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Regulation of tissue growth in
plants — A mathematical
modeling study on shade
avoidance response in
Arabidopsis hypocotyls
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Introduction: Plant growth is a plastic phenomenon controlled both by
endogenous genetic programs and by environmental cues. The embryonic
stem, the hypocotyl, is an ideal model system for the quantitative study of
growth due to its relatively simple geometry and cellular organization, and to
its essentially unidirectional growth pattern. The hypocotyl of Arabidopsis
thaliana has been studied particularly well at the molecular-genetic level and at
the cellular level, and it is the model of choice for analysis of the shade avoidance
syndrome (SAS), a growth reaction that allows plants to compete with
neighboring plants for light. During SAS, hypocotyl growth is controlled
primarily by the growth hormone auxin, which stimulates cell expansion
without the involvement of cell division.

Methods: We assessed hypocotyl growth at cellular resolution in Arabidopsis
mutants defective in auxin transport and biosynthesis and we designed a
mathematical auxin transport model based on known polar and non-polar
auxin transporters (ABCB1, ABCB19, and PINs) and on factors that control
auxin homeostasis in the hypocotyl. In addition, we introduced into the model
biophysical properties of the cell types based on precise cell wall measurements.

Results and Discussion: Our model can generate the observed cellular growth
patterns based on auxin distribution along the hypocotyl resulting from
production in the cotyledons, transport along the hypocotyl, and general
turnover of auxin. These principles, which resemble the features of
mathematical models of animal morphogen gradients, allow to generate
robust shallow auxin gradients as they are expected to exist in tissues that
exhibit quantitative auxin-driven tissue growth, as opposed to the sharp auxin
maxima generated by patterning mechanisms in plant development.
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Arabidopsis thaliana, shade avoidance syndrome, auxin, auxin transport, mathematical
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Introduction

In many plants, the cotyledons are the first photosynthetic
organs which need to be exposed to the sunlight as early as possible
to ensure survival of the seedling. As an essential adaptation to
varying environmental conditions during germination, the
embryonic stem (the hypocotyl) shows distinct growth patterns in
response to the direction, intensity, and quality of incoming light
(Pierik and de Wit, 2014; de Wit et al., 2016). These external cues
impinge on hormonal pathways, in particular on auxin, which
control hypocotyl growth, thereby exposing the cotyledons to
optimal light conditions (Pierik and de Wit, 2014; de Wit
et al., 2016).

Auxin has two main biological functions in plant life: firstly, it is
a growth hormone that can regulate tissue elongation in a
quantitative way, e.g. in dicot hypocotyls or in grass coleoptiles
(de Wit et al., 1970; Woodward and Bartel, 2005); secondly, auxin
can act as a morphogen in developmental patterning and fate
decisions (Leyser, 2005; Benkova et al., 2009; Vanneste and Friml,
2009). This latter function concerns various developmental states
and plant organs, from embryogenesis to the formation and
positioning of roots, leaves, flowers, and fruits (Benkova et al,
2003; Friml et al., 2003; Reinhardt et al., 2003; Blilou et al., 2005;
Tanaka et al., 2006; Mironova et al., 2017; Shi and Vernoux, 2019).
The action of auxin as a morphogen has attracted major attention of
developmental biologists as well as theoreticians who modeled how
auxin gradients are influenced by auxin biosynthesis, transport, and
degradation (Barbier de Reuille et al., 2006; Jonsson et al., 2006;
Smith et al., 2006; Newell et al., 2008; Stoma et al., 2008; Mirabet
et al., 2012; Cieslak et al., 2015; Hartmann et al., 2019; Cieslak et al.,
2021; Hartmann et al., 2021).

A central feature that characterizes the biology of auxin is its
specific transport system that involves cellular import and export
proteins, which determine the direction of auxin transport, thereby
determining its distribution and accumulation in plant tissues
(Geisler, 2021). Numerous studies have shown that this cellular
transport system can generate dynamic auxin gradients with high
spatial and temporal resolution (Benkova et al., 2003; Friml et al.,
2003; Petersson et al., 2009; Galvan-Ampudia et al., 2020). Such
gradients require active transport against an auxin gradient and
could not be achieved by passive diffusion, as it is the case in
classical models of morphogen function (Wartlick et al., 2009).

Mathematical models of auxin-dependent patterning usually
involve local reinforcement (autocatalytic auxin accumulation) and
lateral inhibition at a distance (auxin depletion in adjacent tissues)
(Barbier de Reuille et al., 2006; Jonsson et al., 2006; Smith et al.,
2006). Such models can recreate similar developmental patterns as
models based on reaction-diffusion mechanisms, although the

Abbreviations: ABCB, ATP-binding cassette (ABC) transporter subfamily B;
DR5:GUS, 8-glucuronidase under the control of the auxin-inducible DR5
promoter; SAS, Shade avoidance syndrome; FR, Far red light; R:FR ratio, Ratio
of red light vs. far red light; PAT, Polar auxin transport; PIN, Pin-formed; CL75/
130, Continuous light at 75/130 uE = 75/130 umol - m™? - s'; LD75/130, Long
days at 75/130 pE = 75/130 pmol - m ™ - 5™,
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underlying mechanisms are fundamentally different (Smith and
Bayer, 2009). Models based on auxin transport can recreate many of
the patterns found in nature, for example in phyllotaxis, where
auxin regulates organogenesis in space and time, thereby creating
stunning spiral patterns defined by Fibonacci numbers (Smith et al.,
2006; Reinhardt and Gola, 2022). Models of vascular patterning
involve auxin flux as an additional factor to account for the
tendency of auxin to become confined to narrow cell files that
represent routes of high auxin flux, a phenomenon known as auxin
canalization (Smith and Bayer, 2009; Biedron and Banasiak, 2018).

A central element of most patterning models is the active
transport of auxin against concentration gradients, resulting in
steep auxin gradients that mediate differential developmental
decisions in the tissues. Such auxin gradients have been visualized
by local accumulation of auxin reporters such as DR5 (Ulmasov
etal, 1997). In root tips, for example, or at sites of leaf formation in
the shoot apical meristem, local accumulation of DR5 coincides
with the site of the root meristem, and of the leaf primordium
initials, respectively, indicating that auxin accumulates at these sites
(Sabatini et al., 1999; Benkova et al., 2003).

In contrast to its action as a morphogen, the action of auxin as a
growth hormone does not involve major changes in cell identity,
but it rather causes quantitative changes in cell volume, resulting in
differential tissue growth. Auxin-driven cell expansion has been
studied in various cell types and tissues including protoplasts
(Steffens and Luthen, 2000; Dahlke et al., 2017), coleoptiles
(Kutschera and Khanna, 2020), and hypocotyls (Fendrych et al,
2016; Kohnen et al., 2016; Reed et al., 2018). The nature of
quantitative hypocotyl elongation suggests that, in contrast to the
sharp auxin peaks involved in patterning phenomena, rather subtle
changes in auxin levels and distribution can be expected to control
growth patterns. As a special case of differential quantitative growth,
unequal distribution of auxin across the diameter of the hypocotyl is
thought to be the basis for phototropic growth towards unilateral
light (Friml et al., 2002; Hohm et al., 2014).

One of the best-characterized examples of auxin-dependent
growth phenomena, the shade avoidance syndrome (SAS), induces
hypocotyl growth, allowing plants to grow out of the shade from
neighboring plants (Pierik and de Wit, 2014; de Wit et al., 2016).
Shade is perceived by phytochrome as a shift in light quality,
resulting from the depletion of red light (R, 640-700 nm) that is
absorbed by the shading plant, in contrast to far red light (FR, 700-
760 nm) which is reflected, scattered or transmitted by shading
leaves (de Wit et al., 2016). Hence, plants perceive shading as a
decrease in the R:FR ratio. This allows growth to be controlled
experimentally with high spatial and temporal precision. Therefore,
the SAS has been the target of numerous genetic studies on
hypocotyl growth in particular in Arabidopsis (Vandenbussche
et al., 2005; Casal, 2013; de Wit et al., 2016).

The SAS of seedlings is based primarily on hypocotyl
elongation, and involves only cell expansion but not cell division
(Gendreau et al., 1997). The hypocotyl represents a relatively simple
tubular structure that grows essentially unidirectionally (only in
length), a growth phenomenon that is easier to quantify than more
complex organs such as leaves. Cell length of hypocotyl epidermis is
initially uniform, but hypocotyl growth results in a particular
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cellular growth pattern. Cells in the middle of the hypocotyl are
longer than cells at its lower and upper end (Gendreau et al., 1997),
suggesting that hypocotyl growth is uneven. The significance of this
growth pattern, and the factors that govern growth at the cellular
level are unknown. Also, it is not clear how plants may generate the
shallow auxin distribution patterns along the hypocotyl that could
explain the observed cellular growth patterns.

Here, we take a combined experimental and mathematical
modeling approach to address how auxin biosynthesis, transport,
and catabolism could generate gradients that correspond to the
quantitative growth patterns observed in the Arabidopsis hypocotyl.
Inspired by the finding that auxin homeostasis depends not only on
auxin biosynthesis and transport, but also on auxin conversion and
catabolism (Takase et al., 2004; Pencik et al., 2013; Zheng et al,,
2016; Casanova-Saez et al., 2021), we propose a model that invokes
dynamic regulation of auxin biosynthesis and degradation in a
context of constitutive basipetal and centrifugal polar auxin
transport in the Arabidopsis hypocotyl. A central tenet of this
model is that hypocotyl growth is limited by the outer epidermal
cell wall layer, which is much thicker than the inner cell walls
(Derbyshire et al., 2007), and which has previously been identified
as the tissue that restricts, and therefore controls, elongation growth
(Kutschera and Niklas, 2007; Savaldi-Goldstein et al., 2007). Our
model shows that a mechanism that is controlled primarily by auxin
production and degradation, in combination with constant polar
fluxes, is sufficient to produce auxin gradients that correlate with the

Cell length (um)

FIGURE 1

10.3389/fpls.2024.1285655

observed cellular growth patterns in Arabidopsis hypocotyls. While
the molecular-genetic components of hormonal regulation of SAS
have been elucidated in considerable detail (Martinez-Garcia and
Rodriguez-Concepcion, 2023), a coherent quantitative description
of the phenomenon is missing. Our mathematical model provides a
global quantitative framework that links cellular auxin biology with
growth patterns in SAS.

