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Plantfitness depends on the adequate morphological adjustment to the prevailing conditions
of the environment. Therefore, plants sense environmental cues through their life cycle,
including the presence of full darkness, light, or shade, the range of ambient temperatures,
the direction of light and gravity vectors, and the presence of water and mineral nutrients
(such as nitrate and phosphate) in the soil. The environmental information impinges on
different aspects of the auxin system such as auxin synthesis, degradation, transport, percep-
tion, and downstream transcriptional regulation to modulate organ growth. Although a single
environmental cue can affect several of these points, the relative impacts differ significantly
among the various growth processes and cues. While stability in the generation of precise
auxin gradients serves to guide the basic developmental pattern, dynamic changes in the
auxin system fine-tune body shape to optimize the capture of environmental resources.

iven the role of auxin in the control of com-
Gplex developmental programs that require
stability, such as the organization of the shoot
meristem (Vernoux and Pernisova 2020), we
might expect homeostasis of auxin signaling sta-
tus in response to environmental fluctuations.
However, in this review we show that a wide array
of environmental cues target auxin metabolism,
perception, and/or transcriptional regulation to
modify body shape in Arabidopsis thaliana. The
cellular abundance of auxin depends on its me-
tabolism (Casanova-Sdez et al. 2020) and trans-

port (Schwechheimer et al. 2020) and is sensed
by the coreceptors of the TRANSPORT IN-
HIBITOR RESPONSE1/AUXIN SIGNALING
F-BOX (TIRI/AFB) and the AUXIN RESIS-
TANT/INDOLE-3 ACETIC ACID INDUCIBLE
(Aux/TAA) families (Strader and Morfty 2020).
The AUXIN RESPONSE FACTOR (ARF) family
involves transcription factors that directly bind
the promoters of auxin-responsive genes, such
as SMALL AUXIN-UP RNA (SAUR) and Aux/
TAA genes, to positively regulate their expression
(except for negative ARFs). AUX/IAA proteins
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recruit transcriptional repressors to the regulato-
ry region of auxin-responsive genes by binding to
ARFs. Auxin binding to its coreceptors induces
the proteasome-dependent degradation of Aux/
TAA, releasing the activity of ARF transcription
factors to induce the auxin-dependent expression
profile.

Plants show remarkable plasticity (Casal
et al. 2004). They rely on cues from the above-
and below-ground environments to adjust their
growth and developmental patterns to capture
the available resources and use them efficiently.
For instance, plants require light for photosyn-
thesis. The occurrence of full darkness in the soil
indicates that this resource is not available yet.
For aerial tissues, the changes in spectral distri-
bution and irradiance with respect to incident
sunlight indicate the presence, nearness, and
size of competitors for light, and ambient tem-
perature weights the negative consequences of
being shaded. Meanwhile, the direction of inci-
dent light indicates the location of impediments
to reach light. In all these cases, the plant rapidly
projects the foliage toward the places where the
light resource is predicted to be more available.
Plants also require water and mineral nutrients,
and while gravity guides root growth toward the
direction where these resources are more likely
to be available, the occurrence of localized
sources within the soil triggers changes in the
root growth pattern that optimize their capture.
Therefore, plants forage for light, water, and nu-
trients. In all these cases, auxin is between envi-
ronmental sensing and the growth response.

FORAGING FOR LIGHT

Buried in the Darkness of the Soil

Seeds can germinate buried at certain deepness,
where there is more water available than in the
upper layers of the soil. There, the seedlings ex-
perience full darkness because light typically
penetrates only a few millimeters into the soil.
In response to this environment, the hypocotyl
(A. thaliana seedlings) grows at a fast rate to
minimize the time between germination and
the emergence of the shoot to receive light for
photosynthesis (i.e., the duration of a period

when growth relies on seed reserves [hetero-
trophy]). Cotyledon expansion is rudimentary,
which helps to save energy and avoids excessive
attrition caused by soil roughness (Fig. 1). The
upper section of the hypocotyl forms the plu-
mular hook, which reduces the risk of apical mer-
istem damage on its way through the soil. This
growth pattern is called skotomorphogenesis
(Arsovski et al. 2012) and the seedlings are de-
scribed as etiolated. Auxin plays a fundamental
role in skotomorphogenesis, and gain-of-func-
tion mutants producing stable Aux/IAA pro-
teins that repress auxin-induced gene expression
show a partially de-etiolated phenotype (Nagpal
et al. 2000; Tian et al. 2002).

