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Abstract. The magnitude and spatial localization of 
Ca 24, K § and H § fluxes in growing and non-growing 
L i m n o b i u m  stoloni ferum root hairs was determined using 
non-invasive, ion-selective vibrating microelectrodes. 
Both the spatial pattern and magnitude of the ionic flux 
was dependent on the particular ion in question. Both 
H + and Ca 2§ influx was localized almost exclusively to 
the tips of growing root hairs, suggesting that these fluxes 
may be involved in directing growth. Influx of K § showed 
no distinct localization and uptake appeared uniform 
along the length of the root hair. Competitive inhibition of 
Ca 2+ influx using a range of Mg 2+ concentrations in- 
dicated that the magnitude of the Ca 2 + flux entering the 
root hair tip did not determine growth rate; however, the 
presence of Ca 2 + on the external face of the membrane 
was implicit for root hair integrity. Aluminum proved to 
be a potent inhibitor of root hair growth. At an exogenous 
A1 concentration of 20 gM a complete blockage of Ca 2 § 
influx into root hair tips was observed, suggesting that A1 
blockage of Ca 2 § influx could be involved in A1 toxicity. 
However, at a lower AI concentration (2 IxM), Ca 2 § fluxes 
were unaffected while inhibition of growth was still ob- 
served along with a distinct swelling of the root hair tip. 
The swelling at the root hair tips was identical in appear- 
ance to that seen in the presence of microtubule inhibitors, 
suggesting that A1 could influence a number of different 
sites at the plasma-membrane surface and within the cell. 
The possible role(s) of Ca 2 + and H + fluxes in directing tip 
growth are discussed. 
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Introduction 

The polarized expansion of leaf hairs, root hairs and 
pollen tubes occurs predominantly at the cell tip leading 
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to the production of long cylindrically shaped cells. Typi- 
cally, growth is rapid (5-100 ~tm.min- 1) with a high de- 
gree of cellular activity apparent within the region of the 
tip (e.g. 5000 exocytotic fusions-rain-I; Heath 1990). 
Physiological analysis of the mechanism underlying tip 
growth has received great attention with particular inter- 
est focused on the role of electric fields (Harold and 
Caldwell 1990), cytoskeleton development (Emons 1987) 
and calcium fluxes and gradients (Steer and Steer 1989) in 
controlling polarized tip growth. All of these topics are 
still open to considerable debate. 

In pollen tubes, it has been demonstrated that the 
presence of an intracellular Ca 2 + gradient along the pol- 
len tube is associated with growth (Steer and Steer 1989; 
Miller et al. 1992). Despite many authors advocating the 
involvement of a Ca z § gradient in polar growth, a lack of 
quantitative measurements of cytosolic Ca z + activity and 
difficulty in knowing that only cytoplasmic free Ca 2 § is 
being measured, and not organellar or membrane-asso- 
ciated Ca 2 +, has prevented accurate interpretation of the 
data (Miller et al. 1992). Recently, Miller et al. (1992), 
using dextran-conjugated CaZ§ dyes esti- 
mated that the free cytoplasmic Ca z + concentration at the 
pollen tube tip was > 3 ~tM, falling to a basal level of 
0.2 ~tM within a distance of 20 ~tm from the tip. The higher 
levels of cytoplasmic Ca 2 + at the growing tip are also 
associated with a localized Ca 2 § influx, which presumably 
mediates the formation of the cytoplasmic Ca z + gradient 
(Pierson et al. 1994). The relationship between Ca 2 + influx 
and growth rate will be directly addressed in this paper. 

It has been assumed for many years that the prolifer- 
ation of root hairs along root axes facilitates the uptake of 
nutrients from the soil by greatly increasing the surface 
area for absorption. Apart from phosphate uptake (Barley 
and Rovira 1970), however, there is very little evidence to 
support this hypothesis. Recent advances in electro- 
physiology have for the first time allowed specific ion-flux 
measurements to be made non-invasively on small regions 
of membrane ( <  5 lam z) in predetermined cell types 
(Smith et al. 1994). Using non-invasive, vibrating ion- 
selective microelectrodes, ion fluxes have now been meas- 
ured in a number of cell types, for a variety of elements 
under a wide range of conditions (e.g. H +, K +, Mg z+, 
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C a  2+, N O S ;  K o c h i a n  et  al. 1992; S m i t h  et  al. 1994). T h i s  
t e c h n i q u e  is t he re fo re  idea l ly  su i ted  to  i nves t i ga t i ng  the  
m a g n i t u d e  and  p a t t e r n s  o f  ion ic  f luxes a r o u n d  r o o t  ha i rs  
a n d  to  assess ing the  p o t e n t i a l  ro le  these  i o n  f luxes p l a y  in 
r o o t  ha i r  g r o w t h  a n d  d e v e l o p m e n t .  

A l u m i n u m  has  l o n g  been  r e c o g n i z e d  as a p r i m a r y  
f ac to r  l imi t ing  p l an t  g r o w t h  in ac id  e n v i r o n m e n t s  ( F o y  et  
al. 1978). A l t h o u g h  s o m e  gene t i ca l ly  c o n t r o l l e d  t o l e r a n c e  
m e c h a n i s m s  a l l o w i n g  roo t s  to  o v e r c o m e  the  tox ic  effects 
of  AI 3 + in s o l u t i o n  h a v e  recen t ly  b e e n  desc r ibed  (De lha i ze  
et  al. 1993; Pe l le t  et al. 1995; K o c h i a n  1995), the re  is l i t t le  
i n f o r m a t i o n ,  a n d  m u c h  less a g r e e m e n t  on  the  p r i m a r y  
cause  o f  A1 toxici ty .  Indeed ,  A1 m a y ,  a n d  p r o b a b l y  does ,  
affect m a n y  ce l lu la r  func t ions .  A n  u n d e r s t a n d i n g  of  t he  
tox ic  effects o f  A1 has  been  h a m p e r e d  by the  c o m p l e x i t y  of  
cell  types  a n d  d e v e l o p m e n t a l  s tages  in the  r o o t  apex  whe re  
tox ic i ty  b e c o m e s  man i fe s t  ( R y a n  et al. 1993). R o o t  ha i r  
g r o w t h  has  a l so  been  s h o w n  to  be  i n h i b i t e d  by  e x p o s u r e  
to  A1, t hus  p r o v i d i n g  a s imp le r  s ingle-cel l  sys t em for  
e x a m i n i n g  A1 tox ic i ty  effects. 

