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Summary

Precise knowledge of spatial and temporal patterns of cell
division, including number and orientation of divisions,
and knowledge of cell expansion, is central to
understanding morphogenesis. Our current knowledge
of cell division patterns during plant and animal
morphogenesis is largely deduced from analysis of clonal

in the central zone (CZ). Cell division rates in the CZ are
relatively heterogeneous when compared with PZ cells. We
have analyzed the cell behavior associated with flower
primordium development starting from a stage at which
the future flower comprises four cells in the L1 epidermal
layer. Primordium development is a sequential process

shapes and sizes. But such an analysis can reveal only thelinked to distinct cellular behavior. Oriented cell divisions,

number, not the orientation or exact rate, of cell divisions.
In this study, we have analyzed growth in real time by
monitoring individual cell divisions in the shoot apical
meristems (SAMs) of Arabidopsis thaliana The live
imaging technique has led to the development of a spatial
and temporal map of cell division patterns. We have
integrated cell behavior over time to visualize growth. Our
analysis reveals temporal variation in mitotic activity and
the cell division is coordinated across clonally distinct
layers of cells. Temporal variation in mitotic activity is not
correlated to the estimated plastochron length and diurnal
rhythms. Cell division rates vary across the SAM surface.
Cells in the peripheral zone (PZ) divide at a faster rate than

in primordial progenitors and in cells located proximal to
them, are associated with initial primordial outgrowth. The
oriented cell divisions are followed by a rapid burst of cell
expansion and cell division, which transforms a flower
primordium into a three-dimensional flower bud. Distinct
lack of cell expansion is seen in a narrow band of cells,
which forms the boundary region between developing
flower bud and the SAM. We discuss these results in the
context of SAM morphogenesis.

Movies available online
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Introduction to produce the cells that comprise the aboveground plant parts.

One of the challenges in both animal and plant developmentd'® SAM is a multilayered structure consisting of three
biology is to understand the cellular basis of pattern formatiorionally distinct layers of cells. The outermost L1 and the sub-
Detailed understanding of the dynamic patterns of Ce|fgp|dermaI_L2 are single I_ayers in which anticlinal d_|V|S|ons
division, both of number of divisions and their orientation in @0¢Cur, while the underlying corpus forms a multilayered
developing field is central to understanding morphogenesgructure with cell division in perlcllnal' as we]l as anticlinal
(Meyerowitz, 1997). It has become clear over the years that ti#anes (Steeves and Sussex, 1989). Within this framework, the
task of recording a dynamic spatio-temporal pattern of cefpAM can b.e divided into cytological zones, where the central
behavior is not trivial (Steeves and Sussex, 1989)one (CZ)is at the very apex, the peripheral zone (PZ) is on
Morphogenetic studies on the wing disc Dfosophilaand  the S|de_s, and the rib meristem (RM) is in the central part of
lateral organs in plants have employed lineage analysis afi@e meristem. The CZ has been thought to harbor a set of
subsequent comparison of clonal shapes and sizes to infer délfials, which divide and displace their daughters into the PZ,
behavior (Dolan and Poethig, 1998; Gonzalez-Gaitan et aWwhere they are incorporated into the primordia of leaves and
1994; Resino et al., 2002). A recent studyAmtirrhinumpetal ~ flowers at defined locations. Starting just after germination, the
lobe development has utilized inferred cell behavior fronfirst four leaves are formed as opposite pairs, and then
clonal analysis to generate growth models (Rolland-Lagan éubsequent leaves and flowers are formed in a spiral pattern
al., 2003). But the direct experimental determination of cellith an angle close to 137.5etween consecutive primordia
behavior, in real time and in a morphogenetic context i§Callos et al., 1994). The SAM retains a nearly constant size
generally lacking in both animals and plants. from germination to senescence, despite a constant flux of cells
The shoot apical meristem (SAM) 8fabidopsis thaliana from the meristem to newly established lateral organs and
presents an elegant system for the study of cell behavior inumderlying stem. Thus the SAM has to coordinate two
morphogenetic context. The essential function of the SAM igtndependent but related functions, first to ensure a constant cell
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number in different regions of the SAM, and at the same timpredicted the number of initial cells for both the leaf and flower
to allow cells in defined locations to differentiate and becoméormation (Irish and Sussex, 1992; Bossinger and Smyth,
part of primordia. A tight coordination between cell division 1996). Although all these studies have yielded insights at
and displacement of the progeny, both within and acrosseveral levels, a comprehensive dynamic view of cell behavior
clonally distinct layers of the SAM, has been proposed to beia lacking.
major factor in regulating the size of the SAM and in In this study we have analyzed cell division patterns in living
generating the radial pattern of the shoot apex (Meyerowitand actively growing wild-type SAMs @éfrabidopsis thaliana
1997). In plants, such a coordination must be achieve®ne of the major challenges in observing cells in living SAMs
predominantly through controlled patterns of cell divisionhas been the accessibility of these cells, as they are shrouded
and expansion, as common animal mechanisms such bg developing primordia. We have designed a live-imaging
programmed cell death and cell migration do not operateechnique based on confocal microscopy and have employed a
during SAM morphogenesis. variety of cell division and cell structure markers to observe
Genetic studies have revealed signaling mechanisntll division and cell expansion in real time. We have used the
involved in meristem maintenance. Mutations GhAVATA time-lapse imaging data to reconstruct events in time
(CLV) genes CLV1, CLV2 and CLV3 result in larger by utilizing image registration algorithms to visualize
meristems, while mutations WUSCHEL (WUSjesult in a morphogenesis in relation to cell behavior. Finally, we have
failure to maintain a functional meristem (Clark et al., 1993jncorporated time-lapse data to serially reconstruct lineages in
Clark et al., 1995; Laux et al., 1996; Kayes and Clark, 1998yeal time. Our analysis reveals that distinct cell behavior is
Several studies have contributed to a model involving positivassociated with different stages of primordium morphogenesis.
and negative feedback loops to maintain meristem size (Clakife show that the amount of cell division is comparable across
et al., 1997; Mayer et al., 1998; Fletcher et al., 1999; Brand successive primordial regions. Oriented cell divisions, in
al., 2000; Schoof et al., 2000). The function of WUS, aprimordial progenitors and in cells located proximal to them,
homeodomain transcription factor, is required to maintains associated with initial primordial outgrowth, followed by a
a constant stem-cell pool in the CZ and at the same tim@pid and coordinated burst of cell expansion and cell division
CLV1, a receptor kinase, and CLV3, a small secreted proteino transform this extension into a three-dimensional flower bud.
function to repress WUS activity. The function of SHOOT This study provides a dynamic spatio-temporal analysis of cell
MERISTEMLESS (STM) adds another layer of regulation indivision in SAMs that can form a basis for future quantitative
SAM establishment and/or maintenance (Long et al., 1996%tudies of meristematic cell behavior.
stmmutants fail to develop a functional SAM, and STM has
been proposed to function in maintenance of cell proliferatior')vI .
by repressing genes suchASYMMETRIC LEAVES1 (AS1) aterials and methods
which are specific to developing leaves at the periphery (Byrngansgenic lines and growth conditions
et al., 2000). Auxin distribution has been shown to mediate thehe plasmids harboring plasma membrane marker 35S::YFP29-1 and
placement of primordia within the PZ (Reinhardt et al., 2003b)35S::H2B:mYFP (gift from Jim Haseloff, University of Cambridge)
These studies demonstrate a role for short-range signalimgere introduced into the Landsbeegecta ecotype by the floral
between adjacent groups of cells, both within and acro<4P method (Clough and Bent, 1998). Primary transformants were

clonally distinct layers of cells. Understanding how these®lécted and screened for uniform and strong expression.
signaling mechanisms interface with cell division pattern omozygous plants showed brighter fluorescence than heterozygous

