t hr. The pots were then returned to their original en.vironment

until harvest.

140n harvest, plants from C0, treated pots were divided into

leaves, cotyledons, hypocotyls and roots. The aggregated material for

each organ v.Ias immediately frozen in liquid nitrogen and then stored at

-2OoC. When the harvest was completed the frozen tissue was freeze

dried for T2 hours and returned to -2OoC for sLorage. Plants from each

pot (30 per pot) were divided into groups of 10 and separated into

Ieaves, cotyledons and hypocotyls. One group was used to assess growth

and the other 2 groups treated as for the plants harvested from the tOro.-

treated pots.

The plants used to measure growth were divided into 6 plants

for weight and area data and 1 plant for each of leaf and cotyledon

relative water content, leaf osmotic potenti.al, J-eaf and cotyledon

cell counts, and slide preparation for the collection of fJ-eshy axis

anatomical data.
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14The stored tissues from the C0, treated set were l-ater fì-neJ-y

ground and a 20 mg sub-sample from each tissue was used for the
1t

estimation of 'aC content and sugar concentratj-on. These samples were

used to measure radioactivity (c.p.m. ) in crude ethanol extracts and

the ethanol insol-uble residues, the total soluble sugar concentration,

and radioactivity in sucrose, glucose and fructose fractions together

with their concentrations.

Free proline was estimated with material drawn from the set.

not breateo witrr l4co
2'

3.6.3 Resul.ts

As before, wat,er stress resulted in a considerabfe reduction

in growth (figure 3.6. 1 ) . The most noticeable reduction l¡¡as that of

Ieaf fresh weight, which was reduced by around B0% (tabl-e 3.6.1). Leaf

dr¡¡ weight was similarJ-y reduced by stress, however, no significant

reductions in cotyledon and hypocotyl dry weights were observed (tables

3.6.1 and 3,6.41 despite indications of a reduction in their fresh weight

(tab1e 3.6.1). This perhaps indicates that there wa-s a trend lo

decreased fresh : dry weight ratios in these organs. Leaf relative water

content was significantly reduced by stress, but only by 5%. There was

a small but non-significant increase in leaf cell sap osmotic potential,

but there were significant increases in l-eaf sugar concentration (see

later). Although the total photosynthetÍc area was signi.ficantly reduced

by stress, lack of significant difference in leaf and cotyledon numbers

indicated that the reduclion in indivldual leaf area was the primary

stress effect. This area reduction was due largely to neduced ceII

size in the leaves (tabl-e 3.6.1).

trnlater stress did nof cause a significant decrease in either

cel-l size or ceÌl number in the Radish hypocotyl (table 3.6.2). However,

a consistent tnend fon a reduction in both these parameters was indicated
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FIGURE 3.6.1

Comparison of Radish plants grown under control conditions

(LHS) with plants having experienced a 20 day 'soilr-water
depletion cycle (RHS).





TABLE 3.6.1

The effect of a 20 day rsoil'-water depletion cycle on the growth and water relations of RadÍsh.

Organ Fresh lleight DrY hleight

(e) (me)

Moisfure
Content

(%)

Photosynthetic' Area

("*2 )

Relative
Turgidity

/ot \\lol

0smotic
Potential

(-bars )

Number of
Cells/'l . 1

cm disc
(x to3)

Number

Control Stress Control Stress Control Stress Control Stress Control Stress Control Stress Control Stress Control Stress

Leaves

Cotyledons

Hypocotyl

1.28

0.37

0. 18

0.24

0.20

0. 10

95

1T

13

93

96

93

87

93

31.7

12.3

60.5

16.1

32

17

10

87

93

88

33.8 7.3 3.3 2.5

7.3 4.2 2.0 1.7

//

92

96

7.4 8.5

(NS)0.73 2T (NS ) 1.7 4.5(*) LSD 0 .894 7

-1-.¡d



TABLE 3.6.2

The effect of a 20 day rsoilr-water deplelion cycle on Radish hypocolyl- (fleshy axis) anatomy.

Treatment Cortex
I/,lidth

(u)

Control

CelI
Number
across
Cortex

Pericycle
I¡lidth

(u)

82.5

51.9

CeII
Number
across
Pericycle

13.6

Cambium
blidth

CeIl
Number
across
Cambium

Hypocotyl
Diameter

(mm)

3.2

10.5 13.1

(u)

30.6 9.3

6.0

Number Number Distance
of of from
Pericycle Parenchyma Endodermis
Cellsl Cells/ to
Àoo-¡t 4oo lrz centre

(u)

7.5 6.5 423

2062.0 15.0 17.8

Number
of Cel1s
from
Endodermis
lo Centre

64.6

43. 1

(NS )

175

155

5

6

B

9Stress

(X) LSD (NS) (NS) (NS) (NS ) (NS) (NS) (NS) (NS ) (NS ) (NS)

-l
-lI
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by the data collected from each of the tissue types comprisi.ng the young

fleshy axis. Stress resulted in thickening of the ceII wall-s of the

hypocotyl parenchyma cells (table 3.6.3). This effect is clearly

demonstrated in figure 3.6.2, where stressed tissue stained with toluidine

blue gave a blue reaction in comparison to purple in the same region

of unstressed tissue. Toluidine blue reacfs with lignin to yield a blue

color.

