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ABSTRACT 

Lack of an adecjuate water supply is the primary limitation 

to plant productivity world-wide. Grain sorghum (Sorghum 

bicolor L. Moench) production occurs predominantly in 

semiarid regions of the world where random drought is 

common. A number of drought resistance mechanisms are known 

to exist among plant species which allow adaptation to water 

deficits. Osmotic adjustment, the lowering of osmotic 

potential i^^) ^Y ^̂ "̂  solute accumulation, is a drought 

resistance mechanism that is proposed to allow tolerance of 

tissue dessication by maintaining turgor and those 

developmental and physiological processes dependent upon 

turgor (cell expansion, stomatal opening, chloroplast 

activity, etc.). Despite considerable evidence for the 

lowering of ^^ due to water stress, limited information is 

available on the mechanisms involved and the association 

between osmotic adjustment and plant performance in response 

to water deficits. 

A field experiment was conducted to determine the 

mechanisms involved in *?„ changes and the association 

between osmotic adjustment and physiological parameters in 

grain sorghum. Degrees of plant water stress were induced 

iv 



by varying the soil water supply through differential 

irrigation. Leaf water potential (4̂  ), ̂Fjj, stomatal 

w 

conductance, and photosynthesis were measured diurnally on 

selected days prior to flowering and during grain filling 

stage. 
Partitioning of the total diurnal change in 4̂ ^ 

indicated that dehydration and net solute accumulation were 

the major mechanisms for diurnal change in 4̂ .̂ Osmotic 

adjustment maintained turgor pressure over a wide range of 

^ . Despite the maintenance of turgor pressure by osmotic 

W 

adjustment, stomatal conductance and photosynthesis declined 

as 4̂  decreased. Results from this study indicate that 

w ^ 

osmotic adjustment does not maintain stomatal conductance 

and photosynthesis in grain sorghum. 
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OVERVIEW 

Individual plant species differ markedly in the 

mechanisms utilized to cope with drought. Drought tolerance 

mechanisms have been characterized as to maintenance of high 

leaf T or tolerance to low leaf T . Drought tolerance at w w ^ 

high leaf T reflects the ability of plants to increase 

W 

water absorption or decrease water loss. Drought tolerance 

at low leaf 4̂ ,, refers to the ability of plants to maintain 
w 

turgor and some metabolic activity at low 4̂  . 
W 

Osmotic adjustment has been proposed as a useful 

drought tolerance mechanism at low leaf 4̂  in some plant 

species. It is defined as a net increase in intracellular 

solutes in response to water stress. Its proposed effect is 

to maintain turgor and turgor dependent physiological 

processes, including maintenance of expansive growth and 

stomatal conductance. However, no evidence currently exists 

which clearly relates the extent of osmotic adjustment to 

maintenance of physiological and productivity parameters in 

plants. 

A serious limitation in developing an experimental 

approach causes difficulty in establishing the relationship 



between extent of osmotic adjustment with physiological and 

productivity parameters. At present the question as to 

whether osmotic adjustment is an adaptive mechanism or 

merely a symptom of water stress is unresolved. The. 

objectives of this study were: 

1. To determine the mechanisms involved in 

diurnal osmotic potential changes and 

the relative contribution of each mechanism; 

and 

2. To investigate whether osmotic adjustment, in 

response to water stress, results in maintenance 

of physiological parameters in grain sorghum. 
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CHAPTER I 

MECHANISMS OF DIURNAL SOLUTE 

POTENTIAL CHANGES IN GRAIN SORGHUM 

Abstract 

There is considerable information on the lowering of T^ 

due to water stress in many field crops. However, present 

information is limited on the mechanisms involved and the 

relative contribution of each mechanism to diurnal changes 

in 4̂ ^ due to water stress. An experiment was conducted to 

determine the mechanism involved in 4̂ ,̂ changes and the 

relative contribution of each mechanism in field grown 

sorghum (cv. ATx623 x RTx430) in response to water stress at 

different growth stages. Diurnal changes in leaf water 

potential components, tissue water parameters and changes in 

soluble sugars due to daily transpirational loss and 

differential water supply were examined to ascertain the 

mechanism involved in 4̂ ^ changes in sorghum. 

Prior to flowering the relative contribution of net 

solute accumulation to 4̂„ changes (60% and 53% for expanding 

and expanded leaves, respectively) was greater than 

dehydration. During grain filling stage, the relative 

contribution of dehydration and net solute accumulation were 



equal (46% and 47%, respectively). In all the irrigation 

treatments the relative contribution of structural 

alterations to the diurnal change in T^ was minimal (less 

than 10%). Neither leaf type (expanding and expanded) nor 

stress after flowering had any effect on the diurnal changes 

in T^- Stress did not increase leaf tissue elasticity in 

sorghum. Results from this study indicate that the diurnal 

change in T^ in the sorghum leaf was due to dehydration and 

net solute accumulation. 

Introduction 

The 4̂ _ of a plant cell is expressed as the sum of w 

three mutually independent components as follows (10): 

4̂  = 4̂„ + T + 4̂  (Eqn. 1) 
w " m p V M / 

where n, m, and p are the osmotic, matric and pressure 

potentials, respectively. Osmotic potential is the decrease 

in the total T due to compounds or ions dissolved in 

water. Matric potential represents the decrease in total 

4̂  due to the forces arising from capillary or 

electrostatic association with cell walls and colloidal 

surfaces. Pressure potential is the increase in total 4̂  
w 

due to hydrostatic pressure. Pressure potential is 



generally a calculated value as the difference between 4̂  
w 

and 4̂ „. 

After exposure to limited water supply, many plants 

undergo physiological changes which alter internal water 

relations. Lowering cellular 4*̂  by net solute accumulation 

in contrast to that arising solely from dehydration is 

termed osmotic adjustment (6, 13), and is considered as a 

beneficial drought tolerance mechanism in many field crops. 

