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The plant vascular system provides transport and support capabilities

that are essential for plant growth and development, yet the mech-

anisms directing the arrangement of vascular bundles within the

shoot inflorescence stem remain unknown. We used computational

and experimental biology to evaluate the role of auxin and brassi-

nosteroid hormones in vascular patterning in Arabidopsis. We show

that periodic auxin maxima controlled by polar transport and not

overall auxin levels underlie vascular bundle spacing, whereas brassi-

nosteroids modulate bundle number by promoting early procambial

divisions. Overall, this study demonstrates that auxin polar transport

coupled to brassinosteroid signaling is required to determine the

radial pattern of vascular bundles in shoots.

mathematical model � pattern formation � plant hormones �

procambium

The variety and complexity of vascular patterns among plant
species have attracted the attention of both biologists and

mathematicians for many years (1–5). In the Arabidopsis shoot,
the vascular pattern is set up in embryogenesis by asymmetric
divisions of the procambium cells (6). After germination, sub-
sequent procambial cell division and differentiation gives rise to
the xylem, the water conducting tissues, and the phloem, through
which photosynthetic compounds and signaling molecules are
transported (7, 8). This primary provascular growth derives from
the activity of primary plant growth and serves as a vascular
template along plant development (1). The vasculature forms a
continuous apico-basally connected structure along the plant
shoot. At the base of the main inflorescence stem of wild-type
(WT) plants, the completion of primary provascular growth is
observed. Procambial cells have produced functional xylem and
phloem forming a vascular bundle (VB) and differentiated
interfascicular fibers (IF) in between bundles (Fig. 1A). IFs are
composed of 3 to 4 layers of fiber cells and are mostly responsible
for the mechanical strength of the mature stem (9). The pro-
cambium places xylem centripetally and phloem centrifugally,
contributing to the formation of collateral VBs (1) (Fig. 1B).
Across a cross-section, the stem vasculature exhibits a radial
organization made by the periodic alternation of VBs with the
IF in between, together forming the vascular ring (Fig. 1 A).

Genetic studies have identified a number of vascular patterning
mutants (2, 10–12), but the mechanisms underlying VB pattern
formation are still unknown. Two plant hormones, auxin and
brassinosteroids (BRs), have been implicated in vascular differen-
tiation. Auxin is essential for vascular tissue formation and differ-
entiation (13, 14). In leaves, it has been shown that auxin accumu-
lates in the procambial cells (15, 16), leading to the gradual
canalization of auxin into the leaf vascular strands through polar-
ization of auxin efflux carriers (4, 5, 17). In the shoot, it has been
shown that the auxin efflux carrier PIN1 is expressed in the
procambium and xylem cells, at the basal side and in a fraction of
the lateral cell membranes (18). Mutations in pin1 or chemical
inhibition of auxin transport with naphthalene acetic acid (NPA)

induces a dramatic increase of differentiated xylem cells, which
expand the VBs along the ring adjacent to cauline leaves (18, 19).
Altogether these results raise the intriguing question of how auxin
is participating in shoot-VB patterning.

Brassinosteroids, the steroid hormones of plants, play a major
role in promoting cell expansion, and a signaling pathway that
controls cell expansion has been elucidated (20). BRs are also
involved in vascular cell differentiation of vegetative organs. In
Zinnia mesophyll cell cultures, BRs have been shown to regulate
xylem differentiation (21–23). Moreover, a number of BR
mutants of rice (24) and Arabidopsis (25–27) show various
vascular differentiation defects; however, a full characterization
of the alterations induced by BRs on the periodic VB pattern in
Arabidopsis shoots is lacking and the mechanism by which BRs
contribute to this patterning is not yet understood.

The goal of this study is to examine the roles of auxin and BRs
in vascular patterning in the shoot inflorescence stem. Because
the Arabidopsis shoot is not as amenable to studies of auxin polar
transport as leaves and the shoot apical meristem, we used a
systems biology approach. By means of a mathematical and
computational model and quantitative experimental data, we
show that BR signaling and auxin polar transport, not auxin
levels, are required to set the number and arrangement of
plant-shoot vasculature.

