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Expansins are cell wall proteins associated with the process of plant growth. However, investigations in which expansin gene
expression has been manipulated throughout the plant have often led to inconclusive results. In this article, we report on a
series of experiments in which overexpression of expansin was targeted to specific phases of leaf growth using an inducible
promoter system. The data indicate that there is a restricted window of sensitivity when increased expansin gene expression
leads to increased endogenous expansin activity and an increase in leaf growth. This phase of maximum expansin efficacy
corresponds to the mid phase of leaf growth. We propose that the effectiveness of expansin action depends on the presence of
other modulating factors in the leaf and we suggest that it is the control of expression of these factors (in conjunction with
expansin gene expression) that defines the extent of leaf growth. These data help to explain some of the previously observed
variation in growth response following manipulation of expansin gene expression and highlight a potential linkage of the

expression of modifiers of expansin activity with the process of exit from cell division.

Expansins were initially identified as cell wall pro-
teins that had the ability to promote the extension of
plant tissue in vitro (McQueen-Mason et al., 1992).
Further work on these proteins and the genes encod-
ing them has revealed a picture in which, although a
general correlation with growth has often been sub-
stantiated, it is clear that control of growth is a much
more complex process than the control of expression of
a single protein type (for review, see Cosgrove, 2000;
Lee et al.,, 2001; Li et al., 2003). In addition, although it
is clear that expansins play a role in many growth
processes, there are a number of open questions about
exactly how expansins contribute to these processes.
First, we still have a very limited understanding of the
molecular mechanism of expansin action. Efforts to
identify classical enzymatic activities associated with
expansins have proven fruitless (McQueen-Mason
and Cosgrove, 1995; Li and Cosgrove, 2001) and the
remaining, somewhat speculative, interpretation is
that expansins intercalate within carbohydrate matri-
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ces in the cell wall, leading to transient loosening of
noncovalent interactions and, thus, the ability of these
matrices to move relative to each other (McQueen-
Mason and Cosgrove., 1994). In addition, by unlocking
aspects of the molecular architecture of the cell wall,
expansins may allow access of other cell wall pro-
teins/enzymes to particular substrates. Depending on
the nature of these other proteins/enzymes, expansin
activity could thus be associated not only with growth
processes, but also with cell wall modifications linked
with differentiation. Such a mechanism would help to
explain observations (described below) that the effec-
tiveness of expansin action appears to be context
dependent and is not only associated with changes
in plant growth but also with differentiation.

Various analyses have revealed that expansins are
present in a wide range of plants, including bryo-
phytes, ferns, angiosperms, and conifers (Hutchison
et al., 1999; Kim et al., 2000; Schipper et al., 2002).
Moreover, they are generally encoded by relatively
large gene families whose members often show dis-
tinct patterns of gene expression (Kende et al., 2004).
Some of these expression patterns correlate with
growth processes, such as root growth (Wu et al,
1996), internode growth (Cho and Kende, 1997), leaf
growth (Muller et al., 2007), and cotton (Gossypium
hirsutum) fiber growth (Ruan et al., 2001), whereas
others correlate with events of differentiation, such as
fruit ripening (Rose et al., 1997, Brummell et al,
1999b), grass tiller formation (Reidy et al., 2001), and
endosperm breakdown (Chen and Bradford, 2000). In
addition, some novel nonplant expansin activities
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have been identified that suggest that pathogens may
induce altered cell wall structure via an expansin-
mediated mechanism (Qin et al., 2004). Since in vitro
assays have suggested that the activities of expansins
extracted from different sources tend to be similar
(Cosgrove, 2000), it has been proposed that this tissue,
organ, and environmental specificity of expression
pattern reflects a specialized role for expansins in
specific contexts rather than any major difference in
activity of the protein. As stated above, this specific
function may depend on the presence (or absence) of
tissue-specific cofactors, the nature of which is as yet
unclear.

In addition to biochemical approaches to under-
standing expansin function, numerous groups have
undertaken transgenic experiments to alter expansin
gene expression in plants to observe the outcome on
plant phenotype. Although some successes with anti-
sense strategies have been reported (Brummell et al.,
1999a; Cho and Cosgrove, 2000), the encoding of
expansin by large gene families means that genetic
redundancy poses a significant problem for such
approaches (e.g. Schipper et al., 2002). Simple over-
expression strategies to alter expansin activity may
also be difficult to interpret. For example, when
expansins were constitutively overexpressed through-
out Arabidopsis (Arabidopsis thaliana), tomato (Sola-
num lycopersicum), and rice (Oryza sativa) plants, the
outcomes tended to be pleiotropic, including a de-
crease in overall plant growth (Cho and Cosgrove,
2000; Rochange et al., 2001; Choi et al., 2003). However,
when altered expansin expression was targeted more
specifically to a particular tissue or organ, then more
easily interpretable results were obtained. For exam-
ple, when altered expansin expression was directed to
the developing leaf petiole in Arabidopsis, altered leaf
growth was observed (Cho and Cosgrove, 2000), con-
sistent with the idea that expansins promote growth,
and when inducible expression of expansin was tar-
geted throughout rice plants, quantitative changes in
growth were observed (Choi et al., 2003). The results of
these experiments indicate that expansin gene expres-
sion can be used as a tool to modulate growth, but that
the timing and spatial extent of expression can have
a significant influence on the phenotype observed.
Again, these data support the hypothesis that the
effectiveness of expansin in promoting specific growth
or differentiation events is dependent on the presence
of particular tissue- or developmental-specific cofac-
tors. So far, little progress has been made on the
identification and characterization of these cofactors.

