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duced cell formation during water stress may limit final
leaf size.
Little is known about the effects of water stress on rates
of cell division or on mitotic activity in leaves. Roots have
received more attention. In roots there was a rapid decrease in mitotic activity after imposition of water stress
(Yee and Rost, 1982; Robertson et al., 1990b; Bitonti et al.,
1991; Bracale et al., 1997), and a similar response was found
for soybean hypocotyls (Edelman and Loy, 1987). These
sudden decreases in mitotic activity suggest, but do not
prove, that water stress caused a sudden decrease in the
rate at which new cells were being produced. To our
knowledge, the only study to measure rates of cell production under water stress was done by Sacks et al. (1997), who
found a 40% reduction in the rate of cell division in cortical
cells of the primary root of water-stressed maize.
Evidence that the extent of cell production may limit
growth has come from the stimulation of root growth that
follows increased expression of a cyclin cell-cycle gene in
Arabidopsis (Doener et al., 1996). The product of the cdc2
(cell-division-cycle) gene, the protein kinase p34cdc2 (Nurse,
1990), here referred to as Cdc2 kinase, plays a major role in
driving the cell cycle. Genetic analysis in Schizosaccharomyces pombe has shown that cdc2 function is required at the
start of the S phase and at entry into mitosis (Nurse and
Bissett, 1981). The Cdc2 kinase is the first discovered member of a group of CDKs found in higher eukaryotes that
require association with a cyclin protein to become enzymically active (Norbury and Nurse, 1992).
At mitosis the Cdc2 kinase is the dominant active CDK;
at this time its activity is severalfold higher than at other
times in the cell cycle (Tsai et al., 1991; for review, see Stern
and Nurse, 1996). This drives the structural changes of
nuclear envelope disassembly, chromosome condensation,
and mitotic spindle assembly in yeasts and animals (for
review, see Nurse, 1990; Nigg, 1995) and in plants (Hush et
al., 1996). The importance of the Cdc2 kinase in cell division in plants was indicated by the ability of plant cdc2
genes to support division in yeasts (Hirt et al., 1991) or, in
the negative mutant form, to block division in plants (Hemerly et al., 1995). The importance of Cdc2 is further indicated by the positive correlation of cdc2 gene expression

In wheat (Triticum aestivum) seedlings subjected to a mild
water stress (water potential of 20.3 MPa), the leaf-elongation
rate was reduced by one-half and the mitotic activity of mesophyll
cells was reduced to 42% of well-watered controls within 1 d.
There was also a reduction in the length of the zone of mesophyll
cell division to within 4 mm from the base compared with 8 mm
in control leaves. However, the period of division continued
longer in the stressed than in the control leaves, and the final cell
number in the stressed leaves reached 85% of controls. Cyclindependent protein kinase enzymes that are required in vivo for
DNA replication and mitosis were recovered from the meristematic zone of leaves by affinity for p13suc1. Water stress caused a
reduction in H1 histone kinase activity to one-half of the control
level, although amounts of the enzyme were unaffected. Reduced
activity was correlated with an increased proportion of the 34-kD
Cdc2-like kinase (an enzyme sharing with the Cdc2 protein of
other eukaryotes the same size, antigenic sites, affinity for p13suc1,
and H1 histone kinase catalytic activity) deactivated by tyrosine
phosphorylation. Deactivation to 50% occurred within 3 h of
stress imposition in cells at the base of the meristematic zone and
was therefore too fast to be explained by a reduction in the rate at
which cells reached mitosis because of slowing of growth; rather,
stress must have acted more immediately on the enzyme. The
operation of controls slowing the exit from the G1 and G2 phases
is discussed. We suggest that a water-stress signal acts on Cdc2
kinase by increasing phosphorylation of tyrosine, causing a shift to
the inhibited form and slowing cell production.

A decrease in soil water potential due to drought or
salinity decreases the rate of leaf expansion, whereas root
expansion is much less affected (Munns and Sharp, 1993).
If the root water potential decreases suddenly, the response of leaf expansion is so rapid and large (Cramer
and Bowman, 1991) that it must be due to a change in the
rate of expansion of existing cells, rather than to a change
in the rate of production of new cells. However, when
plants have grown for some time in soils of low water
potential, smaller leaves with fewer cells are formed
(Clough and Milthorpe, 1975; Randall and Sinclair, 1988;
Lecoeur et al., 1995). These observations suggest that re1

This research was funded by the Cooperative Research Centre
for Plant Science, Canberra, Australia.
* Corresponding author; e-mail rana.munns@pi.csiro.au; fax 61–
2– 62– 46 –5399.

Abbreviations: CDK, cyclin-dependent protein kinase enzyme;
p13suc1, 13-kD universal mitotic protein with affinity for Cdc2
binding in vitro.
667

Downloaded on February 28, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.

668

Schuppler et al.

with regions of cell division (Gorst et al., 1991; John et al.,
1991; Martinez et al., 1992; Hemerly et al., 1993; for review,
see John, 1996). Furthermore, a role of mitotically active
CDK in driving plant mitosis is directly shown by the
stimulation of mitosis that is induced by injection of the
mitotically active form of plant Cdc2 protein into stamen
hairs of Tradescantia virginiana (Hush et al., 1996).
Activation of Cdc2 kinase at the initiation of mitosis
requires the binding of mitotic cyclin and the phosphorylation of Thr and Tyr residues before catalytic activity is
released by the removal of phosphate from Tyr 15 (and also
from Thr 14 in animal cells) by Cdc25 phosphatase (Norbury and Nurse, 1992). As cells approach mitosis there is a
decline in the abundance of inactive Tyr-phosphorylated
enzyme and an increase in active Tyr-dephosphorylated
enzyme (Russell and Nurse, 1986, 1987; Moreno et al., 1990;
Lew and Kornbluth, 1996). The same decline in Tyr phosphorylation of Cdc2 kinase has recently been detected as
the mechanism of cytokinin induction of plant mitosis
(Zhang et al., 1996). This is an important element in regulating plant cell division and here we report its contribution to environmental responses.
To investigate possible environmental influence over cell
division in the developing leaf, we subjected wheat (Triticum aestivum) seedlings to a mild (soil) water stress at a
very early stage of development and recorded the spatial
extent of mitotic activity throughout leaf development.
Previous publications showed that only in leaves that were
very small at the onset of a water stress (e.g. 2% of final leaf
area; 5% of final cell number) was the number of cells
produced per leaf affected by stress (Clough and
Milthorpe, 1975; Randall and Sinclair, 1988; Lecoeur et al.,
1995). Calculations from Foard and Haber (1961) indicated
that less than 3% of the mesophyll cells in the first leaf of a
wheat seedling are formed during seed development;
therefore, we used germinating wheat seedlings maintained in the dark at high humidity to study the effects of
a mild and steady water stress that would have an impact
on the plant at an early stage of leaf development.
We measured the effect of stress on the spatial extent of
cell division throughout leaf development to locate the
tissue most responsive to stress. We focused on mesophyll
cells rather than other cell types because mesophyll cells
are the major cell type in leaves and make the greatest
contribution to the volume of this tissue. Epidermal cells,
which have been the subject of most studies of cell expansion or division, have a much shorter zone of division than
do mesophyll cells (associated with their larger final dimensions), and preliminary observations showed that their
mitotic activity was restricted to the basal few millimeters
of the leaf and terminated sooner than that of mesophyll
cells (data not shown). We then investigated whether mild
water stress in the wheat leaf affects regulation of the cell
cycle by testing for effects on cell-cycle progression and on
Cdc2 kinase activity. We report evidence that water stress
has rapid effects on Tyr phosphorylation and activity of a
Cdc2-like enzyme and propose that these contribute to
reduced cell-division activity.

