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Editorial on the Research Topic

Iron Nutrition and Interactions in Plants

Gold is for the mistress—silver for the maid—
Copper for the craftsman cunning at his trade!
“Good!” said the Baron, sitting in his hall,
“but iron—cold iron—is master of them all.”
Rudyard Kipling

Iron is a central component of electron chains and a co-factor of many vital enzymes. Only a few
bacteria are able to substitute iron with other metals, making it an essential element for virtually all
life forms. In plants, iron is also required for photosynthesis and chlorophyll synthesis. The
availability of iron in soils dictates the distribution of plant species in natural ecosystems and limits
yield and nutritional quality of crops. Insufficient iron uptake causes retarded growth, interveinal
chlorosis, and reduced fitness. Sufficient iron levels in food crops are critical to combat iron
deficiency-induced anemia, one of the largest nutritional disorder worldwide. Too much iron is,
however, toxic to cells. It is therefore mandatory for plants to overcome the often-restricted
availability of soil iron by strategies that increase its mobility and restrict its uptake when present
in excess.

Despite great leaps forward in the research into plant iron nutrition over the past decades, many
facets of cellular iron homeostasis still await further clarification. Moreover, attempts to increase the
iron content in edible plant parts are far from having reached sufficient improvement in dietary iron
intake. The International Symposium of Iron Nutrition and Interaction in Plants (ISINIP) is a
biannual meeting that covers a wide range of aspects, including but not limited to iron availability in
the soil, the regulation of cellular iron homeostasis, and the exploration of novel avenues for
fortifying plants with iron. The collection of mini reviews, perspectives, and original papers
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presented in this Research Topic is in part associated with
contributions to the 19™ edition of the ISINIP held in 2018 in
Taipei, Taiwan.

CHECKPOINTS, BARRIERS, AND A
MINEFIELD OF INADVERTENT
INTERACTIONS: THE JOURNEY OF IRON
THROUGH THE CELL

While the mechanisms underlying the uptake of iron from the
soil are relatively well understood, the trafficking of iron to
chloroplasts and mitochondria is less well explored.
Chloroplasts are loaded with transition metals and represent
the iron-richest system in plant cells. Research conducted by the
group of Kathrin Philipar suggested that the ATP-binding ABC-
transporter subunits ABCI10 and ABCI11 are part of a novel
module of a prokaryote-type ECF/ABC transporter with
similarities to components of prokaryotic multi-subunit ABC
transporters putatively involved in metal ion uptake (Von
Voithenberg et al.). New transporters have been identified also
for the transport of iron through the inner mitochondrial
membrane. Jain et al. show that the Arabidopsis transporters
MIT1 and MIT2 are involved in iron import into mitochondria
and critical for mitochondrial function.

Iron is highly reactive and must be chelated throughout intra-
and intercellular trafficking to avoid cellular damage. Nozoye et al.
are reporting a collaborative approach to elucidate the function
of the nicotianamine (NA) transporter EFFLUX TRANSPORTER
OF NA (ENAL) in rice, which is involved in the transport of NA to
the apoplast and in the import of iron into cellular compartments
such as plastids. The authors conclude that in rice NA transport
by ENA is critical for cellular iron homeostasis by shielding iron
ions from interacting with other molecules, causing precipitation
of iron and oxidative damage to the cell.

ALL FOR ONE: A MULTITUDE OF
REGULATORS CONTROL CELLULAR
IRON HOMEOSTASIS

The regulation of iron uptake has to meet, but not to exceed the
demand of the plant to avoid undernourishment or toxicity.
Therefore, cellular iron levels are controlled by a delicate
signaling network that orchestrates the demand of different
plant parts in the context of rapidly and constantly changing
availability of iron in the soil. A key role in the regulation of iron
uptake is played by bHLH proteins. Until now, 16 bHLH
transcription factors of this type were shown to be involved in
the control of cellular iron homeostasis; it can be expected that
this number is not yet exhaustive. In their mini review, Gao et al.
summarize the current knowledge regarding the complex
network of bHLH proteins that cooperatively regulate iron
uptake in the green lineage. The bHLH protein FIT (bHLH29)

takes a central position in this regulatory network. The activity of
FIT is sophisticatedly controlled by a suite of proteins, which
either activate FIT or enhance its degradation. Wu and Ling
review the action of proteins that have been shown to interact
with FIT and post-transcriptionally fine-tune its activity.

While the mechanisms underlying the perception of the
cellular iron status differs across the kingdoms of life, some
actors involved in iron sensing appear to be commonly recruited
by yeast, mammals, and plants. Glutaredoxins and partnering
BOLAs, homologs of Escherichia coli BolA proteins, may
represent such common actors. In their Perspective paper, Rey
et al. speculate that glutaredoxins, alone or in complex with
BOLAs, may function in the maintenance of iron homeostasis in
plants. More evidence for a specific function in iron signaling has
accumulated for a small family of hemerythrin E3 ubiquitin
ligases unique to the green lineage. HRZ (Hemerythrin RING
Zinc finger) proteins in rice and their homologs BTS (BRUTUYS)
and BTSL (BRUTUS-LIKE) in Arabidopsis modulate the activity
of specific transcription factors in a negative feedback loop, and
are critical in avoiding the uptake of toxic amounts of iron. In
their mini review, Rodriguez Celma et al. provide an overview on
what is known about the putative function in iron sensing and
signaling of this enigmatic group of regulators.

Plant growth-promoting bacteria can trigger both induced
systemic resistance (ISR) and a partial iron deficiency response,
indicating overlap in the regulation of the two processes. Infection
with growth-promoting bacteria improves plant growth, increases
iron content, and boosts plant defenses, conferring resistance to
pathogens and pests. Romera et al. review the available data on
this “ironic liaison,” and investigate the possibilities to use
ISR-eliciting microbes as both pesticides and iron fertilizers in a
more sustainable agriculture.

Kaisalam et al. took a different approach toward the dissection
of iron signaling pathways. The authors identified two small
molecules, referred to as R3 and R6, through a chemical screen
and showed that both molecules efficiently compromised the
iron deficiency response of Arabidopsis, likely by targeting
different signaling pathways. While R6 influences the IVc clade
of bHLH proteins, R3 appears to affect a so far unexplored route
toward the transcription factor FIT.

Post-translational modifications of lysine residues of core
histones such as acetylation or methylation are a key component
of eukaryotic gene regulation. Park et al. proposed that PRC2
(Polycomb Repressive Complex 2)-mediated methylation of lysine
27 of histone 3 attenuates the induction of FIT target genes,
restricting iron uptake to avoid possible overload. The authors
conclude that this epigenetic feature prevents maximum induction
of genes involved in iron acquisition, providing an additional
mechanism to fine-tune gene activity.

MicroRNAs (miRs) are a further node in the iron-signaling
network. Carrio-Segui et al. show that miR408 targets laccase-like
multicopper oxidases with putative promiscuous activities
interfering with the redox homeostasis and, ultimately, with
iron signaling. The study further show that modifying miR408
levels resulted in complex phenotypes characterized by increased
oxidative stress, altered lignification and, as a consequence of the
latter, compromised metal transport.
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LIAISONS DANGEREUSES: INTERACTION
OF IRON WITH OTHER MINERALS

The iron homeostasis network is sophisticatedly interwoven
with the uptake and transport of other mineral nutrients, often
in an antagonistic manner. Lucena et al. addressed such
interactions between iron and phosphate and found that
deficiencies in one nutrient resulted in transitory induction
of the expression of genes encoding proteins involved in the
uptake of the other. The authors speculate that this induction
is possibly triggered by phloem signals originating in the
shoots that interact with hormones to balance the uptake of
mineral nutrients from the soil. An antagonistic crosstalk
between iron and phosphate signaling was also reported
with respect to the accumulation of catecholic coumarins
(Chutia et al.). The authors show that phosphate availability
directly influences iron deficiency-induced accumulation
of coumarins, a process that appears to reflect crosstalk
between the regulators controlling the responses to iron and
phosphate deficiency.

Similar to what have been previously reported for strategy I
plants, Nicolic et al. observed an ameliorative effect of silicon on
iron deficiency stress in barley, a plant with predominant
Strategy II iron acquisition. Silicon significantly modulated the
expression of Strategy II genes and increased the total iron
content in the youngest leaves, which was associated with a
lower ROS level, elevated APX and CAT activities, and increased
chlorophyll levels. Moreover, silicon improved root-to-shoot
iron translocation, resulting in an increased iron content in the
youngest leaves.

Studying environmental cues such as Fe deficiency in
isolation covers the processes that orchestrate the hierarchy of
responses to simultaneously perceived signals and stresses. Terri
Long’s group developed an image analysis pipeline to extract
spatiotemporal metrics of GFP signals showed that subjecting the
plants to both heat stress and iron deficiency affected the
spatiotemporal function of the mitosis marker CYCBI;l
antagonistically, suggesting interplay between stress pathways
when plants are exposed to multiple environmental factors that
may modulate the response that is observed in experiments that
singles out a specific stimulus (Buckner et al.).

TOO MUCH TO HANDLE: STRATEGIES TO
AVOID IRON TOXICITY

If in excess, iron can react with hydrogen peroxide and trigger
the formation of harmful hydroxyl radicals through Fenton
chemistry. The free iron concentration drastically increases
with decreasing redox potential, as it is the case for instance in
flooded soils. Although genetic variation in iron tolerance
suggests the evolution of adaptive strategies to cope with high
external iron levels, the mechanisms underlying such adaptations
have not yet been fully elucidated. Stein et al. speculated that
natural variation in iron toxicity tolerance across rice cultivars is
related to the composition of the root cell wall. The authors

demonstrate that increased lignification in the outer layers of the
cortex and in the vascular bundle may alter iron permeability,
radial diffusion, and root-to-shoot translocation of iron,
ultimately leading to a higher tolerance to high external iron
levels. Also the interaction of iron with other nutrients appears to
be important for coping with high iron levels. Wu et al. reported
that the inward potassium ion (K") channel OsAKT1 affects the
translocation of iron from roots to shoots, a process that is
contributing to the tolerance to iron toxicity. Loss-of-function
mutants of OsAKT1 exhibit altered K homeostasis, lower K*
concentrations, and hyperpolarization of the plasma membrane,
leading to decreased iron loading into the xylem. A further
important player in the tolerance of rice to high iron levels is
the vacuolar iron reductase OsFRO1, which maintains cellular
iron homeostasis by tuning the iron concentrations in the
cytoplasm and in the vacuole (Li et al.).

The metal chelator NA plays multifaceted roles in metal
homeostasis and appears also to be important to protect the
plant from iron overload. Aung et al. show that expression of the
rice NA synthase OsNAS3 strongly increased when plants were
subjected to excess iron levels; OsNAS3 knockout plants showed
reduced growth and severe leaf bronzing, resulting from
increased iron accumulation. The results demonstrate that NA
is important for mitigating excess iron and provide a new
perspective for the development of rice lines with improved
tolerance to excess iron availability soils.

THE MORE, THE BETTER?
FORTIFICATION OF PLANTS WITH IRON

More than 30% of the arable land are calcareous and potential
iron-deficient. Low iron content of crops is the main cause of
iron deficiency-induced anemia, the most common
micronutrient deficiency globally. Iron-biofortification denotes
the process of enhancing bioavailable iron in edible parts of
staple food by agronomic approaches, biotechnology techniques,
or conventional plant breeding. Biofortification is a promising
approach to combat micronutrient malnutrition, which affects
nearly one-third of the world’s population, particularly in
resource-limited settings.

Iron fertilizers are costly, not environmentally friendly, and
often inefficient. Iron-humic complexes have long been known to
promote iron nutrition in a multifaceted way by providing a
readily available iron form in the soil and by directly impacting
physiological and developmental programs. Zanin et al. review
the complex issue of how humic substances affect plant
performance and investigate the possibility to use iron-humic
complexes as an environmentally friendly source of iron
fertilizer. The supposition that increasing crop production
through innovative iron fertilizers is a promising alternative to
traditional iron fertilization is also supported by a study by Cieschi
et al. The authors describe the action of three iron-humic
nanofertilizers as a natural, low cost and environmental option to
improve iron uptake of soybean grown on calcareous soils by
providing iron over prolonged time periods.
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Editorial: Iron Nutrition and Interactions in Plants

Intercropping of fruit trees or crops with graminaceous plants
can have beneficial effects on the iron status of iron-inefficient
plants and has been proven useful for low-input/resource-limited
agricultural systems. Dai et al. review the effects and mechanisms
underlying the promotive effects on iron nutrition focusing on
Leguminosae/Gramineae intercropping systems. Intercropping
is particularly beneficial for calcifuge species adapted to acidic
soils. Blueberry, a calcifuge, develops severe iron deficiency
symptoms under alkaline conditions, drastically reducing plant
growth and yield. Intercropping with the grasses Festuca rubra
and Poa pratensis in combination with Fe-EDDHA applications
was found to be effective in increasing fruit load and yield of
blueberries while reducing the skin/flesh ratio and firmness of
the berries (Michel et al.).

Genetic biofortification, i.e. conventional breeding and
genetic engineering, is the topic of a mini review by Ludwig
and Slamet-Loedin. The authors summarize the problems and
advances of different biofortification strategies to enrich rice and
wheat grain iron to combat “hidden hunger.” Rice has employed
components of both strategy I and strategy II to acquire iron
from the soil. Masuda et al. reported that transgenic rice with
increased phytosiderophore production and Fe(III) reduction
activity conferred by introducing a gene cassette comprising a
regulator of the iron deficiency responses (IRO2), a barley IDS3
genome fragment to increase PS production, and a mutationally
reconstructed yeast ferric reductase exhibited enhanced tolerance
to iron-deficient conditions and significantly higher yield when
cultivated on calcareous soil.

The distribution of iron in seeds in a main determinant for its
bioavailability, which can be severely restricted by antinutrients
such as phytate that are localized in the same cellular
compartments. With the goal to investigate if iron can be

stored in phytate-free compartment such as plastids, Eroglu
et al. investigated metal localization in seeds of more than
twenty species using histochemical or X-ray based techniques.
The study revealed distinct seed iron storage patterns across
plant lineages. The authors further report that in Rosids iron is
concentrated in the innermost cell layers, the endodermis, and in
the cortex.
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The Transcriptional Control of Iron
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bHLH Transcription Factors?
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BPMPR, CNRS, INRA, Montpellier SupAgro, University of Montpellier, Montpellier, France

Iron is one of the most important micronutrients in plants as it is involved in many cellular
functions (e.g., photosynthesis and respiration). Any defect in iron availability will affect
plant growth and development as well as crop yield and plant product quality. Thus,
iron homeostasis must be tightly controlled in order to ensure optimal absorption of this
mineral element. Understanding mechanisms governing iron homeostasis in plants has
been the focus of several studies during the past 10 years. These studies have greatly
improved our understanding of the mechanisms involved, revealing a sophisticated
iron-dependent transcriptional regulatory network. Strikingly, these studies have also
highlighted that this regulatory web relies on the activity of numerous transcriptional
regulators that belong to the same group of transcription factors (TF), the bHLH (basic
helix-loop-helix) family. This is best exemplified in Arabidopsis where, to date, 16 bHLH
TF have been characterized as involved in this process and acting in a complex
regulatory cascade. Interestingly, among these bHLH TF some form specific clades,
indicating that peculiar function dedicated to the maintenance of iron homeostasis, have
emerged during the course of the evolution of the green lineage. Within this mini review,
we present new insights on the control of iron homeostasis and the involvement of bHLH
TF in this metabolic process.

Keywords: basic helix loop helix, bHLH, iron, homeostasis, Arabidopsis thaliana

INTRODUCTION

Iron (Fe) is one of the most important micronutrient elements in plants as it is involved in many
cellular functions (e.g., photosynthesis and respiration). Any defect in Fe availability will impact
plant growth and development as well as crop yield and plant product quality (Briat et al., 2015).
In order to cope with Fe shortage and recover Fe from soil, where it is in poorly
available forms, plants have evolved two strategies. The first one, strategy I, is used by all
dicots and non-graminaceous monocots. This strategy consists in rhizosphere acidification
via proton extrusion in order to promote Fe solubility and involves proton-ATPase such
as AHA2. The secretion by the root of Fe-mobilizing phenolic compounds facilitates this
process (Fourcroy et al., 2014, 2016). Fe’T is thus reduced into Fe?T by ferric chelate
reductases, such as FRO2 (FERRIC REDUCTION OXIDASE 2), prior to being transported
across the rhizodermis cell membranes by IRT1 (IRON-REGULATED TRANSPORTER 1)
(Brumbarova et al, 2015). The second strategy, strategy II, is used by graminaceous
species. This strategy consists in releasing phytosiderophores into the rhizosphere to chelate
Fe**t (Nozoye et al, 2011). Fe3*-phytosiderophores chelates are then transported into
the roots by the YELLOW STRIPE 1 transporter (Curie et al, 2001). If the machinery
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allowing plant Fe uptake from the soil is central for the
maintenance of Fe homeostasis, this is indeed not the sole
mechanism involved in this process. It also necessitates
several genes encoding proteins involved in Fe transport,
compartmentation and storage, at the cellular and subcellular
levels, throughout the entire plant body. Such complex
mechanism must thus be tightly regulated in order to avoid any
physiological situation that would be deleterious to the plant.

How, at the molecular level, plants control Fe homeostasis
has thus been a critical question for several years. This question
has been mostly addressed by studying plant response to Fe
deficiency, in particular in the model plant Arabidopsis thaliana.
These studies have highlighted that such response involves an
intricate network of basic helix-loop-helix (PHLH) transcription
factors (TF) (Figure 1). bHLH proteins form one of the largest
family of TFs found in plants that act as homo- or heterodimers to
regulate the expression of their target genes. In Arabidopsis, 133
members have been identified and divided into 12 clades (Heim
et al., 2003). From what is known on the role played by several
members of this family of TFs in plants, it appears that their
participation in the control of Fe homeostasis is unique by the
number of individual TFs and different clades that are involved
as well as by the intricacy of the network they form.

THE MOLECULAR REGULATION OF
PLANT IRON HOMEOSTASIS

The bHLH Regulatory Network

Upstream from the regulatory network involved in Arabidopsis
Fe deficiency response are four bHLH TFs belonging to the
clade IVc, namely bHLH34, bHLH104, bHLH105/ILR3 (IAA-
LEUCINE RESISTANT3), and bHLHI15 (Figure 1). These
four TFs, shown to interact in vivo in the form of homo-
or heterodimers, act as transcriptional activators of the plant
response to Fe deficiency and display partial redundant activities
(Zhang et al., 2015; Li et al,, 2016; Liang et al., 2017). Clade
IVc bHLH targets consist of bHLH47/PYE (POPEYE; clade
IVb) and four clade Ib bHLH genes (bHLH38, bHLH39,
bHLHI100, and bHLH101) (Colangelo and Guerinot, 2004; Wang
et al., 2007; Yuan et al, 2008; Wang N. et al,, 2013; Zhang
et al., 2015). PYE acts as a transcriptional repressor. For
example, PYE was shown to inhibit the expression of NAS4
(NICOTIANAMINE SYNTHASE 4), a key gene involved in
phloem-based transport of Fe to sink organs, and FRO3, a
Fe reductase located in root vasculature mitochondria (Jeong
and Connolly, 2009; Klatte et al., 2009; Long et al., 2010).
Interestingly, PYE can interact in vivo with bHLH104, ILR3,
and bHLH115 (Long et al., 2010; Zhang et al., 2015). Whether
or not these interactions play a role in the plant response
to Fe deficiency or in the control of Fe homeostasis is an
important question that remains to be elucidated. In contrast,
bHLH38, bHLH39, bHLH100, and bHLHI101 are partially
redundant proteins that function at the root epidermis as
positive regulators of FRO2 and IRTI. This activity relies on
their interaction with FIT (Fe-deficiency induced transcription
factor), a clade IIIa bHLH (Colangelo and Guerinot, 2004;

Yuan et al., 2008; Wang N. et al., 2013; Maurer et al,, 2014). FIT
expression is likely controlled, at least in part, by a feed forward
regulatory loop involving bHLH39 (Naranjo-Arcos et al., 2017).
bHLH6/MYC2 (clade IIle) is a master regulator of the jasmonic
acid (JA) signaling pathway whose activity differentially affects
the expression clade IVa bHLH (bHLH18, bHLH19, bHLH20,
and bHLH25) genes to modulate FIT protein accumulation (Cui
et al., 2018). This mechanism relies on the direct interaction of
clade IVa bHLHs with FIT in order to promote its degradation via
the 26S proteasome pathway (Cui et al., 2018). In addition, MYC2
is a JA-dependent repressor of FIT and clade Ib bHLH genes
expression, hence inhibiting FIT-dependent Fe uptake machinery
at the transcriptional and posttranslational levels (Cui et al.,
2018). Interestingly, bHLHI11, another clade IVb bHLH, was
recently proposed to be a negative regulator of FIT-dependent
Fe uptake mechanism effecting Fe levels in Arabidopsis plants
(Tanabe et al., 2018).