In previous work, we reported on the characteriza-
tion of transgenic lines of tobacco (Nicotiana tabacum)
in which a cucumber (Cucumis sativus) expansin
(CsEXP1) could be induced by application of a chem-
ical inducer (anhydrotetracycline [Ahtet]). In these
experiments, we targeted expansin overexpression to
localized regions of either the shoot apical meristem or
very young leaf primordia, which led to localized
promotion of growth (Pien et al., 2001), consistent with
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the idea that expansins play a role in the endogenous
mechanism of leaf initiation (Reinhardt et al., 1998).
However, when inductions were performed through-
out the plant the resulting phenotypes were variable
and difficult to interpret (S. Pien and A. Fleming,
unpublished data), in line with other reports (Rochange
et al., 2001). To investigate the possibility that this
variable response reflected a differential sensitivity
to expansin in different tissues at different stages of
development, we performed a series of experiments
(reported here) in which overexpression of expansin
was targeted to specific stages of leaf growth. Our data
indicate that the efficacy of expansin action depends
on the presence of other factors that are present in a
developmentally controlled fashion, so that increased
expansin gene expression is only effective in promot-
ing leaf growth during a specific developmental pe-
riod of leaf growth. This period corresponds to the
inflection point of relative growth rate (RGR) and,
thus, to the phase of maximum leaf growth rate. An
intriguing article by Cookson et al. (2005) reported on
potential correlations between various parameters of
leaf growth and final leaf size. They found that the best
predictor of final leaf size was the maximum value of
absolute leaf growth rate. Thus, the experiments
reported here identify a novel, developmental control
of expansin efficacy in the regulation of leaf growth,
investigate the reported correlation between maximal
leaf expansion rate and leaf size, and provide an
insight into potential means of controlling leaf growth.

RESULTS

Gene Expression Can Be Targeted to Specific Phases of
Leaf Growth

The characterization of the outcome of elevated
expansin activity on leaf growth first requires knowl-
edge of the normal growth curves of the leaves to be
manipulated. Although leaf area is a good measure of
growth, accurate measurement of leaf area normally
requires dissection of the leaf from the plant, clearly a
destructive intervention. Therefore, we first estab-
lished whether leaf width (which can be easily mea-
sured with minimal interference to the plant) could be
used as a proxy for leaf area. Figure 1A shows that
during the phase of tobacco leaf development inves-
tigated here (leaf area of approximately 35-280 cm?),
leaf width and area were strongly correlated (Pear-
son’s product moment = 0.959, P < 0.001). In the
experiments described below, leaf width was used to
stage leaves prior to induction and to measure the
initial growth responses before final measurements of
leaf area.

Figure 1B shows the change in leaf width with time
for three sequential leaves during tobacco develop-
ment (leaves 9, 10, and 11; these data are taken from an
analysis of growth of the first 25 leaves produced by
plants under our growth conditions, shown in Sup-
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plemental Fig. S1). Leaves 9, 10, and 11 show compa-
rable and consistent growth curves, and thus represent
suitable targets for investigation. All the experiments
and analyses described below were performed on
leaves 9 (treated) or 10 (untreated control data).

The growth curves shown in Figure 1B have classi-
cal sigmoidal forms. This allowed us to define three
growth phases. First, an early phase when the absolute
expansion rate (E) is increasing (approximately d3-d5
after initiation for leaf 9, as shown in Fig. 1C); a mid
phase encompassing the period of maximum absolute
rate of leaf growth (E,,,; approximately d6—d8 after
initiation for leaf 9), and a late phase (d11-d13 after
initiation for leaf 9) during which the absolute rate of
leaf expansion is decreasing. These phases can be
distinguished by boundary values of leaf width so that
leaves of width 20 to 25 mm are at the beginning of the
early growth phase, those with width 60 to 70 mm are
at the beginning of the mid growth phase, and those of
width 150 to 160 mm are at the beginning of the late
growth phase.

As well as absolute changes in leaf size, the data in
Figure 1C can be expressed as RGRs (Fig. 1D). Thus,
during the early stages of development leaves display a
high rate of relative growth that subsequently gradu-
ally declines until approaching zero as the leaf reaches
maturity. Superimposition of the growth phases de-
fined by absolute growth rates indicates that both
early and mid growth phases represent periods when
the RGR is declining, whereas the late growth phase
represents leaves where the RGR is approaching
Zero.