Near the soil surface, the perception of
UV-A/blue-light gradients by the plasma-mem-
brane-associated kinases, phototropins (photl,
phot2; we follow the nomenclature established
for photoreceptors by Quail et al. [1994], where
the holoprotein containing the chromophore at-
tached to the apoprotein is in lower case), induces
hypocotyl bending toward the light (Liscum
et al. 2020). This phototropic response guides
the shoot to avoid physical barriers that might
prevent successful emergence from the soil
Hypocotyl bending involves redistribution of
growth-promoting auxin away from the illumi-
nated side of the hypocotyl, and the formation of
a gradient resulting from the regulation of auxin
carriers (Fankhauser and Christie 2015). In dark-
ness, photl interacts with PHYTOCHROME
KINASE SUBSTRATE 4 (PKS4) and NON-
PHOTOTROPIC HYPOCOTYL 3 (NPH3) at
the plasma membrane. Light activation of photl
leads to its dimerization and autophosphoryla-
tion, direct phosphorylation of PKS4, and
indirect dephosphorylation of NPH3, which
are considered important early events in down-
stream signaling (Liscum et al. 2020). photl
also directly phosphorylates the multidrug resis-
tance transporter ATP-BINDING-CASSETTE
B19 (ABCBI19), apparently reducing its polar
auxin transport capacity to favor the formation
of the horizontal gradient (Christie et al. 2011).
The action of PIN-FORMED (PIN) efflux carri-
ers (Schwechheimer et al. 2020) is important and
PIN3 is laterally distributed in response to unilat-
eral light (Ding et al. 2011). However, the exact
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Figure 1. The transition between skoto- and photomorphogenesis involves changes in the auxin system.
(A) Etiolated (dark grown, left) and de-etiolated (light grown, right) seedling of Arabidopsis thaliana. (B) Light
perceived by phytochromes (phy) and cryptochromes (cry) represses auxin levels and auxin signaling by direct
interaction of these photosensory receptors with Aux/IAA and ARF proteins and by repressing the activity of
PHYTOCHROME INTERACTING FACTORS (PIFs), which enhance auxin abundance and the expression of

auxin targets.

mechanisms by which the photl-PKS4-NPH3
complex establishes the auxin gradient remain
to be elucidated (Fankhauser and Christie 2015).

As the uppermost regions of the shoot
emerge from the soil, light activates photosen-
sory receptors such as phytochromes (including
phyA and phyB) (Burgie and Vierstra 2014) and
cryptochromes (cryl and cry2) (Wang and Lin
2020). Red light activates phyB, far-red light
(proportionally more abundant in shaded envi-
ronments) is the most effective wave band to
activate phyA (Casal et al. 2014) and blue light
activates cryl and cry2. If the seedlings are in

darkness, after synthesis, phytochromes remain
in the cytosol in the inactive form. Light induces
the migration of phyA and phyB to the nucleus
(Kircher et al. 1999; Yamaguchi et al. 1999),
where, together with cryl and cry2, they nega-
tively regulate auxin signaling (Fig. 1).

One mechanism of regulation involves di-
rect physical interaction of photosensory recep-
tors with components of the auxin system. phyB
and cryl bind to Aux/IAA proteins favoring
their dissociation from the TIR1 coreceptor
and increasing their stability to negatively regu-
late auxin-induced gene expression (Tian et al.
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2003; Xu et al. 2018). phyA might have a similar
action (Colon-Carmona et al. 2000). Further-
more, the physical interaction of active phyB
or cryl with ARFs reduce the binding of these
transcription factors to their target promoters
(Fig. 1; Mao et al. 2020).

In darkness, the basic helix-loop-helix tran-
scription factors PHYTOCHROME INTER-
ACTING FACTOR (PIF) (Lee and Choi 2017;
Pham et al. 2018) such as PIF3 and PIF4 bind
the promoters of SAUR genes, promoting their
expression in the hypocotyl and having the op-
posite effect in the cotyledons (Sun et al. 2016).
SAUR proteins inhibit the activity of type 2C
protein phosphatases belonging to the D clade
(PP2C.D) that in turn inhibit plasma membrane
proton-ATPases, favoring apoplast acidification
(Spartz et al. 2014). Apoplast acidification en-
hances the activity of the wall-loosening protein
expansins that promote growth (Cosgrove 2005).
In response to light, active phyA and/or phyB
bind PIFs and induce their phosphorylation
and degradation in the proteasome (Lee and
Choi 2017; Pham et al. 2018), whereas active
cryl and cry2 reduce the transcriptional activity
of bound PIFs (Ma et al. 2016; Pedmale et al.
2016). Consequently, several SAUR genes are
light-induced in cotyledons and/or repressed in
hypocotyls, at least partially accounting for the
differential growth responses of these organs to
light (Sun et al. 2016). Compared to full darkness,
light causes some reduction in auxin levels in the
hypocotyl and the opposite response in the coty-
ledons (Sun et al. 2016). Indole-3-pyruvic acid
can be converted to auxin by YUCCA (YUC) or
glucosylated by the UDP-glycosyltransferase
UGT76F1, which therefore reduces auxin levels
(Casanova-Saez et al. 2020; Chen et al. 2020).
PIF4 binds to the UGT76FI gene promoter to
repress its activity and light enhances UGT76F1
to promote de-etiolation (Chen et al. 2020).

