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Abstract: Indole-3-acetic acid (IAA) and 4-chloroindole-3-acetic acid (4-Cl-
IAA) were tested at different concentrations and times for their capacity to 
change the redox activity and medium pH of maize root segments. The dose-
response surfaces (dose-response curves as a function of time) plotted for redox 
activity and changes in medium pH (expressed as ΔpH) had a similar shape for 
both auxins, but differed significantly at the optimal concentrations. With 4-Cl-
IAA, the maximal values of redox activity and medium pH changes were 
observed at 10-10 M, which was a 100-fold lower concentration than with IAA. 
Correlations were observed between redox activity and medium pH changes at 
the optimal concentrations of both IAA and 4-Cl-IAA. The results are discussed 
herein, taking into account both the concentration of the auxins and the effects 
produced by them. 
 
Key words: Redox activity, Medium pH changes, Root segments, Zea mays L., 
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INTRODUCTION  
 
Ever since plasma membrane (PM) redox activity was discovered in eukaryotes 
[1], much evidence has been reported for its involvement in several 
physiological processes [2-4]. Research on plasma membrane redox activity 
suggests that plant cells are able to reduce exogenous electron acceptors; 
hexacyanoferrate III (HCF III) is much used in such studies [5-8]. Ferricyanide 
reduction by plant cells is accompanied by proton release [9-11] and plasma 
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membrane depolarization [12, 13]. It has also been reported that plant hormones 
of the auxin class change the rate of HCF III reduction and proton extrusion by 
plant cells [14, 15]. It is generally accepted that indole-3-acetic acid (IAA) is the 
main and most abundant auxin in plants. IAA exerts control over many 
processes of plant growth and development [16, 17]. Chlorinated auxin, 4-Cl-
IAA, occurs naturally in a number of plants, mainly members of the Fabaceae 
[18-23], but it has not been found in maize [22]. 4-Cl-IAA has been tested in 
many different bioassays that have shown its exceptionally high level of 
biological activity as compared to IAA [24-32]. The aim of this investigation 
was to compare the effect of two auxins (IAA and 4-Cl-IAA), at a wide range of 
concentrations (10-12-10-6 M), on the redox activity and proton extrusion in 
maize root segments. 
 
MATERIALS AND METHODS 
 
Seeds of maize (Zea mays L.) cv. K33xF2 were soaked in tap water for 2 h, 
sown on wet perlite in plastic boxes and placed for 4 days in a growth chamber 
at 27ºC. After a wash in distilled water, 10-mm long segments were excised  
3 mm from the tip of the roots. These root segments were then washed for 1 h in 
distilled water, and transfered immediately afterwards to 1 mM Tris-HCl (pH 
6.0) containing 0.5 mM CaCl2 and 50 mM KCl (incubation medium). 300 mg of 
root segments were incubated in 3 ml of this incubation solution. After shaking 
for 30 min on a rotary shaker at 100 rpm, HCF III, at a final concentration of  
1 mM, and either IAA or 4-Cl-IAA were added to the incubation medium. For 
the next 2 h, the segments were shaken at 100 rpm, and every 30 min, the level 
of ferricyanide reduction and the pH of the incubation medium were measured. 
HCF III reduction was monitored spectrophotometrically at 420 nm as per the 
method described previously by Federico and Giartosio [6], and expressed in 
μM of reduced-form HCF III calculated per g of fresh weight (FW). 
The pH measurements were performed with a type N-517 pH-meter (Mera-
Elwro, Poland) and OSH 10-10 pH electrode (Metron, Poland). pH changes in 
the incubation medium were expressed as ΔpH, where ΔpH means the difference 
between the medium pH measured every 30 min (over a 2-h period) and the pH 
measured immediately after the addition of the growth effectors and HCF III. 
Negative ΔpH values indicate extrusion of protons to the incubation medium. 
The results are the means of eight independent experiments.  
 
Chemicals 
A 1 mM aqueous stock solution of indole-3-acetic acid (Serva, Heidelberg, 
Germany) was prepared using the potassium salt of IAA, since it dissolves 
rapidly in distilled water. 4-Chloroindole-3-acetic acid (Sigma, St Louis, USA) 
was dissolved in a small volume of isopropanol, and stored as a 0.1 mM stock 
solution in which the concentration of isopropanol did not exceed 0.2%. These 
stock solutions were used for the preparation of appropriate concentrations of 
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both auxins, which were always added in the same volumes (100 μL/ml of the 
incubation medium). 
 