Our strategy was to use previously generated trans-
genic plants (Pien et al., 2001) in which the expression
of either a cucumber expansin (CsEXP1) or a reporter
gene (GUS) can be induced by supply of the chemical
Ahtet. These transgenic lines (Tet::EXP and Tet:GUS)
were used in the experiments described below. How-
ever, even allowing for the careful growth staging
described in Figure 1 and highly controlled growth
conditions, initial experiments indicated that there
was still plant-to-plant variation in leaf growth that

Figure 1. Analysis of leaf growth. A, Correlation of leaf width and area
during development. Each point represents the measurement of a single
leaf sacrificed at a different stage of development (Pearson’s product
moment = 0.959, P < 0.001, n = 40). B, Growth curves of tobacco
leaves 9, 10, and 11. Each point represents the mean width value
calculated from measurements of five leaves for leaf number 9, 10, or
11. Error bars = st of the mean. Sigmoidal curves have been fitted to the
average data. C, Absolute growth rates during development of leaf 9.
Each point represents mean values for the increase in leaf width/day
calculated from measurements on 10 leaves. Error bars = st of the
mean. The hatched areas indicate defined phases of early, mid, and late
growth. D, Relative leaf growth rate during development of leaf 9. Each
point represents mean values for the relative increase in leaf width/day
calculated from measurements on 10 leaves. Error bars = st of the
mean. The hatched areas indicate defined phases of early, mid, and late
growth.
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might obscure quantitative changes in leaf growth
occurring as a result of our interventions. Thus, com-
parison of the growth curves of leaf 9 of R7 plants (the
genetic background into which the Tet:EXP and Tet::
GUS constructs were transformed), Tet::EXP and Tet:
GUS plants indicated a variance in curve parameters
(Supplemental Fig. S2). To minimize the effect of this
inherent variation in leaf growth, we devised a scheme
so that individual leaves could be analyzed with one
half of a leaf being induced and the other half being
mock treated. Since our preliminary data indicated
that there was no significant difference in growth rate
between the two halves of leaves (delineated by the
mid vein), this approach provided an internal control
that obviated differences due to plant-to-plant varia-
tion in growth. This scheme is shown schematically in
Figure 2A and in the following analysis statistical
comparisons are made using paired half-leaf data.
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I

Figure 2. Half-leaf GUS induction. A, Schematic representation of
half-leaf induction. The left side of each leaf was treated with a control
solution and was designated noninduced (NI), whereas the right side
was treated with 200 ug/mL Ahtet and was designated induced (I). B,
GUS activity (blue) visualized in a late growth phase Tet::GUS leaf 5 d
after half-leaf induction (as depicted in A). Bar = 20 mm. C, Cross
section of an induced mid phase Tet::GUS leaf, 5 d after induction and
visualization of GUS activity (blue). e, Epidermis; p, palisade meso-
phyll; s, spongy mesophyll. Bar = 100 wm.

Plant Physiol. Vol. 151, 2009

Expansins and Leaf Growth

Plants were grown and selected for the size of leaf 4
at the start of the experiment to create a pool of
developmentally equivalent staged leaves for manip-
ulation and growth analysis. When the target leaf for
manipulation (leaf 9) had reached a particular growth
phase (as determined by leaf-width measurement),
one half of the leaf was induced with an Ahtet
solution (induced half-leaf), whereas the other half
of the leaf was treated with a mock solution (non-
induced half-leaf). Application of the inducer Ahtet
was performed once every 24 h, leading to a total of
three applications over a 48-h period. Leaves were
sacrificed 48 h after the final Ahtet application or
allowed to grow until plant flowering prior to anal-
ysis. To investigate the spatial and temporal restric-
tion of gene induction using this approach, a number
of Tet::GUS plants were analyzed and the extent of
GUS activity visualized (as described in “Materials
and Methods”). As shown in Figure 2B, half-leaf
application of Ahtet led to a restriction of GUS
activity generally to the half of the leaf where the
Ahtet was applied, although there was some low-
level signal apparent in some areas of the noninduced
half-leaf. Analysis of cross sections of induced tissue
indicated that all cell layers and types within the leaf
were induced to express the GUS gene following
Ahtet application (Fig. 2C).

Induction of Expansin Gene Expression Elicits an
Increase in Leaf Area Only during the Mid Phase of
Leaf Growth

In a first series of experiments, Tet:EXP and Tet:
GUS plants were grown and leaf 9 was treated with
Ahtet in a comparable fashion, so that for each exper-
iment there was a series of leaves (genotype either Tet:
EXP or Tet::GUS) in which one half of each leaf was
either induced or noninduced at the beginning of
either the early, mid, or late growth phase. Either 2 d
after the final application of Ahtet or at flowering, the
area of each induced half-leaf was measured and a
paired comparison made with the noninduced (mock-
treated) half-leaf. This was done by subtracting the leaf
areas, giving a value of leaf area differential for each
leaf, with positive values indicating a greater area on
the induced half-leaf and negative values indicating a
greater area on the noninduced half-leaf. A value of
zero would indicate that both halves of a leaf had
exactly the same area at the end of the treatment.

