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Since colonizing land, plants have developedmechanisms to tolerate a broad range of abiotic
stresses that include flooding, drought, high salinity, and nutrient limitation. Roots play a key
role acclimating plants to these as their developmental plasticity enables them to grow toward
more favorable conditions and away from limiting or harmful stresses. The phytohormone
auxin plays a key role translating these environmental signals into developmental outputs.
This is achieved by modulating auxin levels and/or signaling, often through cross talk with
other hormone signals like abscisic acid (ABA) or ethylene. In our review, we discuss how
auxin controls root responses to water, osmotic and nutrient-related stresses, and describe
how the synthesis, degradation, transport, and response of this key signaling hormone helps
optimize root architecture to maximize resource acquisition while limiting the impact of
abiotic stresses.

Plant roots explore soil to acquire often scarce
resources such as water and nutrients (Kiba

and Krapp 2016). Soil constitutes a highly het-
erogenous environment (Morris et al. 2017)
where resources can be locally limiting or replete
and therefore act as stresses that restrict plant
growth. Plants have developed myriad mecha-
nisms to locally sense resources and translate
them into optimizing root architecture, allowing
growth toward more favorable conditions (Koe-
voets et al. 2016). Plants also rapidly inhibit their
growth in response to stress, termed an “acute
response,” followed by recovery and acclimation
to the new conditions on a physiological and
morphological level (Skirycz and Inzé 2010).

The phytohormone auxin is an important
regulator of almost all aspects of plant growth
and development (Salehin et al. 2015) and
also plays a key role controlling acute growth
arrest and mediating long-term morphological
changes (Skirycz and Inzé 2010). These plant
responses are initiated by modifying auxin syn-
thesis, transport, signaling, and/or degradation
(Teale et al. 2006). Modifying these regulatory
pathways results in differences in auxin distri-
bution at the organ and cellular level, which in
turn alter growth rates, growth directions (tro-
pisms), and organ initiation (Vanneste and
Friml 2009). Several articles have reviewed auxin
regulation of plant growth (Paque and Weijers
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2016), tropisms (Muday 2001), and organ pat-
terning (Banda et al. 2019). In this review, we
discuss current understanding of how abiotic
stresses modulate root growth and development
by targeting the auxin synthesis, degradation,
transport, and response machinery.

AUXIN-REGULATED ROOT BRANCHING IS
CONTROLLED BY SOILWATER AVAILABILITY

The highly heterogeneous nature of soil has a
marked impact on root systems architecture
(Morris et al. 2017). The ability of a plant to
efficiently absorb water and nutrients from the
complex soil environment is dependent on its
root being able to sense these resources, and
then optimizing its architecture to the spatial
availability of these resources (Osmont et al.
2007; Morris et al. 2017; Banda et al. 2019).
For example, roots have developed the ability
to distinguish wet and dry microenvironments
in the soil and modify the positioning of lateral
roots (LRs) accordingly. This adaptive mecha-
nism, termed LR hydropatterning, positions
newly emerged lateral branches toward the soil
water source (Bao et al. 2014). Noninvasive
X-ray microCT imaging revealed that when
maize roots grew down a large soil macropore,
LRs preferentially emerged where roots were in
direct contact with soil (Fig. 1A). This response
can also be observed when growing seedlings on
vertical agar plates, where LRs preferentially
grow into or parallel to, rather away from, the
agar surface (Bao et al. 2014; von Wangenheim
et al. 2020). The importance of this response is
highlighted by its conservation in bothmonocot
and eudicot species (Bao et al. 2014).

LR hydropatterning depends on the percep-
tion of moisture across the primary root (PR)
circumference. A root’s ability to sense external
water distribution appears to be linked to its
uptake during cell expansion in the root elonga-
tion zone (Robbins and Dinneny 2018). This
hydrological information influences the specifi-
cation of xylem pole pericycle (XPP) cells in the
basal meristem/elongation zone to become new
LR primordia (von Wangenheim et al. 2020).
The selection of LR founder cells based on ex-
ternal water availability was first reported to be

regulated via an auxin response gradient by Bao
et al. (2014). When seedling roots were grown
along vertical agar plates, auxin biosynthesis
(wei8-1), and transport ( pin2/3/7) mutants
were observed to exhibit a higher proportion
of LRs emerging toward the air than wild-type
(WT). This suggests the auxin synthesis and
transport machinery partially control the sites
of hormone accumulation during an LR hydro-
patterning response (Bao et al. 2014).

