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Abstract

To secure food production in the increasingly extreme temperatures of present day, the development
of heat- and cold-resistant crops is of absolute necessity. An integral step in this process is charting
the molecular mechanisms underlying the innate temperature stress responses of plants, a task
commonly approached using Arabidopsis thaliana. Many temperature stress responses depend on the
precise distribution of auxin and the network of transporters responsible for the establishment and
maintenance of this distribution, and in this review, the subcellular localizations and temperature
stress responses of the outer root tissue-portion of these transporters have been charted. Given the
fragmented nature of our current knowledge in this domain, this review seeks to provide a
comprehensive overview of existing findings while also identifying both broad and targeted areas
for future research.
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INTRODUCTION

As global temperatures are getting increasingly extreme, the molecular strategies that plants
have evolved to withstand heat- and chilling stress are becoming insufficient (Ding & Yang, 2022),
leading to substantial losses in agricultural yields (Zhao et al., 2017; Hsu & Hsu, 2019) at the same
time as the global demand for food is at an all-time high (Ray et al., 2013). To address this issue and
enable the development of crop varieties resilient to these new temperature extremes, we need to first
chart and understand the molecular pathways underlying the temperature stress (TS) responses.
Arabidopsis thaliana, the model species reviewed here, experiences cold stress (CS) in temperatures
below 16 °C and heat stress (HS) in temperatures above 28 °C — Any temperature in between these
two is called non-stress temperature (Gil & Park, 2018), and any temperature outside of these two
will (in the long term) trigger the plant to constrain growth and development to prioritize survival
(Figueroa-Macias et al., 2021). This review is focusing on a relatively understudied organ in this field
of research: The root (Koevoets et al., 2016), which possesses shoot-independent thermosensory
mechanisms (Ai et al, 2023) and contributes significantly to overall plant resilience under TS
(Koevoets et al.,, 2016; Karlova et al., 2021). Here, I will focus specifically on the outer root tissues
(ORTs) of Arabidopsis thaliana and the role that inter- and intracellular auxin transport in these tissues
play in TS responses. The ORTs consist of the epidermis, the lateral root cap (LRC) and the columella
cells, and these tissues play specific and important roles for root system architecture (Van Den Berg
et al., 2021; Chen et al., 2023; Jones et al., 2008) as well as for gravitropic bending (Hanzawa et al.,
2013). The flow of auxin through these tissues is part of the “reverse fountain” trajectory, in which
shoot-derived auxin travels down towards the root tip (acropetal transport) through the inner tissues
(cortex, endodermis and stele) until it reaches the columella cells, where it turns around and travels
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up through the LRC and the epidermis (basipetal transport) (Van Den Berg et al., 2021; Figure 1 — as
shown, some auxin is also recycled back into the inner tissues). The root epidermis is (just like the
inner tissues) divided into four developmental zones: The meristematic, transition, elongation and
differentiation zone, and consists of root hair-producing trichoblast cells and hairless atrichoblast
cells (Jones et al., 2008). The differential auxin concentrations between and along these tissues, zones
and epidermal cell types are major determinants for root hair elongation (Jones et al., 2008),
gravitropic bending (Hanzawa et al., 2013) and effective priming of lateral root initiation sites (Van
Den Berg et al., 2021; Chen et al., 2023), all of which are affected under TS (Koevoets et al., 2016;
Pacheco et al.,, 2023). These differential auxin concentrations are generated and maintained by the
many plasma membrane (PM) localized auxin transporters as well as the auxin transporters localized
at internal membranes. In this review, I will discuss the current knowledge on the effects of TS on the
ORT members of the prominent auxin transporter families PIN-FORMED (PIN), PIN-LIKES (PILS),
AUXIN-RESISTANT1 (AUX1), LIKE-AUX1 (LAX) and ATP--binding cassette subfamily B (ABCB),
and touch upon what is known about the less prominent transporters TRANSPORTER OF IBA1
(TOB1), NITRATE TRANSPORTER1 (NTR1), and ATP--binding cassette subfamily G (ABCG). Doing
so, I aim to provide a comprehensive chart of both explored and unexplored areas of TS-induced
changes in auxin transport in the ORTs. For an overview of these changes, see Table 1.
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Figure 1. The “reverse fountain” model of directional auxin flow. The QC is the quiescent center, the cell file in

the root from which all other cell files originate. Colour coded dots represent cell files of corresponding colours.

