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S0. Introduction

The pleiotropic defects exhibited by known mutants and hormone-treated roots can be

explained at a qualitative level by different mechanisms on how cells decide to stop

elongating. The short root phenotype exhibited by mutant plants insensitive to

Brassinosteroid signalling can be used as an example. These short roots exhibit a

reduced meristematic activity and short mature epidermal and cortical cell lengths

(Gonzalez-Garcia ef al, 2011a). Hence, Brassinosteroid signalling impinges in the two

factors dictating root growth. But how do the shorter mature cell lengths arise in these

plants? The average cell elongation rate in these roots is decreased but the average time

cells spend elongating is not altered compared to the wild type (Cole et al, 2014). In

addition, the length of the meristem and elongation zones is reduced also (Gonzalez-

Garcia et al, 2011b; Hacham et al, 2011).
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The short mature cell length phenotype can be explained in very different ways using all
these data. At least three alternative explanations are possible. First, mature cells are
shorter because cells elongate more slowly but during the same average time (Beemster
& Baskin, 1998). According to this explanation (Timer mechanism), brassinosteroid
signalling does not control what triggers cells to stop elongating (time), but it controls
root growth by modifying meristematic cell division and cell elongation processes only,
as recently suggested (Kang et al, 2017). A second possible explanation is that mature
cells in these plants are shorter because they elongate more slowly until reaching a
shorter threshold position (distance from QC, or from MZ). According to this
description (Ruler mechanism), brassinosteroid signalling controls the threshold for
differentiation (the cell position), besides the cell elongation rate and the meristematic
activity. In addition, we may suggest that there may be a mechanism that ensures the
robustness of the average time cells spend elongating. Interestingly, this average time is
robust to many different hormone treatments (Beemster & Baskin, 1998). For instance,
treatment with phytohorme auxin drives unaltered average time elongating, but altered
root growth, cell elongation rates and reduced MZ and EZ lengths (Mahonen et al,
2014). A third different alternative description can be also envisaged. In this third
description cells stop elongating when reaching a threshold length (Sizer mechanism),
independently of how fast is the cell elongation rate or the meristematic activity. In this
third scenario, brassinosteroid signalling controls the threshold length, and also the cell
elongation rate and the meristematic activity. The average time cells spend elongating is
not altered because cells elongate at a shorter rate but until a smaller final length. Also
in this scenario, an additional mechanism ensuring the robustness of the average time of
elongation may be claimed.

Therefore, solely from the qualitative data indicated, it becomes impossible to discard
any of the three mechanisms and pinpoint only one as the most plausible one. The same
type of explanations can be expected to be applied to the pleiotropic phenotypes
exhibited by roots with other signalling pathways being altered.

S1. Supporting Methods.

S1.A. Theoretical framework for stationary root growth.

Herein we show that knowledge of the meristematic activity, and cell elongation
dynamics is not sufficient to know how the root grows. Knowledge of how cells decide

to stop elongating is also required.
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Root growth is a very dynamical process, with cells constantly moving through each
zone. After being produced in the meristem and divided, cells transit the elongation
zone, increasing their length, and finally differentiate. When root growth reaches the
steady state, meristematic and elongation zones achieve their maximal number of cells
and length. From this moment, only the mature zone keeps increasing, contributing to
root growth. We simplified further the dynamics of cells in the stationary root growth
regime in two consecutive steps. First cells divide. After a while, cells stop dividing and
start elongating until differentiating. We assumed that a stationary average production
rate of cells at the meristem per cell file could be defined, which we termed Ry,;.0q. A
rather constant average production rate of cells is supported by previous measurements
in Arabidopsis thaliana primary root (Beemster & Baskin, 1998; Ivanov & Dubrovsky,
1997). In this theoretical framework we assumed that cells leave the meristem and enter
the elongation zone in periodic time intervals given by 1/R,,,q. However, the
computational models presented in the main text do not have this simplification and
instead take into account variable time intervals between successive cells entering the
EZ. We also assumed that cells elongate with a constant elongation rate, 7,;0n4, such
that the length [ of any cell in the elongation zone follows the dynamics dl/dt =
Telongl, which results in

I(t) = lyeTelong(t=tD (1)
where [, is the size of the cell when it exists the meristem and enters the elongation
zone at time t;. The approximation of a constant cell elongation rate is consistent with
previous measurements of the cell lengths in the elongation zone (Band et al, 2012;
Cole et al, 2014). Nevertheless, this approximation is not relevant for the Ruler and
Sizer models that will be used.

According to Eq. 1, the length of mature cells is

Laisr = loeetona™ )
where T is the time during which the cell has elongated (i.e. the time spent in the
elongation zone). At the stationary regime, the sizes of the meristem (L,;;) and the
elongation zone (Lgz) are constant. Accordingly, the length of the root increases

linearly with time as

L(t) = lairfRproat + Lgz tLyz. 3)
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In agreement, wild type roots exhibit a linear root growth with time from day 4 post
germination (Fig. 1). According to Eq. 3, the root growth rate (Rgrowen = dL(t)/dt) is
given by

Ryrowtn = Rproalairy- 4)
According to Eq. 1, the lengths of cells at any given time t along a cell file correspond
to 1;(t) = leTelongt=t) where i = 1,2,..., Ny, denotes the cell number position from
the meristem, t; is the time at which cell i entered into the elongation zone and N, is
the number of cells in the elongation zone. Since our framework assumes a constant rate
Ryroq Of entrance of cells at the elongation zone, then t;,; = t; — 1/R;;0q. Introducing
this time iteratively in the expression of [;(t) results in [;(t) = [,(t)e"etong'/Rprod where
[o(t) = loe"etena ™" and ¢; € [t — 1/Rproq, t]. Hence, the cell length profile along a
cell file follows an exponential profile as a function of the cell position i (Cole et al,
2014). Cole et al. used the representation with cortex cell number position and found
that Col-0 WT plants and 5 mutants hold such an exponential profile (Cole et al/, 2014).
They indicated that such behaviour was consistent with an exponential lengthening of
cells and a constant meristematic activity, as we consider. We found such exponential
relationship (linear in logarithmic scale) for the lengths of epidermal and cortex cells in
wild type roots in all days analyzed (Fig. 1, Appendix Figs. S2 and S3). This
relationship can be simplified by assuming t; = t, which drives

I, = loerezongi/Rprod = lorhiz ®)

Telong

= efrrod that measures how much longer is

. I
and where the elongation factor 1y, = ‘l“

the adjacent cell with respect to the previous one, has been defined. Hence, from the
slope of the length profiles in logarithmic scale of wild type roots we can extract the
value of 13 (see Automated Quantification of wild type roots). Appendix Figs. S1 and
S2 show that 1z, in wild type roots in the stationary regime remains rather constant

along time.

The framework enables to set a relationship for the length of the elongation zone as

well:
Ngz r Ngz/R
L, = yNez=ty o ATeZ” _ 1zelelong TEETprod (©6)
EZ i=0 l 0 1-1g7 0 1_erelong/RpTod
Telong

li+1

where Eq. S and 1z = < = e frrod have been used.

i
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Hence, in order to predict the length of mature cells (Eq. 2) and thereby root growth
(Eq. 4), we need to know the cell dynamics and features Ly, T1on g, Rproq (OF in terms of

lo,Tez: Tetong) and also T. Instead of T, we could use Ng; (since according to our

framework T and Ng, are related by T = RNEZ

)or L, (see Eq. 6). Hence, to determine
prod

root growth ly, Tejong, Rproa data are not sufficient and additional information is
required. Setting a differentiation rule on how cells decide to stop elongating enables to

know this additional information (see section S1.E).

S1.B. Automated fitting of individual wild type plants we reasoned that the cell
elongation factor 1z, in an individual root file could be extracted from the slope of
linear fittings of the logarithm of the cell length as a function of the cell position. Hence
this factor indicates how much longer is on average a cell with respect to its adjacent
one. Yet to perform such fitting it was necessary to first decide where the elongation
zone started. We decided to develop a new method to extract this position, which was
based on the two trend behavior we observed on cell lengths. We reasoned that the cell
where the second trend starts could be used as a robust measurement of where the
elongation zone initiates. Therefore, we related the first trend with the dividing
meristem, and the second trend with the elongation zone (Appendix Fig. S3A). An
automated iterative procedure to extract this boundary position was established as
detailed here below. We developed a code (see code in S3.A) run in Octave (version
4.2.1) (Eaton et al) to automatically find the intersection point between the two zones.