Plant Physiol. Vol. 117, 1998
MATERIALS AND METHODS

Growth Conditions
Wheat (Triticum aestivum cv Kite) seeds were soaked in
water for 24 h in a Petri dish and then transferred to pots
10 cm wide and 25 cm deep containing vermiculite that
was either fully or partially hydrated with water. Seeds
were placed about 5 cm beneath the surface of the vermiculite. The level of hydration that reduced leaf elongation
rate by about 50% was found to be 22% (grams of water per
gram of vermiculite), which had a water potential of 20.3
MPa as determined with an isopiestic psychrometer (Boyer
and Knipling, 1965). Seedlings were grown at 23°C in the
dark in a humidified chamber. This method was chosen
because the lack of transpiration meant that the soil water
was not depleted and that the plant water potential would
not change. Transplanting and nondestructive length measurements were done under a green safelight giving less
than 0.1 mmol PAR m22 s21.
Measurement of Blade-Elongation Rate
Lengths of leaf 1 were measured from leaf base to tip
with a ruler every 24 h on 30 replicates, and the position of
the ligule was recorded under a dissecting microscope.
Sheath lengths were subtracted from the total leaf length,
and blade lengths were recorded until the blade was fully
elongated. Seed reserves were still adequate for growth at
this stage but were depleted before the sheath finished
growing. This experiment was carried out four times.
In one experiment the second leaf was dissected and
measured.

Measurement of Mitotic Activity
For microscopic analysis 10 leaves with lengths closest to
the mean of 30 leaves were chosen. Because the stressed
leaves were elongating at only about one-half the rate of
the controls, samples from the stressed plants were taken
every 2nd d after d 2. Samples were always taken at the
same time of day. The basal 30 mm of the shoot was
excised, fixed in formalin-acetic acid-70% ethanol (1:1:18),
dehydrated in an ethanol-t butanol series under vacuum,
and infiltrated with paraffin (Paraplast Plus, Sherwood
Medical Laboratories, St. Louis, MO; melting point 56–
57°C) according to the method of Volenec and Nelson
(1981). Longitudinal 8-mm-thick sections were hydrolyzed
with 1 n HCl for 10 min at 60°C, stained with Schiff’s
reagent for 16 h by the Feulgen method, and counterstained with Fast Green (CI 42053, Sigma; 0.01% in 95%
ethanol for 30 s).
The mitotic index of the mesophyll cells of the first leaf
was estimated by scoring the percentage of cells in the two
cell layers beneath each epidermis that were clearly in
metaphase, anaphase, or telophase. Prophase was not always distinctive, therefore, this phase was not scored. This
was done for consecutive fields of view; for a given section,
cells along the entire meristem were examined. In total, 32
files of cells were measured in eight sections from four
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different leaf samples for each period. The position of the
ligule was recorded. The data are presented as the distances from the base of the leaf or from the ligule, if
present, in segments of 0.45 mm.
In harvesting plants at 24-h intervals, we assumed that
there would be no synchrony of cell division, which is the
usual situation for plants grown under constant conditions.
This assumption was later confirmed by the absence of
coordinated mitotic events observed across the tissue and
by the constancy of CDK activity, which increases in the G2
phase (Zhang et al., 1996), but was found to have a similar
activity in tissue harvested at many times during a 24-h
time course (see “Results”).

Estimation of Final Cell Number per Leaf
Final cell size was measured in leaf blades harvested at d
7 (unstressed) or d 12 (stressed) of treatment in two additional experiments replicated for this purpose. Measurements of cell length were made on the layer of mesophyll
cells below the epidermis after clearing with methanol (10
min at 70°C) and lactic acid. Because mature mesophyll
cells in wheat vary in length and shape with position in the
leaf (Jung and Wernicke, 1990), leaves were divided into
quarters along their length, and the average cell length for
each quarter was estimated. Ten cells were measured in
each quarter of nine leaves from each of the two experiments (a total of 90 cells for each part of the leaf per
treatment). The total number of cells produced in a given
file along the blade of the fully expanded leaf of stressed
plants was calculated from the lengths of the mature leaf
and cells.