“Inbetween dots” represent cell file initials.
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Table 1. Temperature stress responses of auxin transporters in different conditions. Colours indicate the source

of each piece of information. Text in black applies to all sources given.

on sterol/sphingolipid
composition

Cold
Temperature & time Subject Abundance/ Comment Light Source
activity/signaling
4°C, 12h Auxin l peta nsj 16h light, 8h dark Hong et al., 2017
continuous light shibasaki et al., 200¢
16°C, extended Auxin 1 lauxin synthesis (partly 16h light, 8h dark Zhu et al., 2014
periods mediated by cytokinin)
tauxin in LRC and epidermis?
4°C, 12h PIN2 Tl ng 16h light, 8h dark Hong et al., 2017
continuous light Shibasaki et al., 200¢
continuous light Jasik et al. 2013
4°C, 12h PIN3 ! Ng 16h light, 8h dark Hong et al., 2017
Relocalizatic continuous light Shibasaki et al.. 2009
4°C, 12h PIN1/4 1 16h light, 8h dark Hong et al, 2017
16°C, extended PIN1/3/7 1 cytokinin involved in 16h light, 8h dark Zhu et al,, 2014
periods downregulation of PIN1+3,
but not 7
PIN5S 1? upregulated by cytokinin, 16h light, 8h dark Di Mambro et al., 2019
hich plays a role in the colc ght, 8h dark Zhu e 2014
PING ?
PILS2/3/5/6 ?
ABCB1 ? affected by PINOID, 16h light, 8h dark Henrichs et al., 2012;
presumably downregulated in continuous light Wang et al., 2012
old. PM insertion not 16h light, 8h dark Ashraf & Rahman, 20
obviously dependent on [continuous darkness] Yang et al., 2012
sterol/sphingolipid [Titapiwatanakun et al.,
composition 2008]
ABCB4 ? PM insertion dependent on 16h light, 8h dark Yang et al., 2012
sterol/sphingolipid ontinuous darkness Borner et al., 2004
composition tapiwatanakun et al
2008
ABCB19 ? PM insertion dependent on 16h light, 8h dark Yang et al., 2012
sterol/sphingolipid continuous darkness tapiwa un et al
composition 2008
AUX1 1? inactive (in yeast) when K+ is N/A Huang et al., 2019
unavailable, which is the case 10t specified Polley & Hopkins, 1979
n cold
LAX2/3 ?
NRT1.1 1? transports auxin when NO; is 16h light, 8h dar Krouk et al., 2010
unavailable, which is the case continuous light Pacheco et al.. 2023
1 cold
NRT1.5 ?
ABCG36 ?
ABCG37 ? PM insertion not dependent 16h light, 8h dark Yang et al., 2012
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Heat
Temperature & time Subject Abundance/ Comment Light Source
activity/signaling
29°C, 4h Auxin 1basipetal transport continuous darkness Hanzawa et al., 2013
29°C, 4h PIN2, 11l troot growth continuous darkness Hanzawa et al, 2013
and continuous light
30°C, 8h Lehman & Sanguinet,
16h light, 8h dark 2019
PIN3/4/6/7 ?
PIN5S 1? upregulated by cytokinin 16h light, 8h dark Di Mambro et al., 2019
PILS2/3 1? downregulated by 16h light, 8h dark Sun et al., 2020
brassinosteroids
29°C; 3h PILS5 1 mediated via brassinosteroid 16h light, 8h dark Sun et al., 2020
signaling
PILS6 downregulated by 16h light, 8h dark
brassinosteroids Sun et al, 2020
ABCB1 ? PM insertion not obviously 16h light, 8h dark Yang et al., 2012
dependent on [continuous darkness] [Titapiwatanakun et al.,
sterol/sphingolipid 2008]
composition
ABCB4 ? PM insertion dependent on 16h light, 8h dark Yang et al_, 2012
sterol/sphingolipid Borner et al., 2004
composition
ABCB19 ? PM insertion dependent on 16h light, 8h dark Yang et al., 2012
sterol/sphingolipid
composition
29°C, 3 days AUX1 - unaltered continuous light Parveen & Rahman, 2021
LRC
LAX2/3 ?
NRT1.1 ? downregulated in 28°C 16h light, 8h dark Lee et al, 2024
NRT1.5 ?
TOB1 1? upregulated by cytokinin, continuous light through Michniewicz et al., 2019
yellow long-pass filters
ABCG36 ?
ABCG37 ? PM insertion not dependent 16h light, 8h dark Yang et al., 2012
on sterol/sphingolipid
composition