Altogether, this is 16 bHLH TFs out of the 133 present in
Arabidopsis that have been identified as involved in the control
of the Fe deficiency response, which represent more than 12%
of the members of this large family of TFs (Heim et al., 2003).
Indeed, orthologous members from the above-described clades
were identified in other strategy I plant species such as tomato,
apple, or soybean (Ling et al., 2002; Du et al., 2015; Zhao et al,,
2016b; Li et al., 2018). In soybean, it is likely that the orthologs
of FIT (GmbHLHS57) and clade Ib bHLH (GmbHLH300) genes
may also play a role in nodules, a tissue where several enzymes
involved in symbiotic nitrogen fixation require Fe for their
activity (Tang et al., 1990; O’Hara, 2001; Li et al., 2018). With the
exception of FIT, which is specific to strategy I plants, orthologs
of several bHLH are present in strategy II plants, indicating that
the regulatory cascade controlling plant response to Fe deficiency
is mostly conserved within the plant kingdom. For instance,
orthologs of clade Ib (OsIR0O2), IVc (OsPRI1), PYE (OsIRO3) and
MYC2 (OsMYC2) genes have been characterized in rice (Ogo
et al., 2007; Zheng et al., 2010; Ogawa et al., 2017; Zhang et al,,
2017). However, no orthologous bHLH TF in strategy I plants
has been described so far for OsbHLH133, another regulator
of the Fe deficiency response in rice (Wang L. et al., 2013). Is
OsbHLH133 function specific to strategy II plants as it is the case
for FIT in strategy I plants? Protein sequence analysis tends to
indicate that OsbHLH133 is closely related to the bHLH clade
VIIIc and thus it might be that this clade plays a role in the
control of Fe homeostasis in both strategy I and II plants. If this
hypothesis is verified, it will certainly render more complicated
our understanding of this transcriptional regulatory network.
Indeed, it is not the complexity of this network that is intriguing
considering that any defect in the control of Fe homeostasis
might be deleterious to the plants. The main question is why
so many bHLHs are involved in this process? If it is difficult to
answer this question, the involvement of a large number of TFs
from one family in a specific process has already been described.
This is the case with the R2R3-MYB family where at least 19
members out of 122 (about 16%) are involved in the control of
the phenylpropanoid pathway (Dubos et al., 2010; Zamioudis
et al.,, 2014; Xu et al., 2015). From these observations it would
be tempting to speculate that during the course of the evolution
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FIGURE 1 | bHLH-dependent transcriptional regulatory network controlling the iron deficiency response in Arabidopsis thaliana.

of the green lineage, TF families have evolved specialized roles,
in which plant Fe homeostasis would be mostly regulated by TFs
belonging to the bHLH gene family.

How these bHLH TFs interact with the cis-regulatory
sequences usually present in the promoter of their target genes
is an important question considering that (i) each bHLH must
specifically recognized its own target and (ii) the number
of bHLH involved in this complex network. Indeed, it is
well known that bHLH TF bind to specific DNA motifs
(CANNTG) named E-box, and in particular to the canonical
CACGTG sequence, named G-box (De Masi et al., 2011). For
instance, chromatin immunoprecipitation assays showed that
PYE, bHLH104, bHLH115, ILR3, and FIT preferentially bound
to the promoter of their target genes in region that contain E-box
or G-box (Long et al, 2010; Zhang et al, 2014, 2015; Liang
et al, 2017). Similar observations were made, using biochemical
approaches, for MdbHLH104 and OsPRI1 (Zhao et al., 2016a;
Zhang et al., 2017). Interestingly, it was demonstrated that the
genomic regions flanking E-box binding sites influence the DNA

binding specificity of TFs (Gordan et al., 2013; Ezer et al., 2017).
This is for example the case for OsIRO2 that binds preferentially
to CACGTGG motif (Ogo et al., 2007). Hence, despite the fact that
several direct target genes have been identified for most of the
bHLH involved in the transcriptional control of Fe homeostasis
and the fact that it is possible to infer the E-box sequence
recognized by a given bHLH dimer based on bHLH domain
compositions (De Masi et al., 2011), very little is known on the
actual bHLH/DNA interactions.

The Other Actors Involved in the
Transcriptional Control of Plant Fe
Homeostasis
Additional TFs, from several gene families, involved in the
control of Fe homeostasis in both strategy I and strategy II plant
species, have also been characterized.

MYB10 and MYB72, two R2R3-MYB TFs whose expression
is partially dependent on FIT, are involved in Fe acquisition

Frontiers in Plant Science | www.frontiersin.org

January 2019 | Volume 10 | Article 6


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Gao et al.

Transcriptional Control of l[ron Homeostasis in Plants

and distribution by notably regulating the expression of BGLU42
and NAS4 (Palmer et al.,, 2013; Stringlis et al., 2018). A closely
related apple R2R3-MYB, MdMYB58, was recently reported
as potentially involved in the control of Fe transport and
tissue partitioning. It is proposed that MdMYB58 activity is
repressed by its heterodimerization with MdSAT1, a clade IVa
bHLH (Wang et al., 2018). WRKY46 plays a critical role in
Fe translocation from root to shoot by directly repressing the
expression of VITL1/VTLI (vacuolar iron transporter like 1) (Yan
etal., 2016). ERF4 and ERF72 (AP2/ERF TFs) play negative roles
in plant response to Fe deficiency by inhibiting the expression of
genes involved in Fe uptake such as IRT1 or AHA2 (Liu et al,
2017a,b). Two TFs (EIL family) involved in ethylene signaling
(EIN3, ETHYLENE INSENSITIVE 3 and EIL1, ETHYLENE
INSENSITIVE 3 LIKE 1) and ZATI12 (a C2H2-type plant-
specific zinc finger TF) are also involved by modulating FIT
stability (Lingam et al., 2011; Le et al., 2016). Two MYB-CC
TFs (PHR1, PHOSPHATE STARVATION RESPONSE 1 and
PHLI, PHR1-LIKE 1), that play a central role in the phosphate
deficiency response, regulate the expression of the main Fe
storage ferritin gene in Arabidopsis (AtFERI), indicating that
they act as integrators of both the phosphate and Fe signaling
pathways (Bournier et al., 2013).

IDEFI (ABI3/VP1 family) is an early regulator of Fe deficiency
response in rice that directly binds to divalent metals suggesting
that IDEF1 is a cellular sensor of metal ion balance caused by
changes in Fe availability (Kobayashi et al., 2009, 2012). IDEF2
(NAC family) and OsARF16 (ARF family) play also critical roles
in the control of Fe homeostasis in rice by modulating the
expression of Fe-related genes and by integrating auxin signals,
respectively (Ogo et al., 2008; Shen et al., 2015).

THE MOLECULAR REGULATION OF THE
TRANSCRIPTIONAL REGULATORY
CASCADE CONTROLLING IRON
HOMEOSTASIS

Post-translational Regulation of bHLH
TFs

Iron deficiency results in a transcriptional response that leads
to the activation of the Fe uptake machinery, which could
lead to a Fe overload if it becomes suddenly available or to
a toxic overaccumulation of other divalent metals (e.g., Zn,
Mn, and Cd) due to the low specificity of IRT1. To cope
with this, plants have developed posttranslational mechanisms
such as the continuous recycling of IRT1 (Barberon et al.,
2011, 2014). In addition, in Arabidopsis, IRT1 phosphorylation
and ubiquitination leads to its internalization and subsequent
degradation, a process that is triggered by direct binding of IRT1
to non-Fe metals (Ivanov et al., 2014; Dubeaux et al., 2018).
However, maintaining Fe homeostasis requires also to tightly
regulating, at the posttranslational level, the TFs involved in this
process.

Fe-deficiency induced TF posttranslational regulation has
been extensively investigated in Arabidopsis. For instance, it

was shown that FIT heterodimerization with clade IVa bHLH
promotes its degradation via the 26S proteasome pathway,
whereas its interaction with clade Ib bHLH promotes its stability
(Cui et al., 2018). FIT interaction with EIN3 or EILI also
promotes its stability and contributes to Fe acquisition during the
early stage of Fe deficiency (Lingam et al., 2011). In contrary, FIT
interaction with ZAT12 has an inhibitory effect on its function
when plants are grown under Fe sufficiency or prolonged Fe
deficiency conditions (Le et al., 2016).

Several ubiquitin E3 ligases targeting bHLH TFs involved in
the response to Fe deficiency have been characterized. BRUTUS
(BTS), whose expression is induced upon Fe deficiency, is
thought to be a Fe-sensing negative regulator in Arabidopsis
(Selote et al., 2015). In vitro analyses suggest that BTS
restricts the accumulation of ILR3 and bHLHI115 through its
RING E3 ligase activity and mediates their 26S proteasomal
degradation (Selote et al., 2015). Whether the interaction of
bHLH104 with BTS participate to its degradation remains to be
demonstrated (Selote et al., 2015). The identification of two BTS
ortologues in rice, namely OsHRZ1 [HEMERYTHRIN MOTIF-
CONTAINING REALLY INTERESTING NEW GENE (RING)
AND ZINC-FINGER PROTEIN 1] and OsHRZ2, suggests that
BTS function is conserved in strategy II plants (Kobayashi
et al, 2013). In addition to BTS, two closely related RING E3
ligases named BTSL1 and BTSL2 (BRUTUS LIKE 1 and 2)
are proposed to negatively regulate the Fe deficiency responses
by directly targeting FIT, leading to its degradation (Sivitz
et al., 2011; Hindt et al., 2017; Rodriguez-Celma et al., 2018).
Interestingly, it was shown in apple that a cullin-based E3
ligase mechanism, involving two BTB-TAZ proteins (MdBT1
and MdBT2) and MdCULS3, target MdbHLH104 for ubiquitin-
dependent degradation via the 26S proteasome (Zhao et al.,
2016a). Unlike BTS and the E3 ligase degrading FIT, MdBT
expression and protein accumulation is induced when Fe
availability is not limiting, leading to MdbHLH104 degradation
(Zhao et al., 2016a). In addition, MdbHLH104 sumoylation, by
the SUMO E3 ligase MdSIZ1, promotes MdbHLH104 stability,
especially when Fe availability is scarce (Zhou et al., 2018). These
findings suggest that the degradation of the bHLHs involved
in the plant response to Fe availability may require two types
of ubiquitin E3 ligases and that sumoylation may also have an
important role in this process.

bHLH Promoter Activity and Protein

Localization
Iron uptake and translocation to the whole plant body requires
coordinating the expression of several structural genes within and
between the different cell types of roots that is achieved by the
involvement of several TFs, in particular bHLHs (Figure 2).
Clade IVc bHLHs analysis of promoter activity revealed a
specific expression in the stele (pericycle) of the root in the
maturation zone (Li et al, 2016; Liang et al, 2017). Root
tip expression was also detected except for bHLHI15, whereas
ILR3 was the sole bHLH from this clade to be expressed in
the elongation zone of root tips and early lateral roots. These
differences suggest that non-redundant biological functions may
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FIGURE 2 | Schematic representation, based on previous studies, of expression (promoter activity) and localization (GFP fusion) pattern of transcription factors
involved in the response to iron deficiency, in the maturation zone of the A. thaliana roots.
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exist between the members of this clade (Liang et al., 2017). For
instance, ILR3 was shown to participate in the plant response
to biotic and abiotic stresses (Samira et al., 2018). Perivascular
expression has also been observed in the aerial part of the plants
(i.e., hypocotyl and leaves) (Rampey et al., 2006; Zhang et al.,
2015; Li et al, 2016; Liang et al., 2017). Promoter activity of
PYE is similar in roots to that of bHLHI115. In these cells PYE
represses the expression of NAS4 and FRO3, modulating Fe
translocation to the above ground part of the plant (Long et al.,
2010). Clade Ib bHLHs (except bHLH101 whose promoter is not
active in roots) were expressed throughout the root including the
stele cells, which was in contrast with the expression pattern of
their regulators, the clade IVc bHLH TFs (Wang et al.,, 2007).
Clade Ib bHLHs promoter activity was essentially detected in the
epidermis in the maturation zone, in the epidermis and inside
the roots in the upper part zone (but not in the stele), and at
the lateral root emergence site. However, a comparable pattern
of expression with clade IVc bHLHs was observed in leaves. The

apparent discrepancy observed in roots between the expression
of clade Ib bHLHs and their transcriptional regulators suggests
that clade IVc bHLH TFs may act in various cell types and thus
have the ability to move from one cell type to another. In a
recent study, it was shown that ILR3 protein is present in all
root cell type when Fe availability is scarce (Samira et al., 2018).
If this observation supports the hypothesis that ILR3 may move
from the stele to other cell layers, it cannot be excluded that the
promoter of ILR3 is not sufficient for proper ILR3 expression,
and that sequences present in the coding region (e.g., introns)
might be required. Interestingly, the pattern of PYE accumulation
in root cells is similar to that of ILR3 (Long et al., 2010). The
fact that ILR3 and PYE are present in the same cell layers and
interact in vivo suggest that PYE function in the plant response
to Fe deficiency might be tightly connected to ILR3 activity
(Long et al., 2010; Selote et al., 2015). What would be the role
of such heterodimers is still a matter of debate. Nevertheless, if
the inter cellular trafficking of these two TFs was proven to be
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true, decrypting the underlying mechanisms would be the next
challenge.

Fe-deficiency induced TF expression is mostly restricted to
root tissues. At the rhizodermis, FIT expression overlaps those
of its bHLH interacting partners from clade Ib (Colangelo and
Guerinot, 2004; Jakoby et al., 2004). This is in agreement with
the heterodimerization of FIT with clade Ib bHLHs to regulate
the expression of Fe mobilization genes such as IRT1 and FRO2.
Two other TFs whose expression is partly regulated by FIT in
response to Fe deficiency, namely MYB10 and MYB72, are mainly
localized at the rhizodermis where they control the expression of
BGLU42 (Zamioudis et al., 2014). In the maturation zone, FIT
is expressed in the epidermis and throughout the stele (Jakoby
etal., 2004). Clade IVa bHLHs promoter activity is specific to the
stele, a tissues where the repressive role of the encoded proteins
on FIT stability is counteracted by FIT heterodimerization with
clade Ib bHLHs (Cui et al., 2018). In the aerial part of the plant,
clade IVa expression follows the vasculature as it is the case for
ILR3 or clade Ib bHLHs.

CONCLUSION

To date several TFs involved in the control of Fe homeostasis
have been characterized and several molecular connections have
been identified. However we still do not know how the expression
of the most upstream TFs of this network is regulated (i.e., FIT,
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Small-Molecules Selectively
Modulate Iron-Deficiency Signaling
Networks in Arabidopsis

Sakthivel Kailasam, Wei-Fu Chien and Kuo-Chen Yeh*

Agricultural Biotechnology Research Center, Academia Sinica, Taipei, Taiwan

Plant growth requires optimal levels of iron (Fe). Fe is used for energy production,
numerous enzymatic processes, and is indispensable for cellular metabolism. Recent
studies have established the mechanism involved in Fe uptake and transport. However,
our knowledge of Fe sensing and signaling is limited. Dissecting Fe signaling may be
useful for crop improvement by Fe fortification. Here, we report two small-molecules, R3
and R6 [where R denotes repressor of IRON-REGULATED TRANSPORTER 1 (IRT1)],
identified through a chemical screening, whose use blocked activation of the Fe-
deficiency response in Arabidopsis thaliana. Physiological analysis of plants treated with
R3 and R6 showed that these small molecules drastically attenuated the plant response
to Fe starvation. Small-molecule treatment caused severe chlorosis and strongly
reduced chlorophyll levels in plants. Fe content in shoots was decreased considerably
by small-molecule treatments especially in Fe deficiency. Small-molecule treatments
attenuated the Fe-deficiency-induced expression of the Fe uptake gene IRT1. Analysis of
FER-LIKE IRON-DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) and subgroup
lb basic helix-loop-helix (bHLH) gene (bHLH38/39/100/101) expression showed that
R3 affects the FIT-network, whereas R6 affects both the FIT and Ib bHLH networks.
An assessment of the effects of the structural analogs of R3 and R6 on the induction
of Fe-dependent chlorosis revealed the functional motif of the investigated chemicals.
Our findings suggest that small-molecules selectively modulate the distinct signaling
routes that operate in response to Fe-deficiency. R3 and R6 likely interrupt the activity of
key upstream signaling regulators whose activities are required for the activation of the
Fe-starvation transcriptional cascade in Arabidopsis roots.

Keywords: Arabidopsis thaliana, chemical biology, iron deficiency signaling, iron homeostasis, small-molecules

INTRODUCTION

Many cellular functions occurring during plant growth and development depend on iron (Fe)
availability; therefore plants regulate Fe homeostasis by tightly controlling its uptake and allocation.
Fe, although abundant in soil, is not so readily available to plants in soils with high pH due to
poor solubility (Colombo et al., 2014). Hence, plants employ different mechanisms for efficient
acquisition of Fe from soil. To date, two mechanisms have been identified in higher plants, namely
Strategy I or the reduction strategy and Strategy II or the chelation strategy (Kobayashi and
Nishizawa, 2012; Connorton et al., 2017) for Fe acquisition.
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Arabidopsis uses Strategy I mode to acquire Fe from soil
(Kobayashi and Nishizawa, 2012). For Fe uptake, large amounts
of coumarins, facilitated by PLETOTROPIC DRUG RESISTANCE
9 (PDRY) (Fourcroy et al., 2014; Clemens and Weber, 2016) and
protons, mediated by HT-ATPASE 2 (AHA2) (Santi and Schmidt,
2009) are pumped into the rhizosphere. These processes help to
solubilize and mobilize the insoluble ferric Fe (Fe’*) in the
rhizosphere (Chen et al., 2017; Jeong et al., 2017). Arabidopsis
then reduces the soluble Fe>T into ferrous Fe (Fe?t) by the
action of FERRIC REDUCTASE OXIDASE 2 (FRO2) (Robinson
et al.,, 1999) at the cell surface. And the IRON-REGULATED
TRANSPORTER 1 (IRT1), a plasma membrane localized divalent
cation transporter, then imports ferrous Fe from the extracellular
space (Connolly et al., 2002; Vert et al., 2002).