Plant Material for Cell-Cycle Experiments
For most experiments plants were harvested 48 h after
transfer to vermiculite. At this stage the first leaf of the
unstressed plants averaged 17 mm in length, and that of
the stressed plants averaged 8 mm. At this stage the second
leaf was only 2 mm long in the unstressed plants and
one-half of this in the stressed plants. The shoot was cut at
its base from the seed coat, and 3-mm segments were
dissected starting from the base, covering the meristem,
and in some experiments extending beyond it. In most
experiments only the segments 0 to 3 mm and 3 to 6 mm
from the base were examined, because these contained the
most actively dividing tissue. Segments were frozen immediately in liquid N2 and stored at 280°C.
For the time-course experiment seeds were soaked for
24 h as usual and were then transplanted to pots containing
fully hydrated vermiculite for another 36 h before a second
transfer to pots containing either fully or partially hydrated
vermiculite. The period of 36 h in well-watered conditions
permitted the seedlings to grow sufficiently long to allow
dissection into two 3-mm segments at the start of the stress
treatment. This treatment is called the “transplantation
protocol” to distinguish it from the procedure used in most
of the experiments.
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Biochemical Techniques
Purification of a Cdc2-like protein was carried out by
grinding the leaf segments in liquid N2 and mixing vigorously at 0°C with NDE buffer (20 mm Hepes, 50 mm
b-glycerophosphate, 15 mm MgCl2, 20 mm EGTA, 5 mm
NaF, 2 mm DTT, 5 mm leupeptin, 5 mm pepstatin, 2 mg/mL
aprotinin, 0.5 mm sodium orthovanadate, 10 mm ammonium
molybdate, and 10 mg/mL sodium 4-nitrophenylphosphate,
with PMSF added to 0.5 mm final concentration immediately
before use), pH 7.4. Protein extracts were incubated for 2 h
at 4°C with 40 mL of bead suspension (20-mL beads containing 8 mg p13/mL beads, which are hereafter referred to as
p13 beads) to bind the Cdc2-like protein (John et al., 1991;
Hepler et al., 1994).
The beads were washed twice at 0°C with 400 mL of 5 mm
Na2HPO4, 4 mm NaH2PO4, 2 mm EDTA, 150 mm NaCl, 1%
Nonidet P40, 5 mg/mL leupeptin, 0.1 mm sodium vanadate, and 50 mm NaF, pH 7.0, and then washed once with
HBK (25 mm Hepes, 1 mm EGTA, 5 mm MgCl2, 160 mm
KCl, and 1 mm DTT). Cdc2-like protein was eluted from the
beads by incubation for 10 min at 4°C with 45 mL of free
p13suc1 (0.5 mg/mL) in HBK, and the beads were discarded
by centrifugation. The activity of the purified protein was
measured immediately in a kinase assay. Linear recovery
of enzyme was obtained from amounts of extract containing less than 350 mg of protein incubated with 20 mL of p13
beads.
The kinase assay was carried out on 20 mL of purified
Cdc2-like protein in an incubation volume of 50 mL (John et
al., 1991; Zhang et al., 1996), with the modification that 20
mL of the terminated assay was spotted onto Whatman P81
paper and washed five times for 3 min in 75 mm H2PO4,
and the radioactivity was determined in a scintillation
counter to quantify the amount of [32P]PO4 transferred to
H1 histone.
To estimate the level of Cdc2-like protein relative to
other proteins, total protein was extracted from leaf tissue,
frozen, and ground in liquid N2 into NDE buffer (John et
al., 1990). Fifty-microgram samples of leaf protein were
separated by SDS-PAGE on a 12% acrylamide gel. Proteins
were transferred to nitrocellulose and probed with antibody against the 16-amino acid region EGVPSTAIREISLLKE, which is universally conserved in all known cdc2
molecules, as described previously (Lee and Nurse, 1987;
John et al., 1989, 1990). Bound antibody was detected with
125
I-anti-rabbit IgG F(ab9)2 at 0.5 mCi/L (IM1340, Amersham) visualized by 72-h exposure to a phosphor-imaging
screen. Samples to be compared were electrophoresed and
transferred onto the same piece of nitrocellulose.
To measure the Tyr-phosphorylation state, the enzyme
was purified with p13suc1 beads from samples of extract
containing 300 mg of protein, separated by 12% acrylamide
SDS-PAGE, transferred to nitrocellulose, blocked with 1%
BSA in buffered saline, and probed with anti-phospho-Tyr
antibody (mouse monoclonal PY-20, Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit anti-mouse antibody
(Chemicon, Temecula, CA) as described by Zhang et al.
(1996). Bound antibody was detected with 125I-anti-rabbit
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IgG F(ab9)2 at 0.5 mCi/L (IM1340, Amersham) after 72 h of
exposure to a phosphor-imaging screen.
Measurement of G1/G2 Frequency
The frequency of G1- and G2-phase nuclei was measured
in longitudinal sections of leaves after 48 h of treatment,
which were embedded in paraffin and stained by the Feulgen method. The cells measured were those in the two
layers adjacent to both epidermes, i.e. the cells destined to
become mesophyll cells. The intensity of nuclear staining
was quantified using a Nikon Optiphot microscope with
white light. Images obtained with a SIT television camera
(Dage MTI, Michigan City, IN) were recorded in digitized
form using an image-processing attachment (Image-1, Universal Imaging Corp., Chester, PA) and analyzed using
imaging software (Image-1, version 4.0, Universal). A minimum area enclosing the whole nucleus was measured, and
for each cell a background intensity was estimated from the
average of three areas of the same size in the adjacent
cytoplasm. The background was subtracted for each cell.
Only nuclei in sharp focus were measured, and the focus
was adjusted until all intact nuclei in the field of view had
been measured. Data were collected from eight sections
from three different leaves from each treatment.
RESULTS
Effect of Water Stress on Leaf-Blade Elongation
Water stress caused the rate of elongation of the leaf
blade to decrease to 51% of the unstressed plants for the 1st
d and then to an average of 41% for the next 4 d (Fig. 1).
After this, the elongation rate of the unstressed plants
slowed down, and that of the stressed plants continued for
several more days, with the result that the final blade
length of the stressed plants reached 73% of the unstressed
plants.
The elongation rate of the second leaf was similarly
affected. It was too small to be measured for the first 2 d of
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Table I. Developmental pattern of mesophyll cell production in
the first leaf of unstressed wheat seedlings
Measurements started after 24 h of imbibition. The final blade
length was reached on d 7. The ligule was present at d 3; therefore,
only activity distal to this is recorded. The data are an average of four
separate experiments. SEs are given for the mitotic index. SEs for the
blade length are shown in Figure 1. The meristem length is rounded
off to the nearest 0.5 mm.
Time

