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4 Using water and nutrients (cell growth) 
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The almost infinite variety of vegetable forms, which have been 
grouped into no less than 82,606 distinct species, is formed 
of but one elementary material, made up of multitudes of lit-
tle vesicles or bladders, called CELLS. The tissue of which 
they are composed, when first formed, is called cellulose, The 
different forms of this TISSUE are held together by a living 
mucus, a gummy fluid, out of which the tissue itself is made. 
(C. Bd/tn Pl4nts, 1/u Edrth and Minttals, mid-nintlttnth Cmtuiy) 

A sequence of •upedmposed 
images captures the dower column 
of• ttigger plant (Styliclium cnwi-
foBum) as it 'fires' in respoDle tO a 
physical stimulus (in nature, an 
insect). A 1 cm colum11 rotate1 
through more than 2011° &om a 
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(photographs taken at 2 ms iatu-
vals). The kinetic energy manifest-
od in this upld firing Is derived 

Jiom events conuoBed at a mem-
brane levels. Ions transported into 
specialised ceUs cauae hydrostatic 
(Nrgor) preuare to develop which 
is suddenly dissipated following 
mec.haDical •timulation. Similar 
rapid movemoentS occur in 
mimosa (sensitive plant) and some 
caraivorous plants 
(81Utd on Findl•y a11d FinJ/ay t 97S, •ttJ 
rtproduwJ with ptmtission) 

CASE STUDY 4.2 A perspective on plants: significance of 
cell walls 
4.3.3 

4.3.4 

Application of water relations equations to 
growing cells 
Cell wall properties: detenninanu of growth 
rate 

4.3.5 How rapidly do cell walls respond to changes 
in.P? 

4.3.6 Biochemical processes in walls of growing 
cells 

Further reading 



Introduction 

Plant cells commonly expand 100 times on the way to attain-
ing final form. Such spectacular change is the basis of prima-
ry growth, including cell expansion, organ formation or bio-
mass accwnulation at a plant conununity level. Events at a sin-
gle cell level must be perfectly coordinated for plants to 
achieve functional and repeatable structures. Up to 18 000 
cells are recruited from a root meristem each hour, and most 
of these cells undergo various degrees of expansion over the 
hours following division.What events bear on a cell emerging 
from a meristem or embryo as it undergoes expansive 
growth? 

Cells emerging from a seed embyro, shoot apical meristem, 
lateral cambium of a tree or a root apex all encounter differ-
ent fates. Therefore, the dynamics of cell expansion must reflect 
the characteristics of each tissue what will differentiate from 
these cell lines. For example, longitudinal versus radial expan-
sion rates of cells giving rise to layers of epidermis and cortex 
in a coleoptile a.re sharply contrasting, resulting in long, slen-
der epidermal cells and thicker, shorter cortical cells. In spite of 
their distinct morphological fates, growth is perfectly coordi-
nated between adjacent cell files to produce a slim, straight 
coleoptile. On the other hand, differential rates of epidermal 
and cortical cell expansion in developing leaves result in large 
intercellular spaces developing in the spongy mesophyll 
(Section 1.2). 

Transition from near-spherical, small cells (about 1 pL) 
arising fiom recent cell divisions to enlarged vacuolated and 
generally elongated cells of a mature plant is therefore subject 
to genetic and environmental constraints. These constraints 
manifest themselves in cell expansion through variations in (1) 
rate of expansion and (2) direction of growth (cell shape and 
polarity). The genome of each cell sets a progr.muned pattern 
of growth which is modulated by environmental factors. For 
example, formation of a floral part proceeds by expansive 
growth of new organs coordiiuted within a tight develop-
mental fumework encoded by homeotic genes. In contrast, the 
exceptional thickening ofleaves in response to C02 enrichment 
and salinity is achieved by envirorunent signals modifying 
growth at a cellular level. 

Cell expansion requires maintenance of disequilibria at 
cell level: ions must be imported, water must fiow along free 
energy gradients and cell wall bonds must yield ro turgor 
pressure. Cells must therefore use energy-yielding pathways 
and membnne-bound compartments to acquire ions at the 
correct osmotic and nutritional levels (Sections 4.1 and 4.2), 
regulate water inflow and stretch their walls (Section 4.3). 

Maintenance of electrical and chemical gradients made possi-
ble by active (energised) transport across membranes. 
Dispersing the free energy stored in dectro-chemical gradients 
is controlled largely through channels located in membranes. 
Transport mechanisms for ion and water uptake will be di.s-
~ed in Section 4.1 and Section 4.2 will describe experi-
mental approaches which are leading to a rapid expansion in 
our knowledge of membrane transport. Finally, the universal-
ly important process of cell-wall yielding will be discussed in 
Section 4.3, showing how resource acquisition and cell 
enlargement are coordinated. 

4.1 Membrane transport and 
ion balance 

4.1.1 Osmotic engines for plant 
function 

Plants move, and when viewed at different organisational lev-
els, such movement ranges from cellular (opening and dosing 
of stomata) to whole organs (opening and closing of a flower). 
Growth can also be considered a directed movement, enabling 
roots to obtain nutrients (Chapter 3) and leaves to absorb light 
(Section 1.2). Growth is possible through coordination of 
solute and water transport at a membrane level, sustaining 
resource supply for biosynthesis and generating turgor pres-
sure. Time scales of cell and organ movement can be stagger-
ingly fast (thousandths of a second) or so slow that they can 
only be visualised over days with time-lapse photography. 

One vital outcome of solute movement is a hydrostatic p~ure 
difference between the inside and outside of plant cells, termed 
turgor pressure (P. Section 4.3).This substantial pressure (com-
monly O.S--0.8 atmospheres) is exerted through a 5-10 nm 
thick plasma membrane appressed against a cell wall. Structural 
integrity of both plasma membranes and cell walls are vital to 
withstand P but these matrices are also modified during 
changes in cell shape or volume. For example, cell walls relax, 
stretch and rigidify and new membranes are synthesised as cells 
grow. Cell movements might occur independently of those of 
their neighbours, such as the fu1e, turgor-driven movements of 
guard cells in a stomata! complex, or cooperatively, such as 
roots lifting a hefty concrete overburden (Section 16.1). 

Ultimately, osmosis generates the hydrostatic gradients to 
sustain these processes. Osmotic fluxes in plants are based on 
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proteins which catalyse solute and water transport; these pro-
teins are embedded in membranes like components on an 
electronic circuit board. In this section we explore the mem-
brane circuit boaro, the function of components and the 
physical principles by which they are governed. 

4.1.2 Transport of molecules across 
cell membranes 
(a) Diffusion and selectivity 
Transport proteins play a critical part in solute movement 
because membranes constitute a barrier to free diffusion of 
molecules. If membranes allowed rapid diffi.tsion of both ions 
and water, gradients of ions would be slight and osmotic pres-
sure could only be achieved with enonnous energy con-
sumption. Instead, some molecules, such as water and gases, 
move rapidly across membranes. Unrestricted movement of 
water relative to solutes is the basis of osmosis, and in plants 
the generation of P. Similarly, if the movement of C02 and 
0 2 to and from the sites of photosynthesis and respiration 
were substantially impeded, steep concentration gradients 
would reduce the efficiency of these vital processes. The prin-
ciples of dij/Usion and selectivity, which are used to describe dif-
ferential rates of molecular movement, provide a physical 
rationale for osmosis. 

In a homogeneous medium, net movement of molecules 
down their concentration gradient is described by Fick's First 
Law of diffusion. The molecule and medium may be a solute 
in water, a gas in air or a molecule within the lipid bilayer; a 
version of this equation describing water movement in soil 
appeared in Section 3.2. Fick's Law holds when the medium 
is homogeneous in all respects except for the concentration of 
the molecule. If there was an electric field or a pressure gra-
dient then Fick's Law may not be appropriate (Section 
4.1.2(b)). Considering the case of a solute(s} in water, say, 
sugar, Fick's Law states that net movement of this solute, also 
called the net flux aJ. is proportional to the concentration 
gradient of the solute fiC/ fix: 

], = -D 11C, 
s ·~ 

(4.1) 

The diffusion coefficient (DJ is a constant of proportionality 
between Bux,],, and concentration gradient (mol m-3 m-1), 

where solute concentration (CJ varies over a distance (~). 
Flux is measured as moles of solute crossing a unit area per 
unit time (mol m-2 s-1), so D, has units m2 s-1• D, has a unique 
value for a particular solute in water which would be quite 
different fiom the diffusion coefficient for the same solute in 
another medium, for example the oily interior of a lipid 
membrane. 

When we consider diffusion of a molecule across a mem-
brane from one solution to another, Fick's Law can be applied 
to each phase (solution I-membrane-solution 2). However, 

flux across the membrane also depends on the ability of the 
molecule to cross boundaries (i.e. to partition) from solution 
into the hydrophobic membrane and then from the mem-
brane back into solution.Another difficulty is that the thickness 
of membranes is relatively undefined and we need to know 
this for Fick's equation above (~).The two solutions might 
differ in pressure and voltage and these can change steeply 
across a membrane; however, if for simplicity we consider a 
neutral solute at low concentration, these factors are not rel-
evant (see below for charged molecules). A practical quanti-
tative description of the flux of neutral molecules across 
membranes uses an expression intuitively related to Fick's· Law 
stating that flux across a membrane Os) of a neutral molecule 
is proportional to the difference in concentration (ACJ: 

(4.2) 

The constant of proportionality in this case is the penneability 
coefficient (PJ,expressed in m s-1 .When f's is large, solutes will 
diffuse rapidly across a membrane under a given concentration 
gradient. Ps embodies several factors: partitioning between 
solution and membrane, membrane thickness and diffusion 
coefficient of the solute in the membrane. It can be used to 
compare different membranes and to compare treatments that 
might alter the ability of a solute to move across the mem-
brane. Note that Equation 4.2 assumes that the membrane lim-
its the rate of solute flux and that concentration gradients leading 
to diffi.tsion in solutions adjacent to the membrane will not be 
significant. If the two solutions are stirred rapidly then this will 
help to justify this assumption (Figure 4.1). However, there is 
always an unstirred layer adjacent to the membrane through 
which diffusion occurs, and for molecules that can permeate 
the membrane very rapidl, the unstirred layer can he a prob-
lem for the correct measurement of permeability. 

Ps di1fers markedly for different molecules passing through 
lipid-based membranes. Permeabilities can differ by eight or:ders 
of magnitude (Figure 4.2), reftecting the selectivity of native 
lipid bilayers. Differences in membrane permeabilities between 
molecules are much larger than differences in diffusion 
coefficients in free solution, the latter depending on the size 
of molecules rather than membrane properties. Callander (1954) 
showed that partitioning between water and oil phases (expressed 
as partition coefficient) was a determining factor for membrane 
permeability (Figure 4.3). Charged molecules and large polar 
molecules do not easily partition into the oily membrane while 
some polar molecules such as water, methanol and urea perme-
ate faster than predicted fiom their partition coefficients. This 
indicates that there are special pathways for the movement of 
these small molecules other than through the lipid phase. A 
comparison of artificial lipid membranes with biological mem-
branes supports this notion because it shows that many molecules 
and ions permeate biological membranes much faster than 
would be predicted on the basis of oil solubility and size 
(Figure 4.2). For these solutes there are transport proteins in 
biological membranes that increase solute penneability. 
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figme 4. t Concenaation profile• acrofs a plant cell wall and membrane 
when 1oluus diffine &om outalde into the cytoplum. Imposed concmtn• 
tion gndienu will always be greater than gradienb driving diffiuion aerou 
the lipid membrane. Unstirred layers Immediately adjacent to the cell wall, 
in the wall and in cytoplasm will result In measuremrnb of permeability 
coellieients being underestimates of their uue wlue for the membrane. 
Corrections can be made, for example by meuuring solute diailaion across 
the wall without a membrane present and lhen subtracting wdl efl'ecu 
(Based on Hope and Walker 1975) 
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Figure <f.:Z The range of permeability co.Bicieuts for vuioua ions, solutes 
and 'Miter in both plant membranu (ban) and artiliclaJ phocpboliplda 
(urowi). Note that the penneabllity oflom as they crou membranes ls blgb· 
er than that through a lipid bilayer, especially for potassium, indicating the 
pretence of spedalised permeation mechanians in plant membranes. Water 
permeabilities are high in both membrane• but caa range over an order of 
magnitude in plant membranes. This wriability may be pardally accounted 
for by the activity of aquapodm. 
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Figure -4.1 Correlation between the permeability of a range of non-elec-
trolytes 1n living cells of Chara cenlophylbi and their abDlty to partition 
&om water into oil (• high wlue of parddon coetlicitot means that the 
aolate easily eaten cite oil; note the log scale). The diameter of the dn:lei are 
indicative of the size of the molec:ule 
(Bued on Nystrom (1973); with pcnni~ion trom Pnmoce-Hall) 

Section 4.3 describes how ll.P (the difference in pressure 
across the membrane and wall) in a plant cell is equivalent to 
the osmotic pressure difference (Ili - Il.J across the membrane 
when there is no water ftow: 

(4.3) 

Where i = inside and o = outside. This is the case only if a 
membrane is ideally semipermeable, that is water penneabili-
ty is much larger than solute penneability. The degree of 
semipenneability that a membrane shows for a particular 
solute is measured as the reflection coefficient (G). 

G = 1 _ Solute permeability 
Water permeability 

(4.4) 

The reflection coefficient usually ranges between zero and 
one. Some substances such as mercuric chloride decrease water 
permeability of plant membranes so much (Section 4.1.J(a)) 
that G becomes negative. Close consideration of P in the pres-
ence of different solutes (Figure 4.4) reinforces the impor-
tance of O' for osmosis. Using a pressure probe (Figure 4.Sa) 
to measure P, the membrane is found to be ideally semiper-
meable for sucrose (O' = 1 ); that is, the membrane almost total-
ly 'reflects' sucrose. Over long periods, sucrose is taken up 
slowly but penneability relative to water is negligible. In this 
case, the change in p would be equivalent to the change in n 
(Figure 4.4, sucrose). If <1 is near zero, then water and the 
solute (say, propanol) are equivalent in terms of permeability. 
No change in P can be generated across a cell wall if <1 is zero 
(Figure 4.4). If c:1 is negative, this leads to the intriguing situ-
ation where P changes in the opposite way to that which we 
normally expect. 
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Figure •.4 'l\ugor preuure (P) ia a 'lhdescanth virginiana epidermal cell 
a.s a funccion of lime after the ell'.teraal osmodc preuure was changed with 
ditrereat teat solute•. Measurements were made with a pre9Sure probe (see 
figure 4.Sa).The inicial decrease ia Pis du• to water ftow ont of the cell aad 
is larger for solutes with a ndectioa coefficient near one (sucrose and urea). 
Propanol induces no drop in P, ind.lcadng that its rellection coefficient ·;, 
zuo. Subseqnenr locrease In P is due to penetration of particular aolutes auch 
a.s alcohol act0$S the cell membrane. Water 4ows osmotically with the solute 
thereby increasing P to Its original value. Removing solute& revmes osmot-
ic elrectt. That Is, a decrease in P follows the inicial inflow of water u solntes 
(e.g. alcohols) cllfl'use out of cells 
(Tycnnan and Stcudlc 1982) 

(a) Pressure probe 

Glass microcapillary 
inserted in cell 

Pressure 
transducer Metal plunger Remote-controlled 

motor and gear box 

Oil-6lled Seals Micrometer screw 
f capillary 

Figure 4.5 Techniques employing fine glass <:apillarles to probe plant cella. 
GJas1 <:apWaries are heated and pulled to • fiue point with an opening u 
small a.s 1 mm. (a) A mlttlacarlsed prmure probe. All oil-filled capillary b 
inserted into a cell whose targor preSllU'e (P) is transmitted throogb the oil 
to a miniature preuure tnmducer. The voltage output of the tt&'19docer, 
which is proportional to P, can be read ofi' on a computer or chart recorder. 
A metal pluager acting aa a pistoa can be uaed via remote conaol to vuy 
cell P. (It) A probe for measoring membnne voltagt>. The capillary is 61led 
with 1 mot L-1 KC1 and connected to a silwr/•ilwr chloride electrode that 
acts as an inrerface between solucion voltage and Input to the amplifier. A 
voltage is alW11y1 meaaured with respect to a reference (in this caae, a bath 
electrode). The headstage ampWier Is cloJe to the eleccrodea to mialmise 
noile. 