1. LONG-LOOPED PINS

PIN proteins are separated into two subgroups (plus one intermediate member): The long-
looped PINs and the short-looped PINs (Hammes et al., 2021). The long-looped PINs are PM localized
auxin exporters, which often exhibit strong subcellular polarities and are key players in maintaining
and redirecting polar auxin transport (Marhava, 2021). Regulation of long-looped PIN polarity and
abundance occurs through a process of continuous recycling and sorting via the vesicular system, a
process which is in turn regulated by a multitude of factors (Marhava, 2021) which will be discussed
in the coming sections.

The long-looped PIN members in the ORTs are PIN2, PIN3, PIN4 and PIN7. In these tissues,
PIN2 is found (apically and inner-plane laterally) in the LRC and epidermis (where it is expressed in
a gradient that starts in the meristematic zone and then gradually decreases until it reaches the
differentiation zone and disappears; Yuan et al., 2020) (Peng et al., 2024; Figure 2). PIN2 also displays
a higher abundance in atrichoblasts than trichoblasts (Lofke et al.,, 2015). PIN3 and 7 are found
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(apolarly) in semi-overlapping tiers of the columella (Pernisova et al.,, 2016), and PIN4 is found
(apolarly) in the area surrounding the quiescent center (Vieten et al., 2005; Band et al., 2014; Figure
3). PIN3, 4 and 7 are also found in the inner tissues, where they participate in acropetal transport
together with PIN1 (Zhu et al., 2014). Because of this, experimental results involving PIN3/4/7 are
often explained in concert with PIN1, and I will therefore at times mention the TS responses of this
inner-tissue PIN as well.
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Figure 2. Subcellular localizations of auxin and IBA transporters in the LRC and epidermis under non-stress

temperature. Transporter symbol sizes represent abundances. Arrowheads denote direction of transport. Purple
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gradient represents the distribution of auxin, with higher saturation corresponding to higher concentration
(based on data from Di Mambro et al., 2017, and Hayashi et al., 2014). Omitted from this figure is PIN1, which is
present in the basal plane of the first 2-6 epidermal cells (Omelyanchuk et al., 2016). DZ: differentiation zone;

EZ: elongation zone, TZ: transition zone; MZ: meristematic zone.
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Figure 3. Subcellular localizations of auxin and IBA transporters in the QC and columella cells under non-stress
temperature. Transporter symbol sizes represent abundances. Arrowheads denote direction of transport. PIN1
localization is based on data from Omelyanchuk et al. (2016). QC: quiescent center; CI: columella initials; T1-T4:
columella tiers 1-4.

A last note on the general behaviours of long-PINs is that they act in synergy with ABCBs (a
different type of auxin transporter, discussed in detail below), resulting in more-than-sum auxin
efflux in locations where both transporters are present (Mellor et al., 2022). So, it is important to keep
in mind that any change in PIN abundance will also affect the transport capacities of ABCBs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1.1. Increased PIN Clustering/Abundance Might Not Increase Auxin Efflux

Intuitively, a high degree of PIN signal at the PM would be expected to correlate with a high
degree of auxin efflux. However, in a study by Ke et al. (2020), high PIN2 signal at the PM was
equated to a high degree of PIN2 nanodomain clustering (a phenomenon that affects, among other
things, the cycling of PINs; Li et al., 2020; Ke et al., 2020), and this increase in abundance/clustering
was counter-intuitively found to be correlated with lower rates of auxin transport. This inverse
correlation between clustering and auxin transport has been noted also elsewhere, but the opposite
relationship has been noted as well (Li et al., 2020). Hence, before I discuss the effects of TS on PM
PIN abundance, I would like to emphasize that an increase in abundance does not necessarily imply
an increase in auxin transportation.