For the cell length data measurements extracted for each analyzed root j, we applied a
linear fit 'py(z)' to the logarithms of the length of cells from position 1 to z closest to the
QC and another linear fit 'vi(z)' to the logarithms of the length of cells from position z+1
to N. N was given by the position previous to the first differentiated cell, which was
dictated by the appearance of the hair bulge. From these two fittings, first estimations of
the cell elongation factors in the meristematic (ryz ;) and elongation (g ;) zones, the

length of the first cell in the meristem (lopz,;) and the length of the last cell in the

meristem (lygz ;) were extracted as (Appendix Fig. S3A):

_ Slopeofpi(z
rMZ,j = eS'opP p]() (7)
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_ Slopeofvi(z
Tgz,j = €°P i) (8)

__ interceptofp;(z
lomz,j = € profp;(z) )]

logz; = eintercept of vj(z) (10)
where the subindex j emphasizes that the fittings and extraction of parameter values was
done for each individual root.
It is worth to stress that these estimations depend on the value of z; yet this dependence
has been not explicitly indicated on each left-hand side term to simplify the notation.
The v; fitting was done by shifting the ordinal values of the cell position to 1 up to N-z,
and hence lygz ; was directly given by its intercept (Appendix Fig. S3A).
These two linear fittings (and hence the estimation of parameters according to Eqgs. 7-
10) for each individual root were done iteratively for each scalar value of z from 5 to N-
3 (we considered 5 as the minimum number of cells in the meristem and 3 as the
minimum number of cells in the elongation zone). For each individual root, the pair of
fittings extracted at each z value was checked to evaluate whether the following
conditions were fulfilled simultaneously:

- the length of the cell in the position z-2 in the meristem is larger than the length

of the cell in position 0 in the elongation zone:

lomzrmz"”? >1 (11)

lorzTEZ
- the length of the cell in the position z-1 in the meristem is shorter or equal to the

length of the cell in position 0 in the elongation zone:

lomzrmz® ™"
—X<1 (12)
logzTEZ

- the length of the cell in the position z in the meristem is shorter than the length

of the cell in position 0 in the elongation zone:

lOMZrMZZ < 1 (13)

lorzTEZ
the number of cells in the meristem has to be equal or higher to the number of cells in
the elongation zone: Ny z ;> Ngz ;. This is based on previous measurements that indicate

that the elongation zone is smaller (Gonzalez-Garcia et a/, 2011a; Mé&honen et al, 2014).

The first z value for which all these conditions were fulfilled was the one selected as the
intersection point between the meristematic and elongation zones (hereafter named z;),

such that the number of cells in the meristematic zone was set to be given by
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Nuz,j = 2o (14)
and the number of cells in the elongation zone was set as

Ngzj =N — z,. (15)
In some cases (5% approximately of roots) it was impossible to find a z value for which
all the above rules were fulfilled and so another criterion, with less constraints, was
applied, to select for a z, value in these roots. This criterion was identical with the
previous described one, except for the intersection conditions, which omit Eq. 13. In
this way we allowed the fits to intersect in the interval (z-2, z), without restraining it to
(z-2, z-1) interval.

Even so, there were still 2% of the plant roots that could not be analyzed using these
criteria (i.e. for no z value the criteria were fulfilled). To solve this problem, we

developed a third criterion based on maximizing the function F(z) defined as
F(z) = [|R,”> + R,?| (16)

where R, 2 and R,, ? are the coefficients of determination of each fit. The coeficient of

determination R? is defined as 1 minus the ratio between the residual sum of squares

_ Tivi—f)?
R?=1-—-22t20
Siyi-n?’

data, f; for the corresponding fitted (predicted) values according to the least square

and the total sum of squares: where y; stand for experimental

method and y for the mean of the experimental data (computed in Octave). The selected
value of z (zy) was the one maximizing F(z). In this way, even if one fit was not the
best solution for the given points, the combination of the two fits was the best solution
for the whole system of points. In this way we chose only the value that gives the best
general solution.

Once a z value was selected (z,) according to the above criteria, we set the values of
Nyz,j and Ngz ; according to Eqgs.14,15, respectively. Final values for 1z ;, 7gz,j» lomz,j
and lygz j for each individual plant were calculated as described in Egs. 7-10 for the
fittings corresponding to z = z.

After calculating the values for each parameter for each plant, we observed that in some
cases the difference Ar = 1g5; — 1yz; was very small (smaller than 0.08), so we
considered that there was no difference between the first and the second zones and that
all cells belonged to the meristematic zone, setting Nyz; = N with elongation factor

Tmz,j and length of first meristematic cell lyyz ; given by a new linear fitting applied
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to all data, from 1 to N. This situation was more frequent (25%) in the roots from first
day post germination.

Parameter values for each individual plant were exported into Excel files. The measured
length of the last elongated cell (I4;r7) was also automatically extracted from each plant
individually, as an appendix to the main code and exported into Excel files. Post
measurements analysis were done in Excel (Microsoft Office), R (R Core Team (2016).
R: A language and environment for statistical computing.), MATLAB R2009b (The
MathWorks Inc., Natick, MA, 2000) and SigmaPlot 11.0 (Systat Software).

S1.C. Validation of the automated fitting on individual roots.

As a first validation, we evaluated the distributions of determination coefficients R* for
the linear regressions applied to MZ and EZ (Appendix Fig. S3B). In the elongation
zone, the median value was above 0.9, indicating a good linear approximation to the
data. The only exception was the distribution of day 1, which was wider than the rest
and with a lower median value (0.85). This was due to a higher variability in cell
lengths at this time point. In the meristematic zone, cell length was maintained almost
constant, with a slope close to 0, which generated low values for the determination
coefficient.

Second, we verified that the extracted values from the linear regressions applied to the
meristematic and elongation zones were consistent to the real, directly measurable,
values of the individual plant root files. First, for each individual root we compared
direct measurements of the length of the first meristematic cell with the extracted value
lomz,; (the intercept of the selected fitting performed in the meristematic zone, Eq. 9 for
7z=20=Nyz,;) (Appendix Fig. S3C). The distribution of values showed no statistical
significant differences, although the distribution for the extracted values was narrower.
This is to be expected since the intersection point of the linear regression with the
vertical axis is dictated by the length and position of all the cells in the meristem,
reducing its variability. Comparison of the two values for each individual root lied
roughly in the bisectrix (Appendix Fig. S3C bottom). Next, we compared the measured
value of the length of the last meristematic cell (corresponding to the Ny, position
from QC) to the value extracted from the linear fitting of the elongation zone (taken as
the intercept value, Eq. 10 for z=zo=Ny,;) for each individual root file (Appendix Fig.

S3D). No statistical significant difference between the two distributions was found and
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the pair of values for each root lied around the bisectrix. Also, a good agreement was
found (Appendix Fig. S3E) when comparing the measured value of the length of the last
meristematic cell with the value predicted from the linear fitting of the meristematic

zone as

_ Npz -1
lOEZ predicted,j — lOMZ,j TMmz,j Mz

where the values of the meristematic fitting were used (Eqs. 7 and 9 for z=zp=N ;) as
well as the boundary value Ny ; given by the two fittings for each individual plant.

Finally, we compared the measured length of mature cells with the value predicted from

the fitting of the elongation zone as

— Noo :
ldiff predicted,j — IOEZJ Tgz,j EZj

using the values extracted from the fittings (Eqs. 8 and 10 for z=zp=Nyz ;, and Ng ;)
extracted for each individual root. Again, data were in good agreement (Appendix Fig.

S3F). Taken together, these data support that our procedure gives consistent results.

To support that cells in the first regime can be used as a good measurement of the
dividing meristem, we counted the number of epidermal cells corresponding to the YFP
expression domain of RP5Sa promoter and the number of epidermal cells of the first
trend at different days in pRP5Sa:BRI1:YFP; bril plants (Fig. 5C, inset). Our results
show that both of them are in very good agreement (Table EV6).

S1.D. Computational validation of the methodology used for extraction of
dynamical parameters

Since the computational models provide a good first approximation for root file growth
and exhibit heterogeneity (i.e. variability among cells and root files), we used them to
evaluate whether the procedures detailed in previous sections SIA and S1B to infer
dynamical information (such as cell elongation rate and time spend in the EZ, from
morphological data on the cell length profile along a root file and from the length of the
root over time) provide reliable results in the heterogeneous context of the
computational data.

The evaluation was performed by first applying the methods to the data coming from
the simulated root files and then comparing the resulting inferred dynamical information
to the exact one of the computational roots, which was directly computed in the

simulations. We performed the validation for all three models (Appendix Figs. S5-S7).
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Because the computational models do not simulate the dynamics in the MZ, the Ng,
value was measured directly in the simulations from how many cells were still
elongating. Thus, the way Ny, was measured in the simulated roots was distinct from
that explained in S1B.

To extract the Rpyoq output value, we performed both the Approach 1 (Appendix Figs.
S5-S7B) and Approach 2 (Appendix Figs. S5-S7A), according to the equations in row K
in Table EV2. 1g1on4 and ty¢siq values were computed according to rows M and O in
Table EV2. Using Approach 2, a distribution of values could be obtained for all three
parameters, in contrast to Approach 1, when a unique value could be extracted for
Ryroq- If our methodology to infer dynamical information is useful when there is
variability between cells, then the exact (named input in Appendix Figures S5-S7 for
simplicity) and inferred (named output in Appendix Figs. S5-S7) values should be
similar. Indeed, this was observed when we compared input and output data for
Approach 1 (Appendix Figs. S5-S7B) and Approach 2 (Appendix Figs. S5-S7A).
Moreover, we found a good correlation between input and output values of each
simulated root file (Appendix Figs. S5-S7A, left panel). These results support that the
methods presented in S1A and S1B for extracting dynamical information on root
growth dynamics can drive reliable results when applied on our computational models,
which contain variability between cells and root files. This, together with our
computational models being a good first approximation to wild type root growth,
suggests these methods can be expected to drive also reliable information when applied

on real roots.

In summary, for all models (Ruler, Timer and Sizer), the data presented in Appendix
Fig. S5-7 was computed as shown below:

Inputs values (Appendix Fig. S5-7A)

Rprod input i=<Rprodgji™>, the average of all cellular Ryqi values in a plant j

Telong input i=<Telongji>, the average of all cellular reiong ; values in a plant j

tresid_input =<tresid_computed i~ the average of all cellular t.esq ; values in plant j, where

tresid_computed ij —tdiff ij~tborn ij -

Output values (Appendix Fig. S5-7A)
Approach 2:
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Roprod_output =Rerowth /lditr j,With Rgrowtn j €xtracted as the slope of the linear regression
applied to the sum of newly incorporated mature cells versus the incorporation time (as
in Fig. 1C). The slope is based on 200 cells, on average.

lairr =last temporally mature cell; first cell in the mature zone counting from the EZ.

gz ; was extracted from the slope of the linear egression applied to the cell lengths (1;)
in the elongation zone versus their position from the end of the meristematic zone (Ngz).
Ngz j was calculated as the number of cells in the elongation zone a the end of the
simulation time in plant j.

