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Auxin signaling and patterning is an inherently complex process, involving polarized auxin
transport, metabolism, and signaling, its effect on developmental zones, as well as growth
rates, and the feedback between all these different aspects. This complexity has led to an
important role for computational modeling in unraveling the multifactorial roles of auxin in
plant developmental and adaptive processes. Here we discuss the basic ingredients of auxin
signaling and patterning models for root development as well as a series of key modeling
studies in this area. These modeling studies have helped elucidate how plants use auxin
signaling to compute the size of their root meristem, the direction in which to grow, and
when andwhere to form lateral roots. Importantly, thesemodels highlight howauxin, through
patterning of and collaborating with other factors, can fulfill all these roles simultaneously.

Auxin signaling plays a key role in diverse
processes governing the growth, develop-

ment, and environmental adaptation of plant
roots. Auxin maxima signal the presence of
stem cell niches fueling the growth of individual
root organs, with the auxin gradients originating
at these maxima impacting the size and activity
of the corresponding meristems (Sabatini et al.
1999; Petersson et al. 2009). Environmental fac-
tors such as nitrate presence or soil salinity im-
pact these auxin patterns, either directly or via
other hormones, resulting in the adaptation of
root growth rates to environmental conditions
(Krouk et al. 2010; Fu et al. 2019). At the same
time, transient asymmetries in auxin signaling
underlie asymmetries in elongation growth that
enable tropic responses of roots toward gravi-
ty (Swarup et al. 2005) and away from salt

(Galvan-Ampudia et al. 2013; van den Berg
et al. 2016), while no such asymmetries are de-
tected during hydrotropism and phototropism
(Shkolnik et al. 2016; Kimura et al. 2018) and a
potential role in nutrient tropisms remains to be
investigated. In lateral roots (LRs), additional
auxin-based processes influence gravitropism,
resulting in nonvertical gravitropic set-point an-
gles for LRs (Roychoudhry et al. 2013) to ensure
the widening of the root system necessary to
explore a larger soil surface area (Lynch and
Brown 2001). Again, environmental conditions
impact these auxin patterns and hence LR
growth angles, with, for example, phosphate
starvation inducing the shallow angles charac-
teristic of topsoil foraging (Lynch and Brown
2001) and nitrate deprivation instead inducing
steep root growth angles (Roychoudhry et al.
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2017). Additionally, temporal changes in auxin
signaling confer on subsets of protoxylem-
neighboring pericycle cells the competence for
future LR formation (De Smet et al. 2007; Mo-
reno-Risueno et al. 2010; Xuan et al. 2016).
Whether or not these competent cells subse-
quently develop into LRs, and at which rate, is
again heavily dependent on auxin signaling
(Lavenus et al. 2013; Du and Scheres 2018; San-
tos Teixeira and ten Tusscher 2019). Finally,
auxin signaling specifies the timing and location
of cell differentiation dictating, for example, pro-
tophloem differentiation rate (Marhava et al.
2018) and the patterning of xylem and phloem
poles (Mähönen et al. 2006; Bishopp et al. 2011).
Auxin signaling thus enables plant roots to com-
pute where to grow and at what rate, when and
where, and at what angle to form LRs, and when
and where to formwhich tissue types. Addition-
ally, it allows plant roots to finely tune these
decisions to the environmental conditions of in-
dividual root tips, the root system, and overall
plant status. Despite the tremendous progress
that has been and is being made in identifying
the molecular players and networks involved in
these processes, a complete mechanistic under-
standing often does not come easily.

Two major factors are complicating our un-
derstanding. First, all of these processes have an
inherently multiscale and feedback-regulated
nature, involving processes ranging from the
rapid subcellular relocalization of auxin-export-
ing PIN proteins (Geldner et al. 2001; Kleine-
Vehn and Friml 2008; Kleine-Vehn et al. 2009),
cellular gene-expression changes (Mähönen et
al. 2014; Santuari et al. 2016), tissue level growth,
and hormone patterning (Sabatini et al. 1999;
Dello Ioio et al. 2007; Mähönen et al. 2014; Salvi
et al. 2020) to slow overall root system growth
and architecture development (Nacry et al.
2005).While at widely different spatial and tem-
poral scales, these processes are all influenced
and being influenced by one another, making
their mechanistic underpinnings hard to disen-
tangle. As a further complication, the major role
of cell division, cell elongation, and tissue
growth in these processes gives rise to additional
feedback and complicates interpretation (Rutten
and ten Tusscher 2019). As an example, rapid

cell growth may dilute cellular transcription fac-
tor or hormone levels (Band et al. 2012), while
the combination of cell displacement with
stability of a transcription factor may at the
same time cause the presence of that factor
well outside of its domain of transcription
(Mähönen et al. 2014). Also, a phenotype in
which cell differentiation occurs at a longer dis-
tance from the root tip may be interpreted as a
slowdown in differentiation rate (Pacifici et al.
2018) but could potentially also arise from high-
er division rates enhancing the cumulative dis-
placement of cells out of the meristem.