Iron uptake and transport is coordinated by the actions
of transcription factors. Several basic helix-loop-helix (bHLH)
transcription factors are involved in orchestrating Fe transport
and utilization. A subgroup of IIla bHLH member, FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR
(FIT) is involved in controlling the Fe uptake via regulating the
expression of IRT1 and FRO2 (Colangelo and Guerinot, 2004;
Jakoby et al., 2004; Yuan et al., 2005). Members of subgroup Ib of
the bHLH proteins (bHLH38/39/100/101) redundantly interact
with FIT and control the Fe uptake-associated genes (Wang
etal., 2007, 2013; Yuan et al., 2008). Recent studies have revealed
the upstream transcriptional regulation under Fe-starvation.
The subgroup IVc bHLH factors (bHLH34/104/105/115), form
heterodimers among themselves, directly regulate the expression
of Ib bHLH genes and indirectly regulate the expression of the
FIT (Zhang et al, 2015; Li et al., 2016; Liang et al.,, 2017).
The IVc bHLH protein levels are post-translationally controlled
by BRUTUS (BTS), a hemerythrin E3 ligase, via proteosomal
degradation (Selote et al., 2015). BTS has been proposed to be
involved in Fe sensing (Kobayashi and Nishizawa, 2015). BTS
negatively regulates the Fe-starvation responses. Hindt et al.
showed that the BTS paralogs, BTS LIKE1 (BTSL1) and BTS
LIKE2 (BTSL2) act redundantly as negative regulators of the Fe
starvation response (Hindt et al., 2017). Therefore, both positive
and negative regulators coordinately fine tune the plant responses
under the Fe starvation response.

To understand the optimal balance between positive and
negative regulation, it is important to shed light on the
signaling that is specific to each regulator (positive or
negative). By modulating selective signaling branches we might
be able to dissect the Fe starvation transcriptional network
and the related complicated transcriptional machinery. Many
molecules/metabolites such as sucrose, putrescine, nitric oxide
(NO) and S-nitrosoglutathione (GSNO), and the hormones auxin
and ethylene participate in the signaling process and positively
regulate Fe-deficiency transcription (Chen et al., 2010; Lin et al,,
2015; Lucena et al., 2015; Liu et al., 2016; Zhu et al., 2016;
Kailasam et al., 2018); whereas the hormones, cytokinin, abscisic
acid (ABA) and jasmonic acid (JA) act negatively on the network
(Liu et al., 2016; Cui et al, 2018). A recent study by Garcia
et al. (2018) discussed the different signaling modes, in the
form LODIS (LOng Distance Iron Signal) or LODIS-derived and
also via NO/GSNO, to the transcription factors. We previously

undertook a chemical screening and dissected the Fe-signaling
pathway using a small-molecule named R7 (Kailasam et al., 2018).
R7 blocked the transfer of the Fe-deficiency generated signal from
NO to the FIT by inhibiting the cellular levels of GSNO, a carrier
of NO bio-activity, whose levels are critical for the activation of
FIT expression. By using the small-molecule R7, we clarified the
signaling pathway from NO (Kailasam et al., 2018).

Despite these findings, the identity of the signal that is
transferred to transcription factors from NO is still unclear.
Moreover, it is not clearly known whether the Fe-dependent
signal is conveyed to the transcription factors through only
one route or through many routes. With this focus, we used a
chemical biology approach to further dissect the signaling routes
of Fe starvation response. The chemical screening undertaken
yielded two small-molecules named R3 and R6 (R denotes
Repressor of IRON-REGULATED TRANSPORTER 1), whose
actions during Fe-starvation are uncovered in this report. Small-
molecule treatment resulted in severe Fe-dependent chlorosis
and decreased Fe levels in shoots. R6 inhibited the expression
of both FIT and Ib bHLH genes whereas R3 only inhibited FIT
expression. Our finding clearly reveals that these small-molecules
modulate Fe-deficiency by targeting specific signaling branches
to central transcription factors, further suggesting that multiple
routes are used for transferring the Fe-deficiency born signals to
the central transcription factors in roots. Our work also highlights
that small-molecules can be used to decode novel signaling
pathways that modulate the transcription factors responsible for
Fe-deficiency.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis thaliana Col-0 and the reporter line Prorri:LUC
(Kailasam et al., 2018) were used. Seeds were surface-sterilized
for 4 min in 70% ethanol and treated for 8 min with 1.2% sodium
hypochlorite containing 0.02% SDS, finally washed several times
in double-distilled H,O. Two-day-stratified seeds were grown on
half-strength Murashige and Skoog (1/2MS) (Duchefa Biochemie)
medium supplemented with 2.3 mM MES, 1% sucrose and
0.7% type A agar (Sigma-Aldrich) (pH 5.8). For Fe-sufficiency
treatments [50 WM Fe(IT)-EDTA], !/2MS was used. For the Fe0
condition, Fe was omitted [!/2MS containing 0 uM Fe(II)-EDTA],
whereas for the —-Fe condition, 100 wM FerroZine was added to
the Fe0 medium. For small molecule treatment, the indicated
concentration was added in the medium, whereas in mock
treatments dimethyl sulfoxide (DMSO) was added. All plants in
this study were grown under a 16-h light/8-h dark photoperiod at
23°C.

Small Molecule Screening

The small molecules R3 and R6 were isolated by screening
DIVERSet library (ChemBridge, United States) for inhibition
of Projrr1:LUC expression (Kailasam et al., 2018). Briefly, the
DIVERSet library compounds were dissolved in DMSO and
added a final concentration of 100 pM to 48-well plates
containing —Fe medium. Two to three !/2MS-grown-seedlings of
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5 day old were transferred to the wells. Two days after treatment,
plants were subjected to luminescence analysis. For luminescence
assay, plants were submerged in 0.5 mM luciferin solution that
contain 0.01% Triton X-100 and kept for 10 min in the dark.
The luminescence was then captured by using the IVIS Lumina
imaging system (Xenogen Corp., United States) with 1-min
exposure times.

Protein Isolation and Immunoblot

Total protein isolation and western blot analysis were conducted
according to (Shin et al., 2013). Ten-day-old seedlings underwent
a small-molecule treatment for 3 day before analysis. Small
molecules were used at a final concentration of 50 WM.
Total protein from roots was extracted by using protein
extraction buffer: 125 mM Tris-HCL (pH 6.8), 15% glycerol,
5.5% SDS, 0.05% 2-mercaptoethanol, and Protease Inhibitor
Cocktail (Roche). SDS-PAGE followed by western-blotting was
performed. Blots were probed with an anti-IRT1 antibody
(Shanmugam et al., 2011).

Chlorophyll Estimation

Nine-day-old seedlings that have been grown on !2MS media
were transferred onto !/~2MS (Fe50) or Fe0 media with 0 or
50 uM small molecules. After a 9-day treatment, the leaves were
harvested and their fresh weight was measured. Total chlorophyll
was extracted in 1.0 ml of 80% acetone at 4°C in the dark for
12-16 h until the leaves became white. The clear supernatant
was then analyzed in a spectrophotometer (Power Wave XS; Bio-
TEK) at 470, 646, and 663 nm spectra. The total chlorophyll
content was calculated according to (Wellburn, 1994).

Determination of Elemental Contents

Tissue elements were estimated by inductively coupled plasma-
optical emission spectrometry (ICP-OES; OPTIMA 5300; Perkin-
Elmer) as described (Shanmugam et al., 2011). Ten-day-old
seedlings from !/2MS plates were transferred to !/2MS or Fe0
media containing 0 or 50 wM small molecules and grown for
10 days. Shoots were harvested and rinsed with 10 mM CaCl, for
20 min. After washing with de-ionized water, shoots were dried
at 70°C for 3 day, then digested with 1 ml 65% HNOj3; (Merck,
Tracepur) and 0.5 ml H,O, (Merck, Suprapur). Digested samples
were analyzed in ICP-OES for quantification.

Quantitative Reverse Transcription-PCR

For gene expression analysis, 9-day-old seedlings from !'/2MS
plates were transferred to }2MS or -Fe (1AMS without Fe?*-
EDTA and with 100 pM FerroZine) containing 0 or 25 WM small
molecules. After 3 days of treatment, the roots were harvested.
RNA isolation, complementary DNA (cDNA) synthesis and
quantitative reverse transcription-PCR (qPCR) analysis were
conducted according to manufactures protocol. In short, the
total RNA was extracted by using Total RNA isolation kit
(GeneDireX). The RNA samples were treated with gDNA
wipeout RNase-free DNase (Qiagen) at 42°C for 2 min for
genomic DNA contamination elimination. Approximately 1 pg
of total RNA was used for first-strand cDNA synthesis by using

a QuantiTect Reverse Transcription kit (Qiagen). 25 ng of RNA
was subjected for quantitative PCR (qPCR) using Fast SYBR
Green Master Mix (Applied Biosystems) in a 7500 Fast Real-
Time PCR instrument (Applied Biosystems). Three biological
replicates were used for the quantification of expression of
each gene. Each biological replicate was analyzed in triplicate.
Relative transcript levels were calculated by normalizing to
UBC21. Expression was calculated by using the formula 274 ¢T
(Schmittgen and Livak, 2008). The primers described (Zhang
et al., 2015) were used for bHLH100 and bHLHI01. The primers
described in (Shin et al., 2013) were used for IRTI and UBC21.
The primers described in (Shanmugam et al., 2015) were used for
FRO2 and FIT. The primers described in (Kailasam et al., 2018)
were used for b(HLH38 and bHLH39.

Statistical Analysis
All statistical significance was determined using Students t test
(P < 0.05) with SigmaPlot.

RESULTS

Small Molecules R3 and R6 Block
Fe-Deficiency-Induced IRT1 Expression

We previously employed a chemical screen on Projprr;:LUC
reporter lines and isolated a small-molecule named R7 (R
denotes repressor of IRON-REGULATED TRANSPORTER 1) that
represses the Fe-deficiency response in Arabidopsis (Kailasam
et al, 2018). This screen yielded two more small molecules
named R3 and Ré6. In this report, we analyzed the physiological
and molecular responses of plants to understand the role of
R3 and R6 in detail. R3 or R6 treatment inhibited the Fe-
deficiency-inducible Projrr1:LUC expression (Figure 1A). Small-
molecule treatment caused no luminescence in roots under Fe-
deficient medium as compared to mock-treated that showed
stronger luminescence. These results suggest that R3 and R6 may
modulate endogenous IRT1 expression.

First, to confirm that the small-molecule effect is not due to
dysfunctional Projgr:LUC under the treatment, we analyzed the
endogenous IRT1 level under both Fe sufficient and deficient
conditions (Figure 1B). As expected, the IRT1 protein was
accumulated under Fe deficiency in mock treatment, whereas
R3 or R6 treatment abolished the IRT1 accumulation. This
indicates that R3 and R6 (Figure 1C) block the accumulation of
Fe-deficiency-induced IRT1 protein.

R3 and R6 Cause Severe Fe-Deficiency
Chlorosis

Iron deficiency in the environment causes chlorosis and affects
the chlorophyll level in plants. To investigate the effect of
small-molecule treatment on plant photosynthetic capacity under
Fe starvation, phenotypic analysis was conducted (Figure 2).
Compared to mock plants whose leaves were pale-green
when grown under Fe-limited conditions, small molecule-
treated plants were highly chlorotic (Figure 2A). We further
measured the chlorophyll level in both Fe sufficient and deficient
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FIGURE 1 | Small-molecules block Fe-deficiency response. (A) Small-molecules inhibit Projzr1:LUC expression. 6-days 1/2MS-grown plants were treated for 3 days
under +Fe or —Fe media in the presence or absence of 50 pM indicated small-molecules. (B) IRT1 protein accumulation in response to small-molecules. The
10-days 1/2MS-grown plants were treated for 3 days under +Fe or —Fe in the presence or absence of small-molecules. IRT1 protein was detected in total protein
extract of roots using an anti-IRT1 antibody. Samples were separated in the same gel. CB, coomassie blue stain. (C) The 2D structure of small-molecules. R3,
N-[4-(1,3-benzothiazol-2-yl)-2-methylphenyl] acetamide; R6, 2-benzoyl-1-benzofuran-5-carboxylic acid.

conditions. The small molecule treatment caused a decrease in
levels of chlorophyll even under Fe-sufficiency and the levels were
drastically reduced under Fe-limited conditions (Figure 2B).
These data indicate that R3 and R6 perturb the physiological
responses to Fe starvation.

Small-Molecule Treatment Affects Metal
Content

Perturbation in cellular levels of metals often results in chlorosis
(Vert et al., 2002). R3 and R6 caused chlorosis; therefore, we next
analyzed the cellular level of Fe in response to small molecule
treatment (Figure 3). Under Fe sufficiency, R6 treatment did not
alter the shoot Fe level, whereas R3 treatment led to a decrease
in shoot Fe level (Figure 3A). In Fe-limited medium, the mock
treatment showed reduced Fe levels, as expected. The small-
molecule treatment caused a drastic reduction in the levels of
shoot Fe under Fe-limited conditions. Since, IRT1 also transports
manganese (Mn) and zinc (Zn), we then measured Mn and Zn
levels. The Mn levels were significantly decreased in response
to small molecule treatment under both Fe-sufficiency and -
deficiency (Figure 3B). R3 or R6 treatment did not alter the Zn
levels in shoots (Figure 3C). These data indicate that R3 and R6
treatment affect cellular metal contents, particularly Fe.

Fe-Acquisition Genes Are Down

Regulated in Small-Molecule Treatments
The above findings suggested that small-molecule treatment
might impair the transcription of genes involved in Fe uptake.
To test this, we measured the expression levels of Fe-uptake-
associated genes, IRT1, FRO2 and FIT, in response to small
molecule treatment in roots. Loss-of-function mutants of these
genes display a decrease in cellular Fe levels and chlorosis.
We found that IRTI, FRO2, and FIT expression was induced
51.4-, 60.7- and 5.4-fold, respectively by Fe-deficiency in mock-
treated plants (Figure 4). The small-molecule treatment strongly
inhibited the transcripts of these genes under Fe-deficiency.
These results indicate that R3 and R6 inhibit the molecular
response to Fe-deficiency by affecting the central transcription
factor.

R3 and R6 Are Involved in Different

Signaling Branches of Fe-Deficiency

FIT forms a dimeric complex with members of the Ib bHLH
factors (bHLH38/39/100/101) to regulate the expression of Fe-
uptake genes, IRT1 and FRO2. Fe-deficiency also induces the
transcripts of Ib bHLH genes. Hence, we wondered whether small
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FIGURE 2 | Small-molecules cause severe Fe-deficiency chlorosis.

(A) Phenotype of plants with small-molecule treatments. 9-days '/2MS-grown
plants were transferred to Fe50 or FeO media for 9 days in the presence or
absence of 50 wM indicated small-molecules. (B) Total chlorophyll content of
plants under small-molecules treatment. Plants were treated as in (A). Data
are mean + SD (n = 5). *, significant change vs. mock at P < 0.05 by
Student’s t test. FW, fresh weight.

molecule treatment deregulates the expression of these genes as
well or not. Expression analysis of bHLH38/39/100/101 revealed
that their transcripts are indeed induced in mock-treated plants
under Fe-deficiency (Figure 5). Interestingly the R3 treatment
did not influence the transcript levels of Ib bHLH genes under
Fe-deficiency whereas R6 treatment inhibited the expression.
The R6 inhibition level was 29.4, 17.6, 41.8, and 58.0% of the
mock treatment for bJHLH38, bHLH39, bHLH100, and bHLH101,
respectively. These data indicate that R3 is not involved in
the pathway for Ib bHLH gene expression whereas R6 is and
further implies that small molecules R3 and R6 modulate the
Fe-deficiency transcriptional networks selectively.

The reduced expression of Fe-deficiency response
transcription factors under small molecule treatment could be the
result of defective signaling from plant hormones/metabolites.
Auxin, ethylene, NO and GSNO act as positive regulators and
exogenous applications of these substances are able to improve
plant molecular response and fitness under Fe-starvation. Hence,
we were interested in investigating whether providing these
substances could alleviate the inhibitory effects caused by R3 or
R6. We monitored the Projrri:LUC expression under R3, R6,
or R7, a small-molecule that blocks the signal from NO to FIT
(Kailasam et al., 2018). LUC expression was not rescued under
R3 or R6 treatment by providing any of the positive regulators
[naphthaleneacetic acid (NAA) or 1-Aminocyclopropane-
1-carboxylic acid (ACC) or GSNO] (Figure 6A). Under R7

treatment, supplying NAA or ACC did not rescue the LUC
expression either, but supplying GSNO alleviated the R7
inhibition as demonstrated previously (Kailasam et al., 2018).
Further we also measured the NO levels under these small-
molecule treatments (Figure 6B). There was sufficient NO level,
in fact higher, in roots under Fe deficiency upon treatment with
any of the small-molecules. These data suggest that R3 and R6
act independently or downstream of these positive regulators.

Plant Responses to Structural

Derivatives of R3 and R6

Next, to get in-depth insight into the core motif that is required
for the action of R3 and R6, structural analogs of the R3
and R6 were searched online in PubChem' and ChemSpider®.
We randomly selected some of the structural derivatives of
R3 and R6 (Table 1), and assayed them. Our results showed
that none of the four analogs of R3 assayed had any of the
parent activity (Figure 7). They did not produce any observable
phenotype under Fe limited conditions. In case of R6, one
analog, R6SD1, mimicked the R6 activity; in fact it produced
much stronger chlorosis and growth reduction than R6 under
both Fe-sufficiency and deficiency (Figure 8). In addition,
R6SD1 treatment diminished the IRT1 protein accumulation in
roots under Fe-deficiency (Figure 8C). The structural analogs,
therefore, may help to determine the active motif of the small
molecule.

DISCUSSION

Crop improvement toward fortification of Fe has great
significance for human health as large populations depend on
plant-feeds for dietary Fe. Enhancing Fe levels in plants is
therefore useful. In order to achieve this, however; an adequate
knowledge of Fe homeostasis is needed. Fe homeostasis in plants
is controlled through at least five cellular processes: uptake
systems, internal transport and distribution, utilization, storage,
and finally the regulation (Connorton et al., 2017). Of these
coordinated process, uptake is the most critical, that depends on
soil pH, redox environment and interactions with other minerals
(Colombo et al., 2014). To overcome this kind of environment
and for efficient uptake, plants have evolved sophisticated
mechanisms. Until now two systems for Fe-uptake, Strategy I,
and Strategy II have been identified (Kobayashi and Nishizawa,
2012). Much meticulous work has helped to establish the Fe
uptake and transport and the regulation process in Arabidopsis
(Brumbarova et al., 2015; Curie and Mari, 2017). However,
despite this knowledge, the precise sensing, both external and
internal, and the associated signaling for Fe availability is still a
poorly understood process.

Small-molecule-based chemical biology is an effective
approach to dissect the nutrient-starvation response, especially
signaling (Bonnot et al, 2016; Kailasam et al,, 2018). In the
current study, we investigated the role of two small-molecules,

Uhttps://pubchem.ncbi.nlm.nih.gov
Zhttp://www.chemspider.com
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FIGURE 3 | Small-molecules affect Fe levels in plants. Effect of small molecules on Fe (A), Mn (B), and Zn (C) contents in shoots. 10-days 1/2MS-grown plants were
treated with or without 50 M indicated small-molecules under Fe50 or FeO condition for 10 days. Levels of elements were measured by ICP-OES. Data are
mean + SD (n = 3). Significant differences compared with mock by Student’s t test: *, P < 0.05. DW, dry weight.

