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The essential role of coumarin secretion for Fe acquisition from alkaline soil
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ABSTRACT

Plant productivity is limited by the scarcity of the essential micronutrient iron particularly in alkaline
sails. The root secretion of phenolics has long been recognized as a component of the acidification-
reduction strategy to acquire iron (strategy ). However, very little molecular insight into this process
was available until recently several research groups independently discovered the important role of
coumarins for the growth of Arabidopsis thaliana under Fe-limited conditions. Genome-wide
analyses of iron deficiency responses, mutant screening and metabolomics experiments all
converged on the finding that the synthesis and root exudation of scopoletin, esculetin and other
coumarins is essential for iron uptake from substrates with low iron availability. Here we describe
the evidence supporting this conclusion and discuss important questions that now have to be
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addressed in order to better understand the mechanistic basis of coumarin-dependent iron uptake

and its significance within the plant kingdom.

Abbreviations and acronyms: GC-MS, gas chromatography mass spectrometry; UPLC-ESI-MS/MS, ultra-per-
formance liquid chromatography electrospray ionization mass spectrometry

Introduction

Iron (Fe) is an essential nutrient. As a redox-active metal
it is involved in many indispensable cellular processes,
e.g. photosynthesis and respiration. Fe is very abundant
in the earth’s crust and life evolved in an Fe-rich envi-
ronment." With rising oxygenation of the atmosphere,
however, Fe availability for organisms dropped by several
orders of magnitude because Fe oxides have very low sol-
ubility. This forced most life forms to evolve mechanisms
for the acquisition of scarcely available Fe. Pathogens, for
instance, engage in a battle for the Fe reserves of their
hosts.” Plant productivity is limited by Fe particularly on
alkaline soils as solubility of Fe oxides is exceedingly low
above neutral pH.” Two different strategies of Fe acquisi-
tion by the roots of higher plants have been defined.
Non-graminaceous plants employ strategy I consisting
of rhizosphere acidification, reduction of Fe(IIl) and
uptake of Fe(Il). The strategy II expressed in grasses
involves the secretion of Fe(IIl) chelating phytosidero-
phores and subsequent uptake of Fe(III)-phytosidero-
phore complexes.*”

The secretion of phenolics and possibly other low
molecular weight compounds as chelators and/or reduc-
tants of Fe(III) has always been regarded as an additional
component of strategy 1.>” Its importance was, for exam-
ple, demonstrated when the removal of phenolics from

the root culture medium resulted in severe Fe deficiency
of red clover plants.® However, while other players of
strategy I such as transporters, proton pumps and regula-
tory proteins have been elucidated in molecular detail >
the nature of root exudation in response to Fe deficiency
remained enigmatic until recently. The substantial prog-
ress achieved in the past 2 y with respect to root exudates
and Fe acquisition is the subject of this review.

Discovery of coumarin secretion as a mechanism of
Fe acquisition

A major advance in our understanding of phenolics
secretion and its role for plant Fe nutrition was
achieved when recently 4 research groups independently
and following different approaches arrived at the con-
clusion that the secretion of coumarins is essential for
Fe acquisition from alkaline substrates in A. thaliana.
One line of investigation was guided by the observation
that several proteins involved in phenylpropanoid
metabolism and specifically coumarin biosynthesis
show increases in abundance under conditions of Fe
deficiency.’ Among them was the 2-oxoglutarate Fe(II)
oxygenase Feruloyl-CoA 6'-Hydroxylase (F6'H1), which
had in earlier microarray data already been shown to be
transcriptionally up-regulated upon Fe limitation.'®""
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F6'H1 (At3g13610) encodes an enzyme that is essential
for the synthesis of the major coumarins scopoletin and
scopolin in A. thaliana.'> Mutant plants defective in
F6'H1 contain only trace amounts of scopoletin and its
B-D-glucopyranoside scopolin, the major coumarins
synthesized by A. thaliana. The product of a paralogous
gene, F6'H2, shows the same activity yet does barely
contribute to total coumarin biosynthesis, presumably
due to a low expression level relative to F6'H1."?