A second major issue revolves around the
specificity of auxin signaling. Surely, tissue-spe-
cific differences in the expression of the auxin-
response machinery enable the differential
interpretation of similar auxin signals in differ-
ent tissue contexts (Weijers et al. 2005; Rade-
macher et al. 2011). Likewise, simultaneously
expressed response machinery components
with different auxin affinity parameters enable
the differential interpretation of quantitatively
different auxin signals (Villalobos et al. 2012;
Shimizu-Mitao and Kakimoto 2014). Still, this
does not fully explain how auxin at similar
times and tissues and within similar concentra-
tion ranges can control stable root developmen-
tal zonation, transient directional growth re-
sponses, and temporally periodic priming of
LRs (van den Berg and ten Tusscher 2018).
Additionally, it does not easily explain how
auxin may control cell division, cell expansion,
and cell differentiation rates (Evans et al. 1994)
as well as control the sizes and locations of
zones at which these different cellular processes
occur (Ishida et al. 2010; Perrot-Rechenmann
2010). A major question is how, under these
conditions, additional contextual information
is generated and used for a cell to compute
and decide what to do in response to the auxin
signals it receives.

In this review, we discuss how computation-
al models, through their capacity to integrate
processes at various spatiotemporal scales as
well as the feedback between them, have enabled
us to gain insight in howauxin signaling controls
root development, growth, and adaptation. Ad-
ditionally, we show how in doing so, models
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have helped shed light on the issue of auxin sig-
naling specificity.

A BRIEF PRIMER ON MULTISCALE ROOT
MODELS

In this section, we provide a brief introduction
to the different aspects involved in multiscale
models of root growth, development, and adap-
tation.

Root Anatomy

As afirst step, one needs to specify the root tissue
for which one aims to model the dynamical be-
havior. Because of both computational efficien-
cy and lack of full three-dimensional data to
base the models on, most root models focus ei-
ther on a longitudinal or transverse cross section
of the root. Existing longitudinal root models
range from one-dimensional models of a single
strand of cells representing a single tissue type
(Band et al. 2012;Muraro et al. 2013;Moret et al.
2020) to stylized rectangularmodels of the entire
root tip (Grieneisen et al. 2007; Mironova et al.
2010, 2012; Mähönen et al. 2014; Tian et al.
2014; Moore et al. 2015; Hong et al. 2017; Retzer
et al. 2019), to realistically shaped root tip mod-
els either idealized from (Cruz-Ramírez et al.
2012; van den Berg et al. 2016; Di Mambro
et al. 2017; van den Berg and ten Tusscher
2018; Salvi et al. 2020), or based on, anatomical
data (Fig. 1A; Band et al. 2014; Mellor et al.
2016a,b, 2020; Muraro et al. 2016; Liu et al.
2017). One-dimensional models represent a
suitable approach if the research question focus-
es on a single tissue type. In other situations,
based on the finding that the absence of a root
cap and wedge-shaped root tip has a significant
impact on root tip auxin patterning (Cruz-
Ramírez et al. 2012; van den Berg et al. 2016),
most researchers havemoved from using rectan-
gular simplifications to applying realistic root tip
anatomies. In addition to incorporating overall
root tip shape, two-dimensional models typical-
ly incorporate cell-type-specific differences in
cell width, as well as the increase in cell length
as cells mature from their birth in the meristem,
through elongation and subsequent differentia-

tion, creating the typical zoned patterns at the
root tip (Fig. 1A,B). While model layouts di-
rectly taken from anatomical data may seem
the most realistic and therefore preferable, ide-
alized anatomies have the advantage of not in-
troducing any asymmetries, which is important
when, for example, studying the origin of auxin
asymmetries during tropisms. Most transverse
root models are two-dimensional (Péret et al.
2013; De Rybel et al. 2014; Muraro et al. 2014,
2016; el-Showk et al. 2015; Mellor et al. 2017),
again either idealized from or directly taken
from anatomical data, yet occasionally also
one-dimensional, ring-shaped representations
(Fàbregas et al. 2015; Mellor et al. 2019) or
one-dimensional line sections (Miyashima et
al. 2019) have been used.

