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We studied inherent variation in final leaf size among four Poa spp. that live at different elevations. The average final length
of leaf 7 of the main stem of the smallest species (Poa alpina) was only one-half that of the largest species (Poa trivialis); it was
correlated with leaf elongation rate, but not with the duration of leaf elongation. A faster rate of leaf elongation rate was
associated with (a) larger size of the zone of cell expansion, and (b) faster rates of cell production (per cell file) in the
meristem, which in turn were due to greater numbers of dividing cells, whereas average cell division rates were very similar
for all species (except Poa annua). Also we found that the proliferative fraction equaled 1 throughout the meristem in all
species. It was remarkable that rates of cell expansion tended to be somewhat higher in the species with slower growing
leaves. We discuss the results by comparing the spatial and material viewpoints, which lead to different interpretations of
the role of cell division. Although the presented data do not strictly prove it, they strongly suggest a regulatory role for cell
division in determining differences in growth rate among the present four Poa spp.

The size of mature leaves varies widely among
plant species and is the result of rate and duration of
leaf expansion. In grass leaves, growth predomi-
nantly occurs along the longitudinal axis and the
steady-state leaf elongation rate is commonly calcu-
lated from a linear increase of leaf length with time
(Bultynck et al., 1999, and refs. therein). In forage
grasses, leaf elongation rate has been positively as-
sociated with yield per tiller and rate of canopy de-
velopment (Horst et al., 1978). In a previous paper we
presented a framework for the analysis of the rela-
tionship between leaf elongation rate of individual
leaves and shoot relative growth rate using contrast-
ing Poa and Aegilops spp. as models (Bultynck et al.,
1999). However, little is known about the cellular
basis of intra- and interspecific variation that deter-
mines leaf elongation rate differences under favor-
able growth conditions. The relationship between cell
division and expansion, and whole organ growth
rate in general can be fruitfully studied in organs
predominantly growing with a one-dimensional axis,
such as roots and grass leaves. Such organs have a
consistent spatial and temporal organization of the
two activities, which leads to a typical cell length
distribution (Green, 1976). The growth zone of mono-

cotyledonous leaves is composed of a “division”
zone, and an “elongation-only” zone. In the basal
(intercalary) meristem, cells divide and expand si-
multaneously. The cells are, therefore, displaced to a
more distal location by the ongoing formation of new
cells in the basal portion of the meristem. The en-
trance in the elongation-only zone is characterized by
the loss of the cells’ ability to divide; in this region
cells only expand, eventually reaching their mature
size. It follows that a developmental gradient is
present along the growing axis and that the spatial
axis along the organ constitutes an age distribution
(Silk et al., 1989). Outside the growing region, tissue
maturation takes place.

There are two alternative ways of conceptually
looking at how the organ growth rates are deter-
mined (for review, see Silk and Erickson, 1979; Silk,
1984). First, there is the spatial (Eulerian) view, which
describes the distribution of expansion and division
rates along the axis of the elongating organ. From
this perspective, organ growth rates are a function of
the integrated relative elongation (or strain) rates
over the whole of the growth zone. This view
strongly suggests that position and size of the zone
where cells expand are determined by positional con-
trol mechanisms, specifically acting on the process of
cell expansion. Cell division in this view is merely a
process that accompanies cell expansion in a limited
region of the growth zone. In this view it is unclear
how meristematic activity could exert an effect on
organ growth rate. Second is the material (Lagrang-
ian) view. It focuses on the development of individ-
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ual cells as they move through the growth zone and
proceed through their developmental program. Fol-
lowing this program, cells first replicate themselves a
number of times (division and expansion) and sub-
sequently expand to a certain mature size in the
absence of division. In this view, the observed spatial
distribution of strain rates is a consequence of the
developmental program of component cells. In this
perspective, the role of meristematic activity is fun-
damentally different. In case the expansion of indi-
vidual cells in the elongation zone follows the same
program (duration and rate), the rate of cell produc-
tion in the meristem determines how many cells are
elongating at any time, and thereby effectively con-
trols the spatial distribution of strain rates along a
growing organ. This proposition does not suggest
that there can be growth by cell division (Green,
1976), and we explicitly refer to “meristematic activ-
ity” and “cell production,” which encompasses both
cell division and expansion.

Different lines of evidence support a role of meris-
tematic activity in controlling organ growth rates.
Differences in elongation rates of leaves due to nitro-
gen supply (Volenec and Nelson, 1983; MacAdam et
al., 1989), temperature (Ben-Haj-Salah and Tardieu,
1995), and between high- and low-yielding Festuca
arundinacea genotypes (Volenec and Nelson, 1981)
were associated with limited or no changes in mature
cell size, suggesting a correlation between leaf elon-
gation rate and cell production rate. Beemster and
Baskin (1998) recently showed that the developmen-
tal acceleration of root growth of Arabidopsis was
associated with a nearly proportional increase in the
rate of cell production, which was associated with a
progressively larger number of cells dividing at an
approximately constant rate through time. Moreover,
in the elongation zone cells expanded at approxi-
mately the same rates and for approximately the
same duration in these roots. In contrast, high soil
mechanical impedance decreased mature cell length
only, or both cell production and mature cell length
depending on leaf position on the main stem (Beem-
ster et al., 1996), showing that there are multiple pos-
sibilities of altering organ growth rate even in a given
plant species and in response to the same treatment.