The re fo re ,  the  a i m  of  this p a p e r  is to  ident i fy  a n d  
q u a n t i f y  H § C a  2§ a n d  K § ion  f luxes a l o n g  g r o w i n g  
L i m n o b i u m  s to lon i f e rum r o o t  hairs .  Seconda r i l y ,  we h o p e  
to  assess the  p o t e n t i a l  ro le  of  these  f luxes in d i r ec t ing  
p o l a r i z e d  t ip  g r o w t h .  F ina l ly ,  we h o p e  to c lar i fy  s o m e  of  
the  c o n t r o v e r s y  s u r r o u n d i n g  the  causes  o f  A1 tox ic i ty  in 
plants .  

Materials and methods 

Growth conditions and solutions. An aquatic pondweed, Limnobium 
stoloniferum, was grown in the greenhouse in large plastic containers 
containing 10 L of water overlying 10 cm of potting soil. Fourteen 
days prior to experimentation, small plantlets (with approximately 
four leaves) were excised and removed from the containers, washed, 
and all existing roots excised to allow regeneration of clean roots. 
The plantlets were then floated in black polypropylene containers 
containing 2 L of a complete nutrient solution. Concentrations of 
macronutrients (mM) in the nutrient solution were: Ca(NO3) 2, 0.5; 
NH4H2PO 4, 0.1; MgSO 4, 0.1; KC1, 0.1; whilst micronutrient con- 
centrations (~tM) were: HaBO 4, 12.5; MnSO4, 1; ZnSO4, 1; CuSO 4, 
0.5; H2MoO4, 0.1; NiSO 4, 0.1 and Fe(III) EDTA, 20. Nutrient 
solutions were changed every 5 d and excess roots and stolon growth 
removed where necessary. On the evening before the experiment, 
plantlets were transferred to a solution containing 0.2 mM CaCI 2 
(pH 5.8). On the day of the experiment, individual plantlets were 
placed in 14-cm-diameter Petri dishes containing 60 mL of 0.2 mM 
CaC12 (pH 4.5) for 2-3 h before making growth or nutrient-flux 
measurements. 

Measurement o f  root hair 9rowth. Individual roots (8 10 cm long) of 
the Limnobium plantlets were attached to the base of the Petri dishes 
using Plexiglas blocks smeared with silicone grease. A notch was cut 
into one side of the Plexiglas block so that each block could straddle 
the root without causing injury. Indeed, root hairs trapped by the 
block continued streaming and grew to a limited extent throughout 
the experiment period. Growth rates of individual root hairs was 
determined every 20-30 rain using an eye-piece micrometer ( • 200 
magnification). All measurements of root hair length were made in 
80 mL of a solution containing 200 laM CaC12, 100 laM KC1 (pH 4.5) 
+ 20 ~tM A1C13. Estimates of free A13 + activities in the root-bathing 

solutions were made using G E O G H E M  Version 2.0 (Parker et al. 
1995). 

Measurement of  root hair K +, H + and Ca 2+ fluxes with vibratin 9 
ion-selective microelectrodes. Measurements of ion fluxes in the un- 
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stirred layer at the root-solution interface were made using vibrating 
microelectrodes containing ion sensor for the particular ion in 
question. Borosilicate glass capillaries were made using a two-stage 
pull with a Flaming/Brown MicroPippette Puller to a tip diameter 
of 2-6 ~tm, baked (200 ~ 24 h), silanized with tributylchlorosilane 
(200~ 30 min), cooled and stored under vacuum until required. 
Microelectrodes were backfilled with either 100 mM KC1, 
40 mM KH2PO4/15 mM NaC1 or 100 mM CaC12 for K § H § and 
Ca 2 + microelectrodes, respectively. A small column of ion sensor, 
2(~80 ktm in length, (Fluka Chemical Company; K § # 60031; H +, 
#95291; Ca 2+, #21048) was then introduced into the tip of the 
electrode and the backfilling buffer reduced to a column length of 
10 mm. Electrical contact was made between the electrode and 
the head stage by introducing a Ag: AgClz wire into the back of 
the microelectrode until the wire was immersed in the backfilling 
buffer. 

