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Materials and methods 
 
Plant material 
The following fluorescent marker lines were used for tracking: LtI6b (26), BASL::GFP BASL; pm-rb (27) (11), 
SPCH::SPCH-GFP (4) crossed to PIN3::GFP (4). Seeds were sterilised with 70% ethanol containing 0.05% SDS 
(SODIUM DODECYL SULFATE) for 10 min and then rinsed with 100% ethanol. Plants were grown on MS agar 
medium [0.9% (w/v) agar, 1× Murashige and Skoog salt mixture (28), 0.5mg/ml MES (4-
Morpholineethanesulfonic acid), pH 5.7] with 1% (w/v) glucose. Seeds were kept at 4°C in the dark for 2 days 
(stratification) before being transferred to the growth room, where they were placed upright (20°C, 16hour light 
per day).  
 
Imaging 
Seedlings were transferred to a perfusion chamber for imaging chamber was perfused with ¼ strength liquid MS 
growth media (as above) (pH 5.8), with 0.75% (w/v) sucrose, at a rate of 1μl/s. The LtI6b, line was imaged starting 
5 days after stratification while the other lines were imaged from 7 days after stratification. Images were taken 
with a Zeiss LSM 5 EXCITER at intervals of between 2 and 12 hours. The raw images were converted to single 
(png) slices using the bioformats convertor (29). Images were processed using ImageJ despeckle or median filter 
with 2px threshold. Some images were further processed using a rolling ball background subtraction (30). A 
surface projection was made from the z-stacks using Merryproj (31). The cell areas were measured in ImageJ 
using the original cell outline. Analysis of cells at the very edge of the leaf was avoided to prevent potential errors 
from the curvature of the leaf. For modelling the placement of peripheral BASL away from new walls, cell 
outlines were digitised by placing points along the walls. For modelling the generation of cell arrangements from 
individual lineages (Fig. S12) only cell vertices present in the initial cell were used. Their location in subsequent 
timepoints was recorded and used to determine displacements through growth. Cell edges were approximated as 
straight lines.  
 
Modelling 
Models were created using the VVe modelling environment which is an extension of the VV systems (32). 
(Models are available on request). To consider particular cell lineages vertices were displaced over time by linearly 
interpolating between positions observed at particular time points. For more general parameter searches, vertices 

were displaced according to a growth tensor 
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where Kmax and Kmin are the maximal and minimal 

relative rates of growth, respectively (i.e. Kmin < Kmax). Only the cell with SPCH was permitted to divide and the 
model was stopped when the SPCH cell was internalised.  In the final model, peripheral BASL was localised at a 
position that minimises its inverse distance from points along the new division boundary. Formally, at each point p 
on the periphery of the cell, we evaluate a weight function w: 

 
0

( ( ))
(

( )
, ( ))

L s x dx
d p s x

w p δ
= ∫  

where L is the perimeter of the cell, s is an arc-length parametric function for the contour of the cell,δ is a 
function identifying the recent walls (i.e. its value is 1 on the cell walls formed since the lineage acquired P cell 
fate, 0 everywhere else, or for the one wall model only the latest wall has a value of 1), and ( , ( ))d p s x  is the 
distance from point p to point ( )s x . The integral was approximated using the rectangle (or mid-point) method 
with 100 rectangles per side of the cell.  Peripheral BASL is drawn as a line for display purposes. 
 
The model has four parameters: the initial placement of peripheral BASL, the cell shape (i.e. the ratio length on 
width), the cell growth (i.e. the ratio Kmin on Kmax) and the amount of nuclear displacement.  Many different 
parameter combinations can produce the same result. Examples of the parameters that give the patterns are given. 
The displacement of the nucleus was along the vector defined by the position of peripheral BASL and the cell 
centre. The displacement is a percentage of the distance from the centre of the cell to the cell boundary. Fig. 3F 
and Fig. 3G use the same model parameters with an initial shape that is almost square (50 by 52 pixels), a nuclear 
movement of 32% and a growth anisotropy of 0.5. Fig. 3F used only the most recent division wall to compute the 
new location of peripheral BASL while Fig. 3G used all of the new walls as shown in the equation above.  
 