LR hydropatterning is also dependent on the
auxin response factor 7 (ARF7) since roots of
arf7 mutant seedlings no longer show a bias
for their LRs to emerge toward the agar surface
(Orosa-Puente et al. 2018). ARF7 is an impor-
tant regulatory gene during every phase of LR
development (Okushima et al. 2005; Lavenus
et al. 2013, 2015). The ARF7 transcription factor
induces the asymmetric expression of down-
stream LR regulatory genes, including LBD16
in XPP cells in the elongation zone (Orosa-
Puente et al. 2018). Asymmetric LBD16 expres-
sion (which is required for LR hydropatterning)
is regulated by the posttranslational modifica-
tion (PTM) of ARF7 by the small ubiquitin-
like modifier (SUMO) machinery. Mutating all
four ARF7 SUMOylation sites disrupts the tran-
scription factor’s ability to rescue the arf7 mu-
tant’s LR hydropatterning defect and restore
LBD16 asymmetric expression (Orosa-Puente
et al. 2018). ARF7 SUMOylation disrupts its
DNA-binding activity and promotes recruit-
ment of a subset of Aux/IAA repressor proteins
including IAA3/SHY2 (Fig. 1B). ARF7 and
IAA3 interact via their SUMO PTM and
SUMO interaction motif (SIM), respectively.
Mutating ARF7 SUMO and IAA3 SIM sites dis-
rupts their ability to interact and, in the case of
the dominant IAA3 mutant form shy2-2, blocks
its ability to disrupt LR development (Orosa-
Puente et al. 2018). A gradient of ARF7 SU-
MOylation is hypothesized to form in response
to a hydropatterning stimulus, causing LRs to
preferentially form and emerge on the side of
the root exposed to water (Fig. 1B). However,
it remains unclear how the ARF7 SUMOylation
gradient is regulated by external water availabil-
ity. Components of the SUMO machinery rep-
resent promising regulators for monitoring soil
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water availability thatmerit further investigation
to address this important question.

In contrast to hydropatterning, when a root
grows through an air space it temporarily loses
contact with soil and is therefore deprived of an
external water source. When barley and maize
roots were grown through an air-filled space in a
soil column, their roots transiently repressed
root branching until roots grew into the next

soil profile (Orman-Ligeza et al. 2018).
MicroCT imaging noninvasively visualized this
adaptive response in soil, highlighting the plas-
ticity of root branching (Fig. 1C; Orman-Ligeza
et al. 2018). Imaging also revealed the close re-
lationship between moisture and LR formation,
since growing roots through awater (rather than
air)-filled space resulted in branching along the
entire root radius (vonWangenheim et al. 2020).
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Figure 1.Auxin-regulated root-adaptive responses towater availability. (A) X-raymicroCT image of a maize root
growing down a macropore reveals lateral branches only form on the side in contact with soil employing the
hydropatterning response. (B) Hydropatterning is regulated via the posttranslational modification of ARF7 by
SUMO (blue hexagon “S”) in cells on the side of the root exposed to the air-filledmacropore (denoted by bubble).
SUMOylated ARF7 recruits the repressor Aux/IAA3, blocking auxin-dependent transcription and lateral root
development. On the wet side of the root, ARF7 is not SUMOylated and therefore can activate LBD16 gene
expression, leading to lateral root initiation. (C) X-ray microCT image of a barley root growing through an air-
filled space, causing branching to cease until later reentering soil due to the xerobranching response. (D) A
transient reduction in water uptake causes abscisic acid (ABA) to accumulate in root tip tissues during growth
through the air space (denoted by bubble). ABA triggers its receptor PYR/PYL, which results in an increase of
indole-3-acetic acid (IAA) conjugation to aspartate (Asp) and glutamate (Glu) by GH3 enzymes. This leads to a
drop in free IAA levels, negatively affecting lateral root initiation.
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An earlier study, using aeroponically grown bar-
ley roots transiently deprived of a water source,
observed LR development was blocked at the
very first stage of organ initiation (Babé et al.
2012). This novel water-related root-adaptive
response has been termed xerobranching
(Orman-Ligeza et al. 2018).

The xerobranching response takes place in
the elongation zone (Orman-Ligeza et al. 2018).
The elongation zone is vital for both LR hydro-
patterning and xerobranching responses (Bao
et al. 2014; Orman-Ligeza et al. 2018). Whereas
both water-related responses superficially ap-
pear similar, mutant experiments have revealed
distinct signals regulate each process. LR hydro-
patterning is regulated by auxin and not the wa-
ter-stress-related signal abscisic acid (ABA), as
mutants disrupting its synthesis exhibit a nor-
mal hydropatterning response (Bao et al. 2014).
In contrast, levels of ABAwere shown to rapidly
increase in root tips exposed to a xerobranching
stimulus (Orman-Ligeza et al. 2018). It is well
known that ABA (and its signaling pathway) is
induced if water availability is limited in roots
(Babé et al. 2012; Vishwakarma et al. 2017; Die-
trich 2018). Moreover, exogenous addition of
ABA in the aeroponic spray could mimic water
deficiency and cause a significant reduction in
LR formation (Orman-Ligeza et al. 2018). Final-
ly, the ABA-insensitive receptor mutant pyr/pyl
112458 did not form an LR repression zone, sug-
gesting a key role of ABA signaling in xero-
branching. Intriguingly, pyr/pyl 112458mutants
exhibited no LR hydropatterning defect, sug-
gesting these two water-related adaptive re-
sponses employ distinct hormone signals and
response pathways.

