
Abstract. The cellular organization of the Arabidopsis
thaliana (L.) Heynh. root meristem suggests that a
regular pattern of cell divisions occurs in the root tip.
Deviations from this pattern of division might be
expected to disrupt the organization of cells and tissues
in the root. A clonal analysis of the 3-d-old primary root
meristem was carried out to determine if there is
variability in division patterns, and if so to discover their
e�ect on cellular organization in the root. Clones induced
in the seedling meristem largely con®rmed the predicted
pattern of cell divisions. However, the cellular initials
that normally give rise to the di�erent cell ®les in the root
were shown to exhibit some instability. For example, it
was calculated that a lateral root cap/epidermal initial is
displaced every 13 d. Furthermore, the existence of large
marked clones that included more than two adjacent cell
layers suggests that intrusive growth followed by cell
division may occur at low frequency, perhaps in response
to local cell deaths in the meristem. These ®ndings
support the view that even in plant organs with stereo-
typical cell division patterns, positional information is
still the key determinant of cell fate.
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Introduction

The Arabidopsis root is an indeterminate structure, at
the tip of which is a meristem covered and protected by a
root cap. Clonal analysis indicates that the primary root
tip of the seedling is derived from the uppermost cell of

the suspensor and adjacent cells of the globular embryo
(Scheres et al. 1994). The tip region includes four central
cells that comprise the quiescent center, surrounded on
all six sides by a single layer of cellular initials (Fig. 1).
Cells derived from the lateral and proximal initials (that
give rise to the lateral root cap/epidermis, cortex/
endodermis and stele respectively) enter the meristematic
zone of the seedling root and produce a root structure
with a highly predictable cellular architecture (Fig. 1).
Cells derived from the distal set of initials give rise to the
columella, or central root cap. While the consistent
spatial relationships between cells in the vicinity of the
initials and quiescent center suggest that patterns of cell
division are generally regular, it is unclear how variable
these division patterns are.

Clonal analysis in shoots has shown that there is
variation in the cell division pattern of cells in the tunica,
which generally divide anticlinally (new cell wall forming
perpendicular to the surface of the organ). Cells derived
from these divisions are incorporated into the adjacent
meristematic layer without disrupting tissue organisa-
tion or cell fate in the organ (Dermen 1947; Steeves and
Sussex 1989). The invading cells respond to positional
information and adopt the fate appropriate for their
position in the organ. Similarly the initials of the shoot
apical meristem are unstable and can be replaced by the
adjacent cells that now occupy the position of initials. In
the shoot an initial is `the temporary inheritor of a
permanent position' (Newman 1965).

While clonal analysis has been instructive in illus-
trating the dynamic role of initials in the shoot meristem,
there have been few clonal analyses of root development.
One of the most instructive was reported by Scheres
et al. (1994) who used random excision of the Ac
transposon from the b-glucusonidase (GUS ) marker
gene to characterize the embryonic origin of cell layers in
the root. The distribution of clones showed that di�erent
regions of the seedling root are derived from discrete
clonal compartments within the embryo (although there
was marked variation in the location of clonal bound-
aries). To understand the cellular dynamics within the
seedling root meristem, Brum®eld (1943) generated
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chimeras using ionizing radiation in the young roots of
Vicia faba seedlings. The number and organization of
these clones suggested that there were four initials in the
root. Further characterization of similar chimeras led to
the conclusion that such a small number re¯ected not the
number of initials themselves but rather the number of
cells giving rise to a new meristem after radiation-
induced destruction of the original meristem (Davidson
1958, 1961). Consequently, while we have a good
understanding of the embryonic origins of cells that
constitute the root meristem, we have little insight into
the cellular dynamics of cells within preformed seedling
root meristems.

In the present study we examined the fate of cells in
the 3-d-old primary root meristem of Arabidopsis. Three
classes of clones were particularly instructive. First,
clones induced in the central cells show that they can
give rise to cells in almost any tissue of the root and
therefore may act as a permanent reservoir of stem cells.
Second, clones induced in initials indicate that these cells
exhibit a degree of instability that could not be predicted
from histological studies. Lastly, clones induced in a
variety of cell layers indicate that there is variation in the
pattern of cell divisions within lineages and that these
give rise to invasion events whereby the daughter cells
are located in di�erent tissues from the mother cells.

Materials and methods

Production of lines. The two plasmids ± a construct containing a
heat-shock promoter driving Ac transposase expression (pYS8) and
Ds inserted into the non-translated leader of a GUS gene under the
control of a cauli¯ower mosaic virus (CaMV) 35S promoter (pYS3)
were used to transform Escherichia coli strain DH5a. The
constructs were introduced into Agrobacteria by triparental

matings and Arabidopsis thaliana (L.) Heynh. Landsberg erecta
plants were transformed via root transformation (Dean 1992). T3
plants homozygous for the transgenes were selected on kanamycin
and crossed to generate the lines used for the analysis.