For plant and animal cells, most major osmotic solutes have 
a G of about one so Equation 4.3 can be presented without <r 
as a variable. However, CJ could be important when highly 
permeable solutes like ethanol, urea and ammonia reach sign-
ificant levels, for example when membranes of waterlogged 
plants are exposed to ethanol and anunonia. 

(b) Chemical potential 
Diffi.tsion of neutral molecules at low concentrations is driven 
by differences in concentrations across membranes (Section 
4.1.2(a)).There are other forces that may influence solute dif-
fusion, including the voltage gradient when considering move-
ment of charged molecules (ions) and the hydrostatic pressure 
when considering movement of highly concentrated molecules 
(such as water in solutions). These forces can be added to give 
the total potential energy of a particular molecule relative to 
a reference value: 

Total potential = Reference potential + 
Concentration + Electrical + Pressure 

Gravitational potential energy could also be added to this 
equation if we were to examine the total potential over a sub-
stantial height difference, but for movement of molecules 
across membranes this is not relevant. The fonnal relationship 
for the chemical potential of a molecule j (uj}, measured as 
energy content per mole Goules mol-1) and using the same 
order of tenns as the expression above, is: 

(4.5) 

The concentration term is a measure of the effect on chemical 
potential of the concentration (actually the activity which is 
usually somewhat less than total concentration). The gas con-
stant, R (8.3143 joules mol-1 K-1), and absolute temperature, 
T (equaJs 273.15 plus temperature in degrees Celsius, expressed 
in degrees Kelvin), account for the effects of temperature on 
chemical potential. Incidentally. fiom this tenn and the pressure 
term, the well-known van 't Hoff relation can be derived for 
osmotic pressure: Il = RTC. 

The electrical term is a measure of the effect of voltage (E) 
on chemical potential. The charge on a solute (z) is obvious-
ly relevant since if it was zero this term would not contribute 
to the total potential. The sign also detennines whether an ion 
is repelled or attracted by a particular voltage. Electrical 
charge and concentration are related by the Faraday constant 
(F) which is 96 490 coulombs mol-1• The electrical and con-
centration tenns form the basis of the Nernst equation (see 
below). 

The pressure term measures the effect ofhydrostatic pressure 
on chemical potential, where P = pressure and VS, is the par-
tial molar volume of the solute. 

Molecules diffuse across a membrane down a chemical 
potential gradient, that is, fiom higher to lower chemical 
potential. Diffi.tsion continues until the difference in chemical 



potential equals zero, when equilibrium is reached. The direc-
tion of a chemical potential gradient relative to transport of a 
molecule across that membrane is important because it indi-
cates whether energy is or is not added to make tnnsport pro-
ceed (Figure 4.6). Osmotic 'engines' must actively pump 
solutes against a chemical potential gradient across membranes 
to generate P in a cell. Sometimes ions move against a con-
centration gradient even when the flux is entirely passive (no 
energy input) because the voltage term dominates the con-
centration term in Equation 4.5. In this case, ions flow accord-
ing to gradients in electrical and total chemical potential. For 
this reason, the chemical potential of ions is best referred to as 
the electrochemical potential. 

t 
Conccntr..tion I 

I ____ 1 ____ _ 
.l \ I , 

Ek-·I 
! 
t 

Concen1ncion 
I 

I 

, I 
£[ 

____ J __ _ 
I 

=r-1:-~~·=--__ .... __ 
Outside Inside 

Fil'!" .f.6 ruu1tntion of how a"ClricaJ aJJd CODCenttat:ion IUms CODll'ibute 
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iato cells and muat be pumped oat (halCMd anow) whettas chloride 1enda 
to leak ou1 •nd m111t be p11mped kl 10 be accounulated. 

(c) Ions, charge and membrane voltages 
Ions such as potassium and chloride (K+ and c11 are often 
major osmotic solutes in plant cells. In fact, deficiency of 
either of these two inorganic nutrients can increase a plant's 
susceptibility to wilting. In addition, most other inorganic 
nutrients are acquired as ions and some major organic metabo-
lites involved in photosynthesis and nitrogen fixation bear a 
charge at physiological pH. For example, malic acid is a four-
carbon organic acid that dissociates to the divalent malate 
anion at neutral pH. Besides the role in generation of P, ionic 

USING WATER. AND NUTRIENTS (CELL GROWTH) u 
fluxes and the associated electrical effects of these fluxes are 
components of signalling in plants. Calcium (Ca2+) fluxes 
across cell membranes are involved in cell signalling and 
although not osmotically significant they play a crucial role in 
the way cells communicate and self-regulate. Finally, some ions 
are used to store energy but need not occur at osmotically 
significant concentrations. Cell membranes from all kingdoms 
use hydrogen (H+) ions (protons} in one way or another to 
store energy chat can be used to move other ions or to manu-
facture ATP (Section t .3). The highest concentration of H+ 
that occurs is only a few millimoles per litre yet H+ plays a 
central role in energy metabolism. Other ions such as sodium 
(Na+) can also be used to store energy in plant cells (see the 
discussion of'secondary active transport' below). 

To understand ion movement across membranes, two crucial 
points must be understood: (1) ionic fluxes alter and at the 
same time are determined by voltage across the membrane; 
(2) in all solutions bounded by cell membranes, the number 
of negative charges is balanced by the number of positive 
charges. Membrane potential is attributable to a minute amount 
of charge imbalance that occurs on membrane surfaces. So at 
constant membrane potential the flux of positive ions across a 
membrane must balance the flux of negative ions. Most bio-
logical membranes have a capacitance of about 1 micro Farad per 
cm-2 which means that to alter membrane voltage by 0.1 V, 
the membrane need only acquire or lose about 1 pmol of uni-
valent ion cm2 of membrane. A univalent ion is one with a 
single positive (e.g. K~ or negative (e.g. Cl) atomic charge. 
In a plant cell of about 650 pL, this represents a change in 
charge averaged over the entire cell volume of12 nmol L-1! 

The membrane voltage or membrane potential difference, 
as it is sometimes called, can be measured by inserting a fine 
capillary electrode into a plant cell (Figure 4.Sb). Membrane 
voltage is measured with respect to .solution bathing the cell 
and in most plant cells the voltage is negative across the plas-
ma membrane. Tlut is, the cytoplasm has a charge of -0.1 to 
-0.3 V (-100 to -300 mV) at steady state with occasional 
transients that may give the membrane a positive voltage. The 
tonoplast membrane that surrounds the central vacuole is 
generally 20 to 40 mV more positive than the cytoplasm (still 
negative with respect to the outside medium). 

Cell membnne voltages can be affected by ion pumps, dif-
fusion potential and fixed charges on either side of the mem-
brane. 

Special mention needs to be made of one such fixed charge 
which arises from galacturonic acid residues in cell walls. Al-
though cations move to neutralise this fixed negative change, 
there is still a net negative potential associated with cell walls 
(Donnan potential). In spice of being external to the plasma 
membrane, the Donnan potential is in series with it and prob-
ably adds to what we measure as the membrane potential with 
electrodes. 

Most charge on macromolecules in the cytoplasm is also 
negative (e.g. nucleic acids, proteins) and because of their size 
it can be reganied as a fixed negative charge. This has osmot-

u 

'(• ..... 



120 

c 

r 

r 

PU.~ IN ACTION 

ic consequences. Macromolecules and their balancing cations 
result in a relatively high osmotic pressure (up to 200 mM L-1 

in total solutes) that results in inflow of water by osmosis and 
generation of P in most freshwater environments. In animal 
cells, where a cell wall is not present, body fluids must be reg-
ulated so that cell membranes do not rupture. For wall-Jess 
eukaryotes living in fresh water, a considerable amount of 
energy is expended in excreting water, for example by con-
tractile vacuoles (see Case study 4. 1). Walled eukaryotes have 
the luxury of letting water enter the protoplasm by osmosis 
where P is developed rather than the cell expanding until it 
ruptures. 

Different ions have different permeabilities in membranes. 
Potassium, for example, is usually the most permeable ion, 
entering under most conditions about 10 to 100 times faster 
than c1- (Figure 4.2). Since ions diffuse at d.iff'erent rates across 
membranes, a slight charge imbalance occurs and gives rise to 
a membrane voltage (Figure 4.7) . This voltage in turn slows 
down movement of the rapidly moving ion so that the 
counter-ion catches up. The result is that when net charge 
balance is achieved, a diffusion potential has developed that is 
a function of the permeabilities (PioJ of all diffusible ions pre-
sent and concentrations of each ion in each compartment. 
The Goldman equation describes this phenomenon and gives 
the membrane voltage (.6.E) that would develop due to diffusion 

(a) 

Diffiision potentials and the Nernst equation 
First instant 

" " c1- ~)l;.:- ci-

E • RT1n IKJo 
K F (K)j 

RT (Ca)o 
Ee, • 2F ln{Ca); 

Ea 9 RT1nca1; 
F [C1)0 

(b) Equilibrium 
+ 

-::+ 
-11+ 

K+ ::+'" K+ 
""- ::+ 

- "+ 
c1-~ er 

58 log 1/150 = -126 mV 

29 log 110.000001 = 174 mV 

58 log 15/1 = 68 mV 

Figure 4. 7 How a dlffii.sion porential dewlaps throup differential move-
ment of an ion .aon a membtll!le,Thls ls achieved here by separating• con-
centnled KCI soludon &om a dlliue KCI solution by using a membrane 
which is pe.-meable to K + but not Cl-. Lotter alzes Indicate concentntlons. 
lniOally (a), • minute amount of K+ croues the membrane along ib con-
centntion gredion1. This K+ movement crulu a positiw chugs in the 
riglt~hand comparanent as K+ coucentntion there rU.. abow Cl- co11cen-
tnlion. At equilibrium (b). a diffiuion potenlial ls utablilhed, re.fleeting 
mowment of charge (u K+) to lhe right-hand chamber. Further lnllow of 
K+ is prevmted. Coace11trati011S aner equalise on both sides because K+ is 
the ollly specie. able to move tluough the membn.ne. Dlll'uslon potentials of 
K+, Cal+ and Cl- in typical plant cell&, calculated using the Net"nst equa-
tion, are shown below. Enerpsed tnnaport must be invoked to explain the 
large disparity between actual membrue po1eatials (normally •round - 100 
mV) and lhe difR11Jon potentials of Cal+ and Cl-. 

of ions. The Goldman equation for the ions that mostly deter-
mine this diffusion potential (K+, Na+ and Cl} is given by: 

AB = RT In PxC~ + PN.C'Na + P0 Cb {4.6) 
F 

The superscripts refer to the inside (i) or outside {o) of the !>( 
membrane and R, T, F and C arc defined elsewhere (Equation 
4.5). N ote that the concentration terms for c1- are reversed 
in the numerator and denominator compared to the cations. 
This is because CJ- is the only anion represented. Many texts 
do not include H+ in the Goldman equation because, in spite 
of high permeability of H +, diffusion of H+ is unlikely to ·have 
a strong effect on /J.E at such low (micromolar) concentrations. 
However, membrane potential is occasionally dominated by 
the diffusion of tt+, indicating that H+ permeability must be 
exceedingly high. This can be seen as alkaline bands on Chara 
corallina (frontispiece to this chapter) and in the leaves of 
aquatic plants at high pH. 

The Nernst equation 
When one ion has a very high permeability compared to all 
other ions in the system the membrane will behave as an ion-
sensitive dearode for that ion (e.g. Figure 4.7).A pH electrode 
which is sensitive to tt+ flux across a glass membrane serves as 
an analogy. In the case of a single ion, the Goldman equation 
can be reduced to the simpler N ernst equation that yields the 
equilibrium membrane potential which would develop for a 
particular concentration gradient across a membrane. 

(4.7) 

where R and Tare the gas constant and temperature {degrees 
Kelvin) and F is the Faraday constant. Typical charges on ions 
(z) would be - 1 (Cl}, +1 (K+) and -2 (divalent anions) and 
so on. This term in the Nernst equation gives the correct sign 
for the calculated membrane potential 

The Nernst equation is routinely used by eleccro-
physiologists to calculate the equilibrium potential for each 
ion. Theoretical equilibrium potentials can then be compared 
with the actual membrane potential in order to decide whether 
the membrane is highly permeable to one particular ion. For 
example, in many plant cells there are K+ channels that open 
under particular circumstances. When this occurs, the mem-
brane becomes highly permeable to K+ and the measured 
membrane potential very nearly equals the Nernst potential 
for K+. The Nemst equation can also be used as a guide in 
deciding whether there is active transport tluough a membrane. 
For example, when the measured membrane potential is more 
negative than the most negative Nernst potential there must 
be active movement of charge across that membrane (Table 4.1). 

Equation 4.7 can be rewritten with constants solved and 
log10 substituted for the natural logarithm. This yields a useful 
form as follows: 

58 Co 
/J.E = -log\O -C z ; (4.8) 
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Table 4.1 Examples of comparisons bttwttr1 Nern.st potentials (EJ and 
recorded membrane voltages. ln most cases an elettrogenic pump is inferred 
from a recorded membrane voltage tl1at is more negative tluin the most 
negative Nernst potential, in these cases for potassium. For Arabidopsis 
(bottom) tl1e .foci t11at the Nernst patential for potassium is mostly more 
negative tlia" the resting membrane potential indicates that potassium 
must be pumped in, probably by a proton symporter 

Cells ~(mV) Membrane Medium 
voltage (mV) (mol m_,) 

Ouira comllino -160 -220 0.1x•. pH7 
&ta ~ulgoris -139 -209 0.6 K+,pH 7.2 
Elodea 4tnso -110 -135 l K+,pH 7.0 
A11e"a -90 -130 1 K+ 
Pisuin -SS -102 10K+ 
Ri«ia jluira11s -106 -200 1 x• 
Arrabidopsis 1110/iano -231 -147 0.01 K+ 

-172 -134 0.1 x• 
-113 -108 1 K+ 

(Data from Findlay and Hope 1976; Maathuis and Sanders 1993) 

showing that 10-fold differences in concentntion across a 
membrane are maintained by a 58 m V charge separation for 
monovalent ions. For example, -sa m V inside a cell will keep 
K+ concentrations 10 times higher inside a cell than in the 
external mediwn and er- concentrations 10 times lower. 

(d) Active and passive transport 
Plant cells acquire solutes and w.lter across their membranes 
(plasma membrane and tonoplast) tluough the combined action 
of passive and active transport. During passive transport, a solute 
moves down its electrochemical potential gradient with no 
expenditure of energy. In active transport a solute moves against 
its electrochemical potential and hence energy input is required. 
The extra energy may be derived from the chemical energy 
released from hydrolysis of ATP or pyrophosphate (PP;, a high-
energy polymer of phosphate) or it may be derived from the 
movement of a cotransported solute or coupled solute down 
its electrochemical gradient. Coupling of downhill movement 
of one solute to uphill movement of another is a common 
feature of membrane transport. 

Both the tonoplast and plasma membrane of plants and 
fungi contain pwnps that move H+ across membranes. These 
pumps use chemical energy from the hydrolysis of ATP or 
PPi. By moving positive charge out of the cytoplasm they 
establish a large membrane voltage (inside negative) and a steep 
pH gradient.The dectrochemical gradient for H+ can be very 
brge, the equivalent of about 400 mV. Bioenergetic analyses 
suggest that the energised proton pump in plasma membranes 
moves one H+ per ATP hydrolysed. 