In the present work we investigated if the observed
inherent variation in leaf elongation rate among four
species of the genus Poa that grow at different eleva-
tions could be due to differences in meristematic
activity. The analysis of epidermal cell dynamics in
the growth zone of leaf 7 of the main stem showed
that according to the spatial view the extent of the
growth zone, in particular that of the elongation
zone, is the major determinant of leaf elongation rate.
However, when adopting a material view, differ-
ences in cell production could account for variations
in the size of the elongation zone and thereby for
variation in leaf growth rate among these species.

RESULTS

Variation in Mature Leaf Length, Leaf Elongation
Rate, and Duration of Leaf Elongation

The average final length of leaf 7 differed more
than 2-fold between the species with the longest (Poa
trivialis) and the species with the shortest (Poa alpina)
leaves (Table I). Poa annua and Poa compressa showed
an intermediate final leaf size. Final leaf length can be
viewed as a function of leaf elongation rate and the
duration of leaf elongation. For all the species, the
increase in leaf length with time was virtually steady
for at least 3 d, from d 2 to 5 from leaf appearance
(Fig. 1). The approximately steady leaf elongation
rate during most of the duration of leaf expansion is
in accordance with earlier studies (Gallagher, 1979;
Schnyder et al., 1990). Presuming the same holds for
Poa spp., these features allow the calculation of leaf
elongation rate as the slope of a regression line
within the period of steady growth (see “Materials
and Methods”) for each analyzed leaf. Differences in
leaf size were not correlated with the duration of leaf
elongation, but were closely matched by differences
in leaf elongation rate (Table I). Leaf elongation rates
of this experiment were nearly identical to those
measured in two earlier experiments under the same
environmental conditions of this study (a subset of
these data was described by Bultynck et al. [1999]).
Moreover, in a field analysis proportional differences
in leaf elongation rates were found among P. annua,
P. trivialis, and P. alpina (Körner and Woodward,
1987). In these earlier experiments, we also showed
that the variation in leaf elongation rate among these
four Poa spp. was very similar in magnitude for each
leaf position ranging from leaves 3 to 7 of the main
stem (Bultynck et al., 1999). Hence, the following
analysis of the cellular basis for differences in leaf
elongation rate of leaf 7 was probably representative
for other leaf positions.

Spatial Characterization of the Growth Zone: Cell
Length and Strain Rate Profiles

In Lolium perenne leaves, epidermal cell length pro-
files were constant during the entire period of ap-

Table I. Final leaf length, leaf elongation rate, and duration of leaf
elongation of leaf 7 of the main stem for four Poa spp.

Results are the average of 15 plants 6 SE. The letters represent
statistically homogenous subgroups (Tukey b post hoc test at a 5
0.01 significance level). The parameters were calculated as de-
scribed in “Materials and Methods.”

Species
Final Leaf

Length
Leaf Elongation

Rate
Duration of Leaf

Elongation

mm mm d 21 d

Poa alpina 41 6 2a 6.5 6 1.1a 5.9 6 0.2ab

Poa compressa 81 6 4bc 12.0 6 1.4b 6.9 6 0.3b

Poa annua 69 6 4b 13.4 6 1.6bc 5.3 6 0.2a

Poa trivialis 98 6 5c 16.1 6 2.3c 5.8 6 0.2ab
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proximately linear growth (Schnyder et al., 1990). It is
generally presumed this characteristic holds true for
other grasses and this facilitates the use of cell length
profiles as a basis for the kinematic analysis. To
investigate the cellular basis of differences in leaf
elongation rate, we first analyzed the relationship
between leaf elongation rate and spatial distribution
of cell division and expansion activity. To accomplish
this, we determined, in addition to leaf elongation
rate, the length of epidermal cells in files adjacent to
the stomatal files as a function of position along the
leaf axis (Fig. 2A). In all the species, the most basal
cells in the division zone showed a highly conserved
average length of about 15 mm. This means that the
comparison of the profiles at further locations along
the growth zone was not biased by a different initial
size of meristematic cells. Moving distally from the
leaf base, cells increased their length more sharply in
the two subalpine species (P. alpina and P. compressa)
compared with the two lowland ones (Fig. 2A). Ma-
ture cell length was very similar in P. annua (184 mm),
P. compressa (199 mm), and P. trivialis (182 mm),
whereas in P. alpina it was significantly lower (152
mm; lsd 5 18 mm at a 5 0.01). Therefore, with the
exception of P. alpina, differences in cell expansion
over the growth zone as a whole appear to be nearly
completely mirrored by differences in cell division
activity.

The strain rate profiles, representing local rates of
cell expansion, could be derived from the cell length
profile and leaf elongation rate (see Eqs. 6 and 11).
They showed a roughly bell shaped distribution with
the maximum in the middle (Fig. 2B). It is interesting
that the length of the growth zone reflected the dif-
ferences in leaf elongation rate (Fig. 3, A and B). In
contrast, the two species with the lowest leaf elonga-
tion rate had the highest maximal strain rates, which

partly compensated for the shorter extent of the
growth zone. It follows that no relationship was
found between maximal strain rate and leaf elonga-
tion rate. Particularly the comparison between P.
compressa and P. annua is striking, the first species
having a roughly 30% shorter growth zone, which
was almost entirely compensated for by a nearly
equal difference in height of the strain rate profile
(see leaf elongation rate in Table I). It seems that the
length of the growth zone was the primary determi-
nant of variation in leaf elongation rate between
these species. The inference that cell division and cell
expansion covary in these species was reflected in the
portion of the entire growth zone where cells divide,
which ranged between 15% and 18%. P. annua con-
stituted an exception in that the meristem spanned
only approximately 10% of the growth zone (Fig. 3A).