Although ABA appears to regulate xero-
branching, also auxin plays a significant role.
Repression of LR branching could be partially
blocked by exogenous addition of the auxin an-
alog indole-3-butyric acid (IBA) pre-drought
stress (Babé et al. 2012). Interestingly, the plas-
ma-membrane permeable auxin NAA was able
to fully restore organ initiation in the LR re-
pression zone, while treatment with actively
transported IAA could only partially restore
LR number (Orman-Ligeza et al. 2018). Addi-
tionally, profiling of auxin precursors and con-

jugates in excised root tips revealed a decrease in
free IAA levels and an increase in auxin conju-
gates. These results imply a role for active auxin
conjugation that impair auxin accumulation and
create the LR repression zone (Orman-Ligeza
et al. 2018). Collectively, these results suggest
that, in contrast to LR hydropatterning, cross
talk exists between ABA signaling and auxin ac-
cumulation necessary for repression of LR initi-
ation during a xerobranching response (Fig. 1D).

FLOODING-INDUCED ADVENTITIOUS
ROOT FORMATION RELIES ON AUXIN
AND ETHYLENE

Water is crucial for root growth and develop-
ment; however, an excess of water due to flood-
ing, can severely limit this. Flooding can be
subdivided into two main conditions: fully sub-
merged or waterlogged (whereby only the root is
submerged). Both conditions cause a drop in the
rate of oxygen diffusion, about 10,000 times
compared to that in air (Armstrong 1980),which
can severely affect plant performance (Voesenek
andBailey-Serres 2015). Plant roots have evolved
numerous adaptive responses to surviveflooding
such as formation of shallower adventitious
roots (ARs) and air-filled gaps between cells
termed aerenchyma, together with induction of
shoot hyponasty and elongation (Visser et al.
2003). The gaseous hormone ethylene quickly
buildsupwhenplants areflooded, and this signal
is thought to be the main regulator of this adap-
tive response (Jackson 1985). Auxin has also
been shown to perform a crucial function
through cross talk with ethylene to control mul-
tiple flooding-related developmental adapta-
tions in roots (Fig. 2A; Visser and Voesenek
2005).

During prolonged floods, several plant spe-
cies including rice (Oryza sativa), maize (Zea
mays), sunflower (Helianthus annuus), barley,
wheat, and Arabidopsis exchange their dying
PR system for ARs. ARs contain more aerenchy-
ma than PRs, thereby greatly increasing gas ex-
change capability (Visser and Voesenek 2005).
ARs emerge from the stem or hypocotyl and
although they do not necessarily originate from
the pericycle, their development follows a
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similar auxin-controlled pathway to LR forma-
tion (Bellini et al. 2014). Polar auxin transport is
crucial for flooding-induced AR formation, as
the auxin transport inhibitorN-1-naphthylpha-
lamic acid (NPA) inhibits ARs formation upon
flooding (Visser et al. 1996). Additionally, mu-
tants that affect expression andpolar localization
of the auxin efflux carrier PIN-formed 2 (PIN2)
exhibit delays in AR emergence (Fig. 2B; Vidoz
et al. 2010; Ivanchenko et al. 2015; Dawood et al.
2016).

In addition to polar transport, auxin signal-
ing is also a target for regulation during flooding
in multiple plant species. In Rumex palustris,
while auxin levels were unaltered during flood-
ing, auxin sensitivity increased due to ethylene
accumulation, triggering increased AR forma-
tion (Visser et al. 1996). This observation reveals
cross talk between ethylene and auxin signaling
components. In the tomato sp. Solanum dulca-
mara, flooding induced expression of LBD16,
LBD18, LBD29, and PUCHI orthologs in AR
primordia (Dawood et al. 2016), revealing a

very similar auxin-regulated response pathway
to de novo LR formation is induced under flood-
ing during AR development (Goh et al. 2019).
Recent work has revealed a role for auxin co-
receptor TIR1/AFB F-box protein AFB2 in AR
formation, suggesting auxin signaling might
play a more prominent role than previously
thought (da Costa et al. 2020).

