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Abstract. The effect of water deficits on the water relations 
and stomatal responses of Helianthus annuus and Helianthus 
petiolaris were compared in plants growing in the glass- 
house under controlled conditions. Unirrigated plants of 
both genotypes were subjected to two different stress rates 
in which predawn leaf water potentials declined steadily 
at either 0.15 MPa day-  1 or 0.50 MPa day 1. In both geno- 
types water stress induced a gradual and similar decrease 
in leaf conductance from 1.6. to 0.3 cm s- 1 as water poten- 
tial decreased from - 0 . 5  to - 2 . 0  MPa. The relationship 
between leaf conductance and leaf water potential was not 
affected by the rate of stress development. 

Development of predawn leaf water potentials of 
-1 .3  MPa had no significant effect on the relative water 
content at zero turgot, the apoplastic water content or the 
volumetric elastic modulus of whole leaves in either species, 
but decreased the osmotic potential at full turgor and zero 
turgor by 0.22 MPa and decreased the turgid weight:dry 
weight ratio from 10.6 to 8.4 in H. annuus, but not in H. 
petiolaris. In H. annuus leaves expanded during stress devel- 
opment, changes in the osmotic potential at full turgor in- 
duced by water deficits did not disappear on rewatering. 

Introduction 

In their natural habitat in the USA, Helianthus annuus and 
Helianthus petio[aris grow in the same regions, but whereas 
H. annuus is found on heavy fine textured soils, H. petiolaris 
is limited to light sandy soils (Thompson et al. 1981). This 
suggests that H. petiolaris  may be better adapted to periodic 
water deficits than H. annuus. While several studies have 
compared the responses of cultivars and populations of H. 
annuus to water deficits (Rawson et al. 1980; Takami et al. 
1981, 1982; Rawson and Turner 1982a, b; Turner and 
Rawson 1982), comparisons between species of sunflower 
are much rarer. Sobrado and Turner (1983) compared the 
tissue water relations characteristics and productivity of 
two cultivars of H, annuus and two wild species, H. nuttalli i  
and H. petiolaris. Under field conditions water deficits in- 
duced major reductions in leaf area development and dry 
matter accumulation in all species, but only induced a sig- 
nificant decrease in the osmotic potential at full turgor and 
zero turgor and a decrease in the turgid weight:dry weight 
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ratio in the two cultivated species and not in the two wild 
species. The relative water content at zero turgor, apoplastic 
water content and elasticity of whole leaves were unaffected 
by water deficits in any species. However, a full evaluation 
of the diurnal water relations and stomatal conductance 
at similar levels of leaf water potential was not possible 
in the field because of differences in leaf area development 
and rates of drying. The present study was, therefore, ini- 
tiated to compare the water relations and stomatal re- 
sponses of one cultivated sunflower, H. annuus, and one 
wild sunflower, H. petiolaris,  under conditions in which 
the rate of drying could be controlled and manipulated. 

Materials and methods 

Helianthus annuus L. cv. Hysun 31 and Helianthus petiolaris 
Nutt. s sp . f a l l ax  were grown in well fertilized soil in a glass- 
house with day/night temperatures of 28/22 ~ C. Prior to 
sowing, the seed of H. petiolaris was kept on wet filter 
paper for 6 weeks at 2~ to break its dormancy. S o m e  
plants were kept well watered throughout growth, while 
in others water deficits were induced by withholding water. 
In order to vary the rate of development of water deficits, 
the plants of H. annuus were grown in either 9 or 50 1 con- 
tainers and the plants of H. petiolaris were grown in either 
5 or 50 1 containers. 

In order to monitor the development of water deficits, 
the predawn and midday leaf water potentials, predawn 
and midday leaf osmotic potentials and midday stomatal 
conductances were measured at intervals as the soil dried. 
Additionally, the diurnal changes in leaf water potential, 
leaf osmotic potential and leaf conductance were measured 
in the water stressed and control plants on several occasions 
between 45 and 60 days from sowing. During stress and 
after rewatering, the tissue water relations of leaves were 
also determined by the pressure-volume technique both in 
the control plants and in the plants subjected to water defi- 
cits. 