On the topic of clustering, an important observation is that Ke et al. (2020) found a reduction in
PIN2 clustering in the presence of MBcd, a compound that perturbs the integrity of lipid rafts and
consequently allows PM-bound proteins to diffuse more freely along the PM. Salicylic acid, on the
other hand, which increased clustering and reduced internalization, was found to cause a general
reduction in PM protein motility. One could therefore speculate that PM integrity, which is strongly
affected by temperature (Dufourc, 2008), is a determinant of PIN clustering and consequently also
the clustering-dependent inhibition of internalization. In experiments with the PM rigidifier DMSO,
however, results have been mixed: While Jasik et al. (2013) reported a significant inhibition on PIN2
internalization by DMSO, the same could not be observed by Shibasaki et al. (2009). Nevertheless,
the lipid composition of cell membranes seems to be integral for proper PIN trafficking, given the
abhorrent PIN2 polarization in the sterol synthesis-defective cpil (Men et al., 2008), and the
dramatically reduced abundances of PIN1 and PIN3 in ct/1, a mutant defective in several aspects of
lipid synthesis and homeostasis (Y. Wang et al., 2017).

1.2. Cold Stress Affects PIN Abundance and Auxin Distribution in a Variable Manner

Several studies have investigated the effects on long-looped PINs in the specific conditions of 12
hours at 4 °C. While Jasik et al. (2013) reported a decrease in overall PIN2 abundance and turnover
rate at the PM in these conditions, Hong et al. (2017) observed an increase in PIN2 abundance along
with a decrease in PIN1/3/4/7. The results by Hong and colleagues were accompanied by reduced
levels of auxin in the root apex, which is inconsistent with the increased levels of auxin reported by
Shibasaki et al. (2009). The latter group also found that the cold treatment caused endosomal cycling
of (specifically) PIN2 and 3 to be absent, the relocalization of PIN3 in response to gravity to be
diminished, and the related redistribution of auxin to be delayed. The auxin accumulation in the apex
was explained by a >50% decrease in basipetal auxin transport. In a screening assessing the rate of
root growth recovery of mutants in these same conditions, pin4, but not eir-1 (a PIN2 mutant) or pin3,
showed a (slight but) statistically significant decrease in root growth recovery (Aslam et al., 2020).
When Zhu et al. (2014) subjected plants to 16 °C for extended periods of time, both auxin synthesis
genes and the expression of PIN1/3/7 were reduced in roots, which manifested as reduced auxin
accumulation in the root apex (although the images with IAA2::GUS hint at a relative increase of
auxin in the LRC and epidermis) and inhibition of root growth. This inhibition of root growth was to
a large extent decreased in pinlpin3pin7, to a lesser extent decreased in pinl, and not significantly
decreased in pin3 or pin7. Cytokinin signaling mutants arr1 and arr12 were resistant to the cold-
induced phenotype, and this resistance was correlated with increased expression of PIN1 and 3 as
well as two genes related to auxin synthesis. Lastly, microtubules are important for proper clustering
of PIN2 at the PM (Li et al., 2020) and in a study by Kleine-Vehn et al. (2008), microtubule disruption
led to the appearance of PIN2-positive bodies in epidermis cells. This, taken together with the fact
that (12 hours of 4 °C) cold stress severely disrupted microtubules in the cortex (Shibasaki et al., 2009),
implies that microtubules might affect the clustering of epidermal PIN2 during cold stress.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1.3. SORTING NEXINT1 and Actin Mediate the Heat Stress Responses of Long-Looped PINs

Hanzawa et al. (2013) reported that in plants subjected to a four-hour exposure to 29 °C, PIN2
was rerouted from late endosomes to the PM in a SORTING NEXIN1-dependent manner, which
increased the rate of basipetal transport, root growth, gravity-dependent redistribution of auxin and
gravitropic bending. According to Parveen and Rahman (2021), this initial increase in root growth at
29 °C is temporary; after 24 hours, the growth rates are reversed, with control roots elongating at a
rate higher than the roots subjected to heat. They also found that ACT7, a vegetative actin,
participates in the heat stress response: In act7, the heat-induced post-transcriptional
downregulations of PIN1 and PIN2 were increased relative to controls, especially in the case of PIN2.
While the abundances were decreased, there was no effect on localization. Considering the
observation by Shibasaki et al. (2009) that actin organization in root cells was unaffected after 12 hours
at 4 °C, it seems that the role of actin in TS is heat stress-specific. Furthermore, data from Lehman and
Sanguinet (2019) indicate a significant decrease in PIN2 abundance after an eight-hour exposure to
30 °C. PIN abundances are also (differentially) dependent on HSP90-7 (Noureddine et al., 2024), a
heat shock protein which when overexpressed confers resistance to short-term 45 °C heat stress
(Chong et al., 2014).