A role for auxin signaling during flooding-
induced aerenchyma formation is less well un-
derstood. Aerenchyma, which are longitudinal
interconnected air spaces formed through pro-
grammed cell death, become increasingly im-
portant under long-term flooding, contributing
to gaseous exchange between aerial and sub-
merged root tissues (Jackson and Armstrong
1999). Oxygen-deficient conditions, simulating
water logging in rice, increases the level of in-
duced lysigenous aerenchyma created by pro-
grammed cell death (Colmer and Voesenek
2009). Treatment with auxin transport inhibitor
NPA strongly reduced lysigenous aerenchyma
formation (Yamauchi et al. 2019). Furthermore,
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Figure 2. Systematic adaptive responses caused by flooding and drought stress. (A) During prolonged drought,
exposure plants increase the initiation of adventitious roots as indicated in this simplifiedmodel. This initiation is
induced by the inhibition of PIN2, decreasing auxin transport from shoot to root. The accumulation of indole-3-
acetic acid (IAA) in the stem causes the induction of LBD16 (through auxin response factors [ARFs]) and the
subsequent initiation of adventitious roots. (B) During long drought periods, plants accumulate abscisic acid
(ABA) in leaf tissue. This accumulation leads to regulation of multiple genes of which one is the transcription
factorMYB96. ThroughMYB96 induction, ABA regulates gene expression of RD22 andGH3. RD22 is important
for drought responses in the shoot by modulating stomatal aperture. GH3 promotes conjugation of IAA in the
root, thereby limiting auxin levels and restricting the initiation and development of lateral roots.
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the dominant-negative iaa13 mutant, which
strongly reduced auxin signaling, showed a steep
decline in the number of aerenchyma, which
could partially be restored by ethylene treatment
(Yamauchi et al. 2020). Further studies are nec-
essary to dissect cross talk between auxin and
ethylene pathways in flooding adaptive mecha-
nisms.

DROUGHT RESPONSES RELY ON CROSS
TALK BETWEEN AUXIN AND OTHER
HORMONES

Under water-deficient conditions, roots play a
crucial adaptive role by perceiving differences in
water availability in the first instance and subse-
quently modifying root growth rate, direction,
and branching toward available water while
avoiding dry areas (Seo et al. 2009; Robbins and
Dinneny 2015). Drought stress also activates sev-
eral signaling pathways involving ABA and eth-
ylene (Tiwari et al. 2017). Cross talk between
auxin and these pathways mediates a plethora
of stress-adapted responses to regulate plant
growth (Seo et al. 2009; Verma et al. 2016).

Auxin plays an important part in the plant’s
morphological response to drought. Levels of
auxin decrease significantly under water deficit,
although, at a higher auxin concentration,
drought tolerance can be improved (Du et al.
2012). Hormonal cross talk between ABA and
auxin under drought stress conditions optimizes
root growth and branching toward moist soil,
while limiting growth in dry soil (Fig. 2B). In
Arabidopsis, ABA is able to induce the MYB96
transcription factor that in turn induces RD22
(RESPONSIVE TO DEHYDRATION 22) in the
shoot (Seo et al. 2009, 2011). RD22 then modu-
lates stomatal aperture during drought stress (Seo
et al. 2011).Auxin can also induceMYB96,which
then regulates a subset of the auxin-responsive
GH3 (GRETCHEN HAGEN 3) genes under
drought conditions in the root (Seo et al. 2009).
The GH3 IAA-amido synthetases conjugate aux-
in to aminoacids, thereby removing IAAfrom the
active pool (Casanova-Sáez and Voß 2019). The
addition of exogenous IAA leads to an accumu-
lation of MYB96 transcript in the pericycle (Seo
et al. 2009), indicating MYB96 regulates LRmer-

istem activation. MYB96 OX mutants exhibit a
reduction in LR number that was also seen in
GH3OXmutant lines (Seo et al. 2009). Essential-
ly,MYB96hasbeenshowntomediateABA-auxin
cross talk that modulates auxin homeostasis dur-
ing LR meristem activation with the aid of GH3
(Fig. 2B).