In summary, auxin signaling is elevated in
darkness and, during de-etiolation, light reduces
auxin levels and auxin sensitivity via direct phys-
ical interaction between the photosensory recep-
tors and the core transcriptional machinery
(Aux/TAAs and ARFs) and via the photosensory
receptors—PIFs pathway directly affecting auxin-
controlled or auxin metabolic genes.

Under Shade

“Sun plants” initiate shade-avoidance responses
when exposed to the shade of neighboring veg-
etation or even to the threat of that possibility,
anticipated by light reflected by potential com-
petitors that still do not shade (Casal 2013;
Ballaré and Pierik 2017). Shade-avoidance re-
sponses typically include the promotion of stem
growth and petiole growth and the increased an-
gle of insertion of the leaves to place the foliage at
higher and better light strata of the canopy. Warm
temperatures induce similar morphological re-
sponses (Quint et al. 2016; Casal and Balasubra-
manian 2019) that help cool down the tissues
(Crawford et al. 2012) and enhance shade avoid-
ance (Romero-Montepaone et al. 2020). The
combination of shade and warm temperatures
is predicted to be a complex scenario in terms
of carbon balance due to low photosynthesis
and high respiration.

Under sunlight conditions, the activity of the
photosensory receptor phyB represses the action
of the transcription factor PIF7 by cytoplasmic
retention (Huang et al. 2018b) and that of PIF4
and PIF5 by facilitating their phosphorylation
and degradation in the proteasome (Lorrain
etal. 2008). The changes in spectral distribution
(lowering of the red to far-red ratio) and overall
irradiance caused by neighbor plants reduce the
activity of phyB (Sellaro et al. 2019). Then, PIF7,
PIF4, and PIF5 bind to the promoters of YUC
genes to enhance auxin synthesis (Hornitschek
etal. 2012; Li etal. 2012). The reduced blue light
levels of shade lower cryl and cry2 activity, en-
hancing these responses (de Wit et al. 2016; Ped-
male et al. 2016). Warm temperatures enhance
auxin levels by a mechanism that shows signifi-
cant overlap with that of shade avoidance. Warm
temperatures decrease the activity of phyB by
accelerating the reversion of its active form to
its inactive form (Jung et al. 2016; Legris et al.
2016), a mechanism that is different from the
photochemical reaction that reduces phyB activ-
ity under shade. The latter in itself increases the
activity of PIFs but temperature has additional
points of action. At high temperature, an RNA
hairpin within the 5’ untranslated region of PIF7
transcripts leads to enhanced translation, in-
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creasing PIF7 protein abundance (Chung et al.
2020). In addition, the EVENING COMPLEX,
which contains ELF3, represses the expression of
PIF4 and warm temperatures reduce the associ-
ation of the transcription factor ELF3 to the
promoter of PIF4 (Box et al. 2015). Warm tem-
perature reduces the binding of the EVENING
COMPLEX to DNA in vitro, suggesting that the
complex acts as a direct thermosensor (Silva
et al. 2020). Therefore, warm temperatures in-
crease the expression and protein abundance of
PIF4. In turn, PIF4 and PIF7 bind the promoters
of YUC8, TRYPTOPHAN AMINOTRANSFER-
ASE OF ARABIDOPSIS (TAAI), and other
genes to increase auxin levels (Franklin et al.
2011; Sun et al. 2012; Chung et al. 2020; Fiorucci
et al. 2020).