Its proposed effect is to maintain turgor and turgor 

dependent physiological processes, including expansive 

growth and stomatal conductance (6, 13, 26, 30, 33). The 

accumulation of solutes in higher plants in response to 

water stress has been documented (4, 13, 17, 18, 24, 25, 26, 

29, 33). 

The 4̂^̂  of a solution can be expressed as: 

N 
4/̂^ = _RT—^ (Eqn. 2) 

where R is the gas constant, T is the absolute temperature, 

V is the volume of solvent water and N is the number of 

moles of solute in the water volume. Lowering T,, in a cell 

system can occur with an increase in the number of solutes 

with water content remaining constant or due to a decrease 

in water content. An increase in the number of solutes may 



result from the synthesis of additional solutes or from the 

hydrolysis of existing polymers. In crop plants, the major 

compounds observed to increase due to water stress are 

soluble sugars, carboxylic acids, potassium, chloride and 

amino acids, particularly proline (15, 33). 

A decrease in 4̂„ can also occur due to redistribution 

of water between the symplasm and apoplasm, shrinkage of the 

cell due to change in cell wall elasticity, or from reduced 

osmotic volume as the result of internal structural 

alterations (27). Although considerable evidence exists for 

both diurnal and seasonal changes in ^^ in sorghum (3, 12, 

15, 16, 17, 22), there is little information available on 

the mechanisms involved. The objective of this experiment 

was to determine the types of mechanisms involved in diurnal 

4̂n changes and the relative contribution of each mechanism 

in grain sorghum in response to water stress. 

Materials and Methods 

The experiment was conducted under field conditions at 

the Texas Tech University Plant Water Stress Laboratory, in 

Terry County, Texas. The site has a fine loamy sand soil 

type (fine, loamy mixed thermic family of aridic paluestalf) 

approximately 2 m deep. Sorghum (cv. ATx623 x RTx430) was 

planted on May 29, 1985, in a randomized complete block 



design with four irrigation levels and four replications. 

Each plot consisted of 10 rows, spaced 0.68 m apart and 15 m 

long. Nitrogen fertilizer was applied prior to planting and 

again 35 days after emergence at the rate of 100 Kg N/ha at 

each application. Water was applied with an automated 

trickle irrigation system. Application volume was based on 

the accumulative pan evaporation of the previous three days. 

Replacement was equivalent to 100% (fully irrigated), 50 % 

(mild stress), and 0% (stressed) of this amount. The 

stressed treatment (SS) received no irrigation, but did 

receive 8.5 cm of rainfall during the growing season. The 

fourth irrigation treatment, the post-flowering stress 

treatment (PFS), received full irrigation until flowering 

and after which no additional water was applied. Leaf water 

potential and 4̂ ^ ^^ expanding and the uppermost fully 

expanded sorghum leaves were measured on a diurnal basis at 

15-day intervals during the growing season. Measurements 

were made at 2-hour intervals, beginning at dawn and 

continuing until 2000 and 2400 hours, prior to flowering and 

during grain filling, respectively. 

Leaf water potential and 4̂ ^ were determined using 

Merrill 'leaf-cutter' psychrometers. Each psychrometer was 

calibrated using NaCl solutions ranging in T„ from 0 to -3.0 

MPa in a constant temperature (30 C ± 0.01) water bath. A 



disc was removed from a leaf and immediately sealed in the 

psychrometer chamber, and equilibrated for three hours prior 

to measuring T . The psychrometer chamber was then placed 
w 

in liquid N2 for 3-4 minutes to completely rupture the cells 

by freezing. The psychrometer was returned to the water 

bath and re-equilibrated for one hour before 4̂ ^ ̂ ^^ 

estimated. 

Relative water content (RWC) was determined using the 

method described by Barrs and Weatherley (5) which was 

modified to use larger portions of blade and minimize the 

cut surface effects of solute leakage. 

RWC=^^"^^xl00. (Eqn.3) 

TW-DW 

FW= Fresh weight of leaf tissue 

DW= Dry weight of leaf tissue 

TW= Turgid weight of leaf tissue 

The RWC determination was used to correct the measured 

4̂  to fully rehydrated conditions and expressed as (Tn ) 

100 ^ ^ ^ RWC (Eqn.4) 
^n n̂ 200 

Diurnal changes in T^ (A4̂ J and T^°° (A4̂ ,̂ °°) were 

calculated as the difference in 4̂ ^ and T,-)-°° between predawn 

(d) and at the various times during the day (m). 

AT„ = 4>,f-T^ (Eqn. 5) 



^^100 ^ .^100d_^_100m (Eq„.6) 

Then the contribution of dehydration to change in 

T„ (A4\, ) was calculated by the following formula: 

A^f" = A4'„-AT„^°°. (Eqn. 7) 

Decrease in 4̂„ can arise from concentration of solutes 

due to decreased water content on a dry weight basis due to 

internal structural alterations. The solute concentration 

resulting from changes in water content per unit dry weight 

(WC/DW) at full hydration reflecting internal structural 

st alterations (AT IQQ) was estimated from change in the 

WC WC/DW ratio corrected for dehydration (-rrrr ): 

^^ 100 

WC^ .wc"' 
^^st ^ ^^ 100 ^^ 100.,4>„^0Q. (Eqn.8) 

100 ^ d n ^ -I / 

^ 100 

The contribution of net solute accumulation to change 

in 4̂n ̂ ^s calculated by the difference: 

A4̂ ''®\ = AT^°°n - AT^^„. (Eqn. 9) 

The bulk volumetric elastic modulus (e) was calculated 

using the following formula: 

c = _AL_xlOO (Eqn. 10) 
ARWC 
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where AP is the change in estimated turgor pressure and ARWC 

is the change in RWC. 