In O. sativa, OsGH3.13 is induced under
drought stress (Du et al. 2012; Tiwari et al.
2017). The activation of OsGH3.13 leads to a
reduction in endogenous free IAA but an in-
crease in ABA levels, resulting in marked
changes in plant architecture. This also en-
hanced expression of LEA (late embryogenesis
abundant) genes leading to increased drought
tolerance (Zhang et al. 2009; Du et al. 2012).
Overexpressing OsGH3-2 was found to reduce
IAA and ABA levels but led to increased water
loss and thereby drought sensitivity, suggesting
only precise tissue-specific GH3 induction in-
creases drought tolerance (Zhang et al. 2009;
Du et al. 2012). OsGH3-2 overexpressing lines
display a clear reduction in LR number that is
also observed in other auxin-deficient mutants,
suggesting a key role in regulating LR develop-
ment (Kong et al. 2019). In addition, active aux-
in levels can be further increased by modulating
its synthesis in response to drought stress. Auxin
is a tryptophan (Trp)-derived molecule synthe-
sized by parallel routes, the most abundant be-
ing the IPyA pathway employing TAA1/TAR
and YUCCA (YUC) enzymes (Casanova-Sáez
and Voß 2019). It was determined in Arabidop-
sis and previously in potato that overexpressing
YUC6 results in improved drought tolerance
(Kim et al. 2013; Park et al. 2013; Cha et al.
2015). Collectively, these results suggest that
changes in auxin homeostasis can influence syn-
thesis of other signals such as ABA and thereby
confer drought tolerance.

OSMOTIC STRESS RESPONSES RELY ON
TISSUE-SPECIFIC CHANGES IN AUXIN
METABOLISM

Osmotic stresses, including high salinity, leads
to reduced water availability through changes in
osmotic pressure and ionic toxicity (Chaves and
Oliveira 2004; Munns and Tester 2008). Soil
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salinization is having an increasingly negative
impact on global agriculture. Six percent of irri-
gated and 20% of the world’s total cultivable
land is affected by high salinity (FAO 2009).
Salt stress tolerance varies significantly between
crops. Barley (Hordeum vulgare), the most salt-
tolerant cereal, can endure up to 250 mM NaCl
(equivalent to 50% seawater), beyondwhich sur-
vival rates drop drastically. Other economically
important cereals, such as durum wheat (Triti-
cum turgidum ssp.), maize (Z. mays), and
sorghum (Sorghum bicolor), are less tolerant to
salinity (Maas and Hoffman 1977). Generally,
leaf and shoot development are more sensitive
to salinity than root growth. High salinity-spe-
cific growth adaptations in the root include in-
hibition of PR growth, halotropism, increased
LR density, and reduced root hair length (West
et al. 2004; Wang et al. 2009; Galvan-Ampudia
and Testerink 2011). Salt-induced root growth
inhibition is correlated with reduced auxin re-
sponse (Wang et al. 2009; Zolla et al. 2010; Liu
et al. 2015). Measurements of endogenous IAA
in leaves and roots revealed IAA levels are sig-
nificantly lower in plants grown in high salt con-
ditions (Du et al. 2013; Liu et al. 2015). Gener-
ally, lower auxin levels and auxin signaling
enhances salt/osmotic stress tolerance (Wang
et al. 2009; Zolla et al. 2010; Liu et al. 2015).

Modulating auxin synthesis, storage, trans-
port, degradation, and signaling all appear to be
involved in translating osmotic and salt stress
signals into developmental adaptations. Consis-
tently, auxin inactivation genes in Arabidopsis
(Park et al. 2007), cotton (Kirungu et al. 2019),
or rice (Du et al. 2012) are generally up-regulated
in response to osmotic stress. Auxin can be inac-
tivated either by DAO-encoded IAA oxidases
and conjugation to amino acids by GH3s or to
sugars by UGT enzymes (Casanova-Sáez and
Voß 2019). A remarkable proportion of Arabi-
dopsis root-specific auxin inactivation genes are
up-regulated upon salt treatment resulting in
higher auxin turnover rates and lower root auxin
levels (Korver et al. 2018). This suggests that aux-
in homeostasis plays an important role in regu-
lating root growth in response to stress and that
auxin-mediated growth mechanisms are impor-
tant for adapting to challenging environments.

Forexample, high salinity induces overexpression
of the IPyA auxin synthesis pathway, leading to
increased IAA synthesis and salinity tolerance in
several species including Arabidopsis (Lee et al.
2012; Shi et al. 2014; Cha et al. 2015), poplar (Ke
et al. 2015), cucumber (Yan et al. 2016), and po-
tato (Kim et al. 2013). Furthermore, tissue-spe-
cific microarray data during salt stress from Ara-
bidopsis roots indicate a tissue-specific shift of
YUCCA expression rather than a general change
in expression rates. For example, YUCCAs are
strongly expressed in the columella under control
conditions but are strongly expressed in the epi-
dermis and cortex during salt stress. Similarly, the
IAOx IAA synthesis pathway regulates salt stress-
induced root branching. IAOx pathway genes
CYP79B2/3 are mainly expressed in the QC,
the differentiation zone (Korver et al. 2018),
and specifically in cells underlying newly devel-
oping LRs and LR primordia (Ljung et al. 2005).
cyp79b2;cyp79b3 double-knockout mutants ex-
hibit decreased LR growth during salt stress (Jul-
kowska et al. 2017). Salt-regulated transcriptional
changes of the IAOx auxin synthesis machinery
likely lead to a reduction in root tip auxin levels
and therefore a reduction in root meristem
growth, while higher auxin levels toward the dif-
ferentiation zone promote root branching (Kilian
et al. 2007; Dinneny et al. 2008; Korver et al.
2018).