: tral t derstandi ist int ants and were more suitable for time-lapse imaging. In the case of
IS central 10 understanding mernistem maintenance angss.op:myFp, the homozygous insertion line grew poorly

morphogenesis. . , . compared with heterozygous siblings. Heterozygous plants were
Our knowledge of cell division patterns in SAMs is limited, therefore used for time-lapse imaging. The cyclinB1;1:GFP (BJ3)
though it has been a subject of intense analytical investigatiafonstruct is in the Columbia ecotype and was generated by replacing
since early in the last century (Steeves and Sussex, 1988eB-glucuronidase coding region in the original construct described
Meyerowitz, 1997). Early studies based on cytologicakarlier (Colon-Cormona et al., 1997) with a GFP-coding region (Peter
appearance and also on counts of mitotic figures in differefoerner, personal communication). All plants grown either on soil or
regions of the SAM have reached a broad consensus that céllsPlates were maintained in continuous light and at 2&.20
in the CZ divide more slowly than cells in the PZ. Efforts have jye jmaging

also been made to record cell behavior in living shoot apicgs -
. . : ants were germinated on MS-agar plates and allowed to grow for
(Ball, 1960; Soma and Ball, 1964). These studies did revealy gays before they were transferred into clear plastic boxes

cell displacement patterns but visualized only epidermal cellgontaining MS-agar. The plants were maintained in aseptic conditions
The studies on the surface expansion of the SAMs have yield@éltil bolting. Upon bolting, when the shoot apex emerged out of the
quantitative description of cell expansion behavior (Hernandemsette, the plants were prepared for time-lapse imaging. The MS-agar
et al., 1991; Dumais and Kwiatkowska, 2002; Kwiatkowskasurface was overlaid with 1% agarose to minimize contamination. The
and Dumais, 2003; Kwiatkowska, 2004). A comprehensiv@'def floral buds were carefully remov_e_d or spaced_out in order to
morphometric analysis ilrabidopsis thalianshas revealed €xPose the SAM. The rosette was stabilized by applying 1.5% molten
spatial patterns of mitotic activity in different regions of thea_garolse onto rt]he stem. FM4-64 (@/ml), when used, was applied
SAMs (Laufs et al., 1998). A recent in-vivo study in directly onto the SAM 30 minutes prior to imaging.

Arabidopsis thalianabased on optical imaging, has revealedMicroscopy and image processing

the effects of anti-mitotic drugs and DNA synthesis inhibitorspjants were imaged by using a Zeiss 310 or Zeiss 510 upright confocal
on differentiation and morphogenesis at the shoot apeicroscope using a 63water dipping achroplan lens, which has a
(Grandjean et al.,, 2003). Sector boundary analysis hagorking distance of 2 mm. Plastic boxes were filled with water to
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submerge the plant prior to each imaging session, which lasted ftransition, and can be used as a marker for cells about to enter,
30 seconds to 1 minute. The water was then discarded and the plaots in the process of, division (Fig. 3A,B) (Peter Doerner,
were returned to normal growth conditions. This process was repeatggérsonal communication). Monitoring the duration of M phase
for imaging intervals as described for individual experiments. YFR the cell cycle of SAM cells by using 35S::H2B:mYFP shows
was stimulated with an argon laser at 514 nm at 25-50% of its outpul, 54 jt |asts for less than an hour (Fig. 1G,H). This dictated that
and by using neutral density filters at 4-7% to attenuate the laser lir}fﬁe time-lapse intervals used should be 1’_1 5 hours. in order to

The emission was filtered by using a 530-590 nm band-pass filter. TH . A - .
confocal Z-stacks across time points were aligned by using a mul‘ﬁt-(i:"mIfy all the dividing cells over a period of time. In the case

modality image registration program, MIRIT, which utilizes Of the plasma membrane marker, the cell division event could
information theory to maximize mutual information across imagePe scored as late as 12 hours (Fig. 1A,B) after the event and
stacks to register at sub-pixel resolution (Maes et al., 1997). Thaence our time-lapse interval was 3 hours, 6 hours or 12 hours
registered stacks were reconstructed in three dimensions, rendeieddifferent sets of experiments. The SAM is a dome-shaped
and animated to play continuous movies by using either the Zeisaultilayered tissue consisting of three clonally distinct layers
LSM3.2 or VOLOCITY software (Improvision). The cells in the L1 of cells. We tested whether it was possible to identify cell
layer, located at various depths on the curved surface, were projectgfision events in all three layers. It is possible to identify cell
onto a single reconstructed view by using maximum intensityyiision events in all the cells in the L1 layer (Fig. 1A,B) and
projection in the VOLOCITY software (Improvision). in the L2 layer (Fig. 1C,D), and cells located in the corpus (Fig.
Validation of the technique 1E,F). The floral stages were defined based on morphological

The older flower buds were removed prior to imaging and the planfe/iteria; the'V|S|bIe bulge on the meristem flank is c'on5|dered
were imaged repeatedly at regular intervals. The following criterid® be P1 (Fig. 1J K) and the extension of the bulge in the X-Y
were used to assess the performance of plants in our imagigimension and appearance of the first sign of a groove between
conditions. Dissecting early-stage floral buds can result in desiccatiothe primordium and the meristem is considered to define P2
and such plants were easily recognized and removed frorfFig. 1K,L).

experiments. The vertical growth of the plant was measured at the end

of each imaging session by recording the growth in the Z-axis. Th@emporal variation in mitotic activity

plants that stopped growing were not imaged thereafter. The planfs ihe SAM, the CZ is thought to harbor slowly dividing initials
that continued to grow but exhibited a gradual and contmuougmd their progeny cells, which can be displaced into the PZ

decrease in both the SAM size and the total number of cells we eh th diff tiat duci . di
excluded from the analysis. That the conditions used allowed norm ere they aifierentiate, producing an organ primordium

meristematic activity was indicated by the following: in all the plants2PProximately every 24 hours (Smyth et al., 1990). The
analyzed, no deviation from clonal restriction of cell division patterngdmounts of cell division were quantified as a function of time
in the L1 layer was noticed and the cells continued to dividdrom a time-lapse series of individual plants imaged at 6 hours
anticlinally. As in earlier studies, cells in the PZ divide at a faster rater 12 hours, or 1 hour and 15 minute intervals (Fig. 2A,B,C).
than cells in the CZ. Two studies involving noninvasive sectorAll the cells located in the meristematic dome were considered,
boundary analysis have shown that the lateral sepals are raredcluding the ones located in organ primordia from P2 onward.
sectored (Bossinger and Smyth, 1996; Furner and Pumfry, 1993). The The mitotic activity within a SAM is not uniform across

sector configurations of flower buds observed in this study correspoRfine  The SAM exhibits periods of relatively rapid cell

well with the configurations obtained in noninvasive methods. They. .. : . . S S
cell expansion behavior observed at the boundary regions mirrors tgéwsmns interspersed with periods of low mitotic activity. Cell

cell expansion behavior described during the partitioning of lea vision aCt"."tY In Ll.’ L2 and corpus ;how_ed .Coorc.“natEd
primordium from the SAM imAnagallis arvensigkwiatkowska and ~ temporal variations (Fig. 2C). For plants in which imaging was
Dumais, 2003). The total duration of imaging varied with the imaging?0ssible for up to 6 days, the low and peak periods of activity
intervals, so that when shorter intervals such as 1-1.5 hours andc®uld be clearly resolved (Fig. 2A, SAM1, Fig. 2B, SAM5).
hours were used, the plants were imaged no more than 40-66 hodrkese plants did not show six peaks of mitotic activity that
(n=11 plants). With longer observation intervals such as 6 hours angould approximately correspond to six plastochrons. This