Production of clones. Seedlings were grown on MS medium as
described in Dolan et al. (1993) for 3 d after germination. The
plates were sealed with Nesco ®lm and ¯oated on a water bath
heated to the given temperature for the given time. The plates were
dried, the length of root marked on the back of the plates, and
returned to the growth room for 48 h. Seedlings were then ®xed
with 0.1% glutaraldehyde in 0.1 M phosphate bu�er (pH 7.0) for
1 h at 4 °C. This limits di�usion of the GUS stain. The plants were
then GUS-stained as described in Dolan et al. (1993). Seedlings
were incubated in the substrate either at 37 °C or at room
temperature overnight. Plants were examined using a ´40 long-
working-distance lens on a Nikon Microphot SA microscope. The
number of cells making up the clone was determined using a ´100
objective. The distance of the basalmost point of the clone from the
central cells was measured from photographic slides. Seedlings
containing clones in the primary root were ®xed individually in
microtiter plates overnight in 1% glutaraldehyde in 0.1 M phos-
phate bu�er (pH 7.0). To aid identi®cation, every ®fth root was
stained with safranin (0.03%). Seedlings were aligned in groups of
®ve on a thin layer of agarose, upon which a drop of molten
agarose was placed and allowed to solidify. The agarose block
containing the embedded roots was ®xed overnight at 4 °C. The
block was trimmed of excess agarose, washed in water and
dehydrated through an ethanol series. The blocks were in®ltrated
with Historesin (Leica) and polymerized at room temperature
overnight. Serial sections of 5, 10, 15 or 20 lm were cut with a glass
knife on a Leica Microtome and dried onto multiwell slides. The
slides were stained with 0.05% ruthenium red for 10 min at room
temperature. The sections were examined on a Nikon Microphot
SA with a ´60 oil immersion objective to determine the radial
extent of the clone and con®rm the distance of the clone from the
central cells.

Calculation of meristem size. The size of the meristem is calculated
from the average number of meristematic cells per ®le and the
average number of cell ®les of each tissue in the root (Table 1).
Fifteen medial longitudinal sections of 3 d-old root tips were used
to estimate the number of meristematic cells per ®le. The number of
cells was counted in each ®le between the initial cell and the point at
which no more cell divisions were observed and cell length began to
increase consistently. This gave an average and standard error of
the mean of the meristematic cells per ®le for each tissue type. The
average number of ®les per tissue was calculated from transverse
sections through 50 roots. Transverse sections through 20 root cap
regions were used to give the average number of ®les of the
columella and lateral root cap.

Results

Heat-shock-induced GUS expression as a marker for
clonal analysis. To study the patterns of cell division in
the seedling root, cells in the 3-d-old root meristem were
genetically marked, and the resultant clones in the roots
were then examined 2 d later. These clones represent a
sample of the products of the cell divisions that occurred
in the root at the time of heat shock. A transgene
expressing a nuclear-localized GUS under a 35 S pro-
moter (Fig. 2) was used as a heritable cell-autonomous
marker. The 3¢ untranslated leader of the GUS is
disrupted by a Ds transposon, preventing GUS expres-
sion except in cells which have inherited an active GUS,
from which the Ds has been excised in the mother cell.

Fig. 1A,B. Anatomy of theArabidopsis root. ADiagram of transverse
section through the root showing arrangement of tissues. B Diagram
of longitudinal section through the initials and central cells showing
order of divisions in the endodermis/cortex initial and lateral root cap
epidermal initials
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To ensure that all the clones observed were induced in
the post-embryonic root meristem the excision of the Ds
is under the control of a heat-shock-inducible Ac
transposase (HS:Ac) (Fig. 2) Exposure to elevated
temperature (heat shock) at 3 d after germination results
in transient transcription of the transposase which
catalyses the excision of the Ds in a small proportion
of cells, resulting in a heritable active GUS gene.

Lines homozygous for HS:Ac were crossed to lines
homozygous for the GUS-Ds transgene. F2 and F3
generations from the crosses were used for the clonal
analysis. Incubation at 37 °C for 30 min was su�cient to
induce clones of GUS expression in some part of the
plant (root, hypocotyl, cotyledon, leaf) in approximately
50% of seedlings. These conditions were used for
induction of all the clones analyzed here. Over the

course of these studies, about 4% of seedlings produced
clones of GUS-expressing cells in the root.