Results and Discussion

Schematically, the shoot vascular pattern can be decomposed
into circularly and periodically distributed vascular units, each of
which consists of a VB and the clockwise adjacent IF (Fig. 1C).
Whereas incipient xylem differentiating cells appear spaced
across a ring-like geometry at the shoot apex (at �100 �m below
the apex; see Fig. S1 A–D), the periodic pattern of differentiated
VBs is set up at �2 cm below the apex being maintained along
the inflorescence stem (Fig. S1 E–G).

Recently, auxin polar transport has been shown to be critical to
position organs periodically through auxin maxima during the
emergence of organ primordia in the shoot, such as the axillary
meristems and leaves during the generation of phyllotactic patterns
(28, 29). In this context, we hypothesized that auxin maxima
promote xylem differentiation and the formation of VBs in the
shoot and we investigated whether a periodic distribution of auxin
maxima can underlie the formation (i.e., number and positioning)
of primary VBs along the shoot vascular ring. To this end, we first
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evaluated whether auxin maxima coincide with VBs. We analyzed
the expression pattern of a synthetic auxin-response element
DR5::GUS, which has been used as a read-out of auxin levels (30).
At the base of the inflorescence stem, where completion of the
pattern is observed, �-glucuronidase (GUS) activity appeared
specifically at the vascular bundles, having a periodic expression in
the procambial and differentiating xylem cells (Fig. 1 D and E). This
result indicates that auxin maxima along the provascular ring are
correlated with VBs in the WT shoot.

To evaluate whether auxin maxima can control the periodic
distribution of VB along the shoot, we formulated a mathemat-
ical model for auxin flux across a vascular ring of proliferating
cells. This geometry was chosen in concordance with the shoot
xylem differentiation pattern (Fig. S1 B–E) and following that
general, basic pattern, features are preserved among different
geometries (31, 32). Previous modeling studies of auxin distri-
bution in the shoot and root meristems have supported the
relevance of auxin polar transport in creating auxin maxima
(31–34). Based on these studies, our model takes into account
auxin polar transport between cells and the apoplast and passive
diffusion across the apoplast (Materials and Methods). An anal-
ysis of the model shows that appropriate asymmetric localization

of eff lux carriers is able to elicit auxin maxima (Fig. 1F, SI Text,
and Fig. S2) as expected. Such localization drives fluxes that
favor auxin accumulation in groups of cells while depleting auxin
in their neighboring cells, thereby producing an unequal auxin
distribution along the vascular ring (Fig. 1G and Fig. S2B).
Recently, support for this kind of localization has been reported
in both tomato and Arabidopsis where lateral polarization of
eff lux carrier protein PIN1 toward the developing vasculature
has been observed (35). Taken together, these data propose
efflux carrier localization as promoters of auxin maxima in shoot
vascular bundles.

We analyzed whether our model could reproduce the pheno-
types of plants with defective auxin polar transport (18, 19). To
characterize these phenotypes in further detail, we analyzed the
vascular phenotype when 2 genes encoding efflux carrier pro-
teins PIN1 and PIN2 are mutated. pin1pin2 double mutants
showed a more disorganized vascular pattern with an increased
number of VBs and xylem differentiated cells compared with the
WT control (Fig. S3 A and C). The xylem differentiation defects
were mimicked in plants treated with the auxin transport inhib-
itor NPA (10 �M, Fig. S3B) and are in agreement with previous
studies (18, 19). We next evaluated whether the vascular pattern

Fig. 1. A model for VB spacing in the Arabidopsis shoot inflorescence stem. (A) Arabidopsis Col-0 WT transverse-section at the base of the inflorescence stem.

IF at the base of the vascular ring (light blue circles) depicted as measured. Asterisks denote VBs. (B) Magnification of a VB. Procambial and xylem cells at the

base of the vascular ring depicted as measured. Procambial cells (pc), xylem (xy) and phloem (ph) forming a VB and interfascicular fiber (IF) in between. (C) Primary

