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Abstract 
 
Net photosynthetic rate (PN), transpiration rate (E), and stomatal conductance (gs) during water stress and after 
rehydration were measured in Phaseolus vulgaris, Beta vulgaris, and Zea mays. Immediately before imposition of water 
stress by cessation of watering, plants were irrigated with water (control), 100 µM abscisic acid (ABA), and/or 10 µM 
N6-benzyladenine (BA). In all three species, application of ABA decreased gs, E, and PN already 1 h after application. 
However, during water stress gs, E, and PN in plants pre-treated with ABA remained higher than in plants pre-treated 
with water. Positive effects of ABA application were observed also after rehydration. In contrast, the effects of pre-
treatment with BA were species-specific. While in bean plants BA application ameliorated negative effect of water 
stress, only very slight effects were observed in maize, and in sugar beet BA even aggravated the effects of water stress. 

Additional key words: Beta vulgaris, net photosynthetic rate, Phaseolus vulgaris, stomatal conductance, transpiration rate, water use 
efficiency, Zea mays. 
 
 
Introduction 
 
Different mechanisms were developed during plant 
evolution to prevent severe, dangerous water deficit, and 
to tolerate mild water deficit. Not only successful survival 
during stress but also the recovery after stress is crucial. 
Shoot desiccation is avoided mainly by stomatal 
regulation of transpiration rate (E). Simultaneously with 
reduction of water efflux, stomatal closure decreases the 
CO2 influx which limits photosynthesis under mild water 
stress and supports photoinhibition under high irradiance. 
Decreased stomatal conductance (gs) leads to a decrease 
in substomatal CO2 concentration. Under mild water 
stress also diffusion of CO2 via mesophyll cell walls, 
membranes, cytoplasm, and chloroplast envelope is 
decreased which leads to decreased chloroplastic CO2 
concentration (Flexas et al. 2002, Terashima and Ono 
2002). The severe water stress directly affects 
photosynthetic capacity of the mesophyll causing 

decrease in carboxylation as well as electron transport 
chain activities, and/or induces ultrastructural changes in 
chloroplasts (for review see, e.g., Cornic and Massacci 
1996). Differences among species and in the rates of 
imposition of water deficits, as well as the interactions 
with other environmental stresses, play a role in the 
relative importance of stomatal and non-stomatal 
limitations of photosynthesis under drought (e.g. Maroco 
et al. 2002). 

Abscisic acid (ABA) might be root-to-shoot chemical 
signal of water stress. It is generated in the roots and 
transported to the leaves or directly in the leaves (e.g. 
Davies and Jeffcoat 1990, Liang et al. 1997). ABA can 
regulate stomatal aperture by changes in 1) osmotic 
potential of guard cells, 2) mechanical properties of guard 
cells, and 3) gene expression (for recent reviews, see e.g., 
Schroeder et al. 2001, Pospíšilová 2003a). 
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To simulate effects of water stress, feeding shoots 
with ABA has often been used. ABA applied to plants 
can be readily absorbed (Trouverie et al. 2003). While 
stomatal closure immediately after ABA application was 
proved many times, long-term effects of ABA are much 
less known. For example treatment with ABA not only 
reduced transpiration, but also improved water use 
efficiency (WUE), prolonged development of water 
stress, retention of chlorophyll and survival of water-
deprived barley and wheat seedlings (Mizrahi et al. 
1974). In addition to lowering stomatal conductance, the 
application of ABA resulted in the accumulation of 
proline and total saccharides (Hose et al. 2000), or in 
promotion of wax deposition on the leaf surface (Xu et al. 
1994).  

In contrast to ABA, the stress-induced changes in 
contents of cytokinins and their possible effects on 

stomata are not sufficiently known (for recent review see 
Pospíšilová et al. 2000, Pospíšilová 2003a, Pospíšilová 
and Dodd 2004). Cytokinins can also delay stomatal 
closure induced by ABA (Blackman and Davies 1984, 
Radin and Hendrix 1988, Drüge and Schönbeck 1992).  

In previous experiments with French bean we found 
that benzyladenine (BA) simultaneously applied with 
ABA partially reversed effects of ABA on gs, E, and net 
photosynthetic rate (PN) in plants sufficiently supplied 
with water (Pospíšilová 2003b). In addition, both 
substances ameliorated negative effects of severe water 
stress on gas exchange parameters. To determine if these 
effects are only species specific or more general we did 
similar experiments also with one C3 species (sugar beet) 
and one C4 species (maize). The aim of this contribution 
is comparison of these three species. 