To establish the e�ect of elevated temperature on
root growth, seedlings were grown for 3 d at 21 °C and
then transferred to a range of temperatures for various
lengths of time. Root length was measured (in mm) 48 h
after heat shock (Fig. 3). Temperatures over 40 °C for
periods greater than 1 h resulted in an inhibition of root
growth while roots grown for up to 3 h between 30 °C
and 37 °C exhibited no detectable heat-induced growth
defects. This suggests that incubation at 37 °C for
30 min does not a�ect root growth. This ¯uctuation in
temperature is within the normal range of conditions for
plants such as Arabidopsis thaliana that grow in exposed
areas and have shallow root systems. We therefore
consider the cell division patterns determined using a

Table 1. The number of cells in the primary root meristem

Tissue Meristematic cells
per ®le (SE)

Number of ®les
(SE)

Meristematic cells
per root

Columella 1 (0) 12 (0) 12
Lateral root capa 2.75 (0.13), 17 (0.4), 213

6.12 (0.31) 27 (1.2)
Hair ®le cells 35.8 (1.10) 8 (0) 286
Non-hair ®le cells 18 (1.22) 12.22 (0.41) 220
Cortex 26.3 (1.7) 7.96 (0.04) 209
Endodermis 27.5 (2.1) 8.06 (0.03) 221
Pericycle 18 (0.8) 13.16 (0.22) 237
Stele 13 (1.09) 25.02 (0.44) 325
Shared Initialsb 24

Total 1747

a The meristem of the lateral root cap is composed of the cells of the ®rst and second layer after the epidermis
b The shared initials of the epidermis/lateral root cap (16) and cortex/endodermis (8) are not included in the calculations for the individual
cell layers

Fig. 2. Two plasmids that were used to transform Arabidopsis in the
generation of a line to be used as a heat-shock-inducible lineage
marker. The transcription of Ac transposase is regulated by a soybean
heat-shock promoter (hs6781) on pYS8. Insertion of the Ds
transposon into the untranslated leader of the GUS gene blocks its
expression on pYS3. The transposase induces excision of the Ds from
the GUS gene, thereby restoring marker expression. Excision of Ds
occurs at a low frequency during or just after DNA synthesis

Fig. 3. The e�ect of heat shock on root growth and clone induction.
Plants were germinated at 21 °C. After 3 d the extent of root growth
was marked and the seedlings transferred to 30, 37, 40 or 42 °C for 5,
10, 30, 60, 120 or 180 min before being returned to 21 °C for 48 h.
The error bars show the SE. Numbers of plants per treatment varied
from 50 (42 °C 120 min) to 370 (no heat shock)
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30-min heat shock to be a reasonably accurate re¯ection
of the activity of the true meristem.

In a population of 11,214 seedlings subjected to a 30-
min heat shock over the course of this study, 849 clones
were found on primary roots of 453 plants. The large
number of clones induced in some seedlings, in combi-
nation with the absence of clones in 10,761 plants,
suggests that induction of clones is not a random event.
The expected frequencies (based on a Poisson distribu-
tion ± assuming random induction of clones) and
observed frequencies are presented in Fig. 4. While the
``0 clones/root'' class was the most frequent, the
observed and expected frequencies di�er greatly (chi-
squared P < 0.001, 6 d.f.). This suggests that there may
be a sub-population of plants with elevated levels of
transposase activity, as has previously been reported for
plants carrying HS:Ac (Keller et al. 1992).

Frequency of clone induction is high in the initials and
central cells. The cell type distribution of the 849 clones
is shown in Table 2. Many of the clones (128) are

present in more than one cell layer. These clones include
those induced in initials that gave rise to cells located in
more than one tissue type (cortex/endodermis, lateral
root cap/epidermis), clones that include more than one
unrelated tissue (clones found in tissues that are not
derived from a common initial cell), and clones that
include central cells and other tissues.

To interpret these clones we must consider the
manner in which they were induced. Clones are induced
when Ds excises from 35S:GUS producing a functional
GUS gene. Transposition of Ds largely takes place
during or just after DNA replication with only one of
the two daughter cells inheriting the excision which
results in active GUS (Greenblatt 1974). Therefore, half
the clones induced will display GUS activity in the
mother cell only, while in the other half, the functional
GUS will be inherited by the daughter cell (and the
mother cell will not be included in the clone). For most
cell divisions, both daughter cells have the same fate, i.e.
both daughters of a cortex cell generally become cortex
cells themselves. However, the two daughter cells of the
initials can have di�erent fates. The lateral root cap/
epidermis initials undergo a periclinal division to pro-
duce an inner cell (initial) and an outer cell (lateral root
cap daughter) (Fig. 1B). If the functional GUS is
inherited by the lateral root cap daughter, the clone
produced will be indistinguishable from a clone induced
in the lateral root cap. If on the other hand, an excision
event were inherited by the newly produced initial, it
would go on to form a clone that includes both
epidermis and lateral root cap. If we assume that the
probability of inheriting the excision (active GUS gene)
is equal for each daughter cell, the total number of
clones induced in the lateral root cap/epidermis initial
would be twice the number of clones observed that
include both cell layers (2 ´ 90 = 180) and 90 of the 118
clones which included only lateral root cap cells were
actually induced in the initial. The remaining 28 clones
were induced in the rest of the lateral root cap.

