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Effect of root environment on proton efflux in wheat roots 
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Abstract 
Proton net efflux of wheat (Triticum aestivum L.) roots growing in sand culture or hydroponics was 

determined by measuring the pH values of the solution surrounding the roots by pH microelectrodes, by base 
titration and by color changes of a pH indicator in solid nutrient media. The proton net efflux was dependent 
on light, aeration, and source of nitrogen (NH~-, NO3 ). Ammonium ions caused the highest proton efflux, 
whereas nitrate ions decreased the proton efflux. Iron deficiency had no significant effect on proton efflux. 
Replacement of ammonium by nitrate inhibited proton efflux, whereas the reverse enhanced proton ex- 
trusion. A lag period between change s in plant environment and proton efflux was observed. The proton net 
efflux occurred at the basal portion of the roots but not in the root tips or at the elongation zone. Under 
optimal conditions, proton efflux capacity reached a maximum value of 5.7/~mole H § g-I fresh weight h -1 

with an average (between different measurements) of 3.4/~moleH + g-t fresh wth-l  whereas the pH value 
decreased to 3.2-3.7 and reached a minimal value of 2.9. Inhibition of ATPase activity by orthovanadate 
inhibited proton efflux. The results indicate that proton etflux in wheat roots is ammonium ion and light 
dependent and probably governed by ATPase activity. 

Introduction 

Changes in pH as a result of imbalances in 
cation/anion uptake were demonstrated in the 
rhizosphere of several plant species (Marschner et 
al., 1986; Nye, 1981; Riley and Barber, 1971). 
Proton extrusion through root cell membranes 
resulting in acidification of the rhizosphere was 
suggested to be instrumental in the mobilization of 
ions, such as phosphate (Riley and Barber, 1971), 
and iron (Fe m) (Gardner et al., 1982; R/Smheld and 
Marschner, 1981; 1984). Proton extrusion was 
found in roots of several plant species under 
conditions of iron deficiency (R6mheld and 
Marschner, 1984; R6mheld et al., 1984). However, 
the capability of iron-stressed plants to decrease 
rhizosphere pH is not common among all plants; 
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for example, grasses have not demonstrated this 
characteristic (Bienfait, 1985). Recently, it was 
shown that wheat plants inoculated with the 
diazotroph rhizosphere bacteria Azospirillum 
brasilense, increased proton efflux of roots over 
non-inoculated roots (Bashan et al., 1989). 

The aims of this study were (i) to define the main 
environmental and nitrogen nutrition conditions 
altering proton etflux in wheat roots potentially 
related to root colonization by Azospirillum, (ii) to 
localize the site of proton efflux along the root 
system, and (iii) to measure proton efflux capacity. 

Materials and methods 

Plant growth conditions 

Wheat (Triticum aestivum L.) seed cv. Deganit 
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(Zeraim Gedera Co., Israel) were surface disinfected 
with 1% NaOC1 for 5 min and thoroughly rinsed 
with tap water. Seeds were then transferred to a 
hydroponic system (100 seeds per system), consist- 
ing of the following: a flat 5-L plastic container 
containing a nutrient solution which was renewed 
daily. The nutrient solutions used in this study 
were: (final pH 5.8, composition in mM): A- 
NH4H2PO4,1; Ca(NO3)2,4; MgSO4,2; KNO3,6; 
FeEDTA,0.1; H 3 BO3,1.10- 2; MnC12.4H 2 O, 1.10-4; 
ZnSOa.7H20,0.5.10-5; CuSOa.5H20,0.5.10-5; 
H2MoO4.H20,0.5.10 -6 (Hoagland and Arnon, 
1938); B- Ca(NO3)2,2; K2SO4,0.75; MGSO4,0.65; 
KH2 PO 4,0.1; FeEDTA,0.1 + microelements from 
solution A (Marschner et al., 1982); C- Similar to 
solution B minus FeEDTA; D- (NH4)2504,0.5; 
CASO4,0.5; K2 SO4,0.75; MGSO4,0.65; 
KH2 PO4,0.1; FeEDTA,0.1 + microelements from 
solution A (Marschner et al., 1982); E- Similar to 
solution D minus FeEDTA; nitrogen-free nutrient 
solution (F) served as control. A plasUc stand wlm 
cheese-cloth on the upper surface immersed in the 
solution; and an air ventilation system (a 25-cm 
glass tube with 10 air exits) provided the aeration. 
Other plants were grown in quartz sand maintained 
in plexiglass fiat boxes as described by Marschner 
and Rrmheld (1983). All experiments were conduc- 
ted in a growth chamber (Conviron, model EF7H, 
Controlled Environments Co., Canada) at 
22 ___ l~ 10h light 150#Em-2sec -l (fluorescent 
and incandescent lamps) or fluorescent and incan- 
descent lamps (62 #E m -2 sec-~) or incandescent 
lamps only (17/~Em-2sec l) and 14h darkness or, 
alternatively at 22 + 3~ with photosynthetic 
lamps (150 #E m-2 sec- 1, Sylvania). 