Figure 2. Profiles of cell length (A) and strain rate (B) of files adjacent
to stomatal files in the adaxial epidermis of main stem leaf 7 of four
Poa spp. Data are averages 6 SE of five leaves per species. For each
leaf, all cells in the basal 10 or 20 mm (depending on the species) of
five files adjacent to stomatal files were measured and the data were
subsequently smoothed and interpolated (see Fig. 5). Strain rate was
calculated on the basis of cell length profiles as described in “Ma-
terials and Methods” and each curve is plotted outside the meristem-
atic region, according to the estimated length of the meristem. The
average maximal strain rates were 8.8%, 10.5%, 7.3%, and 7.6%
h21 for P. alpina, P. compressa, P. annua, and P. trivialis, respec-
tively (LSD 5 2% h21 at a 5 0.01).

Figure 1. Increase in length of the blade of main stem leaf 7 as a
function of time from leaf appearance for four Poa spp. Symbols
indicate means 6 SE in case this is larger than the symbols (n 5 15).
In the inset, leaf elongation rate (LER) during d 2 to 5 from leaf
appearance is shown. Symbols are the same as in the main panel.

Cell Division and Leaf Elongation Rate in Four Poa Species
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Material Characterization of the Growth Zone

The main question to be addressed in this contri-
bution is if differences in leaf elongation rate could
be due to differences in meristematic activity. To
address this question, the material perspective is
particularly appropriate, as it integrates the devel-
opment of individual cells that are produced by
meristematic activity.

We first determined the number of cells in the
meristem and in the elongation-only zone (Fig. 3B).
Due to the fact that meristematic cells were much
smaller than cells in the elongation-only zone, mer-
istematic cells represented approximately one-half of
the cells that were present in the entire growth zone,
despite the fact that they occupied only approxi-
mately 15% of its total length (Fig. 3, compare A and
B). An exception is P. annua, where the relatively
short meristem contained only about one-third of the

total number of growing cells. Despite this finding,
there was a clear and positive correlation between
leaf elongation rate and the number of cells in both
the meristem and elongation-only zone (Fig. 3B).

The residence time in the meristem accounted for
70% to 90% of the total time cells grow (residence
time in the growth zone; Fig. 3C). Although less
pronounced than the length of the growth zone and
the number of cells in the growth zone, the residence
time in the growth zone was also positively corre-
lated to leaf elongation rate, due to variations in the
duration of the meristematic phase (Fig. 3C). In fact,
the residence time in the elongation-only zone was
generally very similar in all the species (Fig. 3C).
An exception was formed by P. annua, whose cells
divided for a significantly shorter time compared
with the other three species, which was partly
compensated for by a longer residence time in the
elongation-only zone.

Considering all the species, differences in leaf elon-
gation rate were not correlated with the expansion of
individual cells in the elongation-only zone. Instead,
the larger size of the elongation-only zone in faster
growing species was closely correlated with the num-
ber of cells in it (Fig. 3, A and B). An exception was
P. alpina, due to the smaller cell size in this species
(Fig. 2). Therefore, the elongation zone was much
shorter than that in P. compressa, even though it con-
tained approximately the same number of cells.
Given that each cell expanded for approximately the
same time (Fig. 3), variations in the number of elon-
gating cells must be due to differences in the rate at
which cells were produced by the meristem. Thus, it
seems plausible that differences in meristematic cell
production rate determined the number of elongat-
ing cells, which in turn determined the size of the
elongation zone.

Cell Production and Cell Division
Rates in the Meristem

In accord with a role of meristematic cell produc-
tion in determining leaf elongation rate, the number
of cells produced per unit of time was strongly cor-
related with leaf elongation rate (Fig. 4A). Differ-
ences in meristematic cell production were not due to
differences in average rate of cell division, which was
not significantly different among the species, P. an-
nua excepted (Fig. 4B). Instead, differences in cell
production among P. alpina, P. compressa, and P. trivi-
alis were associated with variations in the number of
cells in the division zone, which was reflected both in
a larger length of the division zone and in a longer
cell residence time in this region (Fig. 3). In contrast
to this general trend, P. annua showed a relatively
high cell production due to a significantly shorter cell
cycle time of 14 h compared with 18, 20, and 21 h for
P. alpina, P. compressa, and P. trivialis, respectively
(lsd 5 3 h at a 5 0.01). Accordingly, the faster rate of

Figure 3. Characterization of the growth zone of main stem leaf 7 of
four Poa spp. The stacked bars represent length (A), total number of
cells (B), and cell residence time (C) in the growth zone. The species
are arranged according to ascending average leaf elongation rate and
the values are shown at the top of A. In all panels, the white bars refer
to the division zone and the black bars to the elongation-only zone.
Data are averages 6 SE of five leaves per species and of five equiv-
alent cell files adjacent to stomatal files for each leaf (adaxial epi-
dermis). Details of the calculations are given in “Materials and
Methods.” In all panels, the vertical black lines to the left represent
LSD (a 5 0.01) for the division zone (LSDdiv), for the elongation-only
zone (LSDez), and for the growth zone as a whole (LSDgz). LER, Leaf
elongation rate.
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cell division of P. annua was offset by a smaller
number of dividing cells which remained in the di-
vision zone for a shorter time (Fig. 3C). This explains
the relatively small meristem size observed in this
species (Fig. 3A).