VB pattern scheme. Yellow, procambium; blue, xylem and IF; orange, phloem. (D and E) Radial view of DR5::GUS expression at the base of the inflorescence (D)

and in a VB (E) for the WT. Inset in E shows a translongitudinal view showing the continuous and periodic expression of DR5::GUS along the shoot inflorescence

stem. (F) Numerical simulation results for auxin concentration ([Auxin]) in arbitrary units (a.u.) along a ring of NF � 210 cells arising from a pool of Ni � 120

progenitors (see Fig. S2 for parameter values). x and y stand for spatial coordinates (WT average diameter used). (G) Auxin maxima (blue), driven by polar

transport (gray arrows, plotted outside cells for clarity), position VBs along the vascular ring of cells (boxes). (H) Radial view of DR5::GUS expression at the base

of the inflorescence for a NPA-treated plant. (I) Simulated auxin concentration across a ring of cells as in F when the efflux permeabilities are decreased by a factor

of 100. [Scale bars: 200 �m (A and D) and 100 �m (B and E).]
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of plants with defective auxin transport involves a phenotype in
auxin maxima distribution. Accordingly, we analyzed the expres-
sion pattern of DR5::GUS in plants treated with NPA (10 �M).
Our results confirm that auxin maxima are found within VBs,
although NPA treatment could also lead to a reduced GUS
expression in some VBs (Fig. 1H).

We next evaluated this scenario through computational sim-
ulations of the model. When the levels of eff lux carriers are
strongly reduced, auxin distribution becomes disorganized with
larger numbers of auxin maxima, which are less strong and can
be broader (Fig. 1I). Our theoretical analysis revealed that this
auxin pattern arose from a slowing-down of the auxin flux
dynamics driven by the decrease in efflux transport rates (SI
Text). For these slow dynamics, initial randomness in the distri-
bution of auxin persists over long times. This result is indepen-
dent on which mechanism is driving PIN localization. We found
the same result in a modified model in which efflux carriers
became dynamically reorganized by auxin within the cell (Fig.
S4A). In this case, we set auxin-dependent cycling dynamics for
PIN proteins, as proposed for the shoot apical meristem (31) and
took into account that asymmetric endocycling controls the
polarization of eff lux carriers (36) (SI Text). Taken together, our
computational results are in agreement with the observed
phenotypes for pin1pin2 mutants and NPA-treated plants, sup-
porting a model in which auxin flow is driving VB patterning.

We next challenged this scenario for VB patterning by using
mutants that overproduced auxin. Our model predicted that the
number of auxin maxima, and not the levels of auxin, determines
the number of VBs because the number of auxin maxima did not
change when auxin levels were modified (Fig. 2A and SI Text).
To test this, we examined the vasculature in an auxin-
overproducing mutant, yucca, which accumulates �50% more
free indole-3-acetic acid (IAA, the most active auxin) than WT
(37). Despite the differences in plant anatomy (37) (Figs. 2B and
3A), which indicate that the increase in auxin levels in this
mutant is significant enough to alter proper plant development,
the number of VBs was not modified in yucca compared with the
WT (Fig. 2 C and D). As such, our results support the conclusion
that auxin levels do not alter the number or arrangement of VBs,
as predicted from the model.

It has been reported that BR-deficient mutants have fewer
VBs and reduced xylem compared with WT (25, 26, 38). We first
analyzed whether this reduction in VBs correlated with a
reduction in the number of auxin maxima. We found that
DR5:GUS expression in a mutant with null BRI1 receptor
activity [bri1–116, (39, 40)] was localized only within VBs,
confirming that a reduction in VB number involves a reduction
in auxin maxima, as well (Fig. S5).

We studied vascular patterning in mutants with impaired BR
signaling or synthesis (Table S1, Fig. 3B). A comprehensive
phenotypic analysis revealed that mutants with reduced BR
receptor activity [bri1–116, bri1–301 (39, 40)], signaling [bin2
(40)], or levels [cpd (27)] (Table S1) exhibited a reduced number
of VBs compared with WT (Fig. 3 A, D, F, H, and J). In contrast,
transgenic lines or mutations that increased BR signaling [BRI1-
GFP overexpression (41–43), bes1-D (44), bzr1-D (45)] or levels
[DWF4-ox (46)] (Table S1) led to the formation of a greater
number of VBs (Fig. 3 A, C, E, G, and I). Thus, our results show
that either impaired BR synthesis or signaling mutants elicit
similar alterations of the vascular pattern, implicating a role for
BRs in promoting the formation of VBs (Fig. 4 A–C, Fig. S6).
Furthermore, chemical inhibition of BR synthesis by using
brassinazole (BRZ220) or exogenous application of brassinolide
(BL, the most active BR) mimicked BR mutants or overexpress-
ing lines, respectively (Fig. S7). Exogenous application of BL in
cpd mutants restored the number of VBs to WT, whereas
BRZ220-treated yucca plants showed a reduction in the number

of VBs (Fig. S7), supporting the specific effects of BRs in the
control of vascular pattern.