The data discussed thus far has demonstrated that the growth

and morphology of the plants were affected b1' the water stress imposed

in this experiment, and that the responses closely resembled those

observed in the previous experiment (SectÍon 3.5) where stress was

imposed continuously over an extended period. Data obtained from

1h
supplying plants with '-rO, in the present experiment can therefore be

assumed to typify this extended stress situation.

The major difference between control and stressed plants lay

in the reduced leaf dry weighb (table 3.6.4). Root dry weight could not

be accurately measured because of binding of small roots to the

vermiculj-te medium. The root systems of the stressed plants !'/ere

observed to be more extensive, and individual roots thinner, than those

of control plants. Assuming that the control and stressed roots

accumulated similar total amounts of radioactivity, the relative

photosynthetic rate on a leaf area basis can be calculated for the two

treatments. Control and stressed plants had pholosyntheti-c areas of
; 1t+

41 and 12 cm'respectively (table 3.6.1) and had total "C counts

(excluding roots, table 3.6.4) of 3521 and 1297i thus, respectively

they fixed 86 and 1OB c.p.m. p"t .*2. It would appear, from this

calculati-on, that the rate of photosynthesis per unit leaf area (even

altowing for possible greater total counts in the roots of control planbs )

was relatively unaffected by stress; assimilation therefcre being

restricted by the refluced leaf expansíon in stressed plants.
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TABLE 3.6.3

Ray parenchyma cell wall thickness in the

hypocofyl (fleshy axis) of control and

water stressed Radish.

Replication Cel1 waI1 thickness

(u)

Control Stressed

I
II

0.625

0.600

0.488

0.588

0.575

0.675

0.788

0.713

0.763

o.735

III

il

Mean ( lË )



7Bb.

FIGURE 3.6.2

Comparison of transverse sections (X 85) through Radish

fleshy axes, of similar diameter, from a control plant

and a plant having experienced a 20 day rsoilr-water

depletion cycle.

A. Control

B. Stressed
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Anal-ysis of the proportioning of radioactrvity between alcohol

soluble and al-cohol insolubl-e fractions of the various plant organs

(table 3.6,4) revealed that control and stressed tissues had a simifar

distribution Q4-26% in the sol-ubl-e fraction of leaves for example ) .

This shows that a major j-mbalance, as may be expected through massive

accumulation of organic s<¡lutes, did not occur under water stress at

least during the 48 hours prior to harvest.

If the total radioactivity in the leaves, cotyledons and

hypocotyls is made equal to 100% (table 3.6.5), the 14C Oi"t"ibution

between these organs can be assessed. Stress Ied to significantly

higher portion of the total radioactivity being located in the

cotyledons and hypocotyls of plants. This brend was similar for both

the solubl-e and insoluble fractions, and, resulted in a fower portion

of the total plant radioactivity being found in the leaves of stressed

plants than in those of control pJ-ants. These differences coul.d reflect

differences in transLocation or in metabolism. Assimilated 14C 
"."

necessaril.y used for l-eaf grcwth in the control plants, whiJ-st the

observation of a higher proportion of total plant 14C in the cotyledons

and hypocotyls of stressed plants suggests the assimilated carbon is

retaÍned in the former (which have largely ceased expansion growth by

this age) and transported into the lalter.

Both in the alcohol soluble and insoluble fractions radioacti-vity

on a dry weight basis was higher in the leaves of control than in stressed

plants (table 3.6.6). In the remai-ning organs the concentration of

radioactivity per unit dny weight r^ras comparabl-e for the soluble fractions.

However, the concentration in the insoluble fraction deviated from this

pattern as controt plants showed a significantly higher Ievel.

The concentration of sugar was higher in the hypocotyl than

in the other Lissues in both treatments (table 3.6.6) and stress resulted

in a signÍficant increase i-n sugar concentration in all organs.



TABLE 3.6.4
14Dry weight yieId, and C counts in the alcohol soluble and insoLuble fractions, of the various

1h
organs of ' 'COZ treated control and stressed Radish plants.

0rgan

Leaves

Cotyledons

Hypocotyl

Roots

(rÊ ) LSD

Plant organ
dry welght

(.e)

Plant organ
total c.p.m.

(x 103)

3092

187

242

257

Planf organ
c.p.m. in the
soluble fraction

(x 10
3

P1ant organ
c.p.m. in the
insoluble
fraction

(x 103)

SolubÌe fraction
counts as a percenl-
age of total organ
counts

(%)

Control- Stressed Control Stressed Control Stressed Control Stressed Control- Stressed

e7

19

11

2639

20

12

814 730

236 81

247 53

208

79

58

2363

107

290

606

157

189

43

24

35

22 24

5 60 212

--:
\.o
Þ
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TABLE 3.6.5

Percentage distribution of 14C counts amongst. organs

of 14co.- treated control and stressed Radish plants.

0rgan Percentage of
fotal counts

(%)

Percentage of counts
in alcohol soluble
fraction

(%)

Percentage of counts
in al.cohol insoluble
fraction

(%)

Control Stressed Control Stressed Control Stressed

Leaves

Cotyledons

Hypocotyl

lotal (+)

648988

100

63

18

19

100

6

100 100

17

20

100

60

24

1T

100

85

9 4

I
6

7

(*) Lso 5

+i excluding roots

5 6
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TABLE 3.6.6

14c .orrrts and sugar concentrations (on a mg dry

weight basis) in organs of control and water

stressed Radish plants.