Microelectrodes were calibrated in either KC1 or CaCI z (10, 100 
and 1000~tM) for K § and Ca 2§ microelectrodes or in 10mM 
2-(N-morpholino)ethanesulfonic acid (Mes)-Tris buffer solutions 
(pH 4, 5.0 and 6.0) for H § electrodes. If a Nernstian response was 
observed (95% of electrodes tested) the microelectrode was lowered 
into a Petri dish containing a Limnobium plantlet which was at- 
tached to the base of the Petri plate as described previously. The 
microelectrode was then moved to a distance 30 pan from the root 
hair surface using a series of stepper motors. Microelectrodes were 
vibrated over a distance of 30 p.m (K § and H +) or 50 ~tm (Ca2+), 
from the root hair surface at a frequency of 0.3 Hz and angle of 90 ~ 
to the root surface. Measurement of the ion concentration difference 
between the two vibrating extremes (e.g. 30 and 80 ~m from the root 
hair surface for Ca 2+) allowed the net ion fluxes to be calculated 
using Fick's first law of diffusion, assuming planar diffusion at the 
root hair tip and cylindrical diffusion for all other root hair locations 
(Kochian et al. 1992; Ryan and Kochian 1993). Further details of 
electrode construction, preparation and an explanation of the data- 
acquisition process can be found in Huang et al. (1992), Kochian et 
al. (1992), Kiihtreiber and Jaffe (1990) and Smith et al. (1994). All flux 
experiments were performed at 24 ~ _ 2 ~ 

Influence of At 3+ on Ca 2+, K + and H + fluxes. Net ion fluxes were 
measured on growing root hairs 600 1000 txm in length at positions 
of 0, 100, 250, 400, 550 and 700 grn back from the root hair tip. In the 
K +-, H +- and Ca 2 +-flux experiments, ion fluxes were measured in 
a background solution of 100 I-tM KC1 and 200 JaM CaCI z adjusted 
to pH 4.5 with 0.1 M HCI. Flux measurements were serially made at 
each of the root hair locations over 1- to 2-rain periods and the 
procedure repeated three times over a period of 1 h. The root- 
bathing solution was then removed via vacuum withdrawal and 
replaced with an identical solution containing 20 laM A1CI 3 (free 
A13 + activity ,~ 4 ~M). The roots remained firmly in place during 
this solution interchange. After allowing an equilibration period of 
10 min, ion fluxes were again measured in triplicate at each of the 
root hair locations over a period of 1 h. The original solution 
containing no AI 3 + was then replaced and again ion fluxes measured 
at each of the root hair positions. At the end of the experimental 
period microelectrodes were again placed in the calibration solu- 
tions to confirm the stability of the electrodes over the experimental 
period. In further H +- and Ca 2 § experiments, ionic conditions 
were kept identical to those described above, except that roots were 
kept in the A1C13 solution for up to 4 h, allowing the root hair tips to 
swell in response to the presence of A13 +. 

Calcium and H § fluxes were also mapped within the region of 
the root hair tip at intervals of 10 p.m over a range of 150 lain from 
the root hair tip. An angle of 90 ~ normal to the root hair surface was 
maintained throughout by modifying the vibration angle of the 
microelectrode. 

The presence of AI did not significantly affect the Nernstian 
response of any of the microelectrodes. 

Uncouplin9 of  Ca z + f lux and 9rowth. In order to assess the role of 
Ca 2 + transport in directing root hair growth, Ca 2 + influx into the 
root hair tip was measured in a solution containing 20 IxM CaC12 
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and varying amounts of MgC12 (ranging from 0 to 10 mM) at pH 5.8. 
At each Ca/Mg concentration, ten Ca 2 § measurements were 
made over a l-h period using the Ca 2 § vibrating microelectrode 
set-up described above. The growth rate of root hairs was deter- 
mined every 10 min during the experimental period. 

Uncoupling o f  Ca 2 + f lux  and A13 + rhizotoxicity.  In order to assess 
the involvement of Ca 2 + transport in the inhibition of root hair 
growth by AI 3 +, Ca ~- + uptake into the root hair tip was determined 
in a root-bathing solution containing 20 laM CaCI2 and 100 ~tM 
KC1 _ 2 laM A1C13. Calcium influx was measured over a period of 
1 h, first in a solution containing no A1 and then in a solution 
containing 2/aM A1 (free AI 3 § activity g 1.3 laM). Root hair growth 
rate was also monitored during this period. 

Measurement of membrane potential (Era). An excised Limnobium 
root was placed in a Plexiglas chamber and fastened down with 
Plexiglas blocks as described above. Roots were then allowed to 
equilibrate in the chamber for 30 min in 200 laM CaC12 (pH 4.5). 
Root hair Em values were measured using single-barrelled 3 M KC1 
(pH 2.0) filled borosilicate microelectrodes (tip diameter = 0.5 ~tm) 
impaled close to the root hair tip using a hydraulically driven 
Narashige micromanipulator. After continuously measuring 
Em over a period of 20 min, the root-bathing solution was slowly 
replaced with a 200 rtM CaC12 solution containing 20 pM A1C13 (pH 
4.5) and Em further monitored over a 30-min period. This was then 
again replaced with a 200/aM CaC1 z solution containing no A1C13 
and Em monitored over time. Confirmation of the validity of the 
measurement was made by adding a 200pM CaC1 z (pH 
4.5) _+ 100 pM KCI solution to the chamber in order to obtain 
a K+-induced Em depolarization and repolarization (upon removal 
of K+). 

Involvement of Ca z + in the integrity of the root hair tip. To assess 
whether the presence of Ca z + in solution was necessary for root hair 
integrity, plantlets were changed from an initial solution (0.2 mM 
CaC12, pH 4.5) into solutions containing CaC12 (0.2 mM, pH 4.5) 
and either KC1 (0.2 mM), MgC12 (2 raM), EGTA (2 mM) or AIC13 
(0.2 mM). After 20 rain the plantlets were then transferred to pH 4.5 
solutions containing either KC1, MgCI=, EGTA, A1CI3 or deionized 
water/HCl containing no Ca / +. The integrity of the root hairs was 
monitored throughout at a magnification of x 100. 