Results

Growth patterns in the
Arabidopsis hypocotyl

In order to address SAS at the cellular level, we first assessed the
general growth patterns along the Arabidopsis hypocotyl by using
the large epidermal cells (Figures 1A, B) as units to quantify local
growth along the hypocotyl. As reported previously (Gendreau
et al,, 1997; Le et al., 2005), cellular growth was most prominent
in the middle part of the hypocotyls, relative to the top and the
bottom (Figure 1C). Since SAS is mediated by the growth hormone
auxin (de Wit et al., 2016), a plausible explanation for such a growth
pattern could be the distribution of auxin along the hypocotyl. In
order to test this possibility, we employed an auxin reporter (DR5::
GUS) that has been widely used in Arabidopsis (Ulmasov et al.,
1997), including in the hypocotyl during directional growth in
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Cell length analysis in epidermal cell files of the Arabidopsis hypocotyl. (A) 3D-reconstruction from a confocal stack of an Arabidopsis hypocotyl 4
days after germination. Individual epidermal cells along the major cell files are highlighted in various colors. Size bar, 200 um. (B) Scanning electron
micrograph showing the two main cell types in the Arabidopsis hypocotyl epidermis. Major cell files (numbered cells), which alternate with minor cell
files (asterisks), where used for cell length measurements. (C) Cell length of hypocotyl epidermal cells from top to bottom of Arabidopsis hypocotyls.
Seedlings were grown for 5 days in long days under high light conditions (130uE). Red symbols indicate the mean cell size at the respective position
from top (cell 1) to bottom (cell 18) of the hypocotyls. (B) was modified with permission from (Berger et al., 1998).
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response to unilateral light or gravitropic stimulation (Friml et al.,
2002). However, in our hands, DR5::GUS expression was below the
detection limit under control conditions (high R:FR), as well as
under low R:FR (Supplementary Figure S1A), although it was
readily inducible by exogenous auxin (Supplementary Figures
S1B, C). An improved auxin marker, DR5v2:ntdTomato (Liao
et al., 2015), exhibited higher basal expression levels
(Supplementary Figure S1D), however, it was not suitable for our
purposes due to an irregular SAS response in the marker line (data
not shown). We conclude that auxin levels in the hypocotyl are
rather low, and that changes in auxin distribution elicited by low R:
FR ratio under our conditions are too subtle to be detected by DR5-
based reporters.

Considering that cell expansion is correlated with auxin
concentration as in tropic growth responses (Friml et al., 2002;
Christie et al.,, 2011), and that auxin drives hypocotyl growth in SAS
(Tao et al., 2008; Keuskamp et al., 2010; Kohnen et al., 2016;
Pucciariello et al., 2018), we assume that the cellular growth
patterns in hypocotyls reflect shallow auxin gradients with
maximal concentration differences in the range of 1.5-2.5-fold
(highest vs. lowest values). Conceivably, such concentration
gradients are less pronounced and shallower than the sharp local
auxin maxima in root and shoot meristems (Benkova et al., 2003;
Smith et al., 2006), providing an explanation for the failure of auxin
reporters to reveal them (Supplementary Figure S1).

Identifying cellular and molecular
components for a mathematical model
of SAS

In order to explore how the shade avoidance syndrome (SAS)
could be controlled by shallow auxin gradients along the
hypocotyl, we developed a mathematical model of the
Arabidopsis hypocotyl. As a first step, we defined the essential
molecular components that contribute to the phenomenon and
which therefore need to be incorporated into the model.
According to published evidence (Tao et al, 2008), SAS in
seedlings is driven by auxin from the cotyledons that is
transported towards the root by polar auxin transport (PAT)
(de Wit et al,, 2016). A reduced R:FR ratio in response to
shading induces auxin biosynthesis in the cotyledons, resulting
in elevated auxin levels along the hypocotyl, which promote cell
expansion and tissue growth. Two transport systems mediate
auxin transport through plant tissues, members of the PIN-
FORMED (PIN) protein family, and members of the ATP-
BINDING CASSETTE (ABC) transporter family, in particular
subfamily B (ABCB) (Geisler, 2021). Based on functional analysis
with knock-out mutants, the main auxin transporters in the
regulation of hypocotyl growth are PIN3, PIN4, and PIN7
(Keuskamp et al., 2010; Kohnen et al., 2016), as well as ABCBI
and ABCBI9 (Wu et al., 2010, 2016, 2018). A third class of
transporters, permease-like auxin influx carriers (AUX1/LAX),
is important for many developmental phenomena, however, it has
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not been implicated in SAS (Swarup and Peret, 2012). In addition
to transport across membranes, auxin diffusion through
plasmodesmata contributes to the regulation of auxin
distribution in the tissues (Han et al., 2014; Gao et al., 2020).

Among PIN proteins, the role of PIN3 in hypocotyl growth is
best documented (Friml et al., 2002; Keuskamp et al., 2010), and it is
expressed at the highest levels in seedlings, however, all three PINs
(PIN3, PIN4, and PIN7) act together in SAS in a partially redundant
manner (Kohnen et al.,, 2016). ABCBI and ABCBI9 act
redundantly, since mutants in either gene have very weak
phenotypes, whereas the double mutant exhibits a severe growth
phenotype (Geisler et al., 2003). Consistent with their redundant
function, ABC1-GFP and ABC19-GFP have overlapping expression
and localization patterns (Wang et al., 2013). These results suggest
that cellular auxin transport in the hypocotyl encompasses two
distinct components, a polar (PIN proteins), and a non-polar
(ABCB proteins) mechanism. While the role of PIN proteins in
SAS is well established (Keuskamp et al., 2010; Kohnen et al., 2016),
the role of ABCB1 and ABCB19 in SAS is less clear. We found that
the abcbl abcbl9 double mutant was severely compromised in SAS
(Figure 2B, compare with Figure 2A), suggesting that the non-polar
component of auxin transport is as important in SAS as the polar
component (Kohnen et al,, 2016).

In order to assess the dependence of SAS on auxin biosynthesis,
we exposed the auxin biosynthetic mutant sav3/taal (Tao et al,
2008) to low R:FR conditions. Consistent with previous reports
(Tao et al., 2008; Kohnen et al., 2016), sav3 mutants were severely
compromised in their SAS response (Figure 2C). Surprisingly, pin3
mutants did not show a defect in hypocotyl elongation (Figure 2D),
in contrast to previous reports (Keuskamp et al., 2010). To verify a
role of PAT in SAS, we used the pin3 pin4 pin7 triple mutant for a
growth assay under low R:FR ratio. Indeed, the triple mutants were
inhibited in FR-dependent elongation growth (Figure 3), consistent
with the assumption that PAT is required for SAS, and that PINs
function at least partially redundantly (Kohnen et al., 2016). These
results confirm the central elements of the SAS: auxin biosynthesis
(involving SAV3/TAAL), polar auxin transport (involving PIN3,
PIN4, and PIN7), and non-polar auxin transport (involving ABCB1
and ABCB19).

Anatomical constraints for a mathematical
model of SAS

An explicit growth model should take into account not only the
molecular/genetic components, but also the anatomical conditions
relevant for growth. In particular, it is important to know which
cells limit organ growth, because these cells would be likely to
control organ growth. In plant tissues, internal turgor pressure is
thought to promote organ growth, while the cell wall limits growth
and defines cell and organ shape (Kutschera and Niklas, 2013). We
performed cell wall measurements on transmission electron
micrographs to test which cell layer is likely to limit hypocotyl
growth. We found that the outermost cell walls of the epidermal cell
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FIGURE 2

Growth response of Arabidopsis wild type (A) and several auxin-related mutants under simulated shade as indicated (B—D). 4d-old seedlings (green
boxes) were grown under CL75 exposed to high R:FR ratio simulating full day light (standard light, orange boxes), and to low R:FR ratio simulating
shade (red boxes) for two days. Growth was affected in abcbl abcb19 and sav3 mutants, but not in pin3 mutants. Box plots represent the median
and the interquartile range (IQR) of hypocotyl length with the whiskers indicating the minimal and maximal values within the range of 1.5 IQR above
and below the box (n>6). Outliers are values beyond the whisker boundaries. Significant differences among treatments per genotype (p<0.05; two-
way ANOVA and Tukey's multiple comparison test) are indicated by letters; Significant differences among the FR-treated plants are indicated with

asterisks; ns, non-significant (***<0.001; two-way ANOVA and Tukey's multiple comparison test).

layers are much thicker than all the inner cell walls of all other cell
types (Figure 4). In agreement with the conclusions derived from
earlier genetic studies (Kutschera and Niklas, 2007; Savaldi-
Goldstein et al., 2007), we therefore consider hypocotyl growth to
be limited by the epidermis. This means that although all cells could
potentially grow according to their auxin concentrations, only the
auxin concentrations in epidermal cells are relevant, because growth
potential of the entire organ along its long axis is restricted (and
therefore dictated) by the epidermis.