Telong_output #jzlanzioutput J*Rprodioutput j

tresid_output '=NEZ j *lanZ J/ Telong_output j
_output_j

Output values (Appendix Fig. S5-7B)

Approach 1

Rprod output j 1=Rerowtn j 1/<ldgitr j,>, With Rgrowtn j 1 €xtracted as <slope ;> , where slope j is
the slope of the linear regression applied to the sum of newly incorporated mature cells
versus the incorporation time, in plant j (as in Fig. 1C). The slope is based on 200 cells,
on average.

Ryrod output j 2=Rerowtn j 2/<ldgitr j,>, With Rgrowm j 2 extracted as the slope of the linear
regression applied to the <root length j> at 4 simulated timepoints (1,2, 3 and 4).
Telong_output Jilzlanzioutput J*Rprodioutput g1

tresid_output j 1=NEZ i ¥INrEZ i/Telong output j 1

Telong_output J72=1an270utput J*Rprodioutput j2

tresid_output_j 2=NEZ '*lanZ J/ Telong output j 2
_output_j_. ]

Parameters logz, rez were computed by performing a linear fitting on the length of cells
at a given time. Ngz was directly given by the model. R,oq was computed using the two

approaches applied on the length of the virtual root.

S1.E. Theoretical predictions of the Ruler, Timer and Sizer models

To evaluate further the consistency of each model (Ruler, Timer, Sizer) outcomes with
those of wild type roots we turned into a theoretical analysis of each model dynamics.
Specifically, we searched for the relationships among readily measurable phenotypic
traits that each cell differentiation model settles down. Besides the cell length of the EZ

cell next to the differentiation zone (l,,), we focused also on additional traits that are
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direct and readily measurable quantities in real root cell files: 'number of cells in the EZ
(Ngz)', 'length of the EZ (Lgz)', 'elongation factor (13z)' and 'length of cells when
entering the EZ (l,)'.

While the two first traits, together with [,,, are dependent on the terminal cell
differentiation mechanism to be defined, the two latter ones are not (see section S1.A).
We reasoned that each mechanism of cell differentiation can be expected to drive
specific relationships between these traits, which in turn should confine their variability.
To extract analytically these relationships, we simplified the dynamics to perfect
periodic mitotic activity and no cell-to-cell variability between cells in a root file

(section STA).

I. Theoretical relationships: dependence on the cell elongation rate and the
meristematic activity.

Herein we calculate how the number of cells in the EZ (Ng; ), the length of this zone
(Lgz) and the length of EZ cell next to the DZ ({,,,) in a root depend on which is the cell
elongation rate 7,yn4 Of its cells and the root's meristematic activity Ry,oq. The
relationships found for each model are plotted as continuous lines (gray, black/red and
red, for the Ruler, Timer and Sizer models respectively) in the panels depicting data of
Ngz vs Lgz , Ly vs 1/15, and Ngjz vs 1/Inrg, . All the relationships are computed
using the average values of Rpro4, Teiongs lo and Threshold corresponding to those
values assigned as p (from parameter) in Table EV3. The relationships herein described
are depicted with colored continuous lines in Figs. 2,3,6 and Appendix Figs. S8-S10,
S13, S16-S18.

1. Ruler model. By definition, in this model the size of the EZ is fixed since it
corresponds to the threshold for cell elongation termination, Lg, =L, and does not
depend on the other traits, nor on the elongation rate, nor on the meristematic activity.
Therefore in plots of Ng; vs Lg; the Ruler model predicts a horizontal line of value L,
(e.g. gray continuous line in Appendix Fig. S9B).

By taking into account that the length of the elongation zone corresponds to the sum of
the lengths of all cells within the EZ, which are given by Eq. 6, and that it must be equal

to Ly, we obtain

_..Ngz
Ly =Lgz =1 Tz (17)

1—TEZ
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From Eq.17, the number of cells in the EZ, N, can be extracted as a function of L, [,
and rgz. Yet, this assumes that this number of cells takes continuos values. Since this is

not the case, a better approximated equation is

ln<1+L—° - ) ln(l—L—O(l—rEZ))
NEZ _ 1 lo( EZ) n 1 lo (18)

2 lTLT'EZ 2 lTlTEZ

which is the relation plotted with a gray continuous line in panels Ng; vs 1/Inrg,
(Ruler).
The length of EZ cell next to the DZ can be extracted from Eq. 17 and taking into

account that l,,, = lj_y.,—1:

= lo+ Lo (1 - =) (19)

TEZ

Eq. 19 is plotted as a continuous gray line in all panels L,,, vs 1/15; (Ruler). All these
expressions are computed using the values of [, and L, in Table EV3 (denoted by p).
These three theoretical relationships are a good description of the data obtained from
simulations with the Ruler model of roots that only differ in their meristematic activity
Ryroq and their cell elongation rate 704 (Appendix Fig. S9).

Notice this derivation only required assuming Eq. 5 holds, which states that the cell
length along the EZ depends exponentially on the cell number from the QC, being a
good approximation for real roots (Figs. 1, Appendix Figs. S1, S2).

2. Timer model. By definition, in this model the time spend in the elongation zone is

fixed, T = T,. Taking into account that T = Nez (section S1.A), the number of cells in
prod

the EZ is

Ngz = TORprod (20)
and is independent of 7¢;on4. Eq. 20 using In(rgz) = Teiong/Rproa With 7ejong and Ty
values given by Table EV3 (values denoted as p) was plotted with a continuous red line
in plots Ng; vs 1/Inrg,(Timer), whereas Eq. 20 was plotted with the horizontal black
continous line in plots Ng; vs 1/Inrg,(Timer), using the values denoted as p in Table
EV3 for Ry.0q and T .

By imposing T = T, into Eq. 2, the length of the cell in the DZ is obtained as
lairs = loTez"E2 = [peTetongTo (21)
which is independent of Ry,,.,q. The length of the EZ cell next to the DZ takes values

lairs/Tez < L < lgirs over time, in the stationary root growth regime, since cells are
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discrete units and N, takes discrete values. The average [,,, is then well approximated

by l,,, = Ly, VEZ2"1/2 . According to Eq. 21, average l,,, can be rewritten as l,, =

1
VTEZ

the elongation factor for distinct values of the meristematic activity R,,q of the root

lyeTetongTo which specifies the relationship between this average cell length and

(recall that In(7gz) = Teiong/Rproa)- It is plotted with red continous line in plots Ng; vs
1/Inrg; (Timer) using the fixed values of 7,19, 4, Ty and [y in Table EV3 (denoted as p
values). By using where Eq. 20, the average [,, can also be rewritten as
Ly = lorg,ToReroa=1/2 " which is plotted with black continous line in plots Ng; vs
1/Inrg; (Timer) using the values of Ry,yq4, Ty and [, in Table EV3  (denoted as p
values). This expression sets the relationship between [,,, and the elongation factor for
different values of the cell elongation rate.

In plots Ng; vs Lg; (Timer), the theoretical prediction of changes in Lg; driven by
distinct values of 70,4 is a vertical line since Ng; is constant (see Eq. 20). This is
plotted with continuous black line at the value of Ng, given by Eq. 20 according to the
values in Table EV3. In contrast, the theoretical prediction of changes in L, driven by
distinct values of Ry,.,q can be obtained by adding the cell lengths of all cells in the EZ
and using Egs. 20 and 21. Since cells are discrete units and N, takes discrete values,

the length of the EZ in the stationary regime takes the values Z;Vfoz_l [; < Lg; <

Zﬁvfoz l;. Therefore, the average value of the length of the EZ can be approximated by

_1wNgz-1; , 1oNgz, _ 1, 1=exp(Toreiong) | 1, 1-exp(ToTeiong)
LEZ - EZi:O li + 2 ZL—O li - lO 1_exp(M) 2 lO exp(—m)—l (22)
Ngz Ngz

where Eqs. 20 and 21 have been used. Eq. 22 specifies the relationship between the
average length of the EZ and its number of cells for distinct values of the meristematic
activity Rp,.oq. It is plotted with a red continous line in plots Ngz vs Lg; (Timer) using
the values of 7jong, T and [, given by Table EV3 (denoted as p values).

These theoretical relationships are a good description of the numerical data obtained
from simulations of the Timer model of many roots that are all the equal except for the
meristematic activity R,,,q or except for the cell elongation rate 7y, that each root
has (Appendix Fig. S10). When roots differ in both Rp.,q and 1,png, mixed

relationships arise for simulations of the Timer model (Appendix Fig. S9).

3. Sizer model. In this case, the cell length of cells in the DZ is fixed as
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ldiff = ldiffo (23)
Hence, it is independent of rgz;. The average L, is then well approximated by
L = loTez"E271/2and hence L, = ly;f oTez~ >/, which is plotted with a red continous
line in plots L, vs 1/7g5 (Sizer) by using the value of lg;ff ¢ in Table EV3.

By setting Eq. 23 into Eq. 2 for lg;rf = liy,, (.. lgipy = loTgz"E%) Ngz becomes:

Ny, = In(laiffo/lo) (24)

Inrgz
which is plotted with a continuous red line in plots Ng; vs 1/Inrg;(Sizer) using the
values of [y ¢ and [ in Table EV3.