Resul ts  

Measurement  o f  root hair growth. Pre l imina ry  measure-  
ments  of roo t  ha i r  g rowth  m a d e  in a so lu t ion  conta in ing  
a range  of  A1C13 concen t ra t ions  ind ica ted  tha t  roo t  hair  
g rowth  ra te  was negat ively  cor re la ted  with external  A13 + 
concen t ra t ion ,  with a comple te  inh ib i t ion  of g rowth  ob- 
served at concen t ra t ions  > 2 0  p M  (Fig. 1). I t  mus t  be 
noted ,  however ,  tha t  the cri t ical  A13 + concen t ra t ion  which 
causes a comple te  inh ib i t ion  of  g rowth  is highly depen-  
dent  on the  A1/ca t ion  ra t io  in so lu t ion  and  the t ime of 
con tac t  be tween the roo t  hair  and  Al 3 +. In con t ras t  to the 
roo t  hairs,  g rowth  of  the ma in  roo t  axis was not  inhibi ted 
at  concen t ra t ions  < 20 taM indica t ing  tha t  r oo t  hairs  are 
highly sensit ive to A13 +. F u r t h e r  cha rac te r i za t ion  of roo t  
hair  g rowth  at  external  A1 a + concen t ra t ions  of 20 p M  
ind ica ted  tha t  the cessa t ion  of  roo t  hair  g rowth  occurred  
wi thin  30 min  of the add i t i on  of  A1 a + to the roo t -ba th ing  
m e d i u m  (Fig. 2). Again,  this  is in con t ras t  to roo t  apices 
where  s t rong  inh ib i t ion  of  roo t  growth  occurs  after 
a n u m b e r  of  hours  of exposure  to A1 (Ryan et al. 1993). 
U p o n  r emova l  of  A13 + f rom the r o o t - b a t h i n g  solut ion,  
roo t  ha i r  g rowth  a lmos t  in s t an taneous ly  began  aga in  at  
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Fig. 1. Growth response of Limnobium root hairs over a 30-rain 
period in different external concentrations of A1CI3 at an external 
pH of 4.5 and in presence of 200 laM CaCI 2. All data points are 
expressed as mean 4- SE 
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Fig. 2. Time course showing inhibition of Limnobium root hair 
growth after addition of exogenous A1CI 3 (20 pM; pH 4.5) to the 
root-bathing medium. All data points are expressed as means 4- SE 

growth  rates lower than  those measured  under  con t ro l  
condi t ions  On ly  after > 5 h fol lowing the remova l  of 
A13 + from the roo t  ba th ing  so lu t ion  was the  growth  ra te  
res tored to that  observed before the add i t i on  of  A1. Cyto-  
p lasmic  s t reaming  in the roo t  hairs  was ma in t a ined  
t h roughou t  the exper imenta l  period.  

Localization o f  H +, K + and C a  2 + f luxes  along root hairs. 
Ion  fluxes were m a p p e d  a long growing (800 pm in length; 
< 1 d old) and  non-growing  (3000 gm in length; > 4 d 

old) roo t  hairs  using non-invasive,  v ibra t ing  ion-select ive 
microelectrodes .  As can be seen from Fig. 3 for g rowing  
roo t  hairs,  K + influx was measured  at  all pos i t ions  a long 
the roo t  hair  with the magn i tude  of the flux appea r ing  
s imilar  a t  all locat ions.  This is c o m p a r e d  with Ca 2 + fluxes 
where influx was only observed within a zone 0 - 1 0 0  pm 
from the roo t  hair  tip. All o ther  areas  of the roo t  hair  had  
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Fig. 3A-D. Diagram illustrating the 
magnitude of ionic fluxes (K § H § and 
Ca 2 +) around growing Limnobium root 
hairs made using non-invasive, ion- 
selective vibrating microelectrodes. 
Arrows directed towards the root hair 
denote influx whilst those directed away 
denote efflux. Panel D shows a close-up 
of the Ca 2 + fluxes around a tip of 
a growing root hair. Background solute 
concentrations were CaC12, 200 ~tM, KC1 
100 p.M adjusted to pH 4.5 using HC1 

small Ca 2 + fluxes which often oscillated around a net zero 
flux. In contrast, proton effiux was seen along the entire 
root hair except for the root hair tip, where a net proton 
influx was observed. Only in one root hair, from 15 
examined, was proton efflux from the tip observed. In 
older non-growing root hairs, Ca 2 + influx at the root hair 
tip was not apparent,  indicating that the large Ca 2 + influx 
at the tip of growing root hairs may be integrally linked 
with the growth process. The pattern of H + fluxes in older 
root hairs was also markedly different from those ob- 
served in growing root hairs as a net H § influx 
(0.61 __+ 0.07 p m o l . c m  -2 -s -1) was seen over 90% of the 
root hair length. Fluxes of K + were not examined in older 
root hairs. All measured ionic fluxes were within the range 
0 -4  pmol.  c m -  2. s -  1 

Detailed mapping of the Ca 2 + fluxes around the root 
hair tip indicated that the influx of calcium was highly 
localized to the tip, with Ca 2 § influx steadily decreasing 
with distance away from the site of growth (Fig. 3D). This 
is in agreement with results presented by Schiefelbein et al. 
(1992). A similar pattern of ion fluxes was also observed 
for H + influx into the root hair tip. 

Effect o f  Al  3+ on root hair ion f luxes.  Inclusion of 20 pM 
A13§ in the root-bathing solution did not significantly 
affect either the magnitude or spatial pattern of K + influx 
along the root hair (Fig. 4). It was estimated from analysis 
of homogenized root tissue that the internal root K + con- 
centration was ~95  mM. It  can be expected therefore 
from thermodynamic predictions (where the Em is 
- 185 mV) that K + uptake into root hairs can potentially 

utilize both high-(thermodynamically active) and low- 
affinity (passive) K +-transport  systems. 