Clowes (1976) and, more recently, Francis (1998)
suggested that differences in cell production could
occur because a varying fraction of the total popula-
tion of meristematic cells divide continuously before
being displaced to the elongation-only zone (prolif-
erative fraction). We analyzed our cell length data to
determine if the proliferative fraction could be
smaller than 1 in any of these species. If a subpopu-
lation of cells stops dividing early it will continue to
expand due to the inability of cells to slide relative to
each other. This will increase the size range of the
total population with increasing distance from the
base of the meristem (Green and Bauer, 1977; Web-
ster and MacLeod, 1980). For each species, we calcu-
lated the proportion of cells lying outside a minimum
2-fold size range (cells divide in half) located in
100-mm intervals at 25%, 50%, and 75% of the length
of the meristem, and we compared them with the
proportions obtained for cells lying in 1-mm intervals
in the mature region. The length of the different
intervals was chosen to obtain distributions includ-

ing approximately the same number of cells. For all
of the species, the cell length distribution range was
the same throughout the meristem and in the mature
region (Table II). This result indicates that, when this
specific cell type is considered, no cells stopped divid-
ing early (proliferative fraction equaled 1 throughout
the meristem in all species).

DISCUSSION

Final Leaf Size, Leaf Elongation Rate, and Duration of
Leaf Elongation

In this study we show that variation in final leaf
size among the four Poa spp. is mainly due to differ-
ences in leaf elongation rate and not to differences in
duration of leaf expansion. A similar conclusion was
drawn from field observations on populations of P.
annua, P. trivialis, and P. alpina that live at different
elevations (Körner and Woodward, 1987).

The duration of leaf elongation calculated in this
work refers to the visible period of leaf extension,
from emergence of the tip from the leaf sheath of the
previous leaf to the end of the growth period (appar-
ent duration). As a consequence, architectural char-
acteristics of the examined species could affect the
estimation of this parameter. In particular, differ-
ences in the proportion of leaf length that is encircled
by the sheath of the previous leaf could result in
leaves of different developmental stages being stud-
ied. However, we find that the portion of leaf 7 that
is enclosed by leaf 6 is approximately similar for
these four species (14%–17%) at maturity. Note also
that in this study no distinction between sheath and
blade growth has been made. Again, the portion of
total leaf length that constitutes the blade of leaf 7 is
approximately the same in these species, ranging
from 15% to 18%. Moreover, the work of Schnyder et
al. (1990) shows that except for the position of the
ligule that separates the blade and the sheath do-
mains, the cell length profile in grasses is not affected
by the switch between leaf blade and sheath growth
and can therefore be analyzed as a continuum.

Although the period of concealed growth from leaf
initiation to leaf emergence accounts for only a min-
imal fraction of the final leaf size, it possibly plays an
important role in setting up differences in leaf
growth zone characteristics (Beemster and Masle,
1996). Therefore, developmental differences occur-
ring during this phase and their relationship to pa-
rameters such as length and width of the meristem
during the period of linear growth after tip emer-
gence need to be addressed in future research.

Can Cell Division Determine Leaf Elongation Rate?

Here we analyzed the cellular basis of differences
in leaf elongation rate among four Poa spp. From a
spatial viewpoint, leaf elongation rate is determined
solely by the integration of strain rate (cell expan-

Figure 4. Cell production (A) and average rate of cell division (B) of
main stem leaf 7 of four Poa spp. The species are arranged according
to ascending average leaf elongation rate and the values are shown
at the top of A. Data are averages 6 SE of five leaves per species and
of five equivalent cell files adjacent to stomatal files for each leaf
(adaxial epidermis). The vertical black lines to the left represent LSD

for the two parameters (a 5 0.01). LER, Leaf elongation rate.
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sion) over the length of the growth zone. Our data for
the Poa spp. show that leaf elongation rate was pri-
marily determined by the size of the growth zone.
Cell division, according to this viewpoint, is merely
an accompanying process with no direct relationship
to growth, i.e. to a given increase in volume. How-
ever, when analyzed from a material viewpoint, we
showed that differences in the size of the growth
zone were correlated directly to the number of cells
produced in the meristem per unit of time. Cell pro-
duction in turn varied mainly due to differences in
the number of dividing cells rather than to differ-
ences in division rate. These results are analogous to
the comparison of Arabidopsis roots of different age
(Beemster and Baskin, 1998) and confirm the hypoth-
esis that meristematic activity could determine leaf
elongation rate.