Concept of an auxin transport model for
the Arabidopsis hypocotyl

In order to get insight into mechanisms that may control
hypocotyl growth via shallow auxin gradients, we developed an
auxin transport model that incorporates all the features mentioned
above. The model assumes that hypocotyl growth is controlled by
auxin distribution in the epidermis, which depends on four factors:
(i) auxin production in the cotyledons and import through the
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FIGURE 3

Frontiers in Plant Science 05

Growth response of the wild type (A), and the pin3 pin4 pin7 triple mutant under simulated shade (B). 4d-old seedlings (green boxes) were grown
under CL75 exposed to high R:FR ratio simulating full day light (orange boxes), and to low R:FR ratio simulating shade (red boxes) for one day. Box
plots represent the median and the interquartile range (IQR) of hypocotyl length with the whiskers indicating the minimal and maximal values within
the range of 1.5 IQR above and below the box (n>19). Outliers are values beyond the whisker boundaries. Significant differences among treatments
per genotype (p<0.05; two-way ANOVA and Tukey's multiple comparison test) are indicated by letters; Significant differences among the FR-treated
plants are indicated with asterisks (***<0.001; two-way ANOVA and Tukey's multiple comparison test).
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wall thickness (p<0.05; one-way ANOVA and Tukey's multiple comparison test) are indicated by different letters. (B) Major epidermal cell [1a in (A)].
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are considered: epidermis (ep), outer cortex (oc), inner cortex (ic), and endodermis (en). (B) Structure of the model. The hypocotyl is represented as a 2-
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endodermis, (ii) basipetal auxin transport along the endodermis
(phloem transport may indirectly contribute, but would be relevant
only after auxin passage through the endodermis), (iii) centrifugal
auxin transport from the endodermis to the epidermis, and (iv)
auxin catabolism along the transport path through the hypocotyl
(Figure 5). For simplicity, the concentric organization of the
hypocotyl with four cell layers, epidermis (ep), outer cortex (oc),
inner cortex (ic), and endodermis (en) (Figure 5A) is represented in
a single conceptual longitudinal section (Figure 5B). According with
the average cell number observed in longitudinal cell files of the
hypocotyls (Figure 5C), the conceptual hypocotyl has 18 cell rows in
length (Figure 5B). Auxin biosynthesis in the cotyledons depends
on the amount and quality of light, and on the amount of apical
tissues (Figure 5B). SAS is modeled to influence hypocotyl growth
by impinging on biosynthetic capacity in the cotyledons
(Figure 5B). As a central feature, the model is based on
established patterns of expression and localization of auxin
transporters in the hypocotyl (Keuskamp et al., 2010; Wang et al.,
2013). Our model is inspired by previous mathematical models of
auxin transport in roots (Grieneisen et al., 2007), and in the shoot
apex (Barbier de Reuille et al., 2006; Jonsson et al., 2006; Smith et al.,
2006; Hartmann et al., 2019), however, as an important difference,
we did not introduce a feedback by auxin onto its own transport.
Most models generate sharp auxin peaks because of a positive
feedback loop that results in the transport of auxin from cells with
lower concentration towards cells with higher concentration (van
Berkel et al., 2013; Cieslak et al., 2015, 2021). Hence, small local
auxin elevations (resulting from random noise or from
developmentally controlled programs) are transformed to
characteristic developmental patterns. However, quantitative
regulation of tissue growth is a fundamentally different
phenomenon than shoot and root patterning, hence different
solutions are required.

General assumptions and equations of the
auxin transport model

The following 15 assumptions, and the corresponding
equations, constitute the auxin transport model. The
corresponding parameters where estimated based on information
from the literature, where available (Supplementary Table S1).

1.) Light is homogeneously spread around the plant thereby
excluding phototropic effects, thus a radial section of the hypocotyl
is sufficient to model elongation of the entire structure (Figure 5B).

2.) The hypocotyl has four concentric cell layers: From the
outside to the inside, the epidermis (ep), the outer cortex (oc), the
inner cortex (ic), and the endodermis (en). The innermost tissues
(pericycle, stele) are not represented in the model, since they are
thought to have minor roles in growth and auxin transport. Auxin
transport through the phloem is not explicitly considered, although
it may indirectly contribute to hypocotyl growth through transfer
via the endodermis.

3.) The hypocotyl has 18 cell rows, i.e. each of the four cell layers
is 18 cells long from top to bottom (Figure 5B) according to
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measured cell numbers along the hypocotyl (Figure 5C). At the
lower end, an additional cell row has been added in the model to
represent the root compartment (Figure 5B).

4.) There is no cell division during the period of simulation
(Gendreau et al., 1997), hence, cell number remains constant.

5.) Auxin is considered to be the only growth factor.

6.) The epidermis restricts hypocotyl elongation (Kutschera and
Niklas, 2007; Savaldi-Goldstein et al., 2007). As a consequence,
growth of the hypocotyl is controlled by the epidermis.

7.) Auxin levels in the epidermis control cell expansion.
Increased auxin levels promote cell elongation, while the inner
tissue layers (cortex, endodermis) follow passively.

8.) Elongation of epidermal cells is regulated cell-autonomously
by their auxin concentration. This phenomenon is described by
Equation 1A:

dj _

at (14)

/l . Sl(Ak,ep) uy)

where I, represents cell length of cell k (cell width is assumed to
be constant), A is the growth factor, Ay, is the concentration of
auxin in the epidermal cell k, Uy is the translational value and S, is
the sigmoid function n°1 (see Equation 4 below).

Cell length develops over time as described by Equation 1B:

lk(t + 1) = lk(t) + dlk with lk(t = 0) =10 um (IB)

9.) Auxin input into the hypocotyl is proportional to auxin
biosynthesis, which is considered to depend on light intensity and
light quality (see Equations 2, 5). It follows a Monod relation over
time proportional to the integral of light intensity over time
(reflecting the relative size of the cotyledons as the auxin-
producing tissue) (Ljung et al., 2001).

10.) Far red light (FR) intensity (I;) stimulates auxin
production over time, with a maximal production rate noted as u
(see Equation 2). Red light intensity (I,) is considered to be a
constant as part of the direct white photosynthetically active
radiation (PAR).

11.) FR is switched on at day 4. We defined the function I; (%) to
take into account the relative FR light intensity over time.
According to Hennig et al. (1999), phytochrome declines with
apparent first-order kinetics with a half-life of about 30 min but
approximately € (~30%) of total phytochrome remain active.

We obtain that

1 in white — light condition

i) = { Tpmax 272 for t < -log,(e)/2 after switching on the FR

€ Ifmar for t> —log(€)/2 after switching on the FR

where I 4, is the maximal FR light intensity parameter.

12.) A low I,/Ij; ratio results in an increase of auxin production
(Halliday et al., 2009; Casal, 2012). The equation is described as
follows:

d
Hhen o) My (1 + 3,10, @)

where gy, is the quantity of auxin that enters the endodermal
cell 1 (uppermost endodermal cell), 1 is the maximum quantity of
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input auxin, I is the initial light integration value (set arbitrarily to
25 u E), I(t) is the light intensity at time t, u, is the translational
value, and M, is a Monod function (see Equation 5 below).

The function o(t) describes the effect of R/FR ratio at time ¢ on
auxin production. It follows this rule:

a(t) =1- SZ (Iﬁ[?t), ufr)

with 3 the natural I,/I; ratio (nRFR parameter), I;(t) the
relative FR light intensity, uj; is the translational value, and S, the
sigmoid function n°2 (see Equation 4 below).

13.) All cells have the same constant auxin permeabilities,
which, however, are different on the four sides of the cells
(Figure 5B; Equation 3). Auxin can be imported or exported
from/to neighbouring cells according to the arrows in Figure 5B.

14.) In a cellular network defined by the hypocotyl cell layers
(ep-oc-ic-en) and rows (1 to 18), j ~ i correspond to cell j
neighbouring the cell i according to tissue organization depicted
in Figure 5B, the variation of auxin quantity in a cell i depends on
the transport to/from neighbouring cells, and auxin inactivation
which is proportional to auxin concentration and light intensity I(t)
through activation of auxin-conjugating enzymes (Takase et al,
2003). Auxin transport and degradation/inactivation is described as:

aq; _
dr

q;(t)
li(t)

(rate of auxin quantity change in cell i) = (sum of auxin input

>~ iPiqi() = Py - qi()) —n - “S3(I(6,up)  (3)

and output in cell i from/to cell j) - (degradation of auxin in cell i)
where g; is the quantity of auxin in cell i at time ¢, [; the cell length
at time f, P; is the permeability of the membrane of the cell i
adjacent to cell j, 1 is a degradation parameter, u; is the translational
value for the light intensity, and S; is the sigmoid function n°3
(Equation 4) that decreases auxin degradation under low
light conditions.

The permeability coefficient P;; represents both, diffusive and
active transport components. The last cell row (n°19) is considered
as the root system which is assumed to import from the bottom of
the hypocotyl as much auxin as is exported.

15.) All parameters are constant over time (see Supplementary
Table S1).

Regulatory functions used in the model are:

(x - w)?

WO W

(4)
and

o (x-uw)
M, (x,u) = m (5)

The parameters a,, b, and u were fitted.
The score value of the fitting system is described as:

k-%

A (6)

J=dt- 38
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with [, the mean epidermal cell length measured for layer k of
the hypocotyl, and 7 the corresponding cell length of cell k
resulting from model simulation.

Calibration and validation of the model

In order to calibrate and validate the model, and to estimate
optimal parameter values, we used experimental data from the wild
type and the two mutants abcbl abcbl9 and sav3, and from four
different light conditions, continuous light (CL), and long day
conditions (LD), each at a low and a high fluence rate (75 pE and
130 pE, respectively) (Figure 6). The strongest SAS was observed
under continuous low light conditions (Figures 6A-C;
Supplementary Figure S2), with clearly reduced responses of the
mutants, in particular of sav3 (Supplementary Figure S2). In
general, high light caused weaker SAS than low light
(Figures 6D-I; compare with Figures 6A-C, J-L).

A set of initial parameter values for parameter fitting was
defined based on available information from the literature, or set
to arbitrary values (Supplementary Table S1). We used part of the
experimental data, namely continuous light at low fluence rate
(CL75; Figures 6A-C), long day at high fluence rate (LD130;
Figures 6D-F), and all wild type data (Figures 6A, D, G, J) for
parameter fitting. The remaining data (Figures 6H, I, K, L) was used
for model validation.

In general, the model recapitulated the growth patterns of
Arabidopsis hypocotyls in three central aspects: i.) Firstly, growth
was more prominent in the wild type (Figures 6A, D, G, ]) than in
the abcbl abcbl19 double mutant (Figures 6B, E, H, K), and even
weaker growth was observed in the sav3 mutant (Figures 6C, F, I, L);
ii.) secondly, growth was stronger under low light conditions
(fluence rate of 75 uE; Figures 6A-C, J-L) than under high light
(fluence rate of 130 pE; Figures 6D-I); iii.) and thirdly, the cellular
growth pattern exhibited the typical arch-shaped distribution with
longest cells in the middle of the hypocotyl (Figure 6A, compare
with Figure 1).

