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ABSTRACT

Ethylene-induced inhibition of elongation and promotion of lateral
expansion in the stems of etiolated pea (Pisum sativum L. var Alaska)
seedlings is not associated with any alteration of auxin-stimulated proton
extrusion. Indeed, lateral expansion in response to ethylene apparently
requires an acidified wall since it is prevented by strong neutral buffers
and by the ATPase inhibitor orthovanadate. Ethylene treatment reduces
the capacity of live and frozen-thawed sections to extend in the longitu-
dinal direction in response to acid. The effect of ethylene on lateral acid
growth capacity is more complicated. Ethylene-treated internodes do not
exhibit acid-induced lateral expansion. Ethylene-treated segments which
have been frozen-thawed do show an enhanced capacity to extend in the
transverse direction at acid pH, but only when the inner tissues have
been removed by coring. We conclude that two of the factors which
control the directionality of expansion during ethylene treatment are a
decrease in the sensitivity of the walls to acid longitudinally and an
increase in the sensitivity of the outer cortical parenchyma walls to acid
in the transverse direction.

Although the effect of ethylene on the reorientation of the
cellulose microfibrils in pea stems has been well established (1,
3,9,13, 17, 22, 27), there is scant and contradictory information
available on the changes in wall extension capacity associated
with the shift to longitudinal microfibrils. Ridge (22) using a
plasmometric method demonstrated a 50% reduction in the
longitudinal extensibility of pea stem sections which had been
previously treated 3 h with ethylene. In contrast, two extensibility
studies on methanol-extracted walls using an Instron (16, 18)
failed to detect a significant difference between ethylene-treated
and control stems after 3 h, although Osborne (18) detected a
32% decrease in longitudinal plastic extensibility after 18 h of
ethylene treatment. Sadava and Chrispeels (25) reported a 20%
decrease in the extensibility of methanol-extracted sections after
3 h of ethylene treatment.

The lack of correspondence between the plasmometric studies
and the short term Instron determinations prompted us to begin
a series of experiments probing the physical and physiological
consequences of ethylene-induced reorientation of cellulose mi-
crofibrils in the cell wall. In this paper, we focus on changes in
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the directionality of acid-induced extension in ethylene-treated
and control tissues.

The possible importance of wall acidification and acid-induced
wall loosening for ethylene-promoted lateral growth is suggested
by the data of Demichelis and Lado (6). These authors present
data showing that ethylene does not block auxin and fusicoccin-
initiated medium acidification and that both agents enhance
transverse growth in the presence of ethylene. A plausible expla-
nation of these data is that the relevant cell wall property in
determining the directionality of growth (i.e. longitudinal exten-
sion versus lateral expansion) is the capacity of the wall to
respond to acid.

MATERIALS AND METHODS

Pisum sativum L. (var Alaska) seeds were soaked for 6 h in
tap water and planted in moist vermiculite. Seedlings were grown
for 7 d at 20°C in darkness at which time the third internode was
1 to 2 cm in length. Harvested third internodes were manually
abraded, to facilitate the measurement of proton extrusion, with
a slurry of emery powder (Emery No. 305, Edmund Scientific
Co.), cut to 1 cm, and incubated in media as previously described
(7). Control experiments demonstrated that abrasion itself did
not stimulate ethylene production above nonabraded levels. Con-
tinuous growth measurements were made with a laser optical
lever auxanometer device, following the method of Taiz and
Metraux (28). Proton secretion experiments were carried out
according to the procedure of Jacobs and Taiz (11). Ethylene
(100 ul/l) was bubbled into the medium as indicated. This
concentration was previously shown to inhibit elongation and
promote lateral expansion (7). The acidification and growth
curves represent the average of three or more experiments.