This hypothesis is formally presented in the model
proposed by Ivanov and Dubrovsky (1997) that di-
rectly links whole organ growth rate to the number of
dividing cells and average cell cycle duration:

E 5
ln~2!Ndivlm

T# c

(1)

Note that this model is based on entirely different
parameters as the spatial model represented by the
following equation, which views organ elongation
rate as a function of the strain rate (r[x]) only:

E 5 E
0

Lgz

r~x!dx (2)

Specifically, E (representing organ elongation rate) in
Equation 1 is related to average cell cycle duration

and the number of dividing cells, which are cell
division parameters. The suggestion that cell division
could determine organ growth rates contrasts with
the spatial model, where cell division only accompa-
nies cell expansion and its role is limited to ascertain
appropriate partitioning of the created volume and
where the correlation between leaf elongation rate
and division activity is a consequence rather than a
cause. Based on the current study, it is impossible to
prove which view accurately represents the underly-
ing regulatory mechanism. To address this matter,
various laboratories are currently studying the effect
on cell and organ development of a selective inhibi-
tion or stimulation of the process of cell division in
Arabidopsis roots. This is accomplished by analyzing
the growth of plants in which the expression level of
specific cyclins and cell cycle regulatory genes is
altered (for review, see Jacobs, 1995; Mironov et al.,
1999). Provisional evidence on the overexpression of
the mitotic cyclin1At under the promotor of cdc2aAt,
which resulted in increased growth rates of Arabi-
dopsis seedlings not accompanied by increased ma-
ture cell length (Doerner et al., 1996), supports the
material view and a key role for cell division in
determining organ growth rates.

In addition to what we discussed above, the excep-
tion represented by the annual species P. annua (short
meristem, but high cell division rate, which results in
a high cell production) shows that a given organ
growth rate can be obtained in various ways. In fact,
we observed that P. annua and P. compressa were
characterized by a similar leaf elongation rate and
length of mature cells and by a similar cell produc-

Table II. Comparison of cell length distribution in the meristem and in the mature region (leaf 7) of
four Poa spp.

Cell length distributions were analyzed for each leaf (five combined epidermal cell files) in 100-mm
intervals centered at 25%, 50%, and 75% of the estimated length of the meristem and in 1-mm intervals
in the mature region. Data were averaged between leaves (n 5 5) and mean 6 SE are presented. The
values for each interval in the meristem were compared with those of the mature region with paired t
test. In all of the cases the two-tailed Student’s t test probability was not significant (P . 0.05). The
proportion of cells with length lying outside a 2-fold range was calculated expressing the data as
percentiles and repeatedly eliminating equal percentiles starting from the lowest and highest limit of the
distribution, until the desired range was reached. The total number of cells in the intervals at 25%, 50%,
and 75% of the length of the meristem and in the mature region were, respectively, 151, 129, 112, and
167 (P. alpina); 113, 88, 95, and 102 (P. compressa); 126, 105, 103, and 107 (P. annua); and 117, 113,
94, and 111 (P. trivialis).

Species

Cells with Length Outside a 2-Fold Size Range

25% Meristem
length

50% Meristem
length

75% Meristem
length

Mature
region

%

P. alpina 17 6 3 24 6 3 21 6 4 20 6 5
P. compressa 17 6 5 18 6 4 17 6 3 16 6 3
P. annua 15 6 2 16 6 3 20 6 3 12 6 3
P. trivialis 15 6 3 11 6 2 13 6 2 10 6 2
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tion of leaf 7. However, the same mature cell length
was realized in P. compressa during a short residence
time in the elongation-only zone and a high maximal
strain rate and in P. annua during a long residence
time in the elongation-only zone and a low maximal
strain rate. Likewise, the two species achieved the
same rate of cell production by different means, ei-
ther a high cell division rate and a small number of
dividing cells (P. annua) or a large number of divid-
ing cells and a slow cell division rate (P. compressa).
The contrast between P. compressa and P. annua in
this study additionally implies that different sorts of
coordination between cell division and cell expan-
sion may exist in different species. However, based
on the comparison of all four Poa spp., we conclude
that faster growing leaves are generally characterized
by a higher cell production (per each equivalent epi-
dermal cell file), principally caused by a larger size of
the meristem.

Inherent Variation in Leaf Elongation Rate and Rate of
Cell Division

A relatively high rate of leaf growth in this study
was not related to the average rate of cell division or
to the corresponding cell cycle time. On these results,
two distinct comments can be made.

First, Francis (1998) recently suggested that model-
ing a population of meristematic cells could obscure
the (putative) functional role of specific subpopula-
tions of cells that stop dividing early within the mer-
istems. The analysis and the comparison of cell
length distribution at different locations of the
leaves’ growth zone region in the present study (see
“Results”; Table II) reveal that cells of epidermal files
continue to divide throughout the whole length of
the meristem; the proliferative fraction was conse-
quently equal to 1 throughout the meristem in all
four species. Moreover, throughout the meristem we
found rather low percentages of cells lying outside a
2-fold size range, indicating a fairly tight regulation
of cell size at cytokinesis. To our knowledge, such
comparative results, derived from cell length mea-
surements of a specific file type, have not been pre-
sented before for leaf meristems of different species.
It is interesting that our results are strikingly similar
to those found by Beemster and Baskin (1998) for
epidermal cells of the primary root of Arabidopsis,
suggesting that a tight regulation of the size at which
cells divide is common for most organs and for a
wide range of species.