Considering the Tet:EXP leaves (Fig. 3, A-D), for
leaves induced during the early phase of growth (Fig.
3A) there was no preferential growth on either side of
the mid vein (Wilcoxen rank test, P > 0.4). However,
for leaves induced during the mid growth phase the
induced side of the leaf grew more than the control
noninduced side of the leaf (Fig. 3B, Wilcoxon rank test
[P < 0.05]). When the leaves were allowed to grow to
maturity (Fig. 3C) a similar result was obtained
(Wilcoxon rank test, P < 0.05), with analysis of com-
bined data from Figure 3, B and C, indicating that the
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Figure 3. Analysis of leaf area after half-leaf induction of expansin gene
expression. A to D, Leaf area differentials for individual leaves of Tet:
EXP (leaf 9) induced on one half with Ahtet (I) and mock induced on the
other half (NI) either at the beginning of early growth phase (A), mid
growth phase (B and C), or late growth phase (D). Area differentials
were measured at 48 h after induction (A, B, and D) or at flowering after
induction (C). E to H, Leaf area differentials for individual leaves of Tet::
GUS (leaf 9) induced on one half with Ahtet and mock induced on the
other half either at the beginning of early growth phase (E), mid growth
phase (F and G), or late growth phase (H). Area differentials were
measured at 48 h after induction (E, F, and H) or at flowering after
induction (G). Leaf area differential = area | — area NI (cm?), so that a
positive value equates to more growth in the induced leaf half.

induced Tet:EXP half-leaves had an increased area
relative to the noninduced side at a confidence limit of
0.01% (Wilcoxon rank test, P < 0.01). When similar
inductions were performed on late growth phase
leaves (Fig. 3D), there was no statistically significant
difference in growth between the two half-leaves
(Wilcoxon rank test, P > 0.4). Analysis of Tet:GUS
leaves treated in a comparable fashion (Fig. 3, E-H)
indicated that there was no increase in leaf area in the
induced half-leaves, irrespective of the growth phase
when induction was performed or the time at which
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the analysis was performed (Wilcoxon rank test, P >
0.4). Indeed, the induced half-leaves showed a de-
crease in growth relative to the noninduced halves,
suggesting that the Ahtet inducer might have some
inhibitory affect on growth. However, these differ-
ences were not significant at the 0.05% confidence
limit. For all experiments, leaf area differentials for the
untreated leaf 10 on each plant were also calculated
(Supplemental Fig. S3) and these indicated that there
was no significant difference in growth between the
two halves of these nontreated control leaves, neither
for Tet::EXP nor Tet::GUS plants (Wilcoxon rank test,
P > 0.4 in all cases other than for Tet:EXP untreated
leaf 10 data, P < 0.2). Supplemental Table S1 shows the
absolute leaf areas measured in all of the above ex-
periments.

To investigate the cellular outcome of increased leaf
area in the mid growth phase Tet::EXP half-leaves after
Ahtet induction, we performed a histological analysis
of the tissue and a quantitative analysis of epidermal
cell size and shape. Representative images are shown
in Supplemental Figure 54 and the data are shown in
Supplemental Table S2. Essentially, there was no ob-
servable change in histology in the regions after in-
duction of the Tet:EXP half-leaves. Although there
was an increase in mean cell size in the induced half-
leaves, these differences were not statistically signifi-
cant at the 0.05% confidence level (t test). The cell size
analysis did indicate that cells at the distal tip of the
mid growth phase leaves were larger than cells in the
middle portion of the leaf, which were themselves
larger than cells at the proximal base of the leaf.

During the very earliest stages of normal leaf devel-
opment essentially all cells within the organ undergo
proliferation. However, as development proceeds
there is a characteristic termination of division that
initiates at the distal tip of the leaf and proceeds in a
wave toward the proximal base (Poethig and Sussex,
1985; Donnelly et al., 1999). To characterize this pattern
of cell division termination in tobacco, we performed
an analysis of cell division pattern at various stages of
development of untreated leaves using an aniline blue
staining technique (Kuwabara and Nagata, 2006). This
technique allows visualization of the cell plate forming
at the phragmoplast during the later stages of cell
division (Supplemental Fig. S5). Each leaf was divided
into five sections along the proximal-distal axis (Fig.
4A) and cell division counts made in each section. As
shown in Figure 4B, at the early phase of leaf growth
cell division frequency was hlghest at the base of the
leaf, with over 200 divisions mm™* in the basal fifth,
and decreased gradually toward the tip, with no
divisions in the upper fifth of the leaf. There was
also a gradient of cell division frequency during the
mid growth phase, but this gradient was shifted
toward the base with approximately 70 divisions
mm 2 in the basal fifth of the leaf and no divisions in
the distal two-fifths of the leaf. No cell divisions were
detectable in any regions of the late growth phase
leaves.

Plant Physiol. Vol. 151, 2009
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detectable (ND) in any region of late growth phase leaves or in the
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Induction of Expansin in Half-Leaves Leads to Leaf
Curvature at All Phases of Leaf Growth

Although differential induction of the Tet:EXP
leaves during the early growth phase did not reveal
any significant difference in area between induced and
noninduced half-leaves, visually the two leaf halves
were distinguishable. There was an apparent bending
of the leaf mid vein so that the mid vein was convex in
relation to the induced leaf half and concave in relation
to the mock-treated, noninduced half-leaf (Fig. 5A), i.e.
the mid vein curved away from the induced region.
This bending was not apparent in Tet::GUS leaves
similarly treated during the early growth phase. In-
deed, occasionally a slight curving of the mid rib
toward the induced area was observed in these plants
(Fig. 5B). An untreated early growth phase Tet:EXP
leaf 10 in which no overt curvature of the mid vein is
apparent is shown in Figure 5C for comparison.