Both neighbor cues and warm temperatures
increase the levels of auxin in the cotyledons to
promote the growth of the hypocotyl (Procko
et al. 2014; Bellstaedt et al. 2019), and this acti-
vation appears to occur in the epidermis rather
than in vascular tissues of the cotyledons (Kim
etal. 2020). The sole induction of YUC3 expres-
sion in cotyledons is enough to trigger hy-
pocotyl elongation in seedlings grown in the
absence of neighbor signals or warm tempera-
tures (Kohnen et al. 2016). Auxin travels via
PINs and ABCBs from the cotyledons, where
neighbor cues or warmth increase its levels, to
the growing hypocotyl. Neighbor cues reorient
PIN3 from the basal to the lateral side of the cell
membrane to drive auxin flux to the epidermis
(Keuskamp et al. 2010), which is the growth-
limiting tissue of the organ. Neighbor cues
reaching the hypocotyl help to conserve the ad-
ditional auxin received from the cotyledons by
lowering the expression of GH3.17, which is in-
volved in a type of auxin conjugation that is
followed by degradation (Procko et al. 2016).

The promotion of hypocotyl growth is not
only about extra auxin synthesized in the coty-
ledons. Neighbor cues also affect the expression
of genes involved in auxin conjugation, trans-
port, perception, and signaling, many of which
are targets of PIFs (Iglesias et al. 2018). Persis-
tent shade reinforces the growth response but 1
day after the beginning of the environmental
cue, auxin shows the same levels observed before

Auxin and Environmental Cues

the stimulation (Bou-Torrent et al. 2014; de Wit
et al. 2015; Pucciariello et al. 2018). The hypo-
cotyl growth response still requires auxin, but
now a higher sensitivity to auxin mediates the
shade effect (Pucciariello et al. 2018). Persistent
shade reduces the expression of MIR393 and
consequently increases the abundance of its tar-
gets, the auxin receptors (Pucciariello et al.
2018). In addition, persistent shade increases
PIF4 abundance in the vascular tissues of the
hypocotyl (Pucciariello et al. 2018) and there is
evidence in favor of enhanced sensitivity to aux-
in mediated by PIF4 and PIF5 under shade
(Hersch et al. 2014). Enhanced PIF4 abundance
promotes the expression of its target genes
IAA19 and TAA29, which in turn reduces the
expression of the JAA17 gene to further acceler-
ate growth (Pucciariello et al. 2018). Therefore,
the shade-avoidance response initially involves
increased auxin levels and subsequently a rewir-
ing of auxin signaling that increases the sensi-
tivity to the hormone. The promotion of YUCS8
expression by warm temperature peaks at 4
hours and then decreases sharply (Sun et al.
2012; Huai et al. 2018). Then, enhanced sensi-
tivity to auxin also plays a role in the response to
warm temperatures, which increase HSP90 pro-
tein levels to stabilize the auxin coreceptor TIR1
(Wang et al. 2016).

Shade favors hypocotyl phototropic bending
toward the site from which the seedlings receive
more blue light perceived by photl and phot2,
indicative of the position of a gap within the
canopy (Goyal et al. 2016; Boccaccini et al.
2020). The reduced activities of phyB and cryl
under shade converge to enhance PIF4 abun-
dance, respectively, by enhancing protein stabil-
ity and gene expression. This establishes a strong
auxin signaling status in the hypocotyl and a
more pronounced auxin gradient in response
to unilateral blue light to enhance light foraging
(Goyal et al. 2016; Boccaccini et al. 2020).

Shade and warmth also cause leaf hyponasty.
During this response, the lower face of the pet-
iole grows faster than its upper face and the leaf
adopts a more upright position. Adding a drop
of auxin at the tip of the leaf lamina is enough to
induce the hyponastic response. The neighbor
cue perceived at the tip of the leaf lamina in-
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creases the activity of PIFs, locally enhancing the
expression of YUC genes and the synthesis of
auxin (Michaud et al. 2017; Pantazopoulou
et al. 2017). In response to neighbors or warm
temperatures, auxin produced in the lamina is
transported to the petiole by the vasculature and
distributed by PIN3 preferentially to the abaxial
(fast growing) face of the petiole (Michaud et al.
2017; Pantazopoulou et al. 2017; Park et al.
2019). The epigenetic repressor ASYMMETRIC
LEAVES 1 (AS1) provides leaf polarity informa-
tion by repressing PIF4 binding to the PINOID
(PID) gene promoter and hence PID expression
more strongly in the adaxial than the abaxial face
of the petiole (Park et al. 2019). PID is a protein
kinase that phosphorylates the auxin efflux
transporter PIN3 (Schwechheimer et al. 2020)
and regulates its polarization to the outer mem-
brane of abaxial petiole cells by vesicle-to-mem-
brane trafficking (Park et al. 2019).