Second, P. annua had a 35% shorter cell cycle time
compared with the other three species. A factor that
may account for this difference is that P. annua is the
only annual species in this comparison (Hegi and
Conert, 1998). The question arises whether there is a
relationship between rate of cell division and gener-
ation time, genetic (genome size, ploidy level), cyto-

logical (cell size), and nuclear features (nuclear vol-
ume). The present four species have a different
ploidy level: P. annua is a tetraploid and P. trivialis is
a diploid, whereas P. alpina and P. compressa are
characterized by a mixture of ploidy levels ranging
from diploid to tetraploid depending on the popula-
tion (Hegi and Conert, 1998). The amounts of nDNA
in the unreplicated haploid genome of a gamete (i.e.
DNA-C value) of P. annua and P. trivialis are nearly
identical, being 4C 5 11.50 pg and 4C 5 11.30 pg,
respectively (Bennett and Smith, 1976). Based on
these data, genome size is probably not the cause of
the observed differences in rate of cell division in
these two species. We can also remark that mature
cell length is nearly identical in these two species
and, therefore, mirrors DNA-C values. For P. alpina
and P. compressa no data are available in current
angiosperm DNA-C value databases (Bennett et al.,
1998), and therefore no further conclusion is possible
on this point. However, the potential importance of
DNA-C value for determining cell size and growth
rate was shown by Mowforth and Grime (1989). They
reported a variation of about 80% in DNA-C value
among seed progeny of families derived from a sin-
gle pasture population of P. annua, which was posi-
tively correlated with cell size and seedling growth
rate. Finally, a positive correlation has been found
among minimum mitotic cell cycle time, duration of
meiosis, and DNA-C value (Van’t Hof and Sparrow,
1963; Bennett, 1977). The difference in cell cycle du-
ration between P. annua and P. trivialis we observed,
combined with their identical DNA-C values, seems
to contradict this proposition. However, based on
such considerations and with the aid of kinematic
methods and cytometric analyses to estimate DNA-C
values (Doležel et al., 1989), more detailed research
can be done to clarify this relationship by means of
intra- and interspecific comparisons of appropriate
ranges of species (e.g. genotypes differing in ploidy
level and genome size). Because of their relative
abundance and variety in life form, Poa spp. are good
objects for this kind of research.

From Individual Leaf Growth to Whole Shoot Growth

A final consideration pertains to the relevance of
our findings in the perspective of whole plant
growth. We investigated the cellular basis of geno-
typic variation in leaf size and leaf elongation rate at
one developmental stage. Is the size of the meristem
also a key factor that explains variation in leaf size
and leaf elongation rate of grasses through a longer
period of vegetative development, i.e. for subsequent
leaves of the main stem and for subsequent tillers?
Beemster et al. (1996) found a positive correlation
between leaf elongation rate of subsequent leaves of
the main stem of wheat (Triticum aestivum) and
length of the division zone. The development of
tillers can reasonably be assumed to be the result of
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modular growth, i.e. the repetition in space and time
of the same fundamental unit constituted by a mer-
istem and elongating internodes, and therefore re-
sults obtained for the main stem might also apply to
tillers. However, when expanding our perspective to
the whole shoot level, no obvious relationship is
expected between leaf elongation rate and shoot rel-
ative growth rate, as described by Bultynck et al.
(1999). In fact, steady-state leaf elongation rate of
individual leaves (a linear variable) cannot quantita-
tively explain variation in relative growth rate (an
exponential variable). Cell division and cell expan-
sion are intrinsically exponential processes (Lock-
hart, 1965; Green, 1976), but they can only theoreti-
cally account for variation in relative growth rate
when they are not viewed on a per organ basis.
Therefore, the links between cell division, cell expan-
sion, cell production rates, and meristem size on one
hand and whole shoot and entire plant growth rate
on the other still largely remain to be explored.

MATERIALS AND METHODS

Plant Material and Growing Conditions

Seeds of the lowland species Poa annua and Poa trivialis
were purchased commercially (Kieft, Blokker, The Nether-
lands). Seeds of the subalpine Poa compressa were harvested
from a natural population at 1,600 m above sea level and
were kindly provided by Orto Botanico di Genova (Italy).
Seeds of Poa alpina (1,800 m above sea level) were kindly
provided by Dr. O.K. Atkin (Department of Biology, Uni-
versity of York, UK) and were obtained as described pre-
viously by Atkin et al. (1996). To avoid the comparison of
species exhibiting a different leaf morphotype (flat-leafed
versus rolled-up leaves, the latter being more frequent in
subalpine and alpine species), only flat-leafed species were
selected (Atkin et al., 1996; Van Arendonk et al., 1997).
However, P. annua is an annual species, whereas the other
three are perennials. Seeds of all of the species were ger-
minated in the dark at 20°C 6 1°C for 2 to 3 d in Petri
dishes on a double layer of filter paper wetted with demin-
eralized water, until the primary root had protruded and
the coleoptile had emerged. After this period, the seedlings
were placed in growth chambers at 20°C 6 1°C with 70%
relative humidity, photosynthetic photon flux density of
450 6 20 mmol m22 s21, and a 14/10 h day/night cycle.
When the primary root was at least 2 cm long, the seedlings
were placed in sand for 1 week and watered daily with a
one-tenth-strength modified Hoagland solution (Poorter
and Remkes, 1990) to allow the further development of
roots and the expansion of leaf 2. The roots were quickly
rinsed with demineralized water, and plants were then
transferred to an aerated full-strength modified Hoagland
solution in 33-L containers (Poorter and Remkes, 1990). In
each container, 24 plants of a given species were grown,
and there were a total of three containers per species. The
pH was adjusted to 5.8 every 2nd d and the solution was
renewed weekly.