The length of the EZ in the Sizer model is obtained by re-writing the elongation factor
Tgz in Eq. 17 in terms of N, using Eq.24:

1-14; l
Lgz =1 % (25)
1-(laiff o/10)VEZ

These theoretical relationships are a good description of the data obtained from in silico
Sizer model simulations of roots that are equal except for their values of meristematic
activity Rp,.q and the cell elongation rate 7,y that each root has (Appendix Fig. S9).

Notice this derivation only required assuming Eq. 2 holds, which states that the cell
length along the EZ depends exponentially on the cell number from the QC, which is a
good approximation in real roots (Fig. 1, Appendix Figs. S1, S2). In addition, analogous
relationships would be found if it were the fold-change in cell length along the whole
EZ (i.e. the ratio between the cell length at existing the EZ and the length when entering

it), the one setting the threshold for cell elongation termination.

These results show that the relationship between the length and the number of cells in
the EZ depends on the model. They also show that the relationships between the length
of mature cells or the number of cells in the EZ with the elongation factor is also
distinct among models, depending differently on the cell elongation rate and

differentiation thresholds.

I1. Theoretical relationships: dependence on the threshold that sets cell elongation
termination.
Herein we consider that all parameters except for the differentiation threshold (i.e. the

threshold value that sets termination of cell elongation) are the same between all roots.
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Therefore, parameters Ryroq4, Teiong and [y are the same for all roots. Accordingly, the

Telong

elongation factor is also the same for all roots and corresponds to 1z; = e ®prod  In this
scenario, the length of the elongation zone in terms of the number of cells in this zone is
then given simply by Eq. 6 and is the same for all three (Ruler, Timer and Sizer)
models. This is the blue line depicted in all plots of Ng; vs Lg, using the values of
Rprods Tetongs lo corresponding to those values assigned as p (from parameter ) in Table
EV3. In Appendix Fig. S8 this scenario is numerically evaluated through simulations of
roots which are all the same except for the threshold value at which they terminate

elongation. Numerical results confirm all models conform to this theoretical prediction

(Appendix Fig. S8).

S1.F. Computations used in Fig.4.

- Fig.4C. The production rate is proportional to 1/In(rgz), so two fold changes in
Ryrod can be simulated by applying two fold changes to the value of 1/In(rgz). For the
case of real R4, the real values extracted from all 8-day-old plants analyzed in this
study (Approach 1+ Approach 2) (white diamonds) were used (white). For the case of
Rprod/2 and 2R 04, we used real values of 1/ (2In(rgz)) and 2/In(rez), respectively, and we
constructed Ngz for each plant as the slope multiplied with the real value of 1/ (2In(rgz))
and 2/In(rgz), respectively, plus a random number between -1.5 and 1,5.

- Fig. 4D: For the case of real Ry, we maintained the real values for 1/In(rgz)
and shuffled the real values of Ngz. In this way, we maintained the same range of
values, but we disrupted the meristem-elongation correlation. We used all 8-day-old
data (Approach 1+ Approach 2). For the case of Rpra/2 and 2R;r04, We used real values
of 1/ (2In(rgz)) and 2/In(rgz), respectively, and we constructed Ngz for each plant by
shuffling the real values of Ngz.

- Fig. 4E-H Simulated lgirr and Rgrown distributions were generated using equations
(5) and (4) applied to the values from Fig. 4C (correlation) and Fig. 4D (no correlation)

and the real values for logz.

S2. Supplementary Notes.
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S2.A. On the results concerning the method to set the boundary between the
MZ and EZ. The results showed that our definition of the meristematic zone is
consistent with the apical epidermal meristem (Table EV2) and shows that the
epidermal MZ reaches the stationary regime at 6 days after germination, consistent with
similar results obtained in cortical cells (Moubayidin et al, 2010; Dello loio et al, 2008).
Our results show that on the stationary regime the meristem has 25 epidermal cells and
31 cortical cells on average, meanwhile the elongation zone has an average of 14
epidermal and 11 cortical cells.

Our results for the cortex tissue are in agreement with previously reported
quantifications (Dello loio et al/, 2008; Moubayidin et a/, 2010; Hacham et al, 2011;
Mihonen et al, 2014). These quantifications were made through measuring the length of
the cortical cells starting from QC until the first rapidly elongated cell. Mahonen et al
considered the upper boundary of the elongation zone where the first root hair appears
and the protoxylem starts differentiating The number of cells in the meristem of the
epidermal file computed through our quantitative method is slightly smaller (25 versus
32) than the one previously measured by finding the cell which is two-fold change
larger than the previous one (Gonzalez-Garcia et al, 2011a). This may be due to a
smoother length transition of cells from the meristem to the elongation zone in the
epidermal cell file, which makes it more difficult to define the boundary. This

inconvenient is overcome using our approach.

S2.B. On the agreement of extracted average quantitative values of Arabidopsis
roots with previously reported data. The results of the inference for wild type plant
roots show that the meristem epidermal cells divide at a rate of 1.4+0.4 days™ per cell in
the stationary regime, and 1.3+0.6 days™ per cell in cortex files. In the EZ, epidermal
cells elongate at a rate of 0.28+0.8 h™' during 10+.4 h, and cortex cells elongate at a rate
of 0.42+0.16 h™' during 8+3 h. Using a similar approach but applied on a fitting on
several plants altogether, with the cell position axis converted in a time axis and with a
different method to define the MZ, (Cole et al, 2014)obtained for the cortex a division
rate in the meristem of 1.15 days™ per cell, an elongation rate of 0.41 h' and a residence
time in the EZ of 7 h. Also in agreement with our measurements, previous studies based
on kinematic methods have obtained cortical cell division rates of 1+0.2
cells/(cells*day) (Beemster & Baskin, 1998; Rymen et al; Beemster & Baskin, 2000)
and a residence time in the EZ of 8 h (Baskin et al, 1995; Beemster & Baskin, 1998,
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2000). Recently, clonal analysis and video tracking have also shown that cortex cells
stay 6-8h in the EZ (Mihonen et al, 2014). Therefore, we obtained a reliable, easy and

complete extraction of several cellular dynamical traits from spatial root measurements.

S3. Program Codes

S3.A. Code for the automated fitting of individual roots

Here below the code run in Octave version 4.2.1 for the automated fitting on
individual roots is detailed:

koK skok sk ok ok ok ok ok ok sk ok sk ok sk sk sk sk ok sk ok skok ok

function Automated fitting

clear, clc, close all, format compact, format long
[FileName,PathName,FilterIndex] = uigetfile('.xls', 'Choose the excel file');

if ischar(FileName) ==
if FileName == 0 && PathName ==
return
end
end

%import the logarithm of the data from sheet u into 'data’ array
foru=1:8
data=zeros(1,1);
data=log(xlsread(strcat(FileName),u,'B2:bm100"));

%y=vector containing the data extracted from the Excel file
qwrt=zeros(16,1);
A=zeros(16,1);
B=zeros(50,1);
%assign a column to y and eliminate the elements equal to NaN
for i=1:size(data,2)

y=zeros(1,1);

for 1=1:size(data,1)

if isnan(data(l,i))==0
y(1,1)=data(l,i);
end
end
clearp

clear v

clear RSS1

clear TSS1

clear RSS2

clear TSS2

clear Rsql

clear Rsq2

clear R
%Generate the position vector x (1,2,3,.....). Fill the array x with consecutive
numbers until the last row occupied
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x=zeros(size(y,1),1);

x(1,1)=0;
for j=1:size(y,1)-1

x(j+1,1)=x(j,1)+1;
end

count=zeros(1,1);

R=zeros(1,1);

resl=zeros(1,1);

%We consider MZ to have at least 5 cells and EZ to have at least 3 cells, so we
impose z>=5 and z<size(y,1)-3

%The linear fit (polyfit)is applied to all the points from 1 to z and from z+1 to

%ruz=elongation factor in MZ, represents the exp from the slope of the fit for the
first z points
%]I0uz= exp from the intercept of the fit for the first z points
%]I0tz=exp from the intercept of the fit for or the points from z+1 to the end
%rtz=elongation factor in EZ, represents the exp from the slope of the fit for the
points from z+1 to the end
%z=the number of cells in the MZ
%NEZ= the number of cells in EZ
%fitting=custom function to create a linear fit of the form y=slope*x+intercept
for z=5:size(y,1)-3
p=polyfit(x(1:z,1),y(1:z,1),1);
v=polyfit(x(1:size(y,1)-z+1,1),y(z:size(y,1),1),1);
ruz(z)=exp(abs(p(1,1)));
10uz(z)=exp(abs(p(1,2)));
rtz(z)=exp(abs(v(1,1)));
10tz(z)=exp(abs(v(1,2)));
NEZ(z)=size(y,1)-z;
yval=exp(y);
LMZ(z)=sum(yval(1:z,1),1);
LEZ(z)=sum(yval(z+1:size(yval,1),1),1);
Ltot(z)=sum(yval,1);
fit1=fitting(x(1:z,1),p(1,1),p(1,2));
fit2=fitting(x(1:size(y,1)-z+1,1),v(1,1),v(1,2));
RSS1(z)=sum((y(1:z,1)-fit1(1:z,1))."2);
TSS1(z)=sum((y(1:z,1)-mean(y(1:z,1)))."2);
Rsq1(z)=1-RSS1(z)/TSS1(z); %R squared, shows how good is the fit for MZ
RSS2(z)=sum((y(z:size(y,1),1)-fit2).*2);
TSS2(z)=sum((y(z:size(y,1),1)-mean(y(z:size(y,1),1)))."2);
Rsq2(z)=1-RSS2(z)/TSS2(z); %R squared, shows how good is the fit for EZ
R(z)=sqrt(abs(Rsq1(z)+Rsq2(z))); %is maximum when both fits are good
%count=control parameter; it prevents the finding of multiple intersection
points
if count~=0
break
end
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prueba=0; %prueba=control parameter;
if (10uz(z)*ruz(z)"(z-2))/(10tz(z) /rtz(z))>1 &&(10uz(z)*ruz(z)"(z-
1)/10tz(z)<=1)&& (10uz(z)*ruz(z)”(z))/(10tz(z)*rtz(z))<1
prueba=1;
resl=z;
res2=NEZ(z);
res3=ruz(z);
res4=10uz(z);
res5=rtz(z);
res6=10tz(z);
res7=10uz(z)*(1-ruz(z)"(z))/(1-ruz(z));

res8=10tz(z)*(1-rtz(z)*(NEZ(z)))/(1-rtz(z))-10tz(z);
res9=res7+res8;

yval=exp(y);

res10=sum(yval(1:z));
resl1=sum(yval(z+1:size(y,1),1),1);
resl2=sum(yval,1);

res13=Rsql(z);

res14=Rsq2(z);