To facilitate a quantitative analysis of the observed
curvature phenomenon, we developed a computa-
tional image processing tool that allowed us to mea-
sure the curvature at each point along the leaf mid vein
(see “Materials and Methods”). The curvature quan-
tifies the bending or deformation of a plane curve with
a straight line having a curvature of zero. With in-
creasing bending the curvature increases in value and
indicates in which direction the curves bend. A neg-
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ative curvature indicates a right-hand bending; a
positive curvature indicates a left-hand side bending.
Curvature plots for the mid veins of each of the leaves
shown in Figure 5, A to C, are shown to the left of the
leaf images. By integrating the area below the curva-
ture plots, an average curvature can be calculated and
statistical comparisons made between samples. Figure
6 shows a comparison of average curvatures for the
leaves analyzed in Figure 3.

At all growth phases, treatment (one half of leaf
induced, the other half noninduced) of Tet::EXP leaf 9
led to an increased curvature energy relative to non-
treated control Tet:EXP leaves (leaf 10), consistent
with curvature of the mid vein away from the induced
side of the leaf. This difference was significant at the
0.05% confidence limit (f test). No such alteration in
curvature was calculated for similarly treated Tet:
GUS leaves. The degree of curvature was higher for
Tet:EXP leaves induced at an early growth phase
rather than at later growth phases, although the in-
duced Tet::EXP leaves showed an increased curvature
energy at the 0.05% confidence level for all three
growth phases investigated (Fig. 6).

Induction of Expansin Gene Expression Leads to an
Elevated Level of Expansin Activity Only during the Mid
Phase of Leaf Growth

Although the transgenic material used in this work
has been previously described (Pien et al., 2001), we
performed a number of molecular analyses to confirm
that induction of Tet:EXP plants with Ahtet led to an
increase in expansin gene expression. Reverse tran-
scription (RT)-PCR analysis of induced tissue con-
firmed that an increase in CsEXPI transcript level
occurred in half-leaves at all three growth phases,
although there was some background signal in non-
induced tissue (Fig. 7A). This might reflect leakiness of
the promoter or some diffusion of the Ahtet inducer
from the half-leaf where Ahtet was applied. Second,
we analyzed expansin protein levels in half-leaves
(induced and noninduced) from early, mid, and late
growth phases. Although the antibody used for this
analysis was raised against CsEXP1, it does not dis-
criminate between endogenous expansins from vari-
ous species, and thus provides an indication of total
expansin protein level (Rochange et al.,, 2001). Our
data (Fig. 7B) indicated that in noninduced tissue
expansin protein was detectable at all three stages of
leaf development but that there was a significant
accumulation of expansin protein during leaf devel-
opment, with the late growth phase having the highest
level of expansin protein. After induction of Tet::EXP
leaves there was a slight increase in total detectable
expansin protein level at all three different phases, but
these differences were not large (Fig. 7C). To test
whether any changes in expansin activity occurred in
the three growth phases, both with and without in-
duction of expansin gene expression, we extracted cell
wall protein and measured expansin activity using an
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in vitro assay of an artificial cellulose/hemicellulose
matrix. These data (shown in Fig. 7D) indicate that
during normal leaf growth there is a slight elevation of
endogenous expansin activity per mass during the
mid growth phase. Following induction of expansin
gene expression an increase of extractable expansin
activity was recorded, but only in mid growth phase
tissue. Since the artificial substrate was similar in all
assays, this difference in activity must reflect differ-
ences in the expansin activity in the cell wall extract
taken from leaves at different phases of growth.

DISCUSSION

Our results indicate that the effectiveness of expan-
sin on the promotion of leaf growth is context depen-
dent, with different outcomes depending on the
growth phase of the leaf. The identification of this
window of sensitivity to expansin action required a
careful and standardized growth regime and focus of
the analysis on leaves of defined growth phases,
without which the outcome would have been difficult
to both detect and interpret. This context-specific
dependent outcome of altered expansin gene expres-
sion both fits with previous investigations (Cho and
Cosgrove, 2000; Pien et al., 2001) and may account for
the often confusing or unclear phenotypes observed
after constitutive manipulation of expansin gene ex-
pression (e.g. Rochange et al., 2001).