To elucidate how the number of VBs is modulated by BRs, we
analyzed which factors can change the number of auxin maxima
in the model. Our study shows that 2 elements control the
number of maxima: the average number of cells from one auxin
maximum to the subsequent maximum (i.e., the period of the
pattern), and the total number of cells when the auxin pattern
emerges (Fig. S4 B–D; SI Text). Thus, if auxin maxima arise
closer to each other in terms of cell numbers, more maxima
would be formed within a ring of a fixed-cell number. Alterna-
tively, higher numbers of auxin maxima arise as more cells
compose the ring when the pattern is being settled down (Fig. 4
D and E and Fig. 1F).

We first evaluated whether the period of the pattern is strongly
altered in BR mutants. To this end, we measured the number of
cells forming each vascular unit across the ring, i.e., the number
of procambial and clockwise adjacent contiguous IF cells at the
base of the vascular ring for each VB (Fig. 1 A and B). We
observed that procambial cell division occurs centripetally,

Fig. 2. Auxin levels do not change the number of vascular bundles. (A) Auxin

levels along a ring of provascular cells when the amount of auxin is 5-fold

increased. The reference auxin distribution (shown in Fig. 1C) is also plotted

(yellow) for comparison. (B) Yucca plant. (C) Transverse sections of the inflo-

rescence during primary stem development of yucca at the base of the

inflorescence. (D) Average number of VBs for Col-0 WT (n � 32) and yucca (n �

21). (E) Average total number of xylem and IF cells (measured as in Fig. 1F)

along the vascular ring for Col-0 WT (n � 18) and yucca (n � 15). Error bars

stand for the standard deviation and P � 0.1 in D and E. (Scale bars: B, 2 cm;

C, 200 �m.)
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leading to the formation of xylem cells in the VB in such a way
that each procambial cell correlated with the first differentiated
xylem cell (Fig. 1B). To elicit changes in the periodic pattern that
would explain the modulation of VB number, we reasoned that
fewer cells per vascular unit must be found in gain-of-function
mutants, whereas an increase in cells per unit must occur in
loss-of-function mutants. Our analysis revealed that the number
of xylem and IF cells per vascular unit was similar for gain-of-
function mutants and the WT, whereas it decreased slightly for
loss-of-function mutants (Fig. 4F and Fig. S6). These results
show that modulation of VB number is not fixed by changes in
the periodicity of the pattern.

We next computed the total number of cells, xylem and IF, at
the base of the vascular ring in the BR mutants (Fig. 1 A and B).
According to our previous results on the average cell number per
vascular unit, we expected the total number of cells to increase
in gain-of-function BR mutants and to be reduced in loss-of-
function BR mutants. The analysis confirmed this and revealed
a dramatic increase in the number of cells in the vascular ring of
gain-of-function BR-signaling mutants, whereas loss-of-function
BR-mutants had fewer cells than the wild type (Fig. 4G and Fig.
S6). Similar features were observed in apical regions of the
inflorescence stem (Fig. S1 F and G). Note that an increase in
the number of cells forming the vascular ring in BR gain-of-
function mutants was not translated to an increase of the stem
diameter, as demonstrated by the extreme phenotype of bzr1-D
mutants (Fig. 4 G and I). Interestingly, we found that both BR

gain-of-function and loss-of-function mutants show a vascular
pattern with VBs spaced shorter distances and show smaller IF
cells (Fig. S8).

We found a statistically significant correlation between the
number of VBs and the total number of cells in the vascular ring
(Fig. 4H), consistent with the predictions of the model. More-
over, supporting the different roles of BRs and auxin polar
transport in our model for vascular patterning, we did not find
such a correlation in plants with defective auxin efflux polar
transport (Fig. S3 D and E). The specific role for BRs in the
patterning process is further supported by the phenotype of
auxin-overproducing yucca mutants, which had a similar number
of vascular ring cells compared with the WT (Fig. 2E and Fig. S6).

Our results indicate that BR-induced changes in provascular
cell number are crucial for modulation of VB number and
suggest a role for BRs in controlling procambial cell divisions.
Previous studies have documented the role of BRs in promoting
cell expansion, but little information has been published con-
cerning a role for BRs in cell division. These distinct functions
of BRs, in cell expansion in vegetative shoot tissues or in the
control of cell division during vascular pattern formation, may be
the result of cell-type specific BR signaling conferred by the
BRL1 and BRL3 receptors, which are expressed specifically in
vascular cells (25). Unlike BRI1, which is ubiquitously expressed
and known to promote cell expansion, the downstream signaling
components for BRL1 and BRL3 await to be identified.