For the construction of a pressure-volume curve, the 

uppermost, fully expanded leaves were sampled from fully 

irrigated (FI) and SS treatments. After the fresh weight 

and blade area were measured, the leaves were left 12 hours 

in a beaker with their cut end submerged in water. The 

turgid weight of the leaves was then recorded and allowed to 

slowly dry. Leaf discs were removed for 4̂  and T„ 
w " 

measurements concurrent with fresh weight measurements at 

lO-minute increments over about 5 hour periods. The dry 

weight of the leaves was recorded and RWC was calculated for 

each drying period. 

The uppermost, fully expanded leaves from both FI and 

SS treatments were sampled at dawn and midday, and 

immediately frozen for measurement of soluble sugars. 

Extraction was accomplished by placing 10 leaf discs of 

known area punched from sampled leaves into 50 ml of 80% 

ethanol. One ml of the extract was added to 10 ml of 

anthrone reagent. The solution was shaken thoroughly and 

heated at lOO^C for 15 minutes. After rapid cooling in an 

ice bath, the intensity of the blue color was measured 

spectrophotometerically at 620 nm. The optical density 

reading was translated into the concentration of sugar based 



on a standard curve prepared from glucose ranging from 0.1 

to 1.0 mg/ml. The concentration of soluble sugars was 

expressed on a molality basis. Data were analyzed for 

significant differences using analysis of variance and 

Duncan's mean separation tests, where appropriate. 

Results and Discussion 

Diurnal changes in leaf water potential components for 

different irrigation levels and leaf types prior to 

flowering are presented in Figure 1. In all leaf types and 

irrigation levels, 4̂  and 4̂„ declined as evaporative demand 

w 

increased and rose late in the afternoon as transpiration 

declined. Similar diurnal trends in 4* and 4̂„ in sorghum 
w " 

leaves have been reported (3). In'both leaf types, T„ and 
T were more negative in the SS treatment than in the FI 
w 

treatment (Figures la and lb). In the fully irrigated (FI) 

treatment for both leaf types the minimum 4̂  and 4̂ ,̂ were 

W 

about -1.5 and -1.7 MPa, respectively. Under water stressed 

conditions, the minimum 4̂ . and 4̂n were -1.9 and -2.1 MPa 

w 

for expanding leaves and -2.0 and -2.1 MPa for expanded 

leaves, respectively. Although there were no significant 
differences (p=0.05) in the minimum values of T^ and 4',, 
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between the expanding and expanded leaves, the diurnal 

change in T^ was greater in the expanding than the expanded 

leaf. At midday, the expanding leaf maintained 0.1 Mpa 

higher T than the expanded leaf. 

The diurnal trends in T (Figure 2a) and T„ (Figure 

2b) during the grain filling stage followed a similar 

diurnal trend to that observed prior to flowering. However, 

^^ and T„ values were lower during grain filling stage than 

prior to flowering. The minimum T and 4̂„ for FI, mild 

w " 

stress (MS), PFS and SS were -1.5, -1.8, -1.7 and -2.5 MPa 

and -1.9, -2.1, -1.9 and -2.7 MPa, respectively (Figures 2a 

and 2b) . The SS treatment had a more negative 4̂  and 4̂ ^ 
than the FI, MS and PFS treatments at any time of the day. 

Post flowering stress did not lower the minimum values of 

4' and T„ than FI treatment. This was due to stored water w " 

in the soil profile from irrigation prior to flowering and 

rainfall which occurred after flowering. 

The diurnal trend in RWC was similar to that of T and 
w 

T (Figures 3 and 4). In the SS treatment the minimum RWC. 

was 82.2% for expanding (Figure 3a) and 80.2% for expanded 

(Figure 3b) leaves prior to flowering. The minimum RWC 

during grain filling were 78, 74, 75, and 70% for FI, MS, 

PFS and SS, respectively. 
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The relationship between RWC and T prior to flowering 
W 

and during grain filling are presented in Figures 5 and 6, 

respectively. Since water stress did not affect the 

relationship between RWC and 4̂  prior to flowering, data 
W 

were pooled from different irrigation treatments (Figure 5). 

The Change in T^ per unit change in RWC was not 

significantly different (P=0.05) between expanding and 

expanded leaves prior to flowering (Figure 5). During the 

grain filling stage, the rate of change in T per unit 
W 

change in RWC in the SS treatment was significantly 

different from the FI treatment (Figure 6). 

Lowering 4̂„ in response to water stress has been 

reported for sorghum (3, 16, 17, 22). Since lowering 4̂ ^ ̂ ^n 

arise from a passive concentration of solutes, a reduction 

in measured 4̂„ alone cannot cjualify as osmotic adjustment. 

Therefore, examination of the possible passive and active 

mechanisms of solute accumulation and concentration is 

recjuired to determine that osmotic adjustment occurred due 

to net solute accumulation and not simply dehydration. 

The relationships between T„ and 4',, (4̂,, corrected for 

dehydration) with T prior to flowering and during grain 
W 

filling are presented in Figures 7 and 8, respectively. In 
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both growth stages and leaf types, 4̂„ decreased linearly as 

leaf 4̂ ^ declined revealing the effect of increasing water 

deficit in lowering T„. The 4\, corrected for dehydration 

also decreased linearly with decrease in leaf T (Figures 7 
W 

and 8) indicating that the lowering of 4̂ ^ occurs due to 

causes other than dehydration. This suggests that the 

lowering of T„ results from both dehydration as well as 

active accumulation of solutes. 