Recording p H  changes using pH electrodes 

Measurements in nutrient solutions. Four seedlings 
(two leaves, 6-8 days old) were placed in a glass 
beaker (50mL) equipped with a small magnetic 
stirrer at the bottom and containing 10-20 mL of 
one of the nutrient solutions. The beaker was 
wrapped with aluminum foil to prevent illumi- 
nation of roots and aerated as described later. The 
beaker was placed in a controlled water bath at 
25 ___ 0.5~ and illuminated with a photosynthetic 
lamp. A pH electrode (5 mm in diameter) (Broadley 
James Corp.) was inserted into the solution and pH 

changes were automatically recorded by a Unicor- 
der U-228 (Pantos, Japan) at a rate of 10 mm h -l. 
Additionally, the pH was checked manually with a 
portable pH meter. 

The quantity of protons released by the roots 
was determined at the end of the experiment by 
titrating the nutrient solution with 0.01 M NaOH 
to the initial pH. The same nutrient solution 
without plants, maintained under the same con- 
ditions, served as control. Excess water was blotted 
from the roots prior to fresh weight determination. 
Dry weight of roots was obtained by drying the 
roots in a forced-air oven at 60~ for 48 h and 
weighing immediately after cooling. 

Measurements in quartz sand. The rhizosphere pH 
was measured by antimony microelectrodes (0.5- 
0.8 mm in diameter) according to H/iussling et al. 
(1985). A fluid agar solution containing the pH 
indicator, as described by Marschner et al. (1982), 
was poured into fiat plastic containers which 
produced thin agar sheets (3-5 mm thickness after 
cooling). These agar sheets were placed onto the 
surface of the root-soil interface. The rhizosphere 
pH was measured by inserting the microelectrodes 
into the agar sheet at a maximum distance of 2 mm 
from the roots (10 separate measurements in every 
root zone). 

The nitrogen source in the sand was changed by 
complete replacement of the sand media. Sand was 
washed from the roots by a light water stream. The 
washed roots were transferred to a new plexiglass 
growth cell containing new sand, and maintained in 
a horizontal position. Roots were spread on the 
new sand surface with a glass rod and then covered 
with an additional amount of sand. After the 
plexiglass growth cell was filled and sealed, to 
prevent any movement of the sand, it was returned 
to a vertical position in the growth chamber for 
further plant growth. 

Localizing the proton efflux along wheat roots 

The proton extrusion along the wheat root 
system was determined by the agar-indicator 
technique (Marschner et al., 1982). The optimal 
conditions for this test in wheat were: 0.5% agar; 
100 mg L ~ bromocresol purple in solution E; light 
intensity of 150 #E m 2 sec l and 7 cm deep glass 



Petri dish incubated at a constant 25 + I~ 
Changes in color (from red to yellow, correspond- 
ing to a decrease in pH from 5.8 to 4.5 or lower) 
were visibly detected after 2 to 4 h and continued 
until 24 h after embedding. 