Leaf water potentials (~,) were measured by the pressure 
chamber technique (Scholander et al. 1965) using the pre- 
cautions discussed by Turner (1981). Leaf osmotic poten- 
tials (~u~) were measured on the same leaves by freezing 
the tissue in Dry Ice and measuring the osmotic potential 
of the thawed tissue with a Wescor (Wescor Inc., Logan, 
Utah, U.S.A.) dew point hygrometer. The measurements 
were not corrected for dilution of symplastic solution by 
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Fig. 1 a, b. Changes in predawn leaf water potential in 
adequately watered (open symbols) and unwatered (closed 
symbols) Helianthus annuus (o, o) and Helianthus 
petiolaris (A, A) that were grown in either a large (50 1) 
containers or b small (9 or 5 1, respectively) containers. 
Standard errors were less than 0.14 MPa 
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Fig. 2 a--d. Diurnal changes in leaf water potential a, b and stomatal 
conductance e, d in Helianthus annuus a, e or Helianthus petiolaris 
b, d measured 0 (~x), 1/z (m), and 21/z (A) days after water was 
withheld from the soil of plants grown in small (9 or 5 1, respective- 
ly) containers. Standard errors were less than 0.13 MPa and 
0.15 cm s -~ 
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Fig. 3a, b. Relationship between stomatal conductance (I1) and 
leaf water potential (At) measured near midday on a Helianthus 
annuus and b Helianthus petiolaris that were either slowly (o) or 
rapidly (A) stressed by growing in large (501) or small (9 or 5 1, 
respectively) containers. The lines give the fitted linear regressions 
for data above -2 .0MPa .  For H. annuus Y=0.9 X+1.92 and 
for H. petiolaris Y=0.8 X+2.01 

apoplast ic  water.  The leaf turgor  pressure (~u,) was calcu- 
lated from the measured values of  ~ and ~u~ using the equa- 
t ion:  

~u = g t  + g t  

The osmotic potential  at full turgor  (qJ~(too)) and at  zero 
turgor  (~U~o)), the relative osmotic water content  (ROWC),  
the relative water  content  at zero turgor  (RWCo), the per- 
centage of  apoplast ic  water  (A) and the turgid weight :dry  
weight rat io (TW/DW)  were all determined from pressure- 

Table 1. The water relations characteristics of Helianthus annuus 
cv. Hysun 31 and Helianthus petiolaris ssp. fallax that were either 
watered regularly (Wet) or water withheld until the predawn leaf 
water potential decreased to -1 .3  MPa (Dry). ~u~{too) is the 
osmotic potential at full turgor, ~U~(o) is the osmotic potential at 
zero turgor, RWC o is the relative water content at zero turgor, 
A is the apoplastic water content, and TW/DW is the turgid 
weight:dry weight ratio measured on either wet or dry plants that 
had been rehydrated overnight 

Characteristics H. annuus H. petiolaris 

Wet Dry Wet Dry 

~u~(loo) (MPa) 0.82 -1.04" -0.77 -0.87 
~'~(o) (MPa) -0.98 -1.20 a -1.03 -1.10 
RWC o (%) 85.8 85.0 79.3 79.5 
A (%) 19.1 16.7 20.3 18.8 
TW/DW 10.61 8.39" 8.65 8.33 

a Statistically significant from the wet treatment at P<0.05 

volume relationships established by the pressure chamber  
technique (Tyree and Hammel  1972; Turner  1981). Leaves 
were collected after sunset and rehydrated overnight in a 
humid darkened chamber  with their petioles in water. The 
following day preweighed leaves were allowed to lose water 
outside the chamber,  the balancing pressure was measured 
and the leaf  was reweighed. This procedure  was repeated 
until a pressure-volume curve was established. 

Stomatal  conductances were measured with a diffusion 
porometer  (Delta-T Devices, Burwell, Camb. U.K.).  The 
adaxial  and abaxial  surfaces were measured separately on 
adjacent  por t ions  of  the leaf and the leaf conductance was 
calculated assuming the two surfaces acted as parallel  resis- 
tors. 

Results 

Development o f  water deficits 

Predawn leaf water potentials  of  well watered control  plants  
and plants  from which water  had been withheld are shown 
in Fig. 1 for plants  in large and small containers.  In the 
controls  the predawn leaf  water  potent ial  was always be- 
tween - 0 . 3  and - 0 . 4  M P a  in both  H. annuus and H. petio- 
laris. However,  in the unwatered plants  grown in 50 1 con- 
tainers the predawn leaf water  potent ial  was similar to the 
controls  for 6 days and declined steadily at a rate of  about  
0.15 M P a  day -1 in both  species for the following 6 days. 
When  water  was withheld from the plants  growing in the 
9 and 5 1 containers the predawn leaf water  potent ial  fell 
rapidly to reach values of  - 1.4 and - 1.2 M P a  in H. annuus 
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Fig. 4a, b. Relationship between turgor pressure and relative 
osmotic water content for a Helianthus annuus and b Helianthus 
petiolaris that were watered regularly (o) or from which water 
was withheld until the predawn leaf water potential reached 
-1.3 MPa (e). The slope of the regression fitted to data with 
a relative osmotic water content above 80% gives the volumetric 
elastic modules (e) noted: this procedure is consistent with the 
observations of Melkonian et al. (l 982) in wheat 

