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ABSTRACT

The underlying mechanism of photoinhibition of stem elonga-
tion by blue (BL) and red light (RL) was studied in etiolated
seedlings of pea (Pisum sativum L. cv Alaska). Brief BL irradia-
tions resulted in fast transient inhibition of elongation, while a
delayed (lag approximately 60 minutes) but prolonged inhibition
was observed after brief RL. Possible changes in the hydraulic
and wall properties of the growing cells during photoinhibition
were examined. Cell sap osmotic pressure was unaffected by BL
and RL, but both irradiations increased turgor pressure by ap-
proximately 0.05 megapascal (pressure-probe technique). Cell
wall yielding was analyzed by in vivo stress relaxation (pressure-
block technique). BL and RL reduced the initial rate of relaxation
by 38 and 54%, while the final amount of relaxation was de-
creased by 48 and 10%, respectively. These results indicate that
RL inhibits elongation mainly by lowering the wall yield coefficient,
while most of the inhibitory effect of BL was due to an increase
of the yield threshold. Mechanical extensibility of cell walls (In-
stron technique) was decreased by BL and RL, mainly due to a
reduction in the plastic component of extensibility. Thus, photo-
inhibitions of elongation by both BL and RL are achieved through
changes in cell wall properties, and are not due to effects on the
hydraulic properties of the cell.

The photomodulation of stem elongation in etiolated seed-
lings has been intensively studied in several plant species ( 14).
These studies clearly indicate that at least two photoreceptors,
e.g. phytochrome and a blue photoreceptor (cryptochrome),
are involved in the inhibition ofstem elongation by light. The
separate action of these photoreceptors can be distinguished
by several criteria (6, 14, 18), such as differences in the time-
course of RL2 and BL inhibition. In etiolated (5, 6) as well as

in light-grown (14) seedlings, BL inhibits elongation within
seconds, while the inhibition by RL begins 15 to 90 min after
the onset of irradiation.

Little is known about the effects of light on the different

'This work was supported by U.S. Department of Energy Grant
DE-0284ER 13179.

2 Abbreviations: RL, red light; BL, blue light; P, turgor pressure;

ir, osmotic pressure; X, wall yield coefficient; Y, wall yield threshold;
E, volumetric elastic modulus; A4g, growth-sustaining water potential
difference from xylem to epidermis.

processes that regulate the rate of cell expansion. The rate of
cell expansion (r) is a function of hydraulic cell parameters as
well as of cell wall properties, and has been described by the
following simultaneous equations:

r = q(P - Y) (1)
and

r = L(Ar - P) (2)
in which 0 is the cell wall yield coefficient, Y is the yield
threshold (the turgor pressure that must be exceeded for wall
yielding to occur), P is turgor pressure, Air is the difference in
osmotic pressure, and L is the cell hydraulic conductance (8,
21, 23). Thus, photoinhibition of elongation must occur
through changes in one or more of the above parameters.
Light might reduce growth rate by changing cell wall yielding
properties (,, Y), or by decreasing water uptake due to
changes in hydraulic properties of the tissue, reducing P and
wall stress at the same time. Recently, Cosgrove (10) reported
that BL reduced? the rate of elongation of etiolated cucumber
hypocotyls by decreasing the wall yielding coefficient (X), but
not the yield threshold (Y). The purpose of the present study
was to examine and compare the mechanisms by which RL
and BL inhibited stem elongation in etiolated pea seedlings.
Light effects on cell wall properties were studied in vivo by a
wall relaxation (pressure-block) technique (9), and in vitro by
stress/strain (Instron) analysis. Hydraulic parameters of the
growing region were measured by vapor pressure osmometry
(osmolality) and pressure-probe (turgor pressure) techniques.

MATERIALS AND METHODS

Plant Material

Pea (Pisum sativum L. cv Alaska) was obtained from W.
Atleee Burpee Co., Warminster, PA. Seeds were sown in
polyethylene vials (73 mm height, 26 mm diameter) filled
with vermiculite, drenched with 100% Hoagland solution,
and germinated in darkness at 28 ± 1°C. To reduce evapora-
tive loss of water, vials with the growing seedlings were
enclosed in plastic boxes and kept under high humidity.
Seedlings selected for experiments were 5 to 7 cm tall, and
their second internodes were 10 to 15 mm long. All measure-
ments were made on the second internode. Seedlings were
handled and selected under dim green light from a 40 W cool-
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white fluorescent lamp (9F 40/cw, Westinghouse, NY) with
two green and one amber filters (Roscolene No. 874 and 813,
Rosco, Port Chester, NY).

Light Sources

Broadband light source consisted of a 15 W cool-white
fluorescent lamp (F 15 T 12/cw Philips, NY) filtered through
different combinations of acetate filters:

BL

Three layers of blue filters (Celluloid No. 1654, Mazzuch-
elli, castiglione Olona, Varesse, Italy), provided 6 to 7 ,umol
m-2 s-' at plant level. Unlike most blue acetates, this filter
does not transmit above 700 nm.