Student’s t test: *, P < 0.05.
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FIGURE 4 | The expression of Fe-acquisition genes is inhibited by small-molecules. gPCR analysis of expression of IRT7 (A), FRO2 (B), and FIT (C) in roots. 9-days
1/2MS-grown plants were transferred to +Fe or —Fe in the presence or absence of 25 WM indicated small-molecules for 3 days. The expression of UBC271 was used
to normalize mRNA levels. The gene expression levels in mock +Fe were set to 1. Data are mean + SE (n = 3). Significant differences compared with mock by

differences vs. mock by Student’s t test: *, P < 0.05.
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FIGURE 5 | The expression of Ib bHLH genes is deregulated by R6 but not by R3. gPCR analysis of expression of bHLH38 (A), bHLH39 (B), bHLH100 (C), and
bHLH101 (D) in roots. 9-days '/2MS-grown plants were treated for 3 days under +Fe or —Fe in the presence or absence of 25 pM indicated small-molecules. The
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R3 and R6 in Fe deficiency response (Table 1). R3 and R6
blocked Fe-deficiency induced IRT1 expression (Figure 1). The
induction of IRTI is important for coping with Fe-deficiency
(Connolly et al., 2002; Vert et al., 2002). Physiological analysis
revealed that R3 and R6 severely affected the chlorophyll levels
in plants and imparted stronger chlorosis under Fe-limited
conditions (Figure 2). This might be the result of reduced Fe
levels under small molecule treatment (Figure 3A). Interestingly,
under Fe sufficiency, R3-treated plants had a low Fe level
with apparent chlorosis as well. By contrast, R6 treatment
reduced the chlorophyll content, with no decrease in shoot
Fe level under Fe sufficiency (Figures 2, 3A). Hence, total
Fe level is not the only reason for chlorosis. The missing

link between Fe content and chlorosis was also observed in
the triple mutant bhlh39bhlh100bhIh101, which showed no
defective total Fe level in shoots but strong chlorosis (Maurer
et al.,, 2014). Treatment with R3 or Ré6 affected the Mn level
(Figure 3B). Surprisingly the Zn level, whose level is subjected
to increase under Fe-deficiency (Korshunova et al, 1999;
Vert et al.,, 2002), is not affected under both Fe-sufficient
and -deficient conditions (Figure 3C). One possibility for
the unchanged Zn levels in shoots is higher translocation
rate for Zn. Translocation of Fe, Mn and Zn is depends on
the metal-chelating nicotianamine (NA)/citrate levels in the
vasculature (Durrett et al., 2007; Schuler et al., 2012). Formation
of NA-Zn complexes over Fe and Mn could be favored under
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FIGURE 6 | GSNO or ACC or NAA did not rescue the inhibitory effect of R3 or
R6 on Fe-deficiency response. (A) Reverting small-molecule effect by GSNO,
ACC, and NAA. 8-days 1/2MS grown plants were transferred to —Fe medium
with 25 WM small-molecules in the presence or absence of 100 wuM GSNO or
10 wM ACC or 0.2 M NAA for 2-days. (B) NO level is not affected by R3 or
R6 or R7. 8-days '/2MS grown plants were transferred to —Fe with or without
50 pM R3 or R6 or R7 for 4-days. The NO was imaged in root tip using 5 uM
DAF-FM DA dye.

conditions of limited Fe and the limiting levels of vasculature
NA (Palmer et al,, 2013). If R3 or R6 treatment brings down
the levels of NA, then Zn would be the favorable substrate for
the translocation. Other possibility might account for is that
small-molecules may block the transport of metals in a selective
manner.

Many genes are strongly induced in response to Fe-deficiency
(Buckhout et al., 2009). Both R3 and Ré6 treatments inhibited
the expression of Fe-uptake-associated genes IRT1 and FRO2
(Figures 4A,B). This inhibition is due to low transcript levels of
central transcription factor FIT under Fe-deficiency (Figure 4C)
upon small molecule treatment. FIT is the central modulator
and is responsible for the activation of many Fe-deficiency-
associated genes in root epidermal cells (Mai et al., 2016).
We found that R6 downregulated the expression of Ib bHLH
genes, FIT-partners under Fe-deficiency, whereas R3 did not
(Figure 5). Our findings thus reveal that R3 and R6 may target

A Mock R3 R3SD1 R3SD2 R3SD3 R3SD4
Fe50 T

B

R3SD1 R3SD2 R3SD3 R3SD4

s HiC NH,

FIGURE 7 | Effect of R3 structural derivatives. (A) The structural derivatives
do not mimic the R3 effect. 9-days '/2MS-grown plants were transferred to
Fe50 or FeO medium for 9 days in the presence or absence of 50 uM
small-molecules. (B) The 2D structure of R3 structural derivatives.

the transcriptional response through distinct branches under Fe
starvation.

The expression of the transcription factors responsible
for Fe-deficiency is regulated by the upstream signaling
molecules. Any defect in the levels or activity of these
signaling-molecules causes decreased expression of transcription
factors, and exogenous supply increases the transcription factor
expression (Chen et al., 2010; Liu et al., 2016; Kailasam et al,,
2018). Based on our data, none of the signaling-molecules
(auxin/ethylene/GSNO) alleviated the inhibitory effects caused
by R3 or R6 when they were supplied externally (Figure 6). NO
levels were higher under R3 or R6 treatment than in the mock
(Figure 6C). This supports the notion that R3 and R6 work
downstream of auxin/ethylene/NO/GSNO, or alternatively that
a novel pathway to the transcription factor exists independent of
these hormones (Figures 4-6).

The observed decrease in expression of FIT and Ib bHLH
transcription factors under R6 treatment (Figures 4, 5) might
be due to a blocked signal passage from NO. It has been
demonstrated that NO acts immediately upstream to these
transcription factors but downstream of auxin (Chen et al,
2010; Garcia et al., 2010; Kailasam et al., 2018). Recently it has

TABLE 1 | Characteristics of small molecules.

Small molecule IUPAC name MW Molecular formula ChemSpider ID PubCem CID
R3 N-[4-(1,3-benzothiazol-2-yl)-2-methylphenyllacetamide 282.36 C1gH14N2OS 349964 394824
R3SD1 N-[4-(1,3-benzothiazol-2-yl)phenyl]-2-phenylacetamide 344.43 Co1H1gN2OS 1146425 1370084
R3SD2 N-(2-methylphenyl)acetamide 149.19 CoH11NO 10298354 -
R3SD3 1,3-benzothiazole 135.18 C7HsNS 6952 7222
R3SD4 Acetamide 59.06 CoHsNO 173 178

R6 2-benzoyl-1-benzofuran-5-carboxylic acid 266.25 C16H1004 6337783 8033570
R6SD1 1-benzofuran-2-yl(phenyl)methanone 222.24 Ci5H1002 21133775 -
R6SD2 (8-amino-1-benzofuran-2-yl)-phenylmethanone 237.25 C1s5H11NO» 746595 854225
R6SD3 (8-amino-6-nitro-1-benzofuran-2-yl)-phenylmethanone 282.25 C15H10N204 4239080 5061996
R6SD4 1-benzofuran 118.13 CgHsO 8868 9223
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FIGURE 8 | Effect of R6 structural derivatives. (A) The phenotype of plants under structural derivatives treatment. 9-days 12MS-grown plants were treated in Fe50 or
FeO for 9 days in the presence or absence of 50 pM small-molecules. (B) The 2D structure of R6 structural derivatives. (C) IRT1 protein accumulation in roots under
R6SD1 treatment. 10-days '/2MS-grown plants were transferred to +Fe or —Fe with or without R6SD1 for 3 days. IRT1 protein was detected using an anti-IRT1

antibody. CB, coomassie blue stain.

also been shown that IVc bHLH factors (bHLH34/104/105/115)
directly control the Ib bHLH gene expression and indirectly
control FIT (Zhang et al., 2015; Li et al., 2016; Liang et al,
2017). However, it is not clear whether or not IVc bHLH
transcription factors work under NO. Our previous study showed
that NO did not regulate the transcripts of IVc bHLH genes
suggesting that control could be post-translational (Kailasam
et al., 2018). One possibility that may account for the effect
of R6 is that R6 may target these IVc bHLH proteins thereby
reducing the expression of Ib bHLH and FIT genes (Figure 9).
If this is so, it will be worth investigating how R6 regulates I'Vc
factors.

Given that R3 treatment only affected the expression of
FIT and not the Ib bHLH transcription factors (Figures 4,
5) and together with the data in Figure 6, it is highly likely
that R3 targets the signaling route that is specific to FIT alone
(Figure 9). Similar inhibition of the expression of Fe-homeostatic
genes was also found with R7 treatment (Kailasam et al., 2018);
however, R7 possibly interrupts the signaling pathway from NO

to FIT. GSNO has been shown to be involved in mediating
the signal from NO specifically to the FIT (Kailasam et al,
2018); however, the precise mechanism and the signal identity
is unknown. As the external supply of GSNO did not rescue
the R3 inhibition of Projprr;:LUC expression (Figure 6), R3
may interrupt the signal downstream of GSNO or target an
independent unknown signaling pathway to FIT. We did not
find any structural similarity between R3 and R7. This suggests
the presence of multiple signal inputs for FIT, whose routes are
selectively and independently targeted by the structurally less-
related R3 and R7 compounds. Under Fe starvation, a wide range
of chemical signals coordinate and trigger the transcriptional
response (Liu et al, 2016). Some studies have suggested that
cellular Fe, especially the levels in leaf vasculature itself act
as a sensing/signaling component (Kumar et al., 2017; Garcia
et al,, 2018; Khan et al,, 2018). Based on these findings, together
with action of R3 and R7, it is clear that multilayered signaling
networks exist. Importantly, there is lot of interconnection
and feed-/forward-back between these signaling molecules, that
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FIGURE 9 | Proposed model for the possible action of R3 and R6 in
Fe-deficiency transcriptional-network of Arabidopsis. Fe-status determines
the BTS/BTSL stability/function. Under Fe deficiency, BTS is likely degraded,
thereby allowing the accumulation of IVc bHLH proteins, which activates the
transcription of /b bHLH genes (directly) and FIT (indirectly). R6 inhibits the
Fe-deficiency-stimulated expression of these IVc bHLH targets. R6 may block
the IVc bHLH function by directly affecting the stability or indirectly promoting
the degradation through BTS action. In addition to these signals, an unknown
Fe-deficiency born signal directly activates the FIT transcription. FIT forms
heterodimer with each member of Ib bHLH transcription factors and regulate
the Fe-uptake gene IRT7. R3 most likely intercepts this unknown signal, thus
repressing the FIT expression. Solid lines indicate data-supported information
from previous studies. Open arrow indicates translation. Proteins are
represented by colored-ovals and the genes are indicated by colored-boxes.

influence each other, levels and activity under Fe-starvation
(Garcia et al., 2011, 2018; Brumbarova et al., 2015; Liu et al.,
2016). Therefore, further study of R3 may reveal the identity of
a hidden unknown novel component that regulates the central
transcription factor FIT.

Assaying the structural analogs of R3 did not help us
to narrow down the active region of R3 and indicated that
modifying the R3 parent compound will lead to loss of activity
(Figure 7). R3 belongs to the benzothiazole class of compounds
(Figure 1C and Table 1). Benzothiazole derived compounds
are used in clinical studies and the benzothiazole moiety has
been widely used as a template structure for the development
of therapeutic agents (Ali and Siddiqui, 2013). However, the
core benzothiazole (R3SD3) structure alone did not mimic the
R3 effect and neither did the other R3 derivatives (Figure 7).
Therefore, it seems that the parent structure of R3 itself is
necessary for its activity. On the other hand, the structural
derivatives of R6 provided some clues about the core motif
required for the action of R6 (Figure 8). R6 is a benzofuran

class compound. Benzofuran is an important pharmacophore
and its derivatives are employed in medicinal chemistry for
a wide range of drugs (Khanam and Shamsuzzaman, 2015).
The benzofuran core (R6SD4) itself did not produce any
observable phenotype under Fe-limited conditions. However, one
structural derivative R6SD1 mimicked the R6 effect, in fact the
phenotype caused more effect than R6 (Figure 8). The main
difference between R6 and R6SD1 is that presence of a carboxylic
moiety (-COOH) at the fifth position of the benzofuran unit.
R6SD1 does not have a ~-COOH moiety. It should therefore be
worthwhile studying the effect of the -COOH moiety in R6 on
Fe-deficiency response. Further, characterizing many structural
analogs of R3 and R6 might help us to better understand
the core motif required for chemical activity, which will in
turn benefit identification of its cellular targets, an important
study.

CONCLUSION

The data presented here strongly support the view that small
molecules target signaling pathways in the Fe starvation
response network and specifically modulate a particular
pathway. This work also shows the usefulness of small-
molecules in dissecting known signal transduction pathway(s).
Furthermore, the selective inhibition of signaling pathways
suggests the usefulness of R3 and R6 and chemical genetics per
se to interpret networks and to identify new components
in Fe-signaling. Based on our observations, the small-
molecule R3 targets a novel unknown signaling pathway to
the transcription factor FIT, whereas R6 may influence the IVc
bHLH transcription factors under Fe-starvation (Figure 9). In
summary, this study unraveled a new unknown Fe-signaling
route and increases our understanding of plant Fe starvation
signaling.
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Iron and Phosphate Deficiency
Regulators Concertedly Control
Coumarin Profiles in Arabidopsis
thaliana Roots During Iron,
Phosphate, and Combined
Deficiencies

Ranju Chutia, Steffen Abel and J6rg Ziegler*

Department of Molecular Signal Processing, Leibniz Institute of Plant Biochemistry, Halle, Germany

Plants face varying nutrient conditions, to which they have to adapt to. Adaptive
responses are nutrient-specific and strategies to ensure supply and homeostasis for
one nutrient might be opposite to another one, as shown for phosphate (P;) and iron
(Fe) deficiency responses, where many genes are regulated in an opposing manner.
This was also observed on the metabolite levels. Whereas root and exudate levels of
catechol-type coumarins, phenylpropanoid-derived 2-benzopyranones, which facilitate
Fe acquisition, are elevated after Fe deficiency, they are decreased after P; deficiency.
Exposing plants to combined P; and Fe deficiency showed that the generation of
coumarin profiles in Arabidopsis thaliana roots by P; deficiency considerably depends on
the availability of Fe. Similarly, the effect of Fe deficiency on coumarin profiles is different
at low compared to high P; availability. These findings suggest a fine-tuning of coumarin
profiles, which depends on Fe and P; availability. T-DNA insertion lines exhibiting aberrant
expression of genes involved in the regulation of P; starvation responses (PHO1, PHR1,
bHLH32, PHL1, SPX1) and Fe starvation responses (BRUTUS, PYE, bHLH104, FIT)
were used to analyze the regulation of the generation of coumarin profiles in Arabidopsis
thaliana roots by Pj, Fe, and combined P; and Fe deficiency. The analysis revealed
a role of several Fe-deficiency response regulators in the regulation of Fe and of P;
deficiency-induced coumarin profiles as well as for P; deficiency response regulators
in the regulation of P; and of Fe deficiency-induced coumarin profiles. Additionally,
the regulation of Fe deficiency-induced coumarin profiles by Fe deficiency response
regulators is influenced by P; availability. Conversely, regulation of P; deficiency-induced
coumarin profiles by P; deficiency response regulators is modified by Fe availability.

Keywords: Arabidopsis thaliana, phosphate deficiency, iron deficiency, metabolite profiling, coumarins,
regulation
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INTRODUCTION

Coumarins are a group of compounds derived from the
phenylpropanoid pathway. They possess a 2-benzopyranone
core structure and individual members of this class of
compounds exhibit different substitution patterns (Shimizu,
2014). Scopoletin, the first coumarin-specific intermediate in
coumarin biosynthesis, contains a methoxy group and a hydroxyl
group at positions 6 and 7, respectively (Supplementary
Figure S1). Other coumarins contain a catechol moiety, which
can either be demethylated scopoletin (esculetin), or mono-
and dihydroxlated scopoletin (fraxetin and sideritin) (Kai et al.,
2008; Shimizu, 2014; Sis6-Terraza et al., 2016; Rajniak et al,
2018; Siwinska et al., 2018; Tsai et al, 2018). In the model
plant Arabidopsis thaliana, these coumarins have predominantly
been detected in root exudates, whereas their respective
monoglucosides, such as scopolin, esculin, fraxin, and sideritin
glucoside, are almost exclusively found in root extracts (Fourcroy
et al,, 2014, 2016; Schmid et al., 2014; Schmidt et al., 2014; Siso-
Terraza et al.,, 2016; Ziegler et al., 2017; Rajniak et al.,, 2018;
Siwinska et al., 2018; Tsai et al., 2018).

In recent years, it was shown that biosynthesis and exudation
of coumarins, especially of catechol type coumarins, contribute
to iron acquisition under iron limiting conditions (Rodriguez-
Celma et al.,, 2013; Fourcroy et al., 2014, 2016; Schmid et al,,
2014; Schmidt et al., 2014; Sisd-Terraza et al., 2016; Rajniak
et al., 2018; Siwinska et al., 2018; Tsai et al., 2018). It was shown
that iron deficiency-induced accumulation of coumarins was
under positive control of the major regulator of iron deficiency
responses FIT (FER-like Iron deficiency-induced Transcription
Factor) (Schmid et al, 2014), a basic helix loop helix type
transcription factor (bHLH 29) (Colangelo and Guerinot, 2004).
FIT is part of a comprehensive network of transcriptional
regulators required to orchestrate responses which enable the
plant to cope with iron limiting conditions. Although many
responses seem to be regulated by FIT alone, its interaction
with the bHLH type transcription factors 38, 39, 100, and 101
is required to mediate a subset of iron deficiency responses
(Colangelo and Guerinot, 2004; Yuan et al., 2008; Wang et al,,
2013). Expression of bHLH38, 39, 100, and 101 is positively
regulated by the transcription factor bHLH 104 (Li et al,
2016), which was shown to interact with BRUTUS (BTS), an
E3 ubiquitin ligase protein with metal ion binding and DNA
binding domains (Selote et al., 2015; Zhang et al., 2015). BTS, a
negative regulator, is assumed to be responsible for fine tuning of
iron deficiency responses by monitoring iron status through its
metal ion binding domain (Kobayashi et al., 2013; Selote et al.,
2015). Opposing effects on plant growth and development also
suggest an interaction of BTS with the bHLH transcription factor
POPEYE (PYE), which positively regulates several iron deficiency
responses (Long et al., 2010). However, with the exception of FIT,
the contribution of these regulators to iron deficiency-induced
coumarin accumulation has not been investigated so far.

Recently, we observed changes in the levels of coumarins
in Arabidopsis root exudates as well as of coumarin glucoside
in Arabidopsis roots after plants have been subjected to
phosphate (P;) deficiency (Ziegler et al., 2016). We observed an

accumulation for a subset of coumarins, i.e., esculin, esculetin,
scopolin, and scopoletin, whereas the levels of sideritin and
its glucoside were strongly decreased, thus contrasting the iron
deficiency-induced accumulation of all coumarins, especially of
highly oxygenated ones, such as sideritin (Schmid et al., 2014;
Rajniak et al., 2018). Several regulators of P; deficiency responses
have been described. The major regulator is PHR1, which binds
to the PBS domain in the promoter of many phosphate starvation
genes, thereby inducing their transcription (Rubio et al., 2001;
Bustos et al., 2010; Briat et al., 2015). SPX proteins, for which
three isoforms are known, negatively regulate P; deficiency-
induced gene expression. High intracellular P; concentrations
promote the interaction between PHRI and SPX preventing
PHRI to bind to its target sites on the promoters. At low
intracellular P; concentrations, PHR1 is released from the PHR1-
SPX complex, allowing it to activate gene expression (Puga et al.,
2014; Wang et al, 2014). PHR1 was shown to regulate the
transcription of about 60% of P; starvation responsive genes
(Bustos et al., 2010). Other genes, which are not controlled by
PHR1, are mainly regulated by PHL transcription factors (PHR1-
Like), for which several isoforms have been described (Bustos
etal., 2010). Although conceivable, it has not yet been elucidated
whether or not regulation by PHL proceeds through P; mediated
interaction with SPX protein, as is the case with PHR1. On the
other hand, negative regulation of P; starvation responses by
the transcription factor bHLH32 was shown to be independent
of P; content (Chen et al., 2007). PHOSPHATE1 (PHOI1) was
identified as eukaryotic P; exporter. Mutants with impaired PHO
1 expression showed reduced shoot but increased root P; levels
indicating a disturbed shoot to root distribution of P; (Poirier
et al., 1991; Hamburger et al., 2002). Reduced transcriptional
activation of P; starvation response genes despite low P; levels
in shoots of phol mutants as well as the presence of known P;
regulatory motifs in the PHOL1 protein suggests a role for PHO1
in the coordination of P; starvation responses (Rouached et al.,
2011; Wege et al,, 2016). Although many P; starvation responses
are controlled by these regulators, their involvement in the
changes in P; deficiency-induced coumarin profiles is unknown.