Osmotic stress also impacts auxin distribu-
tion through differential regulation of PIN pro-
tein levels and localization during halotropism,
for example. This adaptive growth response al-
lows directional root growth away from high salt
concentrations by reducing the gravitropic re-
sponse (Dinneny et al. 2008; Sun et al. 2008;
Rosquete and Kleine-Vehn 2013). PIN2, which
is a key regulator of root gravitropism, plays a
critical role during halotropism (Abas et al.
2006). PIN2 is internalized on the side of the
root exposed to high salt, leading to reduced
shootward auxin transport. Therefore, shoot-
ward auxin transport and cellular auxin concen-
trations are higher on the side exposed to low
salt, leading to reduced cell elongation. Conse-
quently, the root bends away from the local high
salt environment. Interestingly this adaptive re-
sponse does not occur when exposed to manni-
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tol gradients (a nonanionic osmotic stress) but
only when exposed to anionic osmotic gradients
(Sun et al. 2008). In contrast, osmotic treatments
with NaCl or mannitol lead to a quick internal-
ization of PIN1 and PIN2 in root meristems
(Nakayama et al. 2012; Galvan-Ampudia et al.
2013; Zwiewka et al. 2015). This raises the inter-
esting question why some effects on PIN
localization are salt specific, such as PIN2 inter-
nalization during halotropism, while others are
generic to osmotic stress.

ROOT RESPONSES TO LOW EXTERNAL
PHOSPHATE LEVELS ARE REGULATED BY
AUXIN

Phosphate (P) deficiency is considered a major
abiotic stress significantly reducing global crop
yields. P deficiency is exacerbated by its un-
equal distribution in top (versus sub)-soil and
its tendency to form organic and inorganic
complexes that limit its mobility in soil and
availability to plants (Shen et al. 2011; Pandey
et al. 2013). To tackle this, plants modify their
root system architecture to enhance foraging
for P in top soils (Williamson et al. 2001;
Band et al. 2012) and reshuffle metabolic pro-
grams to reduce internal P shortages (Esfahani
et al. 2016). For example, shallower root angles
maximize topsoil foraging under P-deficient
conditions (Lynch and Brown 2001; Ramaekers
et al. 2010; Giri et al. 2018). Gravitropic sensing
in columella cells at the root tip is regulated by
the low P-responsive gene RICE MORPHOLO-
GY DETERMINANT 1 (RMD1) in rice. RMD1
is localized on the statolith surface in columella
cells where it regulates the binding of actin
filament and statoliths, thus controlling stato-
lith sedimentation in response to gravitropic
stimuli in the root tip (Huang et al. 2018).
Under low P conditions, RMD levels are ele-
vated, slowing gravity-sensing statolith sedi-
mentation, which causes rice crown roots to
grow at a shallower angle to improve P foraging
in topsoil (Huang et al. 2018). Increased root
hair elongation and LR branching are also con-
sidered a hallmark of P deficiency in rice, Ara-
bidopsis, wheat, barley, and other crops (Lynch
2011; Péret et al. 2014). These root responses

will serve to increase P uptake capacity by in-
creasing root surface area to forage for this
immobile soil nutrient. Root hair elongation
under low P stress is regulated by increased
auxin synthesis, transport, and response in
Arabidopsis and rice (Bhosale et al. 2018; Giri
et al. 2018).