The situation in the cortex/endodermis is di�erent
since the two tissues are not produced by division of the
initial but by an asymmetric division in the daughter of
the initial cell. The initial cell divides to produce one
cell that is still in contact with the central cells and an
upper cell. The lower cell, in contact with the central
cells, remains the initial and the upper cell divides
periclinaly to produce an inner (endodermis) and an
outer (cortex) cell Fig. 1B. Clones induced in the upper
daughter cell will give rise to clones in either the
endodermis or the cortex but not both. Therefore, all
the clones induced in the initial, will result in a clone
that includes both endodermis and cortex. Twenty three
such clones were observed.

One hundred and twenty seven clones were found in
the columella. Only the columella initials divide and
endoreduplication occurs in the third cell from the
initials (Dolan et al. 1993). Single cell clones three or
more cells from the initial are presumed to result from
excision during endoreduplication. All other clones in
the columella represent clones induced in initial cells (80
clones).

Fig. 4. The observed distribution of clones per Arabidopsis root (grey
bars) compared to the expected distribution (black bars) based on the
Poisson distribution. The observed and expected distributions di�er
signi®cantly (v2 > 5000) indicating that the excision of Ds is not an
independent random event

Table 2. The distribution of clones between cell layers

Tissue Clones

Columella 127
LRC 118
Hair ®le cells 64
Both hair and non-hair ®les 13
Non-hair ®le cells 64
Cortex 87
Endodermis 59
Pericycle 118
Stele 71
Othersa 128
Total 849

aClones including more than one cell layer
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The number of clones induced in the initials is
surprisingly high: of a total of 849 clones 283 were
initial clones. Initial cells divide at a 3-fold lower rate
than the rest of the meristem (Fujie et al. 1993; Dolan
et al. 1993). Those of the lateral root cap/epidermis,
endodermis/cortex and columella (for which initial
clones can be readily identi®ed), comprise 2.06% of the
meristem (36 cells out of a total estimated 1747 cells in
the meristem; see Table 1). The total number of clones
induced in the meristem (excluding initials and central
cells) is 556 [849 ) 180 (clones induced in initial cells of
the lateral root cap/epidermis) )23 (clones induced in the
initials of the endodermis/cortex) )80 (clones induced in
the initials of the columella) )10 (clones induced in the
central cells)]. Therefore, (556 ´ 0.0206)/3 = 3.82 is the
expected number of initial clones, and 283 clones
represents approximately 74 (283/3.82) times the number
predicted.

Daughter cells of a central cell division displayed a
variety of potential fates. The clones including central
cells found in this population suggest that replacement
of adjacent initials is more common than generation of
an additional central cell. Five clones in this population
included the central cells. This represents half the
number of clones induced in central cells, since in 50%
of excision events the functional GUS gene is inherited
by the daughter cell that no longer occupies the position
of a central cell. The number of clones induced in the
central cells is therefore approximately 10.

Given that central cells divide at 10.9% the rate of
meristematic cells (Fujie et al. 1993) and comprise only
0.23% of the meristem (4 cells of an estimated total of
1747 ± see Table 2), we expected to ®nd 0.14
(556 ´ 0.0023 ´ 0.109) clones originating in central cells
given that 556 clones were induced in the meristematic

cells. The number of clones induced in the central cells of
this population (approximately 10) therefore represents
a 70-fold excess over the number expected. This excess of
central cell clones is similar to the excess number of
initial clones that were found.

Central cells can divide to replace initial cells of the
columella, pericycle or stele. Serial sections through all of
the clones induced in this study revealed that ®ve
included central cells. These clones demonstrate that the
central cells of Arabidopsis divide and that they can
replace the adjacent initials. Three serial sections
through pericycle and stele initials, central cell and
columella initial zones, and diagrams showing the
longitudinal extent of each clone are presented in
Fig. 5. The interpretation of these clones is as follows
below.

Clone A9.2 includes a single central cell, 5 stele
initials above and extends into the meristematic stele.
The formation of A9.2 may have involved the transverse
division of a central cell with the upper daughter cell
subsequently undergoing longitudinal divisions to gen-
erate ®ve smaller stele initial cells. Each new stele initial
went on to give rise to a ®le of approximately 40 cells.
This was the largest clone in the population.

Clone G17.1 includes a single central cell, the
underlying columella initial and one cell in the tier
below the initial. The formation of this clone may have
involved a transverse division in a central cell producing
a daughter cell that replaced the columella initial below.
The daughter then divided once as a columella initial.

