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A stress-relaxation method has been developed to mea- 
sure the mechanical property of the plant cell wall, as a 
physically defined terms. In the method, the stress relaxa- 
tion property of the cell wall is simulated with a Maxwell 
viscoelastic model whoso character is represented by four 
parameters: the minimum relaxation time, To, the relaxa- 
tion rate, b, the maximum relaxation time, Tm and the 
residual stress, c. Thus, the mechanical property of the cell 
wall is represented by the four parameters. Physical and 
physiological meanings of the parameters are discussed. 
Auxin effects on the parameters were also studied. 

The cell elongation is simply thought to be extension of 
the cell wall under a force. The extension of the cell wall 
can be simulated by the mechanical property of the cell 
wall. However, the calculated extension was found to be 
incomparable to the real cell growth, indicating that there 
has to be other factors limiting the rate of cell growth. 
Major factors governing cell growth are discussed to be the 
cell wall mechanical property, the osmotic potential and 
water movement in the apoplast. A possibility to predict 
cell expansion with the three factors was discussed and a 
novel equation representing cell growth was obtained: 

1/ R=  I /  R,,-I-1/ R, 
where R is the rate of cell elongation, Rw is the rate of cell 
wall extension due to the osmotic pressure and Rp is the 
rate of cell elongation determined by water conductivity. 
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Cell elongation is an increase in the cell volume and thus 
the cell wall is needed to extend. Cell elongation is caused 
by water uptake into a cell from its ambience. The driving 
force of water uptake is provided by the osmotic water 
potential or the osmotic pressure of the cell sap. If cell 
elongation is controlled only by water uptake driven by the 
osmotic pressure, elongation would continue without restric- 
tion. Actual cell elongation in higher plants does not pro- 
ceed in such a manner, since the cell wall restricts water 
absorption. Thus, the cell wall, as well as the osmotic water 
potential, plays an important role in cell elongation. 

When the cell takes up water from its ambience, the cell 
wall is to be stretched. When the cell wall is stretched, 

stress is produced in the cell wall, suppressing cell elonga- 
tion. The larger the stress, the smaller cell elongation, and 
the smaller the stress, the larger cell elongation. The rate of 
cell elongation is thus thought to be determined by a 
balance between a suction force provided by the osmotic 
pressure of the cell sap and the stress produced by the cell 
wall. Cell elongation would be caused by an increase in the 
osmotic pressure of the cell sap and/or a decrease in the 
cell wall stress. In general, cell elongation is controlled by 
plant hormones. Some plant hormones enhance cell elon- 
gation via the regulation of the osmotic pressure of the cell 
sap and some others cause changes in the mechanical 
property of the cell wall or both to regulate cell elongation. 

When a plant hormone, auxin induces cell elongation, it 
decreases the cell wall stress (Heyn and van Overbeek 1931, 
Cleland 1967, Masuda 1969, Yamamoto et al. 1970) but does 
not increase the osmotic pressure of the cell sap but even 
decrease it (Yamamoto and Masuda 1984). The decrease 
in the cell wall stress is thought to be a cause of cell 
elongation induced by auxin. The change in the mechani- 
cal property of the cell wall resulting in enhancement of the 
cell elongation is referred to as "loosening" of the cell wall 
(Cleland 1958). Auxin causes the cell wall loosening. On 
the other hand, there are contradictory reports on gibberellin 
effects on the cell wall (Yoda and Ashida 1960, Nakamura et 
al. 1975, Katsu and Kamisaka 1983, Miyamoto and Kamisaka 
1988). Recently gibbereliin is reported to enhance cell 
elongation through an increase in the osmotic concentration 
of the cell sap or a suppression of its decrease during water 
absorption (Miyamoto and Kamisaka 1988). 

Cell wall loosening can be measured as a change in the 
mechanical property of the cell wall. The mechanical 
property is defined as the relationship between the stress 
and the strain or the load and the extension. In the case of 
a spring or a rubber band, the extension is proportional to the 
load irrespective of the time. This kind of the mechanical 
property is elastic. The mechanical property of an ordinary 
substance is not just elastic but dependent on time, being 
viscoelastic. The mechanical property of the cell wall is 
viscoelastic. 