The H+ gradient established by the primary active H+ pumps 
is then used to drive coupled active movement of other solutes 
across membranes. These coupled transport systems can be 
referred to as ucondary active transport to indicate that they 
rely on a previously established gradient of another ion. There 
are many examples of H+ -coupled transport in plants (Figure 
4.8). One example is the upt3k.e of a c1- ion, which is cou-
pled to the influx of two H+ ions. Chloride must be actively 
transported across the plasma membrane because the mem-

Us11•c WATER AND NUTRIENTS (CELL CJWWTH} 

Cytoplasm 

!!itei!"-'<--<• Na+ 
-->llii~EF--• 1 or 2 = K+ 

-~~~tr--• 2H+ 

-~~~~-· N03-

Net charge transfer = 0 

Net charge transfer"' + 1 

Net charge transfer~ + 2 

Net charge transfer "' + 1 

PlguH .f.8 E.xa.mplet of cotranaport syJrenu in plant membranes. From top 
10 bottom: Sodium (Na+)/protoo andporc occun across both tonoplast and 
plum• membrane. It is requiud to pump Na+ out of the cytoplum, either 
faro vacuoles across the tonoplHt, or aCl'Oll plas.m2 membrane. into the 
external medium (ChaptH 18). SuaoH/procon 1ympor1 occura aero" the 
plum• membrane and tonoplasl of 11JC:rote loading ceUs (Figore S.33). 
Sodiom potauium aymporc. Jr i1 not known at which membrane thiJ trans-
port sysum occurs since it - donl'd &om a getM from whnt and 
e~d in yeas« and Ximopa• oocyta. It might nu an Na+ pdient 10 
accomulate K+ &om low conce.ntraliom (GaumM!I et Ill . 19'6). Nitrate 
(N03-)/proron l)'Tn~Ort n acro11 plasma membranes, particularly of 
roots wh•n it ck l-- 11 from soil. Up to three NOJ- symporter1 
might participate In ptake over a wide range of soil concentrations. 

b=e ~.,,Jly "' much more negative dun the 
equilibriwn potential for c1-. Coupling each CJ- entering the 
cell to the inflow of two H+ ions means that there is a net 
charge ttansfer of +1 into the cell as each c1- enters. This is 
more energetically favourable than zero net charge and 
definitely more favourable than a net negative charge. 
Another example is H+ /sucrose cotransport which is impor-
tant in the process of phloem loading (Chapter 5). 

Secondary active transport in plants is not exclusively dri-
ven by H+. Na+ ion gradients sometimes drive secondary 
transport. This was first discovered in Chara but also occurs in 
some higher plants. A gene has been cloned from wheat roots 
for an Na+-powered K+ mnsporter and when expressed in 
frog oocytcs (see Section 4.1 .3(a)) the transporter uses an 
inwardly directed Na+ gradient to drive uptake of K+. Na+ -
driven transpon may have evolved in plants because under 
alkaline conditions (high external pH), the H+ gradient may 
not be sufficient to drive transport. Such conditions exist in 
seaw.lter which is well buffered at a pH of about 8.3 but con-
t.ains abundant Na+. The discovery of Na+ -driven transport is 
especially interesting because as yet no one has identified 
:l primary Na+ pump in plants. In animal cells, where N a+ 
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Figure 4. 9 Tnnsporl 171tems with high Uld low affinities for tnmportecl 
iom. (a) Sulphale uptake into membrane vesidea by • aulphate/proton 
cotransporter waa measured as a function of external •ulphate concentndon. 
This uanspott system bu a Km of 6.5 pM. (b) Ammonium (NH4+) tn1lsport 
through two dauea of cha11nel permeable to NH4+ was measured as a time• 
don of excental NH4+ concentnlion. One chum!l.Jli(iipt 1how sacuralion 
(sttalght line) while tb<t other did (Km :: 20 mo~ . 
(•) From Hawkesford et al. 1993; from (h) ('fyu.1112D <it al. 1995) 

gradients are generally used in secondary active transport, there 
is a prlinary Na+ pump that pumps three Na+ out and two K+ 
in for every ATP molecule hydrolysed. This pump does not 
seem to exist in plant cells but an Na •-tt+ exchanger (Na+ _H+ 
antiporter) has been shown to occur on the plasma membrane 
and tonoplast of some plants. 

Solute movement across membranes by either active or 
passive processes can be regarded as analogous to an enzymic 
reaction. Transport proteins within membranes act as enzymes, 
catalysing solute transport by lowering the activation enei:gy 
for transport. As with ordinary enzymes, the reaction may be 
coupled to the hydrolysis of ATP or some other high-energy 
molecule or it may proceed (energetically) downhill. The analo-
gy with enzymes is especially useful to calculate affinity of the 
transport protein for its substrate. If we plot the rate of trans-

port versus concentration of substrate being transported, a 
hyperbolic curve is often obtained. Analysis of this 
Michaelis-Menten curve (see Case Study 4.1) reveals an affmity 
constant (K.n) and the maximum transport rate at saturating 
concentrations (equivalent to Vm.J· 

The affinities of both passive and active transport vary 
widely between different transport systems in plants. Values of 
~ can be in the range of micromoles per litre, or less, in 
which case we refer to the transport system as having a high 
affinity for its substrate (Figure 4.9a).Altematively, ~may be 
tens of millimoles per litre in which case it would be referred 
to as a low-affinity transporter (Figure 4. 9b). There is no strict 
discrimination between active and passive transport systems 
on the basis of their affmity for substrates. Passive transporters 
can have high affinities and active transporters low affinities. 
Some transport systems do not saturate even if hundreds of 
millimoles of substrate per litre are present. This has often 
been attributed to transport through a pore in the membrane 
or a channel but there are many examples of channel-mediat-
ed transport that saturate at a few millimoles per litre and 
there is a Ca2+ channel from plant plasma membrane that has 
a ~ in the micromolar range. Finally plants often have mul-
tiple transporters for the same solute, providing a range of 
affmities. This allows transport to proceed efficiently over a 
wide range of external concentrations, as would be encoun-
tered by a root in soil . 

4.1.3 Membrane proteins -
catalysts for transport 

Some proteins involved in solute transport through plant 
membranes have been identifiec;l by patch· clamping and, in a 
few cases, their genes cloned. Ion comparanencation tells us 
that many more await discovery in higher plants. 

(a) Passive transport systems 
Proteins involved in passive transport facilitate non-energised 
flow of solutes and water down their respective energy gradien~. 
Movement of a solute or water through these transport proteins 
is not coupled to movement of any other solute or to release 
of free enei:gy from a metabolite. The proteins that facilitate 
passive transpo~ are diverse; some are specific for particular 
ions and allow high transport rates per protein molecule (ion 
channels), some are specific for water (water channels or 
aquaporins) and some are specific for neutral solutes and may 
have slower transport rates per protein molecule. 

f1.11ter channels or aquaporins 
Some plant and animal membranes have much higher per-
meability to water than can be explained by diffusion rates 
through a lipid bilayer. Furthermore, the activation energy for 
diffusion of water across a plant membrane is lower than 
would be expected across a lipid bilayer, where water has to 
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Pumping orthopbosphate 
My own tcSeareh interest has rentred around two particular 
pumps, one ttlr ~chargc.d sugars (particulady mcrose) and one 
for the anion orthophospbate.They-.represent the extreinc$ of 
what is .required from a pumping system. .Qr all the solutes in 
plant cells, sugm aie typically present in greatest concen-
tntion, and have to be moved from cel1 to cell .in the gieatest 
amount - in enzyme tenns, the sugar pumps :have to have a 
very high V 1nar In conti:ast, an orihophospbate pUJnl' must 
achieve a 10 ()()Q, .. fol.d concentration of a. scuce-i:esoun:e, sim-
il~ to that between the atmosphere anda high: vacuwn cham-
l>er 0£ a freeze-drier. '£h:is Jl'Cq~ a 'high~' 'J>WUP (a 
Nery low I<;J,. Bea.we of its ex.t:mne mtd'te~.r<;ltho~C>Sphate 
:shows -#oµi,e tranSport phen'ooiena 1parti.adarl)ffl wdl :When 
used as a model sy,stem. For example. beetroot Slices that have 
been p~tr:cated by aerating in l. mol' m--:3 caso4 at room 
tempmture fur 24 h can: demonsttate some basic ortho-
phosphate tfllWPOrt features in a three-hour Jaboratory session. 

Inter:prebtion of orthophosphate transport bas, however, 
_presented one problem, in tha.t the uptake rate/ concentration 
curve often &ils to co.nform to the simple 'e~· zclation-
ship of a rcct:1ngular hyperbola (Fi~ 1). Various inter-
pretations have been made, but the lllO$t CQnUnOn is one I 
have been partly responsi'ble for developing, in which we see 
the relationship arising fiom th<e joint operation of two 
enzyme-like orthophosphate. pumps. having distinct kinetic 
character,istics (Figure 2). We call dtes~ the 'hign-affinity' and 
'low-;Ufm.ity' systems, whe.re the 'high-affinity'~ (the one 
that is good at scavenging phosphate from the environment) 
bas a very low ~. around 2-5 µfy1 orthop}i!>,Sphatc; and the 
'low-atfmity' system bas a ~ of ;3QO,;a00 µM oltliophos-
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ph2te. Leading on .fiom this, there bas been a debate about 
whether the ewo systems coexi$t .in the plasrm membrane 
(the view of .B. .Epstein) or whether we are seeing the con-
tr2Sting behaviour of two dllferent membranes in series (plas-
ma membrane and tonoplasti G. Laties), or different cell types 
within the ~erimental material (M. Pitman and others). 
Subsequent rcseazth findings support all three concepts as 
companions nther than competitors.l'he orjgina} two-System 
patterns were probably the product of tWo c.urien located in 
the plasma membrane. However, patch ~non :Provides 
evidence that the tonoplast u well as the plasma membrane 
has a very dfcotive phosplw:e ~orter (Section '4.2). 
Sim.ilady, studies. by mo1eGUlar biologists. pa.1'.ticulad.y with 
Arabillop'sis owtants as a model; conmm t1iC coe,Gstence of 
separately coded 'low-alfuU.cy. and 'high-affinity' otQu>phos-
phate uptake systems; but they also imply additional 
orthophosphate transport systems concerned with unloading 
and redistribution of phosphate around the plant, and w.hioh 
are expressed in speGific t:Usues. In my view, the joint presence 
of a 'low-affinity' and 'high•2ffinity' system allows plants to 
cope widl an extmnely wide iange of orthophosphate con-
centrations. 'l!hough the soil concentration encountei:cd by 
the plasma membrane 0£ root cells is uound 1-5 µM, the con-
centrations inside the cell confronting the tonoplast are -around 
5000 µM. Furthermore, if a cell unloads its orthophosphate or 
die!, and releases i~ solutes into the fluids of the intercelltllar 
system (the apoplasm), it could potentially expose the 'plasma 
membrane o( :adjacent cells to equally high orthophosphate 
co.ncentr.ttioos. Having two systems adapted.for diiferent ends 
of dte eoncent:ration r.mge may give cells a better al>ility to 
manage orthophosphate uptake and redistribution than by 
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overcome the high-energy barrier of partitioning into a very 
hydrophobic oily layer (Figure 4.3). Some reports put the 
activation energy for water ftow across membranes as low as 
the value for free diffusion of water. In other words, water 
enters the membr.me about as readily as it diffuses through a 
solution. This suggests that water is moving across the membrane 
through a pathway other than the lipid, perhaps some kind of 
water pore or water channel. Since the discovery of water 
channel proteins in animal cell membranes, molecular biologists 
have also discovered that similar proteins exist in plants. 

of the plant (homcostaSis), with cy:t.Pplasmic -0rthophpsphate 
concenttation being the signaller and oontroller of its operation. 

The concept of active, oµtwudly ~J>UIJWS pushing 
things out of a cell into the outside world bas•been underval-
ued. People interested in phloem c:ransport (particularly of 
sugars) have been half-way there in t21kigg Of 'ililloading', 
where movement is from the cell intQ the -apQplasm_around 
it. Mostly, the pcmible involvement of pumps in siJCh 'Unload-
ing' is not discussed be~us.e the c~nccntr.ation gradient 
favours passive (diffilsive) movement an~y. Howev~r,,as the 
orthophosphate story sliows, pwnps ~ sometim~ be need-
ed to prt>v.ide control offlow rat1!er tJi?,mtp. o\>e~qn,i;.~•a ~" 
.dlent. It is' '·something of an in:my that,'di~~ · ' Wiiible an4 
co~on examp,le of sug11! .unfoi ding.1f.e · · e secretion· 
of nectar by a,.:tlo~r- nectacy. ihg.o~ c~.· 
outward,:facing·pump, in that.the fu1al 't~' fi~entration is 
extre~ely high, sometimes exceeding 250 ~ ·scigar m1:.-1 

(about 1 molar), so that.secretion must .&e ~a concentra-
tion gradient. 

Most of this case study has been abo\I~ . orihopliospbate 
pumps, with their ability to overcome steep ~dients. But in 
finishing, it is worth looking at the m4S$ of material .a, sugar 
transporter must move.A tissue which is a~~ mnsporting 
suaose (e.g. excised phloem t:Wue obtained as stripped celery 
vascular bundles) can move up to 2 n:ig sucrose g-1 fresh 
weight h-1• That corresponds to 3 x 1<>8 molecules of sugar 
,per cell per second, when each molectile ~ to be handled 
individually by a .transporter- assembly! Eacn transporter 
assembly is about 30 A across, so·that eveniif_lOO~ ofithc mem-
brane swface were ocqipied by s.ucros~ ~sr sites, the 
transport rate would be -about~ one :moJerule of;®CIOSC per 
transpo~r *e per second. P~ p · ~ed! 

'R!eferences 

The approach has been to inject genetic material from 
plants into Xenopus oocytes (a particular type of frog's egg). 
Either cDNA arising from screens of cDNA libraries can be 
injected into the Xenopus nucleus or poly (A)•-RNA inject-
ed into the oocyte cytoplasm where it is translated. The 
Xcnopus oocyte is particularly useful because it is large, 
enabling observations of cell response to foreign proteins. It is 
one of several expression systems along with Chara (giant algal 
cells) and yeast cells. Plant water tr.msport proteins expressed 
in the oocyte plasma membrane result in physiological 
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changes; for example, the oocyte swells rapidly when the 
external osmotic pressure in the bathing mediwn is lowered 
(Figure 4.10a}. Provided that the increase in water permeabil-
ity is not a consequence of some other change or a side effect 
of other types of transport, it can be concluded that the pro-
tein catalyses transport of water across membranes. In plants, 
this protein could be located in the tonoplast, plasma mem-
brane or endomembranes. The first plant aquaporin "(TIP 
(tonoplast integral protein) that was discovered occurs in the 
tonoplast and probably accounts for its high water permeabil-
ity. Mercuric chloride inhibits water channels, as shown by 
using the pressure probe in intact cells (Figure 4.10b, c). 

Why are there water channels in membranes when the 
lipid itself is :already so permeable to water (Figure 4.2)?There 
are several rationales for the presence of water channels in 
plant membranes. One is that specialised transport proteins 
permit control of water flow. That is, a water channel protein 
may be turned on and off, for example by phosphorylation, 
while water penneability of the lipid is essentially constant. [n 
animal cells, specifically kidney, water channels are controlled 
by antidiuretic hormone. It remains to be seen jf plant honnones 
could also influence the function of water channds. 
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Figure 4.10 Evidence for presence of aquaporina (water channels) in plant 
membranes. (a) Rate of c,hange bi vol1Ut1e of Xeaopu1 oocytes after lower-
ing 01motic prenure of the external medium. Oocytft expreM foreign mem-
brane proteins (Section 4.1.3(a)). In thll cue two 1onoplast iXltegral proteins 
(TlP proteinl) wue 1utpn:Med in Xmopus membrane., causing a marked 
lnaease in water permeability of the ooqte aad rapid swelling. 'Controb' 
were oocytff without foreign proceinl aad Wllter-~cted oocytff. (b) 
Sensidvicy o( two TIP protam to macuric chlorHie (HgCl2). a cenenl 
inhibitor ofaqHporlas In a.a.ima1 membrane.. Osmotic watu permeabilities 
pewd at c. 20 ¥ lG-3 cm 1-1. (c) Iohibltory eifeci of HgCl2 oa hyd..aulic 
conductivity of the &eshwater alga Chan corallina. Inhibition is reversed by 
applying mercaproethaaoJ to block the action of HgCl2. Under mettury 
Inhibition, the activation energy of water flow increases markedly indicating 
th.r waler ftow i1 now nstricted to dilfwioml flow across the lipid bilayer, 
that is, aqu1porln1 are blocked. Hyd.raulic conductivity peaked ac c. S ¥ 11>-<> 
m 1-t MPa-t . 
((1) From Maurel n al. 1995; tiom Daniels ct al. 1996; (c) &om (Scheu~d Tycrrnan 
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A second rationale for the presence of water channels is to 
balance water flow and prevent bottlenecks. In roots, water 
channels arc most abundant in the endodermis and inner stde 
where water flow across membranes is rapid. Aquaporins 
appear to be present at all points along roots but the possibil-
ity that they are more strongly expressed in root apices, where 
water flow can be rapid, remains open (Figure 3.26). 