Auxin Dynamics

To simulate auxin patterning, models incorpo-
rate auxin production and degradation, active
PIN and ABCB/PGP-mediated auxin export,
and passive as well as active AUX/LAX-mediat-
ed auxin import (Fig. 1C). Additionally, models
incorporate auxin inflow into the vasculature
from the (not explicitly modeled) shoot. Typi-
cally, cell-type and root-zone-specific levels and
polarity of PIN proteins are superimposed on
the root anatomy (for an exception, see Fig.
1D; Mironova et al. 2012). In most early models,
auxin import was modeled as a constant, cell-
type-, and developmental zone-type-indepen-
dent process (Grieneisen et al. 2007; Mironova
et al. 2010, 2012; Mähönen et al. 2014). In
Swarup et al. (2005) as well as later models,
cell-type- and zone-specific AUX/LAX expres-
sion levels were incorporated (Fig. 1D; Band
et al. 2014; Di Mambro et al. 2017; Moore et al.
2017; Mellor et al. 2020). Recently, a modeling
study also incorporated plasmodesmata, en-
abling gradient-dependent passive diffusion be-
tween neighboring cells (Mellor et al. 2020). On
a similar note, early models assumed similar
auxin production and degradation across all
cells.More recentmodels incorporate the elevat-
ed production of auxin or auxin precursors in
the region around the quiescent center and stem
cell niche, the columella, and the LRcap (Fig. 1E;
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Di Mambro et al. 2017; van den Berg and ten
Tusscher 2018; Mellor et al. 2020; Salvi et al.
2020). Additionally, some recent models incor-
porate the GRETCHENHAGEN3.17 (GH3.17)-
mediated elevated degradation of auxin in the
LR cap and elongation zone epidermis (Fig. 1F;
Di Mambro et al. 2017; Salvi et al. 2020).

Although similar in the types of processes
considered, models can be divided into two
groups based on whether individual cells and
cell walls are assumed to have a single homoge-
neous auxin concentration (Band et al. 2014;
Mellor et al. 2020) or whether subcellular and
subwall compartment concentration differences
are considered (Grieneisen et al. 2007; Moore
et al. 2015; van den Berg et al. 2016; Di Mambro
et al. 2017; van den Berg and ten Tusscher 2018;
Salvi et al. 2020). In the latter type of models, the
intracell and intrawall diffusion of auxin is also
taken into account. It has thus far remained un-
clear to what extent such subcompartment aux-
in gradients exist and whether they are relevant
for auxin patterning.

Regulatory Networks

To decipher howauxin signaling impacts growth,
developmental, and adaptive decisions in plant
roots, root models typically incorporate a regula-
tory network consisting of the genes and hor-
mone signals considered relevant for the phe-
nomenon under investigation (Fig. 1F). Models
thus often incorporate regulation of the auxin-
exporting PIN proteins, auxin-importing AUX/
LAX proteins, auxin-biosynthesizing TAA and
YUCCA enzymes, and auxin-degradingGH3 en-
zymes that together govern auxin patterns. Addi-
tionally, models may incorporate the regulation
of the AUX/IAA and ARF factors involved in
auxin signaling sensitivity; and downstream,
cell-fate- and cell-behavior-controlling factors
such as WOX5 and PLETHORAs are modeled
(Mähönen et al. 2014; Tian et al. 2014). In addi-
tion to auxin dynamics, root models frequently
incorporate the dynamics of other hormones
such as gibberellic acid (GA) (Band et al. 2012;
Muraro et al. 2016), ethylene (Moore et al. 2015),
and cytokinin (CK) (signaling) (Muraro et al.
2013, 2016; Moore et al. 2015; Di Mambro et al.

2017; Salvi et al. 2020), which, by affecting auxin
transporters, auxin signaling, and downstream
factors modulate, antagonize, or synergize with
auxin-dependent control of root growth, devel-
opment, and adaptation.

Cell and Tissue Growth Dynamics

Only a subset of root models explicitly incorpo-
rate cell growth, division and expansion, and the
resulting tissue growth dynamics (Grieneisen
et al. 2007; Mironova et al. 2010; Band et al.
2012; Mähönen et al. 2014; Lebovka et al.
2020; Salvi et al. 2020). Importantly, auxin and
gene-expression levels and patterns not only
control these growth dynamics, but are subse-
quently also affected by them, giving rise to ad-
ditional feedback that is ignored in static root
models (Mähönen et al. 2014; Salvi et al. 2020).