12 hours, imaging was performed for 72%) to 144 hoursn&2). suggests that the pulses of mitotic activity are not correlated
with the times when each of the primordia arises. Additional
Results ob_servations of transient peaks of cell division rate were made
(Fig. 2A, SAM3, SAM4), but these plants were not followed
Fluorescent markers to visualize cell division and for a long enough period to see multiple activity peaks. It has
expansion been reported that cell division activity is subjected to diurnal

Yellow fluorescent protein (YFP) tags, expressed fronvariations (Lyndon, 1998). We did not detect any striking
promoters active everywhere in the SAM were used tdliurnal variations in time-lapse experiments performed with
visualize cell division and expansion patterns. Plasmahort intervals (Fig. 2C). Therefore the differential mitotic
membrane-localized YFP (35S::YFP29-1) represents an EYF&ttivity appears to be uncoupled both from the temporal
version of 35S::GFP29-1 described earlier (Cutler et al., 20003equence in which each primordium is specified and also from
The fusion protein is targeted to the plasma membrane and cdiurnal rhythms, in plants grown under continuous light.

be used effectively to score for cell division events (Fig. 1A,B). In order to test whether the apparent variations are in part
mYFP fused to Histone2B (35S::H2B:mYFP) has been showdue to the markers used, a cyclinB1;1:GFP construct was
to localize to chromatin and hence can be used to monitaised to visualize mitotic cells at various time points.
nuclear divisions (Fig. 1G,H) (Boisnard-Lorig et al., 2001). ACyclinB1;1:GFP expression dynamics in SAMs were
third marker is CyclinB1;1:GFP, which represents a GFRletermined by counter-labeling cyclinB1;1:GFP shoot apices
fusion to arArabidopsiamitotic cyclin expressed under its own with FM4-64, a water-soluble lipophilic dye, to visualize cell
promoter. The fusion protein is expressed in cells in the G2-Mivisions. In an individual cell cyclinB1;1::GFP is seen as a
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Fig. 1.Cell division markers. (A-F) 35S::YFP29-1
expression in different clonal layers of SAMs.

(G-H) 35S:H2B:mYFP expression in reconstructed L1
layer. (A,C,E,G) The first time points (0 hour) and
(B,D,F,H) represent the same SAMs after the elapsed
time indicated on top right-hand corner of each panel.
(A,B) The reconstructed Z-series revealing all the celld
in the L1 layer. Primordia at different stages of “1.2-8uM
development are marked as P1, P2, P3. Arrows indicalg
the same cells prior to and after division. (C,D) Cells i E
the L2 layer (§um deep); the arrow points to cell

division events. (E,F) Cells in the corpus (it deep);

the arrows point to cell division events. (G,H) The N

reconstructed images of the L1 layer expressing X
35S::H2B:mYFP. Arrows in G indicate cells in division,

and arrows in H are the same cells after an hour, Corpus-12uM “Corpuis-12uM

showing decondensed chromatin after completion of
mitosis. (I-L) Reconstructed views of different growth €]
stages of the same SAM after 24-hour intervals. The
earliest visible bulge on the meristem flank is
considered as stage P1 (J,K). The extension of the bu
in thex/y axis and the appearance of a first sign of a
groove between the SAM and the primordium is
considered stage P2. Scale barpgt

bright nuclear label prior to division (Fig. 3A). It then division activity was observed during both the low (Fig. 4A)
accumulates as a thin line, resembling chromatin at thand the peak (Fig. 4C) phases. Within this global uniform
metaphase plate (Fig. 3B). An hour later cyclin:GFPdistribution, however, adjacent cells located in a discrete spatial
expression disappears, with concomitant appearance of d@main can divide simultaneously or within a short time frame,
new cross-wall (Fig. 3C). Several plants were tested fosuggesting a role for local signals in communicating cell
cyclinB1;1:GFP expression, and a wide range in the number diivision information within a layer (Fig. 4A-C; Movies 1 and
cyclin-positive cells across different SAMs was observed (Fig2 at http://dev.biologists.org/supplemental).

3D-F). Plants with very few cyclin-expressing cells (Fig. 3D) Since the SAM is a dome-shaped structure, it is not possible
to intermediate (Fig. 3E) to high levels (Fig. 3F) wereto represent all the cells in the L2 and corpus in a single
observed. A similar variation in mitotic activity across plantsreconstructed two-dimensional image. Therefore integrated
has been reported in earlier studies (Laufs et al., 1998ata for 36 hours were projected onto the final time point using
Grandjean et al., 2003). Therefore it can be concluded that tloptical sections at different depths, as shown (Fig. 4D-G). There
observed temporal variation in mitotic activity is not due to thas a similar uniform distribution of cell division patterns in the

markers used, but represents real variation. L2 and corpus. However, a representation of mitotic activity
S o over 36 hours was not sufficient to calculate the mitotic index
Spatial distribution of cell division in primordial regions because it was not possible to determine

Primordia arise in a temporal sequence from definite locatiorthe boundaries of successive incipient primordial regions.
within the PZ. Therefore we represented the temporal sequentherefore, the lineage analysis was carried out on time-lapse
of cell divisions in space. To do this, time-lapse data werebservations spanning over 5 days in order to determine the
utilized to integrate every cell division event in successive 12sectors of the meristem that will ultimately become part of the
hour windows. These data were projected onto the final timgrimordium (Fig. 6A-E, following section). The cumulative
point to generate a spatial map of the mitotic progression imitotic index (CMI) was scored in successive 24-hour intervals,
the L1 layer (Fig. 4A-C). The striking feature in such ain sectors corresponding to the sites in transition from P-2 to P-
representation is that cell division is uniformly distributedl (Fig. 4H-J), P-1 to PO (Fig. 4H-J), from PO to P1, from P1 to
across the meristem, without any preference for the regiori®2 (Fig. 41 and J) and from P2 to P3 (Fig. 4J) and also in the
of primordial specification marked PO (the youngestintervening regions (IR) (Fig. 4H-J). The CMI is taken as the
primordium), P-1 (the position where the primordium after PGhumber of dividing cells over the total number of cells present
will form) and P-2. A few cells undergo a second round ofin individual sectors, over a 24-hour interval. The CMI
division within a 36-hour window (Fig. 4C-G, arrows). Time- corresponding to the respective stages was then integrated by
lapse data (144 hours) from four different plants were analyzealeraging the CMI observed in primordia of the same stage; this
and showed a similar distribution. No spatial preference of cellalue was projected onto the final time point (Fig. 4J; Table 1).
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Fig. 2. Temporal variation in mitotic activity in SAMs. (A) Raw data
on the number of dividing cells in the L1 layer of four different
SAMs (SAM1-SAM4) imaged at 6-hour intervals. In case of SAM2,
the data were analyzed only until interval 14 and in case of SAM3
and SAM4 only until interval 11. (B) Data from a plant imaged every
12 hours. (C) Comparison of cell division activity in the L1 layer
with that in the L2 layer and corpus of the same plant, imaged every
1 hour and 15 minutes. The number of cell divisions within each
time interval is presented. The time at the beginning of the
experiment and the cell division marker used are indicated in each
case. In each case, note the differencesaxis dimension, which
represents number of cell divisions.
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WSAM2-L1
OSAM3-L1
EWSAM4-L1
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in P3 and later stages can be visualized in continuous movies
(Movies 1 and 2 at http://dev.biologists.org/supplemental).
Similar bursts of cell division activity were observed in the L2
layer and corpus. In summary, the amount of cell division is
comparable in different regions of the SAM until P2 and then
a dramatic increase in cell division is observed in P3 and later
stages.