Fig. 3. BR-signaling mutants modulate the number of vascular bundles. (A, C–J) From left to right: plant phenotype, cross section at the base of the inflorescence,

and a detail of a VB for the WT Col-0 plants (A), mutants with enhanced BR-signaling and/or synthesis BRI1-GFP (C), DWF4-ox (E), bes1-D (G), and bzr1-D (I),

respectively. The same is shown for mutants with reduced BR-synthesis and/or signaling bri1–116 (D), cpd (F), bin2 (H), and bri1–301 (J). (B) Schematic

representation of BR signaling pathway showing BR receptor BRI1 at the plasma membrane and downstream signaling component BIN2, a negative regulator

that controls the activities of transcription factors BES1 and BZR1. Coordinated action of BZR1, which negatively regulates the expression of BR-synthesis genes

(CPD and DWARF4), and BES1 transcription factor maintain BR-signaling in tune. vb, vascular bundle; if, interfascicular fiber; pc, procambium; ph, phloem; xy,

xylem. (Scale bars: 2 cm for plants, 100 �m for stem sections except for J, 200 �m.)

Ibañes et al. PNAS � August 11, 2009 � vol. 106 � no. 32 � 13633
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In summary, we have used mathematical modeling to evaluate
the roles of the plant hormones auxin and BRs in the establish-
ment of shoot vascular architecture. The model made specific
predictions, which we have addressed experimentally and that
together provide a framework for understanding the action of
auxin and BRs in shoot vascular patterning. Our results reveal
that BRs serve as a promoting signal for the number of cells in
the provascular ring and are consistent with auxin maxima,
established by asymmetric auxin polar transport and not depen-
dent on changes in auxin levels, acting to position the vascular
bundles across the vascular ring. As such, the coordinated action
of these 2 plant hormones is required to establish the periodic
arrangement of vascular bundles in the shoot.

Our results point at auxin maxima as a common element
between lateral organ positioning and shoot vasculature forma-
tion and show that early xylem-differentiating cells are observed
at the shoot apex concurrent with lateral organ primordia
outgrowth (Fig. S1). Thus, it is tempting to propose that early

signaling events at the shoot apex control the initiation of shoot
vascular pattern in the plant, although whether these arise from
central and/or peripheral zones of the meristem and whether
these are linked with organ primordia positioning remains to be
investigated. Future studies using local auxin and BRs response
during vascular primordia initiation and differentiation may
reveal additional interactions of these two signaling pathways
underlying vascular-bundle patterning and plant development.

Materials and Methods

Plant Material and Growth Conditions. Arabidopsis Columbia (Col-0) ecotype

was the wild type and all mutant plants described in Table S1 were derived

from this accession. Seeds were surface-sterilized in 35% sodium hypochlo-

ride, vernalized at 4 °C for 48 h, and germinated on plates containing

Murashige and Skoog (MS) salt mixture. Plants were grown under long-day

photoperiodic conditions. Pharmacological treatments were performed in

plants grown in magenta boxes containing MS media supplemented with 10

nM BL (C28H48O6; Wako), 5 �M BRZ220, and 10 �M NPA respectively. The shoot

inflorescence stems were cut from plants at 12 to 22 days after bolting.

Fig. 4. BRs control the number of cells in the vascular ring. (A and B) Frequency of number of VBs for BR-loss-of-function mutants bri1–116 (crosses) and cpd (triangles)

(A) and BR-gain-of-function mutants DWF4-ox (triangles), bes1-D (squares), and bzr1-D (diamonds) (B) compared with Col-0 WT (black circles). Lines are used as a guide

to the eye. (C and I) Average number of VBs (C) and diameter (I) at the base of the inflorescence for each mutant genotype. In C, I, F, and G, error bars represent the

standard deviation, asterisks stand for P-values �0.01 (the data set from each genotype is compared with the WT data; see Materials and Methods) and sizes of datasets

are found in Table S2 and Table S3. Fig. S6 shows the boxplots of all data in C, I, F, and G. In C, bri1–301 has a P value �0.05. (D and E) Simulation results for the auxin

concentration along a ring of few (D) and many (E) cells, mimicking BR-loss- and gain-of-function mutants, respectively. Parameter values as in Fig. 1F with (D) Ni � 80,