The mechanical property of the cell wall has been mea- 
sured by a variety of methods (Heyn and van Overbeek 1931, 
Olson et al. 1965, Cleland 1967, 1971, Masuda 1969, 
Yamamoto et al. 1970, Yamamoto and Masuda 1971, Cleland 
and Haughton 1971, Cosgrove et al. 1984). These methods 
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are designed to obtain mechanical parameters correlated 
well with cell wall loosening and essentially divided into three 
types: (1) a constant extension is given to a specimen and 
the change in the stress is measured, e.g. the stress-relaxa- 
tion measurement (Yamamoto et al. 1970, Cleland and 
Haughton 1971), (2) a constant load is given to a specimen 
and the change in the extension is measured, e.g. the creep 
measurement (Hager et  al. 1971, Cleland 1971, Jaccard and 
Pilet 1975) and (3) when the load or extension given to the 
specimen is changed, the extension or load is measured, e.g. 
the load extension and the resonance measurements (Virgin 
1955, Olson et al. 1965, Cleland 1967, 1971, Masuda 1969). 
The situation in the third type of measurements is rather 
complex since both the stress and the strain change. The 
stress-relaxation and the creep measurements, in which only 
one of the stress and the strain changes, appear to have 
advantages in analyzing the mechanical property of the cell 
wall. 

The creep which is the extension under a constant force 
mimics the cell elongation process (Cleland 1971). An 
apparatus equipped with a differential transducer has been 
generally used to measure the creep of the cell wall of higher 
plants. However, the measurement of the creep process 
with the plant cell wall seems to be impractical because it is 
hard to avoid the shock on a specimen when a load is 
applied to the specimen, as pointed out (Yamamoto and 
Sakurai 1990). Occasionally, application of a load causes 
an overshoot and a swing in the extension. A tensile tester 
which has been employed to measure the load extension 
relation of the cell wall (OIson et al. 1967, Cleland 1967, 

Fig. 1. A tensile tester. A cell wall specimen was fixed 
between the upper and lower clamps of the tensile tester. 
The upper clamp is connected to the load cell which is 
fixed on the top of the tester. When the down button is 
pushed, the worm gear moves down the moving bar to 
stretch the cell wall specimen. When the specimen 
produces a certain amount of the initial stress, the stop 
button is pushed to stop the moving bar and decay of the 
stress detected by the load cell is recorded by the com- 
puter. 

Masuda 1969) has been employed to measure the stress 
relaxation of the cell wall (Yamamoto et al. 1970, Cleland and 
Haughton 1971). With this technique there is little chance to 
have errors derived from the shock due to the load applica- 
tion during the operation of the apparatus. 

Yamamoto et  al. (1970, 1974) have developed a stress- 
relaxation method to measure the mechanical property of the 
plant cell wall and auxin effect on the parameters obtained 
as a physically defined terms. In the principle of the stress- 
relaxation measurement, the specimen is supposed to be 
extended instantaneously and thereafter the decay of the 
stress is measured. Although an application of an instanta- 
neous extension is not practical, a high rate of extension can 
be given to the specimen with the tensile tester (Fig. 1). 

The Stress-Relaxation Analysis 

The physically defined way to deal with the mechanical 
property of the cell wall includes a mathematical analysis. 
The first step to the way is to create a physical model 
representing the stress-relaxation phenomenon in the cell 
wall. The model should be appropriate for explaining the 
phenomenon from the physical point of view. A simple 
model is good to understand phenomena although it does 
not necessarily mean that a good model is simple. In 
addition, it is a matter of course that a complex model fits 
well the actual phenomenon irrespective of whether or not it 
explains the phenomenon well. 

The followings are examples of the stress-relaxation 
measurement of the plant cell wall (Yamamoto et al. 1970). 
Oat seedlings are grown in the dark for four days and 
segments are excised from coleoptiles. Segments are fixed 
with boiling methanol for 5 min and stored in fresh methanol 
until use. Stored segments are rehydrated and washed with 
water several times. A tensile tester is employed to mea- 
sure the stress relaxation. A rehydrated segment is fixed 
between two clamps of the tensile tester (Fig. 1). The upper 
clamp is connected to the load cell to detect the load 
produced by the specimen and the lower clamp is quickly 
lowered (20 mm/min) to extend the specimen. The "down" 
button of the tensile tester is pushed to lower the lower 
clamp and stretch the specimen to produce a certain 
amount of load. The "stop" bottom is pushed to stop the 
lower clamp when the load produced by the specimen 
reaches 10 g or the strain reaches 10%, for example. Then 
the load produced by the specimen then quickly decreases. 
This is the way to observe stress relaxation of the wall 
specimen. This technique is applicable to the cell wall of 
shoots such as stems and coleoptiles. However, this stret- 
ching method seems to be hardly applicable to the cell wall 
of organs such as fruits and tubers (Yamamoto et al. 1981). 
The stress relaxation analysis by a compression method has 
been applied to measure firmness or ripeness of fruits (Ko- 
jima et  al. 1991, 1992). 