The different coumarin profiles observed after either P; or
Fe deficiency treatments alone, especially the opposing effects
on sideritin levels (Ziegler et al., 2016), raises the question on
the response after combined deficiency, specifically, whether
withdrawal of Fe affects P; deficiency induced changes in
coumarin levels and vice versa. Furthermore, as mentioned
above, FIT has been shown to play an important role in the
accumulation of coumarins after Fe deficiency (Schmid et al,
2014), but no regulator of P; deficiency induced alteration in
coumarin profiles have been identified yet. Also, regulators
of possible modifications of Fe deficiency-induced coumarin
profiles by P; deficiency and vice versa are not known.

In this report, we studied the effect of P; deficiency, Fe
deficiency, and combined P; and Fe deficiency on coumarin
profiles in Arabidopsis thaliana roots. Several mutants were
included in order to elucidate the contribution of either P; or Fe
deficiency response regulators in the establishment of coumarin
profiles. Since we were mainly interested in the regulation of
coumarin biosynthesis rather than on coumarin exudation, we
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focused our analysis on coumarin glucosides, which are almost
exclusively found inside roots and which most likely represent
the major storage form of newly biosynthesized coumarins before
being cleaved and exuded. Additionally, we could recently show
that coumarin glucoside profiles obtained from root tissue are
qualitatively and quantitatively correlated to coumarin aglycone
profiles in exudates (Ziegler et al., 2016, 2017).

MATERIALS AND METHODS

Plant Lines and Growth Conditions
Arabidopsis thaliana accession Columbia (Col-0) was used as
WT throughout the study. All T-DNA insertion lines (Col-
0 background) were provided by the Nottingham Arabidopsis
Stock Center (NASC). Homozygous plants were generated by
selfing heterozygous plants, and homozygosity was confirmed by
PCR with the primers listed in Supplementary Table S1.

Seeds were surface sterilized with chlorine gas and individually
placed with a toothpick on sterile agar plates containing 5 mM
KNOs3, 0.5 mM KH,POy4, 2 mM MgSOy4, 2 mM Ca(NO3),, 50 uM
Fe-EDTA, 70 uM H3BOs3, 14 uM MnCl,, 0.5 uM CuSOy4, 1 pM
ZnSO0y4, 0.2 uM NayMoOy, 10 uM CoCl,, and 5 g 17! of sucrose
buffered with 2.5 mM Mes-KOH to pH 5.6. For —P; medium,
the concentration of KH,PO,4 was reduced to 5 wM, for —Fe
medium, Fe-EDTA was omitted. Agar (Phyto Agar, Duchefa,
Haarlem, Netherlands) was routinely purified as described (Ward
et al., 2008) and added to a concentration of 1% (w/v). Plates
were incubated for 2 days in the dark at 4°C to synchronize
seed germination. Afterward, agar plates were kept in a vertical
position in a growth chamber at 22°C under illumination for
16 h daily (170 wmol s~! m~2; Osram LumiluxDeLuxe Cool
daylight L58W/965, Osram, Augsburg, Germany). After 5 days of
growth, plants were transferred to fresh agar plates containing the
respective conditions (+P;j,+Fe; —Pj,+Fe; +P;,—Fe; —P;,—Fe).
After additional 6 days of growth, roots were separated from the
shoots, their fresh weight recorded and frozen in liquid nitrogen
until further processing. One biological replicate consisted of
roots from two plants (coumarin concentration) or shoots and
roots from one plant (P; concentration). The phenotypes of
WT plants and mutant plants grown under the four applied
treatments were recorded at the time of harvest after and are
shown in Supplementary Figure S2.

Metabolite Analysis

Frozen tissues (1-5 mg of fresh weight) were ground using 5 mm
steel beads in a bead mill at 25 s~! for 50 s, and the resulting
powder was extracted by vigorous shaking for 20 min with
100 pl of 70% (v/v) methanol containing 2 nmol of 4-methyl-
umbelliferon and 5 nmol [2,2,3,3-2H] succinic acid as internal
standards for coumarin and P; quantification, respectively.
Targeted coumarin profiling was performed as described (Ziegler
et al., 2016, 2017). For the determination of P; concentrations,
10 pl of the extracts were evaporated to dryness, methoxylated
with 20 1 of 20 mg mI~! of methoxyamine in pyridine (Sigma-
Aldrich, St. Louis, MO, United States) for 1.5 h at room
temperature, and silylated for 30 min at 37°C with 35 pl of Silyl

45
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FIGURE 1 | Normalized coumarin concentrations in roots of WT plants
(normalized to +P;+Fe, average absolute amounts: esculin (open bars):

0.64 pmol mg™! FW; scopolin (solid bars): 702 pmol mg™' FW; scopoletin
(hatched/bars): 16.8 pmol mg™" FW; fraxin (hatched\bars): 1.9 pmol mg™! FW;
sideritin glucoside (cross hatched bars): 3.6 pmol mg™! FW). Plants were
grown for 5 days on +P;+Fe agar plates, transferred to the indicated
conditions and allowed to grow for additional 6 days before harvest. +P;:
500 uM, —Pj: 5 uM, +Fe: 50 wM, —Fe: no Fe added. Error bars indicate SE
(n > 35). Significance analyses between treatments were performed by
Student’s t-test (two tailed, equal variances). *P < 0.05 compared to +P;j+Fe;
°P < 0.05 compared to -P;+Fe; 2P < 0.05 compared to +P—Fe.

991 (Macherey-Nagel, Diiren, Germany). Gas chromatography
(GC)-MS/MS was performed as described (Ziegler et al., 2016)
with some modifications. Briefly, the Agilent 7890 GC system
was equipped with an OPTIMA 5 column (10 m x 0.25 mm,
0.25 pm; Macherey-Nagel, Diiren, Germany) and coupled to an
Agilent 7000B triple quadrupole mass spectrometer operated in
the positive chemical ionization mode (reagent gas: methane,
gas flow: 20%, ion source temperature; 230°C). One microliter
was injected [pulsed (25 psi) splitless injection] at 220°C. The
initial temperature of 60°C was held for 1 min, followed by
increases at 35°C min~! to 200°C and 50°C min~! to 340°C.
The final temperature of 340°C was held for 5 min. Helium
was used as the carrier at 2.39 ml min~!. The transfer line was
set to a temperature of 250°C. Helium and N, were used as
quench and collision gasses, respectively (2.25 and 1.5 ml min~—1!).
Multiple reaction monitoring parameters for the detection of
P; (3TMS) and [2,2,3,3-2H] succinic acid (2TMS) are indicated
in Supplementary Table S2. The IntelliQuant algorithm of
the Analyst 1.6.2 software (AB Sciex, Darmstadt, Germany) or
the Agile algorithm of the MassHunter Quantitative Analysis
software (version B06.00, Agilent, Waldbronn, Germany) were
used to integrate the peaks for coumarins or Pj, respectively.
Coumarins and P; concentrations were quantified using 4-
methyl-umbelliferon and [2,2,3,3->H] succinic acid, respectively,
and the calculated amounts were divided by the fresh weight.
In order to account for variations in absolute coumarin
concentrations between independent experiments, all values
within individual experiments were normalized to the average
values of the biological replicates of the Col0 +P;+Fe treatment
in the respective experiment. The raw data are available in
Supplementary Dataset S1.
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RESULTS

Root Coumarin Profiles in Response to
P; Deficiency, Fe Deficiency, and

Combined P; and Fe Deficiency

At first we analyzed the coumarin glucoside profile in roots
of Col0 wild-type plants after P; and Fe deficiency, as well
as after combined deficiency (Figure 1). In P; depleted
conditions (—P;, +Fe), sideritin glucoside concentration in roots
was decreased by about 70%, whereas esculin, scopolin, and
scopoletin levels increased two- to three-fold. The slight increase
in the concentration of fraxin (1.2-fold) was of low statistical
significance (P = 0.22). As reported (Schmid et al., 2014; Schmidt
etal., 2014; Sis6-Terraza et al., 2016; Rajniak et al., 2018; Tsai et al.,
2018), fraxin and sideritin glucoside levels strongly increased
almost 8- and 40-fold, respectively, after Fe deficiency (+4P;,
—Fe). For esculin and scopolin, statistically significant (P < 0.05)
changes could not be detected, whereas scopoletin levels slightly
increased by 20%. Interestingly, Fe deficiency-induced sideritin
glucoside levels were lower in case plants experienced additional
P; limitation (—P;, —Fe). However, the amount of fraxin was
not affected. After combined deficiency, esculin, scopolin, and
scopoletin levels approached those observed after P; deficiency
alone (—Pi, +Fe), but were still significantly (P < 0.05) lower.
Consistently, the P; deficiency response, decrease in sideritin
glucoside and accumulation of esculin, scopolin, and scopoletin,
was different in the absence than in the presence of Fe (two
way ANOVA: P < 0.01). Similarly, the Fe deficiency response
was dependent on the applied P; concentration. Whereas the
increase in sideritin glucoside levels was lower in the absence
compared to the presence of P; (two way ANOVA: 5.8 e 12),
fraxin accumulation was unaffected, and esculin, scopolin, and
scopoletin levels rather declined (two way ANOVAs: P = 6.5 e 4,
6.9 e73, 1.6 e/, respectively). These results indicate a cross-
talk between Fe and P; nutrition in the generation of coumarin
profiles, especially the impact of P; limitation on Fe deficiency-
induced coumarin accumulation. In order to evaluate whether
this is due to internal or external P; concentrations, we measured
the P; content in roots and shoots.

Correlation Between Coumarin Profiles
and P; Content

Lowering the P; concentration in the medium from 500 to
5 WM resulted in a decrease of root P; by 70% (Figure 2).
Simultaneous Fe deficiency (—P;j, —Fe) led to a further decrease
by 30%, whereas growth in Fe-depleted conditions alone
(+P;j, —Fe) did not alter P; levels. Shoot P; levels followed
a similar pattern. From these data it seems that decreased
P; levels lead to decreased sideritin glucoside, and increased
esculin, scopolin, and scopoletin concentrations irrespective
of the presence of iron, suggesting that coumarin profiles in
roots of plants grown in control as well as in Fe deficient
conditions are modulated by the internal P; status. To further
elaborate such a correlation we analyzed the phol mutant
which exhibits an aberrant P; distribution between roots and
shoots (Figure 3) (Poirier et al, 1991; Hamburger et al,

12 5
= E o
T E
- 107
o E [}
£ E
° 87
£ 3
s 3
c 6 4
0 E
- 9
£ E
£ 43 * 4
8 3 * A
§ 21 Z H
o *
o E
03
+P;+Fe -P;+Fe +P,-Fe -P,-Fe
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the indicated conditions and allowed to grow for additional 6 days before
harvest. +P; : 500 uM, —P; : 5 uM, +Fe: 50 uM, —Fe: no Fe added. Error bars
indicate SE (n > 35). Significance analyses between treatments were
performed by Student’s t-test (two tailed, equal variances). *P < 0.05
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FIGURE 3 | P; concentrations in roots (A), shoots (B), and seedlings (C) of
WT (open bars) and pho1 (solid bars). Plants were grown for 5 days on
+Pj+Fe agar plates, transferred to the indicated conditions and allowed to
grow for additional 6 days before harvest. +P; : 500 uM, —-P; : 5 M, +Fe:
50 uM, —Fe: no Fe added. Error bars indicate SE (n > 8). Significance
analyses between pho1 and Col0 were performed by Student’s t-test (two
tailed, equal variances): *P < 0.05; **P < 0.01; ***P < 0.001.

2002; Rouached et al, 2011). In case changes in sideritin
glucoside, esculin, scopolin, and scopoletin levels would be
due to root P; status, roots of phol plants showing higher
P; concentrations should exhibit increased sideritin glucoside
and decreased esculin, scopolin, and scopoletin levels compared
to WT. However, by comparing Figures 3, 4, phol roots
rather displayed lower sideritin glucoside and increased esculin
levels compared to WT under nutrient sufficient conditions
(4+Pj,+Fe) despite higher P; concentrations in roots. Also,
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sideritin glucoside and esculin levels in phol roots exposed
to Fe deficiency (4P;, —Fe) are similar or slightly increased,
respectively, although root P; levels are higher. Only the elevated
P; levels in phol roots exposed to P; limiting conditions (—P;,
+Fe) coincided with higher sideritin glucoside levels, but esculin
and fraxin concentrations were strongly elevated compared to
WT. Considering the P; status of whole seedlings grown in
nutrient sufficient condition (+Pj, +Fe), lower levels of P; in
phol corresponded to decreased sideritin glucoside and increased
esculin levels in phol roots compared to WT, suggesting that
the levels of sideritin glucoside and esculin levels are negatively
and positively correlated, respectively, to the P; concentration
of the whole seedling. However, although seedling P; levels
were higher in phol compared to WT under conditions of
combined deficiency (—P;j, —Fe), sideritin glucoside levels were
indistinguishable between the mutant and Col0, and esculin
levels were about threefold higher in phol. These results show
that the effect of P; deficiency on coumarin profiles can only
be partially attributed to cellular P; concentration. Remarkably,
P; limitation resulted in a strong accumulation of fraxin in
roots of P;j starved phol roots, which was not observed in
WT roots.

The observation that coumarin profiles are modified by P;
starvation raised the question whether P; deficiency response or
Fe deficiency response regulators are involved. Therefore, T-DNA
lines harboring insertions in several known regulatory genes of
both responses were tested for their coumarin profiles under the
four conditions described above.

Effect of Fe Deficiency Response

Regulator Mutants on Coumarin Profiles
The fit mutant, which is deficient in the expression of a regulator
mediating many Fe deficiency responses, was previously shown
to exhibit reduced root fluorescence after Fe deficiency compared
to WT, indicating lower coumarin accumulation (Schmid et al,,
2014). Our analysis showed that sideritin glucoside and fraxin
levels were strongly reduced (50- and 20- fold, respectively)
in these plants compared to WT after exposure to Fe limiting
conditions (+Pj, —Fe), scopolin and scopoletin levels were
diminished by 30%, whereas esculin levels were indistinguishable
to WT (Figure 5 and Supplementary Figure S3). Other
Fe deficiency response regulators (bHLH104, BRUTUS, PYE)
exerted a less pronounced influence on coumarin profiles.
Changes in these mutants were most obvious for sideritin
glucoside and fraxin. Compared to W, sideritin glucoside levels
were increased in roots of pye and bts after P; (—Pj, +Fe) and
combined deficiency (—P;, —Fe), respectively, whereas decreased
levels were measured for bhlh104 after combined deficiency. The
most pronounced difference to WT was observed for fraxin,
showing more than twofold higher levels in bts roots after Fe
(4+P;, —Fe) and combined deficiency (—P;, —Fe).

In addition to compare coumarin content between mutants
and WT under each condition, differences in the responsiveness
to the treatments between mutants and WT were evaluated.
Fe deficiency response regulator mutants exhibited several
statistically significant (two way ANOVA P < 0.05) differences in
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FIGURE 4 | Normalized coumarin concentrations in roots of WT (open bars)
and pho1 (solid bars) plants (normalized to Col-0 +P;+Fe, average absolute
amounts: esculin: 0.64 pmol mg" FW; scopolin: 702 pmol mg™" FW;
scopoletin: 16.8 pmol mg™! FW; fraxin: 1.9 pmol mg™" FW; sideritin glucoside:
3.6 pmol mg™! FW). Plants were grown for 5 days on +P; +Fe agar plates,
transferred to the indicated conditions and allowed to grow for additional

6 days before harvest. +P;: 500 M, —P;: 5 pM, +Fe: 50 uM, —Fe: no Fe
added. Error bars indicate SE (n > 8). Significance analyses between pho?
and ColO were performed by Student’s t-test (two tailed, equal variances):

*P < 0.05; **P < 0.01; ***P < 0.001.

the coumarin response to the treatments compared to WT plants
(Supplementary Figure S4). In contrast to WT which responded
to P; deficiency in the presence of Fe (—P;j, +Fe) with decreased
levels of sideritin glucoside, fit plants reacted with a slight (1.8-
fold) accumulation of sideritin glucoside levels (P = 0.0009
compared to +Pj,+Fe conditions). P; deficiency-induced esculin
accumulation was absent in these plants. Fit plants were also
impaired in the response to Fe deficiency with respect to
sideritin glucoside and fraxin accumulation. This defect was
more pronounced under P; limiting conditions, where fit plants
completely lost the ability to respond to Fe deficiency with
sideritin glucoside accumulation, and even showed decreasing
fraxin levels (—Fe/+Fe response at low P;j). Furthermore, the
reduction of Fe deficiency-induced sideritin glucoside levels by
concomitant P; limitation observed in WT plants, was absent in
fit plants (—P;/+Pi response at —Fe). Under the same conditions,
fit plants accumulated scopolin to a weaker extent than WT, and
exhibited a decline in esculin levels. The P; deficiency response
in plants with impaired expression of BRUTUS affected the
accumulation of scopoletin in the presence of Fe, whereas it was
indistinguishable from WT in the absence of Fe. More differences
in the response to Fe deficiency under P; limiting condition could
be observed. As such, bts plants exhibited a more pronounced
accumulation of sideritin glucoside and fraxin, but no decline
in esculin and scopoletin levels. Fe deficiency-induced fraxin
accumulation was also enhanced under P; sufficient conditions
(16 vs. 7-fold, respectively, two way ANOVA p = 2 e °). Plants
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deficient in the expression of PYE and bHLHI104 affected the
response to Fe deficiency with respect to scopoletin accumulation
at high P; (bhlh104) and low P; (pye) conditions. Additionally, Fe
deficiency-induced sideritin accumulation was lower in bhlh104
plants in the presence of low P;. Both mutants strongly responded
to P; deficiency with decreasing fraxin levels, but only in the
presence of Fe. Pye mutants also failed to accumulate esculin
under these conditions. The P; deficiency response in the absence
of Fe was indistinguishable from WT for both mutants.

Effect of P; Deficiency Response
Regulator Mutants on Coumarin Profiles

Of all four mutants with impaired expression of P; deficiency
response regulators, the phrl mutant exhibited the most
comprehensive changes in coumarin profiles compared to WT
(Figure 6 and Supplementary Figure S3). With respect to
coumarin levels, phrl roots were most different to WT under P;
limiting conditions, in the presence as well as in the absence of
Fe. In the presence of Fe, phrl plants exposed to P; limitation
(—Pj, +Fe) exhibited higher levels of sideritin glucoside and

fraxin, and lower levels of scopoletin compared to WT. In the
additional absence of Fe (—Pj, —Fe), sideritin glucoside levels
were elevated, while scopolin and fraxin levels were lower. Fraxin
as well as esculin concentrations in phrl roots were lower when
plants were grown in P; and Fe sufficient conditions (+P;,
+Fe), whereas scopoletin content was increased. There were no
statistically significant (P < 0.05) changes in coumarin levels
between phrl and WT roots in conditions of Fe deficiency
in the presence of P; (+P;, —Fe). The spxI mutant exhibited
opposite effects compared to phrl with respect to the levels
of fraxin under nutrient sufficient conditions (+P;, +Fe) as
well as to the levels of scopoletin under P; limiting conditions
in the presence of Fe (—P;, +Fe). Additionally, aberrant spxI
expression led to increased levels of esculin, scopolin, and fraxin
in roots exposed to Fe deficiency (4Pj, —Fe) and of scopoletin
after exposure to combined deficiency (—P;j, —Fe). In bhlh32
plants, only the concentrations of the glucosides of the catechol
type coumarins were altered, showing elevated levels of sideritin
glucoside after Fe deficiency at high P; (+P;, —Fe), and of fraxin
after P; deficiency in the presence of Fe (—Pj, +Fe). Aberrant
expression of the phrl homologue phll only mildly affected
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mg™! FW; fraxin: 1.9 pmol mg™! FW; sideritin glucoside: 3.6 pmol mg™' FW).

coumarin profiles. These were most pronounced in roots exposed
to combined Fe and P; deficiencies (—P;, —Fe), and, interestingly,
affected coumarins which were not affected in the phrl mutant,
such as esculin and scopoletin.