Cell cycle length

A combination of mitotic index and cell cycle length is
considered to be a good indicator of mitotic activity (Lyndon,
1998). Cell cycle length for every cell was calculated by
accounting for the time taken between successive divisions.
Ninety-six hours of time-lapse data were taken at 6-hour
intervals for this analysis. The frequency distribution revealed
a wide range of cell cycle lengths, ranging from between 12
and 18 hours to between 90 and 96 hours (Fig. 5D). However,

Such a dynamic integration of 72 hours of time-lapse datthe majority of the cells have a time between divisions of 12-
revealed that the mitotic index was comparable amon86 hours.
primordia at different stages of development, starting from P- We projected the data onto the meristem surface to get an
1 to P2. The average CMI for a 24-hour interval among thesdea of the relation between the spatial distribution of cells and
stages ranged between 67 and 73% (Table 1). However, theeir cycle time (Fig. 5A-C). Each of the colors represents a
CMI in these sectors in any single 24-hour window can rang@indow of cell cycle length. As expected, the cell cycle length
between 45 and 88%, depending on the incidence of active was shorter in cells located in the PZ compared with those in
relatively inactive phases of cell division in the SAMs. Thethe CZ. A majority of the cells in the PZ have a cell cycle
average CMI in regions located between these sectors alkngth of 18-36 hours. Adjacent cells tend to have similar cell
showed no significant deviation (Table 1, Table 2). Howeverycle lengths. Within the PZ, marginal differences in cell cycle
the transition from P2 to P3 is marked by a dramatic increadengths were observed between early primordial regions
in CMI, which can be as high as 193% for a 24-hour intervalmarked as P-1 and P-2 at time O hours) and the intervening
(Fig. 4J; Table 1) and such a rapid burst of cell division activityegions located between two successive primordia. A subset of

cells in the primordial regions exhibit a marginally
shorter cell cycle length (white arrows in Fig.

SUIERBINI  5A B) compared with the intervening region

(arrowheads in Fig. 5A,B). This difference is not,

Fig. 3. Differential mitotic cyclin expression in SAMs.
(A-C) The same optical section of an L2 layer from a
time-lapse series. (A) First time point; (B,C) subsequent
time points. The total time elapsed is indicated at the
top right-hand corner. In all panels, red represents FM4-
64 staining of plasma membranes, and green represents
expression of cyclinB1;1:GFP. Arrows in (A-C) point to
the same cells over time. (D-F) The reconstructed L1
layer of SAMs from different plants. Arrows point to
cyclin-positive cells in SAMs and the arrowheads point
to cyclin-positive cells in flower buds.
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Fig. 4. Spatial distribution of mitotic activity over A
time. (A-C) A reconstructed L1 layer of the same
plant separated by 12-hour intervals. Cells that
have divided in each of the intervals are (at 0 hrs)
differentially color-coded. Red dots represent R
cells that divided in the first 12-hour window,
yellow dots the following 12 hours, and blue dots
the final 12 hours. (D-G) Individual optical
sections from the same plant, depicting cells
located in the L2 and the corpus from the same
time point as in (C), and the color code remains D \
the same. The overlapping dots indicate a seco 5
round of cell division (arrows). %
(H-J) Reconstructed views of the L1 layer of the
same SAM followed over 72 hours. The total
elapsed time is marked in individual panels.
Different colored sectors represent regions of
primordium development marked as stages in
transition from P-2 to P-1, from P-1 to PO, from
PO to P1, from P1 to P2 and from P2 to P3. The
numbers expressed as percentages in (J) represent
averaged cumulative mitotic index calculated for
every 24-hour interval over 72 hours, in sectors
representing primordia at the same stages. The
numbers in parentheses indicate the number of _
cell divisions over the total number of cells. 124 hrs ' 48 hrs

36 hrs -« ° S uM @36 hrs 22uM

however, reflected in the overall primordial CMI. The Adjacent cells in the CZ can show very different cell cycle
transition between P2 and P3 is marked by a dramatic decredsagths. For example, a cell with a previous cell cycle
in cell cycle length in most of the participating cells (Fig. 5C).duration of 66-72 hours can share its walls with cells whose
Cells that exhibited a cell cycle duration of 24-36 hours untiprevious cycle duration ranges between 36-66 hours. One of
the P2 stage shift to divide every 12-18 hours when in the P8ie reasons for such a wide range of cell cycle duration could
A similar frequency distribution was observed for cells locatede that the location of the CZ is not constant. Future
in the L2 and corpus. A striking feature associated with thigxperiments involving an operational marker for the CZ such
shift in cell cycle length between P2 and P3 is the coordinatioas CLV3 might yield insights into the cell division behavior
of cell division among neighboring cells both within andof these cells. In summary, the cell cycle duration in the PZ
across clonally distinct layers (see Movies 1 and 2 ais relatively uniform compared with that in the CZ. Within
http://dev.biologists.org/supplemental). the PZ, cell cycle duration is marginally shorter in early

The distribution of cell cycle length in the CZ revealed aprimordial regions compared with the cells in the intervening
pattern in striking contrast to that in the PZ. The range of cetlegion, with a dramatic decrease in P3 and later stages. This
cycle duration in the CZ is much wider than that in the PZanalysis is consistent with the earlier observation that the
starting from 36-72 hours. The most slowly dividing cells inamount of cell division is similar in regions where successive
the CZ are not arranged in a well-defined concentric circlegprimordia arise.

Lineage analysis on time-lapse observations

Table 1. Average cumulative mitotic index (CMI) for a One of the poorly understood aspects of meristem

total duration of 72 hours, in different sectors withinthe  morphogenesis is the cell behavior associated with the origin
meristem

Sectors within the SAM Average cumulative matitic index (CMI)

P-2 to P-114=3) 72.9% (21.3 s.d.; 15.1 s.e.m.) Table 2. _Perce_nt increase in cell number during

P-1 to PO1(=3) 67.3% (19.1 s.d.; 11.0 s.e.m.) primordial development over time

PO to P11(=3) 68.2% (14.1s.d.; 12.5 s.e.m.)