The stress relaxation has been simulated with Maxwell 
viscoelastic elements consisting of elastic element (Fig. 2a) 
and viscosity element (Fig. 2b) connected in series. The 
stress relaxation of an ordinary matter is not simulated by 
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Fig. 2. Maxwell viscoelastic models, a: elastic element, b: 
viscosity element, c: a Maxwell element, d: a discrete 
Maxwell viscoelastic model and e: a generalized Maxwell 
viscoelastic model. 

only one Maxwell element (Fig. 2c) but a Maxwell model 
composed of some number of Maxwell elements connected 
in parallel (Fig. 2d) is used to simulate the stress relaxation 
process. A generalized Maxwell model with an infinite 
number of Maxwell elements connected in parallel is also 
used more commonly (Fig. 2e). The density function of 
Maxwell elements in the model expresses the character of 
the mechanical property of the cell wall. The function is 
called the spectrum. The stress relaxation is expressed by 
Laplace's transformation of the spectrum. 

The stress-relaxation equation is a physical model itself. 
The stress-relaxation curve of the cell wall appears to be 
expressed by an exponentially decreasing function and 
therefore may be represented by the following equation : 

S =  oz. exp ( - f i t )  ( I ) 

where S is stress, t is time and a and fl are constants. This 
equation fails to represent the stress relaxation of the cell 
wall irrespective of the value of a and ft. As mentioned 
above, the Maxwell model composed of only one Maxwell 
element is not enough to represent the stress relaxation of 
the wall specimen. At least four elements are needed to fit 
the model to the stress relaxation as represented by the 
following equation (Yamamoto et al. 1970): 

4 

S : ~ . ~ -  G~-exp ( - t /v , )  (11) 
i = 1  

where ~ is the strain. G~ and 7i are the elastic value and the 
relaxation time of the i-th element of the Maxwell model, 
respectively. The stress relaxation parameters of the cell 
wall are obtained by the least square method. A plant 
hormone, auxin is found to cause a decrease in the value of 
~ when 71< 72< 73< ~4 (Yamamoto et al. 1970). 

The equation (11) contains eight parameters. It can be 
said that the model is rather complex and then a simpler 
model with a smaller number of parameters should be 
sought. For this purpose, the stress relaxation curve is 

numerically differentiated with respect to time and an appar- 
ent hyperbolic curve is obtained. The reciprocal value of 
the stress plotted against time gives a line represented by 
the equation : 

y=  c. (t + To) (111) 

An integration of equation (111) with respect to time gives 

S = a - - b .  In (t+ To) (IV) 

where S is stress, t is time and a, b and To are constants. 
Plotting the stress relaxation curve against logarithmic time 
gives a straight line. Equation (IV) fits well the stress relaxa- 
tion of the plant cell wall. A generalized Maxwell model 
which is helpful to analyze the stress relaxation is character- 
ized with parameters in equation (IV). The stress relaxation 
of a generalized Maxwell model is represented by the follow- 
ing equation : 

S =  fo ~G(7). ~.exp ( - t / 7 ) . d~  (V) 

where t is time, ~- is relaxation time, G(7) is the density 
function, that is, the relaxation time spectrum of elasticity. 
Equation (IV) is an empirical equation of the stress relaxation 
and equation (V) is the one representing the stress relaxation 
of the Maxwell model. Equation (IV) is set to equal equation 
(V) as 

(t+ To) :  fo=G(T).r ( - t / ~ ) -d7  (VI) a--b. ln 

G(z) is obtained from equation (Vl): 

G(.~):b/r ( -To/7)- -exp (--Tm/-~)} (VII) 

From equation (VII), an equation representing the stress 
relaxation is obtained as (Yamamoto et al. 1970): 

S(t) :b. ln {(t-I- Tm) / (t-I- To)} (VIII) 
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Fig. 3. A typical stress relaxation curve of the plant cell wall 

plotted against logarithmic time. 
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Plotting the actual stress relaxation curve against logarithmic 
time reveals that a residual stress, c remains after long time 
period and thus the following stress relaxation equation is 
obtained (Yamamoto et al. 1974): 

S(t)=b.  In{(t + Tm)/(t + To)} + c  (IX) 

The Maxwell model simulating the stress relaxation of the 
plant cell wall is characterized by the parameters in equation 
(IX) such as b, To, Tm and c. 

