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Hypothesis 

Mechanisms of auxin-induced plant cell elongation 
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An alternative to the wall acidification theory of auxin-induced elongation growth is presented. A central 
effect of auxin is postulated to be cytoplasmic acidification, possibly via an increase in the levels of 
cytoplasmic Ca”. Activation of the outwardly directed electrogenic proton pump resulting from 
acidification would lead to changes in A# and transmembrane ion gradients. We argue that these changes, 

rather than wall acidification, are involved in elongation growth. 
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1. INTRODUCTION 

Auxins such as indoleacetic acid (MA) 
dramatically stimulate cell elongation in seedling 
stems and coleoptile tissue. It has been proposed 
that the primary effect of the hormone is stimula- 
tion of an outwardly directed proton pump in the 
plasma membrane of target cells [ 1,2]. The conse- 
quent acidification of the cell wall would loosen it 
either by direct breakage of acid-labile cell wall 
bonds or by activation of a wall-loosening en- 
zyme(s) located in the cell wall. As predicted by the 
theory, cell wall acidification is stimulated by aux- 
in [3-71 and growth may be stimulated in auxin- 
responsive tissue by acid solutions [&lo]. 
However, other results (see later) indicate that wall 
acidification is unlikely to be a factor in long-term 
responses to auxin, although it may contribute to 
the initial response [l 11. 

We suggest that the primary effect of auxins is 
to lower the cytoplasmic pH. Here we examine the 
ways in which this may be brought about and the 
consequences which could lead to elongation 
growth. Experimental results related to these 
points are briefly discussed and a working 
hypothesis presented. 
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2. GENERAL CONSIDERATIONS 

2.1. Mechanisms by which auxin may induce 
cytoplasmic acidt>cation 

2.1 .l. Effects on cellular metabolism 
Protons will be generated in the cytoplasm from 

several sources under aerobic conditions. These in- 
clude CO2/H2C03, Citric CyCk acids and protein 
synthesis [12]. Hence, auxin could influence these 
proton sources by as yet unknown mechanisms. 

2.1.2. Release of acids from organelles 
Auxin might increase the permeability of the 

tonoplast or of mitochondria to acids and protons. 

2.1.3. Increase in cytoplasmic-free Ca2+ levels 
Binding of auxin to its specific receptors on the 

plasma membrane or ER could lead to release or 
uptake, respectively, of Ca2+ into the cytoplasm. 
Mitochondria would take up this Ca2+ and eject 
protons into the cytoplasm. 

2.2. Consequences of cytoplasmic acidification 
leading to elongation growth 

2.2.1. Stimulation of the electrogenic proton 
pump 
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Provision of additional substrate (protons) will 
stimulate the outwardly directed proton pump. 
Possible consequences will be: 
(i) An increase in Hf ~on~entration in the cell 

wall; 
(ii) Hyperpolarization of the plasma membrane; 
(iii) Effects on metabolism via a feedback loop. 

is added to plant cells it leads to a redistribution of 
intracellular Ca2’ [22]. Fluphenazine only inhibits 
V&-induced growth after a long lag phase [ 141, so 
calmodulin is apparently not directly involved. 
(Calcium ions appear to inhibit the biochemical 
wall-loosening process, but only at very high con- 
centrations [23] .) 

2.2.2. Effects of protons independent of the pump 3.3. rn~ons~stencies of the wall acidification 
stimulation hypothesis 

Such as changes in membranes permeability and 
modulation of metabolism (e.g., via enzyme 
activities). 

3. EXPERIMENTAL 

3.1. Cytoplasmic pH and growth 
1-Naphthyl acetate, which is rapidly taken up by 

cells and hydrolyzed to 1-naphthol and acetic acid, 
can be used to generate intracellular acid and will 
induce growth [13]. Raising the c~oplasmic pH 
with weak bases (e.g., procaine) inhibits auxin- 
induced elongation of maize coleoptiles [ 141. Using 
spectroscopic probes generated in situ to measure 
pH, we found that IAA rapidly lowers the 
cytoplasmic pH of coleoptile cells (paper in 
preparation). 