NF � 100 and (E) Ni � 135, NF � 250 cells, and average diameter (I) for bri1–116 and bzr1-D is being used. (F and G) Average number of xylem cells within a VB plus the

clockwise adjacent interfascicular cells (F), and average total number of cells along the vascular ring for BR-mutant genotypes and Col-0 WT (G). (H) Total number of

differentiatedcellsalongthevascular ringasafunctionof thenumberofvascularbundles in thestemforeachcross sectionanalyzedfordifferentBR-mutantgenotypes

(bri1–116, cpd, DWF4-ox, and bzr1-D) and Col-0 WT (same symbol code used as in A and B). Linear fit (R2 � 0.86) shown.
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D
o
w

n
lo

a
d
e
d
 a

t 
C

S
IC

, 
U

n
id

a
d
 d

e
 R

e
c
u
rs

o
s
 d

e
 I
n
fo

rm
a
c
io

n
 C

ie
n
ti
fi
c
a
 p

a
ra

 l
a
 I
n
v
e
s
ti
g
a
c
io

n
 o

n
 A

u
g
u
s
t 
1
7
, 
2
0
2
1
 

http://www.pnas.org/cgi/data/0906416106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0906416106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0906416106/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0906416106/DCSupplemental/Supplemental_PDF#nameddest=ST3
http://www.pnas.org/cgi/data/0906416106/DCSupplemental/Supplemental_PDF#nameddest=SF6


Histology and Microscopy. Arabidopsis stems were fixed overnight in 3.7%

(vol/vol) formaldehyde. Samples were dehydrated with a graded series of etha-

nol/Histoclear (3:1, 1:1, 1:3, histoclear) and embedded in paraplast (Sigma). Trans-

verse stem sections (6 �m) were made by using a Microtome (Jung-Autocut,

Leica). Sectionswerestainedwith0.1%ToluidineblueorPhloroglucinol solution,

and visualized by using an Axiophot (Zeiss) microscope. GUS activity and His-

toresin embedding were performed as reported previously (25).

Quantitative Vascular Analysis: Measurement Settings. Quantification of vas-

cular parameters (stem diameters, number of cells, and IF length) was per-

formed by using ImageJ (http://rsb.info.nih.gov/ij/). Two orthogonal diame-

ters were measured along the directions of maximal or minimal length and the

mean value was used. Similar conclusions are obtained if the pith diameter is

included in the analysis (Fig. S8). To ensure measurements were made on

stationary conditions for bundle number and stem diameter, we analyzed WT

sections at different times after bolting at the base of the inflorescence. A

Wilcoxon Mann–Whitney rank sum statistical test was used to evaluate

whether each mutant genotype dataset followed the same distribution as the

data from WT plants (see SI Text).

Mathematical Modeling. We set a model of auxin dynamics across a ring of

vascular cells and the surrounding apoplast in which stochastic cell division is

incorporated (SI Text). The model can evaluate the effect of changes in efflux

carriers, cell number, and dynamics on auxin distribution. Both active polar

transport and diffusion is taken into account (31). The model reads (see SI Text for

details):

dAi

dt
� � �

j�n�i�

Iijaj � � �
j�n�i�

EijAi

dai

dt
� �

j�N�i�

EjiAj � �
j�N�i�

Ijiai � D�i
2ai

where Ai and ai stand for auxin concentrations in cell i and in the apoplast i,

respectively, and space has been discretized (Fig. S2A). Eij and Iij are the efflux and

influxtransport coefficientsorpermeabilitiesbetweencell iandapoplast j,which

depend on the level of efflux and influx carriers, respectively. Influx and efflux

permeabilities are detailed in SI Text. D represents the effective diffusion rate

along the apoplast.� is the ratio between the linear size of the apoplast and the

linear size of cells. n(i) runs over the apoplast neighboring cell i, while N(i) runs

over cells surrounding apoplast i. We included cell proliferation dynamics and

considered that tissue cell proliferation occurs at a slower time scale than

auxin dynamics. Cells divided at random and, as a first approximation, we

assumed they reached their final growth very rapidly (47), expanding the

provascular ring and preserving its circular shape (Fig. S9).
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