As a measure for the quality of the simulations, we calculated J-
scores for each combination of genotype and condition, based on
the deviations between measured and simulated values (Equation
6). Averaged values per genotype of the wild type (0.13), and of the
abcebl abcbl9 double mutant (0.14) were considerably better than
for the sav3 mutant (0.22), because in the latter case, plants grew
more than in the simulations. This may reflect compensatory
mechanisms in auxin biosynthesis (Zhao, 2010), that do not exist
for auxin transport. Averaging the J-scores per growth conditions
resulted in more similar values (between 0.14 and 0.19), indicating
that the response to the growth conditions is represented well by the
model. As expected, the average J-score of the data used for
parameter fitting (Figure 6A-G, J; J-score=0.15), was lower than
the J-score of the data used for validation (Figures 6H, I, K, L; J-
score=0.19), however, the moderate difference reveals that the
model has a decent predictive potential. Assessing the dynamics
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FIGURE 6

Calibration and validation of the growth model. Wild type plants (A, D, G, J), abcbl abcb19 mutants (B, E, H, K) and sav3 mutants (C, F, I, L) were
grown at four different light conditions, continuous light (CL), and long day conditions (LD), each at a low and a high fluence rate (75 pyE and 130 pE,
respectively). Green lines, cell length at day 4; orange line, cell length at 6d under high R:FR conditions; red lines, cell length at 6d under low R:FR
conditions. Colored surfaces encompass the 95% confidence interval. Squares, triangles, and diamonds represent the respective simulated cell
length values with the whiskers representing the deviation of simulated values from experimental data points. (A-F, G, J) were used for parameter
fitting, (H, I, K, L) were used for model validation. The characteristic arch-shaped size distribution is observed in all treatments and conditions, with
decreased values in the mutants (abcbl abcb19 and sav3), and inhibition of growth at high light conditions (LD130, CL130). J-scores are indicated in
each individual panel, and average J-scores were calculated for each genotype and condition

of auxin distribution and growth (Supplementary Movie S1;
Figure 7) showed that a characteristic gradient with a flat peak
around the central part of the hypocotyl is quickly established
(Figures 7A, B), and remains stable for days (Figures 7C, D). Given
the entry of auxin through the endodermis, basipetal polar
transport in all cells, and a net outward component (due to the
source in the endodermis), in conjunction with degradation along
the entire transport path, results in an auxin distribution in the
epidermis with highest levels in the middle part, which translates
into the corresponding cellular growth pattern (Figure 8A).
Finally, we interrogated the model for the effects of mutation
of the polar transport component. We simulated a pin3 pin4 pin7
triple mutant by reducing the entry of auxin into the endodermis
to 10% (considering that flux from the sites of biosynthesis in the
cotyledons also requires PAT), and the polar transport

Frontiers in Plant Science

component along the hypocotyl to 10% as well. This resulted
in a complete block of growth in both light conditions
(Figure 8B), consistent with the complete block of hypocotyl
elongation in the pin3 pind pin7 triple mutant, that was
considerably stronger than growth inhibition in the sav3
mutant (Kohnen et al., 2016).

Taken together, our mathematical model can reproduce the SAS
in the Arabidopsis hypocotyl with remarkable predictive power. The
combination of basipetal and centrifugal auxin transport, in
conjunction with auxin degradation along the hypocotyl,
generates shallow auxin gradients in the epidermis, that dictate
the cellular growth pattern along the hypocotyl due to their thick
growth-limiting external cell walls. As a consequence, the entire
hypocotyl shows the characteristic growth dynamics in SAS with
strongest growth in the middle part.
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Discussion

The Arabidopsis hypocotyl as a
growth model

One of the best-characterized experimental systems for growth
in plants, the hypocotyl of Arabidopsis thaliana, grows almost
exclusively by cell expansion (Gendreau et al., 1997).
Furthermore, the hypocotyl exhibits essentially unidimensional
elongation along the long axis of the tubular structure, which
greatly facilitates the quantification of growth. Depending on the
environmental conditions, different hormones have been implicated
in regulation of hypocotyl elongation (de Wit et al., 2016; Yang and
Li, 2017). However, in the case of SAS, the growth phenomenon is
primarily controlled by auxin (de Wit et al., 2016).

Many growth processes from early embryogenesis to
flowering are regulated by auxin (Davies, 2004). In the case of
differential growth phenomena, such as during organogenesis
(Benkova et al,, 2003; Reinhardt et al., 2003) or tropic growth
responses (Strohm et al., 2012; Fankhauser and Christie, 2015),
polar auxin transport is thought to determine auxin distribution
and thereby differential cell growth and cell fate. In Arabidopsis,
auxin regulates hypocotyl elongation in the light (Jensen et al,
1998). Similarly, auxin mediates SAS, evidenced by mutants that
are affected in auxin biosynthesis (Stepanova et al.,, 2008; Tao
et al., 2008; Nozue et al., 2015), auxin transport (Keuskamp et al.,
2010), auxin homeostasis (Zheng et al., 2016), or auxin-related
signaling (Steindler et al., 1999; Hornitschek et al., 2012), and
which all have strong defects in SAS.

Shade avoidance, auxin, and cellular
growth pattern of the
Arabidopsis hypocotyl

Based on numerous studies, a current model of SAS posits that
low R:FR ration is perceived in the cotyledons by phytochrome,
resulting in increased auxin biosynthesis and transport of auxin into
the hypocotyl by polar auxin transport where it accumulates and
stimulates elongation growth (Casal, 2013; de Wit et al., 2016).
Recently identified additional factors include the controlled
conjugation of auxin and possibly the release of auxin from
conjugated forms by hydrolysis (Zheng et al., 2016). However,
apart from the regulation of SAS by auxin, the cellular growth
patterns along the hypocotyl have not been addressed. While we are
aware of the fact that other hormones also influence SAS, and
hypocotyl growth in general (de Wit et al., 2016; Yang and Li, 2017),
we focus here on auxin as the central regulatory principle.

In SAS, cell expansion along the hypocotyl is not uniform. Cells
in the middle grow more than cells at the top and the bottom of the
hypocotyl (Gendreau et al., 1997; Le et al., 2005; Robinson et al.,
2017) (Figure 1). The basis of this cellular growth pattern is
unknown, but it may be related to auxin distribution along
the hypocotyl. Conceivably, auxin accumulates to higher levels in
the middle of the hypocotyl than in the tip or the base, although the
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expected shallow auxin gradients could not be verified with
available genetic marker tools.

Auxin transport in SAS

Unexpectedly, pin3 mutants did not exhibit a significant defect
in SAS (Figure 2), however, the triple mutant pin3 pin4 pin7 was
strongly impaired in SAS (Figure 3) as described previously
(Kohnen et al., 2016). In contrast to pin3, the abcbl abcbl9
double mutant exhibited a pronounced defect in SAS (Figure 2).
Taken together, these results suggest that SAS involves both, polar
auxin transport via PIN proteins, and non-polar auxin transport by
ABCB proteins, while the individual role of PIN3 is unclear, based
on our results. These findings prompted us to ask, whether shallow
auxin gradients could be formed in a cellular network as in the
hypocotyl with a mechanism that does not require subcellular PIN
protein re-localization. Indeed, a constitutive basipetal component
(PIN proteins), and a non-polar transport mechanism (ABCB
proteins), in conjunction with auxin metabolism (catabolism and/
or auxin conjugation) is sufficient to generate auxin gradients that
are in agreement with observed cellular growth patterns (Figures 6-
8). Notably, such gradients emerge in the absence of subcellular PIN
protein re-localization in response to SAS.

Importantly, such a mechanism would uncouple SAS, which
has no inherent lateral growth component, from tropic growth
mechanisms (phototropism, gravitropism), which involve polar
reorientation of PIN proteins (Liscum et al., 2014). An SAS
mechanism that involves PIN reorientation would require precise
coordination around the hypocotyl to avoid hypocotyls to
accidentally bend towards one side upon unequal auxin
reallocation. Thus, plants would either require a precise radial
coordination mechanism to ensure equilateral reorientation of
PINs (and consequently auxin) around the circumference of the
hypocotyl, or SAS would risk to interfere with tropic growth
mechanisms. This is because uneven growth in response to SAS
(i.e. bending of the hypocotyl) due to unequal reallocation of PINs
(and auxin) around the circumference of the hypocotyl would need
to be continuously corrected by gravitropism.

Parameter sensitivity of the auxin
transport model

A mathematical model can enable predictions about regulatory
mechanisms, if it reveals features that are robust and sensitive,
respectively, towards endogenous or exogenous disturbances.
Parameter sensitivity tests can reveal such potential nodes of
regulation. In order to perform such a sensitivity test, we varied
each parameter by 1% up or down, relative to the fitted values (see
Supplementary Table S1). Subsequent simulations on the
conditions used for parameter fitting (Figures 6A-G, |) revealed
how much the newly obtained values for cell length deviated from
the previous values (obtained with unchanged parameters). A global
J-score was calculated for the two simulations resulting from the
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+1% deviation (+) and the -1% deviation (-) relative to the
unchanged parameter (Figure 9). The strongest reduction in J-
score quality was observed for the permeability at the bottom of
hypocotyl cells (Pposom), reflecting polar basipetal auxin transport
(Figure 9). The second-most sensitive parameter was {3 (the natural
I./I; ratio) (Figure 9), which is involved in the auxin production
term (see above). These results of the sensitivity test indicate that,
according to our model, the most sensitive aspects of SAS are i.)
polar auxin transport, and, ii.) FR-induced auxin production,
consistent with the dramatic SAS defect of the pin3 pind pin7
triple mutant (Figure 8B) (Kohnen et al., 2016), and the sav3 mutant
(Figure 6) (Tao et al., 2008), respectively.