In contrast, the presence of A13 § in the root-bathing 
solution significantly altered the pattern and magnitude of 
Ca 2 + fluxes along the root hair, resulting in a near com- 
plete inhibition of Ca 2 + influx at all root hair locations 
(Fig. 5). After removal of AI 3+ from the root-bathing 
solution, the rate of Ca 2 + influx at the root hair tip was 
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Fig. 4. Effect of exogenously applied A1 (20 gM) on K § influx into 
growing Limnobium root hairs. Measurements of K § flux were 
initially made from a 100 laM KC1 solution at four root hair loca- 
tions over a period of 1 h (left-hand column). The root bathing 
solution was then replaced wth a 100 txM KC1 solution containing 
20 laM A1C13 and again K § fluxes measured at each of the root hair 
locations (center column). Finally, the A1 was washed away from the 
root hair and K § fluxes again measured (right-hand column). All 
columns represent influx of K § into the root hair. Data are 
means + SE 

again restored very rapidly to that observed before the 
addition of AI 3+, suggesting that AI a + is acting at the 
outer face of the root hair plasma membrane.  

As with K § fluxes, the immediate addition of AI to the 
root bathing medium did not significantly affect H + fluxes 
at any of the root hair locations over short periods of time 
(data not presented). Over longer periods of time, how- 
ever, an apparent  increase in H + influx was seen at the 
root hair tip which increased with time (Fig. 6). This 
stimulation of H § influx correlated with a swelling at the 
root hair tip (Fig. 7), which eventually resulted in the 
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Fig. 5. Effect of exogenously applied AI (20 IxM) on Ca 2 + fluxes 
around growing Limnobium root hairs. Measurements of Ca 2 § flux 
were initially made from a 200 I-tM CaC12 solution at six root hair 
locations over a period of l h (left-hand column). The root bathing 
solution was then replaced wth a 200 ~tM CaCI2 solution containing 
20 ~tM AICI3 and again Ca 2+ fluxes measured at each of the root 
hair locations (center column). Finally, the A1 was washed away from 
the root hair and Ca 2 § fluxes again measured (right-hand column). 
Columns above the zero line denote influx whilst those beneath 
represent efflux. Data are means + SE 
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Fig. 6. Effect of exogenously applied AI (20 txM) on H § fluxes 
around growing Limnobium root hairs at two locations (0 and 
550/am back from the hair tip). Measurements of H § flux were made 
in a solution containing 100 I~M CaC12, 100 laM KC1 + 20 ~tM 
A1CI3 adjusted to pH 4.5 with HC1. Points above the zero line 
denote influx whilst those below denote efflux. Deformation changes 
in root hair appearance after the addition of A1 are also shown at the 
top of the figure. All points are means _+ SE 

burs t ing  of the root  hair  and  a loss of cellular contents.  No  
morphologica l  or H + flux changes were seen at any  other 
of the root  hair  locat ions (Fig. 6.). 

Uncoupling of Ca 2 + flux and growth. In  order  to investi- 
gate whether  root  hair  growth rate was regulated by the 
magn i tude  of the Ca 2 + flux into the root  hair  tip, Ca z + 

Fig. 7A, B. Photograph showing (A) normal Limnobium root hairs, 
and (B) root hairs exposed to aluminum (20 ~tM) for 6 h. The tip of 
the non-invasive vibrating microelectrode can be seen in A. The 
scale bar in the right-hand corner of both photographs represents 
a distance of 200 ~-n 

influx was inhibited by increasing concentra t ions  of Mg 2 + 
in the bathing solut ion and root  hair  growth was simulta- 
neously monitored.  The results shown in Fig. 8 show that 
as expected, increasing Mg z+ concentra t ions  significantly 
reduced the flux of Ca / + into the root  hair  tip. In  agree- 
ment  with results presented by H u a n g  et al. (1994), root  
cell p l a sma-membrane  Ca z + channels  appeared to have 
a high selectivity for Ca 2 +, as 50% inhibi t ion  of Ca 2 + 
influx could only be achieved when Mg z+ was present at 
concentra t ions  tenfold higher than that of Ca z +. Despite 
a 90% inhibi t ion of the root hair  Ca 2+ flux by 5 m M  
Mg z+, the rate of root  hair  growth did not  significantly 
change, clearly indicat ing that the magni tude  of the Ca 2 + 
flux does not  directly determine growth rate. At elevated 
Mg 2+ levels (20 mM) Ca 2 + influx was totally abolished. 
This zero Ca 2 + influx was accompanied by a complete 
cessation in growth and an accumula t ion  of cellular com- 
ponents  and  vesicles at the root hair  tip, leading even- 
tually to a gelling of the cytoplasm or burs t ing of the root  
hair. 

Uncoupling of Ca z + flux and Al3 + rhizotoxicity. In  order 
to assess whether Al3+-induced inhibi t ion of root  hair  
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Fig. 8. Uncoupling of the root hair growth rate from the magnitude 
of the Ca 2 § influx into the apex of growing Limnobium root hairs. 
The Ca 2 § flux into the root hair was modified by the addition of 
various levels of Mg 2+ (0-20 mM) to the root bathing solution 
which contained 100 laM KC1, 200 ~tM CaCI2 at pH 5.8. All points 
are means ___ SE 