0rgan Counts per minute
in alcohol solubl-e
extract from one
milligram dry
weight

(cpm)

Counts per minute
in alcohol insoluble
extract from one
milligram dry weight

Sugar concentration
in one milligram
dry weight

(cpm) (ue)

Control Stressed Control Stressed Control Stressed

Leaves

Cotyledons

Hypocotyl

Roots

839 1

4125

4489

2540

5425

3985

4928

2741

27095

5491

16220

1 4308

15894

7556

16169

7230

38.9

21.6

75.1

24.4

55.0

74.O

94.6

46.8

* LsD 1132 6391 19.5
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The bulk of this increase was attributable to an increased sucrose

concentration (table 3.6.7), aJ-though increases in both glucose and

fructose concentrati-on also occurred. These increases in sugar

concentrati-on were accompanied by increased specific activity (table

3.6.7). The only exception was the leaf tissue where the specific

activity was not increased by stress. Thus it would seem evident that

tissues imponting sucrose showed higher specific activities whilst those

exporting sucrose (i.e. leaves) were unchanged.

Proline did not accumulate under the level of stress which was

developed. Table 3.6.8 compares the amount of proline accumulated in

Radish tissues stressed in this situation and that accumulated by excised

tissue (of the same age) stressed by floating on PEG (-15 bar for 24 hr).

The relative water contents of the excised tissues were far l-ower than

those of plants stressed in the vermiculite system.

Thus, j-n summary, although Radish plants were experiencing a

severe rsoilt-water deficit, as evidenced by significant growth reductions,

they adapted to some extent to avoid visible wilting. The direction of

metabolism was somewhat altered by stress; for instance the marked

lignification of hypocofyt cel1s. Similarly, sugar concentrations in

all organs rose duning stress. However, the photosynthetic rate appeared

unaltered by stress, with the real limit on carbon fixation thus being

the reduced photosynthetic area. The leaves of stressed plants exported

a larger portion of fixed tOrOo to the hypocotyl than control plants.
¿

They consequently had reduced c.p.m. on a unit dry weight basis for both

alcohol soluble and alcohol insol-uble fractÍons.

Discussi-on

The growth reduction, due to water stress, reported in this

experiment was simitar to that determined in the previous experiment
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TABLE 3.6.7

Concentrations of sucrose, glucose and fructoset

and their specific activities, in the various organs

1lJof ''CO^ treated control and stressed Radish plants.
¿

0rgan Sugar Concentration in one
milligram dry wei.ght
of tissue

(ue)

Specific activity in one
milligrarn dny weight of
tissue

( cpm/ug )

Control Stressed Control Stressed

Leaves

CoLyledons

Hypocotyl

Roots

Sucrose

Glucose

Fructose

Sucrose

Glucose

Fructose

Sucrose

Glucose

Fructose

Sucrose

Glucose

Fructose

4.2

12.4

10.5

7,6
16.5

10.3

7.6
15.6

9.3

8.6
18.4

11.2

15.3

17 .5

10.1

14. B

10.6

10. 1

29.O

31.7

22.2

12.4

29.4

19.9

14 .1

38.7

25.9

12.8

18.3

9.3

17 .1

48.2

27 .1

33.3

47 .0

35.3

20

32

28

1

7

6

4.7

7.1

6.8

40.7

18.3

14. B

5.1

10.7

8.0

(X) LSD 6.5 11 .3



TABLE 3.6.8

A comparison between proline accumulated in Radish subjected to slow substrale moisture

depletion stress and the potential proline accumulation .caused by-PEG-induced water stress.

0rgan

Leaves

Cotyledons

Hypocotyl

Roots

Proline
concentrati-on

(uelme d.w. )

Relative
water content

(%)

Proline
concentration

(uglmg d.w. )

Relative
water confent

(%)

99

Slow deplebion of substrate
moisture (20 days)

-15 bar PEG for 24 hr.
(excised tissue)

Control Stressed Control Stressed Control Stressed Control Stressed

0

0

0.48

1 .58

0.47

1.73

0.42

0.56

0.31

0.23

15.30

3.20

1.66

0.09

57

54

92

96

87

93

98 45

57

2.O2
@o
ct

(IÊ ) LSD (NS )
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(section 3.5); in which ceII expansion and division were reduced both

in shoot and fleshy axis tissues by a slowly developed water stress.

That the level of slress deveJ-oped in the present experiment did not

significantly disrupt the photosynthetic rate per unil leaf area

indicates that neither a significant increase in stomatal/mesophyll

resi-stance, nor a decrease in chloroplast activity (Pospisilova et a7.,

1978) vras caused by the severe restriction of water avaiJ-ability. Thusr

at least where stress develops slowJ-y, the early reduction in total

photosynthesis in the young Radish j-s due to a reduced production of new

leaf area. That is, primarily through li-mitation of cell- expansion.

Similarly, for Corn, Soybean and Sunflor^Ier subiected to water stress there

is an earlier, and more severe, inhibition of leaf enlargement than of

photosynbhesis per unit leaf area (Boyer, 1970).

The lignification of hypocotyl parenchyma cell walls may have

been a specific response to water stress, and, both smaller cells and

thicker cell walls have been charactenlsed as mechanisms conferring

greater drought tolerence (Iljj.n, 1957; Cut1er et a7-, 1977).

