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Abstract.

Plants have developed different mechanisms for the acquisition of iron (Fe). Depending on the

mechanisms, plants are classified into two groups: Strategy I and Strategy II. Strategy I plants include all higher
plants except the Gramineae, while Strategy Il plants comprise the Gramineae. When plants suffer from
Fe-deficiency, they develop several morphological and physiological changes in their roots, known as Fe-deficiency
stress responses, which disappear when the plants acquire enough Fe. In Strategy I plants, these changes include
subapical swelling with abundant root hairs, transfer cells, acidification of the rhizosphere, enhancement of the
capacity to reduce Fe’" to Fe?", enhancement of the capacity for Fe?" uptake, release of flavins, and others. The
regulation of these responses is not fully understood but in recent years there has been evidence suggesting the
involvement of ethylene in this process. This review summarises different results that support a role for this
hormone in the regulation of Fe-deficiency stress responses by Strategy I plants.
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Introduction

Iron (Fe) is very abundant in most soils, mainly as Fe3*, but
its availability for plants is low, especially in calcareous
soils. Based on the mechanisms developed to facilitate
mobilisation and uptake of Fe, plants are classified into
Strategy 1 plants: all higher plants except the Gramineae;
and Strategy II plants: the Gramineae (ROmheld and
Marschner 1986; Bienfait 1987; Curie and Briat 2003; Hell
and Stephan 2003). To obtain Fe from the medium, Strategy
IT plants release phytosiderophores from their roots, which
form stable chelates with Fe3*. The Fe>*—phytosiderophores
are then taken up by specific transporters present in the
plasmamembrane of epidermal cells. Recently, one of these
transporters, called YS1, has been cloned (Curie et al. 2001).
Under Fe-deficient conditions, Strategy II plants greatly
increase the production and release of phytosiderophores as
well as the number of Fe>*—phytosiderophore transporters
(Ma and Nomoto 1996; Mori 1999). Phytosiderophores are
synthesised from L-methionine via the pathway shown in
Fig. 1 (Ma and Nomoto 1996; Mori 1999).

The main characteristic of Strategy [ plants is the
necessity for reduction of Fe** to Fe?" before its absorption

(Chaney et al. 1972). This reduction is mediated by a plasma
membrane ferric reductase [encoded by the FROI1 gene in
pea (Waters et al. 2002), and by the FRO2 gene in
Arabidopsis (Robinson et al. 1999)]. When grown under
Fe-deficiency, Strategy I plants induce several morphological
and physiological responses in their roots, aimed at facili-
tating Fe mobilisation and uptake. Some of these responses
are: development of subapical swelling with abundant root
hairs, transfer cells, enhancement of ferric reducing capacity,
acidification of the extracellular medium, increase in the
number of Fe?*-transporters (such as IRT1), and release of
flavins and phenolics, among others (Romheld and
Marschner 1986; Bienfait 1987; Curie and Briat 2003; Hell
and Stephan 2003). These responses are switched on or off
depending on the Fe necessities of the plant. Their regulation
is not well known and the different hypotheses proposed will
be briefly described in the following paragraph.

Hypotheses about the regulation of Fe-deficiency stress
responses by Strategy I plants

Bienfait (1987, 1988) proposed that the FER protein is
involved in the regulation of Fe-deficiency stress responses.

Abbreviations used: ACC, 1-aminocyclopropane-1-carboxylic acid; AOA, aminooxyacetic acid; AVG, aminoethoxyvinylglycine; CFM, 2-chloro-9-
hydroxyfluorenecarboxylic acid-(9)-methylester; 2,4-p, 2,4-dichlorophenoxyacetic acid; EDDHA, N,N'-ethylenebis[2-(2-hydroxyphenyl)-glycine];
Ferrozine, 3-(2-pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-1,2,4-triazine; NA, nicotianamine; SAM, S-adenosylmethionine; STS, silver thiosulfate;

TIBA, 2,3,5-triiodobenzoic acid.
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The formulation of this hypothesis is based on studies with
the tomato mutant fer. This mutant is unable to develop any
of the known Fe-deficiency stress responses (subapical root
hairs, transfer cells, enhancement of ferric reducing capac-
ity, acidification) when grown under Fe-deficient conditions
(Bienfait 1987, 1988; Ling ef al. 1996). Recently, it has been
found that the FER gene contained a region coding for a
highly conserved bHLH motif characteristic of the family of
eukaryotic bHLH transcriptional regulatory proteins (Ling
et al. 2002). Nonetheless, it remains unclear at which point
in the cascade of iron sensing, transduction of the signal or
transcription of the response genes, the FER protein acts
(Curie and Briat 2003).

Scholz et al. (1992) suggested that a nicotinamide
(NA)-Fe-repressor complex participates in the repression of
Fe-deficiency stress responses, in such a way that the
responses are turned on when the NA—Fe-repressor complex
is not formed. This hypothesis is based on the fact that the
tomato mutant chloronerva, which lacks the ability to
synthesise NA, always has the responses turned on, even
when grown in Fe-sufficient conditions. This mutant
becomes normal upon NA application (Scholz ef al. 1992).

Landsberg (1984, 1996) and Romheld and Marschner
(1986) proposed that Fe-deficiency increases the levels of
auxin, and that this hormone triggers the Fe-deficiency
stress responses. This hypothesis is based on several experi-
mental results. TIBA (inhibitor of polar auxin transport)
application to Fe-deficient plants markedly postponed the
onset of acidification (Landsberg 1984), and inhibited the
ferric reducing capacity and the subapical root hairs
(De la Guardia et al. 1988). Similarly, the application of
2-chloro-9-hydroxyfluorenecarboxylic acid-(9)-methylester
(CFM), another inhibitor of polar auxin transport, to
Fe-deficient bean plants prevented the increase of ferric
reducing capacity, although it had no effect on Fe-deficient
cucumber plants (Li et al. 2000). On the other hand,
Fe-sufficient red pepper and sunflower roots treated with
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auxin developed both subapical swelling with abundant root
hairs and transfer cells similar to the ones developed under
Fe-deficiency (Landsberg 1984, 1996). It has also been
reported that Fe-deficient sunflower roots produced higher
levels of auxin than the Fe-sufficient ones (Romheld and
Marschner 1986).