%we impose that the no of cells in EZ is smaller than the no of cells in MZ
if resl<res2
prueba=0;
end
crit=1; %parameter that contains the number of the criterion applied
end
count=count+prueba;
end

if count==0

clear p

clearv

clear RSS1
clear TSS1
clear RSS2
clear TSS2
clear Rsql
clear Rsq2
clear R

for z=5:size(y,1)-3
p=polyfit(x(1:z,1),y(1:z,1),1);
v=polyfit(x(1:size(y,1)-z+1,1),y(z:size(y,1),1),1);
ruz(z)=exp(abs(p(1,1)));
10uz(z)=exp(abs(p(1,2)));
rtz(z)=exp(abs(v(1,1)));
10tz(z)=exp(abs(v(1,2)));
NEZ(z)=size(y,1)-z;
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yval=exp(y);
LMZ(z)=sum(yval(1:z,1),1);
LEZ(z)=sum(yval(z+1:size(yval,1),1),1);
Ltot(z)=sum(yval,1);

fit1=fitting(x(1:z,1),p(1,1),p(1,2));
fit2=fitting(x(1:size(y,1)-z+1,1),v(1,1),v(1,2));
RSS1(z)=sum((y(1:z,1)-fit1(1:z,1))."2);
TSS1(z)=sum((y(1:z,1)-mean(y(1:z,1)))."2);
Rsq1(z)=1-RSS1(z)/TSS1(z); %R squared, shows how good is the MZ fit
RSS2(z)=sum((y(z:size(y,1),1)-fit2).*2);
TSS2(z)=sum((y(z:size(y,1),1)-mean(y(z:size(y,1),1)))."2);
Rsq2(z)=1-RSS2(z)/TSS2(z); %R squared, shows how good is the EZ fit
R(z)=sqrt(abs(Rsq1(z)+Rsq2(z))); %is maximum when both fits are good

%count=control parameter; it prevents the finding of multiple intersection
points
if count~=0
break
end

prueba=0; %prueba=control parameter
if (10uz(z)*ruz(z)"(z-2))/(10tz(z) /rtz(z))>1 &&
(10uz(z)*ruz(z)”(z))/(10tz(z)*rtz(z))<1

prueba=1;
resl=z;
res2=NEZ(z);
res3=ruz(z);
res4=10uz(z);
res5=rtz(z);
res6=10tz(z);
res7=10uz(z)*(1-ruz(z)"(z))/(1-ruz(z));
res8=10tz(z)*(1-rtz(z)*(NEZ(z)))/(1-rtz(z))-10tz(z);
res9=res7+res8;
yval=exp(y);
res10=sum(yval(1:z));
res11=sum(yval(z+1:size(y,1),1),1);
resl2=sum(yval,1);
res13=Rsql(z);
res14=Rsq2(z);

%we impose that the no of cells in EZ is smaller than the no of cells in MZ
if resl<res2
prueba=0;
end
crit=3;
end

Appendix Text



count=count+prueba;
end
end

%when count is 0 after the previous loop, criteria 1 and 3 were not fulfilled, so we
pass to criterion 2, which searches for the maximum value of R and sets the value

for crit to 2
while count==0

ind=find(R>=max(R));
resl=ind;
res2=NEZ(ind);
res3=ruz(ind);
res4=10uz(ind);
res5=rtz(ind)
res6=10tz(ind);
res7=10uz(ind)*(1-ruz(ind)”*(ind))/(1-ruz(ind));

res8=10tz(ind)*(1-rtz(ind)*(NEZ(ind)+1))/(1-rtz(ind));

res9=res7+res8;
yval=exp(y);
res10=sum(yval(1:z));
resl1=sum(yval(z+1:size(y,1),1),1);
resl2=sum(yval,1);
res14=Rsq2(ind);
res13=Rsql(ind);
crit=2;
count=1;

end

%ajusteMZ= creates a fit of the form: 10*r"i

ajusteMZ=zeros(size(y(1:res1),1),1);

ajusteMZ(1,1)=10uz(res1);

ajusteEZ=zeros(size(y,1)-res1,1);

ajusteEZ(1,1)=10tz(res1)*rtz(res1);

for qg=1:res1-1
ajusteMZ(q+1)=ajusteMZ(q)*ruz(resl);

end

for w=1:size(y,1)-res1-1
ajusteEZ(w+1)=ajusteEZ(w)*rtz(res1);

end

%B=matrix which contains one column with both fits, for MZ and EZ

B(1,i)=i;
B(2:size(y,1)+1,i)=[ajusteMZ;ajusteEZ];

% Constraint: if the diff between rMZ and rEZ is very small, than only one zone

should be considered with only one fit for all the points
if abs(res3-res5)<=0.08
pp=polyfit(x,y,1);
resl=size(y,1);
res2=0;
res3=exp(abs(pp(1,1)));

Appendix Text

23



res4=exp(abs(pp(1,2)));
res5=0;
res6=0;
res7=res4*(1-res3”res1)/(1-res3);
res8=0;
res9=res7+res8;
yval=exp(y);
res10=sum(yval,1);
res11=0;
res12=0;
fit3=fitting(x(1:size(y,1),1),abs(pp(1,1)),abs(pp(1,2)));
RSS1=sum((y(1:size(y,1),1)-fit3(1:size(y,1),1))."2);
TSS1=sum((y(1:size(y,1),1)-mean(y(1:size(y,1),1))).*2);
Rsq1=1-RSS1/TSS1;
res13=Rsq1l;
res14=0;
ajusteMZ=zeros(size(y,1),1);
ajusteMZ(1,1)=res4;
for qg=1:res1-1
ajusteMZ(q+1)=ajusteMZ(q)*res3;
end
B(2:size(y,1)+1,i)=ajusteMZ;
end

qwrt=[i;crit;res1;res2;res3;res4;res5;res6;res7;res8;res9;res10;res11;res12;res13;
res14]; %qwrt=matrix containing the extracted grwht parameters, where each
column corresponds to one plant

A=[A qwrt]; %A=matrix containing the resulting growth parameters for all the
plants. [t¥s different for each sheet

end
xlswrite(strcat('avg_results_actualized7_4_',FileName),A,u);
xlswrite(strcat('avg_results_actualized7_4_',FileName,'_data_fit_v7_4.xls"),B,u);
end
skeok sk skoske sk sk sk sk sk sk ke ok sk skeske sk sk sk sk sk
function [fit] = fitting(x,p1,p2 )%creates the linear fit y=slope*x+intercept
fit=p1*x+p2;
end
skeok sk sk sk sk sk sk sk sk sk skeok sk sk sk sk sk sk sk sk
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Appendix Figure S1. Root growth parameters for WT epidermal cells

A-C. Length of epidermal cells from 1-5, 8 and 10-day-old (day post germination, dpg) Col-0 WT plants, as a function of the
cell number position from the QC, for 3 different individual plants (colored symbols). Logarithmic scale for cell length axis is
used. Straight lines stand for the fitted curves in each zone assuming an exponential behavior in a linear scale (using the
Method described in Appendix S1B and with the program code in S3A) and their connection. The slope of each fitted curve
sets the growth parameter rmz for the meristematic zone and rez for the elongation zone (the slope corresponds to the logarithm
of this parameter). We name rgz as the elongation factor in the elongation zone. D-H. Number of cells in the meristem (D) and
the elongation zone (E), length of the EZ cell closest to the DZ, (F) and growth parameters (G,H) over time. In D-F the
stationary regime is reached at day 6 dpg. Black dashed lines represent the average value characterizing the steady state,
computed from the values at days 6,8 and 10 dpg. Black continuous lines mark the tendency. For all the boxplots, boxes
represent the interquartile range (25%-75%" percentiles, with the median indicated by the black horizontal line and the average
indicated by the dashed black line) of the distribution, whiskers extend to the 10t and 90™ percentiles and outliers are
represented by black dots. The number of plants is detailed in Table EV1. Panels A-C depict the Col-0 epidermal data in
Dataset EV1. Panels D-H depict the Col-0 epidermal data in Dataset EV2. Day 6-10 data are used in Figure 2 and Table EV2.
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Appendix Figure S2. Root growth parameters for WT cortical cells