So far, models combining hormone, gene ex-
pression, and growth dynamics have applied rel-
atively simplistic descriptions of cell and tissue
growth, and several aspects of growth dynamics
can still be significantly improved.As an example,
while mechanically more realistic, root growth
models taking into account the symplastic and
highly anisotropic growth of root tissue have
been developed (Fozard et al. 2013, 2016; Vos
et al. 2014; Weise and ten Tusscher 2019), and
these have not yet been fully integrated with de-
tailed models of auxin and gene-expression dy-
namics.

THE FRUITS OF MULTISCALE ROOT
MODELING

Computing Zones and Rates of Growth

Mature Root Growth Control

It has long been known that the location of the
quiescent centerand stemcell niche coincidewith
an auxin maximum (Sabatini et al. 1999), with
the auxin gradient emanating from it impacting
root meristem size. Earlier modeling studies fo-
cused mostly on the mechanism underlying the
formation of the auxinmaximumand gradient in
the root tip. These studies revealed the important
role of the PIN exporter reflux loop (Grieneisen
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et al. 2007;Mironova et al. 2010) in generating an
auxinmaximum and gradient and the important
modulatory functions of AUX/LAX importers
(Band et al. 2014), ethylene, CK cross talk with
auxin (Moore et al. 2015; Liu et al. 2017) and,
more recently, plasmodesmatal connections
(Mellor et al. 2020) for precise auxin patterning.
They have been extensively reviewed in Rutten
and ten Tusscher (2019).

More recent studies have focused on the in-
terplay of auxin with other hormones, particular-
ly its antagonist CK, and how this contributes to
the control of root meristem size and root growth
(Fig. 2). Because of the discrepancy in sites of CK
production (root cap and meristem) (Antoniadi
et al. 2015) and CK signaling (transition and
elongation zone) (Mason et al. 2004) as well as
the intricate feedback between auxin, CK, and
other hormones (ethylene and gibberellin among
others), reconstructing the auxin-CK patterning
network has proven to be highly nontrivial
(Moore et al. 2015). Using amodel incorporating
auxin, CK and GA signaling (Muraro et al. 2016)
demonstrated that to correctly simulate CK sig-
naling as occurring outside the meristem, an ad-
ditional, not yet identified factor operating in the
meristem and repressing CK signaling was nec-
essary. Additionally, they demonstrated that CK
signaling–dependent repression of PINs resulted
in a secondary increase of auxin levels in the vas-
culature. Using a somewhat tangential approach
in which CK signaling was superimposed to only
occur in the correct location outside the meri-
stem, Di Mambro and coworkers further investi-
gated the impact of this domain on auxin pat-
terning. They demonstrated that CK-mediated
repression of PINs combined with the induction
of the GH3.17 auxin-degrading enzyme gener-
ates an auxin minimum at the transition zone.
In a recent study, Salvi et al. (2020) identify the
PLETHORA transcription factors, together with
auxin, major determinants of stem cell and mer-
istem status (Galinha et al. 2007), as the factors
responsible for repressingCK signaling inside the
meristem. Importantly, auxin induces PLT ex-
pression (Mähönen et al. 2014), while PLTs
through affecting auxin production, degradation,
and transport positively affect auxin levels (San-
tuari et al. 2016), giving rise to a positive feedback

loop. Salvi et al. (2020) showed that this positive
feedback loop enables the activation and expan-
sion of the root meristem after germination. Ad-
ditionally, they demonstrated that meristem acti-
vation itself, through division-induced dilution of
PLETHORA proteins in the distalmost meristem
cells, induces the formationof the elongation zone
and activation of CK signaling. This CK signaling
eventually halts meristem size expansion. Finally,
Salvi and coworkers demonstrate that CK not
only antagonizes auxin, but also PLTs, either di-
rectly (ARR12) or through repressing divisions
that contribute to the expansion of the PLT do-
main (ARR1). By performing hypothetical what-
if experiments inwhichCKantagonizes only aux-
in or only PLETHORAs, the authors demonstrate
that while PLETHORA antagonism enables CK
to rapidly exert an effect on meristem size, auxin
antagonism is responsible for stronger and lon-
ger-term effects on final meristem size.