Another passive mechanism of solute concentration 

associated with water loss is an increase in leaf tissue 

elasticity. For a given amount of water loss, an elastic 

cell wall would tend to shrink more than a rigid cell 

resulting in concentration of solutes due to more tissue 

mass per unit tissue volume. Diurnal changes in E prior to 

flowering and grain filling are presented in Figures 9a and 

9b, respectively. The smaller E (more elasticity), the 

greater will be the change in RWC (volume) with a change in 

4̂  (36). There were no significant differences (P=0.05) in 
P 

elasticity between FI, MS, PFS and SS prior to flowering 

and during the grain filling stages. At both growth stages 

and in leaf types, elasticity increased in the morning but 

remained essentially constant when evaporative demand was 

high (Figures 9a and 9b). The expanding leaf had greater 



13 

elasticity than the expanded leaf throughout the day prior 

to flowering. Jones et al. (17) reported decreased 

elasticity in response to water deficits in fully expanded 

leaves of sorghum. However, Verma et arl. (35) reported an 

increase in tissue elasticity in sorghum leaves due to water 

stress. Decreased elasticity due to water stress has been 

reported for wheat (23). Increased elasticity has been 

observed in beans (19) and apples (11) due to water stress. 

Other studies with cotton (14), rice (9) and sunflower (18 ) 

showed no change in elasticity with water deficits. At 

present, information on the effect of water stress on tissue 

elasticity are contradictory and less than clear. 

Internal structural alterations due to water stress are 

known to result in more dry weight per unit leaf area (7, 

WC 
12, 31). In both growth stages, (-57T)200 ^^^ less under 

water stress conditions at any given time of the day than 

the fully irrigated treatment (Figures 10 and 11). This 

decrease in WC/DW at full hydration indicates a higher DW/LA 

under stress conditions. Increased DW/LA under stress 

conditions, decreases the osmotic volume resulting in a 

passive concentration of solutes (7, 12). The data from 

this study suggest that reduced osmotic volume due to 

structural alterations as a result of increased dry weight 
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could be partly responsible for the diurnal change in 4̂ ^ 

observed. 

At very low leaf 4̂ ,, the partitioning of water into 

w 

bound water and a free fraction can also contribute to 

passive concentration of solutes. The bound water fraction 

is not involved in dissolution of cellular solutes, and is 

located mainly in cell walls (7). For a given amount of 

solutes at the same RWC, leaf tissue with a higher bound 

water fraction exhibit a more rapid concentration of solutes 

as RWC decreases (12, 27). The bound water fraction was 

determined by the relationship of inverse of 4̂  and RWC 

known as pressure-volume curve and is given in Figure 12 for 

the FI and SS treatments during flowering. Extrapolation of 

the straight line =0, i.e., infinite pressure, gives the 

bound water fraction in the leaf (Figure 12). The bound 

water fraction was 0.11 and 0.16 (11% and 16% of the RWC) 

for FI and SS treatments, respectively (Figure 12). This 

indicates that the bound water fraction was higher in the 

plants within the stressed treatment. Verma et al. (35) also 

reported a higher bound water fraction in sorghum leaves 

under stress conditions. Although our data indicate a 

greater bound water fraction under stress conditions, 

measurement of T^ excluded effects of changes in partition 
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of water into bound and free fraction. Since T^ was 

measured after the protoplasm (symplast) was mixed with the 

cell wall (apoplast) water through freezing and thawing, 

differential partition of water between the symplast and 

apoplast was eliminated by the method used to measure 4̂ ,̂. 

Therefore, the effect of bound water fraction on diurnal 

changes in 4',, was assumed to be negligible. 

Field grown sorghum subjected to water deficits had 

shown increased accumulation of soluble sugars and inorganic 

ions (15). Changes in soluble sugar concentration from dawn 

to midday (expressed in molality basis) for two growth 

stages are presented in Table 1. In both growth stages and 

at all irrigation levels, soluble sugar increased with 

increased stress from dawn to midday. Net soluble sugars 

was higher in both growth stages in the SS than the FI 

treatment, but no significant difference in net soluble 

sugar between FI and SS treatments prior to flowering (Table 

1). At both growth stages and at all irrigation levels 100% 

of the diurnal change in net solute accumulation was 

accounted by soluble sugar, except during grain filling 

under stress conditions where only 80% of the change in T„ 

accounted by soluble sugar. The remaining 20% could be due 

to ions and organic acids. Jones et al. (15) reported the 

solutes that accumulates in sorghum leaves under stress are 
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largely soluble sugar and organic acids. This suggests that 

recent photosynthetic products or hydrolysis of polymers 

could be the main source of osmotica. Recently, Radin et al,. 

(28) reported that diurnal net solute accumulation in cotton 

indicated a sink limited condition. In field grown cotton, 

T,, decreased markedly when plants were lightly loaded with 

fruit, but the net accumulation decreased considerably as 

the number of fruit increased. They concluded that diurnal 

net solute accumulation could be an indicator of source-sink 

imbalance (28). Other reports also indicated that net 

solute accumulation could be due to reduced sink activity 

(22, 33). 

In order to estimate the contribution of each mechanism 

to diurnal changes in T̂ / "̂ ^̂  total diurnal change in T„ was 

partitioned by the method described (Eqns. 5-9). The total 

diurnal change in 4̂,, and the change in 4',, due to 

dehydration, structural alterations and net solute 

accumulation for expanding and expanded leaves prior to 

flowering are presented in Figures 13 and 14 respectively. 

In both leaf types, all irrigation treatments, and growth 

stages the total change in "¥„ and change in T^ due to 

dehydration and net solute accumulation increased in the 

morning and declined late in the afternoon following the 

diurnal trend of solar radiation. Diurnal changes in 4',, due 
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to structural changes remained very low during most of the 

day in all irrigation levels and leaf types at both growth 

stages. This indicates that the contribution of structural 

alterations to the diurnal change in T„ was minimal. In 

both expanding and expanded leaves in the SS treatment 

(Figures 13c, 13d and 14d) the diurnal change in T„ due to 

net solute accumulation was greater than due to dehydration, 

except prior to flowering where the diurnal change due to 

dehydration was greater during the early part of the day. 

Under FI conditions in both leaf types and growth stages 

(Figures 13a, 13b and 14a) diurnal changes in T„ due to 

dehydration was greater than the change due to net solute 

accumulation and structural alterations. 