Aeration o f  roots 

All seedlings submerged in nutrient solutions 
were subjected to constant aeration (20cm3air - 
min ~). In one treatment the beakers were not 
aerated and left open. Roots submerged in thin 
solid layers ofagar (up to 6 mm depth) were aerated 
by leaving the plate open. 

Experimental design and statistical analysis 

Each experiment was carried out at least five 
times in a randomized design consisting of at least 
five replicates. A replicate consisted of five seed- 
lings, five petri dishes, five flasks, five plants five 
hydroponic systems, or ten different pH determina- 
tions with microelectrodes. Graphs presented are 
from one experiment in each case. Means of proton 
efflux are from all experiments performed. Sig- 
nificance is given by P ~< 0.05. 
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Results and discussion 

The capacity of plants to lower their rhizosphere 
pH by exchange of extruded protons for potassium 
and ammonium ions is a known phenomenon 
(Marschner et al., 1986). This activity is carried out 
mainly by electrogenic proton pumps localized in 
plasma membrane (Churchill and Sze, 1983). Such 
proton effluxes may act as a driving force for 
energy-dependent transmembrane uptake of essen- 
tial substances, such as amino acids, sugars, and 
various ions. 

The effect of plant nutrition on medium acidif- 
ication has been demonstrated in several plant 
species such as peanut, corn (Schaller and Fischer, 
1985) and sunflower (R6mheld et al., 1984). In the 
present study, proton efflux of four-days-old wheat 
seedlings grown in the absence of a nitrogen source 
was l.l/~moleH § -~. Supply of 
nitrate lowered proton extrusion whereas am- 

Fig. 1. Effect of nitrogen source and Fe supply on proton 
extrusion of wheat roots in nutrient solution. A -  Effect of five 
nutrient solutions listed in Materials and methods; B -  Effect of 
replacing ammonium by nitrate in nutrient solution; t2-Effect 
of replacing nitrate by ammonium in nutrient solution. Arrows 
indicate time of solution changes. Light intensity was 150 #E 
m-2sec -~. Letters in square parenthesis represent the type of 
nutrient solution used. Numbers followed by different letters 
differ significantly at P ~< 0.05 and represent (in #moleH + fresh 
weight h-  ] ) the mean proton extrusion measured in all replicate 
experiments after 24 h. Lines are from one experiment. 

monium enhanced it (Fig. 1A). Contrary to sun- 
flower in which ammonium nutrition was the 
secondary factor for enhanced proton extrusion 
after iron deficiency, iron deficiency in wheat plants 
had no significant effect on proton extrusion. 
Repression of proton extrusion in wheat roots by 
nitrate under conditions of iron deficiency indicates 
iron to be of secondary importance. Supply of both 
nitrate and ammonium ions (solution A) resulted in 
intermediate effects. Replacing nitrate by am- 
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Fig. 2. Schematic presentation of the rhizosphere pH (measured 
by microelectrodes) along the roots of 10-days-old wheat seed- 
lings grown in sand initially supplied with Ca(NO3) 2 (solution 
C) (A) and (NH4)2 SO4 (solution E) (C) and after replacement of 
the NO3-sand with NH4-sand (B) and replacement of the NH4- 
sand with NO3-sand (D). [ ] - r ep resen t s  wheat root; ~ - t h e  
measured area 4 h after application of the agar sheet onto sand 
surface. Diagrams are not in the same scale; area sizes are as 
indicated by arrows. Numbers followed by standard error in- 
dicate the mean pH of  each of  the indicated areas in five plants 
each measured by 10 different measurements near each root 
portion. 

monium resulted in enhanced proton extrusion 
after a lag of 16h, whereas the reverse change 
stopped proton extrusion within 10 h (Fig. 1B, C). 
In sand, wheat roots showed similar proton efflux 
activity as that in agar (Fig. 2A, C). Replacing of 
these ions one by the other reversed the regular 
trend of proton efflux (Fig. 2B, D). Therefore, it 
was concluded that alterations in proton efflux in 
wheat roots are directly induced by the type of 
nitrogen source available to the plant. In addition, 
lack of aeration reduced proton extrusion and 
consequently decreased the change in pH (Fig. 3A). 