The observation of increased sugar concenlration in all

organs of Radish during water stress has also been made in Cotton

(Eaton and Erg1e, 1948), 1n which sugars doubled in the l-eaves, stems

and roots. The disappearance of leaf starch during water stress has

been widely reported, and subsequent carbohydrate transport to other

plant parts (e.g. roots) has been suggested (Iljin, 1957). These

reported responses are compatible with the present observations in

Radish where there was reduced 14C ..p.m. /g d.w. in the leaves of

stressed plants, and the lower organs conl"ained a greater proportion

of the assimil-atuo 14c.
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3.7 ison of the effects of Soil lrrater Deficit and of PEG fnduced

!'later Stress

3.7.1 ïntroduction

Previous work (section 3.2) has indicated that short episodes

of PEG-induced water stress have traumatic but reLatively short term

effects on growth provided that the stress does not kilt large portions

of the p1ant. 0n the other hand, Iong episodes of soil water deficit

have less traumatic but longer term effects on growth (section 3.4).

This experimenl was designed to compare these two methods of inducing

stress. From those earlier experiments it was also apparent that young

plants may be less sensitive to stress than older plants in terms of

tissue water deficit and consequent yield reductions. In order to test

these hypotheses the water relations of Radish plants stressed by both

techniques r^rere estimated and yield data collected as plants experienced

a series of stress episodes.

2.7.2 Methods

The experiment was conducted in a growth cabinet ( 12 hr photo-

period) and mi-neral nutrients vrere supplied by wabering with lloaglandfs

solution (å -strength). Relative humidity had a daily mean of 55%.

Both control plants and those subjected to water deficit stress were

grown in a 1:1 mlxture of sand and loam ; those subjected to PEG stress

!,¡ere groh,n Ín coarse river sand alone. Seed, .cv. rMarsr, was surface

sterilized and gror^m for 9 days on nutrient solution in filter paper

Iined petri dishes. Six uniform seedlings were transpJ-anted on day 10

lnto each pol (160 mm bop dianeter), and these were reduced to 5 on day

15 thrcugh the removal of the least uniform plant. Replication was

fourfold yietding with 3 treatments and 4 harvests a total of 48 pots.
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Harvests were made at 10 day intervals commencing 20 days

after sowing. PEG stress was imposed by fl-ooding the pots with 500 mt

of solution (-10 bars PEG in nutrient solution) on days 19,29,39 and

49, and was r"elieved 24 hours later on each occasion with 1000 ml of

nutrient sol-ution. I,tater deficit stress involved cycling the pots

(figure 3.7,1 ) between field capacity and wilting (ca. 15% F.C. ). Field

capacity in the pots, whose soil capacity (at field capacity) was

2 kE, was defi-ned as the water content following 48 hr drainage from

saturation. No adjustment was made for increase in plant size and

surface evaporation v'ras not prevented. Control plants were watered

daily with 100 ml of nutrient solution to day 30, 150 ml to day 40 and

then 200 ml unt1l day 50.

P1ant water status hras assessed for all treatments, prior

to alleviation of PEG stress, on a plant seLected randomly from each

pot scheduled to be harvested. For harvests on days 20, 30 and 40'

water potential- (pressure bomb) hras measured on the first formed true

leaf. This same leaf was then used to estlmabe relative water content.

On day 30 osmotic potential was measured (microosmometer) on bhe second

formed leaf following restoration of full turgor by floating ib for 4 hr

on distilled water. As the oldest leaves were chosen for these

measurements, effects ofageingcould also be assessed. 0n day 5O water

potentlal and relative water content were estimated for aII the leaves

of the plant. The remaini.ng 4 plants in each pot were allowed to recover

fresh weight for 6 hours before being harvested for growth assessment.

3.7.3 Results

The soil water deficit imposed entailed B rewaterings from

wilting (15% F.C.) as compared with 4 episcdes of PEG stress (figure

3.7.1). The degree of wj.Iting of the leaves produced by PEG (figure

3.7.2) during an episode of stress was also attained in plants subjected



B3a

FIGURE 3.7 .1

Treatments imposed to compare PEG and soil water deficit

techniques as methods of inducing plant water stress.
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FÏGURE 3,7 ,2

A comparison of the effect of -10 bar PEG stress, a well

watered control (LHS), and, Radish plants prevíously

subjected to repeated so1l water deficits (RHS).
1

i

þ
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to a soil water deficit. As individual repj-icates in any single

treatment lost water at different rates, this apparent similarity of

plant water status in the two treatments 1s not obvious j-n the water

relations measurements when averaged across replications (bable 3.7,1).

l,'lhen this data is considered for the individual pots, however, similar

Iow levels of water status in the 2 treatments (+) occur, particularly

where individual pots have lost water to the lowest level of soil water

depletion (table 3.7.2).

Exposure to PEG reduced relative water content by approximately

10% and water potential by -7 bars on day 20 in comparison to watered

plants (table 3.7.1). As time progressed, however, the rel-ative water

content of PEG treated plants fell further, to about 50% of that of

controls on day 50. In contrast, leaf water potential appeared to

Íncrease over thls period. This lack of agreement between Lhre 2 estimates

of tissue water status may be attributed to the onset of senescence and

to stress induced leaf margin necrosis in PEG stressed plants (figure 3.7.2).

This rnay well have exposed the xylem to the atmosphere and allowed the

ingress of air leacling to unrealistically high water potentials being

recorded wj.th bhe pressure bomb. This interpretation is supponted by

the relatively consistent water potentials obtained with time in the

water deficit treatrnent. where no marginal necrosis was observed. Relative

water contentmeasurements, whicharenot susceptible to this error, are

thus considered to provide a more meaningful account of leaf water

status for this treatment, although these will also be subject to the

errors associated with the infiltration of water into necrotic tissue.