Clone I3.1 includes a single central cell, two colum-
ella initial cells, two cells in one columella ®le and a
single cell in an adjacent ®le. The formation of clone
I3.1 may have involved a transverse division in a central

Fig. 5. Clones including the central cells.
Serial transverse (5 lm) sections through
the pericycle and stele (A), central cells
(B) and columella initials (C ) of roots
containing central cell clones. The GUS-
expressing cells that are part of the clone are
ringed by a black dotted line. Lateral root
cap/epidermis clones are also visible in each
section. The longitudinal extent of clones
that include the central cells is indicated in
the diagrams above the sections. These
clones indicate that the daughter cells of
central cells (resulting from division in the
four cells of the quiescent centre) can replace
the initials of the stele, pericycle and
columella
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cell, the basal derivative becoming a columella initial,
which then divided longitudinally to form another
initial. One initial then underwent a further round of
cell division to form a single daughter cell, while the
other underwent two rounds of cell division to form two
daughter cells.

Clone O2.5 includes a central cell and two ®les of
pericycle above it. A central cell divided transversely, the
upper cell then divided longitudinally, forming initials of
the pericycle and stele. Each initial gave rise to a ®le of
25 cells.

Clone O33.2 includes a central cell, the columella
initial below it and a single columella cell below the
initial. The clone extends above the central cells includ-
ing two initial cells and continues into the stele. The
development of this clone may have involved a longitu-
dinal division of a central cell to form a marked pair.
One of these central cells then divided transversely to
form a columella initial that divided once more to
produce a columella cell. The other central cell divided
transversely to form a stele initial. This initial subse-
quently formed a packet of cells that extended into the
stele.

These clones indicate that cells derived from central
cells can give rise to stele, pericycle and columella cells.
Our small sample size means that it is not possible to say
if the division of central cells can also give rise to cells in
the lateral root cap/epidermis and cortex/endodermis
lineages.

Initial cells are replaced. The lifetime of initials can be
estimated from clones including initial cells. As de-
scribed above, only half of the clones induced in initial
cells will include the initial cell. The displacement of
these clones from their original position reveals replace-
ment of initial cells. As the functional GUS gene can be
inherited by either daughter cell, only half of the clones
induced in the lateral root cap/epidermal initial include
the initial. These can be recognised as they include both
tissues. Any clone including both lateral root cap and
epidermis that does not include the current initial must
be the result of an initial cell displacement event. Of the
90 identi®ed lateral root cap/epidermis initial clones, 63
include both cell types but do not include the initial.
Therefore 70% (63/90) of the lateral root cap/epidermal
initials in which clones were induced were displaced by
replacement of the initial. This suggests that of the 16
lateral root cap/epidermis initials in a root, about 11.2
(0.7 ´ 16) are replaced during the 48 h following heat
shock.

Since cell division is restricted to the initial cell of the
columella (Dolan et al. 1993) all clones are induced in
the initial. If initials were being displaced, then more
than the predicted 50% of clones induced in the initial
would be displaced. The deviation from 50% displace-
ment provides a measure of initial instability. Of a total
of 80 columella clones, 55 do not include the initial (this
is three standard deviations greater the expected number
(40), P < 0.0025). The estimated number of displaced
initials is 15 (55±40), therefore 37.5% (15/40) of the
columella initials that inherited active GUS were

displaced. Of the 12 columella initials, approximately
4.5 (0.375 ´ 12) are replaced during the 48 h growth
between heat shock and GUS staining.

In the endodermal/cortex lineage of a total of 23
clones that were induced in initial cells, 14 clones did not
include the initial. In half of the excision events the
functional GUS is inherited by the daughter that does
not remain the initial; therefore, 11.5 (50% of 23) is the
expected number of clones which would not include
the initial. The observed number of clones not including
the initial is 14, a deviation of 2.5. This is just over one
standard deviation from the expected value
(P = 0.3174) and consequently not signi®cant. A small
proportion of cortex/endodermis initials may be re-
placed but the numbers of initial clones in this popula-
tion is not large enough to allow detection.

From this population of clones it appears that the
lateral root cap/epidermis initial and columella initials
are unstable but there is no evidence that the endoder-
mis/cortex initials are replaced. The frequency of
replacement of the lateral root cap/epidermis and
columella initials appears high: 70% and 37.5% of
initials, respectively, were replaced in the 48 h between
heat-shock and GUS staining. However, the large
numbers of clones induced in the initials and the central
cells in this population may re¯ect an increase in the
division rates in cells of heat-shock-treated roots. This
may lead to increased replacement of initials by adjacent
initial and central cells. Approximately 70 times more
initial and central cell clones were observed than were
expected on the basis of previous estimates of relative
rates of cell division in the root. If this re¯ects a similar
increase in cell division rates and a similar increase in the
rate of replacement of initials, the rates of replacement
observed here would indicate 0.16 (1/70 ´ 11.2) lateral
root cap/epidermis initials replaced per 48 h (or one over
13 d) and 0.064 (1/70 ´ 4.5) columella initials replaced
per 48 h (or about one over 31 d). Thus, a number of
lateral root cap/epidermal initials might be replaced over
the life of a meristem. The columella and cortical/
endodermal initials are more stable and probably exhibit
little turnover in the life of an individual meristem.
Therefore, the initials of di�erent cell types are replaced
at di�erent rates.