Ion channels 
Following the advent of the patch clamp technique (Section 
4.2.2) an explosion bas occurred in identification of ion 
channels in animal and plant cell membranes. The plasma 
membrane of one plant cell can have as many as four distinct 
K+ channels, two types of c1- channel and a Ca2• channel. 
Why are there several channd types for one ion? The answer 
appears to lie in: (1) the nature of control exerted on the 
channel and (2) the capacity oflarge fluxes through ion chan-
nels (> 106 ions per second) to alter membrane potential 
rapidly. Ion movements in ceUs must be regulated tightly over 
a wide concentration range because of the many processes 
that are inBuenced by ion activities (Section 4.1.1). 

Channels open and close randomly in time under the con-



(a} 
trol of gating factors. The probability that a channel is open 
(P open = time open/total time) is governed by various factors 
including: (1) membrane voltage; (2) binding of a ligand and 
(3) membrane tension. Gating of ion channels by membrane 
tension is likely to be instrumental in the control of P.Voltage 
gating is particularly interesting since ion channels have a 
strong capacity to alter voltage, therefore influencing their 
own control factor. This can lead to feedback effects so that 
transient swings in membrane voltage are often explained by 
voltage-gated ion channels. When an ion channel opens, it 
tends to drive the membrane voltage towards the equilibrium 
potential for whichever ion permeates that channel; gating 
achieved by this voltage change can close the channel and 
damp further redistribution of charge. 

Voltage gating can lead to ion channels behaving like 
nutrient valves. For example, a K+ channel that only opens 
when the membrane voltage is made more negative than 
-120 mV will tend to let only K+ move inwards, since the (b} 
Nernst equilibrium potential for K+ (Eic) is generally less neg-
ative than this. Rectification (i.e. only letting current pass in 
one direction) is a characteristic of many ion channels. This 
channel is called a K+ inward-rectifier and is thought to be 
responsible for K+ uptake from external solutions containing 
higher than 1 mol m-3 K+ (producing an inw:mlly directed 
electrochemical gradient ofK+). It is present in root hair cells 
and stomatal guard cells (Figure 4.tl(a) and Section 4.2.6). 
Other channels such as the K+ outward-rectifier are also sen-
sitive to concentrations ofK+ on both sides of the membrane. 
Combined with voltage gating, this channel becomes sensitive 
to EK so that it will only participate in K~ flow out of cells. 
The K+ outward-rectifier is probably responsible for the rapid 
release ofK+ when guard cells Jose osmotic solutes and stoma-
ta close (Figure 4.llb). It may also control release ofK+ into 
xylem vessels. 

Ligand-gated channels in plants are often either Ca2+ -per-
meable channels or anion-permeable channels. Anion chan-
nels in the guard cell plasma membrane are gated by external 
malate and auxin and seem to require nucleotides (e.g. ATP) 
on the cytoplasmic side. They are probably involved in depo-
larising the guard cell which is necessary to drive efilux ofK+ 
(Figure 4 .11 b) Anion channels in gener:il are particularly 
effective at strongly depolarising the membrane since the rest-
ing potential is negative while the equilibrium potential for 
c1- is usually positive except in very saline conditions. 

Channels are involved in more than transfer of nutrients 
such as K+ and NH4 +.They can also catalyse Ca2+ release into 
the cytoplasm, an important event in signalling. For example, 
ea2+ channds located on the tonoplast have been shown to 
be gated by inositol 1,4,5-trisphosphate and another by cyclic 
ADP-ribose. These molecules are signal transducers in animal 
cells and are likely to be also involved in stimulus response 
coupling in plant cells (Section 9.3). In plant cells, vacuoles 
contain high concentrations of Ca2+ (c. 10 mol m-3) so that 
when Ca2+ channels in the tonoplast open, there is a strong 
gradient for Ca2+ to fl.ow into the cytoplasm, where it is 
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Figure 4.11 'Inmpwt f)'Jtems in plasma membruea that are euencial for 
volume clumge in guard ceUs driven by net llwc of powdum chloride (KCI). 
(a) Ao open stoma, in which the pioton pwnp generaus a large negativo 
membrue potential. Blae light and red llgbt scimulate prolon pumping in 
guard c.Ut. Neptiw potencial driws K+ iaflu• through a K+ inward-
rectifier channel. T.he pH gradient developed by proton pumping drives Cl-
proton symport that must nist on the plasma membrane, although it .has yet 
to be demonstnted. (b) A doting stoma where Ca2+ iallwt b a signal that 
lnldates closure. 1n4.,,. or Ca2+ depolarises the mnnbrue (make• it le" 
nepti.-.). An anion channel Nrm on, allowing Cl- to eacape, further depo-
larising the membnne to !he point that membrane potential becomes more 
positive thm the Nemat po«otial for K +.The K + outwud-r4'Clifiw channel 
then opem. allowing K+ to leave the cell. Overall, a una11 amount of Ca2+ 
enten, followed by efllux of equal amounts of K+ and Cl-., causing an 

oanoticaU_5!~ I 
scarce. A significant increase in Ca2+ concentration results. 
Enzymes in the cytoplasm that are Ca2+ -dependent, such as 
Ca2+ -dependent protein kinases, then modify other enzymes 
by phosphorylating them in a signal transduction cascade. 

Another interesting role of ion channels in roots is to 
modify the concentration ofions in the surrounding solution. 
One example is an aluminium (Af3+) tolerance mechanism in 
wheat roots. Iron-aluminium complexes are a basic ingredi-
ent of clay, Af3+ being released from these complexes when 
soil becomes acidic (Section 16.3). Even very low ionisedA13+ 
concentrations (Jess than 10 µM) are toxic to root tip cells. In 
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some tolerant varieties of wheat, and other species, organic 
anions (mainly malate in wheat) are released from root tips 
when tip cells register the presence of free A13+. Malate and 
citrate bind very strongly to A13+, thereby protecting the root 
membranes from contact with AJ3+. Significantly, there is an 
anion challllel in root tip cells that is not evident in mature 
root tissues and this channel is specifically opened even at low 
concentrations ofA13+ (but not other trivalent cations) (Figure 
4 .12). Features of the anion channel measured in patch clamp 
experiments match many of the chmcteristics of malate exu-
dation from intact root tips exposed to Al3+. This channel may 
therefore be one of the gene products that confers tolerance in 
wheat. However, questions remain as to how the presence of 
A13+ turns on the channel; are there specific receptors for A13+ 
in membranes closely linked with the channel or do Al3+ 
receptors control the channels via a signal cascade? 

Whole cell patch 

0 

-60 

0 0.5 
Time(•) 

Time after addition ofAJ3•: 

7min 
___ ... 

20min 

32min 
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Figure 4.12 Patch damp experiments on protoplasts isolated &om the root 
dp of wheat. When alnmln!nm (AU+) 1$ added, an anion channel opens, as 
seen &om traces of current (Im) made over 32 minute.a. The single cha.wiel 
openings can be observed (horizon~~~) j j:..._whol&-eell configuration 
(From RY2" ei :.t. t997J 7~f4 

Several genes that encode ion channel proteins have now 
been cloned and studied in expression systems such as the 
Xenopus oocyte. Not surprisingly these genes show some 
homology with animal channel counterparts and in some 
instances the plant genes were found by using probes based on 
this sequence homology (e.g. the voltage-dependent c1-
channel from tobacco). In the case of KAT1, which appears 
to be primarily expressed in guard cells, there is homology 
with the SHAKER genes of Drosophila. However, in Drosophila 
these cha1U1el-encoding genes code for outward-rectifier 
channels, posing interesting questions as to what components 
of the protein cause the channel to have an opposite voltage 
dependency in plants. Using site-directed mutagenesis so that 
amino acid sequence can be altered in the protein, and study-
ing the altered properties of the channel in an expression sys-
tem, it will be possible to detennine the regions of the pro-
tein responsible for selectivity and voltage sensitivity. It may 
even be possible to alter the properties of channels so that 
they become more selective for particular ions. 

(b) Some key active transporters 
Plasma-membrane-associated H+ -ATPases are crucial to plant 
cell function but are low-abundance proteins representing at 
most 1 % of plasma membrane protein and 0.03% of total cel-
lular protein. These proteins play a primary role in cells by 
pumping protons and thereby generating a protonmotive force 
which drives secondary active transport. Plasma membrane 
H+ -ATPase has a phosphorylated intermediate during the 
catalytic cycle which places it in the class of P-type ATPases: 
this class includes a variety of cation pumps such as the Ca2+ 
pump. Na+ _K+ ATPases, which are the primary active transport 
systems in most animal cells, are also P-type ATPases and share 
some homology with plant and fungal H+ -ATPases. The H+ -
ATPase protein has a molecular weight of 100 kD and is 
thought to function as a monomer in vivo. In Arabidopsis thaliana 
there are at least 10 separate genes coding for different isoforms 
of H+ -ATPase, probably corresponding to different cell and 
tissue types and to different developmental stages. For exam-
ple, a H+ -ATPase responsible for energising sucrose transport 
has been identified in developing legume seeds (Figure 5.32). 
Variations in affmities of ATPases for ATP might reflect func-
tional requirements of different isofonns. 

Fine control of H+ -ATPase activity is achieved by a vari-
ety of factors, commensurate with the protein's pivotal role in 
plasma membrane ttansport. Cytoplasmic pH is closely regulated 
in plant cells and the H+ pump has a centtal role in achieving 
this homeostasis. Plant hormones such as auxins stimulate H+ -
ATPases and the resulting acidification of cell walls is thought 
to be a primary step in cell wall loosening co allow expansion 
growth.Auxin also seems to increase H+ -ATPase incorporation 
into membranes, probably by activating genes involved in syn-
thesis or incorporation of protein into membranes. Fungal 
elicitors and toxins (e.g. fusicoccin) also stimulate H+ -ATPase 
and these have been used in many studies on regulation of the 
pump. Specific receptors for these molecules on the plasma 
membrane appear to set off a signalling response capable of 
stimulating H+ pumping. Secondary messenger pathways in the 
cytoplasm and plasma membrane involving G-proteins and 
protein phosphorylation/ dephosphorylation are involved in 
signal amplification, probably through a Ca2+ -dependent cas-
cade. In this case, control of the pump resides partly in an 
autoinhibitory domain on the carboxy tenninus of the protein 
because trypsin digestion of this domain (or engineering cod-
ing errors into the gene) results in increased activity. 

The plasma membrane H+ -ATPase has been purified and 
incorporated into an artificial lipid bilayer. This has allowed 
coupling between ATP hydrolysis and pumping of H+ to be 
measured electrically under conditions where the energy sup-
ply and gradient can be rigorously controlled. Such e>..-peri-
ments on the isolated pump as opposed to in vivo studies where 
other transport systems interfere should yield unprecedented 
detail of the pump mechanism particularly if it is combined 
with site-directed mutagenesis to alter some key amino acids 
in the protein. 

Various types of sugar, amino acid and peptide and amine 



transporters have been identified in plants, originally via clas-
sic biochemical and biophysical techniques and more recent-
ly by molecular approaches. Variow amino acid transporters 
have been identified in plants and several genes have been 
cloned. These genes are not all from one gene family and the 
transporters they encode show differences in specificity to 
amino acids. The sugar transporters are vitally important for 
redistribution of assimilates to non-green parts of the plant 
and to developing seeds. The mechanism of long-distance 
nansport of assimilates in the phloem is ultimately driven by 
plasma membrane H+ -ATPase, developing voltage and H+ 
gradients capable of energising symport or antiport of sugars 
(Section 5.6). One of the sucrose transporter genes is expressed 
in phloem, either in the companion cell plasma membrane or 
sieve tube membranes. Another sucrose transporter gene is 
expressed during seed development. Specialised plant tissues 
are likely to have assimilate demands which differ from those 
cells surrounding them and therefore we might expect further 
progress in the identification of tissue-specific transporters. 
Vascular tissues, which exhibit substantial cell to cell variations 
in assimilate fluxes, are candidates for such an analysis. 

4.2 Regulation of nutrient 
exchange 

. ion 

4.2.1 Compartments, channels and 
transporters 

Transport phenomena at the membiane level give an insight 
into how cells acquire and compartmentalise resources. Elec-
trical and chemical gradients across membranes, transport of 
solutes through membrane proteins and factors controlling 
these proteins all contribute to precise control of individual 
solute levels within cells. Little in water and solute transport is 
left to chance. Even passive diffusion of molecules across 
membranes is influenced by channels whose specificity, fre-
quency and control responses are all encoded genetically. 
Tight regulation of transport at the cell and organelle level are 
often dependent on metabolic conversions to optimise resource 
use in whole organisms. For example, malate delivered to the 
symbiosomes of Ni-fixing nodules is metabolised to provide 
carbon skeletons and energy while ammonium (NH4 ~ leaves 
the symbiosomes through a NH4 +-channel, providing a 
nitrogen soui-ce for the plant (Whitehead et al. 1995). 

Membranes also participate in control by providing the 
boundaries of compartments from which solutes can be 
sequestered or withdrawn - vacuoles are a common exam-
ple of this kind of compartment. For instance, vacuoles act 
both as repositories for toxic ions and internal stores of calci-
um (Ca2+) for secondary messenger signalling (Section 
4.1.3(a)). 
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4.2.2 Transport in cells and tissues 

Net transport through a membrane is normally a balance 
between in.Bow and outflow across that membrane. So, the 
rate of solute absorption by a cell, tissue or organ can be con-
trolled by changes in either the amount going in (in.Bux), the 
amount coming out (efilux) or a combination of both. Over 
long periods we observe the net sum of these fluxes but a 
closer look at membrane physiology shows us that flux in 
each direction might be under independent control(s). Some 
examples include gating factors (Section 4.1.3(a)) and high-
energy compounds (e.g. PP0 in ion pumps (Section 4.1.2(d)): 
In this way, each subcellular compartment has characteristic 
membrane properties which determine the direction and rate 
of ion Bux through that compartment. Resource use by whole 
tissues is optimised through this fine control of subcellular 
compartmentalisation and long-distance transport, both con-
tributing to a plant's capacity to withstand variations in 
resource supply. For example, orthophosphate concentration 
in the cytoplasm is maintained at steady levels by ortho-
phosphate transport across the tonoplast, with vacuoles acting 
as an orthophosphate reservoir during phosphorus deficiency 
(Lee et al.1990).At the whole-plant level, adequate phospharus 
reaches young, growing tissues by long-distance transport in 
the phloem. 

Single cells do not function as isolated entities therefore 
solute accumulation by whole tissues cannot be predicted 
solely from the transport properties of its component cells. 
Gradients in solute concentration can develop across bulky 
tissues because ions diffuse only slowly through apoplasmic 
spaces. The proposal that ion uptake capacity at the root epi-
dermis exceeds that in deeper cell layers is consistent with 
coordination of influx mechanisms and bulk root structure. In 
many cases we struggle to provide even a broad outline of 
what happens. This section aims to synthesise a picture of 
where transport processes fit into whole tissue behaviour. 
Examples of how experimentation has led to an understand-
ing of the regulation of nutrient fluxes are given in the hope 
that this might stimulate the interest of a reader in joining the 
search. New reasons for optimism come from two powerful 
techniques, patch clamp methods and genetic manipulation. 