Although transcriptional induction of expansin was
detected at all growth stages, increases in expansin
protein level were very limited. Such a poor correla-
tion of expansin transcript and protein levels has been
previously reported and has led to the suggestion that
possibly only a fraction of the expansin protein de-
tectable in a tissue is actually active at any point in
time (Caderas et al., 2000). Thus, relatively minor
changes in total expansin protein level might lead to
relatively large changes in activity. However, if this is
the case, our data indicate an added layer of complex-
ity. Induction of expansin gene expression only led to a
promotion of extractable expansin activity during the
mid phase of leaf growth, with induction at earlier and
later phases having no discernable outcome. Since the
substrate used for these activity assays is artificially
synthesized, these data must reflect a difference in the
leaf tissue at these different growth phases. One pos-

induced () side of the leaf toward the noninduced (NI) side. The
curvature profile (m 1073) shows that most of the mid vein curvature
energy is positive, i.e. bending is to the left. B, Curvature profile and leaf
image of an early growth phase Tet:GUS leaf; the mid vein bends
toward the induced side and away from the noninduced side. Most of
the mid vein curvature energy (m 1077 is negative, i.e. bending is to the
right. C, Curvature profile and leaf image of an early growth phase Tet:
EXP untreated control leaf 10. The mid vein is essentially straight. The
curvature profile (m 107%) shows some deviation along its length, but
the curvature energy is essentially zero.
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sibility is that there is a modifier or modulator of
expansin activity whose expression is developmen-
tally controlled, with a peak of expression occurring
during the mid growth phase. In this scenario, induc-
tion of expansin gene expression would only lead to
actual change in expansin activity when the level of
the putative expansin cofactor was not limiting. We
speculate that this might be the case during the mid
growth phase, i.e. levels of the cofactor are low during
early and late growth phases. The nature of such a
modulator of expansin activity is unknown but clearly
warrants future investigation.

It is interesting to note that the phase when the level
of this proposed modulator increases coincides with
the developmental phase during which cell division
termination is occurring within the leaf in a wave from
the distal tip to the proximal base (Fig. 4). Previous
authors have suggested that this wave of division ter-
mination is a key event in leaf development (Donnelly
et al., 1999) and analysis of mutants indicates that
alteration of the pattern of cell division termination is
associated with altered leaf morphogenesis (Nath
et al., 2003; White, 2006). However, the mechanism
relating cell division termination to morphogenesis is
obscure. A model in which a particular cell wall-
loosening facilitator (expansin cofactor) is expressed at
a particular cellular development phase (transition
from dividing to nondividing state) could account for
the importance of this wave of cell division termina-

s Tet:Exp induced
Tet::Exp control
1.5 4 1 Tet:GUS induced
1 Tet::GUS control

Curvature (m 10‘3)

-1.0 T T -
Early Middle Late

Treatment phase

Figure 6. Curvature is increased after induction of expansin gene
expression on one side of a leaf. Normalized, mean mid vein curvature
values for induced and control Tet::EXP and Tet::GUS leaves. For
induced leaves, Ahtet was applied to one side of the leaf, the other
treated with a control solution. For control leaves, no treatment was
applied. Positive curvature values indicate bending of the mid vein
away from the induced side. Tet::EXP values represent the mean
calculated for 10 leaves; Tet::GUS values represent the mean calcu-
lated for five leaves. Error bars = sE.
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Figure 7. Induction at the mid growth phase leads to an increased
expansin activity. A, RT-PCR of CsEXPAT and NtRBCS from induced (1)
and noninduced (NI) halves of early, mid, and late growth phase leaves.
B, Western-blot analysis of CSEXP1 protein level in induced and
noninduced halves of early, mid, and late phase leaves. A loading
control shows equivalent levels in all lanes. This experiment was
repeated twice with similar results. C, Optical density measurements of
western-blot data shown in B. D, Expansin activity measured in extracts
from early, mid, or late growth phase leaves, either induced or
noninduced with Ahtet. Activity values represent the mean calculated
for three samples assayed at least in triplicate. Error bars = st of the
mean.
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tion for leaf morphogenesis, and account for the en-
dogenous control of response to an artificially induced
increase in expansin gene expression. The molecular
nature of the factors controlling cell division termina-
tion within the leaf is unknown, although various
hints are available in the literature (e.g. Beemster et al,,
2003; Wyrzykowska et al, 2006; Anastasiou and
Lenhard, 2007). Identification and characterization of
the events associated with cell division termination
might provide novel tools to modify and increase leaf
growth, as well as providing insights into the endog-
enous mechanism for the modulation of expansin
activity.

Irrespective of the mechanism by which endoge-
nous expansin activity is controlled, consequent to the
induction of expansin activity during the mid phase of
leaf growth there was an increase in final leaf size
compared to noninduced leaves, supporting the idea
that expansin acts to promote tissue growth (Cosgrove,
2000). Analysis of constituent leaf cell size did not
reveal any significant change in mean cell size, sug-
gesting that cell division within the induced tissue
adapted to the increase in tissue growth. However, this
analysis is complicated by the inherent variability in
cell size within a leaf and by the relatively small
absolute changes in total leaf area observed following
expansin gene induction, i.e. the integration of a small
change in mean cell size not detectable by our statis-
tical analysis would be sufficient to lead to the ob-
served change in leaf size.

The mid phase of leaf growth coincides with a phase
of declining leaf RGR, thus increased expansin activity
at this stage acts to halt the decline in RGR, thus
promoting overall growth. A previous article by
Cookson et al. (2005) identified a correlation of max-
imum absolute rate (E_,,) of leaf growth and final leaf
size and the inflection point of the RGR curve corre-
lates with this phase of E_, . Delaying the decline of
RGR by promoting expansin activity would have the
outcome of increasing E, .., i.e. our data support the
correlation of E_,, and final leaf size. However, since
we were unable to promote expansin activity during
the early phase of leaf growth, we could not test
whether delaying the decline of RGR at other time
points would have the same effect on leaf size.