growth  was solely due to b lockage  of  Ca  2 § influx, lower  
Ca/A1 concen t ra t ions  (20 ~tM Ca 2 § and  2 IxM A13 +) were 
used as this c o m b i n a t i o n  was also found  to inhibi t  roo t  
growth.  M o n i t o r i n g  of  Ca  2 § fluxes at  the  roo t  ha i r  t ip 
before the app l i ca t ion  of  A13 + ind ica ted  tha t  Ca  2 § influx 
was relat ively s table  (0.45 + 0.02 p m o l . c m -  2 . s -  1) over  an 
ini t ial  80-min pe r iod  (Fig. 9). After  the app l i ca t ion  of  
A13 +, up take  of  Ca  2 § was immedia t e ly  reduced;  however ,  
r oo t  ha i r  g rowth  d id  not  cease comple te ly  for up to 1 h 
after A13+ exposure.  D u r i n g  the fol lowing 3 h in A13§ 
Ca 2 + influx g radua l ly  recovered  to a level c o m p a r a b l e  to 
tha t  observed  before the  add i t i on  of  A13§ N o  growth  
occur red  dur ing  this final 2 h. The  m o r p h o l o g i c a l  changes  
in the roo t  ha i r  t ip induced  by  AI 3 § exposure  over  the 
course of  this exper iment  were s imilar  to those  shown 
in Fig. 6. 
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Fig. 9. Magnitude of the Ca 2 + influx into Limnobium root hairs tips 
after exposure to low levels of A1 (2 ~tM). A complete inhibition of 
growth occurred after 1 h of exposure to AI; however, Ca 2 § influx 
into the tip recovered during this period, indicating that blockage of 
Ca 2 + channels by A1 is not the only site of A1 toxicity. The back- 
ground solution contained 20 p.M CaC12 and 100 p.M KC1 at pH 4.5. 
A representative trace of only one experiment is shown here 

Influence o f  Al  exposure on root hair membrane potential 
(Era). Roo t  ha i r  cells had  a mean  Em of  - 185 mV (range 
- 175 to - 230 mV) which remained  s table  t h r o u g h o u t  

the exper imenta l  period.  The  presence of  A13+ had  no  
affect on Em (da ta  no t  presented).  A d d i t i o n  of  K + to the 
ba th ing  so lu t ion  induced  a depo l a r i za t i on  of  the Em to 

- 135 mV, however ,  this d id  not  affect the  g rowth  ra te  of  
r oo t  hairs.  

Involvement of  Ca 2 + in the integrity of  root hair tips. As 
the presence of A13+ in so lu t ion  often resul ted in the 
swelling (and occas iona l  burs t ing  after long exposure)  of  
the t ips of  young  growing  roo t  hairs ,  the invo lvement  of  
Ca  2 + in roo t  ha i r  in tegr i ty  was invest igated.  The  results  
of t ransferr ing roo t s  f rom so lu t ions  con ta in ing  Ca 2+ 
(200 laM, p H  4.5), in to  so lu t ions  con ta in ing  ei ther  a mix-  
ture of  ca t ions  or  in to  so lu t ions  con ta in ing  no Ca z + are  
shown in Table  1. The  results  c lear ly  indica te  tha t  at  low 
pH,  Ca 2 + is requi red  to ma in t a in  the in tegr i ty  of roo t  ha i r  
tips. O n  t ransferra l  of  roo t s  to so lu t ions  con ta in ing  zero 
Ca  2 +, r oo t  hairs  burs t  a lmos t  ins tan taneous ly ,  with burs t -  
ing a lways  occurr ing  wi thin  50 lam of  the roo t  ha i r  tip. 

Table 1. Effect of the presence and absence of calcium in the external root bathing solution on the integrity and growth of Limnobium root 
hairs. All solutions were adjusted to pH 4.5 with HC1. Bursting was only observed at root hair tips 

Solution composition Root hair Root hair Time to burst 
(laM) growth tip bursting (min) 

Ca K Mg EGTA A1 

200 Yes No 
200 200 Yes No 
200 200 2000 Yes No 
200 200 2000 No Yes 
200 200 No No 

0 No Yes 
0 200 No Yes 
0 200 2000 No Yes 
0 200 2000 No Yes 
0 200 No No 

<1 

<1  
10 

<1 
<1 
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Surprisingly, it was found that A1C13 could substitute for 
Ca 2 +, in that inclusion of A13 + in a Ca 2 +-free solution 
prevented the bursting of root hairs, thus maintaining tip 
integrity. As blebbing of the plasmalemma was not seen 
when the root tips burst (as occurs during cell wall disin- 
tegration; Taylor and Brownlee 1992), we speculate that 
loss of plasma-membrane integrity (and not cell wall in- 
tegrity) was occurring. Non-growing root hairs and epi- 
dermal cells were never seen to swell or burst in response 
to low Ca 2 + or to long exposure to A13 + 

Discussion 

The results presented here, clearly indicate that root hairs 
are capable of ion uptake, with the spatial and temporal 
pattern of uptake dependent on the particular ion in 
question. This is further supported by work of 
Toulemonde and Kochian (unpublished data) which 
showed an influx of NO3 along the entire length of 
tomato root hairs, using vibrating NO3-sensitive 
microelectrodes. The magnitude of the H +, Ca 2+ and 
K + fluxes observed here in Limnobium root hairs 
(0-4 pmol . cm-2 . s -  1) are similar to those observed at the 
root surface of Limnobium, maize and wheat roots 
(0-25 pmol.cm-2"s -1, Ryan et al. 1993; Kochian et al. 
1992), indicating that root hairs do not possess heightened 
levels of transport activity at least under solution culture 
conditions. 