6 

I I I I I I I I I [ ' I 

Closed ~ )  

- - 

,,,.'." , -  
Light 

I 

l l t l I I t l t i l 
2 10  2 0  

H o u r s  after transfer to a n e w  s o l u t i o n  

Fig. 3. (A) - Effect of aeration of the nutrient solution (solution 
E) on proton extrusion of wheat roots; ( B ) - P r o t o n  efttux in 
dark-grown plants transferred to light (J,) and in light-grown 
plants transferred into darkness (T). Other details as for Fig. 1. 

Therefore, the feature of proton extrusion in wheat 
roots found in this study is the iron deficiency 
independence, unlike the case of sunflower 
(R6mheld et al., 1984), and the dependence of 
proton extrusion on nitrogenous compounds as 
shown for other graminaceous species. 

Light is known to stimulate the efflux of K § and 
CI-,  which were suggested to be dependent on ATP 
and photosynthetic electron flow, respectively 
(Raven, 1967; Spanswick, 1974). This study 
demonstrated a light involvement in proton efflux 
in wheat. In the absence of light no significant 
release of protons was detected, whereas a constant 
illumination resulted in proton efflux (Table 1). 
Alternating periods of light and darkness showed 
intermediate proton extrusion values. Increased 
light intensity from 17/~E m-  2 sec- ] to 150 #E m-  2 
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Table 1. illumination effects on proton extrusion of  wheat roots in nutrient solution (solution E) 
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Treatment Light Proton extrusion pH 
(/~E m -  2 sec - r ~ m o l e  H + g - J fresh wt h -  l ) after 24 h d 

Darkness - -  0.04d e 5.8a 
Illumination b 17 2.3c 4.5b 
Illumination ~ and 62 2.6c 4.8b 

darkness interval 
Illumination" 62 3.2b 3.3c 
Illumination c 150 4.6a 3. I c 

Roots of four seedlings were immersed in 10 mL nutrient solution and then subjected to various illumination treatments for 24 h. 
" Combination of  fluorescent and incandescent lamps. 
b Incandescent lamps. 
c A photosynthetic lamp. 
d Initial pH 5.8. 
e Numbers in each column (separately) followed by a different letter differ significantly at P ~< 0.05. 

sec- x increased protein extrusion and decreased pH 
(Table 1). Following changes in the light exposure, 
plant response was preceded by lag period: when 
dark-grown plants were illuminated at least 4h 
elapsed before measurable changes in proton ex- 
trusion were detected (Fig. 3B). On the other hand, 
when illuminated plants were transferred to dark- 
ness, a lag period of 10 h passed before the proton 
efflux ceased. Thus, stimulation by light does not 
operate directly via net photosynthesis, as evi- 
denced by the relatively long lag period between 

exposure to light and proton extrusion. The data 
suggested that proton efflux of wheat roots is a 
primary event, providing the driving force for 
cation uptake, and controlled through the nitrogen 
metabolism of the plant. 

Two aspects of proton efflux are ecologically 
significant: its localization along the roots and the 
amount of protons extruded. Proton efflux was 
confined to the root subapical zones of maize and 
barley where extension growth occurs (Pilet et al., 
1983; Weisenseel et al., 1979). The present study 

Fig. 4. Localization of  proton extrusion along roots of  10-clay-old wheat seedlings in different nutrient solutions. (A) - solution 
+ 

containing NH4 and lacking.iron; (B)-  localization of  the site of  proton efltux along the basal portion of  the roots embedded in solution 
E. Arrows indicate the absence of  proton extrusion in the root tips and in the elongation region; (C) - solution contained nitrate and 
iron ions. Roots of  intact plants (precultured in similar liquid nutrient solution) were embedded in agar medium (pH 7.0) with the pH 
indicator bromocresol purple (which gives purple color in this pH). The yellow color (white in the photographs) indicates acidification 
of  the agar medium to pH 4.5 and lower. Bars represent one cm. The intensity of  the dark background was reduced during picture 
processing in order to distinguish the roots from the background. 
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Table 2. Effect of ATPase inhibitor, orthovanadate, on proton efflux of wheat roots in nutrient solution E 