Shade and warmth also promote the elonga-
tion of the petiole. At least in the case of the
shade-avoidance response, processes in the pet-
iole itself perceive the neighbor cues, and auxin
added to the lamina is not effective (Michaud
et al. 2017; Pantazopoulou et al. 2017). In addi-
tion to effects on auxin levels, neighbor cues up-
regulate the expression of TIR1/AFBs genes and
enhance the accumulation of AFB1 protein in
petioles with potential effects on auxin sensitiv-
ity (de Wit et al. 2015).

The environment is essentially dynamic
across the diurnal cycle. Diurnal sensitivity to
shade events depends on auxin signaling status
and correlates with sensitivity to exogenously ap-
plied auxin (Sellaro et al. 2012). Furthermore,
even under dense vegetation shade is often inter-
rupted by light penetrating through gaps in the
canopy. The occurrence of these interruptions
depends on the interaction between the geometry
of the canopy and solar angle, and therefore these
events tend to repeat daily at a certain time in the
photoperiod. phyB/phyA and the UV-B receptor
UV-BRESISTANT 8 (UVRS), respectively, dom-
inate the perception of afternoon and midday
daily interruptions of shade (Sellaro et al. 2011;
Moriconi et al. 2018). Light activation of phyB
and phyA enhances the expression of ELONGAT-
ED HYPOCOTYL 5 (HY5) and the HY5 tran-

scription factor represses the expression of aux-
in-induced genes (Sellaro et al. 2011). UV-B
perceived by UVRS reduces the abundance of
PIF4 and PIF5 and the expression of auxin syn-
thesis genes (Hayes et al. 2014). The sensitivity to
light interruptions of shade also depends on aux-
in signaling status (Sellaro et al. 2011).

FORAGING FOR WATER AND NUTRIENTS

General Orientation to Explore the Soil

The direction of the gravity vector provides in-
formation that roots use to orient their growth
in soil. Gravity sensing occurs in root columella
cells, where the position of starch-accumulating
amyloplasts depends on the direction of gravity
(Nakamura et al. 2019). When the root grows in
the direction of gravity, PIN3 evenly distributes
auxin toward expanding cells in the root elon-
gation zone. Disruption of root position causes
PIN3 phosphorylation and relocation, increas-
ing the flux of auxin toward the epidermal cells
of the lower face of the root (Nakamura et al.
2019). In response to auxin, these cells reduce
their rate of expansion causing root bending to
reestablish the match with the direction of the
gravity vector. This response is very rapid as it
initiates in <30 sec after auxin reaches the grow-
ing cells (Fendrych et al. 2018). The action of
auxin requires intracellular perception and the
assembly of the TIR1/AFB-Aux/IAA corecep-
tor complex but it does not involve changes in
transcription. Therefore, the canonical auxin re-
ceptor system appears to have a nontranscrip-
tional output that is important for root positive
gravitropism (Fendrych et al. 2018).

Taking Advantage of Water and Nitrate
Patches

Although gravitropism provides a general sense
of direction for the root, the soil is a heteroge-
neous environment. Therefore, the root can find
previously unexplored areas where water and nu-
trients are more readily available. The root tip
senses water gradients, biasing the radial position
of the initiation of lateral roots when this critical
resource for plant growth and development is

6 Cite this article as Cold Spring Harb Perspect Biol 2021;13:a040030
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available at soil-water microsites, an adaptive re-
sponse termed hydropatterning (Bennett 2020).
Lateral root development depends on auxin and
ARF7, among other ARFs (Cavallari et al. 2020).
Hydropatterning involves a change in the activity
of ARF7 (Orosa-Puente et al. 2018). In fact, ARF7
is differentially SUMOylated at several lysine res-
idues in the root area exposed to air, but not in the
water exposed root section, by SMALL UBIQUI-
TIN MODIFIER (SUMO) protein(s) that remain
unidentified. Once SUMOylated, ARF7-SUMO
is recruited and inhibited by IAA3, blocking the
expression of LATERAL ORGAN BOUND-
ARIES 16 (LBD16) and other downstream genes
required for lateral root development (Orosa-
Puente et al. 2018).