How can auxin transport produce
shallow gradients?

A central feature of many auxin transport models is a positive
feedback loop in which auxin transporters become localized
towards neighboring cells with higher auxin levels (Cieslak et al.,
2021). This results in progressive accumulation of auxin in small
cell populations in phyllotaxis (Shi and Vernoux, 2019; Reinhardt
and Gola, 2022), or along narrow cell files in vascular patterning
(Scarpella et al., 2006; Kneuper et al., 2021). While such positive
feedback mechanisms can generate patterns that resemble natural
patterns of growth and differentiation, it is unclear how adjacent
cells could be mechanistically coupled. For example, how can a cell
“know” the auxin concentration of its neighbors, in order to orient
its own PIN auxin exporters towards the cell with the highest auxin
concentration? Despite many open questions, most models agree
with the assumption that such positive feedback loops are required
for many patterning phenomena observed in plant development.

In contrast, such feedback mechanisms are unsuitable to generate
shallow auxin gradients, as they would be expected to occur in cases of
quantitative growth phenomena as in the hypocotyl. This is because
small concentration differences inevitably become amplified to sharp

10.3389/fpls.2024.1285655

narrow peaks by positive feedback mechanisms (Barbier de Reuille
et al, 2006; Jonsson et al., 2006; Smith et al, 2006). Our transport
model does not involve a positive feedback mechanism, instead, auxin
distribution is determined by a combination of synthesis, two-
dimensional transport (basipetal and centrifugal), and auxin
catabolism along its transport route (Figures 7, 8A, Supplementary
Movie S1). All these aspects of auxin-dependent growth in hypocotyls
are well supported by experimental evidence. Our model can generate
shallow auxin gradients that could mediate quantitative tissue growth
in hypocotyls (Figure 8A), and other tissues. In that respect, our model
is conceptionally similar to models that generate morphogen gradients
based on synthesis, diffusion, and spatially uniform degradation (SDD
models) in animal systems (Grimm et al,, 2010). While the model in its
present form is designed to account for unidirectional elongation
growth in the cylindrical hypocotyl, its principles can also be
incorporated into advanced models of morphogenesis and tissue
patterning in plants, or in anisotropic growth in response to
exogenous cues, such as light or gravity in phototropism and
gravitropism. Furthermore, future versions of our model can
encompass additional levels of regulation, including gene expression,
protein levels, subcellular protein dynamics, and cell division.

Materials and methods
Plant materials and treatments

Arabidopsis thaliana (L.) Heynh. accession Columbia (Col-0),
pin3-5 from NASC (N9364), abcbl-101 abcb19-3 (Wu et al., 2016),
sav3-2 (Tao et al, 2008) and the pin3-3 pind-101 pin7-102 triple
mutants (Willige et al., 2013; Kohnen et al., 2016) were germinated
and grown as described (Reinhardt et al., 2003). The seeds were
spaced by 5 mm in pots containing seedling substrate (Klasmann-
Deilmann GmbH; https://klasmann-deilmann.com) and stratified at
4°C in the dark for two days. Then, seedlings were transferred to light
(fluorescent tubes, Sylvania 36 W Luxline-Plus; https://www.sylvania-
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FIGURE 9

Sensitivity test for parameters of the auxin transport model. The model was tested for its sensitivity towards changes of parameters by increasing (+)
and decreasing (-) them by 1%. Plotted is the J-score difference, i.e. (original global J-score) — (global J-score after 1% positive (+) or negative (-)
change of the respective parameter). Global J-scores were calculated for each parameter over the entire set of conditions and genotypes used for
fitting (Figures 6A-G, J) relative to the simulation with the unchanged parameters. Negative values in Figure 9 indicate that global J-scores after the
1% change were increased (i.e. larger deviation from measured values than with the original parameters). The lower the negative values, the stronger

the sensitivity of the parameter.
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lighting.com) in a thermo- and hygro-regulated growth chamber
(22 £ 1°C and 73 + 2% rH), which defined the t=0 time point of the
germination process. Seedlings were grown in high light (130 mmol
m~>s™' PAR) or low light (75 mmol m™>s' PAR) in continuous light
(CL) or long day photoperiod (L:D, 16 h:8 h) for 6 days. Far-Red light
was added at 4 days with a led lamp (LumiBulb-FR LED Growth
Bulb, LumiGrow, USA; https://www.lumigrow.com) placed on top at
a distance of 16 cm from the seedlings.

Cell length analysis

Seedlings were collected at indicated time points (4, 5, or 6 days
after germination), incubated in 0.5 M KCl solution for 4 h and then
in Calcofluor white (0.1%, Tris-HCI 0.1 M, pH=8.5, Merck) for 24 h.
Cell length was measured with Image]J 1.46a (NIH) from image stacks
acquired with a laser scanning confocal microscopy (Leica, TCS SP5).
Cell length was determined for all cells (cell 1-18 from the top) in
three representative epidermal cell rows along the hypocotyls.

Measurement of cell wall thickness

Seedlings were fixed in 50 mM Na-cacodylate buffer pH =7.4 with
2% (v/v) glutaraldehyde (EMS; http://www.ems-group.com) for 2h at
room temperature. After six washes with 50 mM Na-cacodylate buffer
pH=7.4, the samples were postfixed overnight with 1% (w/v) OsO, in
Na-cacodylate buffer pH=7.4 at 4°C. After six washes in cacodylate
buffer and one final wash with water, the samples were dehydrated
through an acetone series (10%, 20%, 30%, 50%, 70%, 90%, 100%, each
10 min), and seven subsequent changes with acetone. Embedding
proceeded with serial incubation in increasing concentrations of
Spurr’s resin (Plano; https://www.plano-em.de) in acetone (25% 1.5h,
50% 1.5h, 75% overnight, 100% 6 h), and polymerization at 70°C for 18
h under dry atmosphere (silicagel). Ultrathin sections (70 nm) were
prepared with a Reichert Ultracut E microtome (Leica microsystems)
and mounted on formvar-coated grids. Sections were contrasted with
2% (w/v) uranyl acetate and subsequently with 80 mM lead citrate
(Reynolds, 1963). Electron micrographs were taken with a Philips CM
100 BIOTWIN electron microscope (FEI Company, Eindhoven, The
Netherlands) at 80 kV using a LaB6 cathode and a 11 MegaPixel TEM
CCD Camera from Morada (EMSIS, Germany). Cell wall thickness
was determined with the software iTEM Soft Imaging System. Multiple
measurements were taken from several cells per section to calculate the
average cell wall width. For each treatment several sections were taken
from two replicate plants.

Staining and imaging of DR5::GUS seedlings

Whole seedlings were fixed with acetone (90%) for 20min at
room temperature after exposure with IAA at the indicated
concentrations for 24 h. Then, the seedlings were infiltrated with
staining buffer for 10 min on ice. Staining buffer consisted of
100mM sodium phosphate at pH 7.2, 10 mM EDTA, 0.2% triton
X-100, 1 mM Ferricyanide, I mM Ferrocyanide and H,O (96%).
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This was followed by a second infiltration of 20 min on ice with
2mM X-GIcA cyclohexyl ammonium salt added to fresh staining
buffer. Samples were then transferred to 37°C for 24 hours. Samples
were then washed with increasing ethanol concentrations of 25, 50,
75 and 95% for 20min each. Samples were stored at 4°C in ethanol
until imaging. Images were taken with a Leica DMR microscope
equipped with a Zeiss Axiocam.

Auxin flux model

The model is based on the assumption that auxin enters the
hypocotyl by the top cell of the endodermis, and then is transported
basipetally and centrifugally towards the epidermis. At the same
time, auxin undergoes inactivation (corresponding to degradation
or conjugation). Cell growth is assumed to be proportional to
cellular auxin concentration. Initial parameters were derived from
the literature, or defined arbitrarily, and optimized by the
“simulated annealing” method (Kirkpatrick et al., 1983) to fit the
measured cell length data. In order to reduce the computational
time, original parameters were estimated by an approximation
approach, then, parameters were optimized twice. The open-
source software GNU Octave and Matlab (Natick, Massachusetts:
The MathWorks Inc.; https://www.mathworks.com) were used for
parameter optimization as described (Feller et al., 2015).
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DATA SHEET 2
Mathematical code and various associated files.

SUPPLEMENTARY IMAGE 1

Evaluation of DR5-based auxin markers. (A) DR5::GUS was not sufficiently
sensitive to detect auxin in the hypocotyl under our growth conditions.
Nevertheless, DR5::GUS was inducible by treatment with the auxin indole-
3-acetic acid (IAA) at 10 uM (B), or 100 uM (C), respectively, for 24 h in
aqueous solution (applied from a 1000x stock in DMSO). (D) DR5v2::
ntdTomato was sufficiently sensitive to detect auxin in hypocotyls of the
reporter line DR5v2::ntdTomato/DR5::n3GFP, however, no changes were
observed in our experiments, indicating that subtle changes in auxin
concentration cannot be detected with this tool. Signal from ntdTomato
was acquired in the red channel but is represented in false green;
autofluorescence in the far-red range (highlighting mainly chlorophyll) was
acquired to visualize the structure and outline of the hypocotyl.

SUPPLEMENTARY IMAGE 2

Cell size distribution in the hypocotyls of various genotypes. Wild type plants
(A), abcbl abcbl19 mutants (B), and sav3 mutants (C) were subjected to light
conditions as in Figure 6A-C. Colored dots in (A) indicate significant
differences of the low R:FR treatment (green line) vs. high R:FR treatment
(red line). Red dots, p<0.001; orange dots, p<0.01; yellow dots, p<0.05 (n>20).
Colored dots in (B, C) indicate significant differences between the respective
mutant at low R:FR treatment (green lines in (B, C)) vs. the low R:FR treatment
in the wild type (green line in (A)). Red dots, p<0.001; orange dots, p<0.01;
yellow dots, p<0.05 (n>20).