Finally, Romera and Alcéantara (1994), and Romera et al.
(1999) proposed that Fe-deficiency causes an increase in
ethylene production by roots, and that this hormone then
triggers Fe-deficiency stress responses or, at least, some of
them. There are several experimental results that support a
role for ethylene in the regulation of Fe-deficiency stress
responses in Strategy I plants. These results will be
described later in this review, after a brief introduction of
ethylene biosynthesis and signalling, and the role for
ethylene in the responses to different stresses.

Ethylene biosynthesis and signalling

Ethylene is synthesised from L-methionine via the pathway
shown in Fig. 1 (Yang and Hoffman 1984; Wang et al. 2002).
The conversion of SAM to ACC is catalysed by ACC
synthase, which is inhibited by AOA, AVG, and other
compounds (Yang and Hoffman 1984). The conversion of
ACC to ethylene is catalysed by ACC oxidase. ACC oxidase
requires Fe for activation and is competitively inhibited by
Co*" (Dilley et al. 1993). There are also some compounds,
like STS, 2,5-norbornadiene and 1-methylcyclopropene
(1-MCP), that inhibit ethylene action by blocking the binding
of ethylene with its receptors (Veen 1985; Hall et al. 2000).
The mode of action of ethylene is not fully understood,
but in recent years there have been considerable advances,
mainly based on the study of Arabidopsis ethylene mutants.
Several ethylene insensitive mutants have been identified,
such as efrl, ein4d and ein2. The ETR1 and EIN4 genes
encode ethylene receptors, and both mutants, efr/ and ein4,
show insensitivity to exogenously applied ethylene (Chang
and Stadler 2001; Wang et al. 2002). The EIN2 gene
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Schematic pathway of ethylene biosynthesis showing the steps at which 2,4-D, AOA, AVG, Co and STS act. The pathway of NA

and phytosiderophores biosynthesis is also depicted. (> : only in Strategy Il plants; T: inhibition).
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encodes a protein involved in the ethylene-signalling path-
way. The ein2 mutants also show insensitivity to exogenous
ethylene (Chang and Stadler 2001; Wang et al. 2002). On
the other hand, c#r/ is a mutant that constitutively activates
most of the responses to ethylene (i.e. triple response), as if
it were always in the presence of the hormone (Chang and
Stadler 2001; Wang et al. 2002). Based on epistatic analyses
of different Arabidopsis ethylene mutants, a transduction
pathway for ethylene has been proposed, in which CTR1
acts downstream of ETR1 and EIN4 (and other receptors:
ETR2, ERS1 and ERS2), and EIN2 acts downstream of
CTR1 (Chang and Stadler 2001; Wang ef al. 2002):

Ethylene — ETRI1, EIN4, .... —|CTR1 —| - - - EIN2
- o responses.

In this pathway, ethylene receptors are negative regulators of
the ethylene response pathway, i.e. they repress ethylene
responses in the absence of ethylene. Similarly, CTRI,
which has homology to the Raf family of protein kinases, is
a negative regulator of downstream signalling events (Chang
and Stadler 2001; Wang et al. 2002).

Besides this transduction pathway, the existence of other
alternative pathways is suggested by different experimental
results. The c#r/ mutants are still capable of responding to
ethylene, indicating the existence of alternative pathway(s)
for ethylene responses (Larsen and Chang 2001). Moreover,
several monomeric G proteins, involved in signal transduc-
tion, have been shown to be transcriptionally up-regulated
by ethylene, while only some of them are up-regulated in the
ctrl mutant (Moshkov et al. 2003). This suggests that
ethylene could act through alternative transduction pathways
not mediated by the CTR1 gene (Moshkov ef al. 2003).

Ethylene and stress

Ethylene is involved in many aspects of plant life, including
seed germination, root hair development, root nodulation,
flower senescence, abscission, and fruit ripening (Lynch and
Brown 1997; Wang et al. 2002). The production of ethylene
is tightly regulated by internal signals, and in response to
biotic (e.g. pathogen attack) and abiotic stresses, such as
wounding, mechanical stress, hypoxia, excess of ozone,
chilling, or freezing (He et al. 1992; Morgan and Drew
1997; Wang et al. 2002). Stress usually promotes ethylene
production (Morgan and Drew 1997).

Ethylene is also involved in the responses to different
nutritional stresses, such as phosphorus (P) deficiency and
Fe-deficiency (Romera and Alcantara 1994; Lynch and
Brown 1997; Romera et al. 1999). Phosphorus-deficient
roots of common bean produced more ethylene (about
2-fold) than P-sufficient ones (Borch et al. 1999). In
addition, He et al. (1992) showed that nitrogen- (N) or
P-deficient corn plants had enhanced sensitivity to ethylene
in their roots. Barker and Corey (1988) showed that tomato
plants deficient in potassium (K), calcium (Ca), or
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magnesium (Mg), produced more ethylene than those with
no deficiencies. However, in this experiment ethylene was
measured when plants showed severe symptoms of defi-
ciency (Barker and Corey 1988), and the higher ethylene
production could be due to indirect effects more than to
specific effects of the deficiencies.

Ethylene and Fe-deficiency stress responses by
Strategy I plants

Based on results obtained with inhibitors and precursors of
ethylene, Romera and Alcantara (1994) proposed that
ethylene is involved in the regulation of Fe-deficiency stress
responses by Strategy I plants. These authors suggested that
Fe-deficiency causes an increase in ethylene production, and
consequently ethylene triggers Fe-deficiency stress
responses. Later on, different experimental results have
added new evidence supporting a role for ethylene in the
regulation of Fe-deficiency stress responses by Strategy 1
plants. This evidence is based on results obtained by using
different experimental approaches, such as determination of
ethylene production by roots of Fe-sufficient and
Fe-deficient plants, effects of ethylene inhibitors and pre-
cursors on the responses, use of mutants altered in the
regulation of Fe-deficiency stress responses, and use of
ethylene mutants. Here, this evidence is summarised
together with a presentation of results already published by
the authors and by others, and a presentation of some
unpublished results from the authors.