The osrnotic potentials of the sap expressed from leaf tissue on day 30

only, indicate that higher concentrations of cell- solutes occurred

in the stressed tissues (table 3.7.1). As the PEG-stress tissue was

wilted at the tj-me of harvest and then returned to full turgor prior to

determination of osmotic potential the change in osmotic potential must



TABLE 3,7 .1

Growth and water relations data for comparison of PEG and water deficit induced stress

with a well watered control over a series of 4 harvests.

Harvest Treatment lrlater Relative Osmotic Shoot FJ-eshy
Day Potential lrlater Potential Fresh Axis

Content !,leight Fresh
Vleight

(-bars ) (%) (-bars) (e) (e)

Leaf Coty- Leaf Coty- Shoof Fleshy Fleshy
Area l-edon Number ledon Dry Axis Axis

Area Number ltreight Dry Maxi-
!,ieight mum

Diameter

(c*2) (.r2¡ (e) (e) (cm)

FIeshy
Axis
Volume

(cc )

20

30

40

50

Conlrol
-10 PEG

Regime

Control
-10 PEG

Regime

Control
-10 PEG

Regime

Control
-10 PEG

REgime

4.8
12.0
7.1

3.6
11.3
4.2

3.1
6.4
5.7

tß

81.8
67.8
82.3

90.7
55.3
90.4

94.4
48.7
72.4

92.2
43.8
78.9

7.8
16.0
11 .1

0.03
0.04
0.03

0.029
0. 033
0.027

2.0
2.1
2.OJ

0.254
0. 149
0.125

9
4
6

0. 415
0.306
0.282

1.8
0.2
0.5

0.6
0.0
0.2

2.2
3.8
5.2

0
0
0

3
1

1

6
3
3

.47

.55

.47

6
0
1

37
30
28

9.24
4.61
4.60

Ãt

5

1 .34 87.
0.22 36.
0.11 37.

.37 157.

.81 82.

.07 86.4

15.29 233.8
3.01 94 ,3
2.43 118.1

2
0

9

1

5
7

6
0

3.5
4.4
3.5

7.3
4.1
3.7

4.8
0.6
1.4

6.6
5.6
5.7

7.3
4.2
6.8

2,7
0.0
0.5

1.9
2.3
2.1

4
4
4

1

1

1

9
1

4

0.003
0.003
0.002

0.079
0.018
0.009

0.358
0.060
o.o9l

0.645 0.839 2.
0.457 0.195 1.
0.407 0.,,97 1 .

.14

.15
1^.t¿

-94
.40

0
0
0

0
0
0

1

0
0

36
1B

1228

31
25
27

.96

.77

.80

.23

.81

.02

1

0
0

6
0
1

B9
3B
32

15.92
2.96
2.61

Interaction
Treatment

LSD

* tß 2 t( * l( * lÉt(

* co

tt)

2.4 7.6 1.8 0.84 1.69 20.5 1.4 0.8 0.2 0.056 0.287 1.02 2.03



TABLE 3.7 .2

!üaler status of first formed leaves of individual plants growing under control, -10 bar

pEG-stress (24 hr), and, soil water deficit regime stress, and harvested at 10 day intervals.

Tneatnent Day 20 Day 30 Day 40 DaY 50Plant
Idenùification

Vlater
Potential

Relative
t'later
Content

tlater
Potential

)o
12.8
2.5

2.9
11.3
3.6

Relative
hlater
Content

8T
52
87

93
53
91

92
61

92

91
56
92

Vlater
Potential

Relabive
t'later
Content

I¡later
Pot,ential

Relative
!üater
Content

(- bars) (%) (- bars) (7") (- bars) (%) (- bars ) (%)

Heplication

Replication

Replication

Replication

Control
PEG

Regime

Control
PEG

Regime

Contro]
PEG

Regime

Control
PEG

Regime

I

1I

III

IV

5.0
11.8
5.2

6.8
12.5
.to

3.9
13.5
8.9

78
T6
B2

5.2
4.2
5.7

1.9
7.4
6.3

4.2
9.4
4.5

4.5
11.5
6.3

90
44 (+)
49 (+)

98
4T

91

94
54 (+)
52 (+)

96
50
97

90
42(

3.5
2.6
1.4

91
28
94

94
58
94

o?

4T

75

84
65
BO

2.0
1.3
2.2

3.5
10.0
6.5

82
60
B8

1Ct

6.5
8.9

1.2
4.8
8.1

1.6
9.5
7.7

3.6
4.3
2.9

B4

70
BO 53

+
+

æ¡.g



85

have been due to solut.e accumul-ati-on.

Both stress Lreatments reduced aII growth parameters, e.g.

fresh weight, by approxi-mately equal amounts (tab1e 3,7.1 ) and, as

confirmed by significant harvest x treatment interactions, the difference

between control and stressed plants increased with time. The reductions

in shoot fresh and dry weights due to stress (figure 3.7.3) were far

less than the reductions in fleshy axis fresh and dry weights (figure

3.7.4). The only aspect of plant growth which was affected dÍfferently

by the 2 types of stress treatments vras leaf growth, where PEG-induced

water stress resultecl in significantly fewer leaves, and consequently

reduced plant. leaf area, than did the soil water deficit treatment.

This difference became apparent during the l-ater stages of the experiment

(figure 3.7.5) and was due to the accelerated senescence of older l-eaves.