The mechanical property of the cell wall is characterized 
by the shape of the G(-r) spectrum. The spectrum obtained 
for the cell wall lies on a long time scale from I msec to 1,000 
sec. When the spectrum is drawn on the logarithmic time 
scale, H(~') spectrum is used. H(7) equals G(~')~'. The 
stress-relaxation property over the wide time range is char- 
acterized by the shape of the H(-~) spectrum. 

Figure 3 shows the stress relaxation curve of the plant cell 
wall plotted against logarithmic time. The stress starts to 
decrease at the time, To. This time is referred to as the 
minimum stress relaxation time when relaxation starts. 
Afterwards the stress decreases linearly until the time, Tm 
which is referred to as the maximum stress relaxation time 
when relaxation stops. The slope of the line, b between To 
and Tm is referred to as the stress relaxation rate. The 
residual stress is c. 

Meanings of the Parameters 

The mechanical property of the cell wall is analyzed with 
the stress relaxation curve and thus the four parameters, b, 
To, Tm and c which can be calculated by the non-linear 
least square method. Cell wall loosening is defined as a 
change in the celt wall leading to the celt elongation. There 
are four parameters in the generalized Maxwell viscoelastic 
model. A question arises as to which parameter is correlat- 
ed well with cell wall loosening. In addition, it is 
physiologically and chemically important to know the rela- 
tionship between the parameters and cell wall components. 

The cell wall is prepared from plant organs which are 
excised from plants grown under different conditions or 
treated with various agents. The cell wall is then subjected 
to stress relaxation measurement and the analysis of the cell 
wall components. The cell wall is mainly composed of 
polysaccharides such as cellulose, hemicellulose and pectin. 
The To value is found to be correlated well with the amount 
of hemicellulose in the cell wall (Kawamura et al. 1976). 
Using segments excised from oat coleoptiles or pea 
epicotyls, auxin is found to cause a decrease in To of the 
cell wall (Yamamoto et al. 1970, 1974, Masuda et al. 1974). 
These facts indicate that hemicellulose plays an important 
role in cell wall loosening leading to cell elongation. 

Applying Eyring's theory of the reaction rate to the nature 
of viscosity, viscous flow or deformation is based on a 
movement of flowing units crossing over an energy barrier 
(Eyring 1936). According to the theory, b in equation (IV) or 
(IX) represents the concentration of flowing units in the 
viscous material (Tobolsky and Eyring 1943). Therefore, in 
the case of the present material, b in the equations is 

supposed to represent stress relaxation units in the cell wall 
(Yamamoto et al. 1981). The value of b is found to be 
correlated well with the amount of hemicelluloses in the cell 
wall (Kawamura et al. 1976) and with the growth ability 
(Sakurai et al. 1982). The main component of the cell wall 
supporting the stress relaxation is thus hemicelluloses. 

The stress relaxation curve of synthetic fibers with differ- 
ent molecular weights is shifted horizontally along the logar- 
ithmic time axis and the shifting factor is found to be 3.3~3.4 
times the logarithmic time of the mean molecular weight 
(Mark and Tobolsky 1950). The stress relaxation time is 
thus proportional to the 3.3~3.4 power of the molecular 
weight. Shifting of H(~') spectrum of the cell wall toward 
right and left represents an increase and a decrease in 
molecular weights of hemicelluloses, respectively. The 
values of To and Tm are the lower and upper limits of the 
H(~r) spectrum. Their change is a reflection of changing 
molecular weights of the cell wall components such as 
hemicelluloses as suggested previously (Yamamoto et al. 
1970). 