Successive invasions occur in some lineages of the root.
Cell layer invasions occur when a daughter cell occupies
a di�erent cell layer from the mother cell. A subset of
such invasions could be identi®ed in this population as
clones that included two or more cell types that did not
share a common initial. Potential invasions can be
divided into two distinct classes ± those involving a
single invasion event (small invasions) and those clones
that span more than two tissue layers (large invasions).
Three clones were found to include pericycle and
adjacent stele cells. This suggests that these two cell
types may be derived from the same mother cells. Three
further small invasions were observed but will not be
discussed further because their low frequency does not
allow us to distinguish between genuine invasions and
chance Ds excisions in adjacent cells.
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Large invasions represent an unusual pattern of cell
division that may be due to a speci®c underlying event.
Five clones that span more than two cell layers were
found among the population of 849 clones. It is unlikely
that these represent ®ve multiple adjacent excision
events. Transverse sections through the clones are shown
in Fig. 6 and schematic representations of both the
radial and longitudinal extent of the clones are shown in
Fig. 7. The clones have three features in common,
suggesting that each is due to a similar event: (i) 48 h
after induction, all are located outside the meristem
(displacement from the central cells ranges from 525 to
2105 lm; (ii) all clones are about the same length,
ranging from 10 to 13 cells long; and (iii) all probably
start in the endodermis or cortex since the basal region
of the clones includes endodermis and cortex. A striking
feature of these large invasions is that there is neither a
concomitant increase in cell ®le number per cell layer nor
is gross cellular disorganization observed in regions of
the root occupied by such clones. This is particularly
striking in clones N23.1 and A30.3.

Discussion

Results presented here demonstrate that the central cells
of Arabidopsis can act as stem cells for the root. Like the
shoot initials the root initials are unstable, demonstrat-
ing that even in a highly organized meristem, variation
in cell division patterns does occur.

Instability in the root meristem. The size and distribution
of clones described in this study show that some of the
root initials are unstable. Shoot meristem initials are
also unstable (Furner and Pumfrey 1992), with about
10% of initial clones lost from the shoot apical meristem
each plastochron. The plastochron in Arabidopsis is
1±2 d (Pyke et al. 1991), indicating that the lifetime for
shoot initials is about 10±20 d. This can be compared to

lifetimes of approximately 31 d for columella initials and
13 d for lateral root cap/epidermal initials.

Reports on the e�ect of environmental factors on
initials suggest that the lifespan of initials is variable. In
maize the initials of the root cap are replaced in response
to changes in temperature (Clowes and Wadekar 1989).
In Vicia faba, cells from the quiescent center (QC)
replace all the initials after exposure to radiation
(Clowes 1961; Davidson 1961). Results reported here
suggest that a heat shock of as little as 37 °C for 30 min

Fig. 6. Clones including successive invasion
events. Transverse sections (20 lm thick)
through the clones A30.3, A40.1, L5.1, N4.1
and N23.1 show the radial extent of clones

Fig. 7. Representations of the radial and longitudinal extent of the
clones (shaded) including successive invasion events. The upper
diagrams show the radial extent of the clones, and the distance of
the basal-most cell of the clone from the central cells is indicated. The
lower schematic shows the longitudinal extent of the clones in each cell
layer: E, epidermis; C, cortex; En, endodermis; P, pericycle; S, stele.
Each box corresponds to one cell. If the clone includes more than one
cell per tissue layer, the number of cells in the tissue layer is indicated
in the boxes
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may increase the division rate and the rate of replace-
ment of initials. In maize and Vicia the initials are
replaced by the daughter cells of the QC. Clones
described in this paper show that this can also happen
in the Arabidopsis root. As suggested by Barlow (1978)
the QC could act as the ultimate source of cells for the
whole root though their actual contribution may vary
depending on the environment.