P1to P21(=2) 69.5% (13.35.d.. 7.6 s.e.m.) P-1 (%) P-2 (%) IR (%)

P2 to P3 193% 24 hours 171 (12/17) 160 (8/5) 160 (8/5)

IR (n=5) 67% (17.2 s.d.; 7.69 s.e.m.) 48 hours 285(20/7) 300 (15/5) 240 (12/5)

72 hours 414 (29/7) 400 (20/5) 380 (19/5)

The CMI is taken as number of dividing cells over total number of cells The CMI was calculated only for the progenitor cells in primordial region
present in individual sectors for a 24 hour interval. The CMI corresponding td>-1, P-2 (only five cells that will ultimately constitute a predominant part of
the respective stages was then integrated by averaging the CMI observed inthe flower bud are considered) and the intervening region (IR) located
individual 24 hour windows and expressed in percentages. Number of between them (progenitors for the P-4 region) (Fig. 6A; Fig. 9A,B). The CMI
respective stages averaged is given in parentheses. The average CMI observed in individual sectors during successive 24 hour intervals is
corresponding to the intervening regions (IR) located between primordial ~ expressed as percent increase in cell number over initial number of cells at 0
regions is also given. s.d., standard deviation; s.e.m., standard error of mearhours.




and subsequent development of primordia 1
specialized regions in the PZ. The plant hormone ¢
and its distribution have been implicated in
selection of sites of primordium specification (Benk
et al., 2003; Reinhardt et al., 2003b). Lineage an:
has indicated the number of primordium init
(Bossinger and Smyth, 1996). Among the ques
that remain are: Where are the primordium ini
located? How do they divide? What makes these
different from the intervening cells located betw
successive primordia? What is the cell behe
associated with the separation of primordia from
SAM? These questions were addressed by lir
reconstruction from time-lapse observations.

The 35S::YFP29-1 transgene is uniformly expre
throughout the shoot apex, its use as a trans
fluorescent marker facilitated the tracking of linee
originating from the regions close to the CZ and en
in differentiated primordia (Fig. 6). Time-lapse ¢
from plasma membrane-localized YFP taken at 6-
intervals over a period of 5 days were used to se
reconstruct lineages in the SAM. Data taken at 3-
intervals for a period of close to 3 days were |
to create continuous four-dimensional movies
reveal essential features of morphogenesis in rel
to cell behavior (see Movies 1 and 2
http://dev.biologists.org/supplemental).

Primordial progenitor cells map close to the
slowly dividing cells in the CZ

The time-lapse series allowed the tracking of indivi
lineages that result in primordial development f
very early stages, even before any visible appea
of primordial outgrowth. The time series of an er
three-dimensional Z-stack was registered sequer
onto subsequent time points by using a multimod
image registration algorithm in order to achieve
by-cell alignment at sub-pixel resolution. This allo\
superimposition of the corresponding cells in the £
across time points. Such aligned stacks were us
trace lineages in the meristem that lead to f
primordia. The L1 lineages incorporated into
successive primordia within one SAM are depicte
Fig. 6. Each one of the color-coded dots represe
progenitor cell in the 0 hour image (Fig. 6A), and
lineages that result from the divisions of these cells
their descendents are marked with the same colot
(Fig. 6B-E). We compared the location of the O-t
progenitor cells to that of the slowly dividing cells
the CZ. In most cases they abut these cells. The nt
of cells that give rise to P-1 and P-2 was higher
with a progressive decrease with P-3 and P-4 (Fig.
as expected from the continued division of cells 1
P-4 to P-1. The progenitor cells are arranged in €
two rows in a radial arc (P-1 and P-2) or at earlier s
as a single row (P-4). Although we were unabl
determine the differentiation status of the primorc
progenitor cells, the mapping of progenitor cells c
to the CZ allowed us to follow the entire sequenc
PZ cell behavior from early divisions to primordi
development.
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Fig. 5. Frequency and spatial distribution of cell cycle length.

(A-C) Reconstructed views of the L1 layer of the same plant, expressing
35S::YFP29-1, over a period of time. (D) Frequency distribution of cell cycle
length among cells in the L1 and in the L2 and corpus together. Each of the
color-coded bars represents a window of cell cycle length and each one of them
is separated by 6 hours. Such individual events are mapped onto the L1 layer of
the SAM in A-C, by marking both of the siblings. In cases where a single dot
can be seen, the cells divided in the subsequent time interval. The color code
employed in the spatial representations is the same as that used in representing
the frequency distribution. The stages in A represent the ones at the beginning
of the experiment. The stages marked in B and C are the ones in transition from
P2 to P3 and P3 to P4, respectively. Elapsed time is indicated on each panel.
White arrows point to cells in primordial regions PO, P-1 and P-2. White
arrowheads point to cells in the intervening region located between P-1 and P-
2. Yellow arrows point to cells in the intervening region, located between PO

and P-1. The cells marked in regions P-1 and P-2 (A, white arrows) are also
represented in the next panel (B, white arrows) to maintain continuity.

120 hrs

120 hrs

Fig. 6. Location of primordium progenitor cells. (A-E) Reconstructed view

of the L1 layer of a shoot apex expressing 35S::YFP29-1, with (A) being the
first time point and elapsed time in (B-E) marked on individual panels.

(A) Initials that give rise to individual primordia (P-1, P-2, P-3 and P-4) are
shown in enclosed areas marked in white. The progenitors of a given
primordium are color-coded. (B-E) Primordia that have developed from the
progenitors marked in A. Individual lineages within a primordium are color-
coded. The same color has been used for each progenitor and its descendants.



4232 Development 131 (17) Research article

Oriented cell divisions associated with axis of measured; in this case the region is marked as P-4 and it is
primordial outgrowth located between P-1 and P-2 (Fig. 6A). The cell division
A full-time series of projected sections depicting successivanalysis in these cells revealed a contrasting pattern in
cell divisions in L1 cells that gave rise to two primordia iscomparison with the cells that form the next set of primordia.
represented (Fig. 7A-F). Successive divisions in the earlie§the cell division patterns of P-4 cells that occurred over a
cells and their descendents were oriented away from the Gaeriod of 66 hours are projected onto the final time point in
and divided parallel to the lateral axis of primordial outgrowthFig. 9A,B. Cells in the intervening regions divided in random
as shown for P-1 (Fig. 7D). The first set of oriented celbrientation and the resultant lineages appeared as square blocks
divisions was observed between 12-18 hours within the P+hther than as columns of cells. For simplicity in comparison,
sector. Such oriented cell divisions in the following 24-30the lineages in the rest of the meristem are not represented,
hours resulted in a column-shaped lineage and in extensiaithough similar differential patterns of cell division did occur
growth of the primordium from P-1 to P1. A similar patternthere. However, not all of the lineages that follow oriented cell
was visualized for the subsequent primordia: for example, P-@ivisions ultimately became part of primordia (for example, the
in the same shoot apex (Fig. 7G-L). While most of thdineage marked in blue in Fig. 7L, which was retained in the
progenitors consistently divide parallel to the axis ofSAM proximal to the primordium, and only a part of the
primordial outgrowth, the first divisions in the most laterallylineage marked in yellow became part of the primordium). This
located cells (white and pink in the figure) are random wittobservation suggests that the axis of growth does not entirely
later divisions oriented parallel to the axis of primordialconstrain the fate of these lineages. Seven plastochrons from
outgrowth (Fig. 7G-L). Similar observations were made for théwo different plants were examined and all of them revealed
P-3 region (data not shown). The division orientation of thesimilar cellular behavior. Similar analysis was carried out on
cells in the PZ located between primordial progenitors was alsells in the L2 layer, and the resultant lineages were projected
onto the final time point. Since it was not possible to
represent all the cells located at different depths in the L2
layer in one section, the cells were represented in individual
optical sections at different depths (Fig. 8B-D). This
analysis revealed that cells preferentially divided parallel to
the axis of primordium growth. Even though individual cell
divisions in the corpus could be followed, it was not possible
to serially reconstruct complete lineages due to a lack of
resolution in the distal-most regions, owing to the curvature
of the SAM. However, cells located in the corpus region of
primordia in P3 stages could be mapped; this corresponds
to the time the flower primordium begins to acquire height.
During these stages, periclinal divisions could be observed