Ethylene production by Fe-sufficient and Fe-deficient plants

Roots from several Fe-deficient Strategy I plant species
produced more ethylene (up to 5-fold, depending on the
species) than those from Fe-sufficient plants (Fig. 2). This
higher ethylene production occurred 3-9 d after removing
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Fig.2. Ethylene production by roots of Fe-sufficient (+Fe, filled bars)
and Fe-deficient (—Fe, open bars) cucumber, pea, tomato and squash
plants. Data are expressed as percentage of ethylene production in
Fe-deficient plants as compared with the Fe-sufficient ones. Within
parentheses is the number of days in the —Fe treatment. (Data
re-elaborated from Romera ef al. 1999 and Waters and Blevins 2000).
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Fe from the nutrient solution (depending on the species),
when plants still did not show severe deficiency symptoms
(Romera et al. 1999; Waters and Blevins 2000). This
observation suggests that the increase in ethylene production
was due to the Fe-deficiency itself and not to an indirect
effect. Moreover, the increase in ethylene production was
parallel to the induction of several Fe-deficiency stress
responses, such as enhanced ferric reducing capacity, sub-
apical root hairs and acidification (Romera et al. 1999;
Waters and Blevins 2000).

Effect of ethylene inhibitors on Fe-deficiency
stress responses

The addition of inhibitors of ethylene synthesis [Cobalt
(Co), AOA, AVG] or ethylene action (STS) to several
Fe-deficient plants inhibited the induction of most of their
Fe-deficiency stress responses (Fig. 3; Tables 1-3, 5, 6). At
Co concentrations of 5 um and lower, the values of reducing
capacity achieved by several Fe-deficient Co-treated plants
were under 10% of those obtained by Fe-deficient untreated
plants (Table 1). Of the plant species studied, only
Arabidopsis required higher Co concentrations (50 um) to be
inhibited (Fig. 3; Table 1). It should be noted that Co, at the
concentrations used, did not cause toxic side effects, neither
on plant growth nor on other visible traits. The addition of
Co also inhibited other Fe-deficiency stress responses, such
as acidification of the nutrient solution (Table 2), flavin
excretion (Table 3), subapical root hairs, and transfer cells
(Fig. 5f; Tables 5, 6).

Table 1.
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Fig. 3. Ferric reducing capacity in Fe-sufficient plants untreated or
treated with ACC, and in Fe-deficient plants untreated or treated with
Co, of the Arabidopsis mutant etr1. Fe-sufficient plants were grown in
nutrient solution with 20 um FeEEDDHA. ACC (at 2 um) was applied to
the nutrient solution of some of the Fe-sufficient plants during 22 h
before determining ferric reducing capacity. To get Fe-deficient plants,
plants grown in nutrient solution with Fe were transferred to nutrient
solution without Fe for 4 d. CoSO, (at 25 or 50 um) was applied to
some of the Fe-deficient plants during the last 2 d before determining
ferric reducing capacity. Values are the means =+ s.e. of six replicates.

As in the case of Co addition, the addition of other
ethylene synthesis inhibitors to Fe-deficient plants also
caused a great inhibition of ferric reducing capacity (AOA,
AVG; Tables 1, 6), acidification (AOA; Table 2), flavin
excretion (AOA; Table 3), and subapical root hairs (AOA,
AVG; Tables 5, 6). In some plant species, at AOA

Effect of ethylene inhibitors on the induction of ferric reducing capacity by Fe-deficient Strategy I plants

Plants were grown in nutrient solution without Fe during the last 4-5 d. Ethylene inhibitors were added to some of the plants during the last 1-2 d.
Results are expressed as percentage of reducing capacity in plants treated with ethylene inhibitors relative to untreated plants

% Reducing capacity in

Species Ethylene inhibitor Concentration (um) treated plants References

Alfalfa Co 2.5 2 Barton et al. 2000

Radish Co 5 5 Heilman and Johnson 2002
Cucumber Co 5 11 Romera and Alcantara 1994
Pea Co 5 7 Romera et al. 1996b

Pea (bronze) Co 3 13 Romera et al. 1996b

Tomato Co 5 8 Romera et al. 1996b

Tomato (chin) A Co 5 18 Romera et al. 1996b
Arabidopsis Co 50 23 Romera and Alcantara 2003
Cucumber AOA 20 29 Romera and Alcantara 1994
Pea AOA 20 47 Romera et al. 1996b

Pea (bronze) AOA 20 27 Romera et al. 1996b

Tomato AOA 5 19 Romera et al. 1996b

Tomato (chin) * AOA 5 28 Romera et al. 1996b
Arabidopsis AOA 25 29 Romera and Alcantara 2003
Cucumber AVG 10 47 Romera and Alcantara 1994
Tomato AVG 1 140 Schikora and Schmidt 20025
Cucumber STS 800 37 Romera and Alcantara 1994
Tomato STS 10 89 Schikora and Schmidt 20025

AThe tomato mutant chloronerva (chin) was grown with Fe (10 um FEEDDHA).
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Table 2. Effect of ethylene inhibitors on the acidification of the nutrient solution by Fe-deficient
Strategy I plants
Plants were grown in small containers with 70 mL of nutrient solution without Fe, or without Fe plus an
ethylene inhibitor for the last 4 d. The pH values presented correspond to the nutrient solution on the
fourth day of treatment

Species Ethylene inhibitor Concentration (um) Nutrient solution pH References
Tobacco None - 3.8 Landsberg 1982
Co 20 6.2 Landsberg 1982

Cucumber None - 4.2 This work

Co 5 72 This work

AOA 20 7.1 This work

Tomato None - 4.9 This work

Co 10 7.2 This work

concentrations of 20 um or higher, and AVG concentrations of
10 pwv, there was a slight inhibition of root growth (Romera
and Alcantara 1994; Romera et al. 1996b). Nonetheless, it
should be mentioned that the inhibitory effect of AVG and Co
on ferric reducing capacity was reversed by the addition of
ACC (Romera and Alcantara 1994) and Fe (Romera et al.
1996a), respectively, which clearly suggests that their inhibi-
tory effect was not due to general toxic effects.

The addition of STS, an inhibitor of ethylene action
(Veen 1985), to Fe-deficient plants also caused inhibition of
ferric reducing capacity (Tables 1, 6) and subapical root
hairs (Tables 5, 6).