Initial analyses indicated enhanced scopoletin accu-
mulation in Fe-deficient A. thaliana plants but neither
scopoletin nor scopolin were detected in root exudates.’
After the up-regulation of phenylpropanoid biosynthesis
had been confirmed in an RNA-seq study of the A. thali-
ana Fe deficiency response, f6 'h1 mutant seedlings were
tested for Fe acquisition defects. Indeed, on a medium
with very low Fe availability (pH 7.0, 10 uM FeCl;) lack
of functional F6'H1 resulted in severe Fe deficiency
symptoms and a strong reduction in the synthesis of
UV-fluorescent compounds presumed to represent phe-
nolics.” Synthesis of these compounds was stimulated in
wild-type seedlings under Fe-deplete conditions. Identity
of the fluorescent compounds, however, was not deter-
mined in this study.

Phenolics not only accumulated in roots. They were
also secreted into the medium as apparent from remain-
ing fluorescence after removal of the roots. Mutants lack-
ing a functional PDR9 gene (ABCG37) encoding an ATP-
Binding Cassette transporter appeared to still synthesize
phenolics but failed to secrete them as the fluorescence of
the medium was strongly reduced. The ABCG37 gene was
tested because it equally belongs to a network of genes
co-regulated under Fe deficiency.” In a separate study the
exudates of Fe-deficient Brassica napus and A. thaliana
roots were analyzed in detail after their crucial role for
growth under conditions of Fe deficiency had been con-
firmed."* HPLC coupled to ESI-MS/MS enabled the iden-
tification of several compounds accumulating in A.
thaliana Col-0 wild type roots in Fe-deplete conditions,
namely scopoletin, fraxetin, isofraxidin, 5-methoxyscopo-
letin and several glucosides of scopoletin and derivatives
(Fig. 1). The aglycones as well as a small fraction of the
scopoletin glucosides were in addition found in the exu-
dates of Fe-deficient roots. Loss of ABCG37, however,
suppressed the exudation of coumarins almost completely,
which strongly suggested an involvement of this trans-
porter in the secretion of coumarins.

The third approach leading to the discovery of the
crucial role of coumarins was a forward genetic screen
with a set of A. thaliana T-DNA insertion lines."”” One
mutant was isolated that was severely compromised in
its ability to grow on alkaline soil (pH 7.2) while growth
on pH 5.5 soil or when supplied with extra Fe(III)-
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Figure 1. Coumarins detected in the root exudates of A. thaliana
plants exposed to conditions of low Fe availability. 8-D-glucopyr-
anosides of esculetin, scopoletin and fraxetin (esculin, scopolin
and fraxin, respectively) are also reported.

EDDHA was unaffected relative to wild-type plants.
Sequencing revealed an insertion in the F6'HI gene as
the cause of the phenotype. The accumulation of fluores-
cent compounds in Fe-deficient roots was detected spe-
cifically in the outer cells layers, i.e. epidermis and
cortex, and shown to co-localize with F6'HI promoter
activity. Mutant plants did not show the increase in the
secretion of fluorescent compounds elicited by Fe defi-
ciency in wild-type plants. Importantly, wild-type root
exudates were indeed found to mobilize Fe(III) from Fe
hydroxide under alkaline conditions far more efficiently
than f6'h1 root exudates. Removal of fluorescent com-
pounds and other phenolics from the exudates by
reversed-phase chromatography strongly reduced the



Fe-chelating activity, suggesting a direct contribution of
these compounds to Fe acquisition. Metabolite profiling
of roots and root exudates by UPLC-ESI-MS/MS identi-
fied several coumarins as F6'H1-dependent metabolites.
These included scopolin, esculin and their respective
aglycones scopoletin and esculetin (Fig. 1). Concentra-
tions were very different, with scopolin and scopoletin
being the dominant compounds. Expectedly, both agly-
cones showed higher exudation rates than the conju-
gates. Also identified were fraxetin and isofraxetin
(Fig. 1).