Consistent with the changes in coumarin profiles, the
coumarin response of phrl was also most different compared
to WT for —P; treatments, in the absence as well as in the
presence of Fe (Supplementary Figure S4). As such, the P;
deficiency-induced decrease in sideritin glucoside levels observed
in WT roots was less pronounced in phrl plants, but only in
the presence of Fe. The effect of P; deficiency in phrl plants on
fraxin concentration depended on Fe availability. In the presence
of Fe, P; deficiency induced fraxin accumulation, whereas a
reduction in fraxin levels was observed in the absence of Fe.
Scopoletin levels, which were induced by P; limitation in WT
roots, were not affected in phrl. The Fe deficiency response
of phrl in the presence of high Pi was indistinguishable from
WT, but in P; depleted conditions, the Fe deficiency-induced
reduction in scopoletin levels was less pronounced. Also the
response with respect to the accumulation of sideritin glucoside

was lower (37-fold in WT vs. 29-fold in phrl). Compared to
WT, low P; treatment induced stronger scopolin and scopoletin
accumulation in spxl in the presence and in the absence of
Fe, respectively. However, differences in the —P; response with
respect to esculin and fraxin were only observed in the absence
of Fe. The Fe deficiency response was also affected in spxI,
but only in the presence of high P;. Here, induction of esculin
levels was detected, which was not observed in WT, and fraxin
accumulation was more pronounced. Interestingly, the majority
of effects of plants with aberrant expression of the P; deficiency
response regulator bPHLH32 were detected after Fe deficiency.
In the presence of high Pj, Fe deficiency-induced sideritin
glucoside accumulation was twice as strong in bhlh32 plants
compared to WT, whereas in low Pj, a stronger reduction and
weaker induction of scopolin and fraxin levels, respectively, was
observed. Compared to WT, changes in the P; deficiency response
in bhlh32 were only detectable in the absence of Fe, there only
affecting sideritin glucoside levels. For phlI, different responses
were observed for P; deficiency-induced changes in the absence
of Fe, exhibiting a lack of esculin accumulation and stronger
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induction of scopoletin levels, and for Fe deficiency-induced
changes in low P; conditions, showing unaltered scopoletin levels.

DISCUSSION

The impact of Fe-deficiency on root coumarin profiles has been
well-established in recent years (Fourcroy et al., 2014, 2016;
Schmid et al., 2014; Schmidt et al., 2014; Sis6-Terraza et al., 2016;
Rajniak et al., 2018; Siwinska et al., 2018; Tsai et al., 2018). In
order to cope with iron limiting conditions, Arabidopsis roots
strongly accumulate coumarin glucosides, especially catechol-
type coumarins glucosides, which are assumed to support
Fe chelation and ferric ion reduction in order to facilitate
Fe uptake after coumarin aglycones have been exuded to
the rhizosphere. We recently showed an opposite effect of
P; deficiency on coumarin profiles, resulting in reduced
exudation and reduced accumulation especially of catechol type
coumarins and their glucosides (Ziegler et al, 2016). These
observations prompted us to investigate coumarin profiles in
Arabidopsis roots exposed to Pj, Fe, and combined P; and Fe
deficiencies. Our results show that P; deficiency resulted in lower
sideritin glucoside and higher scopolin, scopoletin, and esculin
levels. Furthermore, Fe deficiency-induced sideritin glucoside
accumulation is dampened at low P; conditions (—P;, —Fe),
while scopolin, scopoletin, and esculin levels are slightly higher
compared to Fe deficiency in the presence of high P; (4-P;, —Fe).
These results indicate an antagonistic cross talk between Fe and
P; deficiency responses with respect to coumarin accumulation,
which is most evident considering catechol-type coumarins. This
cross-talk could be mediated by differences in the formation
of Fe-P complexes, which depend on the concentrations of Fe
and P; supplied in the medium. As such, high P; availability
could lead to a relative decrease in available Fe, resulting in
the accumulation of catechol-type coumarins. On the other
hand, low P; availability could lead to a relative increase in
available Fe, which would result in decreased levels of catechol-
type coumarins. These scenarios might apply to Fe sufficient
conditions, in which relatively more iron would be available
at low compared to high P; concentrations in the medium,
however, Fe availability in our Fe deficiency conditions with
complete omission of any Fe sources should be independent
of the external P; concentration. Indeed, it was shown that P;
deficiency only led to increased iron concentrations in roots
when plants were exposed to Fe sufficient conditions, whereas
iron accumulation was not observed when plants were grown
in the absence of Fe (Ward et al., 2008; Muller et al., 2015).
Furthermore, if altered root Fe status because of changes in Fe-P
complex formation would be the reason for P dependent changes
in coumarin profiles, the levels catechol-type coumarins should
be negatively correlated with P; levels. However, compared
to WT roots, sideritin glucoside and fraxin levels are lower
in phol roots exposed to nutrient sufficient and Fe deficient
conditions, respectively, although P; concentration is twice as
high as in WT roots. Based on these results, we conclude that
P dependent modifications of coumarin profiles are not solely
due to altered Fe availability, and that P; availability directly

interferes with Fe deficiency-induced accumulation of catechol
type coumarins.

The biosynthesis of coumarins proceeds via the generation
of scopoletin/scopolin through the action of feruloyl CoA
hydroxylase 1 (F6'H1), and subsequent hydroxylation reactions
to fraxetin/fraxin and sideritin/sideritin glucoside (Kai et al.,
2008; Rajniak et al., 2018; Siwinska et al., 2018; Tsai et al., 2018).
Thus, P; deficiency-induced accumulation of early coumarin
intermediates, such as scopoletin/scopolin and esculin could be
either due to increased biosynthesis, or to reduced conversion
to coumarins exhibiting more elaborate hydroxylation patterns,
or both. In most large scale gene expression studies, F6'H]I
mRNA levels were not altered in roots exposed to P; deficiency
(Bustos et al., 2010; Puga et al., 2014; Hoehenwarter et al.,
2016; Mora-Macias et al.,, 2017). Instead, all studies reported
strongly reduced expression of the gene At3G12900 (Bustos
et al., 2010; Puga et al,, 2014; Li and Lan, 2015; Hoehenwarter
et al., 2016). This gene, whose expression and protein level are
highly induced by Fe-deficiency, was recently characterized as
scopoletin 8 hydroxylase (S8H), catalyzing the conversion of
scopoletin to fraxetin (Rajniak et al., 2018; Siwinska et al., 2018;
Tsai et al., 2018). We therefore assume that P; deficiency-induced
accumulation of scopolin and scopoletin is due to reduced
conversion to downstream products. The increase in esculin
might be a consequence of scopolin/scopoletin demethylation,
although it is not clear yet, whether esculetin/esculin are actually
derived from scopolin/scopoletin, or from caffeoyl CoA by a
F6'H1-like reaction. Despite the reported P; deficiency-induced
reduction in S8H mRNA levels, our coumarin profiling did not
show P; deficiency-induced alterations in fraxin levels, neither
in the presence nor in the absence of Fe. An explanation for
this discrepancy could be that the subsequent hydroxylation
step converting fraxetin/fraxin to sideritin/sideritin glucoside is
impaired to a similar extent as the S8H reaction, which would
lead to the observed constant fraxin level. Indeed, gene expression
data generated in our group revealed a strong downregulation
of the gene At4G31940 by P; deficiency. At4G31940 encodes the
P450 dependent monooxygenase CYP82C4 (Hoehenwarter et al.,
2016). Reduced CYP82C4 mRNA levels by P; deficiency were also
observed by other groups (Bustos et al., 2010; Li and Lan, 2015).
Similar to S8H mRNA levels, CYP82C4 mRNA levels strongly
increase after Fe deficiency (Colangelo and Guerinot, 2004; Long
et al, 2010; Lan et al, 2011; Rajniak et al., 2018). CYP82C4
protein was recently shown to catalyze the hydroxylation of
fraxetin at position 5, yielding sideritin as product (Rajniak
et al., 2018). Thus, the coumarin profiling data presented in this
study and gene expression data from several studies suggest a P;
deficiency-induced negative regulation of the hydroxylation steps
downstream of scopoletin/scopolin and fraxetin/fraxin, leading
to reduced sideritin glucoside and increased scopoletin, scopolin,
and esculin levels.

The analysis of mutants impaired in the expression of P; and
Fe deficiency response regulators revealed specificity of several
transcription factors with respect to the nutrient conditions and
to the biosynthesis of distinct coumarins, mainly of catechol
type coumarins. The RING E3 ligase BRUTUS, known to
negatively regulate Fe deficiency responses (Kobayashi et al,
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2013; Selote et al., 2015; Zhang et al, 2015), also negatively
regulates the accumulation of fraxin and sideritin glucoside, as
suggested by the increased accumulation of both compounds
in Fe depleted conditions in the bfs mutant. Interestingly, Fe
deficiency-induced hyper-accumulation of sideritin glucoside
was only detectable in low P; conditions. Thus, the reduction of
Fe deficiency-induced sideritin glucoside levels by simultaneous
P; deficiency is less pronounced in bts plants compared to
WT plants, indicating that the attenuation of Fe deficiency-
induced sideritin glucoside accumulation by low P; is mediated at
least partially by BRUTUS. Whereas compared to WT, sideritin
glucoside levels are elevated in roots of bts, they are reduced
in bhlh104 roots under conditions of combined P; and Fe
deficiency. This suggests that the proposed network consisting
of the negative Fe deficiency response regulator BRUTUS, which
targets bHLH104 (Selote et al., 2015), a positive regulator, is
involved in the generation of coumarin profiles. However, the
role of bHLH104 seems to be more complex, since it also affects
fraxin levels under nutrient sufficient conditions. It was shown,
that bHLH104 together with bHLH34 regulates the expression of
PYE, as well as of bHLH38/39/100/101 transcription factors (Li
et al., 2016), which contribute to FIT action by the formation
of heterodimers (Colangelo and Guerinot, 2004; Yuan et al,
2008; Wang et al., 2013). The impact of the fit mutant is more
pronounced compared to the pye mutant, suggesting that the
FIT network represents the downstream target for BRUTUS
and bHLHI104 in the generation of coumarin profiles rather
than PYE. FIT positively regulates mainly the accumulation
of the catechol type coumarins sideritin glucoside and fraxin,
which is corroborated by the absence of Fe deficiency-induced
accumulation of S8H transcripts in fit plants (Colangelo and
Guerinot, 2004). Interestingly, although FIT is known to regulate
F6'H1 expression (Colangelo and Guerinot, 2004; Schmid et al.,
2014), fit mutants still produce appreciable levels of scopolin,
scopoletin, and esculin, indicating that other factors are involved
in the control of constitutive levels of coumarins upstream
of fraxin.

Of all tested P; deficiency response regulators, bHLH32 and
SPX1 seem to play a role in the generation of Fe deficiency-
induced coumarin profiles, mainly in the presence of high
P;. BHLH32 was identified as negative regulator of several P;
starvation responses (Chen et al, 2007). Our data showing
increased sideritin glucoside levels in bhlh32 mutants imply a
role of this transcription factor also in the negative regulation of
the biosynthesis of catechol type coumarins during Fe deficiency.
SPX1, which interferes with the induction of P; starvation
responses (Puga et al.,, 2014; Wang et al., 2014), also regulates
Fe deficiency-induced coumarin biosynthesis at high P;, as seen
by the increased fraxin, esculin, and scopolin levels in spx1
mutants. It is interesting that phrI plants do not show alteration
of coumarin profiles in Fe depleted roots at high P;, since SPX1
was shown to exert its role by binding to PHRI preventing its
binding to the promoters of Pi starvation responsive genes (Puga
et al., 2014; Wang et al., 2014). Possibly, SPX1 has additional
targets, which are required to initialize the Fe deficiency-
induced coumarin response at high P; availability. However, the
coumarin profiles suggest that P; deficiency-induced changes in
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FIGURE 7 | Tentative model depicting possible mode and site of action of P;
and Fe deficiency regulators in the regulation of coumarin profiles. Note that
the model was drafted according to the coumarin profiling data generated in
this study and is not supposed to indicate transcriptional control of individual
biosynthetic steps. Regulators of Fe and P; deficiency responses are shown in
black and gray background, respectively. Encircled numbers indicate the
enzymes catalyzing the respective step: (1) F6'H1; (2) S8H; (3) CYP82C4.
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coumarin biosynthesis are mediated by PHRI, and to minor
extent, by PHL1. Higher sideritin glucoside and fraxin levels
in phrl plants grown on low Pi/high Fe media indicate that
downregulation of catechol type coumarin biosynthesis by P;
deficiency is controlled by PHR1. In low Pi/Fe depleted media,
phrl plants show increased sideritin glucoside, but decreased
fraxin levels, which might be due to the loss of suppression
of fraxin conversion suggesting that the conversion of fraxin
to sideritin glucoside is more strongly controlled by PHRI1
than the S8H reaction. It was already shown that modulation
of expression of other Fe deficiency responsive genes by P;
starvation, such as FERRIC REDUCTASE OXIDASE FRO3, IRON
REGULATED TRANSPROTER IRT1, IRT2, NICOTIANAMINE
SYNTHASE NASI, and FRO6 was PHRI1 and PHL1 dependent
(Bustos et al., 2010). However, transcriptome data did not reveal
PHR1 dependent downregulation of S8H and CYP82C4 by P;
deficiency (Bustos et al., 2010).

Taken together, several P; and Fe deficiency response
regulators are involved in the generation of Fe and P; dependent
coumarin profiles. A model was drafted summarizing possible
modes and sites of action for each regulator irrespective of the
growth condition (Figure 7). In this model, it was taken into
account that changes in the level of coumarin compounds could
be either due to changes in their biosynthesis, or to changes in
their turnover, or to changes in the activity of the whole pathway.

According to this model, BRUTUS, PHRI1, and bHLH32
negatively regulate both hydroxylation steps downstream of
scopoletin/scopolin, whereas PYE seems to negatively impact
solely the last hydroxylation reaction from fraxin to sideritin
glucoside. The decreased levels of fraxin in phrl under nutrient
sufficient conditions as well as under combined P; and Fe
deficiency was interpreted to be a consequence of higher fraxin
to sideritin glucoside turnover. BHLH104, which is known to
regulate several Fe starvation responses in an opposing way
compared to BRUTUS, was placed in the model as a positive
regulator of the conversion from fraxin to sideritin glucoside,
based on decreased sideritin glucoside levels under conditions
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of combined P; and Fe deficiency in bhlh104 mutants. Increased
fraxin levels observed in bhlh104 in nutrient sufficient conditions,
were interpreted as a consequence of impaired fraxin turnover to
sideritin glucoside. FIT promotes both hydroxylation reactions
leading to the generation of fraxin and sideritin glucoside and
it also positively regulates the committed step in the pathway,
the conversion of feruloyl CoA to scopoletin. Accumulation
of scopoletin/scopolin in phrl and phll also indicates positive
regulation of this step by PHR1 and PHL1. However, since
esculin concentrations are also reduced in both mutants, we
rather assume that PHR1 and PHLI might positively regulate the
generation of esculin, which, if missing, indirectly might lead to
the accumulation of scopoletin/scopolin. This is in contrast to
the bts mutant, which exhibited increased esculin and decreased
scopoletin levels, and which was therefore placed in the model
as a negative regulator of esculin generation. The coumarin
profiles in roots of spxI posed the major problem to fit this
negative regulator of P; deficiency responses into the model.
Increased scopolin/scopoletin as well as esculin concentrations
in spxl were interpreted as positive and negative regulation
of scopolin/scopoletin and esculin generation, respectively, by
SPX1, which would match the antagonistic interaction between
PHRI1 or PHL1 and SPXI. In contrast, if increased fraxin
concentrations in spxI would be the consequence of impaired
negative regulation of fraxin biosynthesis by SPX1, both SPX1
as well as PHRI would be negative regulators of the same step.
In order to preserve the antagonistic roles of both regulators, we
decided to place SPX1 as a positive regulator of fraxin to sideritin
glucoside conversion. However, we want to emphasize, that it is
currently unknown whether the regulations shown in the model
are due to transcriptional control of the respective genes. Only
FIT was shown to regulate mRNAs levels for F6'H1, S8H, and
CYP82C4 (Colangelo and Guerinot, 2004). As such, in the future,
the elucidation of the molecular mechanism underlying the
differential control of catechol-type coumarin biosynthesis will be
interesting in order to see whether P; and Fe deficiency response
regulators such as PHR1 and FIT independently inactivate or
activate the transcription of respective genes. The presence of
the P; deficiency responsive PHRI Binding site (P1BS) and the
Fe deficiency responsive IDRS cis-acting element in the AtFER1
promoter suggests that transcriptional control of this gene by Fe
as well as by P; deficiency is mediated by binding of Fe and P;
deficiency response regulators to different sites of the promoter
(Bournier et al., 2013). It remains to be elucidated whether
this also applies to the differential regulation of coumarin
biosynthesis genes, or, alternatively, whether P; and Fe deficiency
response regulators might interact on the protein level, thus
interfering with each other in the activation of the promoters.
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FIGURE S1 | Chemical structures of coumarins measured in this study. ?Note that
the position of the glucoside (R5, R7, or R8) in sideritin glucoside has not been
confirmed yet by NMR studies.

FIGURE S2 | (A) Pictures of WT and mutant seedlings 6 days after transfer from
+Pi+Fe (5 days) to +Pj+Fe. The height of each panel corresponds to 7 cm. +P;:
500 wM; +Fe: 50 pM. (B) Pictures of WT and mutant seedlings 6 days after
transfer from +Pj+Fe (5 days) to —P;+Fe. The height of each panel corresponds
to 7 cm. +P;: 500 uM; +Fe: 50 pM; —P;: 5 wM. (C) Pictures of WT and mutant
seedlings 6 days after transfer from +P;+Fe (5 days) to +P;—Fe. The height of
each panel corresponds to 7 cm. +P;: 500 pM; +Fe: 50 wM; —Fe: no Fe added.
(D) Pictures of WT and mutant seedlings 6 days after transfer from +P;+Fe

(5 days) to —Pj—Fe. The height of each panel corresponds to 7 cm. +P;: 500 pM;
+Fe: 50 uM; —P;: 5 uM; —Fe: no Fe added.

FIGURE S3 | Coumarin concentrations in roots of mutants relative to Col-0 (Col-0
set to one). The fold changes compared to Col-0 are color coded according to the
scale bar. Gray squares indicate no difference to Col0-0 at P < 0.05 (Student’s
t-test, paired, two sided).

FIGURE S4 | Coumarin response (A) upon P; starvation in the presence or
absence of Fe, and (B) upon Fe deficiency in the presence of high (500 M) or low
(5 uM) Py. The fold changes compared to the respective nutrient sufficient
conditions are color coded. For Col-0, only changes at P < 0.05 (Student’s t-test,
two tailed equal variance) are color coded. For the mutants, the fold changes
compared to the respective nutrient sufficient conditions are color coded, if the
response was different compared to the WT response at P < 0.05 (two way
ANOVA). Gray indicates no differences.

TABLE S1 | Primers used for genotyping.
TABLE S2 | MS parameters for MRM transitions.

DATASET S1 | Raw data of all the analysis presented in this study.
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Iron (Fe) is an essential nutrient for plants, but at the same time its redox properties
can make it a dangerous toxin inside living cells. Homeostasis between uptake, use
and storage of Fe must be maintained at all times. A small family of unique hemerythrin
E3 ubiquitin ligases found in green algae and plants play an important role in avoiding
toxic Fe overload, acting as negative regulators of Fe homeostasis. Protein interaction
data showed that they target specific transcription factors for degradation by the 26S
proteasome. It is thought that the activity of the E3 ubiquitin ligases is controlled by Fe
binding to the N-terminal hemerythrin motifs. Here, we discuss what we have learned
so far from studies on the HRZ (Hemerythrin RING Zinc finger) proteins in rice, the
homologous BTS (BRUTUS) and root-specific BTSL (BRUTUS-LIKE) in Arabidopsis.
A mechanistic model is proposed to help focus future research questions towards a
full understanding of the regulatory role of these proteins in Fe homeostasis in plants.