Fig. 7.Cell division patterns in primordium progenitors and their
descendents. (A-F) Reconstructed views of the L1 layer of the same
SAM expressing 35S::YFP29-1, over a period of time. The elapsed timEig. 8. Cell division patterns in the L2 layer. The cell division

is indicated in individual panels. Cells of individual developing lineagespatterns that occurred in the L2 layer of a primordial region is

are marked in different colors. (G-L) represents a similar analysis of the@resented. Such cell division patterns are projected onto the final
P-2 region of the same shoot apex. The lateral (L in red) and the medidime point. (A-D) Sections at different depths in the SAM. The

(M in yellow) axis of the developing flower primordium are marked in  structure of the lineages leading to each primordium (white boxed
(D). The cell division axis in primordial progenitors is referenced as  region) is represented. Three different lineages are color-coded
parallel to the lateral axis of the flower primordium. and the arrows point to sibling cells located at different depths.
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66 hrs

Fig. 9.Cell division patterns in cells located between developing -
primordia. (A,B) Reconstructed view of the shoot apex of the same Lo~
plant at the same point in a time series. Elapsed time from the initial '
observation is marked. The lineages that result in a primordium in
transition from P1 to P2 are marked in (A), while the lineages in the
intervening region (IR) between two successive primordial regions
P1- P2 and PO. P1 are marked in (B). Individual lineages are
differentially color-coded.

in the corpus. In summary, this analysis links cell divisionFig. 10.Cell expansion patterns and cell behavior at the boundary
orientation changes to the initial stages of primordiuntegion. (A-C) Reconstructed views of a SAM expressing

outgrowth 35S::YFP29-1, from a time series. Total elapsed time is indicated in
' individual panels. Arrows point to the same cells in the PZ over a
Dynamic re-orientation of cell division axis in period of time, and they divide along their long axis. Arrowhead

intervening cells points to a c_eII in the CZ dividing along its shor_t axis. TheT yvhitg-
. . . . . . . boxed area in (B) represents the boundary region. Magnified view of a

Cells in intervening regions (P-4) (Fig. 6A), which divided in {ime-japse series of the boundary region is shown in (D-G). The total

random orientation at the time (1-66 hours) when theigjapsed time is marked on individual panels. Arrows indicate the

neighbors exhibited oriented cell divisions (Fig. 9B), weresame cells in the boundary region across time. Arrowheads indicate

followed to observe the change from random to orienteddjacent cells in the developing flower primordium. The lateral (L)

division. P-4 progenitor cells changed their planes of divisiorand the medial (M) axis of the developing flower primordium are

and oriented parallel to the axis of primordium outgrowthmarked in B. Scale bar: 20n in A-C; 10pm in D-G.

between 72 and 120 hours (compare yellow, blue and green

lineages in Fig. 9B with Fig. 6E). This reveals that cellsthat lined the medial edge of the primordium expanded rapidly

adjusted their cell division planes in response to temporah both directions (arrowheads in Fig. 10E-G point to the same

signals related to primordia development. cells over a period of time). This rapid cell expansion was
) followed by a burst of coordinated cell division in the cells
Cell expansion patterns of the primordium (Movie 2 at http://dev.biologists.org/

Cell expansion is another critical aspect of growth, and it hasupplemental; the red open arrow points to the boundary
been proposed to play a key role in SAM morphogenesisegion, while the closed red arrow points to cells in the
Cell expansion patterns in different stages of primordiunprimordium). It was during this time that the flower
development were examined. The cells in the primordiaprimordium 2 (P2), which was only an extension of the
regions expanded along the medial axis of primordiameristem in the X-Y dimension, began to acquire height,
outgrowth and divided perpendicular to the axis of celleventually leveling off at the height of the SAM. The sustained
expansion (Fig. 7A-D). We have not yet developed software tgrowth of the flower primordium P3, thereafter bordered by a
quantitate cell size. However, rapid cell expansion could baon-growing boundary region, ultimately resulted in complete
observed during P2 and later stages, in continuous movies, separation of the primordium from the meristem, with the
the distance between adjacent nuclei increased rapidly (sbeundary region forming a continuous layer with the pedicel
Movie 1 at http://dev.biologists.org/supplemental). At the P3see Movie 2 at http://dev.biologists.org/supplemental, P3).
stage the cells located in the primordium continued to expar@imilar cell behavior could be seen in cells that formed the
rapidly compared with cells located in the groove between thieoundary regions in layers below the L1 (data not shown).
primordium and the SAM, which is referred to as the boundary In summary, distinct cell behavior is associated with
region (Fig. 10B, boxed area, and C; see Movies 1 and 2 different stages of primordium development. Oriented cell
http://dev.biologists.org/supplemental). This behavior can belivisions, in primordial progenitors and in cells located
readily seen in higher magnification images (Fig. 10D-G). Th@roximal to them is associated with initial primordial
cells located in the boundary region failed to expand along theutgrowth, and this is followed in turn by a rapid cell expansion
medial axis of the flower bud following division, while they in cells of primordia of the P2 stage. The continued rapid cell
appeared to expand along the lateral axis (arrows in Fig. 10@xpansion in P3 and in later stages, coupled with a rapid burst
G). The differential cell expansion resulted in a column of cellsf cell division, transforms the P2 primordium into a later-stage
that appeared elongated along the lateral axis and contractiéolver bud. At the same time, cells located in the boundary
along the medial axis of the flower bud. Meanwhile, the cellsegion show no similar growth.
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Discussion a cell. Furthermore, our results do not reveal when primordial

Temporal variations in cell division activity progenitor cells become deter_mlned to a primordial fat_e.
.%owever, we can ask the question: what is the stage at which

i X .tHe progenitor cells begin to divide predominantly in an

and is linked to diurnal rhythms (Lyndon, 1998). Our analysis, jo e 4" manner, and become exclusively primordial in fate?
temporal variation. The observed variation in mitotic activitoThe answer is no later than a stage between P-1 and PO (Fig.