An influx of protons (or efflux of OH -/organic anions) 
was seen in > 9 0 %  of the tips of growing root hairs in 
agreement with results presented for the root apices of 
many plant species (Miller and Gow 1989). Despite the 
fact that this H + influx could result in the formation of 
a transcellular electric field, there is still little evidence in 
plants that this H + influx is actually involved in tip 
growth and not simply a response to tip growth or en- 
hanced metabolic activity in this region (e.g. loss of 
cytosolic solution during fusion of vesicles to the plasma 
membrane or efflux of CO2). It has been postulated that 
a reduced H+-ATPase activity in this newly formed re- 
gion may be causing the apparent H + influx; however, 
there are no data to support this (Harold and Caldwell 
1990). It is possible that H + influx at the tip produces 
a localized voltage gradient which may help to redis- 
tribute plasmalemma channel proteins (e.g. Ca 2+) to the 
growing tip region (Nuccitelli 1983). Hopefully, immuno- 
localization of ATPases and Ca 2 +-channel proteins may 
help to finally answer this controversial topic. Alterna- 
tively, the localized proton influx may be involved in the 
generation of a cytosolic pH gradient along the root hair 
similar to that recently observed in PeIvetia embryos 
(gradient of 0.3 pH units tip to base; Gibbon and Kropf  
1994). Although cytosolic acidification has been shown to 
be associated with increased cytosolic free Ca 2 + in Zea 
mays root hairs (drop of 0.3 pH units associated with an 
increase in cytosolic Ca 2+ from ~ 100 nM to 130 nM; 
Felle 1988) the changes are small and are probably of little 
consequence. It is more likely that pH domains in the 
cytosol can regulate growth-related cellular processes 
such as microtubule assembly which is known to be highly 
pH dependent (Tiwari and Suprenant 1994). 
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It has been postulated that localized Ca 2 + influx and 
an associated intracellular Ca 2 + gradient are prerequisites 
for tip growth (see, for example, Picton and Steer 1983; 
Pierson et al. 1994). The observation that removal of Ca 2 + 
from the root-bathing solution affects tip growth is not 
compelling evidence for this, since Ca 2 + is obviously re- 
quired for normal cell function and the removal of most 
macronutrients will inhibit growth over a period of days. 
As yet, the only evidence presented to suggest that Ca 2 + 
influx and a subsequent Ca 2+ gradient are required for 
growth, and not simply a symptom of growth (i.e. Ca / + 
required for new cytosol), is that microinjection of 1,2- 
bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid 
(BAPTA) buffers, which abolishes internal Ca 2+ gradi- 
ents, also prevents growth and inhibits tip-localized Ca 2 + 
influx (Miller et al. 1992; Pierson et al. 1994). However, 
injected Ca 2+ buffers such as BAPTA may also inhibit 
other cellular processes, including blockage of in- 
ositol(1,4,5)triphosphate (IP3) receptors (Combettes and 
Champeil 1994), making the conclusions drawn from such 
studies more difficult to interpret. Although it is clear from 
Fig. 8 that the magnitude of the Ca 2 + flux into the root 
hair tip does not control growth rate, the fact that growth 
stopped when Ca 2 + influx was completely abolished, may 
indicate that a nominal Ca 2 + flux is required for growth. 
Further, observations made in our laboratory on root hair 
proliferation in wheat suggest that hairs often only form 
after root exposure to the air, where reserves of external 
calcium are almost negligible. 

If it is considered in quantitative terms, the net Ca 2 + 
flux at growing root hair tips (0.8 pmol .cm-2.s-1;  Fig. 8) 
can be estimated to be 7.4 fmol Ca z+. t ip-1 .min-1  as- 
suming a tip surface area of 15 400 rtm 2 and that all Ca 2 + 
influx occurs within 35 ~tm from the apex. If the back- 
ground cytoplasmic free-Ca z + concentration is assumed 
to be in the range of 170 nM (Miller et al. 1992), and the 
tip volume where Ca 2+ influx is occurring to be 
1.8x 105~tm 3, then the amount of background free 
Ca 2+ contained within the tip is 0.031fmol" tip -1 
This estimate of tip Ca 2+ content is almost certainly 
higher than the actual value, as the cytosolic volume 
is overestimated in this calculation due to a lack of 
consideration of the volume of endomembrane-enclosed 
compartments (e.g. vacuole and vesicles). Therefore, 
at least 240 times more Ca 2+ enters the tip every 
minute than exists normally. Thus it can be expected 
that Ca 2+ concentrations in the unstirred layer of 
cytoplasm close to the plasma membrane will be extreme- 
ly high compared with those existing in the bulk cyto- 
plasm which is both mixed by rapid cytoplasmic 
streaming (starts 30~tm back from tip at a rate of 
~240 ~tm.min -1) and is regulated by Ca 2+ influx into 
cellular organelles. As suggested by calculations made 
here, and as stated by Miller et al. (1992) and Pierson et al. 
(1994) for pollen tubes, estimates of Ca 2 + concentrations 
at the terminal end of tip-growing cells made with fluor- 
escent dyes may underestimate the actual values due to 
technical limitations. 

It has been clearly shown that vesicle fusion is often 
enhanced in the presence of high calcium (Zorec and 
Tester 1992; Wollheim and Lang 1994) indicating that 
calcium influx at the root hair tip may provide a Ca 2 + 
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'hot spot' for vesicle fusion. However, the situation is 
possibly more complex in that other authors have identi- 
fied a myriad of cytoplasmic factors and proteins which 
are also required for fusion, many of which are Ca 2 + 
dependent (Gomperts 1990; Creutz 1992; White 1992). 
Thus, Ca 2 + may directly or indirectly mediate membrane 
fusion. To further complicate this situation, in some 
cases, cytosolic Ca 2+ appears to have no role in vesicle 
fusion. For  example, Knoll et al. (1993), Fray et al. 
(1987) and White (1992) have demonstrated that in some 
animal systems, no Ca 2+ influx is required for vesicle 
fusion. 