Thus, the auxin-PLETHORA-CK regulatory
network results in two distinct zones: the meri-
stem in which auxin co-occurs with PLETHO-
RAs, and the elongation zone in which auxin co-
occurs with CK signaling. Thereby the necessary
additional information is generated that enables
auxin to control division rates in one domain and
elongation, and differentiation rates in the other.
Still, this leaves open the question of how auxin
can control both the rates of cellular division,
expansion, and differentiation processes, as well
as—through its interaction with PLTs and CK—
the location and size of the domains in which
these processes occur. Rapid, transient changes
in auxinpatterns necessary to, for example, adjust
elongation rates during gravitropism, may con-
flictwith theneed for long-term, robust control of
developmental zonation processes that are also
dependent on auxin. A combination of experi-
ments and modeling (Mähönen et al. 2014) re-
vealed critical PLT properties essential to resolve
this conflict. The authors used their model to
demonstrate that, because of the high auxin levels
required for PLETHORA induction, combined
with the long timescale for induction, PLETHO-
RA transcription only occurs near the meristem.
Additionally, they showed that the stable nature
of the PLETHORA protein allows for its mainte-
nance in cells that, as a result of division, are
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beyond this transcriptional domain. Combined
with its cell-to-cell movement through plasmo-
desmata, this allows for the production of a
PLETHORA protein gradient. The result is a
slow and stable PLETHORA gradient immune
to rapid, transient changes in auxin patterning
and capable of maintaining stable root domains.
Indeed, using awhat-if simulation inwhich auxin
directly controls both elongation rates and root
zonation, the authors demonstrated that gravi-
tropism-induced auxin asymmetrieswould result
in a loss of radially coordinated development.

Computing Where to Grow

While it has long been known that many direc-
tional root growth responses arise from an asym-
metry in auxin patterning, the complexities un-
derlying the generation, maintenance, and
modulation of these auxin asymmetries are still
being unraveled (Fig. 3). A first study combining
experiments with modeling to study root tro-
pisms was conducted by Band et al. (2012).
Band et al. used a modeling approach to derive
auxin levels from DIIVenus measurements dur-
ing gravitropism, enabling them to quantify grav-
itropic auxin asymmetry, demonstrating a two-
fold increase in auxin levels at the lower side.

In recent years, roots were also found to be
capable of detecting small 5%–10% salt gradients
and respond by growing away from the direction
of highest salt levels (Galvan-Ampudia et al.
2013). A major question is how roots can trans-
late suchaweak andnoisy directional signal into a
robust directional response. Using a longitudinal
root tip model (van den Berg et al. 2016) demon-
strated that the originally reported asymmetry in
PIN2 can initiate the process of auxin asymmetry
formation yet is insufficient to generate a signifi-
cant auxin asymmetry. Instead, the auxin-depen-
dent expression of the auxin importer AUX1was
shown to be critical in spatially propagating and
locally amplifying the auxin asymmetry, while a
transient increase in PIN1 was shown to enhance
the speed of asymmetry generation (van denBerg
et al. 2016). In a more recent study, salt-induced
polarization of AUX1 was shown to further con-
tribute to the auxin asymmetry underlying halo-
tropism (Korver et al. 2020).

Intriguingly, while during halotropism
PIN2 asymmetry promotes auxin asymmetry,
a recent study reported a dampening effect of
PIN2 asymmetry on gravitropic auxin asymme-
try (Retzer et al. 2019). Previous studies reported
that during gravitropism a transient asymmetry
in PIN2 levels occurs, with PIN2 levels increas-
ing at the lower, high auxin side and decreasing
at the upper, low auxin side (Baster et al. 2013).
This PIN2 asymmetry was originally thought to
contribute to gravitropic auxin asymmetry.
Retzer et al. convincingly show that while a func-
tional PIN2 is required to transport auxin to the
elongation zone, the PIN2 asymmetry enhances
auxin loss at the lower side while reducing it at
the upper side, thereby damping the amplitude
of the auxin asymmetry.

An at least partial explanation for the differ-
ent roles of PIN2 asymmetry reported in the hal-
otropism and gravitropism studies may lie in
whether PIN2 changes occur on one or both sides
of the root, andwhetheror not lateral PIN2 chang-
es occur. In the gravitropism study, the combined
increase of apical PIN2 on the lower side, reduces
auxin accumulation, and decrease of apical PIN2
on the upper side, reduces auxin loss anddampens
auxin asymmetry (Retzer et al. 2019). In contrast,
in the halotropism study, PIN2 changes onlyoccur
on the salt-exposed side and involve the combined
decrease of apical and increase of inward lateral
PIN2 levels that result in the reshuffling of auxin
to the nonsalt exposed side.