RL

Two red and one amber filters (Roscolene No. 821 and No.
813) provided 7 to 8 umol m-2 s-' at plant level.

Light sources used in growth transducer experiments were
located on one side of the seedlings, with a mirror on the
opposite side to minimize light gradients across the epicotyl
tissue.

Elongation Measurements

Changes in stem length (second internode) were measured
electronically using position transducers (Schaevitz Engineer-
ing, Pennsanken, NJ) connected to a microcomputer data
acquisition system, and rates were obtained by electronic
differentiation (6). Seedlings were connected to the transducer
core assembly by a thin polyester thread, 1 to 2 mm below
the hook. Seedlings were irradiated 4 to 6 h after attachment.

p

The apical 2 cm of the growing stem of intact seedlings was
sealed in a plastic chamber to prevent evaporation. After 30
to 45 min of equilibration, the turgor pressure of about 10
different cortical cells was measured in the middle of the
growing region (6-8 mm below the hook) with a computed-
assisted version of a pressure probe with remote controls (1 1).
In RL and BL treated seedlings, P was measured 2.5 to 3 h
and 0.5 h after the onset ofirradiation, respectively (i.e. during
the time of maximal inhibition).

ir

Tissue bulk osmolality was measured in sap expressed from
the growing region (1 cm section below the hook) with a
vapor-pressure osmometer (model 5500; Wescor, Logan, UT).
Osmolality ofRL and BL treated seedlings was measured 2.5
to 3 h and 0.5 h after the onset of the irradiation, respectively.
Fresh or frozen/thawed tissue was used. Osmolality was con-
verted to osmotic pressure dividing by 403 mOms kg-' MPa-'.

In Vivo Stress Relaxation

Stress was measured by the pressure-block technique (9).
The apical 1.5 cm of the stem was sealed in a custom-made

pressure chamber, and the position transducer was attached
to the epicotyl 2 to 3 mm below the hook. Stress relaxation
was initiated by raising the chamber pressure, so that it
prevented elongation without causing shrinkage. Stem length
was held constant within ±2 ,um. The pressure required to
prevent (block) elongation increases with time and provides
a measure of cell wall yielding properties. The pressure block
unit was interfaced with a microcomputer programmed to
regulate chamber pressure, so as to keep stem length constant.
Growth rate was monitored by a chart recorder. In all treat-
ments relaxation was initiated (onset of pressurization) 2.5 to
3 h after the plants were enclosed in the chamber. RL treated
plants were sealed immediately after the light treatment (5
min RL). In BL treated plants, BL irradiation started 0.5 h
before the onset of relaxation and continued during the ex-
periment to prevent recovery from the BL inhibition during
the relaxation measurement. Relaxations were started in all
treatments after the plants reached stable growth rates. Time-
course of changes in pressure during the relaxation was fitted
to a third degree polynomial by the least squares method (10).

Stress/Strain Analysis

Measurements were carried out in frozen/thawed 1 cm
stem segments taken from the growing regions just below the
hook. Segments were immediately frozen and stored at
-20°C. In RL-treated plants, segments were cut 2.5 h after a
5 min RL irradiation. In BL-treated plants, segments were
cut at the end of a 0.5 h BL irradiation. Equivalent segments
were taken from dark control plants. After thawing, segments
were pressed for 5 min between paper towels and glass slides
under a 300g weight to remove most of the cell sap. The
flattened segments were mounted between clamps (5 mm
between clamps) in a custom-made extensiometer interfaced
to a microcomputer. The lower clamp was attached to a force
transducer (B6-100, Kulite, Ridgefield, NJ), and the other
one was attached to a sliding stage by a digital stepper motor
(K82401-P2, Airpax, Chesire, CT). Vertical movement of the
sliding stage was controlled by the microcomputer that also
recorded the signals from the force transducer and displace-
ment transducer. The 5 mm portion of the segment between
the clamps was extended to a tension of 30g force in two
cycles at 3 mm min-'. Extensibility was calculated as the
reciprocal slope of each load-extension curve (3). A second
degree polynomial was fitted by the least squares method to
the data of each of the two extension cycles, and the slope at
the end of each cycle was computed from the fitted polyno-
mial (10). Slopes are expressed as percent extension for 100g-
force, and are corrected for the extension that occurs during
the measurement. The plastic component of the extensibility
was found from the difference between first (plastic + elastic)
and second (elastic) extensibilities.

RESULTS

Inhibition of Elongation by RL and BL

Stem elongation of etiolated Alaska pea seedlings was in-
hibited by both RL and BL. However, the seedlings exhibited
different patterns of response to these irradiations (Fig. 1).
Response to RL was relatively slow. After RL irradiation, a
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Figure 1. RL and BL effects on rates of elongation of etiolated
Alaska pea. Elongation was measured continuously with LVDT po-
sition transducers. Seedlings were irradiated with RL (7-8 ,mol m-2
s-') and BL (6-7 gmol m-2 s-') for different periods of time, 5 to 6 h
after attachment to transducers. Representative time-courses for
different treatments are shown.

lag period ofabout 60 min occurred before growth rate started
to decrease (Fig. 2). The response times to attain 50 and 90%
of maximal inhibition were 85 and 140 min, respectively,
after the onset of irradiation. The new low growth rate re-

mained stable for several hours, until it started to recover 6
to 8 h after the RL irradiation. At this time, progressively
larger oscillations with about 1 h period started to appear.