During normal leaf growth total expansin protein
amount per tissue mass increased significantly while
the extractable expansin activity per tissue mass was
reasonably constant over time, i.e. neither correlated
with the calculated decline in leaf RGR over the same
time period. These data are again consistent with the
idea that there is an endogenous system that controls
the efficacy of expansin action. Separating out the
different aspects of the control of expansin function
remains a challenge for the future.

Although our manipulations of expansin gene ex-
pression did not lead to a change in leaf area at the
early and late phase of leaf growth, they did lead to
altered curvature of the mid vein at all stages inves-
tigated. No significant curvature was observed in
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treated Tet:GUS leaves. These observations suggest
that the developing mid vein has a differential sensi-
tivity to expansin compared to other tissues of the leaf.
Alternatively (and not exclusively), it could be that
lamina tissue is more flexible and provides less resis-
tance to bending imposed on it via the mid vein. In the
absence of tools to measure the in vivo extensibility of
tissue, it is very difficult to distinguish these alterna-
tives, but it is interesting to note that a previous report
on altered leaf shape via altered expansin expression
utilized a promoter that targeted gene expression to
the early stages of petiole development (Cho and
Cosgrove, 2000). A histological analysis of induced
half-leaves of Tet::EXP plants did not reveal any sig-
nificant difference between the two halves of the mid
vein (data not shown) with respect to cell size. How-
ever, if any increase in cellular expansion was accom-
panied by cell division, then no overt change in mean
cell size would occur. In this scenario, there should be
an increase in the number of cells on the induced side
of the mid vein relative to the noninduced side.
However, due to the size of the tobacco leaves being
studied and the number of cells that comprise the mid
vein, it is difficult to obtain accurate quantitative
values for these parameters.

In conclusion, our data indicate that although in-
creased expression of expansin can be used to promote
leaf growth, there is an endogenous mechanism that
limits the efficacy of the protein to a defined window
that coincides with the phase of maximum leaf
growth. The molecular nature of this endogenous
facilitator of expansin activity is unknown but clearly
is a target for future research, both to provide further
understanding of the mechanism of plant growth and
to provide future tools to promote leaf growth.

MATERIALS AND METHODS
Plant Material and Growth Analysis

Seeds were as described by Pien et al. (2001). Briefly, R7 tobacco (Nicotiana
tabacum) seedlings (a gift of Alan Jones, University of North Carolina) were
transformed with pBinHyg-Tx-CsExp1 or pBinHyg-Tx-b GUS to create a line
of plants inducible for CsEXP1 (Tet::EXP) or GUS (Tet::GUS), respectively, by
external Ahtet application. Seeds were germinated on Whatman filter paper in
9-mm petri dishes with 4 mL of reverse osmosis water in a SANYO growth
chamber (24°C 16-h day, 20°C 8-h night). Dishes were foil wrapped for 5 d,
then exposed to the light for 3 d. Seedlings were then transplanted onto
Levington M3 compost and transferred to a Conviron CMP4030 chamber
(25°C 14-h day, 20°C 10-h night, relative humidity 60%). Leaf width was
measured using a ruler; measurements were taken at the widest part of the
leaf, in a line perpendicular to the mid vein. Leaf initiation was taken as the
point when the leaf reached 10 mm in length. Measurements were made every
2 or 3 d from day of leaf 1 initiation to flowering time.

Final leaf area measurements were taken using a Hancocks gel irradiation
box and Baxall DeltaT area meter. Leaves were cut into sections that lay flat on
the light box to get a true measure of leaf area.

Curvature Analysis

An image was taken of each leaf. Ten points were distributed by hand
along the mid vein from base to tip on the leaf image. An algorithm was then
used to calculate a plane curve through these points by means of spline
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interpolation. This spline curve was then sampled to generate 100 points with
equal curve length in between, with an identical number of points for each leaf
mid vein. The points were labeled ranging from zero to one, thereby making
the curve representation scale invariant and allowing comparison between
different lengths of mid vein. The sampling led from the base to the tip of the
curve. The curvature of the plane curve was calculated at each of these points
using the first and second derivative of the plane curve. Finally the curvature
was integrated along the contour. This value is zero for an entirely straight
line, negative for a line bent to the right, and positive for a line bent to the left
in an upright positioned leaf. This program is available on request.

Half-Leaf Induction

Ahtet solution was made up at 200 ug/mL, 2.3% (w/v) Tween 20 in reverse
osmosis water. Control solution was 2.3% Tween 20 in reverse osmosis water.
Control solution was painted onto the left side of the adaxial surface of the leaf
at the relevant developmental phase. Ahtet solution was painted onto the
right side of the adaxial surface of the leaf 2 h later to avoid seepage. The mid
vein was taken as the division between the two halves. Induction (or mock
induction) was repeated twice, at 24-h intervals.