A,B. Length of cortical cells from 3 (A) and 6-day-old (B) WT plants, as a function of the cell number position from the QC,
for 3 different individual plants (colored symbols). Logarithmic scale for cell length axis is used. Straight lines stand for the
fitted curves in each zone assuming an exponential behavior in a linear scale and their connection. The slope of each fitted
curve sets the growth parameter rmz for the meristematic zone and rez for the elongation zone (the slope corresponds to the
logarithm of this parameter). We name rez as the elongation factor in the elongation zone. Note the similarity in behavior

between cortical and epidermal cells (Fig. S1). C-G. 3 and 6 day-old WT plants boxplot distributions for the number of cells

in the meristem (C) and the elongation zone (D),

meristem (F) and the elongation zone (G), all for cortical cells. Boxplots represented as in Appendix Fig. S1. Panels A-B

Time (dpQ)

length of the EZ cell closest to the DZ (E) and growth parameters in the

depict the Col-0 cortex data in Dataset EV1. Panels C-G depict the Col-0 cortex data in Dataset EV2.
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Appendix Figure S3. Validation of the goodness of fit to epidermal WT data
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A. Visualization of the method used to extract the cell number of each zone and the growth parameters. This method is described in

Appendix Text S1B and the program code is provided in Appendix Text S3A. The plot shows the cell length as a function of cell

position, starting from QC, until the appearance of the first root hair (N cells), in logarithmic scale. Based on the exponential

behavior of measured cell lengths, a separation between the division zone (green dots) and elongation zone (yellow dots) can be

made by applying iteratively two independent linear regressions on the logarithm of the cell lengths as depicted by the straight lines.

One of the regressions is on the first z points and the second one is on the last N-z points. The selected pair of fittings depicted

intersect between position z-2 and position z-1, and the start of the elongation zone is set in position z. Each linear regression is

characterized by its own slope (rmz and rez), and intersection (lomz and loez). Green and yellow stars represent the evaluation points

for the intersection condition. B. Goodness of linear regressions for the pairs of selected fittings: coefficient of determination for the

(continues in next page)



continuation of Appendix Figure S3 caption

linear regressions in the meristematic zone (upper panel) and elongation zone (lower panel) for each day analyzed. In the
meristematic zone, the coefficient of determination is much smaller than in the elongation zone, probably because the length of cells
changes slightly with position from QC. C-F. Each panel shows the measured values and values extracted from linear fittings for
the length of the first cell in the meristem (C), the length of the last meristematic cell (D and E) and the length of the last elongated
cell (F). Upper panels: For each panel, boxplots of the measured values (left) and of the values expected from fittings (right).
Lower panels: The same data as in the corresponding upper panel but represented for each plant. Each dot is the measured value
represented against the value expected from fitting for each plant. The straight line corresponds to the curve measured=expected. If
linear fittings fit appropriately each zone, we expect the dots to be close to the straight line. In C, the value of the length of the first
meristematic cell extracted from linear fitting is the intercept of the MZ fitting (pink square in A). In D, the EZ fitting of last MZ
cell corresponds to loez; where the subindex j denotes the plant. In E, the MZ fitting of last MZ cell corresponds to lomz,jrvzNMZi-1,
In F, the EZ fitting of last EZ cell corresponds loezjrezjNF%4. See Appendix Text S1C for more details. Boxplots represented as in
Appendix Fig. S1. The data are those from epidermis Col-0 WT day 6,8,10 (Approach 1) and day 8 (Approach2) in Dataset EV2, as
in Table EV2 and in Figure 2.
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Appendix Figure S4. Root growth in Ruler, Timer and Sizer models and its comparison with WT epidermal data. A.
Computational root length (computed as the sum of the lengths of all differentiated cells) at four time points corresponding
to the stationary growth of the simulated root, in Ruler and Timer models. Colors stand for three simulated roots. The
analogous data for the Sizer model are depicted in Fig.1C(bottom). Parameter values as in Table EV3 (Generic case). B-F.
Boxplots for phenotypic traits: (B) elongation factor rez , (C) length of the EZ cell closest to the DZ Inax, (D) length of the
elongation zone Lgz, (E) number of cells in the elongation zone Ngz, and (F) root growth rate. In each boxplot, data from
Ruler (gray), Timer (pink) and Sizer (red) models (n=121 each) are compared with data from WT epidermis (green)
(n=122, corresponding to day 6,8,10 (Approach 1) and day 8 (Approach 2) in Dataset EV2). In C, the Col-0 WT measured
data of the cell length of the first root hair cell is also depicted (Irnc, n=42). No statistical significant difference is found
between Iruc and lmax (p-value=0.7029 for Wilcoxon rank sum test). In F, the WT root growth rate measured through
Approachl (Appl, Rerowth exp 1, Which corresponds to a single average value on n=20 roots) and Approach 2 (App2, Regrowth
exp 2, =22 roots) is given (see Materials and Methods for a description of each Approach and Table EV7). p-values for
Wilcoxon rank sum test between each model data for n=1000 and the WT epidermal data (n=122) are detailed in Table EV4
(all are p>0.01). In B-F, for each model, the simulated roots and cells differ in the threshold value for cell elongation
termination, the cell elongation rates, the meristematic activities and the initial cell length as defined in Methods (parameter
values detailed in Table EV3- WT epidermis case). The parameter values are the same for the three models except for the
threshold for cell elongation termination, which is specific of each model and has relative variability of 35% (Ruler), 7%
(Timer) and 26% (Sizer). The Timer model is more sensitive to the variability, driving less reliable root growth rates. The

relationships between traits that these same simulations exhibit are depicted in Fig. 2. Boxplots represented as in Fig.2.
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Appendix Figure S5. Validation of the methods used to infer dynamical information, using the computational data of
a Sizer model. We analyzed the computational data obtained from simulations of a Sizer model through the methods
applied on real WT roots to extract dynamical information of them (formulae in Table EV2, and methods detailed in
Appendix Text S1A,D). The advantage of applying these methods on the simulated computational data is that we can
compare the extracted dynamical information (output) to the real one of the computational model (input), and hence
evaluate whether the methods are providing accurate dynamical information. The only difference being that the models do
not contain a MZ and that herein the length of mature cells in the DZ is used (instead of the length of the EZ cell closest to
the DZ). Details on the computation of input and output values are provided in Appendix Text S1D. The two approaches
applied on WT roots, Approach 1 and 2 (see Methods) were performed on the simulated data (panels A and B,

respectively). A,B Average value for each simulated root (input) and the value extracted (output) computed using Approach

2 (A), or using Approach 1 (B)) for the root growth rate Rprod, the elongation rate reiong and the time cells spend on the EZ

tresid. (continues in next page)



continuation of Appendix Figure S5 caption

(A, left) For each simulated root file, exact average (input) values and estimated inferred (output) values are represented. (A,
right) Boxplots of the values shown in left panel. In B, the outputs were all computed through Approach 1 and hence only
average values with an error estimation were extracted for the whole set of simulated roots. Two values of output are provided
which only differ on how the average of the root growth rate (extracted through Approach 1) was computed: 1. by performing
a best linear fit on the root length over time of each simulated root file, extracting the slope of this fit and averaging it for all
simulated roots and setting this average slope as the average root growth rate, 2. by averaging the length of all the simulated
roots at four distinct time points, performing a best linear fit on these averaged data, and setting the slope of this fit as the
average root growth rate. For both methods, production rate Rproa Was extracted as the ratio between the average root growth
rate (Rrot) and the average length of the mature cells (those in the DZ, <ldif>), Rprod=Rroot/<lait?™>; The elongation rate as
Telong=<IN(rEzj)>Rprod and the residence time in the EZ tresite=<NEgzj>/Rprod (corresponding to the formulae in Table EV2 of
Approachl. Brackets stand for averages over all root data). Simulations were done using the values of parameters described in
Table EV3 (Generic Case) except for the threshold of differentiation, which was considered to be variable from cell to cell
within the same root file, in order to asses the method with additional variability. The threshold cell length for any cell in any
root file was computed from a Gaussian distribution with mean 175.5 um and standard deviation 39 pm. n=121 roots were

simulated. Boxplots represented as in Appendix Fig. SI.
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the Ruler model.

The same type of data as those shown in Appendix Fig. S5 but for the Ruler model. A,B Average value for each simulated
root (input) and the value extracted (output) computed using Approach 2 (A), or using Approach 1 (B)) for the root growth
rate Rprod, the elongation rate reong and the time cells spend on the EZ tresia. (A, left) For each simulated root file, exact
average (input) values and estimated inferred (output) values are represented. (A, right) Boxplots of the values shown in left
panel. In B, the outputs were all computed through Approach 1 and hence only average values with an error estimation were

extracted for the whole set of simulated roots. Two values of output are provided which only differ on how the average of the

root growth rate (extracted through Approach 1) was computed: (continues in next page)



continuation of Appendix Figure S6 caption

1. by performing a best linear fit on the root length over time of each simulated root file, extracting the slope of this fit and
averaging it for all simulated roots and setting this average slope as the average root growth rate, 2. by averaging the length of
all the simulated roots at four distinct time points, performing a best linear fit on these averaged data, and setting the slope of
this fit as the average root growth rate. For both methods, production rate Ryrod Was extracted as the ratio between the average
root growth rate (Rroot) and the average length of the mature cells (those in the DZ, <lqit™), Rprod=Rroot/<lgit?™>; The elongation
rate as relong=<In(rezj)>Rprod and the residence time in the EZ  tresit=<NEgz>/Rprod (corresponding to the formulae in Table EV2
of Approachl. Brackets stand for averages over all root data). Simulations were done using the values of parameters described
in Table EV3 (Generic Case) but with no variability in the differentiation threshold (i.e. A=0 for the EZ length) (n=121).
Boxplots represented as in Appendix Fig. S1.
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Appendix Figure S7. Validation of the methods used to infer dynamical information, using the computational data of the

Timer model.