In some experiments with Fe-deficient tomato plants,
Schikora and Schmidt (20025) did not find inhibition of
reducing capacity upon treatment with either 1 um AVG or
10 um STS (Table 1). Probably, these AVG and STS
concentrations were too low to inhibit ethylene synthesis or
action in tomato. In most experiments, STS is normally used
at concentrations from 0.2-2 mm (Veen 1985). Although
silver is very toxic when applied as AgNO;, causing high
toxicity even at concentrations lower than 1 pm (Romera,
unpublished results), STS has a very low toxicity (Veen
1985). It should also be noted that the concentration of

ethylene inhibitor required for inhibiting ethylene produc-
tion depends on the plant species and also on the growth
conditions.

Effect of ethylene precursors on Fe-deficiency
stress responses

In contrast with ethylene inhibitors, which blocked the
induction of Fe-deficiency stress responses in Fe-deficient
plants, as described in the previous paragraph, the addition
of ethylene precursors to Fe-sufficient plants induced several
Fe-deficiency stress responses, such as enhanced ferric
reducing capacity (Figs 3, 4; Tables 4, 6), transfer cells, and
subapical root hairs (Fig. 5a, c; Tables 5, 6). The addition of
ACC (precursor of ethylene biosynthesis; see Fig. 1), at
0.5-1 um concentration, to Fe-sufficient cucumber, pea,
sugarbeet, Arabidopsis, and tomato plants enhanced their
ferric reducing capacity by approximately 2—5-fold (Fig. 3;
Table 4). Similarly, the addition of ethephon, an ethylene-
releasing substance, to Fe-sufficient Plantago plants also
enhanced their ferric reducing capacity approximately
2-fold (Table 4). In both cases, the enhanced reducing
capacity was located in the subapical regions of the roots,
where the formation of root hairs was induced, as occurred

Table 3. Effect of ethylene inhibitors on flavin excretion by Fe-deficient Strategy I plants
Plants were grown in small containers with 70 mL of nutrient solution without Fe for the last 4-7 d. Ethylene inhibitors were added to some of the
plants during the last 2-3 d. Flavin concentration was determined at the end of the experiments in a Shimadzu Spectrofluorophotometer set at an
activation wavelength of 445 nm (370 nm for Arabidopsis) and an emission wavelength of 526 nm. Riboflavin dissolved in water was used as
standard. Values are the means = s.e. of six replicates

Species Ethylene inhibitor Concentration (um)  Flavin concentration (pm) Days without Fe References
Sugar beet None - 0.93+£0.20 7 This work
Co 5 0.19+£0.05 7 This work

Cucumber None - 0.55+0.04 4 This work
Co 5 0.22£0.04 4 This work

Co 10 0.11£0.02 4 This work

AOA 20 0.07 +£0.02 4 This work

Arabidopsis None - 0.52+0.07 5 This work
Co 50 0.01 £0.00 5 This work

AOA 25 0.13 £0.02 5 This work
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Fig. 4. Localisation of ferric reducing capacity in Fe-sufficient roots
of tomato treated with ACC. Plants were grown in nutrient solution
with 20 pm FeEDDHA, and 0.5 pm ACC was applied during 22 h. After
that, roots were placed in agar plates with ferric reduction assay
solution. Notice the red colour (due to the Fe?*-ferrozine complex)
around the region of subapical root hairs development. Insert shows
Fe-sufficient roots not treated with ACC.

in Fe-deficient plants (Fig. 4; Romera and Alcantara 1994).
It should be noted that the effect of ethylene precursors on
ferric reducing capacity depended very much on their
concentration and also on the duration of the treatment.
When ACC and ethephon were applied in high doses
(Romera et al. 1999) and for a long time, they did not induce
ferric reducing capacity. This is logical since the responses
to Fe-deficiency, like the responses to other stresses, are
transitory in nature (Rémheld and Marschner 1981). When
ACC was applied along with Fe-deficiency to cucumber,
pea, carrot, and sugarbeet plants, for 24 h, it also enhanced

F. J. Romera and E. Alcantara

ferric-reducing capacity by about 2-fold (Table 4). In this
latter case, the results were easier to reproduce than with
Fe-sufficient plants, in which, sometimes, the addition of
ACC enhanced the reducing capacity by more than
5-10-fold, while other times it had no effect. These latter
results suggest that the induction of ferric reducing capacity
does not depend on ethylene alone, as discussed later.

Besides ferric reducing capacity, the addition of ACC or
ethephon also promoted the development of subapical root
hairs in Fe-sufficient cucumber, sugarbeet, tomato (Fig. 5a),
plantago, sunflower, Arabidopsis (Fig. 5c), soybean, and
medicago plants (Tables 5, 6). Similarly, ACC and ethephon
also induced the differentiation of rhizodermal transfer cells
in roots of Fe-sufficient cucumber, tomato, and sunflower
plants (Table 5). With regard to acidification, although we
have not detected acidification of the nutrient solution (only
in exceptional cases) when treating Fe-sufficient plants with
ACC, we have detected acidification located in the subapical
regions of the roots, when determining it in agar plates with
bromocresol purple (data not shown).

Use of mutants with altered regulation of Fe-deficiency
stress responses

There are some mutants with altered regulation of
Fe-deficiency stress responses, such as the pea mutants
bronze (also named E107) and dgl, the Arabidopsis mutant
frd3, and the tomato mutants chloronerva and fer. The latter
ones have already been described in the paragraph present-
ing the hypotheses about regulation. The pea mutants bronze
(Grusak et al. 1990) and dg/ (Grusak and Pezeshgi 1996),
and the Arabidopsis mutant frd3 (Rogers and Guerinot
2002), have some Fe-deficiency stress responses, such as
enhanced ferric reducing capacity and acidification, always

Table 4. Effect of ethylene precursors on the induction of ferric reducing capacity by Fe-sufficient Strategy I plants
Plants were grown in nutrient solution with Fe. ACC or ethephon were added to some of the plants during 748 h. After that, reducing capacity was
determined. Results are expressed as percentage of reducing capacity in plants treated with ethylene precursors relative to untreated plants