Auxin treatment of excised plant organs such as segments 
of oat coleoptiles or pea epicotyls causes a decrease in To, 
suggesting that auxin causes a decrease in the molecular 
weight of hemicelluloses of the cell wall. In fact, auxin 
causes the degradation of a component of hemicelluloses 
(Loescher and Nevins 1972, 1973) and enzymes which are 
able to degrade the cell wall induce cell elongation and cell 
wall loosening (Masuda and Wada 1967, Masuda 1968, 
Yamamoto and Nevins 1981). Hemicelluloses which are 
extracted from plant organ segments treated with auxin are 
attempted to be analyzed by gel filtration chromatography. 
The elusion pattern of hemicelluloses from gel chromatogra- 
phy, that is, the molecular weight distribution is shifted 
toward lower molecular weights by auxin, indicating that 
auxin causes a decrease in the mean molecular weight of 
polysaccharides in hemiceUuloses (Sakurai et al. 1979, 
Nishitani and Masuda 1982, Inouhe et al. 1984). Judging 
from these facts, it is likely that auxin-induced cell wall 
loosening is at least partly due to the degradation of 
hemicelluloses. Cell wall loosening may be caused by 
enzyme reactions conducting modifications of cell wall 
components, such as a degradation or molecular weight 
lowering of hemicelluloses. It is also likely that the modifi- 
cation of hemicelluloses is carried out by an enzyme con- 
ducting transglycosylation between hemicellulose mole- 
cules. An enzyme preparation which is able to induce cell 
elongation contained a transglucosylase activity which pro- 
duces cellulose from cello-oligosaccharides (Yamamoto and 
Nevins 1979, Tanaka et al. 1982, Yamamoto et al. 1983). 
Xyloglucan molecules of the cell wall of higher plants are 
rearranged by a transglycosylase which is suggested to be 
involved in cell elongation and cell wall construction (Ni- 
shitani and Tominaga 1992, Nishitani 1995). The enzyme is 
extractable from the apoplast by centrifugation of organ 
segments (Nishitani 1992, Okazawa et al. 1993, Nishitani and 
Tominaga 1992), suggesting that it acts in the cell wall. 
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Mechanism of Elongation Growth 

Cell elongation has been thought to be equivalent to cell 
wall extension under a constant load. The turgor pressure 
in the cell has been understood to act on the wall as a load. 
If we consider a protoplast without the cell wall, it can be 
imagined that no pressure is produced inside the protoplasts 
even if they absorb water. Thus, water uptake by proto- 
plasts does not cause turgor pressure to be produced. 
Hence the turgor pressure is clearly due to the resistance of 
the cell wall against water uptake to enlarge the cell and 
extend the cell wall. It is therefore hard to understand that 
the turgor pressure is a driving force for cell wall extension. 
When the turgor pressure is balanced with the osmotic 
pressure of the cell, the cell is turgid and the net water 
uptake does not occur. The stress relaxation of the cell 
wall results in the turgor pressure decrease. Water uptake 
is driven by the force due to the difference between the 
osmotic pressure and the turgor pressure which is equal to 
the cell wall pressure in value; the decrease in the turgor 
pressure increases water uptake into the cell. As soon as 
water is taken up, then the turgor pressure is restored and 
the turgor pressure is balanced with the osmotic pressure. 
Therefore, water uptake is caused by the decrease in the 
turgor pressure. Thus it can be said that the primary cause 
for cell extension is the stress relaxation of the cell wall but 
not turgor pressure increase. 

If an elongating cell absorbs water through an active 
mechanism, the corresponding pressure with active water 
absorption is to be produced. The active water absorption 
has been suggested to be carried out by active solute 
absorption (Katou and Furumoto 1986). The active water 
absorption is caused by energy consumption and thus 
dependent on energy production, that is, metabolism. If a 
cell is cooled or put in nitrogen atmosphere to suppress 
energy production, the portion of the turgor pressure due to 
active water absorption is canceled and the cell has to 
shrink. In fact, pea epicotyl segments cooled with ice are 
found to shrink (Yamamoto and Sakurai 1992b), suggesting 
that a portion of the force for water uptake is produced by 
active water uptake. Water channels (Bondy et al. 1993, 
Chrispeels and Agre 1994) may exist in plasma membrane 
and play some role in the maintenance of the turgor pres- 
sure. Water channels whose density in the plesmalemma 
and tonoplast limits the rate of water uptake may play a role 
in production of the turgor pressure. Auxirl does not 
increase the osmotic pressure of the cell sap when it 
enhances cell elongation. On the contrary, it often 
decreases the osmotic concentration of the cell sap 
(Yamamoto and Masuda 1984). Let water uptake driven by 
the osmotic pressure of the cell sap be referred to as passive 
water uptake, although the osmotic pressure of the cell sap 
is maintained by active energy-dependent processes in the 
cell. Let water uptake coupled directly with an active 
process such as ion uptake driven by ion pumps be referred 
to as active water uptake. Active water uptake will be 
quickly inhibited by energy production blocked, while passive 
one will not. On the basis of this assumption, we can 

measure active water uptake and passive one, separately. 
If auxin enhances cell elongation through its action on active 
water uptake, the ratio of active water uptake to passive one 
has to be increased by auxin. When segments of pea 
epicotyls treated with or without auxin are cooled with ice 
and their lengths are measured, the ratio does not appear to 
be affected by auxin in pea epicotyl segments (Yamamoto 
and Sakurai 1992b). Active and passive water uptake are 
affected to the same extent by auxin. Since auxin does not 
enhance the osmotic pressure, supporting passive water 
uptake, active one is concluded to be unaffected by auxin in 
pea epicotyls. 