Histology and GUS Staining

To determine epidermal cell number, leaf samples from specified regions
along the leaf axis were taken and fixed in 1:7 (v/v) acetic acid:ethanol then
bleached and hydrated in an ethanol series (Kuwabara and Nagata, 2006). A
BX51 Olympus microscope and Olympus DP71 camera were used for
Nomarski viewing of cells. For each sample, four fields of view were imaged;
cells were counted using a mark and record method in Photoshop (CS3
Extended version 10.0.1, Adobe), and a mean cell number for the four images
was calculated.

To determine the distribution of cell division frequency, leaves were
divided into five even sections lengthways (Fig. 4A) and a 5- X 5-mm sample
was taken from the center of each section. Cell divisions were measured using
aniline blue staining to visualize newly formed cell walls (Kuwabara and
Nagata, 2006). Staining was visualized on a fluorescence microscope (Olym-
pus BX51) under UV excitation with a standard 4’,6-diamino-phenylindole
filter set. From each sample, three fields of view were analyzed using
Photoshop (CS3 Extended version 10.0.1, Adobe); the number of newly
formed cell walls (bright fluorescence, Supplemental Fig. S4) was counted
using a mark and record method.

GUS staining was carried out as described by Jefferson et al. (1986). Leaf
material was vacuum infiltrated with GUS assay solution for 3 X 5 min before
incubation at 37°C overnight. Leaf material was destained in an ethanol
dilution series to 100%.

Molecular Analysis

For RT-PCR, RNA was extracted using Sigma’s Spectrum total plant RNA
kit, as described in the manufacturer’s protocol. Protocol A was used and
purified RNA was eluted in 30 uL of elution solution. Ambion’s DNA-free kit
was used to remove contaminating DNA, then cDNA synthesized using 5 ug
of RNA as a substrate using Promega reverse transcriptase in a 20-uL reaction
volume. PCR was carried out using Bioline Taq polymerase with 4 uL of
cDNA substrate in a 50-uL reaction.

NtRBCS primer sequences: FP, TGGCTTCCTCTGTTCTTTCC; RP, CCT-
TCAGGCTTGTAGGCAAT. CsEXP1 primer sequences: FP, TTTGTCTTCAC-
CTTCGCTGA; RP, GCCTTGCCATTGAGATAGT.

The initial denaturation step of 94°C for 5 min was followed by 30 cycles of
94°C for 30 s, 61°C annealing for 30 s, and 72°C for 1 min. A final 10 min 72°C
extension was used. PCR product was run down a 1% agarose gel with
ethidium bromide at 65 V for 30 min.

For protein analysis and expansin activity measurements, cell wall pro-
teins were extracted from complete half-leaves (1-5 g fresh weight) according
to McQueen-Mason et al. (1992). Basically, after extraction in NaCl and elution
in NaAc, proteins were desalted and concentrated using MICROCON YM-10
(Millipore) filter devices, then 50 ug of protein loaded per well for immuno-
detection on western blots. Proteins were separated in 12% polyacrylamide
standard SDS gels then blotted onto polyvinylidene difluoride membrane
(Bio-Rad). Blocking was with 5% (w/v) bovine serum albumin in Tris-
buffered saline (pH 7.3) containing 0.05% (v/v) Tween 20 for 1 h at RT. For
immunodetection, 1:2,000 dilution of primary antibody was used and hy-
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bridization was carried out at 4°C overnight. Membranes were washed five
times (5 min) with Tris-buffered saline, 0.05% (v/v) Tween 20, then used for
hybridization with 1:10,000 dilution of secondary antibody (Alkaline phos-
phatase conjugated anti-rabbit IgG [Sigma]) for 1 h at RT. After washing,
protein detection was with SIGMAFAST Fast Red TR/Naphthol AS-MX
alkaline phosphatase substrate.

Extensibility assays were carried out on 100- X 5-mm sections of artificial
cellulose-xyloglucan matrix (Whitney et al., 2000) using a constant load
extensometer, as described by McQueen-Mason et al. (1992). Matrix was
suspended between two clamps under constant tension of 20g. Plastic
cuvettes were fitted around one end of the matrix and filled with 100 uL of
50 mm sodium acetate, pH 4.5 for 10 min. Movement of the upper clamp was
detected with an electronic position transducer and recorded on a micro-
computer. This allowed mean background extensibility to be measured over
8 min, then the bathing solution was replaced with 100 uL of 1 mg/mL cell
wall protein extract (before desalting and concentration) and the mean
protein extensibility activity measured over a period of 8 min. Extensibility
measurements were calculated by subtracting the background extensibility
rate from the protein extensibility activity rate. All assays were performed at
least in triplicate.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Growth curve analysis.

Supplemental Figure S2. Growth curve comparison for leaf 9 of untreated
R7, Tet::EXP, and Tet::GUS plants.

Supplemental Figure S3. Growth differentials in control leaves.

Supplemental Figure S4. Upper epidermal cells of leaf 9 from a Tet:EXP
plant.

Supplemental Figure S5. Aniline blue staining to reveal cell division.
Supplemental Table S1. Leaf area values.

Supplemental Table S2. Epidermal cell numbers.
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