The relative contribution of dehydration, net solute 

accumulation and structural alterations to changes in T̂^ for 

expanding and expanded leaves for FI and SS treatments prior 

to flowering are depicted in Figure 15. In the FI 

treatment, for both expanding and expanded leaves, the 

relative contribution to change in T^ due to dehydration was 

greater than net solute accumulation. There was no 

significant difference (P=0.05) in the relative contribution 

of dehydration and net solute accumulation to change in 4',, 

in the expanded leaves (Figure 15). The relative 

contribution of dehydration in the FI treatment was 51% for 
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expanding and 53% for expanded leaves. In the SS treatment 

the relative contribution of net solute accumulation was 

greater than dehydration in both expanding and expanded 

leaves. The relative contribution of net solute 

accumulation in the SS treatment was 60% for expanding and 

54% for expanded leaves (Figure 15). The relative 

contribution to diurnal change in T^ during grain filling 

stage for FI, MS, PFS, and SS treatments were 66, 54, 50, 

and 46% due to dehydration and 29, 40, 48, and 47% due to 

net solute accumulation, respectively (Figure 16). The 

relative contribution of structural alterations was less 

than 10% in all irrigation levels at both growth stages 

(Figures 15 and 16). 

The various possible mechanisms of diurnal T^ changes 

in sorghum leaves in response to water stress have been 

examined. Results from this study indicated that 

dehydration and net solute accumulation were the major 

mechanisms for diurnal changes in 4̂ ^ in sorghum leaves due 

to water stress. The relative contribution of structural 

alterations to diurnal changes in 4̂j, was minimal. Neither 

leaf type (expanding and expanded) nor stress after 

flowering had any effect on the diurnal changes in T„. 

Results from this study also indicated that stress did not 

increase leaf tissue elasticity in sorghum leaves. 
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Figure 1. Diurnal changes in leaf water potential (T^) and 
osmotic potential (4̂ n) of the expanding (la) and the upper 
fully expanded (lb) leaves of sorghum for fully irrigated 
(FI) and stressed (SS) treatments prior to flowering. Data 
points are average values for two days measurements. In both 
expanding and the upper fully expanded leaves 4'̂  and T„ 

were significantly (P=0.05) lower in the SS treatment than 
in the FI treatment, except at 600, 800, 1800 and 2000 
hours. 
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Figure 2. Diurnal trends in leaf water potential (2a) and 
osmotic potential (2b) of the upper fully expanded leaves of 
sorghum for fully irrigated (FI), Mild stress (MS), 
post-flower stress (PFS) and stressed (SS) treatments during 
grain filling. Data points are average values for two days 
measurements. Both water and osmotic potential were 
significantly (p=0.05) lower in SS treatment than in the FI 
treatment at any time of the day. No significant difference 
between FI, MS, and PFS treatments. 
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Figure 3. Diurnal trends in relative water content (RWC) for 
expanding (3a) and the upper fully expanded (3b) leaves of 
sorghum for fully irrigated (FI) and stressed (SS) 
treatments. Data points are average values for two days 
prior to flowering. No significant difference (p=0.05) in 
RWC between FI and SS treatments, except in the expanded 
leaves at 1400 hours. 
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Figure 4. Diurnal changes in relative water content (RWC) 
for fully irrigated (FI), mild stress (MS), post-flower 
stress (PFS) and stressed (SS) treatments. Data points were 
average values for two days during grain filling. No 
significant difference (p=0.05) in RWC between FI, MS, PFS, 
and SS treatments at any time of the day, except between FI 
and SS treatments at 600, 800 and 1600 hours. 
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Figure 5. Relation between relative water content and water 
potential for expanding (•) and the upper fully expanded (a) 
leaves of sorghum prior to flowering. Data points are from 
two days measurements. Slope of regression lines were not 
significantly different (P=0.05) between expanding and 
expanded leaves. 
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post-flower stress (PFS) and stressed (SS) treatments of 
expanded leaves of sorghum during grain filling. No 
significant difference (p=0.05) in the slope of the 
regression lines between FI, MS, and PFS treatments. The 
slope of the FI treatment was significantly different 
(p=0.05) from the SS treatment (P=0.05). 
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Figure 7. Relation between osmtic potential (•) and osmotic 
potential corrected for dehydration (n) with water potential 
for expanding (7a) and the upper fully expanded (7b) leaves 
of sorghum prior to flowering. Data points are average 
values of two days diurnal measurements pooled from 
different irrigation treatments. 
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treatments. 
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Figure 10. Diurnal trend in water content per unit dry 
weight (WC/DW) at 100% relative water content (RWC) for 
fully irrigated (FI) and stressed (SS) treatments for 
expanding (10a) and the upper fully expanded (10b) leaves of 
sorghum prior to flowering. Data points are average values 
for two days measurements. No significant difference between 
FI and SS treatments at any time of the day (P=0.05). 
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Figure 11. Diurnal changes in water content per unit dry 
weight (WC/DW) at 100% relative water content (RWC) for 
fully irrigated (FI), mild stress(MS), post-flower stress 
(PFS) and Stressed (SS) treatments during grain filling. 
Data points are average values for two days measurements. No 
significant difference (0.05) between FI, MS, PFS and SS 
treatments, except between FI and SS treatment at 1200 and 
1400 hours. 
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expanded sorghum leaves for fully irrigated (FI) and 
stressed (SS) treatments during flowering 
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Table 1. Concentratign of soluble sugars (expresse<il on 
molality basis) at dawn and midday for fully irrigated and 
stressed treatments prior to flowering and grain filling. 
Since there was no significant difference (p=0.05) between 
expanding and the upper fully expanded leaves prior to 
flowering in net soluble sugar, data represent pooled data 
from the two leaf types. 