The central cells are stem cells for the root. Results
presented here show that the initial cells of the root are
periodically replaced ± probably by the daughter cells of
a central cell division. The central cells of the root are
therefore analogous to the initials of the shoot meristem
± few in number and acting as stem cells. The criteria by
which stem cells are de®ned vary but commonly include:
mitotic quiescence, self renewal, asymmetric divisions
producing one initial daughter and one daughter that
remains a stem cell, and the ability to clonally regenerate
the entire adult tissue of the organ to which they belong
(Barlow 1978). The four central cells of Arabidopsis have
been shown to be mitotically quiescent (Dolan et al.
1993; Fujie et al. 1993). Clone O33.2 (Figs. 5, 6)
illustrates self renewal; two daughter cells were pro-
duced, both of which remained central cells. The
divisions of the central cells are mainly asymmetrical,
producing one daughter that replaces an initial and
another daughter that retains the properties of a stem
cell, remaining part of the quiescent center. The clones
illustrate that dividing central cells can replace the
adjacent initials of at least the columella, the stele and
the pericycle. As the sample consisted of only ®ve clones,
replacement of the cortical/endodermal or lateral root
cap/epidermal initials cannot be ruled out. It is possible
that the central cells of Arabidopsis can re-populate the
entire meristem, as observed in the quiescent centers of
maize (Feldman and Torrey 1976) and Vicia faba
(Davidson 1961). The role of the central cells may
include the replacement of initial cells after environmen-
tal damage or at the end of a limited life span as initials.

Positional information. The instability of initials, and the
variation in the pattern of cell divisions of both
meristematic and central cells, suggests that the fate of
a root cell is independent of its lineage. If this were not
the case then these rare ``aberrant'' divisions would
distort the pattern of cell di�erentiation. There is no
evidence for this being the case since the morphology of
cells in all the clones including invasions is normal. This
is in agreement with the demonstration of a role for
positional information in the speci®cation of cell fate in
roots, i.e. it is the position of a cell relative to its
neighbors that directs fate (van den Berg et al. 1995,
1997; Berger et al. 1998). Cell divisions in the meristem
may be seen as adding to a population of cells that
respond to a pre-existing homeostatic pattern originally
set up in the embryo. A similar plasticity is maintained
in shoots (Pouteau et al. 1997). The adoption of ®ve
di�erent cell fates by descendants of a single cell (clone
A30.3, N23.1, Fig. 7) re¯ects an extreme, though not
unexpected plasticity. What is unexpected is that the

descendants of a single cell ®nd themselves in such a
wide range of positions in the root without disrupting
the stereotyped cell ®le pattern.

These clones may be the result of extensive reorga-
nization of the initial region with derivatives of a single
cell replacing several initial cells in adjacent cell layers.
The initial clones indicate that initial replacement is rare
and no evidence was found for replacement of the
endodermis/cortex initial. Endodermis or cortex cells are
included in all these clones so this suggests that their
formation was not part of a normal round of initial
replacement but a singular occurrence, perhaps in
response to heat shock. Alternatively, a possible mech-
anism for the formation of large invasions is one of
intrusive growth.

Intrusive growth. The large invasions described demand
that a mechanism must exist in the root allowing cells to
invade adjacent tissue. Such invasions may result from a
form of intrusive growth similar to that described for
developing ®bre cells. The fusiform initials that give rise
to ®bres are shorter than the mature cells and this
di�erence is due largely to growth that takes place at the
tips of the growing cells. Since many adjacent cells
develop as ®bres it can be concluded that they must each
grow past each other as opposed to sliding (Sinnott and
Bloch 1939). Intrusive growth is a process in which new
wall deposition is localized to a particular region of the
cell surface and results in the insertion of a growing cell
between two adjacent cells (Wenham and Cusick 1975).
It is accompanied by the separation of adjacent cells
walls of neighboring cells. The formation of the `large
invasion' class of clones could be due to intrusive growth
of a cell into a neighboring cell layer, accompanied by
cell division in which the new cell plate is aligned to
recreate the original invading cell and a new daughter in
the next cell layer.

The population of clones represents about 8000 cell
divisions occurring between 3 and 5 d after germination;
1/1600 of these divisions gave rise to large invasions.
This suggests large invasions were relatively frequent in
this population of roots. The trigger for a cell to undergo
intrusive growth may be the sudden release of wall
pressure that would accompany damage to or death of a
neighboring cell. The invading cell would then occupy
the space previously occupied by the corpse, and this
would explain the lack of cell pattern disruption that
characterizes the invasions described here. It has been
shown that the arti®cially induced death of a cell (by
laser ablation) is accompanied by the invasion of the
vacated space by an underlying cell which undergoes a
cell division immediately afterwards (van den Berg et al.
1995; Berger et al. 1998).

If this explanation for invasions were correct, inva-
sion frequency would then re¯ect the frequency of cell
deaths that occur in the root, which may be higher in
heat-shocked roots. This explanation does not take into
account the fact that large sectors are present in more
than two tissue layers. It is possible either that large
clones are formed when cell death occurs in two adjacent
cells layers or that invasion of one layer (in response to a
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death) is followed directly by the invasion of an adjacent
layer.