Finally, an unbiased metabolomics analysis using GC-
MS and UPLC-ESI-MS/MS revealed a set of metabolites
that showed higher abundance in roots of A. thaliana
plants exposed to 2 different conditions of Fe deficiency,
i.e., a medium not containing Fe or a medium containing
Fe but at a pH of 7.8."° GC-MS analyses found as a major
Fe deficiency response increases in the abundance of
malate and citrate, 2 organic acids that have been impli-
cated in Fe homeostasis.'” Nearly one hundred features
(m/z - retention time pairs) showed robust changes in
roots under conditions of Fe deficiency. Among the few
compounds that could be unequivocally identified
through tandem MS analyses and comparisons with data
base entries or authentic standards were scopolin and
scopoletin as well as fraxetin and its conjugated form,
fraxin (Fig. 1). All four compounds were more abundant
in root extracts of Fe-deficient plants. The identification
of these coumarins prompted analysis of f6’hI mutant
plants and confirmed the strong growth inhibition under
alkaline conditions. Partial rescue of this phenotype by
co-cultivation with wild-type plants in hydroponics indi-
cated the importance of root exudation, i.e. an extracellu-
lar role of coumarins. Metabolite profiling of root
exudates identified scopoletin and esculetin as coumarins
secreted in an F6’'H1-dependent manner.

Open questions

With the discovery that coumarin secretion by A. thali-
ana roots is essential for Fe acquisition under alkaline
conditions at least 4 major questions arose. First, are
there additional phenolic compounds that contribute to
Fe acquisition? Second, which other proteins besides
F6’H1 and ABCG37 are involved in the synthesis, proc-
essing and secretion of coumarins and possibly other
phenolics by Fe-deficient root cells? Third, what is the
biochemical basis for the coumarin-mediated Fe acquisi-
tion under alkaline conditions? Fourth, how widespread
is the mechanism in the plant kingdom?

LC-ESI-MS analyses, which cover predominantly
compounds of the secondary metabolism,'® revealed that
the root metabolic response to Fe deficiency is very
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complex.'*"'® Far more secondary metabolites than cur-
rently known are apparently synthesized at higher rates
upon Fe limitation. A significant fraction of them can be
expected to be secreted since A. thaliana root exudates
contain a large number of secondary metabolites.'” Their
identification remains a tedious process based on
advancing databases,” the careful analysis of biosynthe-
sis mutants,>! synthesis of reference compounds, and the
development of new algorithms that aid in structure
prediction.”

Dissection of the coumarin secretion pathway will
require the identification of additional proteins. While
loss of F6’H1 function reduced scopoletin secretion
nearly quantitatively the accumulation of other coumar-
ins was less affected, suggesting the existence of alterna-
tive biosynthetic pathways.'>'® For instance, esculetin
biosynthesis is not fully understood yet.*> Similarly,
abcg37 mutant plants still secrete minor amounts of cou-
marins indicating that other transporters may contrib-
ute."* Secretion of both conjugates and aglycones raised
the question as to which compounds are the actual sub-
strates for ABCG37. A study on the transcription factor
Myb72, which is involved in activating Fe deficiency
responses”* and induced systemic resistance, provided
first answers.”> The Myb72-regulated -glucosidase gene
BGLU42 is required for efficient coumarin secretion.
This suggests that glucosides are hydrolyzed by BGLU42
and then secreted as aglycones. Related enzymes likely
contribute because loss of BLGU42 does not abolish cou-
marin release completely. Candidates are BLGU21, 22
and 23. They were purified from A. thaliana roots and
upon heterologous expression in insect cells shown to
hydrolyze scopolin and esculin.*®