Analysis of these oscillations by time-lapse video (not shown)
indicates these are true growth-rate oscillations, not artifacts
due to the RL-enhanced nutation reported by Britz and
Galston (2) in Alaska pea.
The time-course of the responses to RL was unaffected by

the length of the irradiations we used (10 to 30 min), but the

degree of growth rate inhibition was significantly (P = 0.01)
increased the longer the exposure to RL (from 41-22% of
growth rate in dark controls; see Fig. 2).
The effects of BL irradiations (range 1-60 min) were faster

and more complex compared with RL (Fig. 1). The response
to BL was compounded of a fast, short-term inhibition with
a slower long-term inhibition. Onset ofgrowth rate inhibition
occurred about 1 min after the start of the BL (results not
shown [5]), and 90% of the maximal short-term inhibition
was reached 30 min later, irrespective of the length of BL
irradiation (Fig. 2). A transient recovery of the growth rate
was consistently observed after BL irradiations shorter than
60 min, and was followed by a subsequent decrease to a lower
rate (long-term inhibition). Maximal long-term inhibition was
attained about 130 min after the onset of irradiation, a time
interval similar to that found for the same level of inhibition
by RL. Longer BL irradiations resulted in significantly (P =
0.01) lower growth rates during the short- and long-term
inhibition periods, as well as in lower rates reached during
the recovery phase (Fig. 2). The transient recovery was absent
in the 60 min BL treatment. In this treatment, however, a
consistent further decrease in elongation was observed about
60 min after the onset of irradiation, indicating the presence
of the long-term inhibition. In all BL treatments a gradual
recovery of growth rate followed the long-term inhibition,
with the simultaneous appearance of oscillations with the
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Figure 2. Effects of length of irradiation with RL (7-8 gmol m-2 s-1)
or BL (6-7 gmol m-2 s-1) on the kinetics of epicotyl elongation in
etiolated Alaska pea. Top panels: different parameters of the time-
response patterns to RL and BL are presented. RL treatments: lag
time to onset of inhibition (5), and time to 90% of maximal inhibition
(U). BL treatments: time to 90% of maximal short-term (0) and long-
term (-) inhibition; and time to maximal recovery in growth rate after
short-term inhibition (A). Bottom panels: Relative inhibition of growth
rates (as percentage of growth rates in continuous darkness: 0.81 +
0.03 mm h-1). RL treatments: (U), mean growth rate 3 to 6 h after
RL irradiation; BL treatments: (0), growth rate at time of maximal
short-term inhibition; (A), at time of maximal recovery from short-
term inhibition; (-), during period of long-term inhibition.
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same amplitude as those observed after RL treatments (Fig.
1).
The kinetics of the elongation response to RL and BL

support the possibility that at least two photoreceptors are

involved in the photoregulation of stem elongation in etio-
lated Alaska pea (6, 15). The fast inhibitory response is
mediated by a pigment which absorbs only the blue region of
the light spectrum, while the delayed long-term inhibition is
mediated by a pigment absorbing in the red and blue regions.
Thus, the response of Alaska pea to BL results from the
consecutive inhibitory actions of these two light-sensitive
systems.

Osmotic and Turgor Pressures

These hydraulic parameters were measured in: (a) dark
grown seedlings, (b) seedlings 0.5 h after continuous BL
irradiation (6-7 ,mol m-2 s-'), or (c) seedlings 2.5 h after a 5
min RL irradiation (7-8 'Umol m-2 s-'). These times and
irradiations were chosen so as to result in similar values of
maximal inhibition at the time the measurements were made
(Figs. 1 and 2). Osmotic pressure was unaffected by the light
treatments. However, BL and RL increased turgor signifi-
cantly (P = 0.001) by 0.05 and 0.06 MPa, respectively (Table
I).

Thus, inhibition of elongation by RL and BL is neither due
to a reduction in the bulk cell osmotic pressure nor to a

decrease in the turgor force acting on the cell wall. These
results suggest that light may affect cell expansion through
changes in the cell wall properties and that turgor increases as

an indirect effect of slower growth rate.