Conclusion. Clowes (1961) describes root apical meris-
tems as divided into two classes ± `open' and `closed'.
Open meristems are those in which the apex of the root
contains no clearly de®ned layers of initials, and cell
division patterns appear random. In `closed' meristems a
clear pattern of cell divisions is visible with each tissue
layer terminating in a discrete set of initials surrounding
the QC. The Arabidopsis root is an example of a closed
meristem ± with a clear set of initials for each tissue type
and a minimally sized QC of four central cells. With
each tissue layer composed of a single layer of cells any
changes in the pattern of divisions would clearly disturb
the pattern of tissues and may disrupt root function.
However, evidence presented in this paper shows that
even in Arabidopsis, variations in cell division patterns
do occur, and when they occur they do not disrupt the
root anatomy. Maybe this is to be expected as plants are
limited in their ability to avoid environmental damage so
must be able to repair damage as it occurs. That changes
to the typical division patterns did not cause disruption
of the tissues is testimony to the presence of a robust
positional patterning system in the root meristem.

C.K. was funded by the John Innes Foundation. L.D. and K.R. are
funded from a grant in aid from the BBSRC.

References

Barlow PW (1978) The concept of the stem cell in plant growth and
development. In: Lord BI, Potten CS, Cole RJ (eds) Stem cells
and tissue homeostasis. Cambridge Univ. Press, pp 87±113

Berger F, Haselho� J, Schiefelbein J, Dolan L (1998) Positional
information in root epidermis is de®ned during embryogenesis
and acts in domains with strict boundaries. Curr Biol 8: 421±
430

Brum®eld RT (1943) Cell lineage studies in root meristems by
means of chromosome rearrangements induced by X-rays. Am
J Bot 30: 101±110

Clowes FAL (1961) E�ects of b-radiation on meristems. Exp Cell
Res 25: 529±534

Clowes FAL, Wadekar R (1989) Instability in the root meristem of
Zea mays L. during growth. New Phytol 111: 19±24

Davidson D (1958) Changes in the chromosome complement of
cells of Vicia faba roots following irradiation. J Exp Bot 10:
391±398

Davidson D (1961) Mechanisms of reorganization and cell repop-
ulation in the meristems of roots of Vicia faba following
irradiation and colchicine. Chromosoma 12: 484±504

Dean C (1992) Arabidopsis the compleat guide. http://genome-
www.stanford.edu/Arabidopsis/comguide.html

Dermen H (1947) Periclinal cytochimeras and histogenesis in
cranberry. Am J Bot 34: 32±43

Dolan L, Janmaat K, Willemsen V, Linstead P, Poethig S, Roberts
K, Scheres B (1993) Cellular morphology of the Arabidopsis
root. Development 119: 71±84

Feldman L, Torrey J (1976) The isolation and culture in vitro of the
quiescent center of Zea mays. Am J Bot 63: 345±55

Fujie M, Kurowia H, Suzuki T, Kwano S, Kuroiwa T (1993)
Organelle DNA synthesis in the quiescent centre of Arabidopsis
thaliana (Col.). J Exp Bot 44: 689±693

Furner IJ, Pumpfrey JE (1992) Cell fate in the shoot apical
meristem of Arabidopsis thaliana. Development 115: 755±764

Greenblatt IM (1974) Movement of modulator in maize: a test of an
hypothesis. Genetics 77: 671±678

Keller J, Lim E, James DW, Dooner HK (1992) Germinal and
somatic activity of the maize element Activator (Ac) in
Arabidopsis. Genetics 131: 449±459

Newman IV (1965) Pattern in the meristems of vascular plants III.
Pursuing the patterns in the apical meristem where no cell is a
permanent cell. J Linn Soc (Bot) 59: 18±214

Pouteau S, Nicholls D, Tooke F, Coen E, Battey N (1997) The
induction and maintenance of ¯owering in Impatiens. Devel-
opment 124: 3343±3351

Pyke KA, Marrison JL, Leech RM (1991) Temporal and spatial
development of the cells of the expanding ®rst leaf of
Arabidopsis thaliana. J Exp Bot 42: 1407±16

Scheres B, Wolkenfelt H, Willemsen V, Terlouw M, Lawson E,
Dean C, Weisbeek P (1994) Embryonic origin of the Arabid-
opsis primary root and root meristem initials. Development 120:
2475±2487

Sinnott EW, Bloch R (1939) Changes in intercellular relationships
during the growth and di�erentiation of living plant tissues. Am
J Bot 26: 625±634

Steeves T, Sussex I (1989) Patterns in plant development, 2nd edn.
Cambridge University Press

van den Berg C, Willemsen V, Hage W, Weisbeek P, Scheres B
(1995) Directional signals determine cell fate in the Arabidopsis
thaliana root meristem. Nature 378: 62±65

van den Berg C, Willemsen V, Hendriks G, Weisbeek P, Scheres B
(1997) Short-range control of cell di�erentiation in the Arabid-
opsis root meristem. Nature 390: 287±289

Wenham MW, Cusick F (1975) The growth of secondary wood
®bres. New Phytol 74: 247±262

C. Kidner et al.: Clonal analysis of the Arabidopsis root 199