Fe treatment Ethylene Concentration  Duration of ethylene % Reducing capacity
Species (M) precursor (nm) treatment (h) in treated plants References
Cucumber 40 ACC 1 7 275 Romera and Alcantara 1994
Cucumber 80 ACC 1 7 187 Romera and Alcantara 1994
Pea 10 ACC 0.5 7 208 Romera et al. 1999
Pea 40 ACC 1 48 171 Schikora and Schmidt 20025
Sugarbeet 20 ACC 1 7 272 Romera et al. 1999
Arabidopsis 20 ACC 0.5 17 542 Romera et al. 1999
Tomato 20 ACC 1 22 223 Romera et al. 1999
Tomato 40 ACC 1 48 130 Schmidt et al. 2000a
Tomato 40 ACC 1 48 222 Schikora and Schmidt 20025
Plantago 20 Ethephon 83 22 234 Romera et al. 1999
Cucumber® 0 ACC 1 24 168 Romera et al. 2003
Pea® 0 ACC 1 24 276 Romera et al. 2003
Carrot® 0 ACC 10 24 275 This work
Sugarbeet® 0 ACC 10 24 279 This work

AIn some experiments, ACC was added at the same time of transferring the plants to 0 Fe treatment.
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turned on, even when grown in Fe-sufficient conditions. This
leads to excessive Fe accumulation and leaf toxicity (Kneen
et al. 1990; Rogers and Guerinot 2002). Recently, it has
been found that both pea mutants bronze and dgl express
FROL1 (ferric reductase gene) constitutively (Waters et al.
2002), and the Arabidopsis mutant frd3 expresses FRO2
(ferric reductase gene) constitutively (Rogers and Guerinot
2002), under Fe-sufficient conditions.

There are some experimental results suggesting that
some of these mutants have alterations in ethylene
metabolism or perception. In both, the pea mutant bronze
and the tomato mutant chloronerva, the ferric reducing
capacity, constitutively up-regulated, was drastically inhib-
ited by addition of ethylene inhibitors (Table 1; Romera
et al. 1996b). It should be noted that the bronze mutant
exhibits a low root nodulation ability, which is partly
restored upon treatment with the ethylene inhibitors AVG or
Ag" (Guinel and LaRue 1992). Since ethylene inhibits root
nodulation (Lynch and Brown 1997), it is tempting to
suggest that this mutant has some alterations in ethylene
metabolism or perception (Romera et al. 1996b; Guinel and
Geil 2002).

The alteration in the tomato mutant fer is probably also
related to ethylene. This mutant does not develop either
transfer cells or subapical root hairs when grown under
Fe-deficiency (Bienfait 1987, 1988). However, it developed
both morphological responses when treated with ACC
(Fig. 5a; Romera et al. 1997; Schmidt et al. 2000a). Since
the FER gene probably codes for a bHLH transcription
factor (Ling et al. 2002), the possibility exists that this
transcription factor could interact somehow with ethylene.
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Use of ethylene mutants

As described in the paragraph about ethylene biosynthesis
and signalling, there are mutants showing insensitivity to
ethylene, such as the Arabidopsis mutants etrl, ein2, and ein4
(Chang and Stadler 2001; Wang et al. 2002); the soybean
mutant efr/ (Schmidt et al. 1999); and the Medicago
truncatula mutant sickle (Penmetsa and Cook 1997). On the
other hand, there are mutants, such as the Arabidopsis mutant
ctrl, that constitutively activate most of the responses to
ethylene, as if it was always in the presence of the hormone
(Chang and Stadler 2001; Wang et al. 2002). Experiments
with some of these mutants, carried out mainly by our group
and the Schmidt group (Oldenburg University, Germany),
have shown that ethylene is involved in the regulation of
subapical root hairs. The Arabidopsis mutants etrl and ein2
did not develop subapical root hairs either under Fe-defi-
ciency or upon ACC treatment, while the wildtype Columbia
did (Fig. 5d; Table 6). Similar to these Arabidopsis mutants,
the soybean mutant etr/ and the Medicago truncatula mutant
sickle, both with insensitivity to ethylene, did not develop
subapical root hairs upon ACC treatment, while their respec-
tive wild types did (Table 6). In contrast, the Arabidopsis
mutant ctr/ developed subapical root hairs even under Fe-
sufficient conditions (Fig. 5b; Table 6). These results suggest
that, in Arabidopsis, the genes ETR1, EIN2, and CTRI are
involved in the development of subapical root hairs by Fe-
deficient plants. The Arabidopsis mutant ein4, also insensitive
to ethylene, developed subapical root hairs either under Fe-
deficiency or upon ACC treatment (Fig. 5c; Table 6). These
results imply that the EIN4 gene, coding also for an ethylene
receptor like ETR1, is not involved in the development of

Table 5. Effect of Fe and hormone treatments on the induction of transfer cells and subapical root hairs by Strategy I plants
Plants were grown in nutrient solution with or without Fe. ACC, ethephon, IAA, 2,4-D, ABA, Co, AOA, AVG or STS were added to some of the
plants during several hours or days. +, promotion; —, inhibition; n.d., not determined

Fe Transfer Subapical root
Species treatment Hormone treatment cells hairs References
Cucumber + Fe ACC + + Romera and Alcantara 1994; Romera et al. 1997
Cucumber + Fe 2,4-D + + Romera et al. 1997
Cucumber + Fe 2,4-D+Co n.d. - Romera et al. 1997
Cucumber + Fe 2,4-D+STS n.d. Romera et al. 1997
Cucumber —Fe Co, AOA, AVG or STS n.d. — Romera and Alcantara 1994
Cucumber —Fe Co - n.d. Landsberg 1982
Sugarbeet + Fe ACC n.d + Romera et al. 1999
Tomato + Fe ACC + + Romera et al. 1999; Schikora and Schmidt 2002a;
Schikora and Schmidt 20025, Schmidt ez al. 2003
Tomato +Fe 2,4-D + + Schikora and Schmidt 20025, Schmidt et al. 2003
Tomato (fer) + Fe ACC + + Romera et al. 1997; Schmidt et al. 2000a
Tomato (fer) + Fe 2,4-D + + Schmidt et al. 2000a
Plantago + Fe Ethephon nd + Romera et al. 1999
Plantago + Fe 2,4-D + + Schmidt and Bartels 1996
Sunflower + Fe Ethephon + + Landsberg 1996
Sunflower + Fe T1AA + + Landsberg 1996
Sunflower + Fe ABA - + Landsberg 1996
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subapical root hairs by Fe-deficient plants. Additionally, these ~ responses, such as ferric-reducing capacity, has been more
results show that different ethylene receptors could be  problematic and confusing. So far, all the Arabidopsis
involved in different processes. ethylene-insensitive mutants tested enhanced their ferric

The use of ethylene mutants to demonstrate a role for this reducing capacity under Fe-deficiency (Fig. 3; Table 6;
hormone in the regulation of other Fe-deficiency stress Schmidt et al. 2000b). Moreover, the Arabidopsis mutant

Tomato fer

Arabidopsis ein4

+Fe+ACC
+Fe y

Arabidopsis
Columbia
Fig.5. Effect of ACC, 2,4-D and Co on the development of subapical root hairs by wildtype and mutant roots of different Strategy I plant species.