Cell Wall Relaxation

Cell wall properties of the growing region in pea epicotyl
were studied in vivo by the pressure-block technique (9). In
this technique, water uptake by the growing region is pre-
vented by applying the minimum external pressure that stops
growth without causing shrinkage. Since cell wall loosening
continues in the living tissue even in the absence of cell
expansion, pressure has to be gradually increased to counter-
act cell wall relaxation and resulting water uptake. Thus, the
time-course of pressure increase is a measure of cell wall
relaxation.
From the representative stress-relaxation time courses

shown in Figure 3 for dark, RL, and BL treated pea seedlings
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Figure 3. RL and BL effects on in vivo cell wall relaxation. Relaxation
(pressurization) was started 2.5 to 3 h after sealing the upper 1.5 cm
of the stem in the pressure chamber. RL (5 min, 7-8 Mmol m-2 S-1)
was given just before sealing the seedlings. BL (6-7 ,mol m-2 s'1)
started 0.5 h before the onset of relaxation and was given continu-
ously to prevent recovery in rate of stem elongation. Representative
time courses of relaxation are shown for each treatment.

and the summarized data for relaxation parameters in Table
II, it is evident that the light treatments decreased the rate
and the amount of cell wall relaxation. However, the time
course observed for stress relaxation (Fig. 3) was more com-

plex than those expected from the available theories (8, 21,
23) describing the wall yielding process. A simple exponential
decay in the rate of relaxation was expected as turgor pressure
approached yield threshold (7). However, in dark-treated as

well as in light-treated pea seedlings, the increase in relaxation
occurred in two phases after the onset of relaxation
(pressuration).
During the first phase of the relaxation (up to about 5 min

from onset of pressuration), the initial rate of relaxation was

significantly (P = 0.001) inhibited by RL (54%) and BL (38%),
in parallel with their inhibitory actions on stem elongation
(Table II). Furthermore, the initial pressure required to stop
growth (P0) was also smaller in the light-treated seedlings.

Table I. Hydraulic Cell Parameters as Affected by BL and RL Irradiations

Measurements were made after 0.5 h of continuous BL (6-7 ,umol m-2 s-1), or 2.5 h after a 5 min RL
irradiation (7-8 Amol m-2 s-1). Values are means (SE). Means with different letters are significantly
different at P = 0.001. (n: dark: 20, RL: 18, BL: 12).

MPa
Significance

Dark RL BL

Turgor pressure (P)r 0.53 (0.01)a 0.59 (0.01)b 0.58 (0.01)b P < 0.001
Osmotic pressure (7r) 0.84 (0.01) 0.82 (0.01) 0.83 (0.02) NS
Water potential (4)b -0.32 -0.23 -0.25

a Measured by pressure microprobe in cortical cells 6 to 8 mm below hook. bCalculated as

P -r.
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Table II. Effects of RL and BL on in Vivo Cell Wall Relaxation of Etiolated Pea Seedlings (pressure-
block technique)

The apical 10 mm of the epicotyl was sealed in the chamber and relaxation (pressurization) was
started 2.5 h later. RL (5 min; 7-8 Amol m-2 s-1) was given just before mounting the seedlings in the
chamber. BL (6-7 zmol mM2 s-1) was turned on 30 min before start of relaxation, and seedlings were
irradiated throughout the relaxation. Values are means (SE). Means with different letter are significantly
different at P = 0.05. n = 10 in all treatments.

Dark RL BL Units Significance8

Elongation rate 3.3 (0.4)r 1.2 (0.2)b 1.4 (0.2)b % h-*
Initial relaxation rateb 1.09 (0.14r 0.50 (0.08)b 0.68 (0.13)b MPa h-'
Time to inflexion (T)c 4.9 (0.7) 7.6 (0.6)b 5.6 (o9)r min
Relaxation rate after 1.28 (0.16)a 0.54 (0.1 Q)b 0.58 (0.1 Q)b MPa h-' **

inflexiond
poe 0.068 (0.01r 0.026 (0.005)b 0.037 (0.007)b MPa
P,' >0.55a 0.42 (0.03)b 0.27 (0.03)b MPa
(P, - PO) = (P - Yp >0.48 0.43 (0.02r 0.25 (0.02)b MPa **
Y 0.05 0.16 0.33 MPa
Hydraulic conductance 0.63 (0.14) 0.75 (0.18) 0.46 (0.08) MPa-1 h-1 NS

(L)h
Yield coefficient (ay 0.069 0.028 0.056 MPa-' h-'

, , * Treatments effects were significant at P = 0.001; P = 0.01; P = 0.05, respectively; NS =
no significant difference. bCalculated at 3 minutes, from the slope between 1 and 5 min in fitted
cubic polynomial. c Time to inflexion in fitted cubic polynomial. d Calculated as the linear slope
of the relaxation after the inflexion point. e The initial pressure required to stop growth. An estimate
was obtained by extrapolating the slope between 1 and 5 min to time zero. f The pressure at the
time when no further relaxation occurred, or where the slope of the relaxation fell below 0.1 MPa h-1.
Upper limit for the pressure chamber was 0.55 MPa. In dark controls P, was >0.55 MPa in six seedlings,
and 5.0, 5.2, 5.5, and 5.5 in the others. 9 (P, - PO) values were calculated individually for each
seedling. Thus, average (P, - PO) differs slightly from the values calculated from the averages of P, and
PO. h Growth-specific hydraulic conductance is calculated as relative growth rate/PO for each seed-
ling. 'Values for a were calculated from Equation 1, using mean values for r and Y from this table
and values for P from Table I.