Fig. 4A was generated using an isotropy of 1, a shape that is 2.4 times as long in the x direction as the y direction  
and has a nuclear displacement of 40%, a wide range of parameters produce this shape. Fig. 4B was generated 
starting from a shape that is 2.5 times as long in the x direction compared to y, has a growth anisotropy of 0.8 and a 
nuclear displacement of 40%. Fewer parameter combinations result in this shape.   An aspect ratio of 1, an isotropy 
of 0.6 and 32% nuclear displacement can be used to generate a shape equivalent to that seen in Fig.3G with the 
same start shape used in Fig. 4. Modelling of individual lineages requires two parameters which were varied to 
produce the best fit to the data. The timing of subsequent cell divisions (division area as a ratio of birth size) and 
the amount of nuclear movement (as a percentage of the maximum possible distance from the centre along the 
vector defined by the vector of BASL location and the cell centre) Parameters in this order for Fig 4 are: (E) 1.6, 
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48%, (H) 1.1, 22% and (K) 1.5, 50%.   The birth size of the original cell is not known so the timing of the first 
division is roughly the observed time of division.  
 
 
Supplementary figures 

 

Fig. S1. The area of both daughter cells was measured at  the  time of divisions. The area of  the P cell 
daughter was found as a percentage of the sum of the daughter cell areas. The P cell is usually smaller 
(less than 50% of the parent. On average the P cell daughter  is 39% of the parent area (based on 163 
divisions of tracked P cells).   The areas were measured using  ImageJ on the surface projections of the 
leaf produced by Merryproj.  
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Fig. S2. Some N cells divide  (arrow). N cells  take  longer  to divide  than P cells 
dividing only once in the time it takes P cells to make 2‐3 divisions. The N cells 
are large when they divide and tend to divide at more than twice their birth size 
(creation  area).  Division  and  creation  areas  refer  to  P  cells,  except  for  the 
rightmost numbers which refer to N cells. Scale bar (black line) is 10µm. 
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Fig. S3. Some N cells produced as a result of the division of a P cell regain P cell fate 
and  undergo many  divisions  (arrow).   When  two  divisions  happen  in  the  same 
interval,  they  are distinguished by  arrow  size. Divisions of P  cells are not marked 
with arrows. Scale bar (black line) is 10µm. 
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Fig. S4. Tracking GFP‐labelled SPCH protein shows that SPCH signal disappears in N daughter cells (white 
arrows) a  few hours after division. The  cell  that maintains  SPCH  expression has P  cell properties and 
continues  to divide until a GMC  is  formed.  Image  times are  shown underneath  the  images. Times are 
shown to the nearest hour. Scale bar (black line) is 10µm. 
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Fig. S5. (A‐C)Tracking GFP‐labelled SPCH protein in further lineages shows that N cells which regain P cell 
fate also re‐gain SPCH (pink arrows). SPCH is then inherited by the P cell daughter as shown in FIG. 2S. (A) 
The initial division of the cell which has regained SPCH (pink) occurs at 162 µm² which is almost 5 times its 
birth size of 34 µm².  (B) The initial division occurs at 90 µm², one daughter divides again at 73 µm² which 
is  less than twice  its birth size of 45µm². (C)  Imaging at  later stages shows cells flanking mature stomata 
can re‐gain SPCH and divide to produce a secondary meristemoid. The first division is at 123 µm².  The cell 
subsequently divides at 73 µm², less than twice the birth size of 53 µm².   Image times to the nearest hour 
(A) 00h, 04h, 23h, 28h, 50h. (C) (00h00, 02h, 11h, 26h, 30h, 32h, 50h, 52h, 54h), (E) (00h, 26h, 29h, 36h, 