P y y6A,B), when the progenitor cells exhibit oriented cell divisions,

followed neither the temporal sequence in which primordig, "3y the lineages originating from them become part of a
arose, nor any apparent cyurna_l _rhythms. _The variation g e pyg (Fig. 7A-F). Oriented cell divisions are not
windows of differential mitotic activity both within and across necessarily a useful criterion for the first signs of primordial

plants suggests that they may not be regular. So we do not Wislerentiation or determination, however, because not all the

to refer to them as mitotic waves but consider them trans'erﬂheages that exhibit such a division pattern ultimately become

fluctuations in mitotic activity. Such transient temporal ; : ; ;
variations could arise if they)// are linked to a signpalingpart. of the primordium. Answers to questions of time of the
arliest differentiation of primordial cells will require a

mechanism with individual components bound to temporaly npination of a range of carefully defined cell-type-specific

variations. One such mechanism that operates in the SAM |- o< with cell division analysis. Such an effort has been
the meristem maintenance feedback loop involving the CL\{ETL

. -~ made in a recent study by observitgAFY (LFY)expressing
and WUS genes. WUS, which has been shown to be a criticgl through a live-imaging approach (Grandjean et al., 2003).
regulator of SAM maintenance, is negatively regulated by &

hypothetical CLV signaling cascade. WUS in turn positively was shown that theFy e>§pression domain is established
feeds back onto the CZ region to maintain CLV3 activitygradua"y through cell recruitment, anéy was found to be

) expressed in a broader domain than the primordial progenitors.
Esra?zg[.;t] aI_.r,] %?Og S‘;gggg:ékal"loiogo)'ame gatudreng];nt.z?herefore, it was not possible to determine the number or
gulat involving P y ICexact location of primordial initials. Recent studies have

environment might result in transient fluctuations in WUSqo 0 noirated that auxin distribution in the SAM, mediated by
expression levels and/or domain of expression, which in tur

may have an effect on CLV3 expression. It is possible th uxin efflux carriePINFORMEDL1 (PIN-1)predicts the sites

s ; , e CoS f primordium initiation (Benkova et al., 2003; Reinhardt et
WUS activity, e|_ther directly or |nd|rec_tly, ml_ght influence the al., 2003b). It has also been shown tRHY-1 expression is
mitotic activity in the SAM at any given time. It has been

established at least a plastochron earlier tHayi expression

z]h;\;\értletrrrl]at;r;%eg(ogz;)é[r)]reosfs?hneofcvli/\%s (;?(S?g:slirl)ﬁ fgzﬂ:‘ti einhardt et al., 2003b). Therefore, early auxin response
’ P P enes might act as more useful markers.

(Schoof et al., 2000; Brand et al., 2002). However, it is uncle Since we were able to identify the progenitor cells early in

e eaefhmordl development by acing bac fo ety tages e
. . : 9 o ould follow the cell behavior associated with primordium

perturbations in feedback loops on both cell division pattermnge, 010 ment in relation to the rest of the cells in the SAM. Our
and gene expression domains in real time should yield neg’nalysis of both the temporal and spatial patterns of cell

insights. division activity, and of cell cycle length revealed that the
amount of cell division is comparable in regions of primordial
Cell behavior and primordium development development. This observation is in contrast with that
We have given a dynamic description of several aspects described earlier foArabidopsisSAMs (Laufs et al., 1998).
growth: the amount of cell division, cell division orientation The analysis in that paper indicated that cell division is not
and cell expansion patterns associated with SAMiniformly distributed in a SAM, and that twice the amount of
morphogenesis. Analysis reveals that it requires a minimum afell division occurs in the predicted PO sector compared with
4 days of continuous observation to reveal the essential aspetite P-1. The apparent contradiction could be due to the
of cell behavior associated with primordium growth. We havalifferences in technique, as the earlier analysis was not
mapped the location of primordium progenitor cells to a poindynamic and the temporal variations in mitotic rate within a
early enough that they are close to the slowly dividing cells igiven SAM might introduce errors upon averaging single time
the CZ. Sector boundary analysis in inflorescence meristenmint observations taken from different plants. Other
(IM) of Arabidopsis thalianahas led to the prediction that a possibilities, such as differences in staging of the primordia and
flower bud arises from a set of four progenitor cells (Bossingesur averaging cell divisions over 24-hour intervals, which may
and Smyth, 1996). Our observations show that number afot precisely correlate to each plastochron, might contribute to
primordium progenitor cells varies across successivéhe different observations made in this study. However, such
plastochrons, as must be true if the cells continue to dividg@ossibilities should not have influenced the conclusions drawn
The progenitor cells that represent the primordium at stages this study because the primordial regions were followed
P-1 and P-2 are higher in number than those comprisingimultaneously, in continuous observations. The striking
primordia at stages P-3 and P-4. Therefore, number dfimilarities in the rates of cell division at each one of the time
primordium progenitors in our time-lapse experiments isvindows, irrespective of averaging, can be seen by following
determined by the stage at which the progenitor cells afiadividual cell divisions in primordial regions P-1 and P-2
observed. Ultimately, a lineage originating from a single celktarting from 0 hours to 66 hours (compare Fig. 7A-D with 7G-
might result in a primordium, as proposed by Bossinger and), and such a similarity is also reflected in similar cell cycle
Smyth (Bossinger and Smyth, 1996). The limited duration ofengths (Fig. 5A,B, white arrows). The definition of primordial
our time-lapse observations prevented us from observing sutioundaries is based on lineage restriction to the flower bud. It
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was possible to determine the primordial boundaries at a singiivision patterns would not explain the outward growth noticed
cell resolution in cases such as P-1 (Fig. 6B), but it was not the initial stages of primordium development. Several studies
case in the P-2 region, as only a subset of the lineages markeale indicated that structured cell division patterns play a
in yellow and blue became part of the flower bud (Fig. 6C)critical role in differentiation and morphogenesis. Recent
Therefore, although the determination of future primordiagrowth models ofAntirrhinum petal lobes reveal that the
boundaries cannot be done at single-cell resolution earlier th@eneration of asymmetric shape depends on the direction of
stage P-1, this may not affect the conclusions drawn in thigrowth rather than on regional differences in growth rates
study. An additional question is: what is the rate at which théRolland-Lagan et al., 2003). It has been shown that the
Pz cells divide in the intervening region, located betweerinduction of non-anticlinal divisions in the tunica layers of
successive primordial regions? The differences in cell cycleobacco shoot apices leads to alterations in key regulators of
lengths in the intervening region located between the PO ar®iAM maintenance but fails to induce morphogenesis
P-1 sectors were not strikingly different when compared t¢Wyrzykowska and Fleming, 2003). However, it can be argued
either one of the primordial regions (Fig. 5A,B, comparethat the maintenance of structured anticlinal divisions in the
regions of PO and P-1, marked in white arrows, with theunica layer, such as the ones described in this study, might be
intervening region marked in yellow arrows). However, aessential for morphogenesis to occur. Surgical ablation of the
subset of cells in primordial regions P-1 and P-2 (Fig. 5A,BL1 layer has been shown to affect cell division patterns in
white arrows) exhibited a marginally shorter cell cycle lengtHayers below and also to affect primordium development
compared with the cells in the intervening region locateqReinhardt et al., 2003a). Our results, indicating regular
between them (Fig. 5B, arrowheads). The cell division rates ipatterns of cell division from early primordial growth, support
all the primordial progenitor cells and their descendents are ndte idea that planes as well as numbers of cell divisions, are
uniform. For example, during early primordial growth, a cellunder tight control in the SAM.
with a previous cell cycle length of 18-24 hours may shift to We have observed cells dividing perpendicular to the
divide every 30-36 hours or even 42-48 hours. A subset axpanding axis in regions of primordial development (Fig. 7A-
primordium progenitor cells divide relatively infrequently D). It was not possible, however, to quantify cell expansion
compared with the rest of the progenitor cells, resulting impatterns. Therefore, we cannot say whether the initial set of
lineages of different sizes (Fig. 7D,E, compare the lineagesriented cell divisions are a cause or an effect of growth in the
marked in white and blue with the rest). Similar differences irprimordial regions. The role of cell expansion in SAM
cell division rates among primordial progenitors and theimorphogenesis has been explored (Pien et al., 2001; Reinhardt
descendents can be inferred by comparing the sizes ef al., 1998). Expansin proteins are upregulated at the sites of
individual lineages in the flower buds (Fig. 6B-E). Such ancipient primordium formation in tomato meristems, and the
heterogeneity in cell cycle duration within a floral primordiumlocal expression of expansins has been shown to induce leaf
has been described (Grandjean et al., 2003). Asynchronous cagdivelopment in tobacco meristems (Pien et al., 2001). Based
division among primordial progenitors has been predicted, asn these observations, it has been argued that cell-division-
an explanation of sector configurations observed in clonahdependent mechanisms play a role in morphogenesis. The
analysis (Bossinger and Smyth, 1996). The comparison afriented cell divisions associated with primordium outgrowth
sizes of individual lineages in P2 with that of the interveningn our study could be due to regulated regional expansion
region (IR) (Fig. 9A,B) revealed that the lineages in P2 are onlgesulting in oriented cell divisions. Although regulated cell
marginally larger than those in the IR, which corresponds witlexpansion might initiate such patterning, the gradients of local
the slow formation of the primordial bulge on the meristematicell division patterns have to be maintained to sustain further
flank (see Movie 1 at http://dev.biologists.org/supplementalgrowth. It should be possible to seek a causal link between
watch for the growth in the P-1 region). However, it can als@egulated patterns of cell expansion and orientation of cell
be argued that the transient local increase in cell division ratelivision by studying them in real time, with the methods
in primordial regions could result in the primordial bulge,introduced here, after development of image processing
which in itself is an inconspicuous growth. Our data on celmethods for measurement of cell size. The studies on the
division rates support such an argument, although sucturface expansion of the SAMs, Arabidopsis thalianaand
transient differences could not be resolved in the mitotic indein other species, have yielded quantitative description of cell
analysis. expansion behavior (Dumais and Kwiatkowska, 2002;
There is a striking pattern of oriented cell divisions paralleKwiatkowska and Dumais, 2003; Kwiatkowska, 2004). Studies
to the axis of primordial outgrowth. Such a pattern of cellof the vegetative shoot apex éhagallis arvensisand the
division is accompanied by an initial extension of theinflorescence apex @éfrabidopsis thaliandave shown that the
primordium. Not all the cells that showed such a behavior wersurface expansion in the CZ is slow and nearly isotropic in
ultimately incorporated into a primordium. This suggests thatomparison with that of the PZ, which is found to be greater
not only the growth axis of primordial progenitor cells, but alscand anisotropic (Kwiatkowska and Dumais, 2003).
the growth axis in cells located proximal to the progenitor cells, The surface geometry and expansion patterns during early
might facilitate outward growth. In this context, our resultsstages of leaf primordium development have been described.
are not in complete agreement with Bossinger and Smyt®ur analysis of cell expansion patterns is not yet quantitative.
(Bossinger and Smyth, 1996), with respect to the proposddowever, some qualitative observations can be made. We have
spatial arrangement of progenitor cells on the meristemoticed that cells in the CZ exhibit a relatively proportional
flank, and cell division patterns. They propose that the fouexpansion in all directions compared with the cells in the PZ
progenitor cells are arranged as a block and the four cells thésee Movie 2 at http://dev.biologists.org/supplemental). It has
divide to generate a concentric group of cells. Such cebeen shown that cell expansion is slow in regions that give rise
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to the leaf axil, with cells expanding along the axil whilecallos, J. D., DiRado, M., Xu, B., Behringer, F. J., Link, B. M. and
contracting across it (Kwiatkowska and Dumais, 2003). It has Medford, J. I. (1994). The forever young gene encodes an oxidoreductase