The same type of data as those shown in Appendix Fig. S5 but for the Timer model. A,B Average value for each simulated root

(input) and the value extracted (output) computed using Approach 2 (A), or using Approach 1 (B)) for the root growth rate Rprod,

the elongation rate reiong and the time cells spend on the EZ tresia. (A, left) For each simulated root file, exact average (input)

values and estimated inferred (output) values are represented. (A, right) Boxplots of the values shown in left panel. In B, the

outputs were all computed through Approach 1 and hence only average values with an error estimation were extracted for the

whole set of simulated roots. Two values of output are provided which only differ on how the average of the root growth rate

(extracted through Approach 1) was computed: (continues in next page)



continuation of Appendix Figure S7 caption

1. by performing a best linear fit on the root length over time of each simulated root file, extracting the slope of this fit and
averaging it for all simulated roots and setting this average slope as the average root growth rate, 2. by averaging the length of
all the simulated roots at four distinct time points, performing a best linear fit on these averaged data, and setting the slope of
this fit as the average root growth rate. For both methods, production rate Ryrod Was extracted as the ratio between the average
root growth rate (Rroot) and the average length of the mature cells (those in the DZ, <lait?>), Rprod=Rroot/<laife>; The elongation rate
as Telong=<In(rezj)>Rprod and the residence time in the EZ  tresit=<NEz;j>/Rprod (corresponding to the formulae in Table EV2 of
Approachl. Brackets stand for averages over all root data). Simulations were done using the values of parameters described in

Table EV3 (Generic Case) but with no variability in the differentiation threshold (i.e. A=0 for the time cells spend in the EZ)

(n=121). Boxplots represented as in Appendix Fig. S1.
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Appendix Figure S8. The three models drive equivalent relationships between phenotypic traits when only the
threshold for cell elongation cessation varies between simulated roots (n=121). The simulated roots differ only in the
threshold value (of distance for Ruler, of time for Timer and of length for Sizer) that sets cell elongation termination
(Methods, Tables EV3). In all models, the threshold value in each root is set from a Gaussian distribution with a standard
deviation that is 10% of the mean distribution. Thus all models have the same relative threshold variability of 10%.
Simulation results are depicted in gray for Ruler, pink for Timer and red for Sizer models. A. Boxplots for phenotypic
traits: elongation factor rez , length of the EZ cell closest to the DZ lmax, length of the elongation zone Lez , number of cells
in the elongation zone Ngz and root growth rate. The Timer model is more sensitive to the threshold variability, driving
less reliable root growth rates. No statistical comparison between data is done. B-D Relationships between pairs of
phenotypic traits for the Ruler (gray triangles), Timer (pink squares) and Sizer (red diamonds) models. Symbols represent
simulated data. Continuous blue line is the theoretical prediction which is the same for all three models (Appendix Text
S1E). Parameter values are those in Generic Case-Table EV3 but with null variability between cells and roots, except for
the threshold for cell elongation cessation, with mean Lo=830 um for Ruler, lsirz=190 pm for the Sizer and T¢=0.38 day"!

for the Timer, and standard deviation of 10% the mean in each model. Boxplots represented as in Fig. 2.
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Appendix Figure S9. Model specific relationships between phenotypic traits when the threshold for cell elongation

cessation is identical among all simulated roots (n=121). The simulated roots and cells differ only in the cell elongation rates

and the meristematic activities, whose values are exactly the same for the three (Ruler, Timer and Sizer) models and are set

according to Gaussian distributions (Methods). Simulation results are depicted in gray for Ruler, pink for Timer and red for Sizer

models. A Boxplots for phenotypic traits: elongation factor rgz , length of the EZ cell closest to the DZ Inax, length of the

elongation zone Lgz , number of cells in the elongation zone Ngz and root growth rate. The variability in the elongation rates and

meristematic activity is the same in all models and drives the same variability in rgz. The Timer model is more sensitive to this

variability, driving less reliable root growth rates. No statistical comparison between data is done. B-D Relationships between

pairs of phenotypic traits. Panels from left to right: the Ruler, Timer and Sizer models. Symbols represent simulated data.

Continuous lines are theoretical predictions for each model (Appendix Text S1E). In contrast with the Ruler and Sizer models, the

theoretical Timer model relationships depend on which factor varies (either the elongation rate (black line) or the meristematic

activity (red line)). Parameter values are those Generic Case-Table EV3 except for the variability in the threshold which here is

zero. Boxplots represented as in Fig. 2.




B
3000 3000

2500 2500
_ 2000 / _ 2000
S 1500 o S 1500
% 1000 % 1000

500 | o 500 ;

0 +% 0

0 10 20 30 0 10 20 30

Nez(cells) Nez(cells)

O
O

600 600

£ 400 \% 400
£ 200 =200

0 0 —

0.5 06 0.7 0.8 09 1 0.5 06 0.7 0.8 09 1
1/rez 1/rez
E / F 30
30
7~ _
7’ (%)
2 20 ‘ g 20
T 10
0 0
0 ) 10 0 ) 10
1/In(rez) 1/In(rez)

Appendix Figure S10. Dependence of the Timer model on the variability in the elongation rate and the meristematic
activity. A,C,E The only parameter that exhibits variability between roots and cells is the meristematic activity. B,D,F The only
parameter that exhibits variability between roots and cells is the relative cell elongation rate. All results correspond to the Timer
model. The symbols represent simulated data. Continuous lines are theoretical predictions (the same lines are depicted in
Appendix Fig S9 and in Fig 2 for the Timer model). A,B Length of the elongation zone Lgz versus the number of cells in this
zone Ngz.. C,D Length of the EZ cell closest to the DZ lmax versus 1/rez. E,F Number of cells in the elongation zone Ngz versus
1/In(rgz). Parameter values like those Generic Case-Table EV3 except for the variabilities in the threshold, the initial cell length

and (A,C,E) the cell elongation rate or (B,D,F) which are zero.
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Appendix Figure S11. Relationships between different root phenotypic traits.

A-G. Evaluation of correlations between several growth parameters. For rdiv, Telong and tresid, data from Approach 2 was used,
n=24, 8-day-old WT roots, epidermal file. For all the other parameters, data from Approach 1 was used, n=36, data from 6-day
old WT roots, epidermal file (in Dataset EV2). H-1. Correlations between the number of epidermal cells in the elongation zone
and the ratio between the production rate and the elongation rate (meristem-elongation correlation) before stationary growth (H)
and at stationary state (I). Symbols represent data from 30 plants per each day (dpg) being indicated. (J). Meristem length as a

function of the mature cell length at stationary state. No correlation could be found in WT between these parameters. Symbols

represent data from 30 plants per each day (dpg) being indicated. Data are from Col-0 WT epidermis in Dataset EV2.
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Appendix Figure S12. Quantification of bril-116 mutant and pRP5SA:BRI1:YFP;bril-116 line.

A, E. Length of epidermal (A) and cortex (E) cells from 3 and 6-day-old bril-116 and (continues in next page)



continuation of Appendix Figure S12 caption
pRP5SA:BRIL:YFP;bril-116 plants, as a function of the position relative to the QC, for 3 different individual plants (symbols).

Straight lines stand for the fitted curves assuming an exponential behavior in each zone and their connection. The slope of each
fitted curve is the growth parameters rvz (for the meristematic zone) and rgz (for the elongation zone; also called elongation
factor). For cell length axis logarithmic scale is used.

B-D, F-H. Data from epidermal cells for bri/-1/6 mutant and pRPSSA:BRI1:YFP;bril-116 line. Number of cells in the
meristem (B) and the elongation zone (F), length of the EZ cell closest to the DZ (C), growth parameters (D,G), and length of
the last meristematic cell (H) over time. Black dashed lines represent the average value characterizing the steady state,
computed from the values at days 6,8 and 10 day post germination (dpg). Black continuous lines mark the tendency. See Table
EV1 for number of plants analyzed. *p<0.05. Boxplots represented as in Appendix Fig. S1. Data in A, E are the bril-116
epidermal data in Dataset EV1. Data in B-D, F-H are the bril-116 epidermal data in Dataset EV2.
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Appendix Figure S13. Comparison between the predictions of three models for final differentiation with empirical data
from the epidermis in bril-116 roots. Simulation results are depicted in gray for Ruler, pink for Timer and red for Sizer models
(n=125, each). Data from epidermis (trichoblast) in bril-116 roots is in green (n=126, day 6,8, and 10 post germination (Approach
1), and day 8 post germination (Approach 2) in Dataset EV2, summarized in Table EV5). A Boxplots for phenotypic traits:
elongation factor rez , length of the EZ cell closest to the DZ Imax, length of the elongation zone Lgz , number of cells in the
elongation zone Ngz and root growth rate. For the epidermis bri/-116 data, the first four phenotypic traits are all measured in the
same root files (n=126), while the root growth rate is measured on a different set of roots (n=12, Table EV7). Statistical comparison
(Wilcoxon rank-sum test) of each modelled phenotypic trait (for n=1000) with the brill-16 trait (n=126) gives p-values >0.01 for
all traits (Table EV4). B-D Relationships between pairs of phenotypic traits. Panels from left to right: the Ruler, Timer and Sizer
models, and empirical epidermis in bril-116 roots. Symbols in the three left-most panels represent simulated data. Continuous lines
are theoretical predictions for each model. In contrast with the Ruler and Sizer models, the theoretical Timer model relationships
depend on which factor varies (either the elongation rate (black line) or the meristematic activity (red line)). Dashed lines are
minimum square linear fits. Pearson correlation coefficient r. Parameter values for simulations in A-D detailed in Table EV3. For
each model, the simulated roots and cells differ in the threshold value for cell elongation termination, the cell elongation rates, the
meristematic activities and the initial cell length. The parameter values are the same for the three models except for the threshold
for cell elongation termination, which has relative variability of 32% (Ruler), 2% (Timer) and 33% (Sizer). The epidermis bril-116