44h, 48h, 51h, 58h). (G) (00h, 2h, 23h, 49h, 52h). Scale bar (black line) is 10µm. 
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Fig. S6.  (A‐C) Tracking of the spch mutant shows bifurcating  lineages. There are  fewer cell divisions and at 
larger sizes, similar to that seen in N cell populations. (A) The cell on the left divides at 176 µm², producing 
daughter of size 101 µm² and 76 µm².   The  larger daughter divides at 179 µm² 16h  later, and  the smaller 
daughter divides at 194 µm², 12h later. There are no further divisions in the remaining 31h that the lineage 
was  followed  for.  (B) The cell on  the  left divides at 188 µm² producing  two daughters of equal size which 
both divide  39h  hours later at sizes of 326 µm²  and  298 µm² and do not divide again. (C) The cell on the left 
divides only once in the 80 hour period of imaging at a size of 181 µm² producing daughters of size 81 µm² 
and 100 µm².  Scale bar (black line) is 10µm. Image times are to the nearest hour. 
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Fig.  S7.    Patterns  observed  among  lineages  which  internalised  the  GMC 
(34/50).    Interpretive  diagrams  (A,B,C,D)  are  shown  above  time‐lapse 
confocal images. The division of N cells is not considered when classifying the 
lineages.   (A‐B) The P cell undergoes 2‐3 divisions in alternating orientations, 
followed  by  a  division  across  adjacent walls  (21  lineages).    The  result  is  a 
spiral  arrangement.  (C)  As  A  except  that  two  successive  divisions  span 
adjacent walls (10 lineages) (D)  Two parallel divisions prior to an alternating 
division and then a  final division that  joins adjacent walls  (3  lineages). Extra 
divisions  captured are not  shown  for  simplicity. Scale bars  (white  lines) are 
10µm. 
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Fig. S8. Patterns observed among lineages which did not internalised the GMC (16/50).  Interpretive diagrams (A‐G) 
are  shown above  time‐lapse  confocal  images.    (A‐D) The P  cell becomes a GMC before  it  is  internalised. These 
lineages are truncated versions of the patterns in Fig. S2.   (A‐B) Truncated versions of pattern Fig.S2 A‐B. The P cell 
undergoes  2‐3  divisions  in  alternating  orientations,  but  does  not  have  a  final  division  across  adjacent walls  (3 
lineages).    (C)   Truncated versions of pattern Fig.S2C.  (2  lineages).  (D)   Truncated versions of pattern Fig.S2C.  (2 
lineages).   (E‐G) Lineages  in which  initial divisions were not captured but the final arrangement  is consistent with 
the patterns identified. (E) is consistent with A, (F) with B and (G) with C. (H) In 3 lineages 2 or fewer divisions were 
observed and their arrangement could not be classified.  Scale bars (white lines) are 10µm.  

 



 
 
 
 
 
 
 

Fig.  S9.    Comparing  the  location  of  peripheral  BASL  to  that  predicted  by  the model.  Confocal  images  show  cells 
expressing GFP‐labelled BASL protein  (green) and a plasma membrane marker  (red)  followed  for multiple  rounds of 
division. Digitised outlines beneath each  image  sequence highlight  cell walls  (black) and new division walls  (orange) 
around the P cell.  The predicted position of peripheral BASL (green line) is the region furthest from new division walls, 
with the centre of the region computed using the formula for the weight function, w(p), described in the methods. Out 
of 21 divisions analysed, 13 cases (labelled i here and in Fig. 4) showed good agreement between the observed position 
of peripheral BASL and that predicted by the model. In 5 cases the predicted and observed BASL positions were slightly 
discordant (labelled ii here and in Fig.4). In the remaining 3 cases, peripheral BASL was located at the opposite end to 
that predicted (labelled iii here and in Fig.4) due to cell symmetry. 
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