This initial pressure is needed to collapse the radial water
potential difference (A4Ag) across the epicotyl (xylem to epi-
dermis) caused by the continuous expansion of the growing
cells (1, 8, 9). An estimate of Po, and therefore of A/g, was
obtained by extrapolating the initial relaxation time-course
(between 1 and 5 min) to time zero (Table II). A higher P0
was needed to stop the faster elongation of the seedlings in
darkness (0.068 MPa) than to stop the slower elongation of
the RL (0.026 MPa) and BL (0.037 MPa) treated seedlings.
Furthermore, RL and BL irradiations reduced P0 approxi-
mately to the same extent as they inhibited elongation rate
(54 versus 64% for RL; 38 versus 58% for BL).
The rate of relaxation declined with time and in several

instances (particularly in RL and B) a plateau was nearly
reached before the rate of relaxation increased again (Fig. 3).
An acceleration of relaxation occurred at about 5, 8, and 6
min after the onset of relaxation in the dark, RL, and BL
treated seedlings, respectively, as estimated by the time to
inflexion point in fitted cubic polynomials (Ti in Table II).
This increase in relaxation rate has been interpreted as a
response to growth inhibition and not to pressure per se (10).
In each treatment, rates of relaxation after the inflexion point
were similar to the rates during the initial relaxation (Table
II). Therefore, the light treatments inhibited to about the same
extent the initial and the following relaxation (46 versus 42%
for RL; 61 versus 44% for BL).

Wall relaxation continues until the declining P reaches the
Y. We estimate (P - Y) as the final pressure (Pf: pressure
when cell wall relaxation is completed) minus the initial
pressure to stop growth (P0) (9). RL and BL irradiations
reduced (P - Y) at least by 0.05 MPa (10%) and 0.23 MPa
(48%), respectively, compared to the dark treatment. These
values are underestimates since during relaxation the upper
limit for the pressure chamber was reached in 6 of the 10
dark seedlings measured. Thus, their Pf was, in fact, some-
what higher than 0.55 MPa.

Since turgor pressure (P) was slightly (about 0.05-0.06
MPa) increased by the light treatments (Table I), the lower
(P - Y) values show that Y was increased by the light
treatments. Calculated yield threshold (Y) values for dark,
RL, and BL treatments were 0.05, 0.16, and 0.33 MPa,
respectively. Relatively low Y values (about 0.05 MPa) were
found also in dark grown Alaska pea (24) and cucumber (10).
Thus, in RL and BL treated seedlings the lower rates of
elongation and wall relaxation are associated with higher yield
thresholds and lower values of (P - Y).
To clarify this further, we estimated the yield coefficient X

using Equation 1 and the mean values for r, Y, and P found
in Tables I and II. A small reduction (19%) in 4 was seen in
the BL-treated seedlings, whereas the RL-treated seedlings
showed a 60% reduction in O (Table II). A similar conclusion
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can be reached by comparing the initial rates of relaxation
(dP/dt) with the values for (P - Y), using the relation (7):

dP/dt = EO(P - Y) (3)

where e is the volumetric elastic modulus. Assuming E is
unchanged by the light treatments, we can calculate that RL
decreases 4 by more than 50%, whereas BL does not reduce
4. Thus, by these calculations BL appears to act largely by
raising Y, whereas RL acts mainly by reducing 0 (see further
interpretation in "Discussion" section).
Another possible mechanism by which light may inhibit

elongation is through the reduction of hydraulic conductance
of the epicotylar tissue. Since A4,g is related to the rate of
growth by r = L (AZ,g) (9), the hydraulic conductance for
radial water movement across the stem (L) could be calcu-
lated for each seedling, and mean values are presented in
Table II. Calculated conductance values were not significantly
different under the various light treatments. These values
(range 0.46-0.75 MPa-' h-') are comparable to those found
in dark grown pea by the pressure-block technique (0.99
MPa-' h-') (24), but lower than those estimated by measuring
the half-time of tissue swelling (2.0 MPa-' h-') (7). Note that
L is an order of magnitude larger than X, further evidence
that water uptake does not substantially restrict expansive
growth (1, 8, 9).

Stress Strain Analysis

The possibility that RL and BL reduced cell wall yielding
by changing its viscoelastic properties was studied by the
Instron technique (stress/strain analysis). The plastic and
elastic components of cell wall extensibility were measured in
frozen/thawed sections collected 0.5 and 2.5 h after the onset
of BL and RL irradiations, at about the time when maximal
inhibition ofelongation was reached (Figs. 1 and 2). Relatively
large, significant (P = 0.01), unexplained differences in exten-
sibility components were found between sowings, even though
growth conditions and processing techniques were practically
identical. Nevertheless, consistent differences between dark
and light treated seedlings were found in each experiment and
were analyzed by a two-way ANOVA. In both the RL and
BL series of experiments, the interactions [sowing x light
treatment] were not significant for each extensibility compo-
nent. Since the RL and BL effects are superimposed on the
between-sowing variability, only the main effects for the light
treatments are presented in Table III. RL and BL reduced by
20 and 25%, respectively, the plastic component of extensi-
bility, without affecting the elastic component. Long-term cell
wall extension (creep) of frozen/thawed section under pH 6.8
or 4.5 was unaffected by previous BL or RL irradiations of
the etiolated seedlings (results not shown).