SUPPLEMENTARY IMAGE 3

Experimental design. Seeds were sown and stratified in the dark at 4°C for two
days. Seedlings were cultured in white-light at 22°C (continuous light or long-
days light). After four days in white light, seedlings received FR enrichment for
two days (except for control seedlings). Seedlings were sampled at four days
and six days for analysis.

VIDEO 1

Visual rendering of a simulation of cellular patterns of auxin concentration
and cell growth in a wild-type hypocotyl growing under continuous low white
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compare with Figure 6A, and Figure 7.
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Christie, J. M., Yang, H. B, Richter, G. L., Sullivan, S., Thomson, C. E., Lin, J. S.,
et al. (2011). photl inhibition of ABCB19 primes lateral auxin fluxes in the shoot
apex required for phototropism. PloS Biol. 9, €1001076. doi: 10.1371/
journal.pbio.1001076.

Cieslak, M., Owens, A., and Prusinkiewicz, P. (2021). Computational models of
auxin-driven patterning in shoots. Cold Spring Harbor Perspect. Biol. 14, a040097.
doi: 10.1101/cshperspect.a040097.

Cieslak, M., Runions, A., and Prusinkiewicz, P. (2015). Auxin-driven patterning with
unidirectional fluxes. J. Exp. Bot. 66, 5083-5102. doi: 10.1093/jxb/erv262.

Dahlke, R. I, Fraas, S., Ullrich, K. K., Heinemann, K., Romeiks, M., Rickmeyer, T.,
et al. (2017). Protoplast swelling and hypocotyl growth depend on different auxin
signaling pathways. Plant Physiol. 175, 982-994. doi: 10.1104/pp.17.00733.

Davies, P. J. (2004). Plant Hormones - Biosynthesis, Signal Transduction, Action!
(Netherlands: Kluwer Academic Publishers).

Derbyshire, P., Findlay, K., Mccann, M. C., and Roberts, K. (2007). Cell elongation in
Arabidopsis hypocotyls involves dynamic changes in cell wall thickness. J. Of Exp. Bot.
58, 2079-2089. doi: 10.1093/jxb/erm074.

de Wit, C. T., Brouwer, R., and De Vries, F. W. T. P. (1970). “The simulation of
photosynthetic systems,” in Prediction and measurement of photosynthetic productivity.
Ed. I Setlk (The Netherlands: Centre for Agricultural Publishing and Documentation,
Wageningen), 47-70.

de Wit, M., Galvao, V. C., and Fankhauser, C. (2016). Light-mediated hormonal
regulation of plant growth and development. Annu. Rev. Plant Biol. 67, 513-537.

Fankhauser, C., and Christie, J. M. (2015). Plant phototropic growth. Curr. Biol. 25,
R384-R389. doi: 10.1016/j.cub.2015.03.020.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1285655/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1285655/full#supplementary-material
https://doi.org/10.1073/pnas.0510130103
https://doi.org/10.1016/j.tplants.2009.01.006
https://doi.org/10.1016/S0092-8674(03)00924-3
https://doi.org/10.1006/dbio.1997.8836
https://doi.org/10.1007/s00299-018-2319-0
https://doi.org/10.1038/nature03184
https://doi.org/10.1199/tab.0157
https://doi.org/10.1146/annurev-arplant-050312-120221
https://doi.org/10.1101/cshperspect.a039867
https://doi.org/10.1371/journal.pbio.1001076
https://doi.org/10.1371/journal.pbio.1001076
https://doi.org/10.1101/cshperspect.a040097
https://doi.org/10.1093/jxb/erv262
https://doi.org/10.1104/pp.17.00733
https://doi.org/10.1093/jxb/erm074
https://doi.org/10.1016/j.cub.2015.03.020
https://doi.org/10.3389/fpls.2024.1285655
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Favre et al.

Feller, C., Favre, P., Janka, A., Zeeman, S., Gabriel, J.-P., and Reinhardt, D. (2015).
Mathematical modelling of the dynamics of shoot-root interactions and resource
partitioning in plant growth. PloS One 10, €0127905. doi: 10.1371/journal.pone.0127905.

Fendrych, M., Leung, J., and Friml, J. (2016). TIR1/AFB-Aux/IAA auxin perception
mediates rapid cell wall acidification and growth of Arabidopsis hypocotyls. Elife 5,
€19048. doi: 10.7554/eLife.19048.019.

Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T., et al. (2003).
Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. Nature
426, 147-153. doi: 10.1038/nature02085.

Friml, J., Wisniewska, J., Benkova, E., Mendgen, K., and Palme, K. (2002). Lateral
relocation of auxin efflux regulator PIN3 mediates tropism in Arabidopsis. Nature 415,
806-809. doi: 10.1038/415806a.

Galvan-Ampudia, C. S., Cerutti, G., Legrand, J., Brunoud, G., Martin-Arevalillo, R.,
Azais, R, et al. (2020). Temporal integration of auxin information for the regulation of
patterning. eLife 9, €55832. doi: 10.7554/eLife.55832.sa2.

Gao, C, Liu, X. D,, De Storme, N., Jensen, K. H,, Xu, Q. Y., Yang, J. T, et al. (2020).
Directionality of plasmodesmata-mediated transport in Arabidopsis leaves supports
auxin channeling. Curr. Biol. 30, 1970-1977. doi: 10.1016/j.cub.2020.03.014.

Geisler, M. M. (2021). A retro-perspective on auxin transport. Front. Plant Sci. 12,
756968. doi: 10.3389/fpls.2021.756968.

Geisler, M., Kolukisaoglu, H. U., Bouchard, R,, Billion, K., Berger, J., Saal, B., et al.
(2003). TWISTED DWAREFI, a unique plasma membrane-anchored immunophilin-
like protein, interacts with Arabidopsis multidrug resistance-like transporters AtPGP1
and AtPGP19. Mol. Biol. Cell 14, 4238-4249. doi: 10.1091/mbc.e02-10-0698.

Gendreau, E., Traas, J., Desnos, T., Grandjean, O., Caboche, M., and Hoéfte, H.
(1997). Cellular basis of hypocotyl growth in Arabidopsis thaliana. Plant Physiol. 114,
295-305. doi: 10.1104/pp.114.1.295.

Grieneisen, V. A., Xu, J., Marée, A. F. M., Hogeweg, P., and Scheres, B. (2007). Auxin
transport is sufficient to generate a maximum and gradient guiding root growth. Nature
449, 1008-1013. doi: 10.1038/nature06215.

Grimm, O., Coppey, M., and Wieschaus, E. (2010). Modelling the Bicoid gradient.
Development 137, 2253-2264. doi: 10.1242/dev.032409.

Halliday, K. J., Martinez-Garcia, J. F., and Josse, E. M. (2009). Integration of light and auxin
signaling. Cold Spring Harbor Perspect. Biol. 1, a001586. doi: 10.1101/cshperspect.a001586.

Han, X., Hyun, T. K., Zhang, M. H., Kumar, R., Koh, E. ], Kang, B. H,, et al. (2014).
Auxin-callose-mediated plasmodesmal gating is essential for tropic auxin gradient
formation and signaling. Dev. Cell 28, 132-146. doi: 10.1016/j.devcel.2013.12.008.

Hartmann, F. P., De Reuille, P. B., and Kuhlemeier, C. (2019). Toward a 3D model of
phyllotaxis based on a biochemically plausible auxin-transport mechanism. PloS
Comput. Biol. 15, €1006896. doi: 10.1371/journal.pcbi.1006896.

Hartmann, F. P., Rathgeber, C. B. K., Badel, E., Fournier, M., and Moulia, B. (2021).
Modelling the spatial crosstalk between two biochemical signals explains wood formation
dynamics and tree-ring structure. J. Exp. Bot. 72, 1727-1737. doi: 10.1093/jxb/eraa558.

Hennig, L., Buche, C,, Eichenberg, K., and Schifer, E. (1999). Dynamic properties of
endogenous phytochrome A in Arabidopsis seedlings. Plant Physiol. 121, 571-577.
doi: 10.1104/pp.121.2.571.

Hohm, T., Demarsy, E., Quan, C, Petrolati, L. A., Preuten, T., Vernoux, T., et al. (2014).
Plasma membrane H+-ATPase regulation is required for auxin gradient formation preceding
phototropic growth. Mol. Syst. Biol. 10, 751. doi: 10.15252/msb.20145247.

Hornitschek, P., Kohnen, M. V., Lorrain, S., Rougemont, J., Ljung, K., Lopez-
Vidriero, I, et al. (2012). Phytochrome interacting factors 4 and 5 control seedling
growth in changing light conditions by directly controlling auxin signaling. Plant J. 71,
699-711. doi: 10.1111/j.1365-313X.2012.05033 x.

Jensen, P. J., Hangarter, R. P., and Estelle, M. (1998). Auxin transport is required for
hypocotyl elongation in light-grown but not dark-grown Arabidopsis. Plant Physiol.
116, 455-462. doi: 10.1104/pp.116.2.455.

Jonsson, H., Heisler, M. G., Shapiro, B. E., Meyerowitz, E. M., and Mjolsness, E.
(2006). An auxin-driven polarized transport model for phyllotaxis. Proc. Natl. Acad.
Sci. United States America 103, 1633-1638. doi: 10.1073/pnas.0509839103

Keuskamp, D. H., Pollmann, S., Voesenek, L., Peeters, A. J. M., and Pierik, R. (2010).
Auxin transport through PIN-FORMED 3 (PIN3) controls shade avoidance and fitness
during competition. Proc. Natl. Acad. Sci. United States America 107, 22740-22744.
doi: 10.1073/pnas.1013457108

Kirkpatrick, S., Gelatt, C. D., and Vecchi, M. P. (1983). Optimization by simulated
annealing. Science 220, 671-680. doi: 10.1126/science.220.4598.671.

Kneuper, L, Teale, W., Dawson, J. E., Tsugeki, R., Katifori, E., Palme, K., et al. (2021).
Auxin biosynthesis and cellular efflux act together to regulate leaf vein patterning. J.
Exp. Bot. 72, 1151-1165. doi: 10.1093/jxb/eraa501.