IR^'QATEP STRESSED 

SOLUBLE SI jnAR.q 

(MOLALITY) 

GROWTH STA^F 

PRIOR TO FI OWFR|N|q 

DAWN 0.05 a* 0.04 a 

MIDDAY Q.12a 0.15 a 

NET 0.07 a 0.11a 

GRAIN FILLING 

DAWN 0.08 a 0.08 a 

MIDDAY 0.18 a |ĵ 22Ji 

NET 0.10 a 0.15 b 

'Means within rows followed by the same letter do not differ 
according to Duncan's Multiple range test (P=0.05). 
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Figure 13. Diurnal changes in total osmotic potential 
(Total A4'f,) and change in osmotic potential due to 
dehydration (DEHYD), structural alterations (ST. ALT) and 
net solute accumulation (NET. SOL. ACC) for fully irrigated 
(13a and 13b for expanding and expanded leaves respectively) 
and stressed (13c and 13d for expanding and expanded leaves 
respectively) treatments prior to flowering. Data points are 
average values for two days measurements. 
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Figure 14. Diurnal changes in total osmotic potential 
(Total A4̂ n) ̂ ^^ change in osmotic potential due to 
dehydration (DEHYD), structural alterations (ST. ALT) and 
net solute accumulation (NET. SOL. ACC) for fully irrigated 
(14a), mild stress (14b), post-flower stress (14c) and 
stressed (14d) treatments of the upper fully expanded leaves 
of sorghum during grain filling. Data points are average 
values for two days measurements 
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Figure 15. Relative contribution (%) of dehydration (DEHYD), 
net solute accumulation (NET.SOL.ACC) and structural 
alterations (ST. ALT) to change in osmotic potential for 
fully irrigated (FI) and stressed (SS) treatments of 
expanding (15a) and the upper fully expanded (15b) leaves of 
sorghum prior to flowering. Means within irrigation 
treatments with the same letter were not significantly 
different (p=0.05) by Duncan's Multiple Range Test. 
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Figure 16. Relative contribution (%) of dehydration (DEHYD), 
net solute accumulation (NET.SOL.ACC) and structural , 
alterations (ST. ALT) to change in osmotic potential for 
fully irrigated (FI), mild stress (MS), post flower stress 
(PFS) and stressed (SS) treatments of fully expanded leaves 
of sorghum during grain filling. Means with the same letter 
were not significantly different (p=0.05) by Duncan's 
Multiple Range Test. 



CHAPTER II 

OSMOTIC ADJUSTMENT: RELATIONSHIP 

WITH PHYSIOLOGICAL RESPONSES IN 

GRAIN SORGHUM 

Abstract 

Osmotic adjustment has been considered as a drought 

tolerance mechanism in a number of crop species. In order 

for the mechanism to be useful in crop improvement it must 

be beneficial in the maintenance of the various 

physiological processes contributing to productivity. Field 

experiments were conducted to determine whether osmotic 

adjustment maintained stomatal conductance and 

photosynthesis in grain sorghum (Sorghum bicolor L. Moench, 

cv. ATx623 X RTx430). Degrees of osmotic adjustment were 

induced by varying the soil water supply. Maintenance of 

physiological parameters by osmotic adjustment was examined 

by using the diurnal pattern of osmotic adjustment, stomatal 

conductance and photosynthesis. Relationships between 

stomatal conductance and photosynthesis with 4̂ ^ were 

examined to evaluate the effect of turgor pressure on 

stomatal conductance and photosynthesis. 
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Peak osmotic adjustment occurred after stomatal 

conductance and photosynthesis declined appreciably. 

Osmotic adjustment maintained turgor pressure over a wide 

range of T . Despite the maintenance of T by osmotic w '̂  p ^ 

adjustment stomatal conductance and photosynthesis declined 

as 4̂  decreased. Peak diurnal photosynthesis preceded peak w 

osmotic adjustment in the stressed treatment suggesting that 

net solute accumulation may be due to reduced rate of 

translocation. Results from this study indicate that 

osmotic adjustment in sorghum does not maintain stomatal 

conductance and photosynthesis in grain sorghum. 

Introduction 

Under rainfed conditions, plants are exposed to varying 

degrees of water stress due to lack of an adeguate water 

supply to meet the transpirational demand. The ability of a 

crop to grow in areas subject to.water deficits has been 

termed drought resistance (43). Individual plant species 

differ markedly in the mechanisms utilized to survive when 

water deficit exist. Adaptations to survive drought may be 

anatomical, morphological or physiological in nature and 

they serve either to faciliate the maintenance of favorable 

water balance (increasing water absorption or decreasing 
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water loss) or to allow dessication tolerance at low leaf 

w 

The lowering of 4̂„ by net solute accumulation in 

response to water stress, which is known as osmotic 

adjustment, is considered a dessication tolerance mechanism 

at low 4̂ .̂ The occurrence of osmotic adjustment in 

response to water stress has been reported in many field 

crops (1, 5, 27, 34, 35, 38, 46), including sorghum (2, 26, 

24, 49). The active reduction of T^ ^Y osmotic adjustment 

in response to water stress has been reported to help 

maintain turgor in many field crops (1, 2, 21, 31, 41, 44, 

42). The maintenance of turgor by osmotic adjustment was 

considered important in maintaining stomatal opening, 

photosynthesis and leaf growth (1, 2, 17, 31, 33, 40, 44, 

49). The main assumption is that several physiological and 

morphological responses to water stress are transduced by 

cell turgor pressure (4, 21). 

Evidence for maintenance of stomatal conductance by 

turgor maintenance due to osmotic adjustment has been 

reported for field crops (1, 29, 31, 44, 49). Nevertheless, 

not all data have provided such confirmation. Jones and 

Rawson (25), Turner et al. (47) and Gollan et aj,. (15) working 

with several species observed a range of stomatal 
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conductance and net photosynthesis at zero turgor. 