Marginal leaf necrosis, which was observed 1n some instances to leave

only a small tissue area around the midrib also contributed to the

reduction in leaf area.

0n day 50 (final harvest) aI1 of the leaves of each plant

selected for the measurement of water status rárere assessed separately

so as to provide data to examine the relationship between water potential

and relative water content. The PEG stressed plants differed from the

others in that the relative water content was low, but water potential

varied over a wide range (figure 3.7.6). The probabl-e reasons for this

have already been di-scussed. In an effort to compare aII the water

reLations data collected and to verify the suspected effect of tissue

age and damage on the relationship between relative water content and

water potential 1inear regressi-ons lrere calculated as indices of water

stress effects. A change in varÍance was interpreted to be a measure of

necrosi-s effects. 0n the pooled data, the same excluding PEG data, and,

the cont,rol plus PEG data alone, regression coefficients were -0,529t

-0.620 and -0.505 respectiveJ-y. These results lndicate PEG data increased
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FIGURE 3.7.3

The effect of sequenbial PEG and soil deficit induced

water stress treatments on Radish shoot fresh and dry

weight.

Control

-10 bar PEG (4 x)

T'Iater regime (tOO-15% FC)
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FIGURE 3.7.4

The effect of sequential PEG and soil water deficit

induced water stress treatments on Radish fleshy axis

fresh and dry weights.

Control

-10 bar PEG (4 x)

l,later Regime ( 100- 1 5'[ FC )
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FIGURE 3.7 .5

The effect of sequential PEG and soil water deficit induced

water stress treatments on Radish leaf area.

Control

-10 bar PEG (4 x)

l,later regime (100-15% FC)
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FIGURE 3.7.6

The relationship between water potential and relative

water content measured on Radish leaves laken from

control, PEG stress and soil water deficit slress

conditions.

Control

0 PEc (-10 bars)

Water Regime (100-15% FC)

Regime + Control
(-0.6197 ¡ y= -0.1487.x+ 17.0431 )

PEG + Control
(-0.5050, V= -0.0932.x+ 12.3953)
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the variance and thus that necrosj-s introduced appreciable errors into

water potential estimation. Regressions calcul-ated on data from each

of the first and second harvests separately and the pooled data from

these 2 harvests yielded coefficients of -0.7119, -0.9199 and -0.8130

respeclively. These show, when compared with the regression coefficient

on the data from the final harvest, that variance increased with time.

The slope of the regressions brere -0.2189 for the pooled data from the

first 2 harvests, and -0.0930 for the data for the final harvest. This

marked change in slope with time (figure 3.7.7 ) may indicate a change ln

tj-ssue characteristics (e.g. turgor mainlenance) as leaves mature and

age. Thus, as leaves age they become more susceptible to PEG-induced

water stress damager ênd, under both types of water stress, are less

able to maintain a favourable water balance. Accelerated senescence'

discussed earlierr ilây be a consequence of this inability.

3.7.4 Discussion

The greater sensitivity to stress of fleshy axis growth'

compared with shoot growth, appears to be maintained whether stress is

short and abrupt (PEG) or involves rel-atively long drying periods

(water regime). However, as both stress types caused similar yield

reductions in both shoot and fleshy axis tissue, whilst only 4 episodes

of PEG-stress were imposed as against B episodes of water deficit' it

may be concluded that PEG had an effect in excess of that caused by a

slower reduction in water status. This can be termed a rshockr effect,

and is reflected in the significantly greater reduction in leaf area and

leaf numben caused by PEG as compared to water deficit. The possibility

of PEG-uptake by the plant cannot be excluded, however, and has been

associated wj-th leaf margin necrosis in dicotyledons (Lawlor, 1970).

Its proposed action is to block the transpiration pathway within the

Ieaves.
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FIGURE 3.7 .T

The relationship between relati-ve water content and

water potential in Radish leaves from old plants

(50 Aays) compared with the relationship for young

plants (20-30 days).

Young leaves (-0.8131; y=-0.2189.x + 24.2363)

01d leaves (-0.5327; y=-0.0930.x + 12.1574)
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In the present experiment leaves of PEG-stressed plants had

a significantly l-ower sap osmotic potential (table 3.7.1) than water

deficj-t treated plants. This has also been reported in Beans

(Pospisilova, 1977), in which water potentiat is also lower. Due to

leaf margin necrosis the water potential of PEG-sbressed Radishes could

not be accurately measured. Although no explanation for the differential

treatment, effects wa.s tenclered for Beans, it was stressed that PEG-induced

physiological responses may differ from bhose in wilted pì-ants.

Extrapolat.ing from the previous experiment (section 3.6)r massive prolì-ne

accumufat|on under PEG-stress, as against little accumulation in droughted

plantsr mây example one such physiological difference.

Accel erated senescence of mature leaves blas recorded in the

present study, whil.st in a previous experiment (section 3.5) a reduction

in leaf format.ion was recorded. The difference is due lo plant age'

with senescence the primary feature of old plants and reduced leaf

number the primary feature of young plants. Similarly, Soybean and

Sorghum plants stressed before flowering suffer less i-rreversible leaf

Ínjury than older plants (SÍonit, and Kramer, 1976). As a general rule,

young actively growing tj-ssues suffer the greatest check in growthr but

are more tolerant of water deficit than older tissues which undergo

Senescence (Begg and Turner, 19Tü. In Panicum, ageing of younger tissues

is actually suspended whilst death of older leaves proceeds progressively

from the ol-dest towards the youngest (Ludlow, 1975). Older Radish leaves

are less able to maintain a favourabl-e water balance (figure 3.7.7), a

finding also reported for Kal-e (Pospisilova, 1974); this suggests younger

tissues have a greater capacity to osmoregulat,e to some degree.