2. SHORT- AND INTERMEDIATE-LOOPED PINS

Under their native promoters, short-looped PINs localize intracellularly, at the ER membrane,
and regulate the availability of free auxin in the cytoplasm (Seifu et al., 2024). (For reports on PM
localization, see Ganguly et al. (2010) and Ganguly et al. (2014).) To date, PIN5 is the only short-
looped PIN confirmed to be present in ORTs, specifically in the LRC, where it decreases the
cytoplasmic availability of auxin by transporting it into the ER (Di Mambro et al., 2019; Figure 2).
Although there is a complete lack of research regarding the TS responses of PIN5, its abundance
appears to be exceptionally dependent on HSP90-7 (Chong et al., 2014). Additionally, the LRC activity
of PIN5 was shown to be upregulated by cytokinin (Di Mambro et al., 2019), through (at least
partially) the same pathway that limited the expression of PIN1 and 3 during 16 °C cold stress (Zhu
et al., 2014). Cytokinin is also downregulated in roots after 3 hours of 45 °C heat stress (Prerostova et
al., 2020).

The last PIN of the ORTs, PIN6, has an intermediate loop and can localize both to the PM and
the ER (Ditengou et al., 2017). In the ORTs, it is present in low amounts in the meristematic epidermis,
and unless overexpressed it localizes to the ER in this tissue (Ditengou et al., 2017; Figure 2). While
the direction of PIN6-mediated auxin at the ER is not clearly elucidated, the increase of (lateral) root
tip auxin in pin6 (Simon et al., 2016) might indicate that PIN6 transports auxin into the ER. Notably,
though, PIN6 overexpression induces a similar increase in auxin (Simon et al., 2016; Ditengou et al.,
2017), but Ditengou and colleagues suggested that this might be explained by the basal PM
localization that PIN6 exhibits in the LRC and distal half of the meristem under overexpression.
Unfortunately, no research has been conducted on the TS responses of PIN6, so the primary
contribution of this article to the existing knowledge on PING6 is limited to the detailing of its
localization and directionality of transport.

3. PILS

Like PIN5, PILS2/3/5 and 6 are localized at the ER membrane and regulate intracellular auxin
availability by removing auxin from the cytoplasm (Barbez et al., 2012; Feraru et al., 2019). PILS2 and
PILS5 act redundantly (Barbez et al., 2012), and their genes are expressed in the transition, elongation
and differentiation zones of the epidermis (Sun et al., 2020; See Barbez et al. for PILS5 localization in
transition zone; Figure 2). Although not easy to assess in the article images, data from The Bio-
Analytic Resource for Plant Biology indicate higher expression in trichoblasts (BAR, 2007). PILS3 is
expressed in the LRC and the outermost tier of the columella (Kumar et al., 2023), and BAR data
indicate expression in the differentiation zone as well (Figures 2 and 3), with slightly higher
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expression in atrichoblasts. PILS6 is ubiquitously expressed in the root tip, but expression appears to
be most prominent in the LRC and outermost tier of the columella (Feraru et al., 2019; Figures 2 and
3).

In their 2020 study, Sun and colleagues found that brassinosteroid treatment triggers a
transcriptional and posttranslational downregulation of PILS proteins 2-6. This same kind of
downregulation had previously been described for PILS6, but in response to short (3h) and long
(three-day) exposure to 29 °C (Feraru et al., 2019). This led Sun and colleagues to investigate further,
and indeed, they found that an analogous downregulation of PILS5 in the short-term heat conditions
was mediated via brassinosteroid signaling. They did not investigate the connection to heat in
relation to other PILS proteins, but under the assumption that the same pathway goes for all, it is
relevant to mention that PILS3 and 5 were more strongly affected by the (21 °C) brassinosteroid
treatment than PILS2 and 6. In terms of effects on auxin signaling, however, only the pils2pils3pils5
triple mutant and PILS6°F line displayed clear (relative) differences in auxin signaling/abundance in
response to brassinosteroid treatment: In the triple mutant, auxin signaling was increased, and in
PILS6©E, auxin abundance was decreased.