In all cases, plants were grown in Fe-sufficient conditions, and ACC (1 um), 2,4-D (1 um), or CoSO, (10 pum) were added during 24 h. In Fig. 5/,
arrow indicates swelling with abundant root hairs.
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ctrl also enhanced its ferric reducing capacity under
Fe-deficiency (Table 6). The fact that the ability to enhance
ferric reducing capacity is not impaired in ethylene insen-
sitive mutants such as etrl, ein2 and ein4; and that the ctrl/
mutant does not show constitutive high ferric reducing
capacity (Table 6), have led some authors to conclude that
ethylene is not involved in the regulation of ferric reducing
capacity (Schmidt et al. 20005). For us, such a conclusion is
not adequate because the new knowledge about ethylene
transduction and ferric reductase regulation shows that these
processes are more complex than previously thought. First,
the ferric reductase is regulated at both transcriptional and
post-trancriptional levels (Connolly ef al. 2003). In
Arabidopsis transgenic plants over-expressing the FRO2
gene, FRO2 mRNA is detected at high levels in both
Fe-sufficient and Fe-deficient plants. However, ferric reduct-
ase activity is only elevated in Fe-deficient plants, which
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suggests that FRO2 is subject to post-transcriptional regu-
lation by Fe, as shown previously for IRT1 (Connolly et al.
2002, 2003). Second, there is increasing evidence that
alternative ethylene transduction pathways to the one
mediated by CTR1 can exist (Larsen and Chang 2001;
Moshkov et al. 2003). Third, there is genetic evidence that
the ethylene receptor family possesses partially overlapping
functions (Hall et al. 2000), and that different ethylene
receptors could form heterodimers (Wang et al. 2002),
which implies that a mutation in one of the receptors would
not necessarily block ethylene perception. Fourth, some
experimental results with ethylene mutants suggest that
ethylene is involved in the regulation of ferric reducing
capacity. When Fe-sufficient plants of the Arabidopsis
mutant etr] were treated with ACC, their ferric-reducing
capacity was greatly enhanced (Fig. 3). On the other hand,
the addition of ethylene inhibitors to several Fe-deficient

Table 6. Effect of Fe and hormone treatments on the induction of ferric reducing capacity and subapical root hairs by several ethylene
mutants of Strategy I plants
Plants were grown in nutrient solution with or without Fe. ACC, 2,4-D, Co, AOA or STS were added to some of the plants during several hours or
days. +, promotion; —, inhibition; n.d., not determined

Fe Hormone Induction Subapical

Species treatment treatment reducing capacity root hairs References

Arabidopsis (WT) + Fe None - - Romera and Alcantara 2003

Arabidopsis (WT) + Fe ACC + + Romera et al. 1997; Romera and Alcantara 2003

Arabidopsis (WT) + Fe 2,4-D n.d. + Schmidt and Schikora 2001; This work

Arabidopsis (WT) —Fe None + + Romera and Alcantara 2000; Romera and Alcantara 2003;
Schmidt et al. 20005; Schmidt and Schikora 2001

Arabidopsis (WT) —Fe Co, AOA or STS - - Romera and Alcantara 2003; This work

Arabidopsis (etrl) + Fe None - - Romera ef al. 1997; Romera and Alcantara 2000; Romera
and Alcantara 2003; Schmidt and Schikora 2001

Arabidopsis (etrl) + Fe ACC + - Romera et al. 1997; Romera and Alcantara 2000;
Romera and Alcantara 2003

Arabidopsis (etrl) + Fe 2,4-D n.d. - This work

Arabidopsis (etrl) —Fe None + - Romera and Alcantara 2003; Schmidt et al. 2000h

Arabidopsis (etrl]) —Fe Co, AOA or STS - - This work

Arabidopsis (ein2) + Fe None - - Schmidt et al. 2000b; Schmidt and Schikora 2001;
This work

Arabidopsis (ein2) + Fe ACC n.d - This work

Arabidopsis (ein2) + Fe 2,4-D n.d. - This work

Arabidopsis (ein2) —Fe None + - Schmidt et al. 2000b; Schmidt and Schikora 2001;
This work

Arabidopsis (ein2) —Fe Co, AOA or STS - - This work

Arabidopsis (ein4) + Fe None - - Schmidt and Schikora 2001; This work

Arabidopsis (ein4) + Fe ACC n.d + This work

Arabidopsis (ein4) + Fe 2,4-D n.d. + This work

Arabidopsis (ein4) —Fe None + + Schmidt et al. 2000b; This work

Arabidopsis (ein4) —Fe AOA - - This work

Arabidopsis (ctrl) + Fe None - + Romera and Alcantara 2000; Romera and Alcantara 2003;
Schmidt et al. 2000b

Arabidopsis (ctrl) —Fe None + + Romera and Alcantara 2000; Romera and Alcantara 2003;
Schmidt et al. 2000

Soybean + Fe ACC n.d + Schmidt et al. 1999; This work

Soybean (etrl) + Fe ACC n.d - Schmidt et al. 1999; This work

Medicago t. + Fe ACC n.d + This work

Medicago t. (sickle) + Fe ACC n.d This work
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ethylene-insensitive Arabidopsis mutants, such as etrl, ein2
and ein4, suppressed the induction of their ferric-reducing
capacity (Fig. 3; Table 6) and the development of subapical
root hairs (see ein4 in Table 6).