Accelerat.ed senescence and leaf margin necrosis appear to be

different processes. The otdest leaves show marginal necrosis and also

go yeJ-J-ow and die, whereas rmicidle-agedr leaves which have suffered
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marginal necrosis retaÍn considerable areas of healLhy tissue. It is

suggested that senescence oceurs through.altered metabolism (e.g.

irreversible hydrolysis) and that marginal necrosis is due to the

extreme flow! of a water potential gradient declining toward the margj"n

(i.e. irreversÍble ultrastructural damage).
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CHAPTER 4

GENERAL DISCUSSION

Short episodes of water stress while the Radish plant is growing

rapidl-y cause a significant gror^¡lh setback which persists for some time

(figure 3.2.7). In contrast, stress imposed during slow growth has

Iittte persistent effect (figure 3.1.1). Repeated episodes of short-term

stress result in highly significant yietd reduction (figure 3.7.4). These

marked effects of water Stress on Radish water status and yield are

apparently attributable to poor stomatal limibation of water loss during

the light period (figure 3.3.6). Support for this general conclusion

comes from the low values of water use efficiency observed during drought

(tab1e 3.4.4), the continual water loss which is revealed by monitoring

fleshy axis diameter (iordan and Ritche, 1971; Rooke ex a7-, 1977) during

short stress episodes (figure 3.3.4), and the leaf margin necrosis

(figure 3.3.1) which appears to be due to marked gradients of water

potential across the leaf blade (Manohar, 19TT). Osmotic adjusfment

during short episodes of sbress was recorded (table 3.7.1 ) Uut was of

insufficlent magnilude to restore turgor. In anothen study on Radish

(Kibreab and Danielson, 1977) the fleshy axis sap osmotic potential was

found to alter over a number of days (10) to maintain some fleshy axis

expansion against applied externaf pressure of up to 5 bar' The

increased atmospheric pressure about the fleshy axis was used to

simulate a r€duction in turgor pressure such as would be a consequence

of mild water stress, and thus the osmotj.c adjustment recorded indicates

that Radish may be able to effectively osmoregulate to maintain turgor

under analogous water stress conditions.

The generaÌ conclusion may be drawn that short episodes of

water stress can cause a significant reduction in plant yield if either

they are repeated (section 3.7) or are of sufficient intensity (section
t

,¡

i

ù
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3.2) as to resul-t in large scal-e plant damage. Otherwise, such episodes

have only a transient effect, with the r:ecovery time decreasing as the

Ievel and duration of stress is decreased (section 3.2). In this case

the Radish plant continues to grow and shows no significant reduction

in yÍeld at harvest (section 3.'l ).

A long term reduction in water availabllity initiates a

distlnctly dif'ferent response. The growth of planbs at successively

nore severe water regimes results in progressi-vely lower yields, with

fleshy axis yield being reduced proportionally more than that of the

shoot (tab1e 3.4,4). Further, if severe stress is alleviated to a

favourable regime a 1ag period between fleshy axj-s recovery (figure

3.5.10) and the more immediate shoot recovery (figure 3.5.3) is

apparent. The possi-bility bhat this differential- effect is hormone

mediated (e.g. interrupted cytokinin synthesis and transporl; Radin

and Loomis, 1971) warrants investigation.

CeII size in both the shoot (table 3.5.1) and the fleshy axis

(tab1e 3.4.5) was reduced by stress, and under severe water stress

reduced cefl division was also recorded (tabIe 3.5.2). As cell size

readily recovered towards the control leveI following stress al-l-eviation

it was concluded that reduced rates of cell division during stress were

prÍmarily responsible for the more persistent reduction in leaf area.

Reduced leaf cell number as a resutt of stress has afso been reported in

Sugar Beet (Morton and hiatson, 1948). However, in contrast to the

pnesent results with Radish (section 3.7), the rates of leaf production

and of teaf death in Sugar Beet were unaffected by sbress. This

discrepancy may have been due to differences in the severity of stress

in the lwo experiments. As with Radish, Sugar Beet was reported to both

wilt and recover readily.

I
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Hence, as a general rule, celI dÍvision in both the Radish

shoot and the fleshy axis continues at a reduced rate durlng stress,

whilst cell expansion j-s halted. The overall pattern of cel-lular

differentiation is otherwise unaffected by stress, and the anatomy

of the fleshy axis of a stressed plant is indistinguishable from that

of a well-watered plant of similar diameter.

A clear delineation between cell division and cell expansion

with respect to their sensitivity to water stress cannot be drawn. For

instance, there may be an interrelationship between the two processes

such that ceII expansion of daughter cells could be a prerequisite for

subsequent division (Doley and Leylon, 1968). During stress, the

accumulation of organic solutes in the ceII allow ceII expansion by

decreasing intracell-ular osmotic potential which in turn may result in

increased turgor. AIso, in the short term, changes in cell- wall and

membrane properties (e.g. cell wal1 extensibility, elastic modulus and

hydraulic conductivity) can allow cell expansion at a much reduced turgor

(t'lyn Jones et aJ., 1979). The cell expansion capacity of small- daughter

cells is not the sole limit to cell division during stress. In Vicia faba

roots, for example, cell expansion 1s reduced by stress whereas cell

division is much less affected (Murin, 1979). CeII division in this case

is most limited in the S-phase, the duration of which is extended.

