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ABSTRACT The giant internode cells of Nitella axillaris
exhibit acid-induced growth similar to that found in higher
plants. The threshold pH is 4.5, with a maximum at 3.5. The acid
growth effect is transient, lasting no more than 32 min. Ex-
tensibility measurements of isolated cell walls showed a similar
pattern of acid enhancement. Prolonged boiling in water (12 hr)
only partially inhibited the acid-induced wall extensibility and
actually increased the extensibility at pH 6. It was concluded
that physical, rather than enzymatic, processes were responsible
for acid-enhanced continuous extension ("creep") in Nitella
walls. A complex cation-sensitive mechanism that affects ex-
tensibility was also characterized. Among the stimulatory
(wall-softening) cations, divalents were generally more effective
than monovalents, with magnesium being the most stimulatory.
The inhibitory (wall-hardening) cations included divalents and
trivalents, aluminum being the most inhibitory. Ionic effects
on extensibility were even less sensitive to prolonged boiling
in water than acid effects.

According to the acid growth hypothesis, cell wall loosening
is at least partially regulated by the pH of the cell wall solution
(1-3). In higher plants, cell elongation induced by auxin or
fusicoccin is preceded by a rapid acidification of the cell wall
free space (4, 5). The amount of acidification is sufficient to
induce cell wall loosening and can account for the observed
growth, by analogy to the growth promotion obtained with
acidic buffers alone (6).
The mechanism of acid-induced wall loosening has been

extensively studied, but is still unresolved (7, 8). One explanation
that has been proposed involves cell wall hydrolases or trans-
glycosylases which become active when the wall is acidified (1,
9-11). Another explanation is based on acid-labile bonds in the
wall, either covalent or noncovalent, that are nonenzymatically
cleaved in an acid environment (3, 7, 8). Since the acid effect
can be observed in frozen-thawed coleoptile sections or tissue
strips subjected to an externally applied tension, one method
that has been used to distinguish between the above two alter-
natives has been to compare the mechanical extensibility of the
tissue before and after treatment with Pronase, detergent, or
boiling methanol (3, 11). These experiments have yielded
conflicting results (3, 11). However, because of the multicellular
nature of the material being extended, it is not possible to dis-
tinguish between the mechanical properties of the primary wall
and those of the middle lamella, which normally is also under
compression.
The giant internodal cells of the Characean alga, Nitella,

have been shown by Green (12-17) and Preston and coworkers
(18-21) to be useful objects for studies of the growth and me-
chanical properties of cell walls. Their filamentous structure
eliminates complications caused by tissue interactions, their lack
of a cuticle insures uniform penetration of test solutions, and
their size (up to 1 mm in diameter and 7 cm in length) makes
it possible to measure the extension of cell walls uninterrupted
by a middle lamella. We have therefore investigated the acid

growth response in living cells and isolated cell walls of N. ax-
illaris. The extensibility of walls boiled in methanol or in water
was compared with that of freshly isolated walls. In addition,
the ability of various cations to enhance or inhibit wall ex-
tensibility was determined.

MATERIALS AND METHODS
Cultures of N. axillaris Braun were grown under fluorescent
lights (Norelco cool white) with an incident light intensity of
35 microeinsteins/m2-sec at the culture surface in a medium
of 2% soil mixture in glass-distilled water. The soil mixture
consisted of one-third commercial potting soil and two-thirds
of a blend containing loam, leaf mold, sand, steer manure, and
bone meal in the ratios: 16:5:6:4:0.05 (vol/vol) (B. Palevitz,
personal communication). The soil suspension was autoclaved
for 1 hr, and the medium, which had a pH of 7.0, was changed
monthly. Internode cells about 2 cm in length were selected
from cultures that were visually free of epiphytes. All cells were
rinsed thoroughly in distilled water prior to use.

Recent methods for amplifying the elongation of plant ma-
terials so as to make short-term measurements possible have
utilized long columns of stem or coleoptile segments, or dis-
placement transducers whose outputs are amplified and plotted
on chart recorders (22). We have found an optical lever,
somewhat similar to that described by Bose (23), both simpler
and potentially more sensitive when used in conjunction with
a laser. Growth and extensibility of Nitella walls were therefore
monitored with a laser optical lever auxanometer (LOLA),
which was capable of resolving increments as small as 0.1 rIm.
The optical lever arm consists of a small glass tube attached
perpendicularly to a razor blade in such a way that the lever
balances on the razor's edge (Fig. 1A). A front surface mirror
is cemented to one side of the razor blade, and the edge of the
blade is positioned in a groove on an horizontal axis beam. This
arrangement allows friction-free rotation in the vertical plane,
while restricting lateral shifting. Internodal cells from intact
filaments were anchored to the base of a perfusion chamber and
to the optical lever arm with two Teflon-coated silver wires
[0.005 inch (125 ,m) diameter]. The wire itself had no delete-
rious effects on the growth of the alga. To secure the cell without
causing damage the wires were looped and knotted on the
proximal sides of the upper and lower nodal branch cells, which
prevented the loops from slipping. A counterweight of 50 mg
introduced a slight tension in the system without stretching the
cell. During measurements the cells were illuminated by dim
light (6-9 microeinsteins/m2.sec) from an incandescent
lamp.