Blade
Length

d

0
1
2
3
4
5
6
7

Meristematic
Zone Length

Maximum
Mitotic Index

1.5
6
8
6
4
2
0
0

3.6 6 0.3
3.3 6 0.3
4.4 6 0.7
2.5 6 0.5
1.1 6 0.5
0.1 6 0.1
0
0

mm

1.5
6
17
33
48
64
75
81

%

the treatment; then between d 3 and 5 it increased from 1.6
to 3.6 mm in length, and stress reduced this by one-half
(data not shown).
Developmental Pattern of Mesophyll Cell Production in
Unstressed Leaves
The cell-division activity in the unstressed wheat leaf
blade throughout its development is summarized in Table
I. This shows the length of the meristematic zone of mesophyll cells and the maximum mitotic index based on taking
cells clearly in the mitotic phases of metaphase, anaphase,
and telophase, but omitting prophase because its recognition was equivocal. After 24 h of imbibition, the mitotic
index of mesophyll cells in the first leaf was about 3.5% at
the leaf base, declining to 2.5% at the tip. One day later, the
mitotic index was again about 3.5% at the base, declining
gradually to 0 at the tip of the leaf, which was now 6 mm
long. On d 2, mitotic activity in the leaf was at its maximum, both in terms of mitotic index and in the distance
from the shoot base over which division occurred (Table I).
The ligule started to develop at the base of the shoot
meristem on d 2 and by d 3 had moved about 0.5 mm from
the base. At this time, when the blade was 40% of its final
length, the mitotic activity started to decline (Table I). By d
4, when the blade was about 60% of its final length, mitotic
activity had declined further, and by d 5 was observed
essentially only below the ligule, i.e. in sheath cells.
Comparison between Stressed and Unstressed Leaves in
Spatial Extent and Duration of Mitotic Activity in
Mesophyll Cells

Figure 1. Increase in blade length of the first leaf of wheat in fully
hydrated (unstressed; E) and partially hydrated vermiculite at a water
potential of 20.3 MPa (stressed; F). Treatment commenced at 24 h
after imbibition. Bars show the SEs of four experiments (n 5 30).

After only 1 d of treatment, the mitotic activity in the
stressed leaves was much reduced, the maximum mitotic
index being only one-half of that in the unstressed controls,
and declining to 0 at the tip of the respective leaves from
each treatment (Fig. 2A).
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Figure 2. Mitotic index of mesophyll cells as measured in longitudinal sections taken from the blade of the first leaf of wheat
seedlings from unstressed (E) and stressed treatments (F) as defined in Figure 1 after 1 d (A), 2 d (B), or 4 d (C) of treatment.
Bars show the SEs (n 5 32). The dotted line on B and C is the “developmental control,” i.e. the mitotic index of unstressed
leaves of the same size as the stressed leaves (see text for further explanation).

On d 2, when mitotic activity was at its greatest in both
unstressed and stressed leaves, the maximum mitotic index
in the stressed plants was only one-half of that in the
controls, and the zone of division was much shorter (Fig.
2B). Comparison with unstressed leaves at a similar total
length (seen in Fig. 2A, and superimposed on Fig. 2B as a
dotted line) shows that the meristematic activity in the
stressed leaf was still much reduced in comparison with a
control leaf at a similar developmental stage.
On d 4 of treatment the division activity in the leaves of
unstressed plants was nearing completion, whereas the
activity in leaves of the stressed plants was continuing;
therefore, the division activity of the two treatments coincided (Fig. 2C). However, the mitotic activity in the
stressed leaves was much more reduced than in unstressed
leaves of similar length, i.e. d-2 control leaves (superimposed as a dotted line in Fig. 2C). By d 5, the division of
blade cells had almost ceased in the unstressed plants and
mitotic activity occurred only below the ligule. In the
stressed plants mitotic activity continued in blade tissue
until d 7, and by d 8 division occurred only below the ligule
(data not shown). Therefore, the duration of division was
much longer in stressed leaves than in the controls, as was
the duration of leaf elongation (Fig. 1).
The total number of cells produced per file was calculated from the final length of the mature leaf blade, which
was 81 6 2 and 59 6 3 mm for unstressed and stressed
plants, respectively (Fig. 1), and from the average length of
mature cells, which was 66 6 3 and 56 6 2 mm for unstressed and stressed leaves, respectively. This showed that
the stressed leaf produced 86% of the cells produced in the
unstressed controls along a file. Transverse sections along
the blade in both the meristematic zone and in the fully
expanded leaves showed that there was no reduction in the
number of files of cells in stressed leaves; therefore, the
total number of cells in the whole blade of the stressed
plants was also 86% of that in the controls.

Effect of Water Stress for 48 h on Cdc2-Like Kinase
Activity in the Leaf Base
The basal 6 mm of the shoot was dissected into two
segments. The first segment contained the basal 3 mm of
the shoot, and the second contained the region from 3 to 6
mm from the base. The kinase was purified from the tissue
using p13suc1. Affinity chromatography using p13 beads
and elution with free p13suc1 has previously been used to
recover Cdc2-like protein from extracts of leaf meristem
cells of wheat (John et al., 1991). Figure 3 shows recovery
from different amounts of wheat tissue extract using 20 mL
of p13 beads containing 160 mg of p13suc1. A linear recovery
of activity was obtained for up to 0.06 g fresh weight of
tissue from both stressed and unstressed plants. This indicates similar cell contents of the enzyme, since Cdc2 protein forms a semistable complex with p13suc1 (Brizuela et
al., 1987; Endicott and Nurse, 1995), and the beads become
saturated with kinase when all available sites are filled.
This causes a plateau in recovery from increasing amounts
of extract protein. In the experiments described in Figures
4 to 6, 0.05 g of seedling leaf tissue was used to avoid bead
saturation. The data in Figure 3 indicate that the amount of
the Cdc2-like protein was not altered by stress but the
proportion of active enzyme was reduced.
Figure 4 shows the activity of an affinity-purified Cdc2like enzyme from 48-h stressed and unstressed wheat seedlings taken up to 12 mm from the base of the leaf. Activity
was about 50% lower in extracts from the stressed than the
unstressed leaves in both the 0- to 3-mm and 3- to 6-mm
segments, and only very low activity was detected 6 to 12
mm from the base.
The Cdc2-like activity in these extracts from the basal
shoot tissue (Fig. 4) did not correlate perfectly with mitotic
activity shown above for mesophyll cells in stressed and
unstressed leaves from plants treated for the same period
of time (Fig. 2B). This is because the basal shoot tissue
contains a mixture of cell types. Mesophyll cells are the
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To test whether the lower kinase activity in extracts from
the stressed leaves was due to the presence of nonspecific
inhibitory or denaturing molecules that could have been
elevated by stress, ground, frozen powder from unstressed
leaves was mixed with equal amounts from stressed leaves
before purification. The kinase activity of this mixture was
compared with that of unmixed extracts. Assays were carried out in triplicate. Figure 5 shows that the activity of the
mixed extracts from stressed and unstressed plants was the
same as the average of the unmixed extracts, indicating
that there was no in vitro inhibition of the activity in
extracts from stressed tissue.
Speed of Effect of Water Stress on Cdc2-Like
Kinase Activity