RESULTS 
 
Fig. 1 shows the dose-response surfaces (dose-response curves as a function of 
time) for IAA- and 4-Cl-IAA-mediated redox activity in maize root segments. 
The results indicate that the redox activity in the root segments depended on 
both the concentrations of auxins and the time after their addition to the 
incubation medium. With both IAA and 4-Cl-IAA, the dose-response surfaces 
had a similar shape, but differed at the optimal concentrations. For 4-Cl-IAA, the 
maximal value of redox activity was observed at 10-10 M, which was a 100-fold 
lower concentration than that for IAA. As the optimal IAA and 4-Cl-IAA 
concentrations were exceeded, the redox activity began to decline.  

 
 
Fig. 1. The redox activity over time in maize root segments in solutions with various 
IAA (A) and 4-Cl-IAA (B) concentrations. 
 
Fig. 2 shows the pH changes of the incubation medium expressed as ΔpH (see 
Materials and methods) measured synchronously with the redox activity, using 
the same tissue sample. As can be seen in Fig. 2, the optimal concentrations for 
the two auxins differed: for 4-Cl-IAA, the maximal value of ΔpH was observed 
at 10-10 M, whereas for IAA, it was at 10-8 M.  
Fig. 3 shows the comparison between the effects of IAA and 4-Cl-IAA on redox 
activity and medium pH changes (expressed as ΔpH) in the maize root segments.  
The curves in Fig. 3 were constructed from the data obtained at the end (after  
2 h) of the experiment, and expressed as a percentage of the results for the 
control (root segments in the incubation medium without the growth effectors). 
As can be seen in Fig. 3, the redox activity and proton extrusion at the optimal  
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4-Cl-IAA concentration were at a similar level (stimulation by ca. 20 %), 
whereas at the optimal IAA concentration (10-8 M), there was a higher 
stimulation of proton extrusion than of redox activity. 
 

 
Fig. 2. Changes in medium pH (expressed as ΔpH) over time of maize root segments 
incubated in solutions with various IAA (A) and 4-Cl-IAA (B) concentrations. 
 

Fig. 3. The redox activity and medium pH changes (Δ pH) of maize root segments 
expressed as a % of the results for the control (root segments in the incubation medium 
without the auxins). The results are the means of eight independent experiments. The SE 
did not exceed 8%. 



CELL. MOL. BIOL. LETT.         
 

380 

DISCUSSION 
 
The main strategy of the experiments described in this paper was the addition of 
either IAA or 4-Cl-IAA and hexacyanoferrate III (HCF III), a nonpermeable 
electron acceptor to the incubation medium, and the simultaneous measurement 
(using the same tissue sample) of HCF III reduction and proton extrusion. The 
dose-response surfaces (dose-response curves as a function of time) for IAA and 
4-Cl-IAA-mediated redox activity and proton extrusion in maize root segments 
were obtained (Figs 1, 2 and 3). It was found here that the dose-response 
surfaces for the two auxins differed significantly at their optimal concentrations. 
With 4-Cl-IAA, the maximal values of the redox activity and medium pH 
changes were observed at 10-10 M, which was a 100-fold lower concentration 
than that for IAA. Although 4-Cl-IAA was more active than IAA in terms of the 
lowest concentrations needed to induce redox activity and medium pH changes, 
it produced much weaker changes in both processes. For example, after 2 h, only 
20% more redox activity and change in medium pH could be detected with 4-Cl-
IAA, whereas in the presence of IAA, a 140% higher ΔpH and 40% higher redox 
activity were observed as compared to the control. 
It was previously shown that plasma membrane redox activity measured in the 
presence of ferricyanide stimulates net H+ extrusion by maize root segments  
[6, 9]. It was also found that fusicoccin (a fungal toxin produced by Fusicoccin 
amygdali), a growth substance which mimics the effect of auxin (IAA) on the 
elongation growth of plant cells, stimulates the reduction of ferricyanide, 
accompanied by a decrease in the external pH [6]. The effect of plant hormones 
(IAA) on redox activity and proton extrusion was also the subject of the 
experiments performed with intact maize roots [33-35]. These experiments 
showed that at concentrations higher than 10-8 M, IAA inhibits growth, proton 
extrusion and transmembrane electron transfer in intact maize roots. 
Experiments performed with maize coleoptile segments, the classic object of 
elongation growth research, showed that an impermeable electron acceptor 
(hexachloroiridate IV) transiently inhibits naphthaleneacetic acid-stimulated 
growth and proton extrusion [36]. The IAA-mediated stimulation of redox 
activity and proton extrusion in maize root segments seen here concurs well with 
the findings of Böttger and Hilgendorf [33]. As far as is known, there is a lack of 
data in the literature concerning the effect of 4-Cl-IAA on redox activity in 
maize roots.  
In conclusion, the experiments reported on in this paper showed that in maize 
root segments, 4-Cl-IAA is much more active than IAA in terms of the lowest 
concentrations needed to mediate redox activity and proton extrusion, although 
at its optimal concentration, this chloro-derivative induced much weaker effects 
than IAA.  
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