Kohnen, M. V., Schmid-Siegert, E., Trevisan, M., Petrolati, L. A., Sénéchal, F.,
Miiller-Moulé, P., et al. (2016). Neighbor detection induces organ-specific
transcriptomes, revealing patterns underlying hypocotyl-specific growth. Plant Cell
28, 2889-2904. doi: 10.1105/tpc.16.00463.

Kutschera, U., and Khanna, R. (2020). Auxin action in developing maize coleoptiles:
challenges and open questions. Plant Signaling Behav. 15, e1762327. doi: 10.1080/
15592324.2020.1762327.

Frontiers in Plant Science

15

10.3389/fpls.2024.1285655

Kutschera, U., and Niklas, K. J. (2007). The epidermal-growth-control theory of stem
elongation: An old and a new perspective. J. Plant Physiol. 164, 1395-1409.
doi: 10.1016/j.jplph.2007.08.002.

Kutschera, U., and Niklas, K. J. (2013). Cell division and turgor-driven stem
elongation in juvenile plants: A synthesis. Plant Sci. 207, 45-56. doi: 10.1016/
j.plantsci.2013.02.004.

Le, J., Vandenbussche, F., De Cnodder, T., van der Straeten, D., and Verbelen, J. P.
(2005). Cell elongation and microtubule behavior in the Arabidopsis hypocotyl:
Responses to ethylene and auxin. J. Plant Growth Regul. 24, 166-178. doi: 10.1007/
s00344-005-0044-8.

Leyser, O. (2005). The fall and rise of apical dominance. Curr. Opin. Genet. Dev. 15,
468-471. doi: 10.1016/j.gde.2005.06.010.

Liao, C. Y., Smet, W., Brunoud, G., Yoshida, S., Vernoux, T., and Weijers, D. (2015).
Reporters for sensitive and quantitative measurement of auxin response. Nat. Methods
12, 207-210. doi: 10.1038/nmeth.3279.

Liscum, E., Askinosie, S. K., Leuchtman, D. L., Morrow, J., Willenburg, K. T., and
Coats, D. R. (2014). Phototropism: growing towards an understanding of plant
movement. Plant Cell 26, 38-55. doi: 10.1105/tpc.113.119727.

Ljung, K., Bhalerao, R. P., and Sandberg, G. (2001). Sites and homeostatic control of
auxin biosynthesis in Arabidopsis during vegetative growth. Plant J. 28, 465-474.
doi: 10.1046/j.1365-313X.2001.01173 x.

Martinez-Garcia, J. F., and Rodriguez-Concepcion, M. (2023). Molecular mechanisms of
shade tolerance in plants. New Phytol. 239, 1190-1202. doi: 10.1111/nph.19047.

Mirabet, V., Besnard, F., Vernoux, T., and Boudaoud, A. (2012). Noise and robustness in
phyllotaxis. PloS Comput. Biol. 8, €1002389. doi: 10.1371/journal.pcbi.1002389.

Mironova, V., Teale, W., Shahriari, M., Dawson, J., and Palme, K. (2017). The
systems biology of auxin in development embryos. Trends Plant Sci. 22, 225-235.
doi: 10.1016/j.tplants.2016.11.010.

Newell, A. C., Shipman, P. D., and Sun, Z. Y. (2008). Phyllotaxis: Cooperation and
competition between mechanical and biochemical processes. J. Theor. Biol. 251, 421-
439. doi: 10.1016/j.jtbi.2007.11.036.

Nozue, K., Tat, A. V., Devisetty, U. K., Robinson, M., Mumbach, M. R,, Ichihashi, Y.,
et al. (2015). Shade avoidance components and pathways in adult plants revealed by
phenotypic profiling. PloS Genet. 11, €1004953. doi: 10.1371/journal.pgen.1004953.

Pencik, A., Simonovik, B., Petersson, S. V., Henykova, E., Simon, S., Greenham, K.,
et al. (2013). Regulation of Auxin homeostasis and gradients in Arabidopsis roots
through the formation of the indole-3-acetic acid catabolite 2-oxindole-3-acetic acid.
Plant Cell 25, 3858-3870. doi: 10.1105/tpc.113.114421.

Petersson, S. V., Johansson, A. I, Kowalczyk, M., Makoveychuk, A., Wang, J. Y.,
Moritz, T., et al. (2009). An auxin gradient and maximum in the Arabidopsis root apex
shown by high-resolution cell-specific analysis of IAA distribution and synthesis. Plant
Cell 21, 1659-1668. doi: 10.1105/tpc.109.066480.

Pierik, R., and de Wit, M. (2014). Shade avoidance: phytochrome signalling and other
aboveground neighbour detection cues. J. Exp. Bot. 65, 2815-2824. doi: 10.1093/jxb/ert389.

Pucciariello, O., Legris, M., Rojas, C. C,, Iglesias, M. J., Hernando, C. E., Dezar, C,,
et al. (2018). Rewiring of auxin signaling under persistent shade. Proc. Natl. Acad. Sci.
United States America 115, 5612-5617. doi: 10.1073/pnas.172111011

Reed, J. W., Wu, M. F,, Reeves, P. H., Hodgens, C., Yadav, V., Hayes, S., et al. (2018).
Three auxin response factors promote hypocotyl elongation. Plant Physiol. 178, 864—
875. doi: 10.1104/pp.18.00718.

Reinhardt, D., and Gola, E. M. (2022). Law and order in plants-the origin and
functional relevance of phyllotaxis. Trends Plant Sci. 27, 1017-1032. doi: 10.1016/
j-tplants.2022.04.005.

Reinhardt, D., Pesce, E.-R,, Stieger, P., Mandel, T., Baltensperger, K., Bennett, M.,
et al. (2003). Regulation of phyllotaxis by polar auxin transport. Nature 426, 255-260.
doi: 10.1038/nature02081.

Reynolds, E. S. (1963). The use of lead citrate at high pH as an electron-opaque stain
in electron microscopy. J. Cell Biol. 17, 208-212. doi: 10.1083/jcb.17.1.208.

Robinson, S., Huflejt, M., De Reuille, P. B, Braybrook, S. A., Schorderet, M.,
Reinhardt, D., et al. (2017). An automated confocal micro-extensometer enables in
vivo quantification of mechanical properties with cellular resolution. Plant Cell 29,
2959-2973. doi: 10.1105/tpc.17.00753.

Sabatini, S., Beis, D., Wolkenfelt, H., Murfett, J., Guilfoyle, T., Malamy, J., et al.
(1999). An auxin-dependent distal organizer of pattern and polarity in the Arabidopsis
root. Cell 99, 463-472. doi: 10.1016/S0092-8674(00)81535-4.

Savaldi-Goldstein, S., Peto, C., and Chory, J. (2007). The epidermis both drives and
restricts plant shoot growth. Nature 446, 199-202. doi: 10.1038/nature05618.

Scarpella, E., Marcos, D., Friml, J., and Berleth, T. (2006). Control of leaf vascular
patterning by polar auxin transport. Genes Dev. 20, 1015-1027. doi: 10.1101/
gad.1402406.

Shi, B. H,, and Vernoux, T. (2019). “Patterning at the shoot apical meristem and
phyllotaxis,” in Plant Development and Evolution. Ed. U. Grossniklaus (Cambridge, US:
Academic Press), 81-107.

Smith, R. S., and Bayer, E. M. (2009). Auxin transport-feedback models of patterning
in plants. Plant Cell Environ. 32, 1258-1271. doi: 10.1111/j.1365-3040.2009.01997 x.

frontiersin.org


https://doi.org/10.1371/journal.pone.0127905
https://doi.org/10.7554/eLife.19048.019
https://doi.org/10.1038/nature02085
https://doi.org/10.1038/415806a
https://doi.org/10.7554/eLife.55832.sa2
https://doi.org/10.1016/j.cub.2020.03.014
https://doi.org/10.3389/fpls.2021.756968
https://doi.org/10.1091/mbc.e02-10-0698
https://doi.org/10.1104/pp.114.1.295
https://doi.org/10.1038/nature06215
https://doi.org/10.1242/dev.032409
https://doi.org/10.1101/cshperspect.a001586
https://doi.org/10.1016/j.devcel.2013.12.008
https://doi.org/10.1371/journal.pcbi.1006896
https://doi.org/10.1093/jxb/eraa558
https://doi.org/10.1104/pp.121.2.571
https://doi.org/10.15252/msb.20145247
https://doi.org/10.1111/j.1365-313X.2012.05033.x
https://doi.org/10.1104/pp.116.2.455
https://doi.org/10.1073/pnas.0509839103
https://doi.org/10.1073/pnas.1013457108
https://doi.org/10.1126/science.220.4598.671
https://doi.org/10.1093/jxb/eraa501
https://doi.org/10.1105/tpc.16.00463
https://doi.org/10.1080/15592324.2020.1762327
https://doi.org/10.1080/15592324.2020.1762327
https://doi.org/10.1016/j.jplph.2007.08.002
https://doi.org/10.1016/j.plantsci.2013.02.004
https://doi.org/10.1016/j.plantsci.2013.02.004
https://doi.org/10.1007/s00344-005-0044-8
https://doi.org/10.1007/s00344-005-0044-8
https://doi.org/10.1016/j.gde.2005.06.010
https://doi.org/10.1038/nmeth.3279
https://doi.org/10.1105/tpc.113.119727
https://doi.org/10.1046/j.1365-313X.2001.01173.x
https://doi.org/10.1111/nph.19047
https://doi.org/10.1371/journal.pcbi.1002389
https://doi.org/10.1016/j.tplants.2016.11.010
https://doi.org/10.1016/j.jtbi.2007.11.036
https://doi.org/10.1371/journal.pgen.1004953
https://doi.org/10.1105/tpc.113.114421
https://doi.org/10.1105/tpc.109.066480
https://doi.org/10.1093/jxb/ert389
https://doi.org/10.1073/pnas.172111011
https://doi.org/10.1104/pp.18.00718
https://doi.org/10.1016/j.tplants.2022.04.005
https://doi.org/10.1016/j.tplants.2022.04.005
https://doi.org/10.1038/nature02081
https://doi.org/10.1083/jcb.17.1.208
https://doi.org/10.1105/tpc.17.00753
https://doi.org/10.1016/S0092-8674(00)81535-4
https://doi.org/10.1038/nature05618
https://doi.org/10.1101/gad.1402406
https://doi.org/10.1101/gad.1402406
https://doi.org/10.1111/j.1365-3040.2009.01997.x
https://doi.org/10.3389/fpls.2024.1285655
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Favre et al.