Figure 3. Recovery of Cdc2-like kinase using p13suc1 affinity chromatography with 20-mL p13 beads from extracts of leaf segments
from unstressed (E, F) and stressed (M, f) plants after 48 h of
treatment. A, Tissue 0 to 3 mm from leaf base. B, Tissue 3 to 6 mm
from leaf base. Activity is related to milligrams of total extracted
protein applied to p13 beads for purification prior to assay.

predominant cell type, but there are also cells in the epidermal and vascular tissue. Epidermal cell division in the
developing leaf terminates well ahead of mesophyll cell
division (because of their larger final length, their numbers
are fewer), and division within the vascular tissue proceeds
much later and farther from the base than does mesophyll
tissue (U. Schuppler, P.-H. He, P.C.L. John, and R. Munns,
unpublished observations). Nevertheless, there was strong
similarity in the pattern of mitotic activity of mesophyll
cells and Cdc2-like enzyme activity in the total shoot base,
both in the degree of activity and in the spatial extent.

Figure 4. Activity of Cdc2-like kinase purified from extracts of leaf
segments taken sequentially from the bases of the leaves of stressed
and unstressed plants after 48 h of treatment.

Kinase activity was measured over time in plants that
had been grown under unstressed control conditions in
fully hydrated vermiculite for 36 h (rather then 24 h) after
imbibition so that the first leaf was big enough to measure
at the start of the stress (6–7 mm long). Plants were then
transplanted to vermiculite at a water potential of 20.3
MPa or to fully hydrated vermiculite (the transplantation
protocol). A response to water stress occurred by 3 h in the
basal 3-mm segment, and activity declined to nearly 50%
within 6 h (Fig. 6). In the adjacent segment, 3 to 6 mm from
the base, reduction in activity was more rapid and detectable from 1 h after stress.
Effect of Water Stress on the Level of Cdc2-Like Protein
To further investigate the conclusion drawn from the
experiments with p13-bead saturation (Fig. 3), that
amounts of Cdc2-like protein were not altered by stress, the
amount of protein was measured directly by probing western blots of total proteins extracted from stressed and
control plants. The amount of the Cdc2-like protein was
assayed by immunodetection of the PSTAIR region of Cdc2

Figure 5. Comparison of activity of Cdc2-like kinase purified from
extracts of leaf segments taken from the basal 0 to 3 mm of leaves
from unstressed and stressed leaves after 48 h of treatment with that
purified from mixed extracts of the same tissues mixed in a 1:1 ratio.
The broken line is the calculated mean of stressed and unstressed
extracts. Bars show the SEs (mean of three separate kinase assays).
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frequency of G2 cells, which contributed only 10% of the
population (Fig. 8E). The lower incidence of G2 phase cells
may reflect accelerated progression to cell differentiation,
which in the wheat leaf requires arrest in the G1 phase.
Effect of Water Stress on Phosphorylation State of
Cdc2-Like Protein

Figure 6. Change with time in Cdc2-like kinase activity in leaves of
plants that were first grown on fully hydrated vermiculite for 36 h and
then transplanted to pots containing either fully or partially hydrated
vermiculite at a water potential of 20.3 MPa (the transplantation
protocol). Extracts were made from tissue 0 to 3 mm and 3 to 6 mm
from the leaf base from unstressed and stressed plants and were
purified before assay. F, Unstressed, 0 to 3 mm; E, unstressed, 3 to
6 mm; f, stressed, 0 to 3 mm; and M, stressed, 3 to 6 mm. Bars show
the average SEs for all sampling times (mean of four assays).

proteins. An antibody raised against this peptide revealed
a 15-fold higher concentration of Cdc2-like protein relative
to total soluble proteins in the meristem region of the
wheat leaf compared with other regions of the leaf (John et
al., 1990). The same antibody was used to probe western
blots of 50-mg protein samples from segments of 48-h
stressed and unstressed plants (Fig. 7). Stress had not altered the amount of the Cdc2-like protein in either the first
or second segments. This is consistent with the similar
saturation of p13 beads by extracts (Fig. 3). The reduction
of the kinase activity was therefore not due to a reduction
in the level of PSTAIR-containing protein.

The early progress of mitosis in eukaryotes depends on
the activation of the Cdc2 enzyme, which is determined by
a decline in the inactive, Tyr-phosphorylated form. Using an
anti-phospho-Tyr antibody, we assayed Tyr-phosphorylated
Cdc2-like protein in unstressed and stressed tissue (Fig. 9)
sampled after 3 h (lanes 5–9) and then after 48 h (lanes 1–4).
As in the earlier time-course experiment, the transplantation
protocol was followed (i.e. seedlings were grown in fully
hydrated vermiculite for 36 h after imbibition before being
transplanted to fully or partially hydrated vermiculite so
that they were big enough to measure at the start of the
stress). A markedly increased phospho-Tyr level was detected in the protein from the 3- to 6-mm segment after 3 h
of stress (Fig. 9), which correlated with the rapid decline in
enzyme activity in this segment (Fig. 6). A smaller increase
in phospho-Tyr was apparent in the 0- to 3-mm segment
(Fig. 9), which correlated with the smaller decline in activity
that had developed in this segment by 3 h (Fig. 6). After 48 h
of stress, levels of phospho-Tyr in the Cdc2-like protein of
both leaf segments from stressed plants were lower than in
controls, consistent with cells accumulating in G1 phase (Fig.
8) because of slow cell enlargement or a premature switch to
differentiation. While in the G1 phase, Cdc2 protein is not
phosphorylated at Tyr (Norbury and Nurse, 1992; Hayles et

Effect of Water Stress on Frequency of G1- and G2-Phase
Nuclei of Mesophyll Cells
Water stress may affect Cdc2 kinase activity by slowing
the progress between the G1 and S phase or between the G2
and M phase, with consequent changes in the abundance of
G1 and G2 phase nuclei. Therefore, the DNA content of
nuclei was estimated to establish the frequency of cells in
the G1 and G2 phases. Because mitotic activity in mesophyll cells was observed up to 8 mm from the leaf base
(Fig. 2), nuclei were measured in the basal 9 mm.
In the unstressed leaf the basal 3 mm, which contains the
most actively dividing population of cells, approximately
50% of the cells were in G2 phase (Fig. 8A). In the next 3
mm 38% were in G2 phase (Fig. 8B). At 6 to 9 mm from the
base of the leaf only G1 phase cells were observed (Fig. 8C).
In the stressed leaf the basal 3 mm resembled the control
in having equal numbers of G1 phase and G2 phase nuclei
(Fig. 8D), but in the next 3 mm there was a much reduced