3.2. Mechanisms of cytopiasmic acidification 

If auxin increases H+ concentration in the 
cytoplasm, the proton pump will be stimulated and 
cell wall pH fall in accordance with the wall- 
acidification hypothesis. (There is no evidence that 
auxin directly activates the pump.) Unfo~unately, 
no straightforward correlation between proton ef- 
flux and growth has been found [13,58]. Although 
acid buffers do stimulate elongation, this is only a 
short-term effect. Moreover, there is evidence that 
IAA does not stimulate growth by the same 
rn~h~isrn as acid [24]. Different buffers exhibit 
different pH optima for growth induction 123. We 
suspect they may permeate the cells and acidify the 
cytoplasm, the different pH optima reflecting dif- 
ferent permeabilities. Owing to the polyanionic 
nature of plant walls the local pH is in any case low 
(pH 3-5) and is strongly dependent on organic 
phosphate concentration in the outer bulk phase 
[25-271. 

Auxin receptors have been reported associated 
with the plasma membrane, ER and tonoplast [ 151. 
While the plasma membrane receptors may be in- 
volved in auxin transport into the cell, auxin- 
binding to tonoplasts may change the permeability 
of vacuoles. In animal cells, increasing the 
cytoplasmic Ca2+ concentration provides a mech- 
anism for cytoplasmic acidification since the Ca2+ 
is taken up by mitochondria and protons are 
released [ 16- 191. Cytological evidence suggests the 
ER may act as a calcium sequestering organelle in 
plants [20]. In oat coleoptiles calcium is also 
associated with the cell wall in close proximity to 
the plasma membrane [21]. It is tempting to sug- 
gest that by binding to its receptors auxin 
stimulates uptake of extracellular Cat+ and release 
of Ca2+ from ER. Evidence for Ca” involvement 
is still meagre (and contradictory), although we 
found EGTA and compounds which block Ca2+ 
channels (Co’+, La3+) do inhibit auxin-induced 
growth [14]. Although impermeant, when EGTA 

When coleoptiles are incubated in alkaline buf- 
fer containing Na+, the carboxylic ionophore 
monensin leads to acidification of the cell wall. 
Under the same conditions wall acidification by 
IAA is less, but IAA induces growth whereas 
monensin does not (paper in preparation). This 
suggests proton excretion must occur via the pump 
for growth to occur. In neutral buffer, monensin 
transports protons into the cytoplasm, stimulates 
the pump and induces growth i[14]. 

3.4. Changes in membrane electrical potential and 
ion gradients induced by activation of the 
proton pump 

Decreased cytoplasmic pH, by accelerating the 
pump and thus driving current through the mem- 
brane, would be expected to produce membrane 
hyperpolarization. Hyperpolarization of animal 
cell plasma membranes may be associated with the 
primary mode of action of glycoprotein hormones 
(e.g., thyrotropin), certain toxins and interferon 
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[28-321. Effector-receptor binding must either in- 
crease the permeability of the membrane to anions 
or decrease its permeability to cations. Hyper- 
polarization [33-351, but also depolarization [36], 
in response to IAA has been reported. The fungal 
toxin fusicoccin hyperpolarizes plant cells, pro- 
bably by directly activating the proton pump, and 
induces growth in many plant tissues [37,38]. 

Some processes are known to be modulated by 
A$ where it apparently exerts an effect indepen- 
dent of any obvious function in which it serves as 
a driving force for transport or synthetic reactions 
(see [39]). Alterations in A+ would affect bilayer 
fluidity [40] (and hence enzyme activity [41]), 
polarity and distribution of lipids and conforma- 
tion and positioning of proteins in the bilayer [39]. 
A transmembrane A+ is required for cellulose syn- 
thesis in intact Acetobucter xylinum cells [39] and 
by cotton fiber membrane vesicles [42], whereas 
maintenance of ApH is not essential. The rate of 
cellulose synthesis could be regulated by A#, 
possibly by activating the enzyme complex or by its 
influence on the excretion of newly-synthesized 
microfibrils through membrane pores [39]. 

Changes in A$ can also lead to changes in 
transmembrane ion gradients which are postulated 
to serve as an alternative to CAMP as a second 
messenger in bacterial, fungal and animal cells 
(reviewed in [43]). 