Isolated cell walls, obtained by delicately scraping out the
cytoplasm of an excised internode with a hair loop, were
clamped onto two hooked glass rods by means of polyethylene
rings (Fig. 1B). This method of attachment is similar to the
method of Kamiya et al. (24) and avoids the use of glue, which
requires that the material be air-dried and possibly altered. The
apparatus for applying a constant load to isolated cell walls is
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FIG. 1. (A) LOLA system for measuring cell growth. L, laser; K,
kymograph; S, slit; PC, perfusion chamber; N, Nitella cell; OL, optical
lever; AB, horizontal axis beam; W, counterweight. (B) LOLA system
for measuring cell wall extensibility. LB, laboratory balance; PC,
perfusion chamber; W, cell wall cylinder; PR, polyethylene ring; GR,
glass rod; OL, miniature optical lever; L, laser; K, kyrnograph; S,
slit.

shown in Fig. 1B. The perfusion chamber is clamped in place
at the pan end of a single pan balance and the optical lever arm
rests on the beam at the other end. The cell wall preparation
is hooked to the bottom of the perfusion chamber and to the
balance. By adjusting the weights a specific load can be applied
to each wall. The applied load was calculated from the turgor
pressure and the cell size. Since the internode is cylindrical, the
longitudinal force on the wall in vivo is approximated from the
equation F = Pirr2, where P is the turgor pressure and r is the
cell radius. Turgor pressure was taken as 5 bars (50 MPa) (15)
and the radius was measured by means of a microscope
equipped with an ocular micrometer.
To record growth a beam of light was directed at the mirror

from a laser (0.5 mW, Metrologic) and the reflected beam was

passed through a 2-mm slit onto a kymograph drum approxi-
mately 10 meters away. The use of a coherent light source

rather than ordinary light made it possible to project the beam
over distances without any appreciable spreading of the spot.
The position of the light spot was recorded on Kodak poly-
contrast photographic paper wrapped around the drum. The
system was calibrated by moving the lever arm through a

known distance and measuring the deflection of the spot.
Since the growth of Nitella cells is linear with time, the

growth rate was calculated from the slope of the LOLA trace.
During the experiment the cell was perfused with growth
medium containing 1 mM citrate/phosphate or sodium succi-
nate buffer. After a 3S-min equilibrium period in the perfusion
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FIG. 2. (A) Replot of LOLA trace versus logarithm of time to
obtain a linear curve. Creep rates were calculated from the slopes. (B)
LOLA trace of the creep of an isolated Nitella wall. Arrow indicates
time of pH transition from pH 6 to pH 3.5.

chamber, cell elongation was recorded at pH 6 for 15 min. The
solution was then changed to a lower pH, and the growth rate
in the new medium was recorded. Each cell was subjected to
only one pH transition. Control experiments demonstrated that
changing the solution, which required 15 sec, did not affect
growth rate. The response to pH was expressed as the percent
increase over the rate at pH 6. The rapidity of the response
(within 20 sec) ruled out any indirect effect of acid on surface
bacteria.
The extension or "creep" of isolated Nitella walls is visco-

elastic and exhibits linearity with logarithm of time (10). This
means that when extension is plotted against time the slope of
the curve decreases continuously. But when extension is plotted
against the logarithm of time the curve is linear, and this is the
case for the first two decades of logarithm of time (7). The re-
sponse to acidification was therefore expressed as the percent
change in the slope, compared with the slope at pH 6, of a replot
of extension against logarithm of time of the LOLA trace. An
example of the procedure is shown in Fig. 2. The extension (AL)
was arbitrarily adjusted to zero at 1 min. The perfusion medium
was either the same as that used in the growth experiments or
1 mM Tris/2-(N-morpholino)ethanesulfonic acid (Mes)/suc-
cinic acid buffer prepared in glass-distilled water. Each wall
was subjected to only one pH transition. When the effect of
boiling on the absolute strain rate was measured, the following
procedure was used. A single internode cell was isolated and
cut in half transversely with a razor blade. One of the halves was
placed in the constant load system, and the strain rate (d/dt)
(AL/Lo), was determined. The strain rate of the second half was
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FIG. 3. Effect of pH on the elongation rate of Nitella internode
cells. Open bars represent succinate buffer, shaded bars represent
phosphate/citrate buffer.

measured after boiling (see text for conditions), and the effect
of boiling was expressed as the percent increase over the un-
boiled half.