Measurement of Leaf Elongation

For all the species, the increase in length of leaf 7 with
time was measured twice a day, after the start of the light
period and before the beginning of the dark period, using
a ruler and taking the ligule of the preceding leaf as a
reference point. Since there is no significant growth of the
sheath of leaf 6 after the appearance of leaf 7, this proce-
dure allowed an accurate estimate of leaf elongation rate.
The measurements were carried out on 15 plants per spe-
cies throughout the whole period of blade elongation, from
leaf emergence to its complete extension.

The increase of leaf length with time was linear for at
least 3 d in all the species. Leaf elongation rate of individ-
ual leaves was calculated as the slope of the regression line
fitted through the data points in the interval 15% to 95% of
the final leaf length. Before this interval (1st d after leaf
appearance) the increase in leaf length with time was not
steady, and after this interval it declined sharply, marking
the end of the elongation period. Data were averaged be-
tween leaves and mean leaf elongation rate was used for
subsequent calculations, as described below. Duration of
leaf elongation was determined for each individual leaf as
the time interval between leaf appearance and the time
point at which leaves reached 95% of their final length.
Mean duration of leaf elongation was obtained by averag-
ing data between leaves.

Measurement of Cell Length

During the 2nd d of steady growth of leaf 7, five plants
per species were harvested from the same batch of plants
that was used for determination of leaf elongation rate,
mature leaf size, and duration of leaf elongation, and dis-
sected under a binocular microscope to expose the growth
zone of leaf 7. Samples of leaf 7 were immediately placed in
boiling methanol for 15 to 20 min, for chlorophyll removal
and fixation. Finally, they were placed in 90% (w/v) lactic
acid (Merck, Darmstadt, Germany) for clearing and stor-
age. The length of the leaves was measured before and after
boiling and no significant tissue shrinkage was observed.

Moving distally from the leaf base, cell length was mea-
sured along five equivalent cell files adjacent to stomatal
rows in the adaxial epidermis of each leaf. The measure-
ments were made using image analysis on bright field light
microscopical images. The setup consisted of a light micro-
scope (fitted with Plan 6.33 and Neofluar 103 objectives,
Kontron/Zeiss, Eching, Germany) equipped with a black
and white CCD camera type WC-CD50 (frame size, 768 3
512 pixels, 256 gray levels, Panasonic, Tokyo). The image
was acquired by a computer and displayed on screen. The
image contours were enhanced to highlight cell walls, and
the lengths of individual cells were measured by tracing
straight lines between successive transverse cell walls with
a pointer device. The length of the individual segments and
cumulative length were stored in a data file. This proce-
dure was repeated for partially overlapping image fields
covering the extent of the growth zone and part of the
mature region. This measurement routine was imple-
mented as a customized program developed by Dr. M.
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Terlou (Image Processing and Design, Faculty of Biology,
Utrecht University, The Netherlands). Cell length distribu-
tion along the leaf axis was obtained by plotting the length
of each cell as a function of the position of its midpoint
relative to the leaf base. The data for all files were com-
bined for each leaf and then smoothed and interpolated
into 25-mm equally spaced points by using a kernel
smoothing method described earlier (Beemster and Baskin,
1998). This enabled averaging among leaves of each species
to obtain the cell length profiles. The interpolation algo-
rithm was implemented as a macro for Microsoft Excel
using Microsoft Visual Basic 5 for Applications (Microsoft,
Redmond, WA). A representative fit is shown in Figure 5.
This method, despite the lack of obvious biological mean-
ing of parameters derived by each local polynomial fit, has
the advantage of making the least assumptions about the
shape of the curve when compared, for instance, to appro-
priate logistic functions. For a discussion about the use of
logistic models for the description of leaf growth and cell
length data, see Richards (1959) and Venus and Causton
(1979).

Observing the smoothed cell length profile of each leaf,
the lengths of mature cells were calculated by averaging all
data points distal to the position where the increase of cell
length between successive points was #0 mm. The length of
the growth zone (Lgz) was estimated as the distance from
the leaf base to the position at which cells reached 95% of
their mature length. These values were then averaged be-
tween leaves and used for subsequent calculations.

Estimation of the Length of the Meristem

An additional subset of five plants per species was used
to estimate the length of the division zone. Plants were
harvested and dissected to expose the growth zone of leaf

7 during the 2nd d of linear growth. Leaf tissue was fixed
and chlorophyll was removed in 3:1 (v/v) absolute ethanol:
glacial acetic acid for at least 24 h at 4°C. The samples were
then hydrolyzed in 5 m HCl for 20 to 30 min and rinsed
with a solution of 0.1 m Na2S2O5 dissolved in 0.15 m HCl.
Nuclei were visualized by staining leaves for at least 2 h
with a Feulgen dye prepared with basic fuchsin (pararosa-
niline; Janssen Chimica, Beerse, Belgium). Tissue was sub-
sequently mounted on an object slide in the same Na2S2O5

solution and covered with a coverslip. The same image
analysis system utilized for cell length measurements was
used for observing mitotic figures starting from the leaf
base and proceeding distally along adaxial epidermal cell
files adjacent to stomatal rows. In these cell files only
symmetrical (“proliferative”) divisions took place (Larkin
et al., 1997; Croxdale, 1998), yielding daughter cells of
approximately equal size. Similarly to the approach used
by Barlow et al. (1991) for tomato (Lycopersicon esculentum)
roots, the length of the division zone (Ldiv) was estimated
for this cell type by recording the distance from the leaf
base to the most distal mitosis. For each leaf, at least 10 cell
files were observed and the most distal mitosis in any of
these files was taken as the distal margin of the meristem.
Coincidentally, we noticed that in the adjacent stomatal
files a shift from proliferative divisions to asymmetrical
(“formative”) divisions, yielding stomatal initial cells, oc-
curred at the same distance from the leaf base.