4.2.3 Patch clamping 

Patch damp analysis involves sealing very tine glass capillaries, 
with tip diameters of about 1 µm. to the surface of protoplast 
or vacuole membranes. Using a brief (a few milliseconds) 
pulse of 1 V, it is possible to rupture the small area of mem-
brane sealed aero~ the orifice at a capillary tip, leaving a pro-
toplast or vacuole like a balloon stuck on the end of a straw 
(Figure 4.13a). Solution within the capillary diffi.tses into the 
membrane-bound space, replacing the cytoplasm or vacuolar 
contents. Data from this preparation provide information on 
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the whole m embrane surface and it is called the 'whole- cell' 
configuration. Alternatively, a small patch of membrane sealed 
across the tip can be retained after tearing it away from pro-
toplast, which is discarded. The inside surface of the plasma 
membrane then faces the solution in the experimental ch:un-
ber which can be changed at will. This configuration is called 
an 'inside-out' patch. (It is also possible to get 'outside-out' 
patches - Figure 4.14.) Ions are charged so their fluxes can 
then be studied by the Bow of electric current that accompa-
nies ion movement. Voltages are applied to simulate the 
potentials developed by electrogenic pumps and other 
processes. Because the area of a membrane patch is so small, a 
millionth of a square millimetre, it usually contains only very 
few, may be one to ten, ion channels. Consequently the open-
ing and closing of even a single ion channel molecule 
significantly alters the flow of current across the patch. These 
single channel events can be seen on- line as they happen. 

129mV 

89mV 

Ogden and Stanfield (1994) give a good description of these 
techniques. 

Controlling the composition of solutions on either side of 
the membrane is both a great strength and a weakness of 
patch clamp experiments. By setting the conditions on both 
sides of the membrane we can obtain incisive information 
about the function of a number of components involved in 
solute movement. However, we can only mimic the chemical 
composition of the cytoplasm, with its thousands of con-
stituents, and therefore suffer the limitations of normal in vitro 
experimentation. The cytoplasm contains many molecules 
which affect ion transport; until these are identified, they_ will 
probably not be used in bathing media. So while we might 
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have definitive infonnation for the conditions of our experi-
ments, we must still make estimates and extrapolations to 
speculate about what happens in cells that are not disturbed 
by the experimental procedures we use. This negates the great 
contribution that patch clamp methods are making to our 
knowledge and emphasises there is still a lot of work to be 
done. 

4.2.4 Patch clamping: a window on 
ion regulation 
Figure 4.13 illustrates a patch clamp experiment. It summaris-
es a study of an ion channel which transports K+ ions across 
the tonoplast separating the vacuole from the cytoplasm ofbeet-
root. Figure 4.13(a) is a photomicrograph of the whole vac-
uole configuration, where the vacuole is attached to the end 
of a microcapillary and the bit of membrane covering the 
orifice at the tip has been ruptured. The microcapillary is 
filled with 50 mM potassium orthophosphate (KH2PO 4) and 
so the vacuole also contains this solution. The pattern of cur-
rent traces obtained during a sequence of pulses at voltages 
ranging from -111 to +129 m V is shown in Figure 4.13(b). 
When the cytoplasmic side (i.e. bathing solution) is positive 
relative to the vacuole (+49 to +129 mV), a flow of current 
develops slowly over one or two seconds in response to the 
square wave pulse.At negative voltages (-111 mV) there is very 
little current.This is a case of voltage gating (Section 4.1.3(a)). 

Single channels can be studied too using small patches of 
membrane. Figure 4.13(c) shows data from four channels in 
an 'outside-out' patch of membrane isolated from a beetroot 
vacuole. Opening and dosing of individual channels are seen 
as abrupt step-like changes in current. Traces for a range of 
voltages show that as the voltage gets more positive the height 
of the current steps increases. A plot of the height of current 
steps against voltage (Figure 4.13d) can be extrapolated back 
to the x-axis, showing the point where the diffusion gradient 
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for the ions moving through these channels is balanced by the 
voltage applied (reversal potential). Calculation of the Nernst 
potentials (Equation 4.7) shows that this voltage is close to the 
diffusion potential for orthophosphate but at least 50 m V too 
negative for K+ ions. Figure 4.13(c) also shows that as vnltage 
increases, the channel is open more frequently and for .i.ouger. 
A careful analysis of each transition permits us to calculate the 
probability of a channel being open (P open> and to plot it 
against voltage. Figure 4.13(d) shows that at voltages of less 
than +100 mV the chances of a channel being open are at 
most 20%. Consequently, these experiments have not only 
identified a channel in the tonoplast from beetroot which 
allows orthophosphate to cross from cytoplasm to vacuole but 
also indicate how flow is achieved. Voltage is critical. When 
the energy gradient for orthophosphate flow out of the vacuole 
is favourable (cytoplasm positive relative to vacuole). orthophosphate 
channels are most likely to open and let this flux proceed. 
While strongly negative voltages could drive orthophosphate 
the other way, the channels close and consequently it is effec-
tively a one-way transport.We also know that the channel's ini-
tial response to voltage is rather sluggish. 

4.2.5 Turgor pressure controlling 
ion flow 
In some large-celled algae, such as ~Ionia ventriccsa, turgor 
pressure (P,l appears to control solute uptake to achieve P reg-
ulation. As P decreases, solute uptake increases in what appears 
to be turgor regulation. To demonstrate this, two fine capillaries 
(Figure 4.15a) were inserted into ~Ionia cells (Gutknecht 
1968). The capillaries allowed P to be controlled and for cells 
to be perfused with solutions containing radioactive tracers. 
When P was increased by even modest amounts, there was a 
dramatic decrease in the net fiux of K+ into the cell (Figure 
4.15b). This was reversed when the pressure difference was 
removed. Both influx and effiux were affected although influx 
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was only affected at low P. Effiux was almost direcdy propor-
tional to Paver the range.studied. How does the cell 'measure' 
P? It has been suggested that it is done by specialised areas of 
membrane that are compressed as P increases. Initial experi-
ments to test this involved compressing the membrane with 
brief pulses of voltages that are much higher than plant mem-
branes normally experience. While this makes those of us who 
are scientifically conservative a litde uncomfortable about such 
results, subsequendy, experiments demonstrate the presence of 
pressure-sensitive ion channels. These channels open under the 
influence of pressure to allow ions to fl.ow across the mem-
brane and may provide an explanation for the effect of P on 
ion efflux. Pressure-sensitive efflux appears to play a role in 
assimilate unloading from legume seed coats (Section 5.6.3(c)) 
and there is definitive evidence for mechanosensitive channels 
in higher plants. 

4.2.6 Transport proteins underlying 
the dual mechanism of potassium 
uptake 

In many cases, more than one membrane transport mechanism 
contributes to active inBux of a given ion. When roots absorb 
ions, there appear to be at least two influx mechanisms for 
each species of ion; K+ is a particularly well studied example 
(Epstein 1976). The principal evidence for a dual mechanism 
comes from the relationship between K+ concentration and 
the rate ofK+ absorption (i.e. kinetics ofK+ absorption). In 
practice this is done by measuring how much of a radioactive 
tracer for K+ is absorbed in a standard length of time from 
solutions at a range of concenaations. Plotting absorption 
against concentration gives a curve which does not fit the 
mathematical function predicted for a single membrane trans-
porter. However, proposing that there are two transporters 
with different affinities for K+ explains the data better. The 
exact figures depend on the plant species studied and experi-
mental conditions but typically the 'high-affinity' phase of 
uptake (Mechanism I) operates at half its maximwn rate 
(VmaiJ at a concentration (K;,J of about 0.02 mM whereas~ 
for the 'low-affinity' phase (Mechanism II) is around 1000 
times higher at 20 mol m-3 (Figure 4.16). The 'high-affmity' 
phase operates at external concentrations below about 0.5 
mM; above this concentration, 'low-affutity' uptake dominates 
infl.ux. 

In addition to the difference in ~. there are other differ-
ences between the two uptake systems. 'High-affinity' K+ 
uptake is insensitive to (1) presence of Na+ and (2) which 
counter-ion accompanies K+ (e.g. CI-, S042).These ions can 
have a marked effect on 'low-affinity' uptake. Calcium ions 
can stimulate 'high-affinity' but they inhibit'low-affmity' uptake. 
The membrane proteins which give rise to these uptake phas-
es are now being identified by molecular cloning and patch 
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clamping. The following is an account of the proteins which 
are thought to catalyse 'high-affinity' and 'low-affinity' K+ 
transport. 

A 'high-affinity' K+ transporter from wheat roots has been 
cloned (reviewed by Maathuis and Sanders 1996) and the 
membrane protein involved named HK Tl. Patch clamp ex-
periments on protoplasts from Arabidopsis thaliana roots confirm 
that this high-affinity K+ transporter is a H+ /K+ symporter. 
This advance in our understanding was made possible by 
expressing a gene encoding HKTl in Xenopus oocytes (Section 
4.1.J(a)) and showing that they could absorb Rb+ ions (as a 
tracer for K+) with similar kinetic properties to roots (a K;,1 of 
about 0.029 mM and selectivity for K+ over Na+, Rb+, Cs+ 
and NH4 +). Patch clamp experiments were then performed 
on these transformed oocytes, and roots of Arabidopsis thaliana, 
to solve a question about the high-affinity K+ transporter 
which has long been debated - exacdy how is it energised? 
By srudying the effects of pH on the current associated with 
K+ influx it was shown that HKTl is a symporter which car-
ries one H+ ion with each K+ ion. Energy is derived fi:om the 
proton gradient set up by H+ -ATPase in the plasma mem-
brane pumping H+ ions into the apoplasm (Section 4.1.3(b)). 
As H+ ions return to the cytoplasm down this energy gradi-
ent via the symporter, the energy released drives K+ infl.ux. In 
wheat, the expression of HKT1 is localised to cortical cells of 
roots and cells bordering the vascular tissues in leaves. Both 
cell types are important in absorbing nutrients, from soils in 
one case and leaf xylem in the other. 

The low-affmity K+ transporter is thought to be a K+ chan-
nel that only allows infl.ux (an inward-rectifying channel). The 
low-affinity K+ transporter resembles an inward-rectifying K+ 
channel in that it has (1) similar responses to K+ concentration 
(~ = 4 mM) and (2) similar ion selectivities. This K+ chan-
nel is voltage dependent and only open at membrane poten-
tials more negative than about -100 mV.When the electro-
genic H+ -ATPase across the plasma membrane is operating, 
the membrane potential is normally in excess of -150 mV. 
Somewhat analogous to the orthophosphate channel discussed 
in Section 4.2.4, the electrical potential not only provides 



energy for K+ transport but also the condition necessary to 
open the channel. The gene KAT1, which has been isolated 
from Arabidopsis, encodes a protein which is an inward-recti-
fying K+ channel and has these properties (Section 4.1.3(a)). 
In this way, a channel and a strong gradient in electrical 
potential are able to sustain high rates ofK+ influx. 

4.2. 7 Regulation of carrier proteins 

(a) Effects of nutrition on Vmax and Kut 
Molecular biology is improving our understanding of ion 
mmsport as genes encoding membrane proteins are cloned. 
Transport ofK+ is better understood at a molecular level than 
that of other plant nutrients. Additionally, a mycorrhizal 
orthophosphate transporter is described in Section 3.5. The 
greatest challenges lie in elucidating ways in which ion carri-
ers are regulated (Glass 1983; Michelet et al. 1994). The fol-
lowing account of the plasticity of uptake systems in plants 
demonstrates that ion transporter activity is tightly controlled 
within membranes. 

Absorption of a particular ion is affected by the amount of 
that ionic species already present in the tissue - as con-
centration increases, influx decreases in a logical feedback. The 
effects are specific. For example, roots which are deficient in 
sulphur absorb sulphate ions about 20 ti.mes faster than non-
deficient roots. However, the rate of orthophosphate absorption 
is not increased in sulphur-deficient tissue (Hawkesford and 
Belcher 1991). Slower rates of absorption when luxury amounts 
of an ion are present are due to repression of 'high-affinity' 
transporters. Even though 'high-affinity' transporters are 
'repressed' when nutrient requirements are low, 'low-aH'mity' 
transporters are 'constitutive', that is, present and functioning 
regardless of the amount of the ion in the tissue. However, 
repression or activation of' high-affinity' transporters is not the 
sole basis of regulation of ion uptake. In a study of 'high-
affinity' K+ absorption by ryegrass and white clover roots,~ 
and Vmax changed with K+ status of tissues (Figure 4.17); 
higher internal K+ concentrations reduced the aH'mity of carri-
er proteins for K+ and slowed the maximum rate of K+ absorp-
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tion. In addition to the site directly involved in transporting 
ions, transporters must have o~er sites which bind substrate 
ions. These other sites are situated on a cytoplasmic domain of 
the protein and influence ion tra~port, but only in an indi-
rect 'allosteric' way. When there is an increase in the cytoplas-
mic concentration of the ion, a higher proportion of these 
binding sites is occupied by ions. A process-based model of 
ion transport predicts four binding sites for this 'high-affinity' 
K+ transporter (Glass 1976). Binding causes a subtle change in 
tertiary structure of the transporter, lowering its affinity for 
transporting ions and reducing the rate of transport. In this 
way, evolution of the protein has given the plant control over 
its internal ion status. The details of this allosteric binding are 
still not defined. 

Orthophosphate uptake by Arabidopsis seedlings is regulated 
differently. In this case, ~ of the 'high-affinity' transporter 
does not change but the rate of absorption increases three-
fold when plan~ are phosphorus deficient. For the 'low-affinity' 
mechanism, ~ decreases during phosphorus deficiency (i.e. 
affinity of orthophosphate for the transporter increases) but, 
rather unexpectedly, V max decreases. Such a response is counter-
intuitive but lowering phosphate uptake capacity in plants that 
are phosphorus deficient might be rdated to lower growth 
rates leading to lower nutrient demand. For orthophosphate 
ions, an allosteric regulation of absorption would not be 
expected to operate in the same way as it does for K+. The 
cytoplasmic concentration of orthophosphate ions is tightly 
controlled and it only changes when phosphorus deficiency is 
very severe. Low cytoplasmic concenttations cannot therefore 
provide the basis for an allosteric feedback on uptake. In the 
case of orthophosphate, and possibly other ions, there is anoth-
er factor contributing to the regulation of net absorption -
an effiux of orthophosphate from the cells. This effiux is 
significantly lower in plants that are phosphorus deficient (see 
Case study 4.1). 

(b) Specificity of ion carrier proteins 
Ion transporters can show very high levels of specificity. Ions 
which are very similar chemically to the transported ion may 
not be transported at all. For example, the 'high-affinity' K+ 
transporter recognises K+ but not Na+ ions even though the 
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Figure 4.17 Potanlam (K+) absorption wu meuund u uptake of'ndioactive RI>+ (a tncer) by roota of 
plants which bad been pown in dilFemic lewis of K+. In ryegnu, K+ defici•ncy alfftted Vmax without 
much e.ft'ect on Km whueas In clover, K + deficiency alnatad affinity for K + (lower Km) without much e.ff'ect 
on maximum uptake nu (Vnwc). 
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two are chemically very similar (they are adjacent alkali met-
als in the Periodic Table). However, the same transporter 
absorbs Rb+ with very similar kinetics to K+ absorption; Rh+ 
is also an alkali metal but is larger than K+. When K+ and Rb+ 
ions are both present, they compete for the ttansporter 
according to their relative concentrations (see Figure 1 in Case 
study 4. 1). Transport appears to require binding of ions to a 
recognition site on the transporter, conferring specificity. 
Other examples of specificities are transporters which absorb 
Zn2+ and Cu2+ but not Ca2+, Mg2+, Mn2+, Fe2• or Co2+ and 
one which transports C J- and Br- but not r or 1-. The ions 
N03 - and CI03- are also absorbed by the same traruporter. In 
some experiments, good use has been made of these 
specificities. The radioactive isotope of rubidiwn, 86Rb+, is 
widely used as a tracer for K+ because the K+ isotope has an 
inconveniendy short half- life. Similarly 36Cl03 - is used as 
tracer for N03- for which there is no useful radioactive form. 