All experiments were repeated at least five times. The vertical
bars on all histograms are the standard errors of the mean.

RESULTS AND DISCUSSION
Acid Growth Response of Living Cells. Preliminary ex-

periments established that the growth rate of single Nitella
internode cells was constant over the range of pH 8 to 5. Sig-
nificant stimulation was observed, however, as the pH was
lowered below 5. Fig. 3 shows the percent increase in growth
rate relative to the rate at pH 6. Acid-induced growth begins
near pH 4.5 and peaks at pH 3.5. The duration of the response
was 32 + 2 min at pH 4.5 and 4.0, and 6 E 2 min at pH 3.5.
Below pH 3.5 growth could not be measured due to rapid losses
in turgor pressure. It can be seen from Fig. 3 that citrate/
phosphate buffer was more stimulatory than succinate buffer
at the same pH. Citrate has also been shown to promote growth
in corn root segments (25). At the end of the growth response
at pH 4.5 or 4.0, the growth rate usually returned to the pH 6
rate. However, the response at pH 3.5 was always followed by
a loss of turgor and cell shrinkage.

As in higher plants, the acid growth response in single Nitella
internode cells is transient. The shorter response time for Ni-
tella, compared to 1-2 hr for coleoptiles (3), may reflect a more
efficient penetration of the buffer rather than a qualitative
difference in the growth mechanism. The peak of the acid
growth response in Nitella is also substantially lower than the
pH 5.5 peak reported for peeled coleoptile sections (6). How-
ever, it is identical to the peak found in corn root sections by
Edwards and Scott (26).
Acid Enhancement of Longitudinal Creep. When isolated

plant cell walls are placed under a constant tensile stress, the
wall undergoes a rapid stretching followed by a prolonged ex-
tension. The continuing extension under constant load is termed
"creep," and the longitudinal creep rate of Nitella cell walls
has been shown to be proportional to the growth rate of the
living cell (19). Thus, creep is considered to reflect processes
occurring during growth.

Isolated Nitella cell wall cylinders exhibited typical visco-
elastic extension when placed under a constant load (Fig. 2B).
By replotting the LOLA trace as a function of logarithm of
time, a linear relationship was obtained from which the creep
rate could be determined (Fig. 2A). The effect of pH on the
creep of freshly isolated walls and walls boiled 15 min in
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FIG. 4. Effect of pH on the longitudinal creep rates ofNitella cell
walls boiled in methanol. N, not boiled; MB, boiled in methanol for
15 min. Open bars represent succinate buffer, shaded bars represent
phosphate/citrate buffer.

methanol is shown in Fig. 4. The values were calculated from
the logarithmic time plot of the creep rates as shown by Fig. 2A.
The effect of pH on the creep rate is similar to its effect on the
growth rate. Boiling in methanol did not inhibit the response.
This result is inconsistent with an enzyme-mediated mechanism
for creep, and suggests a direct effect of acid on wall structure.
Citrate/phosphate buffer did not significantly promote creep
to a greater extent than succinate buffer at the same pH, except
possibly at pH 3.5. This suggests that there is a metabolic
component in the enhancement of growth by citrate/phos-
phate.

Since boiling in methanol may not be sufficiently drastic to
rule out the involvement of cell wall enzymes, isolated walls
were boiled in water for 15 min and for 12 hr, and their sub-
sequent response to pH was determined. The results are pre-
sented in Fig. 5. The absolute values for acid stimulation in Fig.
5 are not directly comparable to those in Fig. 4 because a non-
ionic buffer was used in Fig. 5. The acid enhancement of creep
was slightly greater in the nonionic medium than in the me-
dium containing soil extract. Boiling in water for 15 min had
no effect on the response at pH 4.5 and 4.0, and reduced the
response by 50% at pH 3.5. If the inhibition at pH 3.5 were due
to the inactivation of an enzyme, it would be necessary to pos-
tulate separate mechanisms for acid-induced creep at pH 4;0
and 3.5. Boiling in water for 12 hr significantly reduced the acid
effect (50-75%), but failed to eliminate it. Although it is highly
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FIG. 5. Effect ofpH on the longitudinal creep rate of Nitella cell
walls boiled in water. N, not boiled; WB 15', boiled in water for 15 min;
WB 12h, boiled in water for 12 hr. The perfusion buffer was 1 mM
Tris/Mes/succinic acid.
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FIG. 6. Enhancement of Nitella wall extensibility by cations. The
perfusion buffer was 1 mM Tris/Mes/succinic acid, pH 6. The ion
concentration was 10 mM.