A conclusion easily derived from these experiments with
ethylene mutants is that subapical root hairs and ferric
reducing capacity are not regulated by ethylene in the same
way, as first proposed by Romera et al. (1997). In
Arabidopsis, ethylene could participate in the regulation of
subapical root hairs through a transduction pathway includ-
ing the ETR1, EIN2, and CTR1 genes, which agrees with
the models proposed by Masucci and Schiefelbein (1996)
and Schmidt and Schikora (2001). For the regulation of
ferric reducing capacity, ethylene could act through a
transduction pathway different from the one for the develop-
ment of subapical root hairs (Romera et al. 1997; Romera
and Alcantara 2000, 2003).

The ethylene hypothesis in relation to other hypotheses
about regulation

In our opinion, any hypothesis about the regulation of
Fe-deficiency stress responses should explain the following
experimental results: (i) sometimes the responses are
induced in Fe-sufficient roots; (ii) sometimes the responses
are not induced in Fe-deficient roots. Both experimental
results suggest that the induction of Fe-deficiency stress
responses does not depend only on the root Fe content, as
suggested by Bienfait e al. (1987), but that their regulation
is more complex and probably involves some signals from
the aerial part. The induction of the responses in
Fe-sufficient roots was initially reported by Romera et al.
(1992) showing, in split-root experiments, that the half root
growing with Fe induced some of the responses
(i.e. enhanced reducing capacity and acidification) when the
other half root was growing without Fe. To explain these
results, Romera et al. (1992) proposed the existence of a
systemic signal that could move within the plant. This
conclusion has subsequently been confirmed by other
authors. For example, Grusak (1995) showed that the ferric
reducing capacity of Fe-sufficient pea plants was modulated
throughout their life cycle, which also suggests the existence
of signal(s) derived from the shoot as modulators of the
activity. Grusak and Pezeshgi (1996) also showed, by
grafting the pea mutant dg/ onto its wild type DGV, that the
reducing capacity of the grafted plants was up-regulated, as
occurred in dg/, which suggests that the dg/ shoot transmits
a signal compound that acts as a promoter of the reducing
capacity. Other split-root experiments have also shown that
the half root growing with Fe can induce some responses
when the other half root is growing without Fe (Li et al.
2000; Schikora and Schmidt 2001; Vert et al. 2003).

There are also different experimental results showing that
Fe-deficiency stress responses are induced more strongly in
the presence of a small quantity of Fe than in its absence (see
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Romera et al. 1996a and references therein). In different
split-root experiments it has been found that the half root
growing without Fe did not induce some of the responses
while the half root growing with Fe did (Li et al. 2000;
Schikora and Schmidt 2001; Schmidt et al. 2003; Vert et al.
2003). It is important to note that in split-root experiments
with Arabidopsis, the half root growing without Fe did not
induce the expression of either FRO2 mRNA or IRT1
mRNA, which suggests that Fe is primarily required for the
induction of both genes (Vert et al. 2003).

Although the tomato mutant fer has been characterised
by its inability to develop any Fe-deficiency stress response
when grown under Fe-deficient conditions (Bienfait 1987,
1988; Ling et al. 1996, 2002), recently it has been shown
that it is able to induce subapical root hairs (Fig. 5a; Romera
et al. 1997; Schmidt et al. 2000a) and transfer cells
(Schmidt et al. 2000a) upon ACC treatment. This suggests
that its inability to induce both morphological changes does
not depend totally on the FER protein but in some
interaction between the FER protein and ethylene. Further-
more, the FER gene is expressed in roots independently
from iron-supply conditions, which suggest that FER may
act together with other iron-signalling factors to respond to
different Fe concentrations (Ling ef al. 2002).

The nicotianamine hypothesis proposed by Scholz et al.
(1992) suggested that a NA—Fe-repressor participates in the
repression of the responses. If so, how can it be explained
that sometimes the responses are not induced in Fe-deficient
roots, in which the NA—Fe-repressor cannot be formed?
There are also other experimental results that put into
question this hypothesis, although they do not preclude the
participation of NA in the regulation. First, the constitutive
enhanced reducing capacity of the tomato mutant
chloronerva, unable to synthesise NA, is drastically inhib-
ited upon application of ethylene inhibitors (Table 1), which
suggests that, if NA is involved in the regulation of the
responses, then it would act upstream of ethylene (Romera
et al. 1996b). Second, the fer gene is epistatic over the
chloronerva gene (Ling et al. 1996), which suggests that the
FER protein acts downstream of NA in the regulation of the
Fe-deficiency stress responses. Since ethylene (ACC)
induces morphological changes in the fer mutant (see the
above paragraph and Fig. 5a), this suggests that ethylene
acts downstream of both the FER protein and NA in the
regulation of, at least, subapical root hairs and transfer cells.

The auxin hypothesis proposed by Landsberg (1984), as
well as the ethylene hypothesis proposed by Romera and
Alcantara (1994), suggests that Fe-deficiency increases the
levels of these hormones, and that they trigger the responses.
At first, both hypotheses could explain the induction of the
responses in Fe-sufficient roots and the lack of induction in
Fe-deficient roots. However, there are different experimental
results that support a role for ethylene in the regulation of
Fe-deficiency responses, without discarding a role for auxin,



Ethylene regulates iron acquisition

which could act by modulating ethylene synthesis (Hansen
and Grossmann 2000). Although the addition of auxin to
Fe-sufficient plants induced subapical root hairs and transfer
cells (see above), it is probable that this effect could be
mediated by ethylene. The addition of 2,4-D (synthetic
auxin) to Fe-sufficient plants induced subapical root hairs
(Fig. Se, f; Tables 5, 6), but there was no induction when it
was added along with ethylene inhibitors (Fig. 5f; Table 5).
Moreover, the addition of 2,4-D to ethylene insensitive
mutants, such as efr/ and ein2, did not induce subapical root
hairs (Table 6), which again suggest that auxin acts through
ethylene, at least in this response. The fact that other
responses are also inhibited with ethylene inhibitors
(Tables 1-3) suggests that, if auxin is involved in the
regulation of the responses, it probably acts through
ethylene.