4.2.8 Nutrient transport through 
plants 

The membrane transport phenomena discussed above give 
rise to coordinated transport of nutrients into growing cells 
where they are used. This transport might be from roots to 
shoots or from nuture leaves to growth zones. In either case, 
nutrient transfer is a complex process (Sutclift"e 1976) where 
active and passive processes as well as bidirectional fiow combine 
to optimise delivery of each ionic species. Coordination of 
these processes is especially evident in long-distance transport, 
where fluxes of nutrients, water and photoassimilates depend 
upon membrane properties of vascular tissues (Chapter 5). 

The pathway of nutrient transport from root surfaces to 
shoot meristems illustrates the importance of membranes in 
ion movement. Ion uptake into root cells (Section 3.6) requires 
participation of transport proteins in root cell membranes, 
such as the dual mechanism of K+ import (Section 4.2.6). 
Selective uptake of calcium is probably achieved by influx 
through Caz+ channels. Further adjustment of internal ion 
levels might ensue through efHux (e.g. of orthophosphate) and 
modification of the V l'lWC and K.n of carrier proteins. 

Ions Clken up by cortical cells and transported through the 
symplasm to xylem parenchyma cells are probably unloaded 
into mature xylem vessels via ion-specific channels (de Boer 
and Wegner 1997). Release into immature xylem elements 
could involve energy-dependent carriers and ion channels. 
Uptake of ions into shoot cells from dilute xylem sap is cabl-
ysed by energy-dependent carrier proteins; how many of 
these proteins are shoot specific remains to be determined. Ion 
transfer into growing cells is via the phloem, as transpiration 
from enclosed meristems is generally small, precluding passive 
inflow of >-"Ylem sap. Once the nutrient- and photoassimilate-
rich phloem sap reaches meristems, the final selection of solutes 
occurs across the membranes of expanding cells. Solute uptake 

in these cells is regulated by demand {expansion rate) and 
mediated by many intracellular factors. Turgor-activated channels 
might pby a part in maintaining solute balance of growing 
cells. Moreover, the tight feedback control on K+ influx iden-
tified in roots is probably indicative of similar feedback 
processes in growing shoot cells. The result is a selective, 
dymmic process of resource delivery to growing cells, providing 
solutes for osmotic balance and biosynthesis. 

4 .3 Cell enlargement 

4.3.1 Water relations 
Sections 4.1 and 4.2 dealt with acquisition of ions by plant 
cells, emphasising control of ion fluxes and input of energy to 
maintain elecnochemical gradients. Pumps concentrate 
selected solutes within cells to form a sap in which metabol-
ic reactions can occur. Pumps also raise osmotic pressure (II) 
within cells above that of the external solution, setting up a 
gndient in free energy that draws water across plasma mem-
branes into cells. Rising concentrations of conunon solutes 
su ch as sucrose, potassiwn ions or nitrate ions inside (or out-
side) plant cells produce approximately equivalent rises in n. 

As water enters a plant cell it swells, causing the plasma 
membrane to exert force on the adjacent cell wall. When ten-
sion develops within this wall, an opposing wall pressure rais-
es the energy of water within the cell until it ewuals that of 
water outside. Water ceases to cross the pllasma membrane, 
hydraulic equilibrium is reached and the cell has developed a 
turgor pressure (P) equal to ninsidc - nouuide· 

The energy of water is therefore an entity described by 
two variables, P and Il. It is defined experimentally by the 
term water potential ('I') according to the relationship: 

'P = P-Il (4.9) 

T his equation h olds only when no water is flowing across the 
plasma membrane, an assumption that is not applicable to cell 
walls during expansion. However, it is widely used to link solute 
acquisition with hydrostatic pressure, thereeby capturing the 
concept of osmotically driven growth. 

4.3.2 Cell wall expansion 

Inflow of water results in cell expansion (growth) ~ the prima-
ry cell wall stretches to accommodate water uptake. Cell walls 
are, however, not infinitely extensible; directionally conttolled 
cell expansion under pressure sets plant cells apart fiom animal 
cells. So, an increase in plant cell volwne is achieved through 
coordination of many events: cell walls yield to P, solute and 



Table 4.2 Gross composition of all walls of oat col~ptilcs, maize rob 
and pine sapwood, expressed as ptrrentages of wall dry weiglir. Protein 
concentrations were not recorded in pine sapwood but probably below 2%. 
Nole high lignin levels in wood and tnai:te, conferring slrudural strength 

Component Oat coleoptiJe• Maize cob• Pine sapwood• 

C ellulose 25 38 54 
Non-ccllulosic 
polysar;charide 51 0.5 8.8 
Pectic substtnccs 0.3 0.5 1.0 
Polyuronide 
hcmiccllul= 42 3.0 
Lignin 17 26 
Cuticular 
substances 4.2 
Proteins 9.5 3.2 
Ash 1.4 

(Meer Bishop et al. (1958); bSiegel (1962).) 

water fluxes are initiated, membranes surrounding the vacuoles 
and cytoplasm expand and new wall and membrane com-
ponents are synthesised. Cell wall yielding is of special sign-
ificance in plant growth because all pbnt cells are encased in a 
matrix of wall polymers (fable 4.2) which resists expansion 
sufficiently to genente pressures within the cell contents but 
yields sufficiently to allow cell expansion in growth zones 
{Figure 4.18; see also Case study 4.2). Expansion of plant cells 
is intriguing because wall yielding, an extracellular process, is 
so exquisitely coordinated by events within the cell. So subtle 
is this coordination that different walls of a single cell general-
ly have different extension rates, even though each wall is sub-
ject to the same P. The cytoskcleton is a central player in co-
ordination of wall expansion; intracellular microtubular arrays 
influence orientation of cellulose microfibrils in the wall. 
Microfibrils do not stretch longitudinally so growth can only 
proceed normal to the microfibril axes (Figure 4.19). In this 
way, cytological events help shape cells. 
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figure .f.18 'Dlarmnls$lon elec1r0n mlaognph of a Cut.oueae deep-etch 
replication of a primary cell wall of atupenaloa cultured c:arro1 ahowing che 
microfibrillar atructutt in detail. Micro6brU. (M) lie in longitudinal arra}'I 
which are crou-linked by gel-matrix polymen (C) 
(Reproduced with permission 6om Unwin Hyman) Bu length = 000 
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................... (b)-= =='-/ c/Hemicellulose molecule 
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oriented 
roiet0fibrils 

! 
M@IH 

(c). 

Cylindrical cell 

Figure .f.19 Model of ceU wall exp&mioa. Cellulose microfibrils oriented 
normal to the axil of• cyliadlic.J ceD undergoing longiNdiml elongation. 
A rypical epidermal cell would gtow with lhb Hrong polarily. (b) 
Microfibrw (halched) are Jhmn in parallel -.rnys, joined by • looJe and • 
tlghl homicellulOff polymH which an itach bydtopa bolltled to the 
microfibril. krows denole P-driven 1epannion of microfibrils. (c) Afcu a 
period o( growth, incnuillgly numb•n of hemic.Uulosic: polymers develop 
temlon u the cell exte11dJ, givin,g riH 10 wall PffUUre. No1e the leogdieni11g 
of the di1bnee apanned by the polymen through lime. New wall polymers 
an normally HCJ'eled from celh to mainlaln wall mau 
(From Passioura and Fry 1992) 

Cell wall yielding and water uptake occur simultaneously 
in a growing cell but they can be uncoupled from one anoth-
er, giving an appreciation of the hienrchy in which they 
occur. An ingenious set of experiments outlined below indi-
cates that the yielding of cell walls to P, often termed wall 
rebxation, actually predisposes a cell to water influx and volwne 
expansion. Nonnally, the restoration of P follows as active 
solute accumulation (e.g. through ion pumps) nises intracel-
lular osmotic pressure (Il}.That is, changes to cell walls appear 
to precede water uptake. Two lines of work by Cosgrove and 
colleagues at Pennsylvania State University have led to this 
conclusion. In one case pea epicotyls (young shoots) were 
kept in a humid atmosphere but cut off from a continuous 
water supply in order to prevent water uptake. Cells of the 
growing zone relaxed (P decreased) whereas those of the non-
growing zone did not relax. This could be detected because 
no water was available to restore P. This suggests that cell wall 
relaxation occurs even in the absence of water uptake: a con-
sequent loss of P would normally be overcome by uptake of 
xylem sap or soil moisture if it was available. A second series 
of experiments involved the 'pressure block' technique in 
which gas pressure was used to block growth by annulling cell 
P. Experimentally, this can be done by sealing stems of intact 
plants into a gas-tight chamber and increasing the pressure of 
the atmosphere around the tissues. A plot of pressure applied 
versus growth (Figure 4.20) shows that the applied pressure 
required to block growth increased over time, suggesting that 
cell walls relaxed steadily through time even though growth 
had ceased. Again, this is evidence for a relaxation of cell walls 
leading to growth rather than an uptake of water driving wall 

J 
u 

u 
j 

u 
u 

u 

u 



0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

PUINTS IN ACTION 

3 

o+<-~"""T""~---~ ......... .--~..-~"'T"""~"""T""~------
o 20 40 60 

Time (min) 

Figutt 4.20 Strett relaxadon in a dowly growing pea eplcocyl meamred 
with the preuure-block technique. The atmo1pheric preuare which must be 
applied to a pea seedling to block growth incfffSes as tbsues 'relax'. The ini· 
tial rate of relaxation (dashed line) is uMd to calculate applied pressure 
required to owrcome DY which is set up by ateady..,.tate dssae expansion 
(prior to pressure application). Subsequent nlasation (after 2-4 min) reveals 
the applied pressure nqaized to counter etrective preasure generated within 
cells to drive giowth (P - Pth) 
(From C05graw 1?93) 

expansion and growth. To translate this into a cellular context, 
cell wall yielding to pressure exerted by the plasma membrane 
is more likely to be the primary event in growth than osmot-
ically driven influx of water. In practice, these events seem to 
occur simultaneously and might be considered as partners 
which sustain cell growth. 

4.3.3 Application of water relations 
equations to growing cells 

While we have made a case for wall relaxation as a primary 
influence on cell expansion, there is also a requirement for 
cells to maintain sufficient P in order to keep deforming walls 
and swtain growth. This is illustrated by the 'pressure-block' 
experiments (Figure 4.20) in which increasing pressures are 
required to block growth through eliminating P. Under con-
ditions of adequate water and solute supply, yielding charac-
teristics of the cell wall (wall rheology) are major determinants 
of growth. However, in drought, severely drying winds or 
dehydrating, saline soils, water deficits might be severe enough 
to cause complete loss of P. It is therefore important to relate. 
variables which play a part in cell expansion, such as cell wall 
properties and water flow, to Equation 4.9. 

Long-distance vascular transport in plants is driven by 
pres.sure gradients which arise either osmotically (such as in 
the roots of guttating plants) or hydraulically (transpiring 
canopies). Water enters the cells of growing tissues at a rate 
determined by local 'I' gradients and resistances. Hence, P, Il, 
hydraulic conductivity (Lp) of the cell wall and plasma mem-
brane and wall rheology will all influence cell growth rate. 

While some of these variables are difficult to measure on a 
cellular scale, reasonable theoretical models have been devel-
oped to describe how they relate to each other. The analysis 
to follow mostly relates to w.ater flow into individual growing 
cells. However, the analogy to whole tissues is often apparent 
and will sometimes be considered where the two have prin-
ciples in common. 

How readily water :flows through cells and tissues is encap-
sulated in the term hydraulic conductivity (displacement of 
water per unit of pressure and time). Hydraulic conductivity 
is especially important when water travels over long distances, 
such as across a stem, and where there are barriers to water 
:flow, such as suberised layers of roots and tyloses in trees. The 
equation for water uptake (increase in cell volume) can be 
expressed as: 

1 JV A 
r = -- = - L,, (a'I') = L(a'I') v dt v {4.10) 

where r is the relative rate of cell growth (s-1), also expressed 
in full as 1/V (dV/dt), L,. is hydraulic conductivity (m Pa-1 

s-1), A is membrane surface area (m2),V is cell volume (m-3), 

Lis hydraulic conductance (Pa-1 s-1) and a-¥ is the gradient 
in water potential (Pa). Therefore, the rate of water uptake 
into cells is dependent on L,. and the inward gradient in '¥. 
However, the delivery of water into growing cells through 
their walls and membranes is only part of the growth process; 
we must also incorporate the characteristics of irreversible cell 
wall expansion into an analysis of growth, thus recognising the 
pivotal role of wall relaxation in growth. 

Lockhart (1965) described cell expansion with a form of 
the following equation for P-driven growth: 

1 dV 
r = Vdt = c!>(P- PciJ (4.11) 

where 4> is the wall yielding coefficient, sometimes referred to 
as wall extensibility (Pa-1 s-1) and Pth is threshold turgor pres-
sure or yield threshold (Pa). This equation and variations on it 
have become a paradigm for cell and tissue growth. 

Equations 4.10 and 4.11 both provide plausible views of 
growth but raise the question of whether supply of water for 
cell expansion or irreversible yielding of cell walls is the key 
control step in growth. Experiments of Cosgrove cited above 
illustrate that relaxation of cell walls occurs independently of 
water inflow. It is generally considered that entry of water into 
rapidly growing cells is not a limiting factor for cell expan-
sion. That is, Equation 4.11, which has no hydraulic term, is 
very relevant to growing plant cells. However, in some cir-
cumstances water flow might limit growth r.ate, particularly in 
tissues where the soutee of water (e.g. xylem vesseJs) is far 
removed fiom the cells controlling growth (e.g. epidennal 
cells). In droughted plants, too, water flow might limit expan-
sion of new cells. 

An equation encompassing this ennterplay between ingress 
of water and wall relaxation would therefore be useful for 
analysing growth experiments. To achieve this, Equations 4.10 



~ walls determine most of th~fUndamerual ieatutC$ of the 
Plant.Kingdom. 

More than one billion years ago certain key evolutionary 
even~ set the cells that were ·ta -become the grggenitors of 
~Tantup,arti·lrom tlie other e.fiP1oroial o,rgahisms:Wihat were 
tiim detininga¢ributes and what part did they play in found-
iqg the Plant ~om? 

Some would say that photosynthesis was the key to plant 
~utioni It ~ .!fu:st in piq~otes and later, passed to 
e~tes. ~Y'it wasre5sei;ib'al, but was it alop.e sufficient 
to tl;igger evolution toWaro.s the Plant Kingdom? The theme 
Qf this case ~is that the 1W.lpotential of photosynthesis 
cOUld not be tcaliSed by the p-!'OgCnitors of p,Jatfts until they 
bad.evolved '1 swtable cellular e~Viromnent1 of:which a vital 
cqmp«i>nent>is ·a lfi~ Photosynthesis stlll occutslin unW2lle<i; 
~lutionary dea~nds lib Euglffeut, reinforcing tl:i~ view that 
a ~seminal cdlular state Wa.s only achieved wlien photo-
ffltthesis in a eukaryotic cell ~ combfoed with ~ cell wall. 
.~QhSider no;w how 'Gell wails c::p~er unique. fe;acµres on plant 
cCll organisation and 'functio~ anel how they µnaerpin the 
entire lifestyle and marvellous div«Sity of plants. 

Gell walls: strength through oSIJlotic ·regulation 
~'did the.~,e.u~tic,.pllpto~yPihetic, waned cd.IS hav.e 
silt.!h distinctiv'e evolution.ar:y ppteniial? Probably;r.ill life "MS 

~uatic at the time and regulating water and sq_lute balance 
(osmotic regulation) was critical.for survival.The earliest cells 
were ;a}.qtost ce~y in osmotjc balance wi~ the Buid in 
wrueh they, livea. However, as• ccll,:metabo_lism ~e~e more 
c:ompl~ internal solute concentrations rose. '\lZhen solute 
concentrations in the surrounding medium drqpped. water 
would tend to diffilse from the external medium (high water 
R.O~nti.al) into c::ells 2101),g water,potential gradi~ms fSection 
4,,~13). Cells whi<f}cao IJlOt hav..e wans, like Atni>ib,4, deal with 
osmotic imbalari.ce by apelling water, otherwise Utey would 

burst (Figure 1). A cell wall containing strong but flexil:ile 
microfibrils (Figure 4.18) offered ~e progenitors of the Plant 
Kingdom an alternative solution. Hydromtic pressure created 
by water -Bow into cells is op119sed by the meChanical strcngth-
of: cell w,alls (Section 4.3), ~nerating wall Rressure. In liy.ing 
cells, this neatly balanced cell turgidity is' nuihtained by con;: 
tro1 of osmotic processes, mechanisms for turgor sensing and 
organisation of cell wall composition. 