Figure 7. Level of Cdc2-like protein in extracts from basal segments
of stressed and unstressed leaf tissue after 48 h of treatment. A,
Samples of total soluble protein separated by SDS-PAGE and transferred for western blotting, probed with PSTAIR antibody, and visualized with 125I-labeled anti-rabbit IgG F(ab9)2. B, Quantity of
PSTAIR-containing 34-kD protein, in relative units measured by
phosphor image analysis.
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if the cell-division rates changed in synchrony with growth
rates (Ben-Haj-Salah and Tardieu, 1995; Sacks et al., 1997).
However, the decrease in mitotic activity observed here
does suggest that cell-division rates might be reduced.
From the reduced zone of mitosis and the reduced incidence of mitotic activity in the basal 3 mm of the leaf, we
consider it likely that there was a significant reduction in
the rate at which cells were being produced. We consider it
unlikely that the reduced mitotic index in stressed plants
was due to cells passing more quickly through the phase of
mitosis than in unstressed plants, in which the expansion
phase was less inhibited. As water stress reduces rates of
cell expansion in roots (Sharp et al., 1988) and leaves (Spollen and Nelson, 1994; Durand et al., 1995), it is more likely
that water stress slows down the rate of cell expansion
during the cell-enlargement phases of the cell cycle than
that it hastens the mitotic phase in relation to the other
phases.

Figure 8. Frequency of mesophyll cell nuclei with DNA contents
estimated by Feulgen stain, measured in longitudinal sections of
leaves from unstressed and stressed plants after 48 h of treatment. A
to C, Unstressed leaves. D to E, Stressed leaves. Mesophyll cells were
scored in the basal 0- to 3-mm region of leaves (A and D) and the 3to 6-mm region (B and E) and the 6- to 9-mm region of unstressed
leaves only (C); cells in the 6- to 9-mm region of stressed leaves were
entirely nonmitotic and arrested in G1 phase (not shown). Cells with
DNA of 20 to 40 relative units were in G1 phase, and those with 45
to 70 units were in G2 phase. Open bars, Total nuclei; solid bars,
nuclei in metaphase or anaphase.

al., 1995; Stern and Nurse, 1996), and low activity arises by
other mechanisms such as low G1-cyclin levels (Nasmyth,
1966; Sherr, 1996).
DISCUSSION
Effect of Water Stress on Mitotic Activity
Water stress quickly reduced the mitotic activity of mesophyll cells in the meristematic zone and reduced the zone
of cell division. A shortening of the zone of cell division in
roots by water stress has been reported for sunflower (Robertson et al., 1990b) and maize (Silk, 1992; Sacks et al.,
1997). A rapid response of mitotic activity was observed in
roots of fava beans exposed to 20.9 MPa PEG (Yee and
Rost, 1982), of wheat and pea exposed to about 21.4 MPa
mannitol (Bitonti et al., 1991; Bracale et al., 1997), and of
sunflowers grown in aeroponic culture with reduced water
supply (Robertson et al., 1990a, 1990b). In the studies with
fava beans and sunflower, the mitotic index largely recovered after a few days, which suggests that the stress imposed was severe and sudden, and the plants later adjusted
to some extent. In our experiments the stress was mild
(20.3 MPa), and the plant response was steady throughout.
Rates of cell division cannot be correctly inferred just
from measurements of mitotic activity; there would be no
change in the mitotic index or the spatial extent of mitosis