Longitudinal extensibility experiments with frozen-thawed sec-
tions were performed as described by Rayle ez al. (19). Average
creep rates were calculated over specific time intervals preceding
the addition of acid buffer or following the addition of acid
buffer. The specimen was extended using a force of 7.5 g for 15
min in K-phosphate (5 mM, pH 6.8) and the rate was determined
between 10 and 15 min. The buffer solution was then changed
to 5 mM citrate-phosphate (pH 4.8), and the new rate was
determined between 5 and 15 min after the addition of acid.

Transverse extension experiments were carried out on 2-mm
sections excised from the apical end of the subhook region.
Sensitivity to acid was improved by coring out the central tissue
using glass capillaries (Microcaps, Drummond Scientific Co.).
Control and short term ethylene-treated stems were cored using
a small capillary (approximately 0.8 mm o.d., 10 ul) while the
wide 5- to 18-h ethylene-treated stems were cored with a slightly
larger capillary (approximately 1.2 mm o.d., 25 ul). The cored
sections were glued with a fast-drying cyanoacrylate glue (Duro
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FiG. 1. Method for gluing 2-mm pea stem section to plastic holders
for transverse extension studies. After removal of the central tissues by
coring with a capillary, the preparation was frozen-thawed twice and
hooked into the extension apparatus by means of the two opposite rings.

Superglue) to two small holders constructed of plastic (Fig. 1).
The glued preparation was twice frozen and thawed. Next the
specimen was hooked into a single pan balance-type extenso-
meter, as described by Metraux and Taiz (14), except that the
tissue was enveloped in a hanging droplet of 50 mm Tris-HCI
(pH 6.8) or 50 mmM Na-acetate (pH 4.8), rather than being
submerged in a perfusion chamber. Control experiments substi-
tuting plastic tubing for the stem section indicated that the glue
itself was not weakened by this pH shift. Creep rates were
determined between 5 and 15 min after each buffer treatment
began. The applied force was 2.5 g for control and short term
ethylene-treated sections,-and 5 g for 5- to 18-h ethylene-treated
sections. Although a greater force was applied in the latter cases
to compensate for differences in tissue thickness, it was found
that the percentage of acid-stimulated extension over the pre-
acid rate was independent of the applied force.

RESULTS

The effect of ethylene on medium acidification by abraded
pea stem segments is shown in Figure 2. Ethylene did not inhibit
acidification during a 30-min preincubation period. At time zero,
the solution was changed to one containing 1 uM IAA. After a
15-min lag period, the rate of acidification, when measured over
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FiG. 2. Effects of ethylene on auxin-induced proton secretion. Fifty
abraded 1-cm sections were incubated as described by Jacobs and Taiz
(11). After a 30-min preincubation, the old medium was removed by
suction and fresh medium containing auxin (1 uM IAA) was added. (@—
—@), Control; (A-~--A), 100 ul/1 ethylene.
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FiG. 3. Effects of neutral buffer and vanadate on ethylene-induced
stem expansion. One c¢cm abraded stem sections obtained from 4-h
ethylene-treated intact seedlings were monitored continuously by the
method of Taiz and Metraux (28). At time zero, either 20 mm K-
phosphate (pH 6.8) or 1 mM sodium vanadate was added. A, Phosphate
buffer; B, vanadate. (A---A), Length; (@6——@), width.

the same pH range, was twice the control rate, and ethylene had
no inhibitory effect. Even an 18-h pretreatment of stems with
ethylene did not alter the subsequent proton extrusion rates of
the sections (data not shown).

Auxin-induced elongation is blocked by neutral buffers and
by orthovanadate (4, 11). As shown in Figure 3A, 20 mm
phosphate buffer (pH 7) inhibits both the elongation and lateral
expansion of ethylene-treated sections. Similar results were ob-
tained with orthovanadate (Fig. 3B). Thus, transverse expansion
appears to require an acidified wall and is decreased by an
inhibitor of proton extrusion.