4. ABCB

ABCBs are PM localized auxin efflux transporters with zone-dependent polarities (Terasaka et
al., 2005; Geisler & Murphy, 2005) that act in synergy with PINs, leading to more-than-sum auxin
efflux in locations where both transporters are present (Mellor et al., 2022). Of the three most
extensively studied ABCBs found in the ORTs, ABCB1, ABCB4 and ABCB19, ABCB4 is the only one
showing expression exclusively in these tissues (Mellor et al., 2022). It is found in the epidermis,
lateral root cap and outermost tier of the columella (Cho et al., 2007; Figures 2 and 3), contributes
greatly to basipetal auxin transport and can remarkably exhibit auxin influx capacity when auxin
concentrations are low (Kubes$ et al., 2011). Notably, ABCB4 expression appears to be absent from
trichoblasts in the elongation zone (Terasaka et al., 2005). The other two well-known ABCBs, ABCB1
and ABCB19, are present in all three zones of the epidermis (Geisler & Murphy, 2005) and in the
epidermal meristem, respectively (Mellor et al., 2022; Kim et al., 2010). However, both transporters
also show strong expression in the inner tissues, and only ABCB1 contributes to basipetal transport
(Kubes et al., 2011). Although research is lacking regarding the TS responses of ABCBs, the insertion
of ABCB4 and ABCB19 (but not obviously ABCB1) into the PM is dependent on sterol- and
sphingolipid-enriched ordered membrane domains (Yang et al., 2012; Borner et al., 2004;
Titapiwatanakun et al., 2008), which are in turn affected by temperature (Dufourc, 2008). Thus, it is
likely that the abundances of ABCB4 and 19 are affected by temperature as well, which would
consequently affect the efflux capacity of PIN2.

Although only a relatively small portion of ABCB1 and ABCB19 expression is found in the
epidermis, it can be worth a mention that these transporters have recently been shown to participate
not only in auxin efflux, but also in the efflux of brassinosteroids and the positive regulation of
brassinosteroid signaling (Ying et al., 2024). (The experiments were mostly focused on ABCB19, but
ABCBI1 was indicated to participate as well. ABCB4 was shown not to participate.) As brassinosteroid
signaling is involved not only in the regulation of PIN2 (Retzer et al., 2019) and the PILS proteins
(Sun et al., 2020), but also generally participates in both heat and cold stress responses (Planas-
Riverola et al., 2019), an involvement of ABCB1 and ABCB19 in TS responses is possible. Furthermore,
the PM abundance of both proteins was shown to be affected by (inversely correlated with)
brassinosteroid concentration, which, considering again the synergistic effects between PINs and
ABCBs, might affect also the efflux capacities of PINs. Again, though, these effects would probably
be more pronounced in acropetal transport. An additional note on ABCBI is that its activity and
synergy with PINs are affected by the AGC kinase PINOID (Henrichs et al., 2012; Wang et al., 2012),
which is upregulated during inhibition of GNOM, an ARF-GEF that is downregulated in cold (Ashraf
& Rahman, 2018).
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Notably, auxin exporters ABCB1/4/19 display an analogous downregulation and
compartmentalization in act7 as seen in PIN2, with an especially dramatic reduction of ABCB4 (Zhu
et al., 2016). Whether this downregulation also becomes more pronounced in response to an increase
in temperature, however, remains to be investigated.

Recently, five additional ABCBs with specific and overlapping expression domains have been
found to participate in auxin transport through (almost exclusively!) the ORTs (Chen et al., 2023). As
information about both their zone-specific subcellular localizations and TS responses are lacking,
they are not included in Figure 2 and will not be discussed further in this review, but their tissue-
specific expression patterns can be found in the article by Chen and colleagues. Notably, one of these
ABCBs are (in the ORTs) specific only for trichoblasts.

5. AUX1/LAX

The AUX1/LAX family of auxin importers consists of four members, of which three are present
in the ORTs: AUX1, LAX2 and LAX3. AUX1 is present in the LRC, the first two tiers of the columella
and all three zones of the epidermis (Band et al., 2014), and while AUX1 is completely apolar in the
latter two tissues, it is regularly enriched at both apical and basal cell planes in the epidermis (Kleine-
Vehn et al.,, 2006; Figures 2 and 3). When the cell-type specific distribution of AUX1 is assessed by
microscopy, it appears to be present only in atrichoblasts (Jones et al., 2008). A membrane potential-
based approach, however, showed that AUX1 is likely present in trichoblasts as well, but in lower
amounts (Dindas et al., 2018). LAX2 is localized in an apolar manner at the quiescent center and
columella initials, and LAX3, also apolar, is localized at the second tier of the columella (Figure 3).
While there is a complete lack of information on the TS responses of LAX2 and 3, more is available
on AUXI:

Parveen and Rahman (2021) found that a three-day exposure to 29 °C did not alter AUX1
abundance in the LRC (in neither WT nor act7). Meanwhile, data from Lehman and Sanguinet (2019)
indicate a significant reduction in epidermal AUXI signal after 12 and 24 hours at 30 °C. This
reduction might be linked to an observation made by Hanzawa et al. (2013), who noted a diminished
increase in root elongation and basipetal auxin transport in auxI plants subjected to a four-hour
exposure to 29 °C. A relative decrease in aux1 primary root growth was also seen in an experiment
by Krishnamurthy and Rathinasabapathi (2013), where they first subjected the plants to 1 hour of 37
°C heat stress and then allowed them to grow in non-stress temperature for three days. Notably, they
also observed a significant increase in the relative amount of lateral roots produced by aux1 after the
treatment. Furthermore, AUX1 abundance was decreased in both hsp90-7 (Chong et al., 2014) and
cytokinin-deficient mutants (Pernisova et al., 2016), and intracellular AUX1 aggregates were seen in
plants deficient in sphingolipids (Yang et al., 2012). In a heterologous study with yeast, results also
indicated that upon binding to K+, AUX1 undergoes a conformational change which increases
transport capacity and protects it from heat-induced deterioration (Huang et al., 2019).

There is no direct information regarding the cold stress responses of AUX1 in Arabidopsis,
except that it does not appear to be involved in root growth recovery after 12 hours at 4 °C (Aslam et
al., 2020). During 4 °C cold stress, however, root uptake of K+ is severely hampered (Polley &
Hopkins, 1979), which in light of the results by Huang and colleagues could mean that the
conformation of AUX1 is in its closed, relatively inactive state when temperatures are low.

6. NRT1.1

NRT1.1 is a dual-affinity PM localized nitrate transceptor that, in low nitrate conditions, also
transports auxin (but not the other way around; nitrate will outcompete auxin, but auxin will not
outcompete nitrate, even at high levels) (Krouk et al., 2010). NRT1.1 is expressed in all layers of the
root cap and zones of the epidermis (Guo et al., 2001; Krouk et al., 2010) and might be preferentially
located at the anticlinal cell planes (Krouk et al., 2010; S. Lee et al., 2024; Figures 2 and 3). Although
NRT1.1 was found to facilitate auxin influx, the NRT1.1 mutant chl1-5 displayed increased levels of
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auxin in the root tip (Krouk et al., 2010). The authors thus suggested that the NRT1.1-mediated influx
contributes to basipetal auxin transport.

In 10 °C, the availability of nutrients—including nitrate—decreases, and root hair growth
increases (Pacheco et al., 2023). This cold-induced increase in root hair growth was exacerbated in
low-nitrate conditions and partially inhibited by the addition of high levels of nitrate, suggesting a
specific connection between nitrate signaling and root hair growth (Pacheco et al., 2023). Experiments
with NRT1.1 mutants further supported this: mutants impaired in nitrate transport or signaling
displayed no differences in root hair growth in response to either nitrate availability or temperature
changes. Considering the capacity of NRT1.1 to transport auxin in conditions of low nitrate, and the
fact that root hairs elongate in response to auxin (Ganguly et al., 2010), it is tempting to speculate that
the increase in root hair growth was caused not only by (a lack of) nitrate signaling, but also by an
NRT1.1-mediated increase in basipetal auxin transport. Whether this is the case or not, however,
remains to be investigated.

Research on the responses of NRT1.1 to heat stress is lacking. However, a study in 28 °C showed
that downregulation of NRT1.1 is an important part of thermomorphogenesis, the adaptive strategy
that promotes root growth in response to elevated non-stress temperature (S. Lee et al., 2024).
Notably, low-nitrate conditions inhibited both the downregulation of NRT1.1 and the increase in root
growth. Whether this is somehow connected to the auxin-transporting capacity of NRT1.1 constitutes
a question for future research.