Another question concerning further processing
relates to the extracellular fate and activity of secreted
coumarins. Available evidence strongly suggests a direct
role of coumarin secretion for Fe acquisition, as opposed
to an indirect role such as toxicity to bacteria competing
for soil Fe as mentioned by Fourcroy et al."* Besides the
Fe(IIT) mobilizing activity and the partial rescue of the
f6’h1 mutant by co-cultivation with wild type plants on
agar plates,13 or in hydroponic culture,'® the effects of
coumarin feeding experiments further support this
hypothesis. Exogenous application of esculin, esculetin
and scopoletin suppressed Fe deficiency symptoms in
f6’h1 seedlings grown axenically in the presence of low
Fe."” However, when tested in vitro, only esculetin was
able to mobilize Fe(III) from Fe hydroxide. Neither escu-
lin nor scopoletin showed this activity. The discrepancy
between feeding effects and in vitro activity led Schmid
et al."® to postulate extracellular conversion of these cou-
marins to esculetin via deglucosylation or demethylation,
respectively. The structure of esculetin with 2
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neighboring hydroxyl groups suggests an Fe(III)-chelat-
ing activity similar to classic catechol-type siderophores.
The other identified coumarins in the root exudates
lack this structural feature, with the exception of fraxe-
tin and isofraxetin (Fig. 1). Originally, the role of phe-
nolic compounds in Fe acquisition had been regarded
as being possibly due to an Fe(III) chelating or an Fe
(I) reducing capacity.® Thus, these 2 possible modes
of action for coumarins are being discussed. Accord-
ingly, an alternative explanation for the beneficial effect
of scopoletin feeding could be that this coumarin itself
enhances Fe availability without prior conversion to a
catechol-like molecule.

Coumarins have intensively been investigated for a
wide range of therapeutic purposes because of reported
anti-inflammatory, anti-neurodegenerative, or anti-
cancer activities to name a few.”” For the simple cou-
marins, to which the ones secreted by A. thaliana
roots belong, anti-oxidant (e.g., esculetin) or anti-
microbial properties (e.g., scopoletin) were reported.
In plants scopoletin has been characterized as a phyto-
alexin.”® Both toxicity and anti-oxidant properties of
coumarins could be related to an interaction with Fe
because Fe(II) can catalyze the production of reactive
oxygen species in Fenton chemistry. Chelation could
attenuate ROS production, reduction of Fe(III) could
trigger it.>” Testing such interactions of natural com-
pounds with Fe under physiological conditions poses a
challenge. For instance, in aqueous solutions Fe(III) is
barely soluble especially at neutral or alkaline pH and
forms oxo-, hydroxyl- and aquo-complexes. UV-vis
spectroscopy in non-aqueous solutions indicated
reduction of Fe(III) by all tested coumarins (scopole-
tin, fraxetin, esculetin) and the formation of complexes
with Fe(I).'® The physiological significance of these
observations is not clear though. When tested in
DMSO, various coumarins reduced Fe(III). In buffered
solution reduction was only observed at acidic pH.*
Chelating ability was found for the coumarins with 2
hydroxyl groups in ortho position, i.e., molecules simi-
lar to esculetin, not for coumarins with single hydroxyl
groups.”” Taken together, the evidence supports an Fe
(IIT) chelating activity of esculetin as one underlying
mechanism,'® but clearly much more work is needed
to fully understand the strong beneficial effect of cou-
marin secretion on Fe acquisition under alkaline con-
ditions both biochemically and physiologically. A
prerequisite will be comprehensive information on
possible conversions of secreted metabolites and their
actual concentrations in the rhizosphere. According to
available data, the presumably less active or inactive
scopoletin is far more abundant than the active escule-
tin (Figs 1-2).