Computing Where to Branch

Lateral Root Priming

LR formation starts with the priming of subsets
of pericycle cells that gain competence for the
future formation of LRs. Priming involves peri-
odic oscillations in auxin and/or auxin signaling
at the end of the meristem and beginning of the
elongation zone. Through growth, this temporal
periodicity is transformed into a spatially repet-
itive pattern of prebranch sites. Several model-
ing studies have attempted to explain periodic
auxin (signaling) oscillations (Lucas et al. 2008;
Middleton et al. 2010; Mironova et al. 2010;
Mellor et al. 2016b). Here we focus on the two
models that take into account root tip morphol-
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ogy and cellular resolution (Fig. 4; Xuan et al.
2016; van den Berg and ten Tusscher 2018). In
the paper by Xuan et al. (2016), the authors
investigated to what extent periodic apoptosis
of the topmost LR cap cells, found to strongly
correlate in space and time with pericycle prim-
ing, could drive auxin oscillations in the root
vasculature. The authorsmodeled a nongrowing
root tip with realistic anatomy and cellular lay-
out, and assumed that, upon apoptosis, all auxin
present in the root cap cells was passed on to the
apoplast of directly neighboring epidermal cells.
Additionally, the authors assumed apoptosis to
occur synchronously across the root cap and
performed three-dimensional axisymmetric
simulations. The authors reported a 2- to 5-
minute increase of 6%–12% in vascular auxin
levels upon root cap apoptosis (Xuan et al.
2016). Although these auxin increases are lower
and shorter than experimentally observed, the
model highlights that significant amounts of
auxin released from the root cap can be trans-
ported to the inner vascular tissues. Additional-
ly, the model demonstrated that, as a result of
PIN patterns, the highest auxin accumulation
naturally occurs in the outermost vasculature
cell file, the protoxylem, in which priming is
known to start (De Smet et al. 2007).

A strong correlation of priming with root cap
apoptosis has been observed, yet apoptosis is like-
ly not driving priming given the persistence of
priming in smb mutants. van den Berg and ten
Tusscher (2018) investigated whether the combi-
nation of root growthwith root tip auxin pattern-
ing could underlie auxin oscillations. They devel-
oped a two-dimensional root tip model in which
cellular growth, division, expansion, and differ-
entiation dynamics are incorporated. This dy-
namic model generated oscillations in auxin lev-
els as an emergent outcome of root tip auxin
reflux and root growth dynamics. van den Berg
and ten Tusscher subsequently took apart their
model, removing or modifying different aspects
of auxin transport and growth dynamics in an
effort to pin down the oscillatory mechanism.
First, they demonstrated that the reflux of auxin
in the root tip results in an auxin-loading zone at
the transition and early elongation zone. Next,
they showed that the potential for cells to load

auxin increases with cell size, and largely arises
from increased passive uptake of auxin through
the membrane. Additionally, cellular auxin load-
ingwas shown to increase if cells are followed bya
smaller cell below, resulting in reduced growth-
dependent cumulative displacement and hence
more time to grow and load auxin in the relevant
domain. Furthermore, since the surface-to-vol-
ume ratio increase is largest for vascular cells,
these cells load mostly auxin, explaining the
preferential loading of auxin in the vasculature.
Consistent with the results of Xuan et al. (2015),
maximum auxin increase occurred in the vascu-
lature cell file neighboring the pericycle. Finally,
the authors demonstrate how the periodic forma-
tionof large- and small-cell pairs, generatingpeak
auxin loading in the large cell of thepair, naturally
arises from root growth dynamics. The model
generated peak oscillation levels resulting in
50%–80% increases in vascular auxin levels that
lasted 2–3 hours, which is more consistent with
experimental data.

Computing When to Branch

Lateral Root Initiation

After priming, the initial steps in the formation of
an actual LR involve the polarization and migra-
tion of nuclei in selected prebranch site cells, re-
sulting in the asymmetric divisions with which
LR primordium (LRP) development starts (De
Smet 2012). Essential for these initial events to
occur is the swelling of the pericycle prebranch
site cells, for which the shrinkage of overlaying
endodermal cells is required (Vermeer et al.
2014). Both this spatial accommodation process
and the ensuing asymmetric divisions are auxin
dependent (Vermeer et al. 2014; Moret et al.
2020), requiring a highly local elevation of auxin
signaling in prebranch site cells (Dubrovsky et al.
2008; De Smet 2010). To investigate potential
mechanisms for localized pericycle auxin accu-
mulation, the Grieneisen group first developed a
longitudinal root model (Laskowski et al. 2008)
and, more recently, a transverse root model (el-
Showk et al. 2015). The initial longitudinalmodel
was used to investigate the mechanisms through
which mechanical bending may induce LR initi-
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ation. Laskowski et al. (2008) demonstrated that
root bending, through local expansion of cell
lengths in the outer curve of the bend, could ini-
tiate auxin accumulation. This potential for auxin
accumulation upon bending was shown to be
specific for the differentiation zone, which, due
to its more apolar patterning of PIN exporters,
enables a lateral reflux of auxin essential for auxin
accumulation. Additionally, the authors demon-
strated that auxin accumulation could be en-
hancedwhen incorporating the auxin-dependent
induction of AUX1, giving rise to a local positive
feedback loop. Finally, Laskowski et al. demon-
strated that the decrease in auxin rootward of the
bend, through decreased expression and polarity
of auxin-dependent PIN3/PIN7, limits rootward
while promoting lateral auxin transport, thereby
further enhancing the auxin maximum. In their
more recent study, Grieneisen and coworkers
predominantly focused on vascular patterning.
With regard to LR initiation, they demonstrated
in this study that the polarity patterns of PIN1
and PIN7 that generate a transverse auxin flux
circuit directed toward the xylem axis are critical
for auxin-dependent AUX1 expression to result
in auxin accumulation specifically in thepericycle
(el-Showk et al. 2015).