The induction of the responses in Fe-sufficient roots, and
the lack of induction in Fe-deficient roots, that occur in some
conditions can be adequately explained by the ethylene
hypothesis. In Fe-sufficient roots, an increase in ethylene
concentration or perception could induce some responses,
even in the presence of Fe. This is what happened when
Fe-sufficient plants were treated with either ACC or
ethephon (Figs 3, 4; Tables 4-6). In Fe-deficient roots, the
lack of induction that occurs sometimes is probably related
to the absence of Fe inside the roots (Vert et al. 2003). As
discussed by Romera et al. (1996a), Fe is required for
ethylene synthesis because the ACC oxidase needs Fe for its
function (Dilley et al. 1993). In the absence of Fe, ethylene
could not be synthesised and consequently the responses
would not be induced. This suggestion does not discard an
additional role for Fe in ethylene perception or transduction.

Are all the Fe-deficiency stress responses regulated by
ethylene in the same way?

Despite evidence suggesting a role for ethylene in the
regulation of Fe-deficiency stress responses by Strategy 1
plants, there are still some open questions. Are all the
responses to Fe-deficiency regulated by ethylene? If so, are
all of them regulated by ethylene in the same way? The
evidence obtained by using ethylene inhibitors and pre-
cursors suggests that ethylene is involved in the regulation
of most of the responses, such as reducing capacity,
acidification, flavin excretion, subapical root hairs and
transfer cells (Figs 3—5; Tables 1-6). However, it is possible
that the different responses could be regulated by ethylene in
different ways. First, the different responses could be
induced wupon different ethylene concentrations. In
Fe-deficient pea plants, which induced reducing capacity but
hardly induced subapical root hairs and transfer cells under
moderate Fe-deficiency, the addition of ACC promoted the
development of both subapical root hairs (Romera et al.
1999, 2003) and transfer cells (Schikora and Schmidt
2002b). This suggests that a higher ethylene concentration

Functional Plant Biology 325

could be required to induce both morphological changes
than to induce the reducing capacity. Similarly, reducing
capacity and acidification were induced in tomato plants
under moderate Fe-deficiency, while the subapical root hairs
only were induced under severe Fe-deficiency (Chaney et al.
1992), which again suggests that this morphological change
requires higher signal concentration (ethylene?) to be
induced. Second, ethylene could regulate different responses
through different transduction pathways. The results
obtained with ethylene mutants suggest this possibility (see
previous paragraph, use of ethylene mutants). As previously
discussed, ethylene probably regulates the development of
subapical root hairs through a transduction pathway includ-
ing the ETR1, CTR1 and EIN2 genes, while it probably acts
through a different transduction pathway for the regulation
of reducing capacity. Third, ethylene could regulate different
responses by acting in conjunction with different signals.
The probable involvement of ethylene in the regulation of
ferric reducing capacity and other responses does not imply
that ethylene is the only signal involved in the process.
Ethylene appears to be necessary for the induction of the
ferric reductase, since ethylene inhibitors inhibit it and
ethylene precursors enhance it (Figs 3, 4; Tables 1, 4, 6), but
perhaps it is not sufficient. As previously mentioned, the
ferric reductase is regulated at both transcriptional and post-
transcriptional levels which would imply that, even under
conditions of high FRO2 mRNA expression, the ferric
reductase activity could be low, owing to its post-
transcriptional regulation by Fe (Connolly et al. 2003). This
post-transcriptional regulation would explain why the ferric
reductase is not constitutively activated in the Arabidopsis
ethylene over-producer mutant efo (Schmidt ez al. 20005) or
in the Arabidopsis ethylene mutant ctr when grown in
Fe-sufficient conditions (Romera and Alcantara 2000;
Schmidt et al. 20000). Moreover, the post-transcriptional
regulation of the ferric reductase would explain why
sometimes the addition of ACC or ethephon to Fe-sufficient
plants had no effect on its activity, while other times the
same treatment greatly enhanced it.

The regulation of other Fe-deficiency stress responses has
been less studied, but results with ethylene inhibitors and
precursors suggest that ethylene could also be involved in
the regulation of transfer cells, flavin excretion, and acidifi-
cation (Figs 3-5; Tables 1-6).

Comparison between regulation of Fe-deficiency stress
responses in Strategy I and Strategy II plants

The regulation of stress responses to Fe-deficiency in
Strategy II plants has been less studied than that in Strategy
I plants. It is known that Strategy II plants enhance the
production of phytosiderophores under Fe-deficient condi-
tions (Ma and Nomoto 1996; Mori 1999) but, to our
knowledge, no signals have been involved in their regu-
lation. Nonetheless, some similarities could be found
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between Strategy I and Strategy II plants. As shown in
Fig. 1, both ethylene and phytosiderophores are synthesised
from rL-methionine. So, it is probable that Strategy I and
Strategy II plants share some common elements in their
responses to Fe-deficiency, such as alterations in the
L-methionine cycle. It is tempting to suggest that during
their evolution, Strategy 1 plants have dedicated
L-methionine to synthesise ethylene, and thus respond to
Fe-deficiency, while in Strategy II plants L-methionine has
been dedicated to synthesise phytosiderophores. There are
some experimental results suggesting ethylene is not
involved in the regulation of Fe-deficiency stress responses
by Strategy II plants. First, roots from several Fe-deficient
Strategy II plants did not produce more ethylene than the
Fe-sufficient ones, as occurred in Strategy I plants (Romera
et al. 1999). Second, the addition of ACC to barley seedlings
did not increase their production of phytosiderophores
(Welch et al. 1997).

Concluding remarks

Our results and those of other researchers support the
involvement of ethylene in the regulation of most of the
Fe-deficiency stress responses by Strategy I plants. The
regulation of subapical root hairs in Fe-deficient plants
could be mediated by ethylene according to the following
transduction pathway:

Fe-deficiency — ethylene —~ ETR1 —|CTR1 —| - — EIN2
— — subapical root hairs.

For the regulation of the ferric reductase activity, ethylene
could act through a different and unknown transduction
pathway:

Fe-deficiency — ethylene - ? - ? - FRO mRNA
- post-transcriptional regulation — ferric reductase.

The regulation of other Fe-deficiency stress responses,
such as transfer cells, flavin excretion, acidification, and
Fe?"-transporters, have been less studied but some experi-
mental results also suggest a role for ethylene in their
regulation. Our opinion is that ethylene acts as a coordinator
of most of the responses to Fe-deficiency, although in
different responses ethylene could participate in different
ways and, perhaps, in conjunction with other signals.
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