 
 
Materials and methods 
 
Seedlings of French bean (Phaseolus vulgaris L.  
cv. Jantar), sugar beet (Beta vulgaris L. ssp. vulgaris var. 
altissima Döll, cv. Elán), and maize (Zea mays L.  
cv. Anjou 245) were grown in pots with coarse sand or 
fine Perlite sufficiently moistened with Hewitt nutrient 
solution. Plant were cultivated in growth chambers at 16-h 
photoperiod, irradiance of 250 µmol(photon) m-2 s-1  

(400 - 700 nm), day/night temperature of 25/20 °C, and 
relative humidity of about 50 %. Air temperature and 
humidity were measured with the JUMO Humitherm 
TDAc-70 (M.K. Juchheim, Fulda, Germany). Irradiance 
was measured with the LI 185B radiometer with a 
quantum sensor (Li-COR, Lincoln, USA). Water stress 
was induced by cessation of watering. Before imposition 
of water stress, the plants were pre-treated with 50 cm3 of 
water (control), 100 µM ABA, and/or 10 µM BA, and gas 
exchange parameters were measured 1 h after application, 
during water stress when visible wilting occurred, and 2 d 
after rehydration. Simultaneous application of 100 µM 
ABA + 10 µM BA was used only before water stress  
 

because the accumulation of endogenous ABA is induced 
due to water stress (for review see e.g. Pospíšilová 
2003a). 
 PN, E, and gs were measured on attached leaves using 
the commercial gas exchange system LCA-4 (ADC Bio 
Scientific, Hoddesdon, UK) with leaf chamber 
LC4/PLC4BT-1/E at a temperature of 25 °C, irradiance of 
750 µmol m-2 s-1, CO2 concentration of 350 µmol mol-1, 
and relative humidity of about 30 %. Water use efficiency 
(WUE) was calculated as PN/E ratio and intrinsic water 
use efficiency (WUEi) was calculated as PN/gs. Mature 
leaves with PN, E, and gs at near maximum values were 
usually used. Relative water content (RWC) was 
measured gravimetrically in leaf discs (0.5 cm2) water-
saturated by immersing into holes of fully moistened 
polyurethane foam under dark according to Čatský 
(1960). 
 For each parameter a mean and a standard error of 
mean were calculated from two independent experiments. 

 
Results and discussion 

 
In plants sufficiently supplied with water, the highest 
values of gs and E were found in bean and the highest 
values of PN in maize (Fig. 1). WUE and WUEi were 
relatively low in bean in comparison with sugar beet and 
especially maize (Table 1). After cessation of watering gs, 
E and PN decreased earlier than the decrease in relative 
water content (RWC) was observed. After 5 - 7 d visible 
wilting was observed, RWC decreased to about 65 - 75 %, 
and PN, E, and especially gs decreased significantly. The 
least decrease was observed in sugar beet. In bean, gas 
exchange parameters did not recover completely 2 d after 

rehydration even if RWC reached the pre-stress level. 
Much better recovery was observed in maize and 
especially in sugar beet (cf. Figs. 1 and 2). Under water 
stress, WUE did not change markedly in bean leaves, it 
decreased slightly in maize and considerably in sugar 
beet. WUEi decreased under water stress in sugar beet 
and maize while it increased in bean (Table 1). Therefore 
in bean plants stomatal limitations to photosynthesis were 
dominant under water stress, however, in sugar beet and 
maize, non-stomatal limitations were also important. 
After rehydration, WUE still remained lower that before 
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imposition of water stress in sugar beet, slightly increased 
in bean and was high in maize. WUEi increased in all 
species which suggested slower recovery of gs than PN 
after rehydration.  

Already 1 h after application, ABA decreased gs, E, 
and PN in all three species and the most marked effects 
were observed in bean. Only slight changes in WUE or 
WUEi were observed after ABA application, therefore the 
ABA-induced decrease in PN was probably mostly due to 
restricted CO2 supply.  
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Fig. 1. Stomatal conductance (gs), transpiration rate (E), and net 
photosynthetic rate (PN) of attached French bean, sugar beet and
maize leaves measured 1 h after application of 50 cm3 H2O 
(control), 100 µM ABA, 10 µM BA, or combination of 100 µM 
ABA + 10 µM BA (A+B) into the substrate. Means ± SE, 
n = 19 (bean), 18 (sugar beet), and 35 (maize). 

 
On the contrary to non-stressed plants, the values of 

gs, E, and PN in all three species remained higher during 
water stress in plants pre-treated with ABA than in plants 
pre-treated with water. ABA pre-treatment also 
stimulated recovery of gas exchange paramenters after 
rehydration (Fig. 2). These results are in agreement with 
previous results with bean plants (Pospíšilová 2003b) and  
 

results of those authors who showed alleviation of 
negative effects of water stress by ABA application, e.g. 
in barley and wheat (Mizrahi et al. 1974), pine (Marshall 
et al. 1991), wheat (Nayyar and Kaushal 2002), and  
in vitro grown tobacco plants during ex vitro transfer 
(Pospíšilová et al. 1998).  