P deficiency appears to orchestrate root sys-
tem architecture modifications in large part by
regulation of the auxin response machinery.
Levels of auxin in P-starved root tips do not
change drastically, yet their auxin responses
are hyperactivated (Bhosale et al. 2018). Aux-
in-inducible expression of ARF19 by ARF7 in-
creases under low P, which then activates RSL2
and RSL4 TFs to enhance root hair elongation in
Arabidopsis (Fig. 3A,B; Bhosale et al. 2018).
Similarly, in rice, OsARF16 is induced under
low P conditions and osarf16 mutants severely
inhibit root hair elongation and LR branching
capacity (Shen et al. 2013). On the other hand,
OsARF12 and OsARF25 act as negative regula-
tors of P homeostasis and regulate PR elonga-
tion and branching capacity (Wang et al. 2014).
Moreover, Arabidopsis plants overexpressing
the auxin signaling receptor TIR1 showed a
hypersensitive response to low P conditions
(Pérez-Torres et al. 2008). P deficiency thus pro-
motes the auxin response pathway to trigger
changes in root architecture. In contrast, auxin
biosynthesis genes such as TAA1 exhibit limited
transcriptional changes under low P conditions
yet, rather puzzlingly, taa1 mutants disrupt the
low P root hair elongation response (Bhosale
et al. 2018). This may suggest that TAA1 activity
is regulated by low P at the posttranscriptional
level. Fascinatedly, Wang et al. (2020) recently
reported the TAA1 activity is indeed controlled
at the posttranscriptional level via phosphoryla-
tion. The authors also report TAA1 activity is
controlled by an auxin feedback loop, in part, via
the receptor TMK4. However, it is currently
unclear whether external signals like low P also
control TAA1 activity via this phosphorylation-
basedmechanism. Intriguingly, this TAA1-based
mechanismappears to be highly conserved across
plant evolution (Wang et al. 2020), revealing
a fascinating new tier of regulation for auxin
synthesis.
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AUXIN DYNAMICS SHAPE ROOT
ARCHITECTURE UNDER LOW N REGIMES

Like P deficiency, N (nitrogen) deficiency in ag-
ricultural soils is a pervasive global issue and its
deficiency causes significant drops in crop yields
(Billen et al. 2013). To counter the impact of N
deficiency in soils and to boost crop yield, farm-
ers apply an excess of N fertilizers, which can be
just as harmful as excess P for aquatic systems.
Unlike the immobile nature of P, which accu-
mulates in topsoils, highly soluble N forms like
nitrate are prone to leach down into deeper soil
layers with water (Meisinger andDelgado 2002).
To access N from deeper soil layers, crops of
several species increase their rooting depth to

maximize N foraging, including rice, barley,
and maize (Bonser et al. 1996; Trachsel et al.
2013; Ogawa et al. 2014; Yu et al. 2015b). In-
creased root branching length and steepness of
growth angle are considered useful traits under
N-limited conditions (Kiba and Krapp 2016),
providing greater exposure to mobile N sources.
Therefore, selection of long and steep branching
genotypes with high yielding capacity could be
useful to ameliorate N deficiency.

Each step of LR development: initiation, pat-
terning, emergence, elongation, and maturation
is tightly regulated by auxin (Casimiro et al.
2001; De Smet et al. 2007; Lavenus et al. 2013).
Therefore, it comes as no surprise that auxin
plays a pivotal role in inducing branching under

Control conditions

A B C

Low P availability Low N availability

AGL21

YUC5,
YUC8,
TAR3

TAR2

OsNRT2.1

PIN
2

IAA

IAA

OsARF
12/15

RSL2/4

AtARF7/19

IAA

IAA

IAA

Figure 3. Phosphorus (P) and nitrogen (N) availability steer root system architecture. (A) Representative cartoon
of a cereal root architecture. (B) Auxin response and levels are enhanced in P-deficient roots. The elevated auxin
response causes the activation of ARF7 and ARF19 regulating the expression of RSL2 and RSL4 transcription
factors, ultimately regulating the root hair elongation. OsARF12 and OsARF15 act as negative regulators of P
homeostasis and regulate the branching density and root hair elongation in rice. (C) Root architecture of a lowN
(nitrogen) stressed plants showing enhanced forging capacity by elongating root hairs, longer branching, and
steep root angle. Low N stress increases the IAA level via up-regulating expression of auxin biosynthetic genes.
For example, TAR2 expression is increased under low N and results in higher IAA levels, which in turn reshapes
the root architecture to favor maximum N uptake. AGL21 also positively regulates the expression YUC5, YUC8,
and TAR3, which increases IAA synthesis rate under low N conditions. OsNRT2.1, which acts as an auxin influx
facilitator, regulates lateral branching in rice by controlling PIN2 expression.
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N-limited conditions. NRT1.1, a nitrate trans-
porter, has been elegantly shown to also function
as an auxin influx facilitator during nitrate
(NO3)-limiting conditions (Krouk et al. 2010).
In addition, NRT1.1 regulates AUXIN SIGNAL-
ING F-BOX 3 (AFB3) expression in a NO3−

dependent manner, directly connecting down-
stream NRT1.1 signaling with auxin signaling
(Vidal et al. 2014). Its homolog in rice,
OsNRT2.1, positively regulates LR development
under low NO3− conditions. However, unlike
Arabidopsis, osnrt2.1 suppresses OsPIN2 expres-
sion and forms fewer LRs (Huang et al. 2015).