Cytoplasmic pH must be controlled within nar- 
row limits, requiring constant removal of protons. 
Although the electrogenic proton pump in 
eukaryotic non-animal cells is believed to be in- 
volved, its stimulation alone will have little net ef- 
fect on cytoplasmic pH because it would simply 
lead to the return of an increased number of pro- 
tons (see [44] for reasons). In Neurospora this 
dilemma is overcome by the induction of an in- 
creased leak to non-protons (not K+, but possibly 
organic anions), allowing the pump to accomplish 
net H+ ejection [44]. It would be elegant if auxins 
made use of such a mechanism so that by lowering 
the cytoplasmic pH they change the ion 
permeability of the plasma membrane. Such 
changes in transmembrane gradients would con- 
stitute the second messenger referred to above and 
could influence processes such as protein synthesis 
and gene transcription [5 l-541. (Although fusicoc- 
tin causes a large, rapid stimulation of K+ uptake 
in oat coleoptile cells, auxin increases K+ uptake 

only slightly after a long lag (see Cleland and 
Lomax in [50]).) 

Induction of plant growth by electric fields is a 
long-known phenomenon [46,47], and exposure of 
coleoptiles to short periods of electric current 
stimulates elongation at a rate equivalent to IAA 
[14]. Changes in ion fluxes across the cell mem- 
brane may be involved as suggested for the 
stimulus of bone cell growth by weak magnetic 
fields [48]. The rapidly generated, bidirectionally 
transmitted signal evoked by wounding in mature 
plant tissues, which induces polysome formation, 
probably consists of changes in membrane poten- 
tial and ion fluxes [49]. Local changes in the cell 
wall ion concentration may also be important in 
growth since they can regulate the activity of wall 
enzymes [25-271. 

The proton pump is intimately involved in a 
variety of metabolic processes and there is evidence 
of a feedback loop between metabolism and the 
pump in Nitefla [55]. Similarly, inhibition of the 
pump by vanadate did not allow H+ producing 
processes to lower the cytoplasmic pH in 
Neurospora, possibly because a signal generated 
by the pump turns off H+ production at the level 
of oxidative phosphorylation [56]. (The signal may 
be related to the fact that the pump is a major con- 
sumer of ATP.) Hence, by activating the pump, 
auxins and fusicoccin may have yet unpredictable 
effects on metabolism. Alkalinisation of the 
cytoplasm, for example, may result in increased 
malic acid formation from CO2 (Haschke and Ltit- 
tge in [SO]). Activation of the proton pump may 
also lead to increased water uptake via elec- 
troosmosis and can increase cell turgor (see Fen- 
som, Zimmerman and Steudle in [SO]). 

Finally, is pump stimulation involved in growth 
at all or does it simply reflect the cytoplasmic 
acidification? It is unclear, for example, whether 
the changes in Neurospora membrane permeability 
are a direct result of decreased intracellular pH or 
related to the increased activity of the pump [45]. 
Auxin-induced growth is inhibited by vanadate 
[57], but since the pump is integrated in 
metabolism this result is difficult to interpret. 

4. WORKING HYPOTHESIS 

The central effect of auxins in inducing exten- 
sion growth in plant cells is to lower the 
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cytoplasmic pH. This may occur via effects on 
metabolism or the release of acids/protons from 
the vacuole and endoplasmic reticulum. However, 
we postulate that auxins bind to their receptors on 
the endoplasmic reticulum and plasma membrane 
and induce an increase in the cytoplasmic levels of 
free Ca’+. This Ca2+ is taken up by mitochondria 
which secrete protons into the cytoplasm. The ex- 
ternally directed proton pump is then stimulated 
by the lowered cytoplasmic pH. Although some 
wall acidification will result and may be involved 
in the initial growth response, we propose that con- 
tinuous elongation growth depends on changes in 
A$ and transmembrane ion gradients. The former 
would lead to changes in membrane structure af- 
fecting such parameters as permeability and en- 
zyme activity; the latter would act as a second 
messenger and influence processes such as secre- 
tion, protein synthesis and gene transcription. 

Other auxin effects, for example on cell division 
and differentiation, may involve additional 
mechanisms which might also participate in long- 
term elongation growth. The interaction between 
different hormones makes such mechanisms dif- 
ficult to disentangle, although regulation of 
cytoplasmic Ca2+ levels by auxin could be 
involved. 
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