Table 2. The osmotic potential at full turgor q/~(lo0) of different 
leaves of Helianthus annuus cv. Hysun 31 grown with adequate 
water (Wet) or with water withheld until the predawn leaf water 
potential reached -1 .3  MPa (Dry) and measured either when a 
stress was maximal in dry treatment or b 19 days after rewatering. 
Ag/~(loo) gives the difference in ~u~(loo) between wet and dry treat- 
ments. Values are means• standard error of the mean of 4 
observations taken on leaves rehydrated overnight 

Leaf g%{loo) (MPa) Agt~(too) 
number a (MPa) 

Wet Dry 

a When stress maximal in dry treatment 

3 b --0.82_0.04 --0.92+0.04 0.10 
4 b --0.76_+0.06 --0.91 _+0.02 0.15 
5 b -0.89_+0.01 -1.10_+0.07 0.21 

b 19 days after rewatering 

6 b -0.79_+0.06 -0.95+0.05 0.16 
8 c --0.82_+0.05 --0.80_+0.08 --0.02 

10 ~ --0.75+0.04 -0.73_+0.02 --0.02 

a Numbered from base of ptant 
b Leaves expanded during development of the water deficit 
~ Leaves expanded after rewatering 

and H. petiolaris, respectively, in 21/2 days, i.e. the rate 
of  drying was about  0.5 MPa day 1. 

Influence o f  water deficits on diurnal changes 
in leaf  water potential and stomatal conductance 

The diurnal changes in leaf water potential and leaf conduc- 
tance for the rapidly stressed H. annuus and H. petiolaris 
plants are shown in Fig. 2. In the control plants o f  both 
species, the diurnal range in leaf water potential was in 
the order of  0.3 to 0.5 MPa, similar to the range found 
previously in H. annuus grown in the greenhouse (Takami 
et al. 1982). As the predawn leaf water potential decreased 
the diurnal range of  potentials increased, particularly in 
H. petiolaris. Leaf conductance in the control plants 

reached 1.6 to 1.8 cm s-1 during the middle of  the day, 
but decreased in both species as the water deficits devel- 
oped. Whether stress was imposed slowly at a rate of  
0.15 MPa day-  1 or at a rate of  0.5 MPa d a y -  1 the relation- 
ship between leaf conductance and leaf water potential was 
the same (Fig. 3). Moreover, the relationship was similar 
in the two species: the conductance decreased almost lin- 
early by 0.8 to 0 . 9 c m s  1 M P a - 1  from - 0 . 5 M P a  to 
- 2 . 0  MPa. At  leaf water potentials below - 2 . 0  MPa the 
change in conductance was negligible. 

Influence o f  water deficits on tissue water relations 

The tissue water relations characteristics of  slowly stressed 
plants and the corresponding well watered controls are giv- 
en in Table 1. In H. annuus the water stress treatment re- 
sulted in a significant decrease of  0.22 MPa in the osmotic 
potential at full turgor (~U~(lOO)) and zero turgot  (~u~(o)) 
and a 21% decrease in the turgid weight: dry weight ratio 
(TW/DW), but no significant changes in the relative water 
content at zero turgot  (RWCo) or the volume of  apoplastic 
water (A). There were no significant effects of  water deficits 
on the tissue water relations of  H. petiolaris. This suggests 
that osmotic adjustment occurred in H. annuus, but not 
in H. petiolaris. The volumetric elastic modulus (e) was cal- 
culated from the slope of  the regression between turgor 
pressure and relative osmotic water content (Fig. 4). e was 
the same in water stressed and well watered plants in each 
species and was similar in both the H. annuus and H. petio- 
laris. 

Finally, ~u~(loo) was measured at the end of  a stress 
cycle on leaves of  H. annuus that expanded during the devel- 
opment of  stress, and again 19 days after rewatering both 
on leaves that expanded during the development of  stress 
and also on those that expanded only during the recovery 
from stress. The leaves that expanded during the develop- 
ment of  water deficits all showed a lowering of  ~%(loo), 
but 19 days after the relief of  stress only the leaves that 
expanded during stress development had significantly lower 
values of  ~u~(loo) (Table 2). 