Recently, Gollan et _al. (16) demonstrated no correlation 

between leaf turgor and stomatal conductance in either wheat 

or sunflower. 

Although non-stomatal factors influence the rate of 

photosynthesis, a decrease in stomatal conductance will 

invariably decrease photosynthesis (46). Therefore, the 

maintenance of higher conductance at particular leaf 4' by 
W 

osmotic adjustment was assumed to maintain a high rate of 

photosynthesis. The maintenance of photosynthesis by 

osmotic adjustment has been observed (1, 44, 46, 49). 

Present evidence, however, showed that osmotic adjustment 

occurred when turgor is near zero and photosynthesis has 

already decreased considerably (27, 25, 45). 

Because of contradictory and limited information on the 

association of physiological parameters with osmotic 

adjustment, the question whether osmotic adjustment is 

beneficial in contributing to productivity or survival 

mechanism under water stess conditions is not yet answered. 

The objective of this study was to determine if stomatal 

conductance and photosynthesis are maintained by osmotic 

adjustment despite a decrease in soil water supply and a 

lowering of T^. 
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Materials and Methods 

Detailed information regarding plant material, 

experimental design and methodology for leaf 4' , 4',. and 
•̂  w ' " 

osmotic adjustment determinations were described in chapter 

1. 

Stomatal conductance and net photosynthesis of the 

expanding (prior to flowering) and the uppermost fully 

expanded sorghum leaves were monitored at 15-day intervals. 

Diurnal measurements were done twice prior to flowering and 

twice during grain filling. The diurnal measurements were 

taken at 2-hour intervals from dawn until 2000 hours prior 

to flowering and until 2400 hours during grain filling. 

Additional single measurements were taken two times at each 

growth stage at solar noon. Diurnal measurements were taken 

on the FI and SS irrigation treatments. Single measurements 

were taken on FI, MS, PFS and SS treatments. All 

measurements were taken on sunny, cloud-free days. 

Abaxial and adaxial stomatal conductances were measured 

with a Li-Cor 1600 steady state porometer. Leaf conductance 

to diffusion of CO^ was calculated based on the assumption 

that abaxial and adaxial stomatal conductance are in series 

and thus additive. Net photosynthesis was determined using 

a leaf CO2 assimilation chamber by the method described by 
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Clegg et al. (9). The assimilation chamber was made of 

plexiglass of 4.5 L volume. Air mixing in the chamber was 

accomplished by two battery operated fans. A leaf sample 

was placed into the chamber and gas samples were extracted 

using 10 cc syringes at 20 second intervals. The samples 

were then injected into a Beckman 865 differential infrared 

gas analyzer to measure CO2 concentration. The sampled leaf 

area was measured to allow expression of net photosynthesis 

on a leaf area basis. Carbon assimilation rate was 

calculated from the depletion of CO2 over the 20 second time 

interval. Yield components and grain yield were estimated 

2 
from sorghum heads harvested from 5 m ground area. Total 

dry weight was also determined from the same ground area at 

harvest to estimate total biomass production. 

The association between stomatal conductance and 

photosynthesis with T were examined as a function of 

osmotic adjustment. For the regression analysis, midday 

values of stomatal conductance, photosynthesis and 4̂  from 

different irrigation treatments were used. Data were 

analyzed for significant differences using analysis of 

variance and Duncan's means separation tests where 

appropriate. 
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Results and Discussion 

Diurnal changes in stomatal conductance and osmotic 

adjustment for FI and SS treatment prior to flowering and 

grain filling stages are given in Figures 17 and 18, 

respectively. In both growth stages, stomatal conductance 

was lower under SS treatment than the FI treatment 

throughout the day, confirming previous reports that water 

stress reduces conductance (2, 6, 13, 20, 26, 30, 36). 

Under stressed conditions peak osmotic adjustment occurred 

after stomatal conductance had been reduced considerably 

(Figures 17b and 18b). At maximum osmotic adjustment, 

stress decreased stomatal conductance by 60 and 73% prior to 

flowering and grain filling stages, respectively (Figures 

17b and 18b). During both growth stages when osmotic 

adjustment was maximum in the SS treatment, T was 

maintained at about 0.2 MPa. These results indicated that 

stomatal conductance was reduced despite the maintenance of 

turgor pressure by osmotic adjustment. 

Diurnal changes in photosynthesis and osmotic 

adjustment for FI and SS treatments prior to flowering and 

during grain filling stages are shown in Figures 19 and 20, 

respectively. The occurrence of peak photosynthesis 

preceded peak osmotic adjustment by two hours in the FI 

(Figures 19a and 20a) treatment and four hours in the SS 
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treatment (Figures 19b and 20b). Peak osmotic adjustment 

under stress conditions occurred after stress reduced 

photosynthesis by 68 and 52% prior to flowering and grain 

filling stages, respectively (Figures 19b and 20b). As 

observed for stomatal conductance, peak osmotic adjustment 

occurred after photosynthesis was reduced (Figures 19b and 

20b). Similar to other reports (27, 25, 45), these results 

indicated that osmotic adjustment does not eliminate the 

reduction in photosynthesis. 

When considering the importance of osmotic adjustment 

in maintenance of photosynthesis at low T the assumption 
W 

is that stomatal conductance is the primary limitation in 

COp assimilation. This hypothesis has been recently 

challenged by Farquhar and Sharkey (12), Krieg and Hutmacher 

(28) and Hutmacher and Krieg (22). Results from their 

studies suggested a biochemical base for photosynthesis 

limitation under water stress (12, 22, 28). Therefore, the 

assumption that maintenance of stomatal conductance by 

osmotic adjustment will result in higher photosynthetic rate 

is questionable. 