In bean plants, application of BA decreased gs and E 
(Fig. 1). The results obtained were similar to those in 
previous experiments where BA was applied to the 
substrate (Pospíšilová 2003b) but different from those 
where gs was increased after immersion of bean roots into 
5, 10 or 20 µM BA solution (Pospíšilová et al. 2001). 
After simultaneous application of ABA+BA, the values 
of E and PN were similar to those when ABA alone was 
applied and gs was even lower (Fig. 1). However, when 
ABA+BA were sprayed on bean leaves, BA ameliorated 
the negative effect of ABA on gas exchange parameters 
(Pospíšilová 2003b). In sugar beet plants, application of 
BA slightly increased gs and E. In previous experiments 
(Pospíšilová et al. 2001), similar increase in E was 
observed in leaves sprayed with BA but not in leaves of 
plants with roots immersed in BA solution. Application 
of ABA+BA increased gs similarly as BA. All gas 
exchange parameters were higher after ABA+BA 
application than when ABA was applied alone. Thus 
under simultaneous application, BA partially reversed the 
effect of ABA. In maize plants, application of BA did not 
significantly influence gas exchange parameters and 
combination ABA+BA decreased them similarly as 
application of ABA (Fig. 1). These results proved again 
that CK effects on stomatal opening, E, and PN are 
strongly dependent on the plant species, CK 
concentration used, and way of application (Pospíšilová 
et al. 2001, Rulcová and Pospíšilová 2001, Vomáčka and 
Pospíšilová 2003), and the same holds for their 
interactions with ABA. 

In bean plants, pre-treatment with BA ameliorated 
effects of water stress on gas exchange parameters in the 
same direction but less markedly than ABA did (Fig. 2). 
The results agree with observations showing amelioration 
of water stress-induced inhibition of photosynthesis by 
application of CKs (Metwally et al. 1997, Chernyad′ev 
and Monakhova 1998, Pandey et al. 2000, Singh et al. 
2001). 

In contrast to bean plants, pre-treatment with BA 
accelerated development of water stress in sugar beet and 
maize. Lower values of RWC were reached in BA pre-
treated plants than in plants pre-treated with water at the 
same time after cessation of watering (Fig. 2). Also gs, E, 
and PN decreased more during water stress in plants pre-
treated with BA than in those pre-treated with water or 
ABA (Fig. 2). In sugar beet plants, the negative effect of 
BA on E and PN, but not gs, remained visible also after 
rehydration. In maize plants, the values of gas exchange 
parameters after rehydration did not differ significantly 
between plants pre-treated with BA and water (Fig. 2). 
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Table 1. Effects of ABA and/or BA pre-treatment on WUE (PN/E) and WUEi (PN/gs) determined 1 h after application, under water 
stress (RWC 65 - 75 %) and 2 d after rehydration. Comparison of French bean, sugar beet and maize plants.  

 

  WUE   WUEi   
  bean beet maize bean beet maize 

Application H2O 4.88 9.18   9.25   39.57 104.00 179.10 
 ABA 5.36 8.27   9.76   50.26 103.40 219.50 
 BA 5.33 6.93   8.76   77.71   81.90 194.00 
 ABA+BA 4.90 8.28 10.08   82.82   85.81 220.20 

Stress H2O 4.39 3.77   7.43   92.77   87.45   81.42 
 ABA 5.36 4.40 11.00 120.62   74.64   90.14 
 BA 8.17 4.29   4.87 149.20 100.00 184.10 

Rehydration H2O 5.38 6.91 13.27 105.93 134.53 271.04 
 ABA 5.84 6.85 11.60 121.35 108.30 247.03 
 BA 5.95 5.60 14.62 118.95   85.75 235.96 
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Fig. 2. Effect of pre-treatment with H2O (control), 100 µM ABA, or 10 µM BA added to the substrate on relative water content 
(RWC), stomatal conductance (gs), transpiration rate (E), and net photosynthetic rate (PN) in French bean, sugar beet and maize under 
water stress and recovery after rehydration (2 d). Means ± SE, n = 33 (bean), 24 (sugar beet), 18 (maize).  

 
 
In summary, these results proved positive effects of 

ABA application on gas exchange parameters during 
water stress and subsequent recovery after rehydration in 
all studied species. Thus amelioration of negative effect 

of water stress by ABA might be of general character. 
However, effects of BA-pretreatments were species-
specific and ranged from positive to negative. 
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