DISCUSSION

In the present work we compared the mechanisms by which
RL and BL inhibit stem elongation in etiolated pea seedlings.
Although the time courses of the elongation response to RL
and BL were quite different (Figs. 1 and 2) and are probably
mediated by two different photoreceptors (5, 13), the inhibi-
tion by both light sources has a common ground: it is caused

Table Ill. Stress-Strain Analysis
Effects of RL (5 min; 7-8 umol m-2 s-1) and BL (30 min; 7-8 ,Amole

m-2 S1) on the components of epicotyl extensibility (elastic and
plastic) in etiolated pea seedlings. One cm segments were taken from
the growing region below the hook 2.5 h (RL) and 0.5 h (BL) after
the onset of irradiation. Measurements were made in frozen/thawed
sections. Values are means (SE) of five separate experiments. Total
n = 30 to 35 in each treatment.

Extensibility Dark Light Light/Dark Significancea
Component

%/100 g
RL irradiation

Total 16.7 (0.6) 14.9 (0.6) 0.84 **
Elastic 10.5 (0.3) 10.0 (0.3) 0.95 NS
Plastic 6.2 (0.3) 5.0 (0.4) 0.80

BL irradiation
Total 23.5 (0.6) 19.6 (0.4) 0.83
Elastic 12.5 (0.3) 11.6 (0.3) 0.93 NS
Plastic 11.0 (0.4) 8.2 (0.3) 0.75

a***, **, : Treatments effects were significant at P = 0.001; P =
0.01; P = 0.05, respectively; NS = no significant difference.

by a reduction in cell wall yielding. Hydraulic parameters that
determine elongation, such as bulk osmotic pressure (r, Table
II) and hydraulic conductance (L, Table II) were unaffected
by BL or RL. The central role of cell wall properties in the
photomodulation of stem growth is emphasized by the fact
that turgor pressure (P, Table I) was increased 0.05-0.06 MPa
by the light treatments, though they inhibited elongation. The
likeliest explanation for the rise in turgor after BL or RL is
that cells with a slower relaxation rate approach osmotic
equilibrium more closely, and so reach a higher turgor. In our
case, elongation rate was inhibited by about 75% (compared
to dark controls) at the time of turgor measurement (e.g. 2.5
and 0.5 h after RL and BL, Fig. 2). This increase in turgor
gives an estimate ofthe radial water potential difference (A4'g)
supporting cell elongation in the epicotyl in darkness-i.e. a
0.05 to 0.06 MPa rise in turgor, associated with about 75%
growth inhibition, indicates a AO,g of about 0.06 to 0.07 MPa.
These values are in close agreement with Po, the pressure
needed to stop growth in the pressure-block system (P0 =
0.068 MPa, Table II). Such an increase in turgor was not
observed in cucumber seedlings after BL (10), probably be-
cause of a much smaller A/g supporting growth or a more
stringent regulation of turgor pressure in this species.

In pea the effects of BL and RL on wall relaxation are
apparently due to different mechanisms. RL reduces relaxa-
tion mainly by lowering the wall yield coefficient (0) with a
concomitant smaller increase in the yield threshold (Y), while
most of the inhibitory effect of BL was due to an increase in
Y (Table II). However, the BL effect on Y is evidently not
universal, since in cucumber BL appears to affect X but not
Y(10).
The values of 4 calculated in this study are based on the

relation r = 4(P - Y) and our calculation assumes that Y and
O remain constant during relaxation, so that we may relate
them back to the values of r and P extant before the start of
relaxation. The complex, nonexponential dynamics of relax-
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ation (Fig. 3) bring this assumption into question. Other
results also indicate that Y in pea epicotyls can shift quite
substantially during relaxation (9, 12, 26; DJ Cosgrove, un-
published data). If so, then the interpretation of ( takes on a
more complex character, in that it also incorporates the ability
of the tissue to shift Y to lower values. A full understanding
of how the dynamics of relaxation relates to long-term meas-
ures of 4 and Y remains a challenge for the future. Despite
these uncertainties, our results nevertheless point out that,
although both RL and BL inhibit wall relaxation, they do so
by different biophysical mechanisms. This suggests to us that
two different biochemical processes are involved in wall relax-
ation (or at least in the control of wall relaxation).
The possibility that X and Ycan be influenced differentially

by various factors is supported by other studies with pea
seedlings. Removal of cotyledons inhibited stem elongation
due to slower cell wall relaxation, caused mainly by an in-
crease in Y (24). Auxin enhanced elongation and wall relax-
ation without affecting Y (7). Gibberellin (or gibberellin syn-
thesis inhibitors) regulate elongation through concomitant
changes in 4 and Y(12).