Figure 9. Phospho-Tyr in 34-kD protein that was purified from
300-mg aliquots of total soluble protein by binding and elution with
p13 beads. Alternate lanes carry purified enzyme from unstressed (U)
and stressed (S) leaves taken from segments 0 to 3 mm (segt. 0–3) or
3 to 6 mm (segt. 3–6) from the base of the leaf. Plants were first grown
on fully hydrated vermiculite for 36 h and then transplanted to pots
containing either fully or partially hydrated vermiculite at a water
potential of 20.3 MPa (the transplantation protocol). Plants were
then sampled at 48 h (lanes 1–4) or 3 h (lanes 5–9). Lanes 1 through
8 were probed with anti-phospho-Tyr antibody and in lane 9 this
antibody was precompeted (Comp) with 1 mM phospho-Tyr for 1 h
before application to a duplicate of lane 8. A, Phosphor image of
bound 125I second antibody. B, Quantification of phospho-Tyr in
34-kD protein measured by phosphor image analysis.
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Cell-Cycle Kinase Activity in Water-Stressed Leaves
A longer period of mitotic activity in the stressed leaves
meant that the final number of cells produced was not so
different from that in the unstressed leaves (86% of controls), but the time it took to achieve that final number,
together with the incremental effect on subsequent leaves,
means that growth of the stressed plant would decrease
farther behind that of the controls.
Frequency of G1-/G2-Phase Cells
To test for possible preferential effects of a water-stress
signal at particular cell-cycle control points, the abundance
of cells in the G1 and G2 phases were measured. If progress
through a G1 control point was preferentially slowed, we
would expect to find an increased number of G1 phase cells
and, conversely, preferential mitotic delay would increase
the G2 cell population. However, we observed no shift in
phase abundance when the first 3 mm of the meristem of
stressed plants was compared with the control, although
water stress did reduce the kinase activity in this segment
and was earlier reported to reduce mitotic activity. The
unchanged phase abundance therefore indicates that a
mild water stress affected both G1 and G2 control points of
the cell cycle in the basal part of the meristem. There is
precedent for response at either control point since many
plant cells arrest in G1 phase when differentiating, but
under stress cells can alternatively arrest in G2 phase and
can upon stimulation re-enter the cell cycle from either
phase (Van’t Hof, 1974, 1985; Bergounioux et al., 1988). The
potential for arrest at a G2 control point is supported by the
homogenous arrest of tobacco cells in late G2 phase when
exposed to auxin without cytokinin (Zhang et al., 1996).
A control acting to prevent progress from G1 phase
under stress was detected in cells at the distal margin of the
meristem, where G1 phase cells increased from 62 to 90% in
the 3- to 6-mm region after 48 h of stress (Fig. 8). Arrest in
G1 phase is a component of normal leaf development and
occurs as cells cease proliferation and switch to differentiation. Stress caused this to occur in cells nearer the base of
the meristem. Both stressed and unstressed leaves showed
a gradient of G1-phase cells increasing from 50% at the
base to 100% in the cell-differentiation zone, but under
stress a greater percentage of G1-phase cells was found in
the 3- to 6-mm region. Inhibition of mitotic initiation has
been detected in pea roots subjected to severe osmotic
stress (Bracale et al., 1997), but the speed with which Cdc2
activity declined was not investigated.
Speed of Response of Cdc2-Like Kinase Activity
To assess the speed with which stress would affect cellcycle catalysts, we measured an activity denoted as “Cdc2like.” There may have been a contribution from Cdc2 variants, but the measured activity in the p13suc1 affinitypurified fraction was predominantly the mitotically active
form of Cdc2, since activity of this enzyme is 4 times higher
at mitosis than at other times in the cell cycle of plants
(John et al., 1993; Zhang et al., 1996) and other organisms
(for review, see Nurse, 1990; Stern and Nurse, 1996). We
cannot eliminate the possibility of a minor contribution
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from variants of Cdc2, but activity from such variants has
not yet been demonstrated unequivocally in plants. When
assayed in animal cells with the H1 histone substrate used
here (Tsai et al., 1991), activity from variants was at a low
level compared with Cdc2 kinase.
The early decline in the Cdc2-like kinase activity (Fig. 6)
indicates that the activation of the enzyme was directly
affected by stress and is not consistent with the alternative
possibility that slower cell growth might have slowed cellcycle progress, leading to subsequent reduction in the
number of cells approaching mitosis. This possibility must
be seriously evaluated because a growth-dependent cellcycle control point in the G1 phase has been detected in all
eukaryotes studied. This control point is termed “start” in
yeasts and “restriction point” in animal cells (Jagadish et
al., 1977; Pardee, 1989), and an equivalent control point has
been detected in unicellular green plants (Donnan and
John, 1983; John et al., 1989). Given that the cell population
is asynchronous, the decline in mitotic Cdc2 activity developed too rapidly (Fig. 4) to have feasibly resulted from
slowed progression from the G1 phase, which would follow a lag equal to the minimum time required to progress
from the late G1 control point to mitosis.
The length of the cell cycle of mesophyll cells in cereal
leaves has been estimated at about 12 h (MacAdam et al.,
1989); therefore, the lag could be approximately 6 h. Only
after this time would cells that were in G1 at the time stress
was imposed begin to be detected as failing to reach
prophase and develop fully active kinase. The observed
response (Fig. 6) was very different from this pattern; the
response of the kinase activity to mild water stress began
early and was completed rapidly. Within 3 h, activity in the
3- to 6-mm segment of stressed plants had declined by
nearly 50%. To reinforce this argument, it is possible that
the length of the cell cycle in wheat mesophyll cells may be
greater than 12 h. The value of 12 h is for tall fescue
(MacAdam et al., 1989); mesophyll cell-cycle length has not
been assessed in wheat leaves, but epidermal cells of wheat
were estimated to have a minimum cell-cycle length of 19 h
(Beemster et al., 1997). If mesophyll and epidermal cells of
wheat have the same cell-cycle length, then it is even less
likely that the decline in Cdc2 activity detected here is
merely due to a slowed progression from the G1 phase. We
conclude that stress affected the Cdc2 kinase activity.
Activation State of Cd2-Like Kinase
Inactivation of the kinase by stress within 3 h was associated with an increase in the proportion of Tyrphosphorylated protein, whereas the amount of protein
remained constant. This change in phosphorylation state is
consistent with the operation of a control during G2 phase
that has been intensively studied in yeast and animal cells,
in which mitotic activation of Cdc2 depends on the relative
activities of inhibitory protein-Tyr kinases, especially Wee1
kinase, and the activating Cdc25 protein Tyr-phosphatase
(Russell and Nurse, 1986, 1987; Millar et al., 1991; for
review, see Norbury and Nurse, 1992; Lew and Kornbluth,
1996). In plant cells control of Cdc2 kinase activity by Tyr
phosphorylation has also been detected at the initiation of
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mitosis, when increasing activity correlates with declining
content of phospho-Tyr in the protein and with declining
capacity for activation of isolated enzyme in vitro with
purified Cdc25 enzyme (Zhang et al., 1996). Furthermore, a
rate-limiting contribution of Cdc2 enzyme activity in mitosis is indicated by the ability of microinjected plant mitotic
kinase to accelerate the prophase events of chromatin condensation: disassembly of the preprophase band and nuclear envelope breakdown (Hush et al., 1996).
The early response to water stress, a decrease in Cdc2kinase activity within 3 h, must have derived largely from
cells in prophase and metaphase, since these contain the
most active forms of Cdc2 (Stern and Nurse, 1996; Zhang et
al., 1996) and therefore contribute most of the activity in
extracts from asynchronous meristems. In this early response the increase in Cdc2 phospho-Tyr and the decrease
in Cdc2 activity indicate that the balance of kinase and