Nitrogen is an essential macronutrient, vital
for plant growth and productivity. In the soil,
nitrogen is present in inorganic (e.g., nitrate,
ammonium) or organic forms (e.g., amino ac-
ids, urea, etc.). In many species, including
A. thaliana, nitrate is the main source of nitro-
gen for the plant (Crawford and Forde 2002). In
soil with relatively low levels of nitrogen, the
root takes advantage of rich spots by generating
new branches and increasing the density of root
hairs in response to the local nitrate stimulus.
The plasma membrane protein NITRATE
TRANSPORTERI.1 (NRT1.1) plays a key role
in this branching response. NRT1.1 transports
nitrate (with dual-affinity), senses nitrate (de-
fined as a nitrate transceptor after these two
functions), and facilitates auxin uptake (Krouk
etal. 2010). Under low nitrate conditions, phos-
phorylated NRT1.1 transports auxin out of the
lateral root apex preventing the accumulation of
auxin required for the growth and consequent
emergence of the lateral root (Bouguyon et al.
2015). When the root reaches a region contain-
ing high nitrate levels, auxin transport by
NRTI1.1 is inhibited, auxin accumulates, and
the lateral root grows, exploring the place where
nitrate is available (Bouguyon et al. 2015).

Nitrate can reduce primary root growth cor-
rected by shoot growth (Linkohr et al. 2002).
While ammonium is retained by the soil matrix,
after rain, nitrate moves freely in solution to-
ward lower strata. Compared to ammonium,
nitrate triggers a rapid enhancement of root

Auxin and Environmental Cues

growth by increasing the number of cells that
enter the root elongation zone (Otvos et al.
2020), which would help foraging for this nutri-
ent in deep soil strata. This response depends on
the precise modulation of auxin transport routes
between cortex and epidermis. The root adjusts
to nitrogen sources by using a sensitive fine-tun-
ing mechanism for auxin transport, mediated by
PIN2 phosphorylation, trafficking, and localiza-
tion (Otvos et al. 2020).

Staying Superficial When There Is Not Enough
Phosphate

Phosphorus is an essential element for plant
growth and development. Plants uptake phos-
phorus in the form of phosphate, which has low
mobility in soil, is extremely reactive and usually
precipitates with aluminum, iron, or calcium,
making phosphorous one of the most frequently
limiting nutrients. In response to low availability
of phosphate, the growth of the primary root is
restricted, root branching is more profuse, and
the root hairs are longer (Fig. 2A). This pattern
helps to explore the upper layers of the soils
where plant detritus can release phosphorus.
Auxin plays a key role in the response of root
system architecture to phosphate availability
(Nacry et al. 2005). PHOSPHATE RESPONSE
1 (PHR1) and related MYB transcription factors
are crucial for adaptive responses to low phos-
phate. In the presence of phosphate, nuclear
proteins that bear the SPX domain, also present
in yeast phosphate sensors, reduce the interac-
tion between PHRI and its target promoters by
direct physical interaction (Puga et al. 2014).
Phosphate availability increases the concentra-
tion of inositol polyphosphate signaling mole-
cules, which are the physiological ligands of the
SPX-domain proteins, favoring their interaction
with PHR1 and preventing adaptive responses
to low phosphate (Wild et al. 2016). The specific
connections between phosphate sensing and
changes in auxin signaling remain to be fully
elucidated, but genes involved in auxin synthe-
sis, sensing, and downstream control of tran-
scription are possible PHRI targets involved
root growth responses to phosphate starvation
(Crombez et al. 2019). Furthermore, PHRI is a
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Figure 2. Low phosphate promotes hair root growth. (A) Detail of the root hairs of Arabidopsis thaliana seedlings
grown at two different levels of phosphate (low and high). (B) Low phosphate increases auxin levels at the
meristematic zone of the primary root and auxin travels from the meristematic zone through the lateral root
cap and the epidermis to the differentiation zone. (C) This movement of auxin takes place via auxin carriers
mostly in atrichoblasts to reach the root hairs (note negative regulation by phosphate). In the root hairs (RHs),
auxin arriving from the meristematic zone is perceived to promote polar growth. Right-hand box shows the detail
of nuclear events. Auxin signaling components (note negative regulation by phosphate) and auxin-responsive
genes are in red, positive regulators of hair root growth are in gray, and negative regulators of hair root growth are
in orange. (ZP1) ZINC FINGER PROTEIN 1 (Han et al. 2020), (GTL1/DF1) TRIHELIX TRANSCRIPTION
FACTOR GT-2-LIKE 1 and its homolog (Shibata et al. 2018), (OBP4) OBF-BINDING PROTEIN 4 (Rymen et al.
2017), (RHS) ROOT HAIR SPECIFIC genes.
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direct target of ARF7 and ARF19 in the root, a
regulation that is important for the formation of
lateral root (Huang et al. 2018a).