unlikely that the residual acid-induced creep is caused by an
enzyme, it is necessary to account for the inhibition caused by
prolonged boiling in water. An examination of the strain rate
at pH 6 reveals that boiling in water for 15 min actually in-
creased the strain rate by 24%, while boiling in water for 12 hr
increased it by 31%. Thus, the inhibition in water for 12 hr in-
creased it by 31%. Thus, the inhibition of acid-stimulated creep
is accompanied by a general increase in the extensibility of the
wall. Since prolonged boiling in water is known to extract
pectins from plant cell walls (27), it seems reasonable to con-
clude that water-soluble compounds, probably pectins, par-
ticipate in acid-stimulated creep in isolated Nitella walls.
Morikawa and Senda (28, 29) have suggested that acid alters
the orientation of the pectin carboxyl groups. However, the
persistence of the pH effect, even after 12 hr of boiling in water,
clearly indicates that water-insoluble compounds are also in-
volved. It is perhaps significant that Nitella cell wall protein
is known to be rich in carboxyl groups, and it is water-insoluble
(30).

Effects of Ions on Creep. The ion exchange capacity of
Nitella walls has been noted by others (19, 28). It has been ob-
served that potassium, sodium, and magnesium ions increase
Nitella wall extensibility, while calcium ions reduce it (19, 29).
We tested a broad range of cations for their ability to stimulate
creep at pH 6, or to inhibit it at pH 3.5. As shown in Fig. 6, di-
valent cations were, in general, more stimulatory than mono-
valent cations, magnesium being the most stimulatory. This is
somewhat surprising in view of the often stated ability of di-
valent cations to form crosslinks between pectin carboxyl groups
(27). Stimulation by EDTA was an order of magnitude greater
than that by most of the cations, which is consistent with an ion
exchange mechanism for ion-stimulated creep.
The inhibiting ions were either divalent (calcium, barium,

and strontium) or trivalent (lanthanum and aluminum) (Fig.
7). Aluminum was the most effective inhibitor of acid-induced
creep. There is, apparently, a complex ion exchange mechanism
in the wall that does not follow the simple rule that monovalents
act oppositely to divalents. The ion exchange sites and acid-
labile sites are interrelated, since ions can counteract the pH
response. To further characterize the ion exchange sites, the
effect of prolonged boiling in water on ion-regulated creep was
examined. After 12 hr of boiling in water, magnesium-stimu-
lated creep was reduced by 17% and calcium inhibition of creep
was reduced by 24%. Thus, at least some of the creep-limiting
ion exchange sites appear to be water-soluble. There are, in fact,
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FIG. 7. Inhibition of Nitella wall extensibility by cations. The
perfusion buffer was 1 mM Tris/Mes/succinic acid, pH 3.5. The ion
concentration was 10 mM.

similarities between the relative effectiveness of ions to stim-
ulate or inhibit creep and their ability to reduce or increase the
viscosity of pectin solutions (31-33). Smidsrod and Haug (32)
reported that the modulus of stiffness of calcium pectate gels
was almost 30 times greater than that of magnesium pectate
gels, while Kohn and Tibensky (33) reported that both the
viscosity and the affinity of cations for the carboxyl groups of
pectate increased in the order calcium < strontium < barium.
However, prolonged boiling in water interferes less with ionic
effects than with acid effects, suggesting a greater role for
water-insoluble compounds in ion induced creep. The identity
of the water-insoluble ion exchange sites remains to be deter-
mined. Morikawa and Senda (28), using different methods, also
concluded that the ion exchange sites differ from the acid-labile
sites in the wall.

Summarizing, an acid-growth effect has been found in Ni-
tella axillaris internode cells similar to that of higher plants. A
corresponding acid stimulation of cell wall creep was also
demonstrated which does not appear to be mediated by en-
zymes. A complex ion exchange mechanism in the wall is in-
ferred from the extensibility response of isolated walls to a va-
riety of cations. The acid-labile sites differ from the ion ex-
change sites in their susceptibility to prolonged boiling in water.
Since living cells and isolated walls are affected by acid pH,
normal growth in Nitella may be regulated by cell wall acidi-
fication as it appears to be in higher plants (4, 5). It has been
reported that light-dependent, electrogenic hydrogen ion
pumps are present in the plasma membrane of Nitella (34, 35),
and alternating acid and alkaline regions have been detected
along the lengths of mature internode cells (36). To our
knowledge, the cell wall pH of actively growing Nitella cells
has not been investigated.
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