phosphatase activities that control Cdc2 Tyr phosphorylation is responsive to stress in the plant. The inhibition of
Cdc2 was reflected in an increased incidence of G2 phase
cells, but as stress continued division was eventually completed, and by 48 h cells had accumulated in G1 phase.
There was evidence that low activity of Cdc2 kinase in cells
that arrested G1 phase arose from means other than Tyr
phosphorylation, since levels of Cdc2 phospho-Tyr were
low. This is consistent with evidence in other taxa that
during G1 phase, Cdc2 phospho-Tyr is low or absent (Norbury and Nurse, 1992; Stern and Nurse, 1996); therefore,
low activity derives from other mechanisms such as limiting G1 cyclin level (Sherr, 1996). However, the rapid inhibition of Cdc2 by Tyr phosphorylation is seen to contribute
a fast-acting stress response and indicates that this control,
which has been found to be important as a mitotic checkpoint mechanism in all eukaryotes (Nurse, 1994), is also
caused by stress in the plant.
Mitotic Progression
A block to prophase is implied by the decline in Cdc2like kinase activity that we observed under water stress,
and there is direct evidence that plant cells do control
cell-cycle progress at prophase. Extensive microscopic observation of live plant cells (Hepler, 1985) has revealed that
they spend a prolonged but variable time (approximately
2 h) progressing through prophase, as seen by progressively increasing chromatin condensation. However, cells
can spontaneously slow or reverse prophase right up to the
time of nuclear envelope breakdown (Cleary et al., 1992;
Hush et al., 1996). In the microscope-based experimental
systems, physiological signals that can cause reversal of
progress in prophase have not been investigated, but the
present observations that water stress can reduce the activity of Cdc2 enzyme that drives prophase imply that in
the intact plant stress can provide such a signal.
Model for Cell-Cycle Control in Water-Stressed Plants
Plants monitor the availability of water (for review, see
Davies and Zhang, 1991; Munns and Sharp, 1993), and it is
likely that a signaling pathway exists that integrates envi-
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ronmental stress with the control of cell division. Plant
hormones have long been postulated as cell-division regulators during developmental and environmental responses
(for review, see Evans, 1984; Munns and Sharp, 1993). The
availability of water may be indicated by root-derived
signals that are transmitted to leaves and affect leaf growth
(Passioura, 1988; Davies and Zhang, 1991; Munns and
Sharp, 1993). The process by which low soil water potential
affects cell division in leaves is not known. It is possible
that the water status of the dividing cells is altered, but no
measurement of turgor of the dividing cells in leaves has
been attempted, and no direct relation between water status and enzyme activity has been discovered. More likely is
an altered hormonal balance influenced either by the water
status of those cells or by a signal conveyed from roots to
shoots.
Exogenous ABA application at high concentrations can
reduce mitotic activity in roots (Robertson et al., 1990b;
Müller et al., 1994), but this does not prove that endogenous ABA regulates cell-cycle progression. The effects of
applied ABA on the proportion of cells in G1 and G2 phase
are inconsistent. Applied ABA lengthened the phase of G2
relative to G1 in maize roots (Müller et al., 1994) but not in
pea roots (Bracale et al., 1997). The latter study included a
water-stress treatment that did lengthen the G2 phase relative to G1, but the stress was a very severe one (0.5 m
mannitol). To our knowledge, the effects of exogenous
application of ABA on cell-cycle progression in leaves has
not been examined. A decreased supply of cytokinins from
roots to leaves could conceivably control cell division in
leaves of water-stressed plants, although there is no strong
evidence to date (for review, see Munns and Cramer, 1996).
Unresolved also is the mechanism by which a root signal
impinges on Cdc2 activity. In plant cells auxins are essential in promoting progress through the cell cycle, but cytokinins are most stringently required at the initiation of
mitosis (Zhang et al., 1996). The signal could act directly on
kinase or phosphatase modifiers of the Cdc2 enzyme but,
alternatively, could act through a shift in general physiology related to growth rate. Additionally, if plants resemble
metazoa in having a specific Cdc2 variant that is dedicated
to S-phase events and is under the control of inhibitory Tyr
phosphorylation, this phosphorylation could also underlie
the accompanying decline in G1-/S-phase progression. We
are currently unable to test this because kinase recovered
by p13suc1 affinity is predominantly Cdc2 protein.
In fission yeast the growth rate clearly influences the
timing of mitosis and, although the metabolites involved
have not been identified, the mechanism is based on altered timing of Tyr phosphorylation in Cdc2 kinase (Russell and Nurse, 1986, 1987; Moreno et al., 1990; Lew and
Kornbluth, 1996; Sveiczer et al., 1996). The requirement for
cytokinin in plant cell division can be entirely met by
expression of the Cdc2 Tyr-phosphatase Cdc25 (K. Zhang,
L. Deiderich, F.J. Sek, P.J. Larkin, and P.C.L. John, unpublished observations), and the same Cdc2 phosphorylation
is seen to occur under stress in the current study. However,
it has not yet been tested whether this effect occurs solely
through a mechanism that can be reversed by Cdc25 activ-
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ity. A similar phosphorylation mechanism in wheat could
account for the decline in mitosis.
Our model for the effect of mild water stress on leaf
growth is that stress affects the cell cycle at control points
in G1 phase and at late G2 phase. We propose that water
stress induces a signal that increases the phosphorylation
of Tyr at the active site of Cdc2 kinase and that this results
in a predominance of the inactive form of the enzyme, with
consequent inhibition of progression into mitosis, which is
dependent on high activity of the enzyme. Since there is no
long-term accumulation of cells in G2 phase, we deduce
that there is also a slowing of progress from the G1 phase
to the G2 phase, and in cells at the distal margin of the
meristem this accumulation of cells in G1 phase accentuates a switch to cell differentiation that reduces meristem
size.
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CORRECTION
Vol. 117: 311–319, 1998
Yan, F., Feurele, R., Schaffer, S., Fortmeier, H., and Schubert, S. Adaptation of Active
Proton Pumping and Plasmalemma ATPase Activity of Corn Roots to Low Root Medium
pH.
An error was introduced in the abstract during preparation for publication. The entire
corrected abstract is reprinted below.
Corn (Zea mays L.) root adaptation to pH 3.5 in comparison with
pH 6.0 (control) was investigated in long-term nutrient solution
experiments. When pH was gradually reduced, comparable root
growth was observed irrespective of whether the pH was 3.5 or
6.0. After low-pH adaptation, H1 release of corn roots in vivo at
pH 5.6 was about 3 times higher than that of control. Plasmalemma of corn roots was isolated for investigation in vitro. At
optimum assay pH, in comparison with control, the following
increases of the various parameters were caused by low-pH
treatment: (a) hydrolytic ATPase activity, (b) Vmax and Km, (c)
activation energy of H1-ATPase, (d) H1-pumping activity, (e)
H1 permeability of plasmalemma, and (f) pH gradient across the
membranes of plasmalemma vesicles. In addition, vanadate sensitivity remained unchanged. It is concluded that plasmalemma
H1-ATPase contributes significantly to the adaptation of corn
roots to low pH. A restricted net H1 release at low pH in vivo
may be attributed to the steeper pH gradient and enhanced H1
permeability of plasmalemma but not to deactivation of H1ATPase. Possible mechanisms responsible for adaptation of
plasmalemma H1-ATPase to low solution pH during plant cultivation are discussed.

Vol. 117: 667–678, 1998
Schuppler, U., He, P.-H., John, P.C.L., and Munns, R. Effect of Water Stress on Cell
Division and Cell-Division-Cycle 2-Like Cell-Cycle Kinase Activity in Wheat Leaves.
The title of the paper was incorrectly altered in the editorial office prior to publication.
The correct title of the paper should read:

Effect of Water Stress on Cell Division and Cdc2-Like Cell
Cycle Kinase Activity in Wheat Leaves
The electronic version of the paper appears with the correct title.

1528