Low levels of phosphate enhance the expres-
sion of the TAAI gene at the primary root tip
(Bhosale et al. 2018), auxin levels at the root
apex and root hairs, and the expression of the
DR5::VENUS reporter of auxin-induced tran-
scriptional activity in the columella cells, quies-
cent center, stele, lateral root cap, and root hair
zone (Fig. 2B; Nacry et al. 2005; Bhosale et al.
2018). The additional auxin synthesized at the
root tip must reach the root hairs to promote their
growth and the taal mutant displays a poor hair-
root response to low phosphate (Bhosale et al.
2018).

Basipetal (shoot-ward) auxin movement via
the lateral root cap and epidermal cells relies on
the auxin efflux carrier PIN2, and the auxin in-
flux carrier AUXIN RESISTANT 1 (AUX1) at the
plasma membrane (Fig. 2C; Cho et al. 2007a;
Ganguly et al. 2010; Bhosale et al. 2018). PIN2
shows higher abundance in nonhair cells (atri-
choblast) than in hair cells (trichoblasts) of the
root epidermis (Lofke et al. 2015) and AUXI1 is
only expressed in atrichoblast (Jones et al. 2009),
suggesting that basipetal auxin transport though
nonbhair cells sustains root hair development (Lee
and Cho 2006; Jones et al. 2009). When phos-
phate levels are normal, PIN2 accumulates in the
vacuole in a process mediated by SORTING
NEXIN (SNX)-containing endosomes (Lin et
al. 2020). There, PIN2 is degraded, reducing aux-
in transport of auxin to the hair roots. Under
phosphate starvation, PHR1 induces substantial
remodeling of phospholipids, releasing phospho-
rus for other uses in the cell (Pant etal. 2015). The
phosphatidic acid resulting from these lipid
changes, binds to SNX1, preventing PIN2 accu-
mulation and hence degradation in the vacuole,
to favor root hair growth (Lin et al. 2020). Auxin
can reach the trichoblast by diffusion from the
atrichoblasts and this process could be accelerat-
ed by efflux carriers in atrichoblast plasma mem-
branes adjacent to the trichoblast. The potential
role of a symplastic pathway via plasmodesmata
(Mellor et al. 2020) remains to be elucidated. The
auxin efflux carrier ABCB4/P-GLYCOPROTEIN
1 (PGP4) can reduce the auxin stimulus via a
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local control (Santelia et al. 2005; Cho et al.
2007b).

Once in the trichoblasts, auxin sensed in situ
by the TIR1/AFBs and Aux/IAAs coreceptors
promotes root hair growth. Seedlings with root
hair-specific TIR1 overexpression (Ganguly
et al. 2010) have long root hairs, whereas tirl
afbl afb3 mutants and axrl mutants (affecting
another of the SCF™™! complex components)
have short root hairs (Lincoln et al. 1990; Pitts
et al. 1998; Dharmasiri et al. 2005), restored by
suppressors of the axrl mutation (Cernac et al.
1997). Gain-of-function mutants of Aux/IAAs,
such as TAA7 (axr2) (Lee and Cho 2006), IAA17
(axr3) (Knox et al. 2003), iaa28 (Rogg et al.
2001), and TAA14 (srl1) (Fukaki et al. 2002) all
show reduced root hair growth (Fig. 2C). ARFs
control the expansion of root hairs (Mangano
et al. 2017; Bhosale et al. 2018; Schoenaers et al.
2018). ARF7 and ARF19 are the most abundant-
ly expressed ARFs in root hair cells (Bargmann
et al. 2013) and IAA14 is a repressor of both
(Fukaki et al. 2002). ARF7 and ARF19 are direct
targets of PHR1 (Crombez et al. 2019) and
ARF7 and ARF19 enhance PHRI expression
(Huang et al. 2018a).