In pea the decrease of wall relaxation after BL and RL is
associated with a reduction in the plastic component of exten-
sibility as determined in frozen/thawed sections by stress/
strain (Instron) analysis (Table III). This fact may indicate
that the BL and RL effects on elongation are due to changes
in the viscoelastic properties of the cell wall. However, the
relative reduction of the plastic extensibility by light was small
(20-25%, Table III), compared to the inhibition of elongation
(about 75% in LVDT measurements, Fig. 2; about 60% in
seedlings mounted in the pressure-block system, Table II).
Furthermore, in cucumber, the fast regulation of wall yielding
by BL occurred without detectable changes in the viscoelastic
properties of the cell walls (10). On the other hand, in several
studies a correlation has been found between elongation rate
and mechanical cell-wall properties as measured in vitro by
Instron analysis (5), stress-relaxation (17, 30), or in vivo by
extensibility measurements ( 19, 20). It is noteworthy that the
changes in viscoelastic properties of the wall usually lag behind
the changes in elongation rate and/or are of a smaller mag-
nitude (3). For example, in maize mesocotyls, no correlation
was found for up to 7 h between mechanical extensibility and
changes in elongation rate induced by red or far-red irradia-
tions, but changes in plastic extensibility were observed 20 h
after irradiation (29).

In our case, the relatively small change in plasticity observed
at the time of maximal inhibition of elongation by RL and
BL (Table III; Fig. 2) may indicate that wall relaxation is
photomodulated by metabolic processes unrelated to those
determining the viscoelastic properties of the cell wall. Alter-
natively, since the quantitative relationship between cell wall
plasticity and elongation rate is unknown, it is conceivable
that relatively small changes in plasticity may be sufficient to
produce larger changes in growth rate. This is a crucial di-
lemma in the interpretation of wall mechanical assays, and
persists today despite the common use of this technique for
more than 25 years.

In view of the different kinetics of BL and RL inhibition of
elongation (fast versus slow response; Figs. 1 and 2), and the
fact that X and Y were differentially affected by these irradia-

tions, we conclude that the photomodulation of growth and
wall relaxation by BL and RL are mediated by different
processes activated by different photosystems. This conclu-
sion is also supported by the finding that prolonged (60 min)
BL irradiation results in a two step inhibition of growth in
which the first step (due to BL photoreceptor) does not
saturate the response during the second step (due to RL
photoreceptor) (Figs. 1 and 2). Thus, the responses are addi-
tive and superimposed.
Although RL and BL modulate growth through different

mechanisms, they both act by inhibiting wall relaxation, and
not by altering the hydraulic properties of the growing tissue.
This is consistent with the view that the major limitation for
cell expansion rate is the yielding properties of the wall (9).
The results, furthermore, suggest that there are at least two
points or processes controlling wall relaxation.
The RL inhibition is slow enough that changes in auxin

availability or sensitivity may mediate the response, as hy-
pothesized for RL responses of grass coleoptiles and mesoco-
tyls (16, 22). In accordance with such a mechanism, both RL
(Table II) and auxin (7) were found to modify pea stem
growth principally via a change in 4. Further evidence for
auxin mediation and its significance could be obtained by
comparing the pattern of light-regulated genes (28) with
auxin-regulated genes (15, 27). Such comparison might also
help to identify genes involved in the control of cell wall
expansion.

In contrast to RL inhibition, BL suppresses growth so
quickly (within 30 s [5]) that a more rapid and reversible
mechanism of growth control is required. One obvious can-
didate is inactivation of the plasma-membrane proton pump,
with a consequent alkalinization of the apoplast and growth
inhibition a la acid-growth hypothesis (4, 26). In cucumber
seedlings, BL induces a large (100-mV) membrane depolari-
zation which may be related to pump inhibition (25). At
present, however, no direct evidence for the molecular nature
of the growth control by BL in pea stems is available.

ACKNOWLEDGMENTS

The authors thank Daniel Durachko and Melva Perich for tech-
nical assistance.