Cell elongation enhanced by auxin is not due to an 
increase in the osmotic pressure or active water uptake. 
Auxin causes cell wall loosening to enhance cell elongation 
and hypotheses have been proposed to explain the auxin 
action on cell wall extension to enhance cell elongation. 
One of them is acid growth theory (Hager et al. 1971). 
According to the theory, auxin is to cause hydrogen ion 
secretion from the plasma membrane to bring about cell wall 
loosening. When segments of plant organs are treated with 
auxin, pH value of the ambience solution is observed to 
decrease. Auxin possibly causes hydrogen ion secretion 
with its acting directly on the plasma membrane as suggest- 
ed by Hager (1971). Protons are thought to acidify the cell 
wall to cause cell wall loosening. There is another explana- 
tion of the proton action that solutes cotransported with 
protons, which are secreted by energy-dependent proton 
pumps, contribute to an increase in the osmotic pressure to 
enhance water uptake. On the other hand, galactose has 
been reported to suppress auxin-induced cell elongation in 
coleoptile segments of gramineous plants by inhibited syn- 
thesis of UDPG (Yamamoto et al. 1984, Inouhe et al. 1986, 
1987). In Vigna epicotyl segments whose cell elongation is 
not inhibited by galactose, galactose inhibits the auxin-in- 
duced decrease in the pH value of the ambience solution as 
well as glucose (Kokubo et al. 1990). These sugars are 
speculated to be incorporated into cells together with hydro- 
gen ions and thus hinder the auxin-induced decrease in pH 
of the ambience solution. Auxin may bring about an efflux 
of hydrogen ions to the ambience to enhance cotransport of 
substances such as sugars with hydrogen ions. Solute 
uptake suppresses a decrease in the osmotic pressure due 
to water uptake and maintains the ability of cell elongation. 

Simulation of Cell Elongation 

If we know the mechanical property of some material and 
the force to extend it, extension can be described with 
physical laws. Therefore, extension of the cell wall can be 
mathematically obtained because we know the viscoelastic 
property of the cell wall and the osmotic pressure which is 
the driving force of water uptake. Ceil elongation is thought 
to be equivalent to cell walt extension caused by a force 
provided by the difference in the osmotic pressures between 
the cell sap and the apoplast. One of so-called Lockhart's 
equations has been empirically introduced to express the 
rate of cell elongation : 
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1IV. V / d t = m . ( P - -  Y) (X) 

where V is the cell volume, 1 /V .V /d t  is the rate of cell 
elongation, m is the extensibility of the cell wall, P is the 
turgor pressure and Y is the yield stress of the cell wall 
(Lockhart 1965, Green et al. 1971, Taiz 1984, Boyer 1985, 
Cosgrove 1986, Okamoto et al. 1989, 1990). The term, P-- Y 
is occasionally called as an effective turgor pressure 
because it is apparently the force to drive cell elongation 
according to equation (X) (Okamoto et al. 1989). 

Lockhart (1965) assumed without having proof that the 
nature of the mechanical property of the cell wall is linear 
and introduced equations to express the rate of cell elonga- 
tion. The linear relation of the rate with the force is viscos- 
ity. Therefore, Lockhart's assumption of equation (X) was 
that the mechanical property of the cell wall is simply 
viscous. The relation of the actual material between the 
rate and the force does not appear to be just proportional but 
appears to include a yield value in the force like equation (X). 
Equation (X) is equivalent to the one expressing the 
Bingham's viscosity. Such a bias is observed with many 
substances. However, the mechanical property of the cell 
wall does not obey such a simple law. The cell wall shows 
viscoelastic nature. 