Discussion 

Several recent studies have shown that differences in physio- 
logical responses to water deficits among cultivated H. 
annuus, including ones selected by the North  American In- 
dians in the arid south west of  the U.S.A., are small 
(Rawson et al. 1980; Takami et al. 1981, 1982; Rawson 
and Turner 1982a, b). However, a recent field study 
(Sobrado and Turner 1983) showed that cultivated sunflow- 
ers differed from wild sunflowers in that the former adjusted 
osmotically and lowered their turgid weight:dry weight 
ratio (TW/DW) in response to water deficits, whereas the 
latter did not. The present glasshouse study confirms this, 
and also confirms that water deficits did not alter the tissue 
water relations parameters, such as the relative water 
content at zero turgor, apoplastic water content and volu- 
metric elastic modulus, in either species. Osmotic adjust- 
ment is considered a beneficial drought  resistance character 
(Turner 1979), allowing stomata to remain open at lower 
leaf water potentials and allowing root  growth to continue 
as water deficits develop (Turner and Jones 1980). It is, 
therefore, surprising that H. petiolaris which grows in drier 
sandier locations does not have osmotic adjustment, where- 
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Fig. 5 a, b. Relationship between the osmotic potential at full turgor 
(I0 and the turgid weight:dry weight ratio (X), for a Helianthus 
annuus and b Helianthus petiolaris grown with adequate water 
(open symbols) or with water withheld (closed symbols) in the 
field during the summer (o, o), in the glasshouse during the spring 
and summer (A, A) and in the glasshouse in winter (u, n). The 
lines gives the fitted linear regressions: for H. annuus Y= 0.70 X -  
15.2 and for H. petiolaris Y=0.75 X-15.6 

as H. annuus which grown in heavier clay soils does show 
osmotic adjustment. 

The degree of  osmotic adjustment observed in H. annuus 
in this study was similar to that observed previously in 
the field (Sobrado and Turner 1983) and in the glasshouse 
(Jones and Turner 1980) at the same level of  stress: more 
severe levels of  stress induced a greater degree of  osmotic 
adjustment in cultivated H. annuus (Jones and Turner 1980; 
Takami et al. 1981). However, the osmotic adjustment of  
0.22 MPa  observed in this study had no measurable influ- 
ence on the stomatal response to leaf water deficits: the 
change in stomatal conductance with leaf water potential 
was similar in H. annuus which showed osmotic adjustment 
and in H. petiolaris which did not show osmotic adjustment. 
Moreover, the rate of  stress had no effect on the relation- 
ship between stomatal conductance and leaf water potential 
in both H. annuus and H. petiolaris. This contrasts with 
the finding by Jones and Rawson (1979) with Sorghum 
bicolor that the rates of  drying similar to those in the present 
study had marked effects on the relationship between leaf 
conductance and leaf water potential. 

Takami et al. (1981) showed a rapid loss of  osmotic 
adjustment in four H. annuus cultivars once water stress 
was relieved, whereas Jones and Turner (1980) showed that 
prestressed leaves of  H. annuus still had a significantly lower 
osmotic potential 7 days after rewatering. The present study 
clarifies the differences obtained in these two previous 
studies. In the study by Jones and Turner (1980) only leaves 
16 to 18, i.e. those that enlarged during the development 
of  water deficits, were used in the measurement of  recovery, 
whereas in the study by Takami et al. (1981) leaves that 
developed during the recovery phase were used for later 
samplings. The present study shows that leaves that 
emerged during the development of  water deficits retain 
their low osmotic potential, whereas those that develop dur- 
ing the relief of  stress have similar osmotic potentials to 
the controls. This suggests that there are changes in leaves 
that expand during the development of  water deficits that 
lead to a lowering of  the osmotic potential and its persis- 
tence after rewatering, i.e. water deficits induce an irrevers- 
ible change in the transport properties of  the plasmalemma. 

We noted previously (Sobrado and Turner 1983) that 
the changes in T W / D W  were similar in magnitude to the 
degree of  osmotic adjustment. Similar changes in osmotic 
adjustment and T W / D W  were observed in the present 
study. Indeed, when we combined the results from the pres- 
ent study with those of  the field study, and in addition 
included data taken in the glasshouse during the winter, 
it is clear that  the osmotic potential at full turgor decreased 
with the decrease in T W / D W  in both H. annuus and H. 
petiolaris (Fig. 5). Moreover, the relationship was similar 
in both plants subjected to water deficits and those not 
subjected to water deficits. This suggests that  some of  the 
observed osmotic adjustment may have resulted from a de- 
crease in cell size while solute amounts remained constant 
(Cutler et al. 1977), in addition to the active solute accumu- 
lation observed in fully expanded leaves of  Sorghum bicolor 
and H. annuus (Jones and Turner 1978, 1980; Jones and 
Rawson 1979; Jones etal .  1980). Whether the seasonal 
changes in osmotic potential at full turgor arise from mor- 
phological changes in cell size or from changes at the plas- 
malemma is worthy of  investigation. 

Thus, in conclusion, we have demonstrated that H. 
annuus and H. petiolaris do differ in their ability to osmoti- 
cally adjust to water deficits. However, in other respects 
the two species behaved similarly in their response to water 
deficits. We have also demonstrated a strong correlation 
between the osmotic potential at full turgor or zero turgor 
and the turgid weight: dry weight ratio. We suggest that 
changes in cell size may play a role in osmotic adjustment 
and drought  resitance in sunflower. 
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