been proposed that such cell behavior on the adaxial |eafrequired for proper development of the Arabidopsis vegetative shoot apex.
Plant J 6, 835-847.

margins of developing primordium would partition the Ieafuark, S. E., Running, M. P. and Meyerowitz, E. M(1993). CLAVATAL, a
primordium from the surface of the SAM. We have described regulator of meristem and flower development in Arabidopsigelopment
a similar cell behavior in the boundary regions between flower 119 397-418.

primordium and the SAM, with cells failing to expand a|0ngCIark, S. E., Running, M. P. and Meyerowitz, E. M(1995). CLAVATA3 is

; ; a specific regulator of shoot and floral meristem development affecting the
the medial axis of the flower bud. Therefore, such cell C T° processes as CLAVATADevelopment 21, 2057-2067.

expansion behavior at boundary regions could be a cOmMM@Hark, s E., wiliams, R. W. and Meyerowitz, E. M. (1997). The
theme utilized in developmental contexts that require CLAVATAL gene encodes a putative receptor kinase that controls shoot and
partitioning of actively growing regions, where mechanisms floral meristem size in ArabidopsiSell 89, 575-585.

such as programmed cell death (PCD) are not utilized. Clough, S. J._ and Be_nt, A. F(1998). F_Ioral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thali&@fant J.

s , 16, 735-743.
Toward a dlgltal shoot apex Colgn-ggrmoia, A., You, R., Haimovitch-Gal, T. and Doerner, P(1999).
One of the major limitations in understanding growth in both Technical advance: spatio-temporal analysis of mitotic activity with a labile
plants and animals has been the inability to monitor cell behavior cyclin-GUS fusion proteinPlant J.20, 503-508. .

in real time. Several studies have tried to address this issdg/ler S- R., Ehrhardt, D. W., Griffitts, J. S. and Somerville, C. R(2000).

. . . . Random GFP::cDNA fusions enable visualization of subcellular structures
starting from inference of cell behavior from clonal analysis, t0 i celis of Arabidopsis at a high frequenByoc. Natl. Acad Sci USA 97,

generative modeling of growth through computer simulations 3718-3723.
(Resino et al., 2002; Rolland-Lagan et al., 2003). Our analysi3lan, L. and Poethig, R. S(1998). Clonal analysis of leaf development in
of growth in real time circumvents the requirements for_ cotton.Am. J. Bot8s5, 315-321.

- : P : umais, J. and Kwiatkowska, D.(2003). Analysis of surface growth in shoot
inference in studies of clonal growth, or for theoretical growttP apices Plant 1 31, 229-241.

simul.ations._Once cell positio_ns can.be extracted by ce[l—findin_getchen J. C., Brand, U., Running, M. P., Simon, R. and Meyerowitz, E.
algorithms, it should be possible to integrate cell coordinates in M. (1999). Signaling of cell fate decisions by CLAVATA3 in Arabidopsis
time-lapse observations. Such efforts are currently in progressshoot meristemsScience283 1911-1914.

www.computableplant.org). The challenge for the future is téumer I. J. and Pumfrey, J. E. (1993). Cell fate in the inflorescence
gu erim oge mogels ofg) ene re ulatog networks on su meristem and floral buttress of Arabidopsis thaligiant J 4, 917-931.
p p 9 9 ry (‘(gbnzalez—Gaitan, M., Capdevila, M. P. and Garcia-Bellido, A(1994). Cell

models of growth, and to integrate with these models the proliferation patterns in the wind imaginal disc of Drosophilech Dev.
cell—cell interactions involved in meristem maintenance and 46, 183-200.

morphogenesis (Shapiro et al., 2003). Grandjean, O., Vernoux, T., Laufs, P., Belcram, K., Mizukami, Y. and
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