Most .plants adjust the OSIµotic properties of their cells ~ 
that thC)'. can li-ile in a turgid state regaral.ess of the wat¢t; 
119tential in their environment. This bnn~ great ad~ 
for plants.The balance of forces in a turgid cdl generates more 
than just ~ balance. It confers rigidity and mechanical 
st,reqgth, as•w.itnessed by comparing a Wilted.le~.with a turgid 
leaf. Another, way to gain strehgtli is, of cou~e, to synthesise 
tliiclc cell walls. However, organs composed olainly of thin-
walled cells, like leaves, can support themselves if they -are 
turgid. They therefore do not need to syndiesisc the large 
amount of wan 012terial that \Would be required if strength 
relied solely~ <>n wall rigidity:lThls Is especially. important in 
growing regions of plants where cells must extend plastically 
(Section 4.3). 'Primary cell walls also confer enough strength 
on tissues for them to hold th~_shape and form - for ex;un-
p,le~ ·enough ,to let a root tip penetrate thrQ~gh soil. In gener-
al, as cells mabm the plastic piopertie$ ofi their'Walls give way 
to increasing-rigidity. 

Here, then, at the dawn of the Plant Kingdom, was a new 
form of osmotic regulation with· many .inherent evolutionary 
RO.ssibiliti~s. It proved to ~e ~ SBringboard fqr the appearance 
of other novel .features of plant cell stru~ and fun·ction. 

Cell walls, vacuoles and cytoskeleton:,:Partners in 
production oflarge cells 
Many, diSt4i~rfg features of'lplant. cells relath o cell walls. 
Vacuoles, tor example, are found in the vast ·majority of plant 
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ffann 6 Cell -u.. plan• of C.U dM&loat, •nd (onn b(lfle pwaclbody mua-
.inted throup emluyop!lelis 1a • hish• pliuit. ·~ Cormalioa in 
AM'l~rlr ~ .... • mniple of hlghly nauJat.lld pl- of c.U dlvblon 
daria,i; tormatlon ot: • •clfically shaped plant bocfy. Ar,_hea<h hi (A) to 
(0) llhow 111c:ceu!W pluiaJ Of dlmloo 'bl "~"'~~mbyos.;Sµ~ullllt 
cllviaib-(D-:1:1) build up .a hearWbaped ~bryo witti ludiu:e~iP,i. lalltr wall& 
alid' em~ IOOt ma c:otyJecloot. (D} The complete PUpe!PC!riilament u 
..ti u th• &fObalu pro-emboo. Ill (A} to (E) the ~an einbadded .IA 
endosperm d..a. in th• Wlhryo uc; in (P) to (H) tliey hue .,._ iaolated 
liom theJr -.n'bryo -
(Adapted from Gunning arid St«r 1996) 

'l\vo elaborate cytoskdet:U devices place new cell walls 
accurately (Figures 3 and 4). The fust is ·a pi;epatation for cell 
divlsion. The cytoskclcton of the parent cell estahlishes the site 
and plane of di~o.n even before the nudew undergoes 
mitosis. This cytQ$1celeul appantus (pre-prophase band) is not 
founa in p.resent-day algae (although many. can still con-
trol the plane of division in their cells) and lll2Y ha~ arisen 
after the ~ st2ge of plant evolution. ,A second cytoskclctal 
strucnue initiates the actual labrication of new cell w.ills. It is 
initiated between daughtet.nuctlei and gt9WS ~twards to join 
the p:irent::tl walls at a predetermine~ sii:e. ~ ap_pamus, 
termed a pluagmoplas~. did evolve .in aelvmced ~S3e atid-
occurs in the ancestors of highell plants. Neither o( these 
cyt~keletal devices for establishing and imple~en,li~~prccise 
sites m.d planes of cc!ll division occurs in anUNls. 

'Ebe cell w.ill: constraints and opportUtrlties :m 
nutrition 
Cell w:ill propetties have implications for plant nutrition. The 
close-knit &bric of cell walls sieves out ~ .but ve.ry small 
nutrient moleculev.This rules out a feeding mechanism that 
was probably common in early life forms - engulfing particles 
of food in loops of plasma membrane and intetn2lis,ing them. 
lo~ digestion. The first w.alled cells .had to adapt their.nutmion-r al habits leading to at least two evoluti:ooyy outcomes. 
Piesent-day fungi subsist on external fooa sowces by scoreting 
enzymes that digest macromolecules sufficiently to .allow the 
producu to pass through cell walls. Roots. of.higher pfum also 
secrete exttacellular enzymes such as phosphawes_ 'Whi~h.lib-
ente inorganic phosphate. Higher plants aho. ~tered ·.m~an 
inl'ta<jell~ symbiosis with pho~osynthetiG. .~ms, whkh 
·l:hen s~~d ;as :intei::g.al ~ources of org:mic ~on wmru>unds. 
'FhiS '.led to SfCeD plabts, whose' present;! ' ro.pJliS1ai:c~, 

Jicld to be muOh-modified des<iendants of 9tii · :lfu;-e-Jiv-
ing photoi1.ttotrophs (Section 1.3). Syiiibfoti¢ association 

between w:illed hosts and photo.synthetic partners laid the 
foundations (or a magnificent diversity of plant life, men-
tioned at the start of this case study. 

Cell wans circumscribe pathway.s of transport 
within plants 
Another adaptation of cell walls allowed early colonists of the 
land to develop division oflabour be.tween roots and shoots 
and rise to the airy heights of &Ids and forests, External cuti-
cle layers, which reduce loss of water"to 1he atmosphere, let 
cells o£aerial parts survive provideCI that wate'l"coulq be deliv-
ered Uom. plant orgaittin contu:t•w1th extemal &omces,most-
Jy roo~. Numerous other adaptations 'of.Wall structutt: ocrur, 
some related ito meehanical -$b:e~ or~roteclion, a,rid .many 
to ~port of water and'tlutricots ISe_4fons·5.1 and 5.2). 

The molecUlar construction.an<! small pore .sizes of. cell wans 
limit the size of molecules that can be transported around plant 
bodies. One pathw.ly of tr.msport consists of the interconnect-
ed lattice of cell walls themselves - the 'apoplasm'. 
Impregnation of the W2l1 1I12trix: wiih hydrophobic substances 
creates -apoplasmic buriei:sUn ~ome stntegic locatiom (Section 
3.6.4); in other locations the llPOPlmn is open and peaneable. 
[n 'ttansfer <:ells' nngers of w.ali protrude into the cytoplasm 
-and provide an unusually brgc sumce area iOr tr1nSport across 
the adjacent plasma membnnc (Figure 7). Many sites of 
intensive absoiption or secretion possess thiS mil ~daptation. 

From the very early evolution of-multicellular plants, fine 
cylindrical -extensions of cytoplasm - plasmodesmata - have 
pien:cd the w2ll between adjacent cells (Section 10.1.2). By 
passing through tell.- walls. and the miadle Jamella, plasmo-
desmata form -a transcellµIar comm.un~ 4£hvfug cell contents 
iknown as the 1~ymplasrn~,.JJµo~· thiS 'PnR,o~ c:ell to cell 
~~ pathw:iy,hqun&d byca. continuoU$)l'1aSiiia'metnbta:ne 
system,-~ues ~vade son1~'ofitlie ~OJ;t' ~ns~ncs~po~d 
by cell walls. 

rJ ., .... \. 



Division o~labtnminto roots, stems, leaves~mqis'tans and 
other orp15 de~ upqnmass t:tanspOrt ofmetab61ie)!ro4ucts. 
~v,wsf:; soll\t~ ~J>,.Qrttd around p1an.ts -mUst ,.sometimes 
ffa.v.eac ~~Jl ~ tl:i~te> :can.be no equiy.llentiQ,_.( tlle 'tiJood-
uream of ~WlilJ?.h aelivers macroinq\e~~ i.n a mass 
ftow. Only small. ;wfilr:..p.ermeable molecules. (e,g, S.JJCioSC· and 
amino ¢dS) an:,soited !Or mass transpott in plants. In ~ 
the need to import m<ielq>Ott these mWl molectilcs·det.erinines 
the nature of Ef12n.y biQChemical pathmys and pnysiological 
systems in p~. 

Cell Walb: ~ ,sensory md signalling system 
P•a$DUJ;n'Cil'ibWle! and,cdl ,W211s meet at a wery~dal·mter­
f.Lce: a Ji.Ying. :a~.,:at)µ,t:SJ& non-living b~t c&ero;,~:iily active 
external oov.eilgg;,.F.J:ere the cell' perceives mucll aoout the "' . outside world. [iifiumerable connections bc~en -the inner 
&ce of the Viall and-the o'uter face of the plasma membrane 
are revealed by plasmolysiS (Figure 8). These fin'e sttaruls are 
indicative of molecules that link walls to phsma membranes. 
In some places linb. extend even further, conn~cting· the wall 
through the p~ membrane to sm:nds of endoplasmic 
reticulum, and J!Cdiap,s to elements of the ·cytos~e/on.These 
~ttands· arc .i~ · · area t() transmit pfi.ysi¢at si~ ·arWng 
.from: methani' ' rutbance at tile Mll-me'inbrane.tlntenace. wan pressure in ~anding; turgid cells might.~ communi~t­
ed via these struldS to activate membrane pro·cesses such as 
mcchanosensitive dlinnels. 

Classical pbnt biology points to roles fo1<-a linked wall-
meµibra.ne sensory ~pparatus. Chades DarWih mowed that 
'b~ roots ~ J;Qg tiJnes mort! sensitive to1 q)ueh than human 
touch receWtOrs.JStimuli that ,he- lilinselt?cowd n,o_~ pe~eiv.,e 

~ . 
alteNo~t,~ patt~rl)S. Plants rcspotld/<ir3inaffl:aJIYi ti> touch 
and to strc~ and compression of;, c~ surfaces. 'Wind 
pruning' of tre'Cs is-~ familiar example of a laJ#-scale effect. 
Speci~ touch receptors occur in tendrilfand insectivorous 
plants. They· also trigger mechanical pollination mechanisms. 
All such stimWi are perceived at the outer face of a cell wall, 
whence si~ pass to and are tansduced .in ,the undedying 
cy:toplasm. 

.AnothCl' ews Of,Witl-mcdiated:,SCJiling de~!;With Cfiemical 
rath~ th2n;B~~ stimuli. Plant cd1s detci:t-.ce~•Sh0rt chains 
of ,sugar ~Hue.S' f oligosaccbarides), deri~-nom e~tic 
hydrolysis ofcCll wall polysaccharides; with extraordinary sen-
sitivity and-~ecificity. This gives plants early warning of attack 
by pathogens, which normally mve to di~t their way 
through the cell Wall as they begin their.infection, hberating 
oligosaccharide signal moleooles as they p~netrate, Some of 
the plant's own'l>.ormonal signalling system probably also uses 
oligosacaunaes,_ jrufep~ndent of pathogen attack-. In other 
wo~ the ~ oontains messages b\}ilt ~ ·~ its piolecular 
eonstructiC>n.m~ ,to<ttigger groWth odlcfen~l'~ll$.cs' w)len 
Tdeased. More ihan most other phenomena, this illUst:ratcs the 
subtlety with :which the cell wall is integptcd into the life of 
plants. 

Cell walls: chemical and functional .diversity 
Many constituent molecules give rise to liulidn!ds of different 
w.all poJ,ymCrs.;with.Cliversc functions. ClaWcahtainiQg reactions 
to ,jdentlfY wfil .,PQIJ)p.~el)ts ~ gi'4ng way:'to ~~w :approach-
es to wall· ~Gtii:f.ii'. Moleculat: probes»sll,~~aS';'atitibOdies ~d 
separation '~~es giv.c deeper insiglitsiinto•the: great diver-
sity and $p,eclhcity of w.ill composition. Pol~ccharides, for 
e:xample; calf be exttaordirmily compl~ with wide-miging 
variation in constituent sugar units, b12nc:hing~sequenccs 
and substituents. Th~ can thus be extno~ specific in 
signalling and.1%:COgnition systems. 

Patt of ilie cliemical diversity of cell wiills is- related to 

'functiom! dM:rsi~ of cell ~ m varied. ro(ys . .such as slcele-
tll sup.poJtj· roo~. dete~ he~i\.'.O~,,sbstaining, ten-
~on in die · tion $'beaJn, protectii>n d'f~'cl~Jise(f cells 
like pollen ·~ ~m desiccation., -and so on. ~y; 
however. Very stibde chemical modifications of walls .are 
viewed as ways ih wlllch cdls can rec~ each other and 
their positions in ti$sues and organs. There is now an appreci-
ation of the role of chwc:al signalling.as a guide to cell fate 
in plantt, ~Q&qus to cell signalling systems-m anim2ls. 
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,Cell 1:~\·a focus ~~c~rr~nt ifesearch 
Stri~ cCll W3Ds are not$alive but to diSmiSS diem as an inert 
and -ualinteresting box around cells coUld not be further fiom · 

" ., _j 
,t!ie"tt'.9,th: Cell~~ the major determinant of plant.form"' 
"and function. whether v1ewea at the level of individual cells, . tr . • 
whole plant physiology or characteristics of the Phnt'~· 

Not stttpriSingly. cell one of the ~ foci of 
mocletIJ r.eseai:ch~n plant scien e. Tlieii; chemidl:,,complexity, 
.dCmands new · tecliniques for separation, &Urification and 
analysis of"'the.it constituents, as well, as studies of how the 
moleG.ules futetact :and ·cross-link in the lilt.let wail. Such 

and 4.11 can be combined to form a single equation describ-
ing water uptake and cell wall relaxation. as follows: 

_ 1 JV_ m(AIV)L,,(P-Pi1i) _ ~L(P-P,h) 
1 - V dt - m + (AIV')LP - $ + L (4.lZ) 

Although rather complex, this equation marries the dual 
requirements for water acquisition and irreversible wall 
expansion in growing cells.Accurate estimates for the variables 
can be made in single cells with the aid of a cell pressure 
probe. Heterogeneity within multi.cellular tissues reduces the 
accuracy of measurements, especially of conductivity. Equation 
4.12 reinforces the point that any analysis of growth must 
focus on whether L exceeds cl> substantially enough to reduce 
the right side of Equation 4.12 to Equation 4.11. 

By postulating that Equation 4.11 provides a model for 
cell expansion, an appraisal can be made of the relative impor-
tance of cell wall properties (cf> and P11,) and turgor (P) in 
determining growth rates. Equation 4.11 can be expressed as 
a linear relationship between d VI dt and P. However, viewing it 
as an equation for a straight line suggests that the parameters 
tj> and P,h are rather less variable than we now believe them to 
be; the Lockhart equation is better viewed as a model linking 

Gunning, B.E.S. and Steer; M:W: 11996).JPl4nt"Celt Biology.Jones & 
B~ett; Melbourne. ~ " 

three variables (lj>, P111 and P; which can modulate growth in 
response to developmental or environmental cues. 