Keywords: micronutrient, iron deficiency, bHLH, FBXL5, zinc finger, sensor

INTRODUCTION

Plants are stationary, therefore the ability to detect environmental stimuli, interpret them and
activate proper physiological responses is crucial for survival, growth, and development. Plants rely
on different sensors such as cell receptors to detect and respond to light, hormones, abiotic/biotic
stimuli and nutrients. Many of the molecular mechanisms and pathways involved in sensing and
responding to these environmental cues have been well studied (Galvdo and Fankhauser, 2015;
Larrieu and Vernoux, 2015; Ranty et al., 2016). In contrast, very little is known about how plants
sense micronutrients such as iron (Fe), zinc (Zn), manganese, copper, and boron. In this review,
we focus on a small family of proteins that have been proposed to function as the elusive Fe
sensors in plants.

Plants are very efficient in mining the soil for Fe, even though Fe is mostly insoluble in its
oxidised form. The uptake of Fe, and the expression of many genes involved in this process, is tightly
regulated in line with the requirement of Fe for new growth and photosynthesis (Kobayashi and
Nishizawa, 2012; Connorton et al., 2017). It is therefore important to constantly monitor the Fe
status, linked to signalling pathways to balance supply and demand.

The molecular mechanisms for Fe sensing and signalling are very diverse in bacteria, fungi and
animals (Kobayashi and Nishizawa, 2014; Outten, 2017). Regardless of the differences, Fe sensor
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systems all require direct binding of Fe or Fe-containing
prosthetic groups (Fe-S clusters and heme) which then bring
about changes in transcription, translation or protein turnover.

The mammalian protein FBXL5 (F-BoX and Leucine-rich
repeat 5) regulates Fe homeostasis by targeting IRP2 (Iron
Regulated Protein 2) for degradation (Salahudeen et al., 2009;
Vashisht et al., 2009; Thompson et al., 2012). FBXL5 consists
of an N-terminal hemerythrin (Hr) motif that binds a redox-
active di-iron centre, an F-box domain that forms part of a
multi-subunit E3 ubiquitin ligase, and a leucine-rich repeat for
protein interactions (Figure 1A). When Fe is bound, the Hr
domain is folded and the FBXL5-E3 ligase complex interacts
with IRP2, promoting its degradation. When Fe is low, the Hr
domain unfolds and FBXLS5 is degraded, thus leaving IRP2 intact
to stabilise transcripts encoding Fe uptake proteins. At the same
time, IRP2 binding blocks the translation of the Fe storage protein
ferritin. FBXL5 is also stabilised by oxygen, but the mechanism is
not fully understood (Ruiz and Bruick, 2014). Recently, proteins
with distant homology to FBXL5 have been identified in plants
(Kobayashi et al., 2013). Here, we present relevant data about
this novel family of putative Fe sensors, including the HRZ,
BTS, and BTSL proteins, and their involvement in controlling Fe
accumulation in plants.

PHYLOGENY AND PROTEIN MOTIFS

The HRZ/BTS/BTSL proteins are found throughout the green
lineage. They are characterised by 2 - 3 Hr motifs at the
N-terminus and a RING-type E3 ubiquitin ligase at the
C-terminal end (Figure 1A). This unique combination of protein
domains is not found in other kingdoms of life (Matthiadis and
Long, 2016). The small gene family is represented by one copy in
the green alga Chlamydomonas reinhardtii (Urzica et al., 2012),
two HRZ genes in rice, and three genes — BTS, BTSLI, and
BTSL2 - in Arabidopsis (Kobayashi et al., 2013). Phylogenetic
analysis shows that the genes can be divided in two clades;
HRZ/BTS “sensu stricto” are found in all green organisms,
whereas the BTSL genes are only present in dicotyledon species
(bioRxiv: Rodriguez-Celma et al., 2017).

The N-terminus with Hr motifs makes up two-thirds of the
~140 kDa protein. Hr motifs typically form a bundle of four
a-helices, with the di-iron cofactor in the middle bound by
histidines and acidic residues. The two Fe ions are bridged by
an oxygen or hydroxyl group (Figure 1B; Ruiz and Bruick,
2014). HRZ/BTS proteins have 3 Hr motifs, but BTSL proteins
only retain the 1st and 3rd motif. Instead of the 2nd Hr motif,
a predicted a-helical bundle is found but not the residues for Fe
binding. HRZ2 in rice was initially annotated with one Hr motif
corresponding to the 3rd motif in HRZ1 (Kobayashi et al., 2013),
however, the open reading frame extends 5 to reveal another 2
Hr motifs. Thus, 2 or 3 Fe-binding Hr motifs are found in all
HRZ/BTS/BTSL proteins and are likely to be critical for their
function in plants, in contrast to a single N-terminal Hr motif
in the mammalian FBXL5 protein.

E3 ubiquitin ligases form a large family of proteins,
with more than 1400 family members in Arabidopsis

(Lee and Kim, 2011). By forming specific protein interactions,
E3 ligases ubiquitinate target proteins, followed, in most
cases, by proteasomal degradation. The E3 ligase domain of
HRZ/BTS/BTSL has striking amino acid similarity (~57%) with
human/mouse RCHY1 (also called Pirh2), which belongs to a
small subfamily of RING-type E3 ubiquitin ligases (Figure 1A).
NMR structures of the three subdomains of RCHY1 revealed
9 Zn-binding sites in different types of Zn fingers: the CHY-
type, the CTCHY-type and the RING-type that interacts with
the E2 ubiquitin-conjugating enzyme (Sheng et al, 2008).
Protein motif searches identified a rubredoxin motif at the
very end of the protein, but the NMR structure showed Zn
binding rather than Fe. The Zn-binding cysteine and histidine
residues are fully conserved in plant HRZ/BTS proteins
(Matthiadis and Long, 2016), but an additional Zn-finger
motif is present in BTSL proteins (Figure 1A). Specific amino
acids in the C- and N-terminal domains of RCHY1 have been
identified that interact with one of its ubiquitination targets
(Sheng et al., 2008), but these are not conserved in plants.
Plants have an additional 3-4 homologues of RCHY]I, for
example MYB30-INTERACTING E3 LIGASE 1 (MIELI) in
Arabidopsis was shown to ubiquitinate the transcription factors
MYELOBLASTOSIS (MYB) 30 and MYB96 (Marino et al., 2013;
Lee and Seo, 2016).

In summary, bioinformatics analyses show that the domain
structure of HRZ/BTS/BTSL is conserved in the green lineage.
In dicotyledons, the BTS and BTSL proteins belong to separate
phylogenetic clades with differences in the second Hr motif and
the Zn-finger domain.

EXPRESSION PATTERNS AND
MUTANT STUDIES

Expression behaviour and mutant phenotypes provide evidence
that HRZ1 and HRZ2 in rice, BTS in several plant species and the
two redundant BTSL genes in Arabidopsis play comparable roles
in Fe homeostasis, acting as negative regulators.

Microarray analysis of root tissues showed that BTS is up-
regulated as early as 12-24 h after transferring seedlings to
medium lacking Fe, especially in the root stele above the
differentiation zone (Dinneny et al., 2008; Long et al., 2010).
Further expression analysis of shoots and roots showed that
BTS transcripts are much more abundant in shoots than
in roots (Rodriguez-Celma et al, 2013; Hindt et al, 2017).
Initial promoter-GUS studies in young seedlings showed no Fe-
dependent regulation of BTS in the leaves (Selote et al., 2015),
contrasting with RNAseq data of >10-fold induction under Fe
deficiency (Rodriguez-Celma et al., 2013; Hindt et al., 2017).
Possibly, sequences outside the cloned promoter region may
contribute to the transcriptional regulation of BTS, but further
investigation is needed.

Rice HRZI and HRZ2 are also induced within 1 day after
transfer to Fe-deficient medium, and transcript levels increase
further over the next 6 days without Fe (Kobayashi et al., 2013).
Both HRZ paralogs are expressed in roots and shoots, but about
10 times higher in shoots (Kobayashi et al., 2013).
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Hemerythrin motifs
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BTSL

FBXL5 B H Il Fbox EILINLII 79 kDa
Leucine Rich Repeat
RCHY1/Pirh2 30 kDa
CHY CTCHY RING ZnR
B

FIGURE 1 | Diagram depicting the main features of hemerythrin E3-ligases. (A) Domain organisation of HRZ/BTS/BTSL proteins in plants and algae, compared to
homologous proteins in animals. The pink box in BTSL represents a degenerate hemerythrin (Hr) motif with a predicted alpha-helical bundle but lacking the
Fe-binding histidine and glutamate residues. The E3 ubiquitin ligase domain has a sequence of different zinc fingers, including CHY-type, CTCHY-type, RING-type
and a zinc ribbon (ZnR). (B) Typical alpha-helical structure of Hr proteins and the structure of the di-iron centre (Fe-O-Fe) in FBXL5 (Ruiz and Bruick, 2014).

E3 ubiquitin ligase

The expression of BTSLI and BTSL2 in Arabidopsis is
restricted to the roots under Fe deficiency (Hindt et al., 2017;
Rodriguez-Celma et al., 2017). Promoter-GUS studies revealed
expression in the root hairs, epidermis, cortex and endodermis
(Rodriguez-Celma et al., 2017). The BTSL genes are coregulated
with the root ferrome (Schmidt and Buckhout, 2011), suggesting
common upstream transcription factors.

BTSL2 was de-regulated in the fit-1 and fit-3 mutants
lines, which are defective in FER-LIKE IRON DEFICIENCY
INDUCED TRANSCRIPTION FACTOR (FIT), the main
regulator of Fe uptake in dicotyledonous plants (Colangelo and
Guerinot, 2004; Jakoby et al., 2004). HRZ1 and HRZ?2 expression
was transiently enhanced in lines overexpressing the IDEFI,
the IRON-DEFICIENCY-RESPONSIVE ELEMENT (IDE)
BINDING FACTOR 1, but not IDEF2 (Kobayashi et al., 2013).
Opverall, Fe deficiency affects the expression levels of Arabidopsis
BTS and BTSL genes more than any other stress condition
(Supplementary Table 1').

Knockout alleles of BTS are embryo lethal (McElver et al,
2001; Selote et al.,, 2015), but lines with a T-DNA insertion
in the promoter are viable despite lower seed production
(Long et al., 20105 Selote et al., 2015). The mutants accumulate
Fe in the whole plant but especially in the seeds which is
the likely cause of embryo lethality. Viable bts mutants also
showed increased acidification of the rhizosphere and ferric-
chelate reductase activity under Fe deficiency (Selote et al., 2015).

'www.araport.org

Recently, a new allele of BTS was found in a mutant screen
for altered element profiles (Hindt et al., 2017). The bts-3 allele
carries a missense mutation affecting the second Zn-finger of
the RING motif (Prol174Leu). bts-3 plants accumulated more Fe
than the promoter mutant bts-1 (244 and 32% over wild-type,
respectively) and growth of bts-3 was severely compromised in
the presence of Fe.

In contrast to BTS, knockout mutants of Arabidopsis BTSL
are viable (Hindt et al., 2017; Rodriguez-Celma et al., 2017).
Phenotypes are only observed in the btsl double mutant, which
retained more chlorophyll than wild type under Fe deficiency and
has increased Fe levels in both roots and shoots. A triple mutant
with bts-1 displayed an enhanced phenotype (Hindt et al., 2017).

To study the function of the rice HRZ genes, RNAI lines
and insertion mutants have been generated. Two different hrzl
alleles, hrzI-1 with decreased transcript levels and hrzI-2 with
a frameshift predicted to remove the E3 ligase domain, were
more tolerant to Fe deficiency than wild type, accumulated Fe
in the seeds and had lower grain yield (Kobayashi et al., 2013;
Zhang et al.,, 2017). For HRZ2, RNAI lines and the hrz2-1 mutant
also showed tolerance to Fe deficiency and accumulated Fe in
leaves and seeds (Kobayashi et al., 2013). Interestingly, detailed
phenotypic and gene expression studies of the mutants showed
that the HRZ genes also have a function in Fe sufficiency and
excess (Zhang et al., 2017; Aung et al., 2018).

The BTS homologue in the legume Lotus japonicus is strongly
upregulated in developing root nodules (Shimomura et al,
2006), perhaps correlated with the high demand for Fe in the
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plant-bacterial symbiosis (Brear et al, 2013). RNAi silencing
of the gene resulted in chlorosis, retarded growth and roots
which failed to nodulate. The growth phenotypes could not be
rescued by exogenous nitrogen supply, which usually overcomes
a lack of symbiotic nitrogen fertilisation. However, Fe-dependent
regulation and phenotypes have not been investigated to date.
Another report identified the BTS homologue in tobacco,
Nicotiana tabacum, in the context of tobacco mosaic virus
infection (Yamaji et al., 2010).

To sum up, HRZ/BTS(L) transcript levels are strongly induced
under Fe deficiency, and mutant lines have an enhanced
or constitutive response to Fe deficiency, resulting in Fe
accumulation in all tissues.

METAL BINDING, PROTEIN STABILITY
AND LOCALISATION

The HRZ/BTS/BTSL proteins are predicted to bind metals both
in the Hr motifs and the Zn-fingers. Hemerythrins bind 2 Fe ions,
thus HRZ and BTS are predicted to bind a total of 6 Fe in their 3
Hr motifs, and BTSLs are likely to bind 4 Fe. Conservation of the
Zn-binding sites in the C-terminal domain of HRZ/BTS proteins
compared to RCHY1/Pirh2 suggests 9 Zn ions are required for
structural integrity (Sheng et al., 2008). Experimental data for
HRZ and BTS to date falls well short of these numbers. Full-
length recombinant BTS purified from Escherichia coli was found
to bind 2 Fe and 5 Zn (Selote et al., 2015). Full length HRZ1
co-purified with 2 Fe and 1 Zn, and the truncated version of the
HRZ2 protein bound 2 Fe and 2 Zn ions (Kobayashi et al., 2013).
Despite the lower than expected number of Zn ions binding to the
E3 ligase domain, the recombinant HRZ and BTS proteins had
ubiquitin transferase activity, evident from self-ubiquitination
(Kobayashi et al., 2013; Selote et al., 2015; Zhang et al., 2017).
Most likely, a small proportion of HRZ/BTS protein had a full
complement of Zn ions among mostly apo-protein.

The HRZ/BTS/BTSL proteins appear highly unstable.
Attempts to detect the endogenous protein in vivo have been
unsuccessful to date, and even full-length GFP fusions of HRZ
or BTS are difficult to detect either by western blot analysis
or fluorescence microscopy (Kobayashi et al, 2013; Selote
et al., 2015). Interestingly, a truncated version of BTS lacking
the Hr domain is easily detectable in roots and complements
bts-1 phenotypes (Selote et al,, 2015). This suggests that the
Hr domain may contribute to the instability of HRZ/BTS
proteins. Furthermore, root extracts from rice (but not shoot
extracts) were able to degrade recombinant HRZ1 and HRZ2 in a
MG132-dependent manner, pointing at proteasomal degradation
following self-ubiquitination or ubiquitination by other E3
ligases (Kobayashi et al., 2013; Zhang et al., 2017).

The HRZ/BTS proteins localised to the nucleus when full-
length GFP fusions were transiently expressed in onion cells
and Nicotiana benthamiana, respectively (Kobayashi et al.,
2013; Selote et al, 2015). No data is yet available about the
localisation of BTSL proteins, but they are presumably also
nuclear. Interestingly, a truncated version of BTS lacking the
Hr domain but preserving the first N-terminal amino acids was

localised to the cytosol (Selote et al., 2015). Truncated versions
of BTS containing only the Hr motifs or lacking the RING motif
were localised to both the cytosol and the nucleus (Selote et al.,
2015). A similar observation was made for HRZ2 in Kobayashi
et al. (2013), using a truncated version of HRZ2 containing only
the third hemerythrin motif and the C-terminal E3 ligase domain.

How does Fe binding to the Hr motifs relate to protein
stability? This key question has been addressed using transient
expression of BTS-GFP in N. benthamiana leaves and by using a
wheat germ in vitro translation system (Selote et al., 2015). BTS-
GFP fluorescence was only observed when deferoxamine, an Fe
chelator, was co-infiltrated. Addition of micromolar amounts of
Fe to the wheat germ extract prevented accumulation of BTS
protein, but it was produced upon deletion of the entire Hr
domain. Selective mutagenesis of putative Fe-binding ligands in
the first or second Hr motif, but not the third, also stabilised the
BTS protein (Selote et al., 2015). Thus, these data suggest that
BTS is destabilised by Fe binding to the Hr motifs, in contrast
to the mammalian FBXL5 protein, which is stabilised by Fe
binding. Given there are 3 Hr domains in the plant proteins,
Fe binding properties are likely to be more complex than a simple
de/stabilisation effect, as discussed below.

Thus, the data obtained by different experimental approaches
suggest that the abundance and subcellular localisation of
HRZ/BTS/BTSL proteins are tightly controlled, regulated by Fe
binding to the N-terminal Hr domain and self-ubiquitination.

INTERACTION PARTNERS

A yeast-2-hybrid screen with BTS as bait against a root-
specific ¢cDNA library identified several potential interaction
partners, including the basic Helix-Loop-Helix (bHLH)
transcription factors bBHLH104 and bHLH115 which are involved
in Fe homeostasis (Long et al., 2010). In planta bimolecular
fluorescence complementation (BiFC) and co-immunoprecipi-
tation confirmed that BTS interacts with bHLH104, bHLH115,
and also with bHLH105 (ILR3), but not with the bHLH protein
POPEYE (PYE) (Selote et al., 2015). Further investigation using
an in vitro cell-free degradation assay with or without the
inhibitor MG132 indicated that BTS mediates the degradation of
ILR3 and bHLH115 (Selote et al., 2015).

A similar yeast-2-hybrid screen using rice HRZ1 identified
the bHLH transcription factor POSITIVE REGULATOR OF
IRON HOMEOSTASIS 1 (PRI1) as interaction partner, which
is the homologue of Arabidopsis ILR3 (Zhang et al, 2017).
Co-localisation of transiently produced HRZ1 and PRII in
the nucleus and co-immunoprecipitation further supported the
interaction (Zhang et al., 2017). PRI1 promotes the expression
of IRO2 and IRO3, which are orthologs of bHLH38/39 and PYE,
respectively (Kobayashi and Nishizawa, 2012). Interestingly, the
homology of the interaction partners in Arabidopsis and rice
suggest that this part of the Fe-regulatory circuit is conserved in
dicot and monocot species.

Protein interaction screens have so far not been reported for
the BTSL proteins but phenotypic studies have provided some
clues. When the btsl double mutant was exposed to Fe-deficiency
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and resupply treatments, a specific pattern of mis-regulated
expression of the Fe uptake genes FERRIC REDUCTASE
OXIDASE 2 (FRO2) and IRON-REGULATED TRANSPORTER 1
(IRT1) suggested that FIT, or a transcription factor further
upstream, is a target for degradation by BTSLs (Rodriguez-Celma
etal,, 2017). Previous studies by Sivitz et al. (2011) found that FIT
protein levels are controlled by proteasomal degradation, but the
E3 ligase had not been identified. Physical interaction between
BTSL1/2 and FIT has been shown in vitro using far-Western
blot analysis (Rodriguez-Celma et al., 2017). FIT functions as
a heterodimer with bHLH38/39, the expression of which is
controlled by ILR3 and bHLH104 (Zhang et al., 2015; Li et al,,
2016). Interestingly, mis-regulation of bHLH38/39 expression is
also found in the btsl double mutant (Rodriguez-Celma et al.,
2017). This suggests that BTSLs may have additional targets such
as ILR3 and/or bHLH104.