The response of untreated, abraded pea stem sections to ex-
ogenous acid is illustrated in Figure 4A. Control segments exhibit
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FIG. 4. Effects of ethylene on acid-induced elongation and lateral expansion. A, Control stem sections; B, stem section excised from seedling
which was pretreated with 100 ul/1 ethylene for 6 h. (®), Length; (O), width.

a typical rapid elongation rate in the presence of pH 5 buffer,
and the diameter is stable after a transient increase. The acid
response of a 6-h ethylene-treated stem section is shown in Figure
4B. Ethylene-treated stems have a markedly reduced elongation
rate in response to acid, but the rate of lateral expansion is
unaffected. Similar results were obtained with segments given an
18-h ethylene pretreatment. Thus, ethylene inhibits acid-induced
elongation, but does not promote acid-induced lateral expansion.

The effect of ethylene on acid-sensitive longitudinal wall creep
was also investigated using frozen-thawed sections (Table I). No
significant inhibition of creep rate by ethylene is observed at pH
6.8, whether ethylene was given as a pretreatment to intact
seedlings or as a treatment to isolated sections. In contrast,
ethylene significantly inhibited creep in response to acid pH,
particularly in the case of the pretreated intact plants where acid-
induced extension was reduced by about 40%. Isolated control
sections also lost much of their sensitivity to acid 5 h after
excision (Table I).

In preliminary experiments, it was observed that while frozen-
thawed 2-mm-long segments exhibited typical viscoelastic behav-
ior when extended transversely, they were apparently insensitive
to changes in pH. However, when the central tissues were cored
out, ethylene-pretreated tissue consistently responded to acid pH.
A typical transverse extension curve for an 18-h ethylene-treated
stem is shown in the insert of Figure 5. Extension increases
immediately upon the addition of pH 4.8 buffer, and is reversed
by pH 6.5 buffer. Acid-stimulated transverse extension increases
proportionally to the duration of ethylene treatment (Fig. 5),
whereas the controls show no significant response to acid. After

5 h of ethylene treatment, acid causes a 3-fold increase in the
rate of transverse extension, while after 18 h there is a 10-fold
increase in acid-induced extension caused by acid.

DISCUSSION

It is well established that ethylene alters the microfibrils in pea
stems from a transverse to a longitudinal orientation (1, 3, 9, 13,
17, 22, 27). However, there is little information available on the
changes in wall extensibility associated with the shift to longitu-
dinal microfibrils, and the evidence so far has been contradictory
(16, 18, 22, 25). Our investigation has focused on the effect of
ethylene on wall acidification and acid-induced wall extension.
The possible role of wall acidification for ethylene-promoted
lateral growth is suggested by the observations of Demichelis and
Lado (6) that both auxin and fusicoccin enhance transverse
growth in the presence of ethylene. We have shown that ethylene
does not interfere with auxin-induced medium acidification by
isolated stem sections, in agreement with the results of Demi-
chelis and Lado (6). These data suggest that the free space pH is
maintained in the acid range by auxin during ethylene-induced
transverse growth. Furthermore, the relevant cell wall mechanical
property which determines the directionality of growth may be
the response to acid pH. A precedent for this notion can be
found in Nitella (25). The walls of isopropyl N-phenylcarbamate-
treated cells exhibit an increase in acid-induced transverse exten-
sibility compared to control cell walls. The increased acid-in-
duced transverse extension is correlated with the deposition of
randomly oriented cellulose microfibrils on the inner quarter of
the wall (24, 25).

Table 1. Effect of Ethylene on the Longitudinal Extensibility of Frozen-Thawed Pea Stem Sections at Neutral
and Acid pH

Sections were prepared and extension rates were calculated as described in the text. Values are the averages

of 8 to 10 experiments =+ sD. Ty is the initial value.