ARFs promote root hair growth by positive-
ly regulating the expression of several transcrip-
tion factors such as ROOT HAIR DEFECTIVE-
SIX-LIKE 2 (RSL2), RSL4 (Yi et al. 2010; Pires
et al. 2013; Mangano et al. 2017), and LOTUS
JAPONICUS RHLI-LIKE 3 (LRL3) (Karas et al.
2009; Tam et al. 2015), as well as other key com-
ponents of polar growth such as the receptor-
like kinase ERULUS (Schoenaers et al. 2018).
RSL4 levels quantitatively relate to final root
hair size (Datta et al. 2015). RSL1 and ROOT
HAIR DEFECTIVE 6 (RHD6) are basic helix-
loop-helix transcription factors (Menand et al.
2007; Pires et al. 2013) that act as master regu-
lators, inducing the expression of their down-
stream basic helix-loop-helix transcription fac-
tors RSL2, RSL4, and LRL3 (Fig. 2C; Karas et al.
2009; Yi et al. 2010; Bruex et al. 2012).

The higher levels of auxin under low phos-
phate may mediate the early inhibition of pri-
mary root growth (Nacry et al. 2005), when the
growth of epidermal cells is reduced (Sanchez-
Calderdn et al. 2005). However, low phosphate
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Figure 3. Environmental cues affect plant growth by modifying auxin metabolisms (M), transport (T), perception
(P), and/or signaling (S). (A) Etiolated shoot responses. (B) De-etiolated shoot responses. (C) Root responses.

has a stronger effect on primary root growth at a
later stage (Nacry et al. 2005), which might relate
to a shift from indeterminate to determinate
growth of the primary root under severely low
phosphate (Sanchez-Calderdn et al. 2005). In
this case, there is a reduction in the number of
cells in the meristem because of a lower rate of
cell division plus accelerated cell differentiation,
which could be caused by alterations in the ac-
tivity and/or maintenance of the quiescent cen-
ter (Sanchez-Caldero6n et al. 2005). These alter-
ations in the quiescent center correlate with a

reduction in the intensity of the DR5:GUS signal
in the columella initials, the quiescent center,
and the mature columella root cap (Sanchez-
Calderdn et al. 2005).

CONCLUDING REMARKS

Auxin provides endogenous cues that are crucial
for the organization of the plant body. Here we
describe how external cues convey to the auxin
system information about the environment that
plants have to face. Environmental signaling con-
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verges on different aspects of the auxin system to
reshape the plant body in a way that reduces the
chances of stress (Fig. 3). For instance, light and
temperature conditions affect the metabolic pro-
cesses that control auxin levels in the shoot
(Franklin et al. 2011; Hornitschek et al. 2012; Li
et al. 2012; Sun et al. 2012; Procko et al. 2016;
Chen et al. 2020; Chung et al. 2020; Fiorucci
et al. 2020), and phosphate controls auxin levels
in the root (Bhosale et al. 2018). The direction of
light and gravity and the availability of nitrate or
phosphate affect auxin transport and modify its
distribution within the organ (Bouguyon et al.
2015; Fankhauser and Christie 2015; Nakamura
etal. 2019; Lin et al. 2020; Otvés et al. 2020). Light
and temperature conditions can also affect the
levels of TIR1/AFBs or Aux/IAA coreceptors
(Tian et al. 2003; de Wit et al. 2015; Wang et al.
2016; Pucciariello et al. 2018; Xu et al. 2018).
Light, water, and phosphate cues can affect the
abundance and/or intrinsic activity of the ARF
transcription factors (Orosa-Puente et al. 2018;
Mao et al. 2020).

Environmental cues introduce these
changes by transcriptional and/or posttran-
scriptional regulation. Gene ontology terms re-
lated to auxin are often overrepresented in tran-
scriptome responses to environmental cues.
Shade (Kohnen et al. 2016) and warmth (Bell-
staedt et al. 2019) provide clear examples, but we
only partially understand the functional signifi-
cance of these changes (Iglesias et al. 2018).
Posttranscriptional regulation includes phos-
phorylation and relocalization (Nakamura et
al. 2019; Otvés et al. 2020), effects on turnover
rates (Lin et al. 2020), and modified affinity
(Bouguyon et al. 2015) of auxin carriers. Post-
transcriptional regulation also includes the
physical interaction of proteins carrying envi-
ronmental information either with the Aux/
IAAs to influence their interaction with the
TIR1/ABFs coreceptors (Tian et al. 2003; Xu et
al. 2018), with TIR1 to modify its stability
(Wang et al. 2016) or with ARFs to prevent their
interaction with the target promoters (Mao et al.
2020), and the SUMOylation of ARF transcrip-
tion factors (Orosa-Puente et al. 2018). The list
of growth processes and molecular mechanisms
presented here does not pretend to be exhaus-

*
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tive. It simply illustrates that all aspects of the
auxin system are under environmental control
to substantially modify the patterns of plant
growth and enhance fitness.
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