Finally, how common is this mechanism? Or in
other words: how important is this mechanism eco-
logically? How relevant is it for crop plants? Coumar-
ins are widespread in nature. Most of the more than
1000 different reported coumarins have been isolated
from plants.’®’' One way to assess their distribution
is to derive an estimate about the prevalence of the
required enzymatic activities within the plant king-
dom. A key step in the synthesis of coumarins is the
ortho-hydroxylation of cinnamates, which channels
their use as precursors away from lignin biosynthe-
sis.”” The responsible enzyme for this step in A. thali-
ana, F6'H1, is a representative of clade DOXC30
according to a recent phylogenetic classification of 2-
oxoglutarate Fe(II) oxygenases by Kawai et al.’> Some
DOXC clades are present in all land plants, others in
vascular plants. Representatives of the latter are for
instance involved in the synthesis of gibberellins.
DOXC30 is one of the clades found only in certain
plant species. Mosses (Physcomitrella patens), lyco-
phytes (Selaginella  moellendorffii), ~gymnosperms
(Picea abies) and monocots (Oryza sativa) apparently
do not possess DOXC30 members. On the other
hand, DOXC30 proteins are present outside of A.
thaliana or the Brassicaceae. In order to gain a more
detailed overview we performed an analysis similar to
the one reported by Shimizu et al.*®> Part of the
F6'H1l amino acid sequence was used for BlastP
searches. We decided to take the stretch from amino
acid 151 to amino acid 309, which contains the cata-
Iytic triade consisting of Tyrl51, Val238 and Phe309
as well as the binding sites for Fe and 2-oxoglutarate.
Species with putative F6'HI orthologs were placed in
a phylogenetic tree based on the taxonomic classifica-
tion in NCBI (http://www.ncbinlm.nih.gov/taxonomy).
The results indicate absence in monocots and wide-
spread occurrence among dicots (Fig. 2). This finding is
consistent with the reported list of orders with putative
F6'H1 orthologs, ranging from Vitales, through Malvales,
Fabales, and Rosales, to Lamiales.?

While this overview suggests presence of coumarin
biosynthesis across the dicots it certainly does not
allow to draw direct conclusions as to which plant
species express coumarin-dependent Fe acquisition
from alkaline low Fe substrates. Fabaceae such as
Medicago truncatula likely possess enzymes able to
catalyze the ortho-hydroxylation of feruloyl-CoA or
other cinnamates. However, according to genome-
wide analyses M. truncatula does not respond to Fe
deficiency with upregulation of the phenylpropanoid
pathway as A. thaliana. Instead, it shows enhanced
biosynthesis and secretion of riboflavins. Their func-
tional equivalence to coumarins was demonstrated by
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Figure 2. Plant families with or without putative F6 ‘HT orthologs.
A BlastP search was performed with amino acids 151 to 309 of A.
thaliana F6'H1 in the NCBI (http:// ncbi.nim.nih.gov) and Phyto-
zome (http://phytozome.org) databases (maximum target
sequences: 5000). Sequences were selected as putative orthologs
when a reverse BlastP search yielded AtF6'H1 or AtF6'H2 as the
top hit. Species with putative orthologs where then placed into a
phylogenetic tree based on the taxonomic classification in NCBI.
Shown are families with (green branches) or without (red
branches) putative F6'H1 orthologs. Species representing the
families are: Arabidopsis thaliana (Brassicaceae), Carica papaya
(Caricaceae), Tarenaya hassleriana (Cleomaceae), Gossypium rai-
mondii (Malvaceae), Ruta graveolens (Rutaceae), Manihot escu-
lenta (Euphorbiaceae), Linum usitatissimum (Linaceae), Salix
purpurea (Salicaceae), Morus notabilis (Moraceae), Malus domes-
tica (Rosaceae), Cucumis sativus (Cucurbitaceae), Cicer arietinum
(Fabaceae), Vitis vinifera (Vitaceae), Ipomoea batatas (Convolvula-
ceae), Nicotiana sylvestris (Solanaceae), Sesamum indicum (Pedal-
iaceae), Coffea canephora (Rubiaceae), Spinacia oleracea
(Amaranthaceae), Nelumbo nucifera (Nelumbonaceae), Aquilegia
coerulea (Ranunculaceae), Lilium longiflorum (Liliaceae), Triticum
aestivum (Poaceae).

the rescue of the f6'hl mutant via co-cultivation with
wild-type M. truncatula plants.”> Furthermore,
because occurrence of F6'HI orthologs is apparently
so widespread, their presence or absence cannot be
correlated with the ability or inability to grow in alka-
line soil. For instance, Gossypium species prefer
acidic soil yet carry F6'HI orthologs. Thus, there is a
need for systematic experimental searches to identify
the plant species that respond to Fe scarcity by secre-
tion of coumarins.
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