Extension Extension . . s
Treatment Rate at Rate at St;)ml:a%on bln:l;tll):t;on
pH 6.8 pH 4.5 y Act y kihylene
um/min %
To, intact 1.5+0.7 7.26 2.0 484
5 h Ethylene, intact 1.3+0.2 3.72+ 1.7 290 40
5 h Control, section 1.2+0.3 392+09 325
5 h Ethylene, section 1.3+0.8 3.33+0.8 256 21
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FiG. 5. Effect of ethylene pretreatment on acid-induced transverse
extension of frozen-thawed, cored sections. Each point is the average of
two experiments, with the actual data points indicated by the bars. There
was no detectable acid-induced creep in the controls without ethylene.
The insert illustrates an extension response of an 18-h ethylene-treated
stem in the presence of pH 6.5 and pH 4.8 K-phosphate.

Consistent with the above reasoning, ethylene dramatically
reduces the capacity of pea stems to elongate in response to acid
pH. Creep tests on frozen-thawed specimens confirmed that the
loss of sensitivity to acid reflected a property of the isolated walls.
Interestingly, the inhibitory effect of 5 h ethylene treatment was
only detectable at acid pH. Presumably, acid treament unmasks
those bonds which are involved in the control of cell shape,
specifically, bonds at the interface between the matrix and the
cellulose microfibrils. This may account for the failure to detect
an early effect of ethylene using the Instron technique (16, 18).
On the other hand, the plasmometry studies may measure wall
properties occurring at acid pH due to residual proton extrusion
during the measurements (22).

Ethylene-induced lateral expansion is inhibited by strong neu-
tral buffers and by orthovanadate. Transverse expansion thus
appears to require proton extrusion, since neutral buffers should
prevent the auxin-induced drop in cell wall pH, whereas vanadate
has been shown to inhibit proton extrusion in peas without
affecting either respiration or protein synthesis (14). Ethylene
also dramatically increases the transverse acid-induced extensi-
bility of the walls under some conditions. That is, cored sections
exhibited acid-enhanced lateral extension, while noncored ma-
terial did not. It is possible that ethylene may primarily exert its
influence on the outer cortical cells. Indeed, Lang ez al. (13)
reported that ethylene appeared to specifically alter the micro-
tubule and microfibril orientations of the cells with polylamellate
walls in the outer cortical parenchyma of peas.

Further, the site of auxin responsiveness in peas is located in
the outer cell layers (31), and in vivo wall acidification may be
strongest in this region of the tissue. Exogenous acid buffers
acidify both inner and outer tissues, whereas only the outer
tissues appear to be modified by ethylene (13). Thus, the tend-
ency of the inner cells to elongate may negate the expansion
growth of the outer cells.

The failure of exogenous acid to promote lateral expansion in
intact, ethylene-treated stem sections could also indicate that
other factors besides proton extrusion and microfibril reorienta-
tion are involved in ethylene-induced lateral expansion. For
example, there is a discrepancy between the kinetics of sections
as reported here and intact seedlings. Intact seedlings and seg-
ments with apices attached exhibit a lag time of only 15 min
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before swelling begins in response to ethylene (2, 12, 17). Warner
and Leopold (30) were able to detect an inhibition of elongation
in decapitated seedlings in as little as 6 min. Such kinetics can
hardly be caused by reoriented cellulose microfibrils, even though
it is not clear whether the kinetics of lateral expansion exactly
parallel the inhibition of elongation. Burg (2) has reported that
ethylene can prevent gravitropic curvature of excised pea inter-
node segments within 15 min, probably due to an inhibition of
auxin transport. Ethylene did not alter the rate of cell expansion
during this time. Among the reported effects of ethylene on cell
wall metabolism are increases in cell wall hydroxyproline (23-
26), although the significance of this has been questioned (17),
enhancement of pectin levels (15), increases in wall-bound per-
oxidase (23, 24), and an inhibition of xyloglucan turnover (29).
Of these, only the inhibition of xyloglucan turnover occurs
rapidly enough to be involved in the rapid response to ethylene.
Inasmuch as xyloglucan turnover can be induced by exogenous
acid (10), the reduction in xyloglucan turnover could be related
to the loss of sensitivity to acid pH.
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