LITERATURE CITED

1. Boyer JS (1985) Water transport. Ann Rev Plant Physiol 36:
473-516

2. Britz SJ, Galston AW (1982) Physiology of movements in stems
of seedling Pisum sativum L. cv Alaska. Plant Physiol 70: 264-
271

3. Cleland RE (1984) The Instron technique as a measure of im-
mediate-past wall extensibility. Planta 160: 514-520

4. Cleland RE (1987) The mechanism of wall loosening and wall
extension. In D Cosgrove, DP Knievel, eds, Physiology of Cell
Expansion During Plant Growth, Symposium on Plant Physi-
ology, Penn State University. American Society of Plant Phys-
iologists, Rockville, MD, pp 18-27

5. Cosgrove DJ (1981) Rapid suppression of growth by blue light:
occurrence, time course and general characteristics. Plant Phys-
iol 67: 584-590

6. Cosgrove DJ (1982) Rapid inhibition of hypocotyl growth by
blue light in Sinapis alba. Plant Sci Lett 25: 305-312

7. Cosgrove DJ (1985) Cell wall yielding properties of growing
tissues. Evaluation by in vivo stress relaxation. Plant Physiol
78: 347-356

1 055



KIGEL AND COSGROVE

8. Cosgrove DJ (1986) Biophysical control of plant cell growth.
Annu Rev Plant Physiol 37: 377-405

9. Cosgrove DJ (1987) Wall relaxation in growing stems: compari-
son of four species and assessment ofmeasurement techniques.
Planta 171: 266-278

10. Cosgrove DJ (1988) Mechanism of rapid suppression of cell
expansion in cucumber hypocotyls after blue-light irradiation.
Planta 176: 109-116

11. Cosgrove DJ, Durachko DM (1986) Automated pressure probe
for measurement of water transport properties of higher plant
cells. Rev Sci Instrum 57: 2614-2619

12. Cosgrove DJ, Sovonick-Dunford SA (1989) Mechanism of gib-
berrellin-dependent stem elongation in peas. Plant Physiol 89:
184-191

13. Gaba V, Black M (1979) Two separate photoreceptors control
hypocotyl growth in green seedlings. Nature 278: 51-53

14. Gaba V, Black M (1983) The control of cell growth by light. In
W Shropshire, H Mohr, eds, Encyclopedia of Plant Physiology,
New Series, Vol 16A. Springer Verlag, Berlin, pp 358-389

15. Guilfoyle T, McClure B, Hagen G, Brown C, Wright D, Gee M
(1989) Rapid activation of a gene cluster by auxin. In R
Goldberg, ed, The Molecular Basis of Plant Development.
Alan R Liss, New York, pp 203-210

16. Iino M (1982) Action of red light on indole-3-acetic acid status
and growth in coleoptiles of etiolated maize seedlings. Planta
156: 21-32

17. Kawamura H, Kamisaka S, Masuda Y (1976) Regulation of
lettuce hypocotyl elongation by gibberellic acid. Correlation
between cell elongation, stress-relaxation properties of the cell
wall and wall polysaccharide content. Plant Cell Physiol 17:
23-34

18. Kigel H, Schwartz A (1981) Cooperative effects of blue and red
light in the inhibition of hypocotyl elongation of de-etiolated
castor bean. Plant Sci Lett 21: 83-88

19. Kutschera V, Briggs WR (1987) Differential effect of auxin on

in vivo extensibility of cortical cylinders and epidermis in pea
internodes. Plant Physiol 84: 1361-1366

20. Kutschera V, Schopfer P (1986) In vivo measurement of cell wall
extensibility in maize coleoptile: effect of auxin and abscisic
acid. Planta 169: 437-442

21. Lockhart JA (1965) An analysis of irreversible plant cell elon-
gation. J Theor Biol 8: 264-275

22. Masuda Y, Pjon C-P, Furuya M (1970) Phytochrome action in
Oryza sativa L. V. Effect of decapitation and red and far red
light on cell wall extensibility. Planta 90: 230-242

23. Ray P (1987) Principles of plant cell growth. In D Cosgrove, DJ
Knievel, eds, Physiology of Cell Expansion During Plant
Growth, Symposium on Plant Physiology, Pennsylvania State
University. American Society ofPlant Physiologists, Rockville,
MD, pp 1-17

24. Schmalstig J, Cosgrove D (1988) Growth inhibition, turgor
maintenance and changes in yield threshold after cessation of
solute import in pea epicotyls. Plant Physiol 88: 1240-1245

25. Spalding EP, Cosgrove DJ (1989) Large plasma-membrane de-
polarization precedes rapid blue-light-induced growth inhibi-
tion in cucumber. Planta 178: 407-410

26. Taiz L (1984) Plant cell expansion: regulation of cell wall me-
chanical properties. Annu Rev Plant Physiol 35: 585-657

27. Theologis A (1986) Rapid gene regulation by auxin. Annu Rev
Plant Physiol 37: 407

28. Warpeha KMF, Marrs KA, Kaufman LS (1989) Two blue light
responses regulate both molecular and physiological events
(abstract No. 822). Plant Physiol 89: S- 138

29. Yahalom A, Epel BL, Glinka Z (1988) Photomodulation of
mesocotyl elongation in maize seedlings: is there a correlative
relationship between phytochrome, auxin and cell wall exten-
sibility? Physiol Plant 72: 428-433

30. Yamamoto R, Katsuaki A, Masuda Y (1974) Auxin and hydrogen
ion actions on light-grown pea epicotyl segments. III. Effect of
auxin and hydrogen ions on stress-relaxation properties. Plant
Cell Physiol 15: 1027-1038

1056 Plant Physiol. Vol. 95, 1991