Relation between osmotic adjustment, turgor pressure, 

stomatal conductance and photosynthesis with 4'̂  prior to 

flowering and grain filling stages are presented in Figures 
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21 and 22, respectively. Osmotic adjustment increased as 

leaf 4'̂  (Figures 21a and 22a) decreased maintaining turgor 

pressure over a wide range of leaf T (Figures 21b and 
w 

22b). Both stomatal conductance (Figures 21c and 22c) and 

photosynthesis (Figures 21d and 22d) decreased with 

declining 4̂ ^ despite the maintenance of turgor pressure. 

Neither stomatal conductance nor photosynthesis were 

significantly correlated with bulk leaf tissue 4' (Figure 
P 

23) as indicated by the low R and scattered nature of the 

relationships. Results from several other studies indicated 

no correlation between turgor pressure and stomatal 

conductance or photosynthesis (16, 25, 47). Recently, 

Gollan et al. (15) showed that raising leaf turgor pressure 

by pressurizing the root system in wheat and sunflower did 

not prevent the reduction in stomatal conductance and 

photosynthesis as the soil dried. There is also evidence 

for the role of turgor in affecting stomatal conductance and 

photosynthesis (1, 25, 41, 44). However, in most of the 

studies cited, stomatal conductance and photosynthesis were 

related to change in turgor in the bulk leaf tissue not in 

the guard cells. Results from several studies suggest a 

loose relationship between bulk leaf turgor and turgor of 

the guard cells (3, 8, 25, 19). Therefore, relationships 
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between stomatal conductance and photosynthesis with bulk 

leaf turgor are not valid evidence for maintenance of 

stomatal conductance by osmotic adjustment. 

The occurrence of peak photosynthesis before osmotic 

adjustment and the diurnal increase in net solute 

accumulation (Figures 19b and 20b) imply that current 

photosynthate might be the source of osmotica in osmotic 

adjustment. This suggests that the net solute accumulation 

could be due to reduced translocation rate as a result of 

water stress. Davies et ajL. (11) also reported occurrence of 

peak photosynthesis before peak solute accumulation in apple 

leaves. They stated that the daily solute accumulation may 

reflect photosynthesis and translocation pattern of leaves. 

Reduced translocation of assimilate by water stress was 

observed in a number of plant species (7, 18, 14, 23, 32), 

including sorghum (39). If in fact solutes involved in 

osmotic adjustment accumulate as a result of reduced 

translocation rate due to water stress, osmotic adjustment 

is simply a symptom of water stress. 

Maintenance of photosynthesis and expansive growth due 

to the maintenance of turgor pressure via osmotic adjustment 

has been speculated to maintain productivity under stress 

conditions. Because of the complex nature of the 

association of productivity and physiological traits. 
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results which provides evidence of the association between 

productivity with osmotic adjustment are limited. It has 

been shown under stress conditions grain yield was higher in 

sorghum genotypes with high osmotic adjustment capability 

(48,49). Morgan (35) working with near-isopopulation of 

wheat lines selected for low versus high osmoregulation 

capability has shown that grain yield was higher under water 

limited conditions in those that osmotically adjust compared 

to those that do not. While other studies with sorghum (26) 

and cotton (37) find no relation between productivity and 

osmotic adjustment. 

In this study water stress significantly reduced the 

number of seeds/head, total biomass and grain yield (Table 

2). Under stress conditions number of seeds/head, total 

biomass and grain yield were reduced by by 52, 54, 55%, 

respectively, compared to FI treatment. Since only one 

genotype was used, cause and effect relationship between 

osmotic adjustment and productivity parameters cannot be 

established from this study. 

Results from this experiment indicate that osmotic 

adjustment maintained turgor pressure over a wide range of 

4̂  . The data also indicate that maintenance of turgor 
w ^ 

pressure due to osmotic adjustment did not help the 

maintenance of stomatal conductance and photosynthesis. In 
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addition results from this study suggests that net solute 

accumulation may be due to reduced rate of translocation as 

a result of water stress. 

In order to understand the relationships between 

osmotic adjustment and productivity, future work should 

focus in evaluating different genotypes which have genetic 

variation in osmotic adjustment and yield capability under 

stress conditions. To minimize the effect of environmental 

interactions the study should be carried for several years 

under different environments and stress levels. And the 

genotypes under study should be similar in phenological 

development and maturity. Another approach is to compare 

sorghum lines divergently selected for osmotic adjustment 

from a common segregating population. At present the cause 

for net solute accumulation is not yet established. 

Therefore, it is also important to determine whether net 

solute accumulation is the result of sink limitation or 

reduced translocation rate due to water stress. 
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Figure 17. Diurnal changes in osmotic adjustment (•) and 
stomatal conductance (a) for fully irrigated (17a) and 
stressed (17b) treatments prior to flowering. 
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Figure 18. Diurnal changes in osmotic adjustment (•) and 
stomatal conductance (a) for fully irrigated (18a) and 
stressed (18b) treatments during grain filling. 
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Fiaure 20 Diurnal changes in osmotic adjustment (•) and 
photosynthesis (a) for fully irrigated (20a) and stressed 
(20b) treatments during grain filling. 
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Table 2. Osmotic adjustment (OA), number of seeds/head, 
total biomass and grain yield of sorghum for fully irrigated 
(FI), post-flower stress (PFS), mild stress (MS) and 
stressed (SS) treatments 

Irriaat. ion 

FI 

PFS 

MS 

SS 

QA 

(mpa) 

0.20 

0.25 

0.30 

0.70 

Number of 

seeds/h«»;̂ (̂  

2986.3 a* 

2861.4 a 

2745.3 a 

1575.8 b 

Total biomass 

(kg/ha) 

25820.5 a 

24940.3 a 

21100.0 a 

11700.0 b 

Grain yield 
(Icg/ha) 

10317.5 a 

9200.0 ab 

8425.0 b 

4575.0 e 

• Means within a column with the same letter do not differ 
significantly (p=0.05) according Duncan's Multiple range 
test 