panels in B-D are exactly the same as those shown in Fig. 5 C, E, G, respectively. Boxplots represented as in Fig. 2.
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Appendix Figure S14. A 6 day-old-seedlings of Arabidopsis in
control conditions (WT), 1uM PAC and 5uM PAC. Scale bar: 1cm
B-D Confocal images of 6-day old Arabidopsis roots, control
conditions, 1uM PAC and 5uM PAC, stained with PI. Scale bar:
50um. Red bars represent the borders of different images
juxtaposed. E-K Boxplots of phenotypic traits for control, 1uM
PAC and 5uM PAC. The numbers inside each panel denote the p-
value of Wilcoxon rank sum test performed on control and 1pM
PAC data and on control and 5uM PAC data. For E-J, n=40 for
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control, n=28 for 1 pM PAC and n=19 for 5uM PAC. E Cell length
of the EZ cell next to DZ. F Length of EZ. G Length of meristem. H Number of cells in EZ. I Number
of cells in meristem. J Elongation factor in the EZ. K Root growth rate. Individual roots were measured
each day from day 4 to day 10, both included, post germination. A leat square linear fitting was done for
each root. The slope of each fitting gives the root growth rate of each (n=63 control, n=40 for 1uM
PAC, n=19 for 5 uM PAC). The data in E-K are those of PAC treatment in Dataset EV2, which are also
used in Figure 6 and Appendix Figures S15 and S16.




£ g
3 100
~ ] o
= R2 27
O
C Yo}
() 8
; 10 - ©
O . ° °
O % °
© o
o | 0
1 11 21 31 41 WT 1UM 5UM
cell index PAC PAC
5uM PAC
100 - . 100 - "
- -
= =
= =
(@) O
- - ° .
@ 10 £Xe @O 10 ;Xx x o8 > xa, XA
5 : =  EEEemTe
{15 e ® |
8 8 1¢ *m
e o e o B
1 11 21 31 41 1 11 21 31 41
E cell index cell index
2000 - 600 30
- . 500 1 r=-0.0594 _ r=0.9297
G 1500'. .2 T 400 p=0.7159 % 20 p<2.2e-16
= 1000 - .‘f:l} < 300 . 3 ’
- ' S £ 200 '&# Zz 10
500 - r=0.583 100 4
0. =7.931e-05 ol o .
0 10 20 30 0.5 06 0.7 0.8 0.9 1 0 5 10
Nez(cells) 1/rez 1/In(rez)

Appendix Figure S15. Fittings to extract the MZ and EZ in the cortex of WT roots and roots treated with PAC.

A,C,D. Length of cortical cells from 6-day-old (A) WT control roots, (C) WT roots grown in 1 uM PAC and (D) WT

roots grown in 5 uM PAC as a function of the position relative to the QC, for 5 different individual plants (colored

symbols). Logarithmic scale for cell length axis is used. Straight lines stand for the fitted curves assuming an exponential

behavior in a linear scale in each zone (as described in Appendix S1B ad using program code in Appendix S3A) and their

connection. B. Coefficient of determination of the linear fitting done in the EZ. Boxplots represented as in Fig. 2. E.

Relationships between pairs of phenotypic traits for cortex data of the 6-day-old Col-0 WT roots (n=40) used as control

for the experiments with PAC treatment (see Methods). Data in A,C, D are from the PAC treatment data in Dataset EV1.

Data in B, E are from the PAC treatment data in Dataset EV2.
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Appendix Figure S16. Comparison between the predictions of three models for final differentiation with empirical data
from the cortex tissue in Arabidopsis thaliana roots grown with SuM PAC. Simulation results are depicted in gray for
Ruler, pink for Timer and red for Sizer models (n=19, each). Data from cortex tissue in Col-0+5uM PAC is in green (n=19). A
Boxplots for phenotypic traits: elongation factor rez, length of the EZ cell closest to the DZ Imax, length of the elongation zone
Lgz , number of cells in the elongation zone Ngz and root growth rate. Timer model is more sensitive to the variability, driving
less reliable root growth rates. Statistical comparison (Wilcoxon rank-sum test) of each modelled phenotypic trait with the
brill-16 trait gives p-values >0.01 for all traits and models (p-values in Table EV4). B-D Relationships between pairs of
phenotypic traits. Panels from left to right: the Ruler, Timer and Sizer models, and empirical cortex Col-0+5uM PAC data.
Symbols in the three left-most panels represent simulated data. Continuous lines are theoretical predictions for each model (see
Appendix Text). In contrast with the Ruler and Sizer models, the theoretical Timer model relationships depend on which factor
varies (either the elongation rate (black line) or the meristematic activity (red line)). Dashed lines are minimum square linear
fits. Pearson correlation coefficient r for each pair of data. p stands for the p-value. For each model, the simulated roots and
cells differ in the threshold value for cell elongation termination, the cell elongation rates, the meristematic activities and the
initial cell length (Table EV3). The parameter values are the same for the three models except for the threshold for cell
elongation termination, which has relative variability of 27% (Ruler), 1.5% (Timer) and 25% (Sizer) (Table EV3). Boxplots

represented as in Fig. 2.
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Appendix Figure S17. Ruler, Timer and Sizer mechanisms mediated by signaling gradients. From left to right: results from
three models which differ in the type of signaling gradient. The data in Right B-D panels show the type of relationships found in
the WT (Figs. 2, 3), corresponding to the Sizer mechanism. A. Concentration m (in arbitrary units) of the signaling molecule in
cell 1 as a function of the cell ordinal index i along the EZ, for three different simulated root files (denoted in different colors).
i=1 is the cell closest to the MZ, 1=2 is its adjacent cell further away from the MZ, and so on an so forth (see labeling in Fig.
2A). For all models the cessation of elongation is dictated when the concentration m of signaling molecule is below a threshold
value mo. The dynamics of cell expansion and appearance into the EZ are the same as the ones described in Results section “A
model for cell elongation dynamics during stationary root growth”, being the same for all three models. The models differ only
on which gradient m(i) is set. Left: m(i)=exp(-Ax(i)) with A=0.0033 pm-! and x(i) being the distance of this cell i from the MZ.
This is representative of gradients in which diffusion plays a relevant role and hence depend on the distance from the source that
creates the signaling molecule. Middle: m(i)=exp(-Bt;) with B=7.10 days™' and where t; is the time (days) this cell has been in the
EZ. Therefore, this model assumes that the signaling molecule is degraded over time, it is not significantly transported, and it
remains confined in a compartment that does not change of size. Right: m(1)=C/I(1), with C=13um where 1(i) is the length (um)
of the elongating cell. Thus this model assumes that the signaling molecule is not degraded nor significantly transported, such
that its concentration decreases only because the cell elongates. All models assume that the signaling molecule is produced only
at the MZ. B-D Relationships between pairs of phenotypic traits. Pearson correlation coefficient r for each pair of data is
depicted. Panels from left to right ordered according to the model used as in A. The results show that each type of signaling
gradient mediates a different mechanism, being the Ruler, Timer and Sizer respectively from left to right. Variability in the
threshold between roots is modeled by setting a random mg value in each simulated root from a Gaussian distribution of mean

0.065 and variance 0.001. Cell parameter values (not the Threshold) as in Generic Case-Table EV3.
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Appendix Figure S18. Mixed signaling gradients that involve dilution because of cell expansion. Left and right panels
correspond to two different models. The data in Left panels show the type of relationships found in bril-116 mutant (Fig. 5
and Fig. S13). A. Concentration m (in arbitrary units) of the signaling molecule as a function of the cell ordinal index along
the EZ, for three different simulated root files (denoted in different colors) as in Fig. S17. For the two models the cessation of
elongation is dictated when the concentration m of signaling molecule is below a threshold value mo. The dynamics of cell
expansion and appearance into the EZ are the same as the ones described in Results section “A model for cell elongation
dynamics during stationary root growth”, being the same for the two models. The models differ only on which gradient m(i)
is set. Left: This model assumes that the molecule degrades over time, is diluted because of cell expansion and is not
significantly transported such that the concentration of the signaling molecule in cell 1 is m(1)=Cexp(-Bti)/1(i) with C=13um,
B=2.5 days'and I(i) is the length (um) of the elongating cell. A mixed response between the Timer and Sizer mechanism is
found, with less variability than the Timer mechanism. Right: m(i)=Cexp(-Ax(i))/1(i) with with C=13pum, A=0.002 pm'and
1(1) 1s the length (um) of the elongating cell. This model is a mix of gradients in Appendix Fig. S17A-Right and Appendix
Fig. S17A-Left, which drive a Ruler and a Sizer mechanism respectively. B-D Relationships between pairs of phenotypic
traits. Left and Right ordered as in A. Pearson correlation coefficient r for each pair of data. p stands for the p-value.
Variability in the threshold between roots is modeled by setting a random mo value in each simulated root from a Gaussian

distribution of mean 0.065 and variance 0.001. Cell parameter values are as in Fig.S17.



