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The IRON-REGULATED TRANSPORTERT (IRT1) is the principal importer of soil iron in Arabidopsis thaliana. It has a
complex intracellular trafficking behavior, including continuous cycling between plasma membrane and endosomes.
SORTING NEXINT1 is required for the recycling of endosome-localized IRT1. In its absence, IRT1 is mistargeted for
degradation, resulting in reduced plant iron-uptake efficiency. Consequently, IRTT promoter activity gets limited to a
specific portion of the root. We tested the influence of two hormones known to positively affect iron uptake on IRT1
spatial regulation. We found that ethylene treatment in wild-type background mimics the effects of the SNX-loss-of-
function situation. Conversely, auxin splits the IRTT expression zone and forces it toward the two extremities of the
root. This shows that IRTT expression along the root is modulated by ethylene-auxin interplay.

Plants take up soil iron throughout their development. In
Arabidopsis thaliana, which uses a three step reduction-based
iron acquisition strategy,! import of solubilized soil iron from
the root apoplast is achieved by the bivalent metal transporter
IRON-REGULATED TRANSPORTERI1 (IRTI1).2?* As a
transmembrane protein transporting iron across the plasma
membrane (PM), the subcellular localization of IRT1 plays
an important role in the regulation of its activity. The protein
was shown to localize to the early endosomes and, to a much
lower extent, to the PM. Chemical treatments revealed that this
picture is a result of active processes of endocytosis and export.*
Internalization of PM-localized IRT1 is a ubiquitination-
dependent  process. IRT1  has
enhanced stability and its expression in plants causes metal

Ubiquitination-resistant

overaccumulation.”> Recently, the E3 ubiquitin ligase IRT1
DEGRADATION FACTORI! (IDF1) was shown to regulate
the internalization of PM-localized IRT1.6

Following the internalization from the PM, the fate of
endocytosed IRT1 is decided in the endosomes. The protein
can be either targeted for degradation, or reused and sent for
another round of activity to the PM (Fig. 1A). This sorting step
involves more than one type of endosomal compartments and is
dependent on the SORTING NEXIN (SNX) protein family.”
IRT1 and SNXI1 colocalize in a subpopulation of the rans-Golgi
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Network that represents the plant sorting endosome. The
subsequent retrograde transport of IRT1 back to the secretory
pathway is dependent on the SNX action (Fig. 1A). In the
absence of SNX, IRTT is targeted for degradation, probably due
to excessive accumulation in the sorting endosome (Fig. 1B).
This represents a case different to other transmembrane
proteins, like the Brassica oleracea SRK, receptor kinase, which
in its non-active state tends to accumulate in VPS29-labeled
sorting endosomes without undergoing degradation.® Newly
synthesized IRT1 is able to reach the PM through the secretory
pathway independently of the SNX1-labeled sorting endosome.
That is why snx mutants retain capability to partially induce
their iron uptake machinery under iron deficiency (Fig. 1B).
However, since the amounts of PM-localized IRT1 depend
on the streams of both newly synthesized and recycled IRT1,
the perturbed IRT1 retrograde trafficking in the absence of
SNX results in reduced amounts of transporter at the PM and
reduced iron uptake efficiency (Fig. 1B).

In response to the disturbed iron homeostasis in s7zx mutants,
expression of iron uptake-related genes is changed, leading to
higher /RTT expression levels compared with the wild type. At
the whole-root level, this increased expression is concentrated
in just a part of the differentiation zone containing the newly
developed roothairs,” which we designate the early differentiation
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Figure 1. Role of SNX proteins in IRT1 trafficking and stability. (A) In wild type, under iron deficiency the newly synthesized IRT1 protein follows the
secretory pathway and, passing through the early endosomes, enters the PM where it imports bivalent iron from the root apoplast. From the PM IRT1 is
internalized and sent through the early endosome to the sorting endosome, where a decision needs to be made. IRT1 is either targeted for degradation
(red punctate arrows) through the late endosome, or travels back to the early endosome in a SNX-dependent manner, to be sent again to the PM. (B) In
the absence of SNX proteins, IRTT molecules cannot exit the sorting endosome and are degraded (red-and-black arrows). Only the newly-synthesized
IRT1 molecules can reach the PM. As a consequence of the lower number of transporters at the PM, reduced amounts of iron are imported into the cell.