Nodule development in legumes sharesmany
parallels with LR development, both in terms of
involved genes, as well as in the requirement for
localized auxin accumulation to start the nodula-
tion process (Franssen et al. 2015; Schiessl et al.
2019), although auxin accumulation occurs in the
cortex rather than pericycle. Models of nodule
initiation demonstrated that relative to an in-
crease in AUX/LAX-mediated auxin uptake, re-
duction of PIN-mediated efflux may be even
more effective in generating a robust auxin max-
imum (Deinum et al. 2012, 2016).

Lateral Root Emergence

A next critical step in the development of a new
LR is its emergence from within the main root,
requiring the buildup of turgor pressure of the
LRP relative to its overlaying tissue as well as
the separation of cells directly overlaying the
LRP (Stoeckle et al. 2018). For this, a tightly lo-
calized elevation of auxin signaling resulting in

the auxin-dependentmodification ofwater trans-
port and cell wall properties is essential. To in-
vestigate themechanismunderlying this localized
auxin patterning (Péret et al. 2013), a model of a
cross-section of theArabidopsis root containing a
stage 0/I primordium was used, and their mod-
eling was combined with dedicated experiments.
The authors first demonstrated that cortical, aux-
in-dependent expression of the auxin importer
LAX3-enabledLRPauxin efflux results in cortical
auxin accumulation. However, this auxin accu-
mulationwasnot tightly constrained to cells over-
laying the LRP. If also incorporating that auxin
more rapidly induces the PIN3 exporter as com-
pared to LAX3, themore focused PIN3-mediated
LRP auxin efflux produced a much more local-
ized auxin and LAX3 activity pattern, consistent
with experimental results. Thus, this study again
underlines the importance of auxin dependence
of auxin importers in generating and amplifying
auxin patterns. Additionally, it shows the impor-
tance of timing. In an earlier study, using a highly
simplified model of water fluxes between an LRP
and its surroundings, the same authors had al-
ready demonstrated that through an auxin-de-
pendent patterning of aquaporins, the necessary
downstream changes in turgor pressure are
achieved (Péret et al. 2012).

CONCLUDING REMARKS

In this article, we show how computational mod-
els are an invaluable tool in deciphering the com-
plex, multiscale processes through which plant
roots use auxin signaling to compute their devel-
opmental patterning, growth rate, and direction.
Iterating between models and experiments has
proven to be a powerful approach to delineate
the necessary and sufficient ingredients underly-
ing a particular developmental patterning or ad-
aptationmechanism. This, for example, taught us
the importance of PIN exporter polarity patterns,
AUX/LAX importer tissue-specific patterns,
plasmodesmatal connectivity, and the complex
auxin-CK-PLT interaction network in determin-
ing root tip auxin pattern, rootmeristem size, and
hence root growth rate (Grieneisen et al. 2007;
Band et al. 2014; Mähönen et al. 2014; Di Mam-
bro et al. 2017;Melloret al. 2020; Salvi et al. 2020).
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Through simulatingwhat-if scenarios that are
experimentally out of reach, these models addi-
tionally provide us with plausible explanations
for the selective advantage of particular mecha-
nisms and regulatory network architectures. As
an example, what-if simulations assuming a di-
rect control of both gravitropism and develop-
mental zonation by auxin demonstrated that
this would cause decorrelated differentiation
(Mähönen et al. 2014). Similarly, what-if simula-
tions forCK signaling only antagonizing auxin or
PLETHORAs instead of both shows the impor-
tance of PLETHORA antagonism for early and
auxin antagonism for later stages of meristem
development (Salvi et al. 2020). These computa-
tional studies also underline that not all explana-
tions should be sought for in genes or hormones,
instead highlighting the importance of cell size
differences and growth- or bending-induced
changes therein for bootstrapping auxin eleva-
tions (Laskowski et al. 2008; van den Berg and
ten Tusscher 2018). Additionally, by explicitly
incorporating cellular and tissue growth process-
es, models have helped reveal the importance of
growth and division-induced dilution for the re-
setting of cellular hormone and gene-expression
patterns that is necessary for cells to switch to the
next developmental stage (Salvi et al. 2020).