Addition of 
orthovanadate (/aM) 

Proton eiflux 
(/~mole H + g-t fresh wt h-l) 

pH after 
24 h (Units) ~ 

0 4.4a b 3.4c 
50 3.9a 4. I b 

100 1.3b 4.8b 
200 0c 5.8a 

a Initial pH 5.8. 
b Numbers in each column (separately) followed by a different letter differ significantly at P ~< 0.05. 

has shown that in a solidified agar medium contain- 
ing ammonium ions, proton efflux of wheat roots 
was restricted to the basal portion of the roots (Fig. 
2 and Fig. 4). Root tip and the elongation zone of 
wheat did not extrude protons, unlike the case of 
peanut (Schaller, 1987). This finding is of particular 
ecological importance for wheat root colonization 
by associative plant beneficial bacteria, since it has 
been shown that the main site of root colonization 
by these bacteria is the root elongation zone 
(Bashan et al., 1986; Okon and Kapulnik, 1986). 
Acidification of the soil rhizosphere close to the 
basal portion of the root markedly increased ad- 
sorption of bacteria to soil particles (Bashan and 
Levanony, 1988), which may prevent the bacterium 
cell from reaching the target root. On the other 
hand, a non-acidic root segment may target the 
soil-migrating bacteria towards its surface. 
Therefore, it can be suggested that the non-acidic 
portion of the wheat root represents an ecological 
mechanism by which the plant is targeting 
rhizosphere bacteria to the proper site for root 
colonization. 

In a nutrient solution that contained nitrate ions, 
proton extrusion from wheat roots could not be 
detected during the first 16h after embedding. 
Prolonged incubation in this nutrient solution 
resulted in proton efflux along the basal portion of 
the root. As demonstrated in this study, wheat 
roots resembled barley roots (Weisenseel et al., 
1979) in having a non-acidic elongation zone. 
However, unlike barley, (Weisenseel et al., 1979), 
the elongation zone of wheat did not increase the 
pH of its surroundings over the initial pH value. 
Therefore, it is suggested that proton efflux in 
wheat is not coupled with efflux of substances 
which are basic-in-nature. Perhaps proton efflux in 
wheat roots is associated with ion uptake, as 
suggested by many studies with other plant species 
(Spanswick, 1981). 

The amount of released protons is of particular 
importance. Rates of proton extrusion of 
1 pmole H + up to 6 #mole H + g-~ fresh wt h -~ up to 
an upper limit of 28/~mole H + g-~ fresh wt h-~ were 
reported (Glass and Siddiqi, 1981; Mengel and 
Malissiovas, 1982; Pitman et al., 1975; Rrmheld et 
al., 1984). Results reported here showed that under 
optimal conditions, the amount of proton ex- 
trusion of wheat roots ranged from 2.6 to 
5.7/~moleH + g-I freshwth -t with an average of 
4.2#mole H § Simultaneously, the pH level of the 
plant root environment decreased from 5.8 to a 
minimum of 2.9 with an average pH value of 3.2 for 
63 determinations. Thus, the level of proton efflux 
in wheat roots corresponds to the levels found in 
other plant species. 

Orthovanadate is known as an inhibitor of 
ATPase activity (Cocucci et al., 1980). Cocucci et al. 
(1980) found proton efflux inhibition by 
orthovanadate in radish seedlings. In our study 
addition of orthovanadate at a concentration of 
100#M to wheat roots submerged in solution E 
significantly inhibited proton efflux of the roots. At 
a concentration of 200 #M, proton efflux was com- 
pletely inhibited. Concomitantly, no decrease of 
solution pH was detected at the highest inhibitor 
concentration (Table 2). These effects with intact 
plants were interpreted as an indication of proton 
efflux inhibition mediated by ATPase(s). 

It is concluded that the basal zones of wheat 
roots release protons-a phenomenon which is 
ammonium and light dependent and probably 
driven by ATPase(s). 
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