Probably, Ca 2 + is entering the cell via voltage-gated 
Ca 2+ channels (Huang et al. 1994), but the significance 
of this flux in directing hair growth is still far from clear. 
It is known that microtubule disassembly can be stimu- 
lated by high cytoplasmic [Ca 2 +] due to Ca 2 +-activated 
proteases ( > 100 [aM; Kiehart 1981). Influx may therefore 
allow both unhindered vesicle passage to the plasma 
membrane and also temporally inhibit microtubule as- 
sembly. This is further supported by immunoflourescence 
studies of Limnobium root hairs which show a random 
array of microtubules at the hair tip which become pro- 
gressively more ordered with distance from the fusion site 
(Emons 1987). Thus, the Ca 2 + gradient per se may not be 
important in determining growth but there may be an 
obligatory requirement for high Ca 2+ at the internal 
membrane face, with the gradient just a symptom of 
cytosolic regulation and diffusion away from the fusion 
site. 

That  the presence of Ca 2 + at the external face of the 
membrane is needed for tip growth was clearly demon- 
strated here, as removal of Ca 2 + from the external face by 
either addition of EGTA or by washing with other cations 
resulted in rapid bursting of root hairs (Table 1). As 
bursting was only seen at the tips of growing root hairs, it 
suggests that a nominal amount  of external Ca 2 + is re- 
quired to mediate and stabilize vesicle fusion, probably 
through the stabilization of phospholipid bonds between 
newly fused vesicles (Deleers et al. 1986). Additionally, 
external Ca 2+ may be needed at the tip for proper 
formation of new cell wall material. The fact that Ca z + 
could effectively be replaced by A13 +, which is known to 
significantly increase membrane rigidity (Vierstra and 
Haug 1978), supports this hypothesis. A recent study 
by Przybylski et al. (1994) in chick embryo pectoral 
muscle also showed that external Ca 2+ concentrations 
_> 200 [aM were required on the external face of the mem- 

brane in order to promote normal rates of vesicle fusion, 
whilst studies in Paramecium by Plattner et al. (1985) 
and Kerboeuf and Cohen (1990) indicated that external 
Ca 2 + concentrations >0.3 IxM were required to stimulate 
fusion. 

With regards to aluminum toxicity in roots, it is clear 
from these studies with non-dividing cells that A13 + can 
inhibit cell growth by blocking elongation. The mecha- 
nism through which A13+ is acting, however, is still 
unclear. It can be expected that at high external A13+ 
concentrations, blockage of the voltage-gated Ca 2 + chan- 
nels will prevent Ca 2 + uptake and thereby dissipate the 
cytoplasmic Ca 2§ gradient which may be important in 
influencing vesicle fusion and microtubule structure. The 
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fact that A13 + applied at low concentrations permits Ca 2 + 
influx to proceed, but prevents cell elongation, indicates 
that growth inhibition is not caused solely by inhibition of 
Ca 2 + influx and the associated cytoplasmic Ca 2 + gradi- 
ent. The swelling of the root hair tips following exposure 
to low levels of A13 + (2 [aM) is visually identical to swelling 
of root hairs exposed to chemical agents that disrupt 
microtubule structure suggesting, quite speculatively, that 
A13 +-mediated microtubule depolymerization may be in- 
volved in growth inhibition. 

Evidence now suggests that A13 + can enter cells within 
minutes (Lazof et al. 1994; Kochian 1995); however, the 
subsequent chemical changes that A13 + undergoes after 
entering a high-pH environment such as the cytosol can 
only be speculated upon. From chemical equilibria studies 
considering inorganic salts only, it would be expected that 
AI 3 +, if that is indeed the form which enters the cell, would 
immediately precipitate to AI(OH)3 leaving very low levels 
of free AI 3 + in solution ( < 10-lo M). In reality, however, 
A13+ will probably become chelated to organic ligands 
such as citrate which are present in the cytoplasm at high 
concentrations and have been shown to readily chelate 
AI 3+ in blood serum (Van Ginkel et al. 1990). Studies 
using carcimoma cells suggests that lactate-bound A1, 
which is stable at pH 7.4, allows the reaction of AI 3 + with 
internal membranes to occur, thus changing the Ca 2 +- 
transport properties of the cell (Anghileri 1992). This po- 
tential reaction of cytosolic organically bound-A13 + with 
internal plant membranes and Ca 2 + stores in plants re- 
quires further investigation. It is also possible that A1 in 
the cytoplasm may irreversibly bind to critical sites in 
proteins, thus disrupting functionality of these proteins. 
The most likely candidates for disruption include protein 
kinases and components of the phosphoinositide (IP3) 
pathway (Biffen and Hanke 1990; Shi et al. 1993). It had 
been speculated that A13 +/calmodulin interactions could 
be important in A1 toxicity (Siegel and Haug 1983), but 
this has been shown more recently to be of little conse- 
quence (You and Nelson 1991). Further sites of internal 
disruption may also include interactions between com- 
pounds containing exposed -P O 4  groups and A13+ 
(Deleers et al. 1986). 

Despite recent evidence by Gassman and Schroeder 
(1994) suggesting that A13 + toxicity may be due to block- 
age of K + channels, evidence presented here clearly sug- 
gests that roots can bypass the need for K + channels 
through the operation of a high-affinity transport system. 
It is likely that K +-channel blockage forms a very minor 
component of A1 phytotoxicity. 

The field of A1 phytotoxicity is awash with theories 
for the cause and site of toxicity. The fact that A13+ 
appears to be able to mimic to some extent Ca 2+, 
which appears to be involved in most cellular events 
at some level, clearly complicates the issue. Evidence 
presented here indicates that A13 + is acting at multiple 
levels (i.e. by blockage of Ca 2+ channels at higher 
[A13 +] and possibly by interacting with microtubule as- 
sembly at low I-A13 +]), clearly suggesting that there is no 
exclusive answer to the nature of A1 toxicity and that the 
higher the external A13+ concentration and longer the 
exposure, the greater the number of cellular functions 
affected. 
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