4.3.4 Cell wall properties: 
determinants of growth rate 
Investigating the relationship of cell and tissue growth to P 
gives some indication of the importance of '1> and P th in growth 
regulation. Led by the idea that the primary determinant of 
growth is P, many experimenters have set out to show that 
growth and P are correlated in multicellular tissues. 
Occasionally strong correlations are found but more often 
not. First, the Lockhart analysis is not designed for multi-
cellular tissues which have specialised growth zones, poorly 
defined cell geometries or strong gradients in water activity. 
Moreover, during the long periods taken to assess growth 
rates, water-stressed tissues might develop higher Il, leading to 
recovery in P. Simultaneous changes in cell wall rheology can 
be induced at low P, raising growth rates above the low val-
ues predicted if cjl and P rh were constant. Overall, short-tenn 
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Figure 4.21 Thtgor preuure meuured in 1oybean leaves elongating •t dif-
ferent nte1 impooed by water delidas. Plants .... re grown in chamber• (cir• 
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growth and P holdl In both mviron.meau in •pile of shifts In Ill.ope and iater-
cepc, denotiag changes In f and Pih •upeclivcily 
(From Bunce I <n7) 

perturbations to growth of single cells and simple tissues are 
most likely to reveal the subtle role played by wall rheology in 
growth. 

Bunce (1977) showed that drought-induced variations in 
P in soybean leaves correlated with variations in growth rate 
(Figure 4.21). Furthermore, a comparison between plants grown 
in chambers and outdoors reveals a shift in the relationship 
between le2f elongation and P. Specifically, leaf growth of 
plants grown outdoors was halved by a 0.1 MPa drop in P 
while chamber-grown pbnts experienced only a 300/o drop 
over the same range. Putting aside the heterogeneity within a 
growing soybean leaf, Equation 4.11 suggests that both <!> and 
Pm have changed in response to plant growth conditions. Cell 
walls of plants growing outside yielded more readily to P 
(lower Pm) and then extended faster than the cell walls of 
plants in chambers (greater <j>). In bean leaves exposed to light 
to initiate rapid growth (van Volkenburg and Cleland 1986), cl> 
and P<h changed over time but long-term growth effects were 
more closely related to cl> than P- P,11• Short-term fiuctuations 
in growth were ascribed to changes in P - P th• implying sub-
tle roles for the two variables of the Lockhart equation in 
whole plants. 

In roots, too, cell wall properties participate in growth 
regulation (Figure 4.22a and b). Drought-induced water 
deficits in maize roots lowered Pin apices to about 0.3 MPa, 
almost 0.4 MPa below that of well-watered roots (Figure 
4.22b) (Spollen and Sharp 1991). Overall growth rates of the 
two sets of roots in wet and dry conditions were 2.8 and 1.0 
nun h-1, respectively. In broad terms, this might be thought 
to represent a case of lowered P inhibiting root growth but 
local rates of elongation along the root axis (Figure 4.22a) 
show that the djstribution of growth is also affected by 
drought. Figures 4.22(a) and (b) together demonstrate that 
even in roots with a restricted water supply and low P, tissues 
less than 2 nun from the apex of the roots always elongated 
at the same rate. Reduced water supply to the roots therefore 
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Figure .C.22 Sp•dal dhtributloa of(•) elonption ntea 8nd (b) turgor pus--
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(From Spollen and Sha.p 1991) 

induced a change in either cl> or P111 of the most apical cells, 
allowing these distal cells to continue elongating unabated in 
dry conditions. 

4.3.5 How rapidly do cell walls 
respond to changes in P? 
Precise changes in P can be achieved by varying the con~ 
centration of slowly penetrating solutes (e.g. mannitol) in the 
bathing medium. Imposing an increase in Ilouuide (= 'I' ouuidd 

induces an abrupt, almost equivalent decrease in P. Changes 
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Figun> 4.23 Ell'ecl of a 1"•turb1tion in P on elongation of giant algal cells 
(Nilella). A 50 kPa lncreaae in P caused a transient (within millUtet) incnHe 
in growth followed by a nturn to the initial elongation rate. Suslalned high 
P did not further affect elongation of cells 
(From Green cc~. 1971) 

in w.ill rheology often follow rapidly, in the order of minutes 
and may be faster. In maize roots, Frensch and Hsiao (1994) 
used this approach to show that loss of P was compensated for 
by re-setting of Pth to a lower level, helping to hold P - Pch 

constant and maintain growth rate. Speculation on how cell 
wall properties are rapidly modified appears in Section 4.3.6. 
The lower P in roots subjected to lower 'P ouuidc< was tempo-
rary; recovery of P by up to 0.3 MPa followed over the next 
30 min. Cells deep within the root recovered first, suggesting 
that sugars unloading from the stele to re-establish P act in 
concert with changes in cell walls to maintain root growth 
under drying conditions. 

Cells of the giant alga Nitclla have provided the most con-
vincing evidence for wall properties of single cells responding 
to P (Green ct al. 1971). Again, P was manipulated by making 
rapid changes in O autside· When a 50 kPa increase in P was 
induced by placing the cell in hypotonic solution (Figure 
4.23), the elongation rate rose rapidly (within minutes) but 
quickly settled to the same rate as the cells in the original 
solution. That is, cell elongation was independent of P within 
10-15 min of the initial perturbation. Clearly cell walls were 
responding to the altered water status of the cells, becoming 
either less extens1'ble (lower cp) or yielding less readily to inter-
nal pressure (higher PiJJ. 

Later experiments have been performed on barley seedlings 
in which roots were pressurised in order to elevate artificially 
shoot P. In this case, a sustained rise in shoot P induced by 
pressurising the roots and xylem sap caused a temporary jump 
in leaf elongation but a return to existing rates was, as with 
Nitella, rapid.Again, the cell wall properties($ and Pm) enun-
ciated in the Lockhart equation responded to the water status 
of the growing cell. 

Growth can also be manipulated by photoinhibiting pea 
seedlings with blue and red light (Kigel and Cosgrove 1991). 
No change in water supply was imposed and yet reduced cell 

wall relaxation was apparent through either lowering of ii> 
(blue light) or increases in Pth (red light). It appears that cell 
wall properties induce changes in growth rate, regardless of 
whether growth is perturbed by light treatments or hydraulic 
effects. Substantial effort is now directed towards defining 
m olecular events which start and stop growth (Section 
4.3.6) . 

4.3.6 Biochemical processes in 
walls of growing cells 

Rapid physical changes in cell walls (Section 4.3.5) have long 
been ascribed to wall loosening and rigidifying factors. Evidence 
that these rheological changes occur almost instantaneously, 
coupled with the abundance of cell wall proteins, have 
prompted a search for enzymes as wall-modifying factors. In 
principle, relatively few enzymes could account for quick 
changes in wall plasticity, such as that observed in Nitella, par-
ticularly if tension within the wall could be relieved simply by 
breahge and re-formation of H-bonds between wall poly-
mers. However, it is more likdy that many enzymes are 
required to loosen, rigidify and stabilise the range of wall 
polymers found in higher plant cell walls. The interplay be-
tween $ and P th in wall modifications, depending on environ-
mental conditions, cell type and ontogeny, also points to a 
high level of molecular complexity underlying wall rheology. 

Early experiments on acid-induced wall growth (Section 
4.1.3(b)) raised the possibility that protons contribute to rapid 
wall loosening. Specifically, H+ could activate cell wall enzymes 
with an acid pH optimum by lowering wall pH below 5. This 
view of cell wall loosening is still largely hypothetical because 
so few components of the wall loosening process, especially 
enzymes, have been identified. Indications that H+ concen-
trations in cell walls inBuence growth rates come from the 
blue light inhibition of cucumber seedling growth - depo-
larisation of plasma m embranes (reduced H+ extrusion) pre-
cedes w.ill stiffening (Section 4.3.5), rusing the possibility that 
w.ill alkalinisation inhibits growth. A second line of evidence 
comes from the expansins (growth-inducing proteins) which 
are highly active in walls of living cells at pH 4.5 but not at 
pH 6.8 (Section 4.3.6(b)). 

(a) Extension of the cell wall matrix 
Ordered assembly of cell walls as they are exocytosed from 
plasma membranes is critical for processes such as growth 
and morphogenesis. The three-dimensional structure of walls 
arises through interaction of several families of molecules: 
inextensible cellulose microfibrils lie embedded in a carbohy-
drate-rich matrix ofhemicelluloses (e.g. xyloglucans and glu-
curonoarabinoxylans), pectins, proteins and sometimes lignin 
(Table 4.2). Further biochemical changes to some of these 
molecules occur within walls, including cross-linkage reac-
tions leading to polymerisation.Whether the response of walls 



to abrupt changes in P is being considered (as in Section 
4.3.5), or ste:ldy growth of an elongating tissue, molecular 
events in cell walls are important. 

The first due to regulation of cell wall relaxation is that 
growth of most plant cells is not isodiametric (equivalent 
stretching in all directions). Ethylene application can induce 
cells to balloon around their girth but most cells elongate 
according to a strict polarity set down throughout the organ. 
Cellulose microfibrils in cell walls prior to initiation of growth 
tend to be transversely oriented (at 90°) to the axis of growth 
(Figure 4.19). The inextenstble nature of cellulose microfibrils 
is good physical evidence that elongating cells are constrained 
from increasing in girth and must grow by separation of adja-
cent microfibrils. This places the focus on the non-cellulosic 
polymers of the cell w.ill (the so-called gel-matrix) as partic-
ipants in growth. 

(b) Enzymes and wall tension 
Species variation in the carbohydrate composition of cell walls 
suggests that different enzymes are required to act on these 
substrates in different species. Xyloglucan, a xylose-glucose 
polymer, is a prime candidate for binding cellulose microfibrils 
together in dicotyledonous plants where it is abundant. 
Xyloglucan adheres strongly to cellulose in a strong stoichio-
metric relationship.An enzyme capable of cleaving and rejoin-
ing xyloglucan chains has also been isolated, providing the cle-
ments theoretically required for a biochemical model of wall 
extensibility. The activity of this enzyme (xyloglucan endo-
transglycosylase or XET) in young badey seedlings does not 
peak exactly in the region of nuxirnum leaf growth but a role 
for XET in growth is suggested by the stimulatory effect of 
gibberellic acid on both XET activity and growth (Smith ct 
al. 1996). XET might have more functional significance in 
dicotyledons in which xyloglucan is often a very abundant 
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wall polymer. Glucanases isolat.ed from maize cell walls enhance 
auxin-stimulated growth of maize coleoptiles, antibodies to 
glucanase blocking the effect, but no further indication of the 
role of these enzymes in growth has emerged 

Other experiments have demonstrated that a class of cell 
wall proteins, expansins, are potential agents for catalysing cell 
wall yielding in vivo (McQueen-Mason 1995). Figure 4.24a 
shows that sharp gradients in growth along the hook of a 
cucumber hypocotyl are paralleled by a gradient in extension 
of these tissues when stretched under acid conditions (Figure 
4.24b) but not at neutral pH (Figure 4.24c). When tissues 
were killed by boiling, extension was blocked (Figure 4.24d), 
Hypocotyl extension requires acid pH and non-denatured 
proteins. 

Two lines of evidence point to expansins having a direct 
role in cell extension. First, preparations of proteins from 
growing cell walls caused boiled cen walls to stretch sign-
ificantly at a pH of 4.5 but not at a pH of 6.8 (Figure 4.25). 
Purification of this showed that a 25 kD expansin was capa-
ble of catalysing wall extension. Second, while expans.in activ-
ity does not decline in tissues as they exit the growth zone 
(Figure 4.26a}, sensitivity of these tissues to added expansin 
does decrease (Figure 4.26b). This might be interpreted as a 
decreasing availability of substrates for expansin to act on in 
expanded walls. In the case of expansins, it is proposed that the 
'substrates' are hydrogen bonds between hemicelluloses and 
cellulose microfibrils.Expression of expansin-encoding genes, 
release of the enzyme into cell w.ills, wall acidification and 
accessibility to H-honds might all play a role in determining 
wall rheology. Expansin applied to meristem surfaces alters the 
development of leaf initials, suggesting multiple roles for 
expansion as a wall-looseningfactors. Undoubtedly, further 
enzymes which play a role in wall loosening in other species 
and tissues await discovery. 
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Figure 4.24 Di1tributioa or growth and wall 
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.bypocoryl. (•) Growth rate ia mott npid aeu the 
hook. (b) Hypocoryl aegmeau -ff liozea, 
lbawed, mbnded ud 1tntched under 1 :&O 1 lold in 
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Figure 4.25 Extension of apical 1 cm segmenl.I of abraded cucumber 
hypocotyls which were either &ozen and thawed or boiled (protrins dena-
tured) prior to appl!cacion of a load. After boiling alone there wu negligible 
extension but addition of a crude preparation of 'apical wall ptoteim' 
excracted &om rapidly growing cell walls induced hypococyb to stretch. 
Hypocotyl segmeal$ which were &ozen and thawed began to stretch only 
after 1tamfer &om neutral pH (6.8) to acid pH (4.S), demomttacing the 
dependence or w.all extension on acid conditions 
(Front McQueon-Mason cc al. 1992) 

What is clear is that the biophysical consequences of 
instantaneous changes in tension in cell walls (e.g. induced by 
changes in P) will be followed by a phalanx of biochemical 
events including wall polymer synthesis and altered gene 
expression. Sustained expansion of plant cell walls cannot be 
explained simply by inexorable wall hydrolysis; if it were, cell 
walls would weaken to breaking point during growth. The 
'setting' oflong-term cell expansion rates is likely to hinge on 
biochemical events underlying wall relaxation and reinforce-
ment. 

(c) Cessation of cell wall expansion 
Molecular evenc.s leading to cessation of wall expansion are 
even less well understood than those which initiate growth. A 
common view is that sufficient tension develops over time in 
the molecules cross-linking cellulose microfibrils (e.g. 
xyloglucans) to prevent further wall expansion. Essentially, 
when a cell has reached its final dimensions its wall is 'locked' 
into a final, hardened conformation. Molecules with a specific 
role in growth cessation are thought to be exocytosed into 
cell walls, providing either substrates for cross-linkage reactions 
or enzymes catalysing cross7linkage of pre-existing wall poly-
mers. Identification of cross-linkage reactions between moi-
eties found in the cell wall have led to a search for their pres-
ence in vivo. For example, ferulic acid residues in grass cell 
walls can cross-link to produce di-ferulic acid and potentially 
stiffen walls through formation of a polysaccharide-lignin 
network. Unfortunately, in rice coleoptiles the abundance of 
the di-ferulic form bore no relation to growth cessation. 

Secondary cell walls generally form after primary walls 
have ceased to grow but the familiar rigidity of secondary cell 
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Figure 4.26 (a) Exte111ioo activity assayed In aude preparacio111 containiug 
wall proteim extracted &om duues at four posilions along the axis of a 
cucumber hypococyl (tee figure 4.25). Protein extncted liom these four 
positions wa1 usayed by adding It to apical hypocotyl aegments which had 
bem &ozen, thawed, abraded and clamped Into an extensometer prior co 
acnitching. Note that even non-growing dssues (posicion 4) had wall proteins 
c.pabJe of Inducing exceasloa. (b) Segments which were boiled to denature 
wall proteins stretched more on addition of para.Uy purified eq>ansin if they 
were taken Uom the growth SODC or the hypocotyl, indlcar:!ng a loss of 
eq>-in sensitivity a.s celh exited the growth zone 
(From McQueen-Ma$0n ct al. 1992) 

walls (e.g. wood) is mostly viewed as distinet from stiffening 
of primary walls. Lignification of primary walls commences 
earlier than once thought and is a possible factor in growth 
cessation (Miisel ct al. 1997). Such a response might be con-
trolled through release of peroxide into walls in much the 
same way as seen in walls subject to fungal attack. Peroxidases 
are targeted as candidates for the catalysis of these reactions. 

The number of non-cellulosic polymers coming under 
tension as a cell wall expands will rise if there is not a contin-
ual release of that tension, probably through enzyme action. 
Therefore the degradation of enzymes responsible for polymer 
cleavage might also play a role in cessation of growth. However, 
experiments with expansins are a good reminder that the sen-
sitivity of the wall (making substrate for enzymes) is also an 
important factor in growth cessation. Understanding rigi-
dification of this complex matrix of polymers demands input 
from the disciplines of biology, chemistry and physics. 



Combining est:lblished techniques with novel approaches to 
the study of individual cells (e.g. Fourier-Transform Infra-red 
microspectroscopy and the cell pressure probe) will bring new 
insights to the molecular basis of wall expansion. 
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