Numerical Analysis

Based on the measurements of leaf elongation rate and
cell length distribution, we performed a kinematic analysis
of leaf elongation, founded predominantly on the theoret-
ical works of Erickson and Sax (1956), Green (1976), Gandar
(1980) and Silk and Erickson (1979). The position of each
interpolated cell length data point as a function of the
distance from the leaf base was defined as X 5 n 3 Dx,
where n 5 1,2,3,. . . and Dx is a step of 25 mm, and was
obtained from the kernel smoothing procedure as de-
scribed above. The number of cells per file in the growth
zone (Ngz) and in the division zone (Ndiv) was calculated
from local cell density, r(x), which is the reciprocal of local
cell length, l(x), with the following formula:

Ngz,div 5 Dx 3 O
n

r~nDx! 1 r@~n 2 1!Dx#

2 (3)

where the summation was stopped at the distal margin of
the growth zone and of the division zone, respectively.

The length (Lez) and number (Nez) of cells of the
elongation-only zone were determined as:

Lez 5 Lgz 2 Ldiv (4)

Nez 5 Ngz 2 Ndiv (5)

respectively, where Lgz and Ldiv were obtained as described
above.

Cells that divide in the division zone are displaced to a
more distal location by ongoing cell production in the

Figure 5. Cell length distribution along the blade of a representative
leaf of P. alpina (adaxial epidermis; leaf 7). The solid line represents
the smoothed and interpolated data at intervals of 25 mm using the
kernel smoothing algorithm described by Beemster and Baskin
(1998). Cell length data were obtained from five equivalent cell files
adjacent to stomatal rows and plotted against the position of their
midpoint.
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more basal part of the meristem. Per cell file, the rate of cell
production in the meristem at the base of the elongation-
only zone (P, in cells per hour) was defined as:

P 5
LER

lm
(6)

where LER is leaf elongation rate and lm is the length of
mature cells (Silk et al., 1989). Under steady-state growth
conditions, the number of cells entering at the base of the
elongation-only zone per unit time is equal to the number
of cells leaving the growth zone at its distal margin where
cells reach their mature length. Knowing the rate of cell
production and the number of cells in the division zone,
the average rate of cell division (D# , in cells per cell per
hour) for the whole meristem can be calculated as (Beem-
ster and Baskin, 1998):

D# 5
1

Ndiv
(7)

In a population of asynchronous cells, the duration of
the cell cycle can be considered as the time necessary for
the population to double in size or the time taken for an
“average” cell to complete the cycle (Green and Bauer,
1977; Granier and Tardieu, 1998). On these grounds, taking
into account the exponential nature of the cell division
process, the average duration of the cell cycle (T# c, in hours)
was calculated (Green, 1976; Ivanov and Dubrovsky, 1997;
Dubrovsky et al., 1998):

T# c 5 ln~2! 3
Ndiv

P
< 0.69 3

1

D#
(8)

It is evident that, for each individual cell, the residence
time in the meristem will be equal to the duration of the cell
cycle, i.e. any one cell in the meristem exists only from its
formation until it undergoes a subsequent cytokinesis
forming two daughter cells. If a nearly constant rate of cell
division over time is assumed and the formation of a new
cell wall caused by division of the most basal cell in a given
cell file is considered, then the residence time in the divi-
sion zone for such a wall (Tdiv, in hours) can be estimated
as (Beemster and Baskin, 1998):

Tdiv 5 T# c 3 log2~Ndiv! (9)

The residence time in the elongation-only zone (Tel, in
hours) is proportional to the number of cells per file in this
region (Nel) and to the time interval taken for a new cell to
be added to the basal margin of the zone (cellochron). Since
P is the reciprocal of the cellochron, Tel was estimated as
(Beemster and Baskin, 1998):

Tel 5
Nel

P
(10)

Cells displaced past the distal margin of the division
zone cease to divide and they elongate to their mature size
in the elongation-only zone. Interpolated cell length pro-
files (see above) and cell production of individual equiva-

lent cell files formed the basis of strain rate (r, per hour)
calculation. According to Silk et al. (1989), strain rate at any
given location of the elongation-only zone is proportional
to cell production and to the position-derivative of cell
length and was calculated as:

r~x! 5 P 3
l
x

(11)

The corresponding strain rate profile describes the relative
rate of cell elongation as a function of cell position along
the leaf axis.

Statistical Analysis

The measured and calculated parameters have been an-
alyzed for statistically significant differences with a one-
way ANOVA. Homogenous subsets were defined on the
basis of a post hoc Tukey b test at a 5 0.01 significance
level with SPSS 8.0 for Windows statistical software (SPSS,
Chicago). lsd was calculated from the results of the one-
way ANOVA according to Sokal and Rohlf (1995).
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