The other Lockhart's equation represents also the rate of 
cell elongation : 

1IV. V / dt = ~9 , (ALFI - P) (XI) 

where (Z) is water conductivity and zI]7 is difference between 
the osmotic pressures of the inside and outside of the cell. 
Solution of equations (X) and (XI) as simultaneous equations 
gives us the values the elongation rate and the turgor 
pressure in static cell elongation (Katou and Furumoto 1986). 
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Fig. 4. Osmotic shrinkage and expansion of okra hypocotyl 
segments. Hypocotyl segments were excised from light- 
grown okra plants and incubated with 0.4 M sorbitol for 2 hr 
(A, B and C). Segments were then transferred to buffer 
solution containing no sorbitol (C, D and E). 

Osmotic shrinkage and expansion of plant organ seg- 
ments have been examined, for example with 0.4 M sorbitol 
as shown in Fig. 4. Segments are shrinking due to sorbitol 
(Fig. 4 A, B and C) and during this period the turgor pressure 
is supposed to be decreasing. Segments are then transfer- 
red to buffer solution containing no sorbitol to allow expan- 
sion (Fig. 4 C, D and E). At C of Fig. 4, segments begin to 
absorb water quickly because of the small turgor pressure 
and to elongate at a high rate. Around 13, the rate of cell 
elongation is decreasing and the turgor pressure is supposed 
to be increased because of water absorption. At E, expan- 
sion is almost accomplished and the turgot pressure reaches 
the highest value. There may be another explanation of this 
phenomena; When segments are incubated in sorbitol solu- 
tion with a high pressure, the cell wall is extensive. When 
segments are transferred to buffer solution with a lower 
osmotic pressure and the cell wall is extended (Fig. 4 D), the 
cell wall becomes less extensive and the rate of extension 
decreases. In this explanation, the extensibility of the cell 
wall is assumed to change with extension of the cell wall. 

According to equation (X), the rate of cell elongation 
should increase when the turgor pressure increases. It is, 
however, not the case. In addition, all the terms in equation 
(X) are solely the functions of the property of the cell wall. 
The m is the wall extensibility, P is the turgot pressure which 
is equivalent to the wall pressure and Y is obviously a 
function of the wall. In other words, all the terms in the 
equation are functions of one single factor, namely the 
mechanical property of the cell wall as pointed out previously 
(Yamamoto and Sakurai 1992a). 

The coefficient, m in equation (X) may not represent just 
the mechanical property of the cell wall. Taking m �9 ~/0~n + 
(~)=M, equation (X) gives 

1/. d V / dt. ( I / g - -  I~ ~ )=  P - Y (XII). 

Substitution of equation (XI) into equation (Xll) gives 

1/V. dV / dt = M.  (zJ]7 -- Y) (XlII). 

This equation may show that the wall extension is driven by 
Zt]7, the difference between the osmotic pressures of the 
inside and outside of the cell but not the turgor pressure. 
This equation agrees with the fact that the dependency of 
extension rate of the cell wall on the tensile force is linear 
(Hejnowicz and Sievers 1992). The physical and physiologi- 
cal meaning of M may have to be further studied. 

Equations Representing Cell Elongation 

The stress relaxation analysis is one of the ways to 
express the mechanical property of the cell wall by physically 
defined terms. The mechanical behaviors, such as the 
stress relaxation, the creep and the load-extension are 
interchangeable each other with differential or integral equa- 
tions (Gross 1950). Using the stress relaxation parameters, 
the load-extension behavior of the cell wall can be re- 
produced (Fujihara eta / .  1978, 1979). However, a similar 
type of the problem in the creep has not allowed a closed 
-form solution. A digital computer with a compiler language 
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integrates differential equations representing a continuous 
Maxwell model. The calculation based on integration is 
programmed with a computer language. The program 
advances time in the model step by step in a small increment 
to construct a series of sets of time and strain. This series 
describes the creep process which fits well the observed 
creep of the cell wall (Yamamoto and Sakurai 1990). 

Creep, which is extension of an isolated cell wall specimen 
under a constant load, is thought to be equivalent to cell 
elongation. Cell elongation has to be predicted by the 
stress relaxation parameters. The creep process of an 
isolated cell wall was found to be much faster than the 
actual cell expansion (Hager et al. 1971, Cleiand 1971, 
Yamamoto and Sakurai 1990). Therefore, cell elongation is 
not just equal to wall extension under constant force and 
could not be successfully predicted. There has to be 
another factor that limits the rate of cell expansion. There- 
fore cell elongation in organ segments incubated in an 
aqueous solution is caused by water uptake and water is 
taken up from the ambience by cells through the cuticle 
layer of the epidermis, the cell wall and the membrane. The 
apoplast has been suggested to limit water movement (Wes- 
tgate and Steudle 1985, Steudle and Boyer 1985, Yamamoto 
and Sakurai 1992b). 