Similarly., extension of the duration of the mitotic cycle has been found

in Barley and Sunflower shoot meristems as a result of salinity stress

(Gaidamakina, 1967). Smal-l cells have been found to require less turgor

for expansion than do large cells, which require a higher turgor pressure

to stretch the cell wa1l and initiate extension growth (Steudle et a7.,

1977). Thus in view of the reporls of greater sensitivity of cell

division to stress i-n comparison to ce1I expansion (e.9. llheat grains,

BrocklehursL et a7., 1978; Sugar Beet leaves, Teryy et a7., 1971; Radish

cotyledons, Kirkham et a).., 1972), and considering the apparently contrany
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evidence (Murin, 1979), it can be concluded that cel} division is

initially reduced relatively more than cell expansion by mild stress.

Then, as stress intensity increases ce1l expansion may be virtually

hatled whilst a reduced rate of cel-l division continues. The early

adaptation of ceII expansion may be attributable to a reductj-on to a

lower turgor pressure requirement for expansion.

In short, ceII divj-sion is more sensitive to stress than cel1

expansion but conti-nues at reduced rates even during severe water deficit.

CelI expansion on the other hand is less resili-ent in its response and

under water stress, particutarly in species which do not readily

osmoregulate, is the mosl obviously affected process. If stress is

alleviated the celt divlsion effect is the primary persistent limitation

to recovery. For example, although cell elongation is highly responsive

to moderate daytime water deficit in Soybean leaves, this parameter does

nob limib leaf area development (!'ienkert et a7-, 1978). This type of

relationship pnobably accounts for the finding (see above) that stress

effects on cell division limit Sugar Beet leaf area.

The Radish plant has the ability to withstand very severe

drought conditions (section 3.5) and even to maintain slow growth under

such conditlons (figures 3.5.1 and 3.5.6). This abilÍty l^¡as apparently

associated with tissue age, with young plants demonstraling this potential.

Older plants subjected to similar degrees of stress wilted more readily

and leaf senescence commenced. Cell size may be of fundamental i-mportancet

especialty with regard to the extent of vacuolation (Iliin, 1957).

Reduced celI and vacuolar size may effect protection through lessening

susceptibility to mechanical damage on shrinkage and through a lower

osmotic potential, especially in plants with a poor abili-ty to

osmoregulate (Cutler et a7., 1977). Young sevenely droughted Radishes

accumulated higher tissue sugar concentrations than control plants
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(table 3.6.6) and PEG-stressed Radishes accumulated masslve quantities

of the imino acid proline. Both these responses may be related to

osmoregulation. The accumulation of free proline in Radish has been

shown to be linearly related to the shoot water status beyond ca -5 bars

leaf water potential (Chu, 1974). Accumulatlon of these solutes, and

others (e.g. amino acids, K*), has been associated with the survival

of younger tissues of trrlheat plants (Munns et a7., 1979). Sugar and

amino acids were the major components of organic osmotica, but as

drought was extended and K+ concentration exceeded 250 mM the proline

concentration increased greatly until it exceeded the concentration of

all amino acids. The exposed lrlheat leaves had little capacity for

osmoregulation, and failed to survive the drought. The differential

response between tissues of different ages, both in Radish and tfheat,

thus appears to be related to cell size and osmotic adjustment.
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APPENDIX I

1.1 Anatomical changes occuring in the developing Radish fleshy axis.

Transverse sections of the fleshy axes of 10, 24r 37 and 48

day old plants r^rere prepared in order to follow changes in anatomical

structure as this organ developed (section 3.1 ).

Figure 1 relates the maximum diameter of these plants to the

time at which they were harvested. SIow early growth is fol-Iowed by a

rapid increase in fleshy axis size. Diameters marked A. to D. directly

relate to the following 4 figures (figures 2 - 5).

Figures 2 and 3 are similar and show that little anatomical

change occurred between days 10 and 24. At this age the organ consists

of a compact tcorer of vascular tissue surrounded by a thin band of

pericycle and encased in the prominant cort.ex tissue type. During bhis

12 day period pericycle cells enÌarge slightly and xylem elements in fhe

vascular core are displaced, apparently yielding to some larger and many

smaller parenchyma cells.

By day 37 (figure 4) the cortex is being sloughed off, and

lhe central rcoref has expanded consj-derably bhrough an increase in

both cel1 size and cell number. Large xylem elements, a large-parenchyma

cell core, distinct cambium and pericycle ba.nds, and radiating xylem

arms characteri.se this period. In the following 1 1 days rapid growth

resul-ted in a well-developed fleshy axis in which ray parenchyma cells

constituted bhe major tissue type (figure 5).
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FIGURE 1

The increase in Radish fleshy axis diameter over

time.
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FIGURE 2

Diagrammatic representation of the transverse section

through a 10 day o1d Radish fleshy axis.
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FIGURE 3

Diagrammat.ic representation of bhe transverse section

through a 24 day old Radish fleshy axis.
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FIGURE 4

Diagrammatic representation of the transverse section

through a 37 day old Radish fleshy axis.
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FIGURE 5

Diagrammatic representati-on of the transverse section

through a 48 day old Radlsh fleshy axis.
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