Taking a computational perspective, model-
ing studies have also enabled us to decipher ex-
actly how plants use auxin signaling to compute
their decision-making processes. In the case of
halotropism, it was found that the auxin depen-
dence of the auxin importer AUX1 plays an es-
sential role in amplifying initially small auxin
asymmetries, enabling plant roots to translate
weak directional signals into a clear decision
on the direction of growth (van den Berg et al.
2016). On a similar note, for root vascular pat-
terning, a series of modeling studies have eluci-
dated how the simultaneous auxin-dependent
production of CK and AHP6-mediated antago-
nism of CK signaling modulate PIN-mediated
auxin export such that initial small auxin differ-
ences are amplified into robustly patterned xy-
lem and phloem poles (De Rybel et al. 2014;
Muraro et al. 2014; el-Showk et al. 2015; Mellor
et al. 2017). For gravitropism, modeling identi-
fied the auxin exporter PIN2 and, for LRs, CK

signaling, both antagonizing auxin asymmetry
as tuning devices for gravitropic response
strength decisions (Retzer et al. 2019; Waid-
mann et al. 2019). In the case of LR emergence,
the sequential auxin-dependent induction of
auxin exporters and importers was shown to
enable the computation of exactly which over-
laying cells should elevate their auxin levels and
give way to the growing LRP (Péret et al. 2013).

Finally, taking an information theoretic per-
spective, modeling studies have helped us under-
stand auxin signaling specificity, bydisentangling
how auxin may simultaneously convey multiple
messages. In root meristems, auxin (signaling) is
known to control both meristem size, and hence
where cells divide and where they stop dividing
and start elongating and differentiating, as well as
at which rates cells divide, elongate, and differ-
entiate. Logically, a single auxin signal conveys
insufficient information to decide both what pro-
cesses to perform and atwhat rate to do this. First,
modeling has helped to demonstrate that through
directly controlling root elongation rate and, in-
directly, via the more stable PLETHORA tran-
scription factors, meristem patterning, auxin
can control both rapid root tropisms and
robust developmental zonation (Mähönen et al.
2014). Second, modeling highlights how auxin
signaling, through interacting with both the
PLETHORAs and CK signaling, self-organizes
a meristematic PLETHORA and elongation/dif-
ferentiation CK signaling domain (Salvi et al.
2020). Auxin signaling thus controls what hap-
pens where (division vs. expansion/differentia-
tion). Additionally, by teaming up with either
PLETHORAs or CK signaling, auxin signaling
provides itself with the additional contextual in-
formation necessary to also control at which rates
these processes take place.

A thus far mostly unexplored territory in the
field of plant computational developmental biol-
ogy is modeling beyond the scale of individual
organs.Models simulating overall root system ar-
chitecture (RSA) traditionally focus on the phys-
iological processes of water and nutrient uptake
(Ho et al. 2004). In thesemodels, typically rates of
LR formation, main and LR growth, and LR an-
gles or simply final RSA are varied to investigate
the consequences for foraging efficiency under
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different conditions (Rangarajan et al. 2018). Ex-
panding these models to the realm of mechanis-
tic, developmental modeling would enable us to
decipher thus far undiscovered, potential feed-
back between processes such as LR angle and
main root growth rate. However, such an expan-
sion not only requires incorporating hormonal–
genetic networks controlling different aspects of
RSA that may not yet have been fully elucidated,
but also plant level fluxes of auxin and other rel-
evant systemic and local signals. A major factor
limiting the development of these models is our
current lack of detailed knowledge on auxin
transport outside the well-studied root tips and
formingLRP. In addition to active, PIN-mediated
auxin transport (Blilou et al. 2005; Grieneisen
et al. 2007), transport of auxin also occurs
through the differentiated phloem and is unload-
ed in meristems (Goldsmith et al. 1974; Ross-
Elliott et al. 2017). The relative importance of
these two processes, and how this may differ in
different regions of the root system and for dif-
ferent developmental stages is currently unclear.
Another major limitation lies on the modeling
side. While current RSA models are spatiotem-
porally too coarse grained to successfully incor-
porate developmental patterning processes, the
fine-grained, cell-based models used to simulate
individual root tips and LRP are computationally
prohibitively complex. Development of root sys-
tem models at an intermediate spatial resolution
and their integration with experiments will likely
be the next frontier in deciphering the role of
auxin signaling in plant root development and
adaptation.
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