Very recently, it was shown that BTS interacts with another
set of transcription factors, VASCULAR PLANT ONE-ZINC
FINGER (VOZ) 1 and VOZ2 (Selote et al., 2018). VOZ1 and
VOZ2 negatively regulate drought and cold responses, and VOZ2
has previously been shown to be degraded by the 26 proteasome.
VOZ1/2 are primarily present in the cytosol, but likely translocate
to the nucleus through phosphorylation to interact with BTS
(Yasui et al.,, 2012; Koguchi et al, 2017; Selote et al.,, 2018).
Importin (IMP) a-4. Localised in the nucleus, interacts with BTS
but is not a target for degradation (Selote et al., 2018). This
suggests that IMPa-4 may play a role in nuclear localisation of
BTS and BTS-interacting proteins.

These findings suggest HRZ/BTS/BTSL might be involved in
other stress conditions that are sensitive to Fe levels, possibly
due to the role of Fe in the reactive oxygen species (ROS)
response (Tripathi et al., 2018). Future studies to characterise
HRZ/BTS/BTSL interacting proteins will help to shed light on
how these Fe sensors may integrate multiple stress responses.

WORKING MODEL

Taken together, the experimental data on HRZ, BTS, and BTSL,
although patchy in places, suggests a similar mode of action of
these proteins, namely they provide a negative feedback loop to
moderate the activity of specific transcription factors and hence
limit Fe accumulation (Figure 2A).

Present in all plant species, HRZ/BTS proteins act in shoots
and root vascular tissue to moderate the Fe deficiency response
and Fe mobilisation (Figure 2A). The BTSL proteins are found
in dicotyledonous plants only and inhibit Fe uptake. These
two regulatory loops are connected through the expression of
bHLH38 and bHLH39, two transcription factors needed for
Fe uptake whose expression is regulated by ILR3, a target of
BTS (Figure 2A).

The transcript levels of HRZ/BTS/BTSL are strongly induced
by Fe deficiency. Protein translation may depend on low amounts
of Fe to allow folding of the N-terminal Hr domain (Figure 2B),
as shown for FBXL5 in mammals, and to proceed with translation
of the C-terminal E3 ligase domain. Because FIT is required for
BTSL transcription and also for replenishing Fe in the cytosol,
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FIGURE 2 | Working model of the hemerythrin E3 ligases as negative
regulators of the Fe deficiency response. (A) HRZ/BTS/BTSL protein function
integrated with the iron homeostasis regulatory cascade. The Arabidopsis
gene acronyms are used, with rice orthologs in brackets. BTSL represents
two mostly redundant proteins in Arabidopsis, and HRZ represents the HRZ1
and HRZ2 proteins. (B) Cellular mode of action of HRZ/BTS/BTSL proteins.
Fe levels are thought to affect protein translation and stability. Protein stability
is further controlled via self-ubiquitination activity and proteasomal
degradation. HRZ/BTS have been shown to localise in the nucleus. Protein
interaction data indicate that importin (IMP) a-4 may facilitate nuclear import of
BTS and that the hemerythrin (Hr) domain may be cleaved off. Once in the
nucleus, HRZ/BTS/BTSL catalyse the ubiquitination of specific transcription
factors followed by proteasomal degradation.

this creates a time delay in the feedback loop. Interestingly, Sivitz
et al. (2011) observed that FIT protein starts being turned over
~48 h after its upregulation in response to Fe deficiency.

On the other hand, Fe binding to the Hr domain was shown
to negatively control the levels of BTS protein (Figure 2B).
Possibly, once sufficient Fe is available, most of the BTS is
degraded, leaving only a residual amount functioning under
Fe sufficiency and excess. HRZ/BTS/BTSL protein levels would
also be tightly controlled by self-ubiquitination leading to
proteasomal degradation (Figure 2B).
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Since truncated BTS-GFP lacking the Hr domains is stable and
functionally complemented the bfs-I mutant, it is tempting to
speculate that the Hr domain is cleaved off, resulting in a ~40 kDa
protein which is small enough for nuclear import facilitated
by the interaction with the importin IMPa-4 (Figure 2B).
A precedent for such a relocation mechanism is provided by the
Fe-regulated transcription factor Aftl in yeast, which shuttles
between the cytosol and nucleus depending on the Fe status of
the cell (Outten, 2017). A possible role of Fe binding to the
hemerythrin motifs in the cleavage or relocation of the protein
cannot be ruled out (Figure 2B). Once in the nucleus, the E3
ligase domain would be able to interact with and ubiquitinate its
target transcription factors for degradation.

From expression networks and promoter-GUS studies, it has
become clear that BTS and BTSLs have diverged functions in
dicotyledonous plants. BTSLs are expressed in root tissues that
take up Fe from the soil, whereas BTS acts in the stele and shoots.
The presence of 2 or 3 Hr motifs, respectively, suggests that they
respond to different Fe setpoints on each side of the endodermis,
a cell layer that performs a critical function in nutrient uptake
(Barberon et al., 2016).

To further test the working model, the following research
questions will need to be addressed:

e Determine how Fe binding to the Hr domain alters the stability
and localisation of the HRZ/BTS/BTSL proteins, and whether
this domain is removed for nuclear import. For this, detection
of the endogenous proteins will be key.

e Identify possible phosphorylation sites that could affect
nuclear import.

e Investigate if the di-iron cofactors are redox active, and
whether the HRZ/BTS proteins are modulated by oxygen
levels, as is the case for FBXL5.
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Plants develop responses to abiotic stresses, like Fe deficiency. Similarly, plants also
develop responses to cope with biotic stresses provoked by biological agents, like
pathogens and insects. Some of these responses are limited to the infested damaged
organ, but other responses systemically spread far from the infested organ and affect
the whole plant. These latter responses include the Systemic Acquired Resistance
(SAR) and the Induced Systemic Resistance (ISR). SAR is induced by pathogens and
insects while ISR is mediated by beneficial microbes living in the rhizosphere, like
bacteria and fungi. These root-associated mutualistic microbes, besides impacting on
plant nutrition and growth, can further boost plant defenses, rendering the entire plant
more resistant to pathogens and pests. In the last years, it has been found that ISR-
eliciting microbes can induce both physiological and morphological responses to Fe
deficiency in dicot plants. These results suggest that the regulation of both ISR and Fe
deficiency responses overlap, at least partially. Indeed, several hormones and signaling
molecules, like ethylene (ET), auxin, and nitric oxide (NO), and the transcription factor
MYB72, emerged as key regulators of both processes. This convergence between
ISR and Fe deficiency responses opens the way to the use of ISR-eliciting microbes
as Fe biofertilizers as well as biopesticides. This review summarizes the progress in
the understanding of the molecular overlap in the regulation of ISR and Fe deficiency
responses in dicot plants. Root-associated mutualistic microbes, rhizobacteria and
rhizofungi species, known for their ability to induce morphological and/or physiological
responses to Fe deficiency in dicot plant species are also reviewed herein.

Keywords: dicotyledons, ethylene, iron, ISR, rhizobacteria, rhizofungi, rhizosphere, stress responses

INTRODUCTION

In the last decades, crop productivity has been mainly based on the use of high-yielding varieties
and in the application of high amounts of fertilizers and pesticides. Despite crop protection
measures, current losses are estimated at 20-40% for the major food crops world-wide (Savary
et al.,, 2012). Hence, novel strategies for crop production, with less reliance on chemical products
need to be developed. In relation to plant mineral nutrition, two strategies that can contribute to

Frontiers in Plant Science | www.frontiersin.org 43

March 2019 | Volume 10 | Article 287


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2019.00287
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2019.00287
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2019.00287&domain=pdf&date_stamp=2019-03-11
https://www.frontiersin.org/articles/10.3389/fpls.2019.00287/full
http://loop.frontiersin.org/people/95982/overview
http://loop.frontiersin.org/people/267288/overview
http://loop.frontiersin.org/people/206000/overview
http://loop.frontiersin.org/people/298831/overview
http://loop.frontiersin.org/people/295255/overview
http://loop.frontiersin.org/people/192044/overview
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Romera et al.

ISR and Fe Deficiency Responses

this goal are the development of crop varieties more efficient in
nutrient acquisition and better management of the rhizosphere
(Shen et al., 2013). The rhizosphere, the soil volume influenced by
the root system, is one of the most energy-rich habitats on Earth,
allowing the life of a myriad of microbes (Pieterse et al., 2014;
Pii et al., 2015). Many of them are pathogenic and threaten plant
growth. However, there are also many others that are beneficial
for plants, like rhizobacteria (“PGPB or PGPR: Plant Growth-
Promoting Bacteria or Rhizobacteria”) and fungi (“PGPF: Plant
Growth-Promoting Fungi”), which can improve plant growth
and benefit the adaptation of plants to adverse conditions (Yang
et al., 2008; de Zelicourt et al., 2013; Pieterse et al., 2014; Pii
et al., 2015; Verbon and Liberman, 2016). Some rhizosphere
microbes can have negative effects on plant mineral nutrition, for
example, by competing with plants for some nutrients. However,
several genera of the rhizosphere microbiota can facilitate
nutrient acquisition by plants, thus having positive effects. These
beneficial microbes include, among others, mycorrhizal fungi
and Rhizobium, which establish mutualistic symbiosis with plant
roots that improve phosphorus (P) or nitrogen (N) nutrition,
respectively (Guinel, 2015; Wang W. et al., 2017). Additionally,
there are free-living mutualistic microbes that can improve plant
nutrition through different mechanisms, such as the release of
nutrient solubilizing compounds or the modification of root
physiology and architecture (Jin et al., 2014; Mimmo et al., 2014;
Zamioudis et al., 2014, 2015; Contreras-Cornejo et al., 2015; Li
et al., 2015; Pii et al., 2015; Garcia-Lopez et al., 2016; Garnica-
Vergara et al., 2016; Verbon et al., 2017).

Among the essential mineral nutrients required by plants, iron
(Fe), along with P and N, represent the major constraints for crop
productivity worldwide (Pii et al., 2015; Scagliola et al., 2016; Tsai
and Schmidt, 2017b). Iron deficiency is widely distributed, mainly
in calcareous soils (approximately one third of cultivated lands)
which are abundant in arid and semiarid regions (Briat et al.,
2015). To cope with Fe deficiency, plants develop morphological
and physiological responses, mainly in their roots, aimed to
facilitate its acquisition (see following Section; Kobayashi and
Nishizawa, 2012; Brumbarova et al., 2015; Lucena et al., 2015).
Despite these responses, in many cases it is necessary to apply Fe
fertilizers to correct Fe deficiency. For Fe supply in the field, the
most common practice is the application of Fe chelates to soils,
which are generally expensive and therefore restricted to high
added-value field-grown crops (Briat et al., 2015). An alternative
is the use of more Fe efficient plant genotypes. However, different
results obtained with sterile soils have shown that, even with these
genotypes, the cooperation of rhizosphere microbes is necessary
for an adequate Fe acquisition (Jin et al., 2014; Pii et al., 2015).

Several studies demonstrated that the application of some
beneficial microbes to soils can improve the Fe nutrition of
plants (de Santiago et al., 2009, 2013; Zhang et al., 2009; Freitas
et al., 2015; Li et al, 2015; Ipek et al,, 2017; Sonbarse et al.,
2017; Aras et al., 2018; Arikan et al, 2018). However, the
main mechanisms driving such effects are complex and not
fully understood. One possible mechanism is the release of Fe
solubilizing compounds to soils (Jin et al., 2014; Mimmo et al.,
2014; Pii et al, 2015). Moreover, the rhizosphere mutualistic
microbiota can also improve plant Fe uptake by the alteration

of the root physiology and architecture (Zamioudis et al., 2014,
2015; Contreras-Cornejo et al., 2015; Garnica-Vergara et al,
20165 Scagliola et al., 2016; Verbon et al., 2017). In the last years
it has been found that some rhizosphere microbes can induce
physiological and morphological responses in roots of dicot
plants similar to the ones induced by plants under Fe deficiency
(Zhang et al., 2009; Orozco-Mosqueda et al., 2013; Jin et al., 2014;
Pieterse et al., 2014; Zamioudis et al., 2014, 2015; Zhao et al,,
2014; Pii et al,, 2016b; Zhou et al., 2016a; Martinez-Medina et al.,
2017; Verbon et al., 2017). It is remarkable that these rhizosphere
microbes are also capable of eliciting the Induced Systemic
Resistance (ISR) against pathogens and insects. This observation
suggests that both processes (ISR and Fe deficiency responses)
might be closely interconnected, and opens new possibilities
for optimizing the management of the rhizosphere microbiota
for improving Fe nutrition and health (Pieterse et al., 2014;
Zamioudis et al., 2014, 2015; Verbon et al., 2017). However, the
nodes of convergence between the two processes remain unclear.

Elucidating the main nodes of interconnection between the
pathways regulating microbe-elicited ISR and Fe uptake is
critical for optimizing the use of plant mutualistic microbes
in agriculture. This review summarizes the progress in the
understanding of the molecular overlap in the regulation of ISR
and Fe deficiency responses in dicot plants. We further describe
and evaluate rhizobacteria and rhizofungi species, known for
their ability to induce morphological and/or physiological
responses to Fe deficiency in dicot plants and with potential for a
future use as Fe biofertilizers.

Fe DEFICIENCY RESPONSES IN
DICOT PLANTS

Iron (Fe) is abundant in most soils, mainly as Fe>*, although its
availability to plants is low, especially in calcareous soils (Briat
et al., 2015). Based on the mechanisms used by plant roots to
facilitate mobilization and uptake of Fe, plants are classified
into Strategy I species (dicots and non-grass monocots) and
Strategy II species (grasses; Kobayashi and Nishizawa, 2012;
Ivanov et al, 2012). Dicots, such as Arabidopsis and tomato,
are Strategy I species which have to reduce Fe’* to Fe?* at
the root surface, by means of a ferric reductase (encoded by
FRO2 in Arabidopsis), prior to its subsequent uptake through a
Fe?T transporter (encoded by IRT1 in Arabidopsis; Ivanov et al.,
2012; Kobayashi and Nishizawa, 2012). This review is devoted
to dicots, where ISR mechanisms have been more extensively
studied (Balmer et al, 2013). Consequently, the mechanisms
described thereafter correspond to Strategy I plant species. For
details about the Strategy II plant species readers are referred to
other articles in this special issue.

When grown under Fe deficiency, Strategy I species develop
several physiological and morphological responses, mainly in
roots, known as Fe deficiency responses. Those responses are
aimed at facilitating Fe mobilization and uptake (Ivanov et al,,
2012; Kobayashi and Nishizawa, 2012; Brumbarova et al., 2015;
Lucena et al., 2015). Among the physiological responses are: an
enhanced ferric reductase activity due to upregulation of the FRO
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genes; an enhanced Fe?* uptake capacity due to upregulation
of the IRTI genes; the acidification of the rhizosphere due to
upregulation of AHA or HA (H*-ATPase) genes (Waters et al.,
2007; Brumbarova et al., 2015; Lucena et al., 2015); an increase
of the synthesis and release of organic acids, like citrate and
malate, to the medium (Kabir et al., 2012; Schmidt et al., 2014);
an increase of the synthesis and release of phenolic compounds
to the medium due to upregulation of genes like F6'HI, S8H,
BGLU42, and ABCG37 (Schmid et al., 2014; Schmidt et al., 2014;
Zamioudis et al., 2014; Tsai and Schmidt, 2017a; Siwinska et al,,
2018; Tsai et al.,, 2018); and an increase of the synthesis and
release of flavins to the medium (Rodriguez-Celma and Schmidt,
2013). The acidification facilitates the solubilisation of Fe and
the functioning of the ferric reductase which has an optimum
pH around 5.0 (Lucena et al., 2007; Waters et al., 2007). Organic
acids can act as chelating agents for Fe in the soil and also inside
the plant (Durrett et al., 2007; Schmidt et al., 2014). In fact, Fe
is moved through the xylem chelated with citrate (Durrett et al,,
2007; Schmidt et al., 2014). Phenolic compounds, like coumarins,
and flavins can act as chelating and reducing agents of Fe3™,
thus facilitating its mobilization in the rhizosphere (Rodriguez-
Celma and Schmidt, 2013; Tsai and Schmidt, 2017a; Rajniak et al.,
2018). The F6'H1 (“Feruloyl-CoA 6'-Hydroxylasel”) and S8H
(“Scopoletin 8-Hydroxylase”) genes encode enzymes involved
in the last steps of the synthesis of the coumarins scopoletin
and fraxetin (Schmid et al., 2014; Schmidt et al., 2014; Tsai and
Schmidt, 2017a; Siwinska et al., 2018; Tsai et al.,, 2018). The
ABCG37 gene (also named PDRY9) encodes an ABC transporter
involved in the release of coumarins to the medium (Fourcroy
etal, 2014, 2016; Zamioudis et al., 2014) while the BGLU42 gene
encodes a B-glucosidase, possibly required for the processing
of glycosylated phenolic compounds as an essential step for
their secretion in the root vicinity (Zamioudis et al., 2014;
Stringlis et al., 2018b). Among the morphological responses are:
development of subapical root hairs, cluster roots, and transfer
cells, all of which are aimed to increase the surface of contact
with the soil (Romheld and Marschner, 1986; Lucena et al.,
2015; Romera et al., 2017). Both physiological and morphological
responses are mainly located in the subapical regions of the roots
(Rombheld and Marschner, 1986).

The regulation of the physiological and morphological
responses described above is not fully understood but in the last
years several transcription factors (TFs) that participate in the
activation of most of their associated genes have been described
(Ivanov et al., 2012; Kobayashi and Nishizawa, 2012; Brumbarova
et al., 2015; Zhang et al.,, 2015; Li et al., 2016; Liang et al., 2017).
In Arabidopsis, the master regulator of most of these genes is
FIT (bHLH29), homolog of the tomato FER (Bauer et al., 2007
and references therein). The FIT regulatory network comprises
other bHLH TFs of the Ib subgroup, such as bHLH38, bHLH39,
bHLH100, and bHLH101. All of them have redundant functions
and can interact with FIT to form heterodimers that activate the
expression of the Fe acquisition genes FRO2 and IRTI (Yuan
et al,, 2008; Wang N. et al., 2013; Brumbarova et al., 2015).
FIT/FER is induced in roots in response to Fe deficiency while the
other Ib bHLH genes cited above are induced in both roots and
leaves in response to Fe deficiency (Brumbarova et al., 2015 and

references therein). FIT also controls MYB10 and MYB72, two
other TFs essential for plant growth on low Fe conditions (Palmer
et al.,, 2013; Zamioudis et al., 2014, 2015). Besides the FIT/Ib
bHLH regulatory network, there is another regulatory network
related to the POPEYE (PYE; bHLH47) TF and associated with
the vasculature (Brumbarova et al, 2015). In the last years,
it has been found that, under Fe-deficiency conditions, IVc
subgroup bHLH TFs [bHLH34, bHLH104, bHLH105(ILR3), and
bHLH115] activate FIT/bHLH38/39/100/101 and PYE expression
(Zhang et al., 2015; Li et al., 2016; Liang et al., 2017). Upstream of
the IVc subgroup bHLH TFs is the BRUTUS (BTS) protein, which
possesses Fe-binding domains and that interacts with IVc bHLH
TFs, targeting them for proteasomal degradation (Zhang et al.,
2015; Liang et al., 2017). Since the IVc bHLH TFs act as positive
regulators of Fe deficiency responses, the current data suggests
that BTS is a negative regulator of Fe deficiency responses (Zhang
et al., 2015; Hindt et al., 2017).

The mechanisms by which plants perceive Fe deficiency
and how this perception is transmitted to the activation of
the responses is not fully understood. Several studies support
a role for hormones and other plant signaling molecules in
the activation of FIT and other TFs and, consequently, in the
upregulation of the ferric reductase, the Fe?* transporter and
other Fe-related genes. Within them, the plant hormone ethylene
(ET) has been found to play a key role in the regulation of
most of the physiological and morphological responses to Fe
deficiency (Figure 1; revi