Smith, R. S., Guyomarc'h, S., Mandel, T., Reinhardt, D., Kuhlemeier, C., and
Prusinkiewicz, P. (2006). A plausible model of phyllotaxis. Proc. Natl. Acad. Sci.
United States America 103, 1301-1306. doi: 10.1073/pnas.0510457103

Steffens, B., and Luthen, H. (2000). New methods to analyse auxin-induced growth
II: The swelling reaction of protoplasts - a model system for the analysis of auxin signal
transduction? Plant Growth Regul. 32, 115-122. doi: 10.1023/A:1010789125122

Steindler, C., Matteucci, A., Sessa, G., Weimar, T., Ohgishi, M., Aoyama, T., et al.
(1999). Shade avoidance responses are mediated by the ATHB-2 HD-Zip protein, a
negative regulator of gene expression. Development 126, 4235-4245. doi: 10.1242/
dev.126.19.4235.

Stepanova, A. N., Robertson-Hoyt, J., Yun, J., Benavente, L. M., Xie, D. Y., Dolezal,
K., et al. (2008). TAA1-mediated auxin biosynthesis is essential for hormone crosstalk
and plant development. Cell 133, 177-191. doi: 10.1016/j.cell.2008.01.047.

Stoma, S., Lucas, M., Chopard, J., Schaedel, M., Traas, J., and Godin, C. (2008). Flux-
based transport enhancement as a plausible unifying mechanism for auxin transport in
meristem development. PloS Comput. Biol. 4, €1000207. doi: 10.1371/journal.pcbi.1000207.

Strohm, A. K., Baldwin, K. L., and Masson, P. H. (2012). Molecular mechanisms of
root gravity sensing and signal transduction. Wiley Interdiscip. Reviews-Developmental
Biol. 1, 276-285. doi: 10.1002/wdev.14

Swarup, R., and Peret, B. (2012). AUX/LAX family of auxin influx carriers - An
overview. Front. Plant Sci. 3, 225. doi: 10.3389/fpls.2012.00225.

Takase, T., Nakazawa, M., Ishikawa, A., Kawashima, M., Ichikawa, T., Takahashi, N.,
et al. (2004). ydk1-D, an auxin-responsive GH3 mutant that is involved in hypocotyl
and root elongation. Plant J. 37, 471-483. doi: 10.1046/j.1365-313X.2003.01973.x.

Takase, T., Nakazawa, M., Ishikawa, A., Manabe, K., and Matsui, M. (2003). DFL2, a
new member of the Arabidopsis GH3 gene family, is involved in red light-specific
hypocotyl elongation. Plant Cell Physiol. 44, 1071-1080. doi: 10.1093/pcp/pcgl30.

Tanaka, H., Dhonukshe, P., Brewer, P. B, and Friml, J. (2006). Spatiotemporal
asymmetric auxin distribution: a means to coordinate plant development. Cell. Mol.
Life Sci. 63, 2738-2754. doi: 10.1007/s00018-006-6116-5.

Tao, Y., Ferrer, J.-L., Ljung, K., Pojer, F., Hong, F., Long, J. A,, et al. (2008). Rapid
synthesis of auxin via a new tryptophane-dependent pathway is required for shade
avoidance in plants. Cell 133, 164-176. doi: 10.1016/j.cell.2008.01.049.

Ulmasov, T., Murfett, ., Hagen, G., and Guilfoyle, T. J. (1997). Aux/IAA proteins

repress expression of reporter genes containing natural and highly active synthetic
auxin response elements. Plant Cell 9, 1963-1971. doi: 10.1105/tpc.9.11.1963

Frontiers in Plant Science

16

10.3389/fpls.2024.1285655

van Berkel, K., De Boer, R. J., Scheres, B., and Ten Tusscher, K. (2013). Polar auxin
transport: models and mechanisms. Development 140, 2253-2268. doi: 10.1242/
dev.079111.

Vandenbussche, F., Verbelen, J. P., and van der Straeten, D. (2005). Of light and
length: regulation of hypocotyl growth in Arabidopsis. Bioessays 27, 275-284.
doi: 10.1002/(ISSN)1521-1878.

Vanneste, S., and Friml, J. (2009). Auxin: A trigger for change in plant development.
Cell 136, 1005-1016. doi: 10.1016/j.cell.2009.03.001.

Wang, B. ], Bailly, A., Zwiewka, M., Henrichs, S., Azzarello, E., Mancuso, S,, et al. (2013).
Arabidopsis TWISTED DWAREF1 functionally interacts with auxin exporter ABCB1 on the
root plasma membrane. Plant Cell 25, 202-214. doi: 10.1105/tpc.112.105999.

Wartlick, O., Kicheva, A., and Gonzalez-Gaitan, M. (2009). Morphogen gradient
formation. Cold Spring Harbor Perspect. Biol. 1, a001255. doi: 10.1101/cshperspect.a001255.

Willige, B. C., Ahlers, S., Zourelidou, M., Barbosa, I. C. R,, Demarsy, E., Trevisan, M.,
et al. (2013). D6PK AGCVIII kinases are required for auxin transport and phototropic
hypocotyl bending in Arabidopsis. Plant Cell 25, 1674-1688. doi: 10.1105/
tpc.113.111484.

Woodward, A. W., and Bartel, B. (2005). Auxin: Regulation, action, and interaction.
Ann. Bot. 95, 707-735. doi: 10.1093/a0b/mci083.

Wu, G. S, Cameron, J. N., Ljung, K., and Spalding, E. P. (2010). A role for ABCB19-
mediated polar auxin transport in seedling photomorphogenesis mediated by
cryptochrome 1 and phytochrome B. Plant J. 62, 179-191. doi: 10.1111/j.1365-
313X.2010.04137 x.

Wu, G. S, Carville, J. S., and Spalding, E. P. (2016). ABCB19-mediated polar auxin
transport modulates Arabidopsis hypocotyl elongation and the endoreplication variant
of the cell cycle. Plant J. 85, 209-218. doi: 10.1111/tpj.13095.

Wu, S.-Z,, Yamada, M., Mallett, D. R,, and Bezanilla, M. (2018). Cytoskeletal
discoveries in the plant lineage using the moss Physcomitrella patens. Biophys. Rev.
10, 1683-1693. doi: 10.1007/s12551-018-0470-z.

Yang, C. W., and Li, L. (2017). Hormonal regulation in shade avoidance. Front. Plant
Sci. 8, 1527. doi: 10.3389/fpls.2017.01527.

Zhao, Y. D. (2010). Auxin biosynthesis and its role in plant development. Annu. Rev.
Plant Biol. 61, 49-64. doi: 10.1146/annurev-arplant-042809-112308.

Zheng, Z. Y., Guo, Y. X,, Novak, O., Chen, W., Ljung, K., Noel, J. P,, et al. (2016).
Local auxin metabolism regulates environment-induced hypocotyl elongation. Nat.
Plants 2, 16025. doi: 10.1038/nplants.2016.25.

frontiersin.org


https://doi.org/10.1073/pnas.0510457103
https://doi.org/10.1023/A:1010789125122
https://doi.org/10.1242/dev.126.19.4235
https://doi.org/10.1242/dev.126.19.4235
https://doi.org/10.1016/j.cell.2008.01.047
https://doi.org/10.1371/journal.pcbi.1000207
https://doi.org/10.1002/wdev.14
https://doi.org/10.3389/fpls.2012.00225
https://doi.org/10.1046/j.1365-313X.2003.01973.x
https://doi.org/10.1093/pcp/pcg130
https://doi.org/10.1007/s00018-006-6116-5
https://doi.org/10.1016/j.cell.2008.01.049
https://doi.org/10.1105/tpc.9.11.1963
https://doi.org/10.1242/dev.079111
https://doi.org/10.1242/dev.079111
https://doi.org/10.1002/(ISSN)1521-1878
https://doi.org/10.1016/j.cell.2009.03.001
https://doi.org/10.1105/tpc.112.105999
https://doi.org/10.1101/cshperspect.a001255
https://doi.org/10.1105/tpc.113.111484
https://doi.org/10.1105/tpc.113.111484
https://doi.org/10.1093/aob/mci083
https://doi.org/10.1111/j.1365-313X.2010.04137.x
https://doi.org/10.1111/j.1365-313X.2010.04137.x
https://doi.org/10.1111/tpj.13095
https://doi.org/10.1007/s12551-018-0470-z
https://doi.org/10.3389/fpls.2017.01527
https://doi.org/10.1146/annurev-arplant-042809-112308
https://doi.org/10.1038/nplants.2016.25
https://doi.org/10.3389/fpls.2024.1285655
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Regulation of tissue growth in plants – A mathematical modeling study on shade avoidance response in Arabidopsis hypocotyls
	Introduction
	Results
	Growth patterns in the Arabidopsis hypocotyl
	Identifying cellular and molecular components for a mathematical model of SAS
	Anatomical constraints for a mathematical model of SAS
	Concept of an auxin transport model for the Arabidopsis hypocotyl
	General assumptions and equations of the auxin transport model
	Calibration and validation of the model

	Discussion
	The Arabidopsis hypocotyl as a growth model
	Shade avoidance, auxin, and cellular growth pattern of the Arabidopsis hypocotyl
	Auxin transport in SAS
	Parameter sensitivity of the auxin transport model
	How can auxin transport produce shallow gradients?

	Materials and methods
	Plant materials and treatments
	Cell length analysis
	Measurement of cell wall thickness
	Staining and imaging of DR5::GUS seedlings
	Auxin flux model

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