7. IBA Transporters TOB1, NRT1.5, ABCG36 and ABCG37

In addition to transporters that facilitate the movement of auxin, several transporters are known
to mediate the transport of indole-3-butyric acid (IBA), an auxin precursor, between and within the
cells of the ORTs. These transporters are TOB1, NRT1.5, ABCG36 and ABCG37. TOB1 is localized at
the vacuolar membrane in the LRC and (based on gene expression) the epidermal differentiation
zone, and is suspected to facilitate IBA transport into the vacuole (Michniewicz et al., 2019; BAR,
2007; Figure 2). The PM localized NRT1.5 is expressed in the columella initials and the first three tiers
of the columella, and facilitates import of IBA (Watanabe et al., 2020; Figure 3). ABCG36 and ABCG37,
also localized at the PM, function in IBA efflux (Riizicka et al., 2010), and can be found in the outer
plane of LRC and epidermal cells in all four developmental zones (Razicka et al., 2010; Strader &
Bartel, 2009; Aryal et al., 2023; BAR, 2007; Figure 2).

There is not much information available regarding the TS responses of these less established (but
in many cases, highly influential) transporters. Two things, however, can be said: Firstly, TOB1
displays a clear upregulation in response to cytokinin (Michniewicz et al., 2019), which as previously
mentioned plays a role in the cold stress response (Zhu et al., 2014) and is downregulated at elevated
temperatures (Prerostova et al., 2020). Secondly, ABCG37 abundance is not affected by the inhibition
of sterol- or sphingolipid synthesis (Yang et al., 2012), suggesting a tolerance towards temperature-
induced changes in PM composition.

8. DISCUSSION

In these times of climate change, successful development of crops resilient to our increasingly
extreme temperatures is nothing less than a matter of life and death for many people across the world.
It is, therefore, of utmost importance that the molecular mechanisms affecting the TS tolerances of
plants are elucidated, and as a step in this direction, I have in this review collected and visualized
our scattered fragments of knowledge concerning the subcellular localizations and TS responses of
the auxin transporters in the ORTs of Arabidopsis thaliana. To allow for intuitive assessment of the
collective contributions of ORT transporters to the distribution of auxin, I also created a
comprehensive graphic (Figures 2 and 3). The original plan for this graphic actually entailed four
additional, analogous figures showing also the cold- and heat-induced alterations in auxin and
transporter abundances, but this proved difficult as these factors often manifest in diametrically
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different ways even in experiments with seemingly identical conditions — See, for example, the
account on the cold stress responses of long-looped PINs in section 1.2.

An explanation of these differences could lie in the third, insofar unmentioned experimental
condition: light (Table 1). Several studies have shown that light substantially and differentially affects
the abundances of auxin transporters; For example, PIN1, PIN2 (Sassi et al., 2012), PIN7 (Laxmi et al.,
2008) and PILS2/3/5 are all downregulated in the absence of light (Béziat et al., 2017), while AUX1
(Laxmi et al., 2008) and ABCB4 are not (Kubes et al., 2011). In addition to this, Hanzawa et al. (2013)
found that the dark-induced downregulation of PIN2 was inhibited under high temperatures, adding
an additional layer of complexity to the network. I therefore encourage anyone working with TS and
auxin transporters to thoroughly review available literature on the effects of different light conditions
before deciding on lighting specifics for their own experiments.

Apart from the obvious gaping holes in our knowledge regarding the TS responses of many of
the transporters discussed in this review, there are also more specific avenues of research that could
be investigated in the future.

These entail, whether:

J the disruption of microtubules in cold stress has any effect on PIN2 clustering

o the cold-induced upregulation and heat-induced downregulation of cytokinin causes a
respective upregulation and downregulation of PIN5, AUX1 and TOB1

J ACTY7 regulates the abundance of ABCB1, ABCB4 and ABCB19 during heat stress

J the transporting capacity of AUX1 is reduced in low temperatures as a consequence of
the low availability of K+

J NRT1.1-dependent auxin transport contributes to the increased root hair growth and
inhibition of root thermomorphogenesis seen at 10 °C and 28 °C, respectively, under conditions of
low nitrate.

As a concluding remark, I would like to say that of course, the ORTs do not operate in a vacuum.
Rather, the availability of auxin in the ORTs is to a large extent dependent on acropetal transport and
auxin derived from the shoot, especially in the early days of the seedling before the root apex has
become competent in auxin synthesis (Bhalerao et al., 2002). I would therefore like to encourage the
creation of a complementary review, focusing on the subcellular localizations and TS responses of
the transporters in the inner root tissues.
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