zone. Since the hormones ethylene and auxin were shown to

P10.1L12 wwe wanted

positively influence iron deficiency responses,
to test their role in influencing the zone where IRT1 is expressed,
and thus the region where iron uptake occurs. We used 8 d-old
iron-deficient wild-type (Col-0) and snxI-2 plants expressing
the IRTIpro:GUS cassette.>” Plants were grown upright on
agar plates containing iron-deficient Hoagland medium’ and
were transferred for two hours to liquid growth medium, which
remained untreated (mock control) or contained either 10pM
1-Aminocyclopropane-1-carboxylic acid (ACC, an ethylene
biosynthesis donor), 20 pM Aminoethoxyvinylglycine (AVG,
an ethylene synthesis inhibitor) or 10pM 2-(1-Naphthyl)
acetic acid (NAA, a synthetic auxin). We chose these
relatively short-term treatments in order to better observe
the progress, rather than the end effect, of hormone action.
Visualization of B-glucuronidase (GUS) activity was described
previously.” Three independent experiments were performed
with a minimum of five analyzed plants per condition per
experiment. In Col-0 background, ethylene treatment caused
the concentration of /R7] promoter activity in the early
differentiation zone (Fig. 2D-F). The situation resembled the
mock-treated snxI-2 condition (Fig. 2M-0), suggesting that
the change of JRT1 expression in the absence of SNX might be
due to enhanced ethylene influence. This is supported also by
the fact that in snxI-2 background ethylene did not cause any
significant changes in comparison to the mock-treated control
(Fig. 2P-R). After AVG treatment, a prolonged staining
duration was required, due to the documented AVG inhibitory
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effects on /RT1 expression.'"'? The IRT] promoter activity zone
was strongly shifted toward the root tip (Fig. 2G-1). In snxI-2
background, a slight reappearance of JRT1 expression could be
observed in shootward direction from the early differentiation
zone (Fig. 28-U), showing a partial phenotype reversal when
ethylene amounts are reduced. A full recovery is not possible,
since the two hours of treatment represent an intermediate state
before the complete switch off of the /RT1 promoter. Auxin
treatment in Col-0 background caused a clear separation of
IRTI expression into two zones, which tended to move away
from each other toward the hypocotyl and toward the root tip,
respectively (Fig. 2J-L). The latter fully resembles the situation
after ethylene depletion (Fig. 2G and I). Our auxin results are
similar to the ones reported by Seguela et al.,”® where a longer
(24h) auxin exposure resulted in the concentration of IRT1
promoter activity in two foci, one at the base of the root and
one at the root tip. In the snxI-2 mutant background, auxin
application extended the /RTT expression domain in shootward
direction, without however affecting the expression in the early
differentiation zone (Fig. 2V-X). As a result, the situation
resembled the /RT1 promoter activity in roots of mock-treated
iron-deficient Col-0 background plants (Fig. 2A-C). Taken
together, these results show that the extent and localization of
IRTTI expression in the root is regulated by an interplay between
the hormones ethylene and auxin. We propose a model where
the role of ethylene is to ensure the expression and synthesis
of the transporter in the early differentiation zone, while
auxin tends to push /RT7 expression outwards of this zone
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Figure 2. Role of ethylene and auxin in the spatial regulation of IRT1 expression. (A-X) GUS staining of representative plants expressing the
IRT1pro:GUS cassette in Col-0 and snx71-2 genetic background. Treatments were made as indicated. The mock treatment was iron-deficient Hoagland
medium with 0.1% ethanol. For each genotype and treatment, three images are shown: a seedling overview and two magnifications of regions
indicated with rectangles on the overview image. (Y) Ethylene and auxin play opposing roles when defining the expression of /IRTT along the root
depending on the plantiron demands. Under sufficient iron supply or mild iron deficiency, auxin dominates over ethylene causing IRTT expression in
the extremities of the root (left). The balance between the two hormones leads to an almost continuous IRT1 presence when iron is insufficient (cen-
ter). Under severe iron limitation, dominant ethylene presence causes the concentration of IRT1 expression in the early differentiation zone (right).

(Fig. 2Y). This might reflect the demands of the plant under
the changing iron availability. When iron is generally available
and under weak iron deficiency, auxin dominates over ethylene
and /RT1 is only expressed in small limited zones ensuring that
the plant requirement is met without wasting resources. This is
consistent with the observed /RT1 promoter expression pattern
under sufficient iron.” In this case, the majority of the root is
free for other processes, such as the ongoing developmental
program or uptake of other nutrients. When iron is present in
very low amounts, the enhanced ethylene biosynthesis and
signaling'*'* adds to the auxin effects and ensures the spatial
expansion of JRT1 expression, and therefore provides a larger
iron uptake surface. If plant iron levels become critical, as in
prolonged absence of environmental iron or reduced plant uptake
capability, stronger ethylene influence overrides the role of auxin
and concentrates /RT1 expression in the early differentiation
zone. There, a combination of factors, including developmental
prerequisites and external nutrient accessibility, might enable
iron uptake with the highest possible efficiency (Fig. 2Y). Also,
the concentration of iron uptake in a limited portion of the root
allows the plant to save resources when coping with the increased
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levels of other IRT1-transported metals, such as Mn, Zn, and
Co.5 In the specific case of snx mutants, external auxin treatment
restores the auxin-ethylene balance and the broadly spread
IRTI expression (Fig. 2V-X). It also has to be noted that the
documented involvement of SNX1 in the trafficking of the PIN2

auxin transporter'®”!8

might additionally influence the auxin-
ethylene spatial regulation of /R77 expression in snx mutants.

In the future, these findings need to be put in the context of a
developing root, where hormones, including auxin, are involved
in the lateral root formation,” which is influenced by, but also

benefits the iron status of the plant.
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