To uncover the relationship between the
auxin machinery and low N signaling, several
genes have been identified. For example, the
auxin synthesis gene TAR2 is up-regulated un-
der low NO3− conditions, causing enhanced
IAA levels in LR primordia. Additionally, tar2
mutants produced very few LRs, revealing a
need for enhanced auxin biosynthesis under
low NO3− conditions (Ma et al. 2014). AGL21,
a MADS box gene induced under low N condi-
tions, is also an auxin-responsive gene. Overex-
pressing of AGL21 exhibited longer lateral
branches and, in contrast to overexpressing
lines, agl21 mutant roots showed significantly
fewer, smaller lateral branches under low NO3−

conditions. Interestingly, auxin biosynthetic
genes (YUC5, YUC8, and TAR3) were up-regu-
lated in AGL21 overexpressing transgenics, ex-
plaining how higher IAA levels can help plants
to elongate lateral branches in overexpressing
roots especially under low NO3− conditions
(Fig. 3C; Yu et al. 2014).

NUTRIENT AND HEAVY METAL STRESS
AFFECT AUXIN HOMEOSTASIS AND ROOT
ARCHITECTURE

Other nutrients andmetals in soil have also been
shown to signal via the root auxin machinery.
For example, potassium (K) deficiency impacts
root growth and development via inhibition of
PR growth. Recently, AKT1, a low K sensor, was
found to induce degradation of the PIN1 protein
under low K conditions. akt1 mutants did not
exhibit PR growth inhibition under low K con-
ditions as compared to WT, suggesting AKT1 is

a crucial component for root responses to K
deficiency (Li et al. 2017).

Cadmium (Cd) is a toxic heavy metal and
environmental pollutant. Cd is primarily stored
in root xylem and transported to aerial tissues.
However, excess Cd inhibits root growth and
lateral branching. Cd causes increased expres-
sion of auxin reporters in poplar roots primarily
in vascular tissues (Elobeid et al. 2012). This
suggests that auxin-mediated root growth inhi-
bition protects plants from the toxic effects of
Cd. External application of Cd can perturb aux-
in biosynthesis and transport and has been
shown to suppress LR formation in rice (Ronzan
et al. 2018). Interestingly, the rice aux1mutant is
highly sensitive to external Cd stress and shows
reduced LR branching, root hair elongation, and
PR growth (Cha et al. 2015; Yu et al. 2015a).

Similar to Cd stress, arsenate V (As) is a
toxic metalloid, which affects root systems ar-
chitecture. As it is transported through Pi trans-
porters and in contaminated soils, its accumu-
lation in plant organs negatively affects both
plant and human health (Meharg and Macnair
1992). External application of As to Arabidopsis
roots exhibited a reduction in root branching
and a slight increase in PR length (Piacentini
et al. 2020). Interestingly, external application
of As affected aux1, pin1, and pin2 mutants
more than WT plants, revealing that auxin
transport machinery plays an important role
mitigating As stress (Krishnamurthy and Rathi-
nasabapathi 2013).

CONCLUDING REMARKS

Our review highlights that auxin is a critical reg-
ulator of root responses to environmental
signals in soil, enabling plants to maximize re-
source acquisition. Auxin synthesis, inactiva-
tion, transport, and signaling are modified by
stress-related signaling pathways such as ABA
or ethylene, allowing integration of local envi-
ronmental conditions into growth outputs.
Whereas our understanding of how stress sig-
naling is transmitted to transcriptome changes
has grown substantially over the past decade, we
are only just starting to understand the role of
PTMs like SUMO on auxin responses to abiotic
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stresses (Orosa-Puente et al. 2018). In addition,
our knowledge on how changes at transcription-
al and posttranslational levels are differentially
regulated in individual cells, tissues, and organs
in response to stress is very limited (Wang et al.
2020). Individual cells and tissues differentially
regulate their auxin levels and subsequent
growth responses. For example, salt stress re-
duces PR tip auxin levels and response but in-
creases LRbranching (high auxin). This suggests
a need for spatiotemporally fine-tuning auxin
metabolism, transport, and signaling to ensure
optimal adaptation of growth responses to ex-
ternal conditions. In addition, where and how
stress sensing is translated into local versus sys-
temic changes in auxin distribution and signal-
ing has not been addressed to date but would
significantly add to understanding how auxin
contributes to plant stress responses. Future re-
search will shed light on how micro-environ-
mental conditions shape specific plant stress re-
sponses and how these are regulated on gene and
protein levels. As the need for new crop varieties
adapted to specific environmental conditions
will increase with global climate change, this
knowledge will inform breeding programs and
allow the development of new varieties with in-
creased fitness for future adverse conditions.
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