The membrane permeability to tritium-labeled water was 
reported to be presumably large (Dowler et aL 1974, Radice 
et al. 1977, Palta and Stadelmann 1977, 1980). Tritium- 
labeled water penetrates little through the lateral side and 
mainly through the cut ends into cells of the segment when 
plant organ segments were incubated with tritium-labeled 
water (Dowler et al. 1974), indicating that the cuticle in stems 
or coleoptiles is a potent barrier to tritium-labeled water. 
However, the cell wall has been little discussed with regard 
to its participation in water permeability. Tepfer and Taylor 
(1981), Carpita (1982) and Baron-Epel et al. (1988) have report- 
ed that the cell wall acts as a barrier for passing of mole- 
cules. The cell wall may affect water movement from the 
ambience to cells through it and thus be one of candidates 
for additional factors limiting cell expansion, although the 
permeability of the membrane and cuticle should be consid- 
ered to be main barriers for water movement (Dowler et al. 
1974, Radice et al. 1977, Palta and Stadelmann 1977, 1980). 
When plant organ segments are incubated in hypertonic 
solution, they shrink. Water passes out through the mem- 
brane, the cell wall and the cuticle to the ambient solution. 
The rate of water movement is proportional to the pressure 
and inversely proportional to the water viscosity (Yamamoto 
1995). Thus, water conductivity is a factor limiting cell 
elongation as well as the mechanical property of the cell 
wall. Water movement into the cell leading to cell elonga- 
tion undergoes a resistance due to passing of water through 
the membrane, the cell wall and/or the cuticle. The force 
causing cell wall extension is decreased by the amount of 
the resistance. In other words, the force provided by the 
osmotic pressure of the cell sap minus the resistance due to 
water passing is the force causing cell wall extension. 
Roughly speaking, the resistance plus the cell wall stress 
equals the osmotic pressure. 

According to equations (XI) and (XIII), the forces driving the 
water conductivity and cell wall extension are Z/_/7--P and 
zJ]]-- Y, respectively. The sum of the forces gives the total 
force, that is, ~ .  Thus, z IH=2 .zJ ]7 - -P -Y  giving the 
relation of 

zIH =P  + Y ~XIV) 
This equation may indicate that P is the pressure creating 
the cell wall extension and Y is the pressure for water 
conductivity. Substitution of equation (XlV) into equation (Xl) 
gives 

1/ V. dV / dt = (D, Y (XV) 

and that into equation (XIII) gives 

1/ V.dV / dt =M.m (XVI). 

Taking M~ and ~ �9 ~]7=Rv, the rate of cell elonga- 
tion (R=l /V.dV/d t )  is obtained from equations (XIV), (XV) 
and (XVI) as 

1/R=l /Rw+ l/Rv (XVII) 

Rw is the maximum rate of cell wall extension due to the 
osmotic pressure, ~]7 and R~ is the maximum rate of cell 
elongation limited by water conductivity. According to 
equation (XVII), R does not become greater than either Rw or 
Rp irrespective of the values of Rw and Rp. In this sense, the 
mechanical property of the cell wall and water conductivity 
can be limiting factors in ceil elongation. If other factors are 
involved in limiting cell elongation, equation (XVII) grows to 
the generalized form : 

N 

l /R-= ~,I/R, (XVlII) 
i =1  
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Fig. 5. Double reciprocal plots of elongation rates of oat 
coleoptile segments. Coleoptile segments were incubated 
with 2% sucrose solution for 5 hr in the presence of various 
concentrations of indole-3-acetic acid and 1/LM cyclohex- 
imide. The reciprocal values of elongation rates were 
plotted against the reciprocal values of the concentrations 
of indole-3-acetic acid. A: no cycloheximide, B: plus 
cycloheximide. 
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where n is the total number of factors and R, is the rate 
determined by the i-th factor. This type of law appears in 
physiological phenomena (McRae and Bonner 1953, 
Yamamoto 1973) as shown in Fig. 5, ecological phenomena 
(Shinozaki and Kira 1956), enzyme reactions and others. 
Laws including limiting factors, such as the law of minimum 
may be represented by this type of equation. 

In conclusion based on experimental results we have 
obtained and upon our theoretical consideration, the cell wall 
extension and thus cell elongation are primarily caused by 
cell wall relaxation. 
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