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Abstract

Phytosiderophores (PS) are Fe(III)-solubilizing compounds released by Poaceae roots under iron deficiency conditions. Several
studies focused on the capacity of these plants to secrete PS as a center of their iron deficiency tolerance, and little information
is available on other traits such as root/shoot biomass ratios, iron use efficiency, photosynthetic activity, and iron mobilization
capacity that might also contribute to iron deficiency tolerance. In this study, we evaluated some traits other than PS release
capacity that could be responsible for differences in iron deficiency tolerance in two barley species, Hordeum maritimum and
Hordeum vulgare. Results showed that under iron starvation, biomass production was affected in both species, but H. maritimum
kept higher root/shoot ratios due to the distribution efficiency of carbohydrates within the plant and the growth flexibility of its
organs. Both species responded to iron starvation by an early release of PS, but they differed in their secretion capacity. In cultivated
barley, the PS release rate was 1.5–2-fold higher than that of wild barley. This behavior was also concomitant with no modification
in shoot iron concentration of the latter, which may lead to a low stimulation of its PS release as compared to the former. The amount
of Fe3+ mobilized by root exudates was determined at different pH values (between 5.6 and 8.6). Results showed a decrease in
the mobilization capacity with the increasing pH, mainly in H. vulgare. At 8.6, it was reduced by 50% in H. vulgare and 30% in
H. maritimum. These data suggest that differences in Poaceae tolerance to iron deficiency is attributed not only to PS secretion
capacity, but also to carbohydrate distribution within the plant, Fe use efficiency, and root exudates capacity to mobilize Fe(III). To
cite this article: S. Yousfi et al., C. R. Biologies 332 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Traits de tolérance à la déficience ferrique chez l’orge maritime (Hordeum maritimum) et cultivée (Hordeum vulgare).
Les phytosidérophores (PS) sont des chélateurs naturels du fer libérés par les racines de Poaceae dans les conditions de déficience
ferrique. Plusieurs études se sont intéressées à la capacité sécrétrice des PS par ces plantes comme centre de tolérance au stress,
mais les données qui se rapportent aux autres traits, tels que le rapport racines/parties aériennes (R/PA), l’efficacité d’utilisation
du fer, l’activité photosynthétique et la capacité de mobilisation du fer à partir du sol, sont rares. Dans cette étude, nous avons
évalué quelques traits autres que la capacité d’exsudation de PS qui pourraient être responsables des différences de tolérance à la
déficience ferrique chez deux espèces d’orge ; Hordeum maritimum et Hordeum vulgare. Les résultats ont montré qu’en condition
de déficience ferrique, la production de biomasse a été affectée chez les deux espèces, mais H. maritimum a maintenu un rapport
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R/PA plus élevé et ceci est dû à l’efficacité de distribution des sucres solubles au sein de la plante et à la flexibilité de croissance
de ses organes. Les deux espèces ont répondu au stress par une libération précoce de PS, néanmoins, une différence de la capacité
de sécrétion a été décelée. Chez l’orge cultivée (H. vulgare), le taux d’exsudation de PS s’est avéré 1,5–2 fois plus élevé que celui
de l’orge maritime (H. maritimum). Chez cette dernière, e comportement a été associé à l’absence de modification de la teneur en
fer au niveau des parties aériennes, ce qui explique en partie sa faible vitesse de libération de PS par rapport à l’orge cultivée. La
quantité de Fe3+ mobilisée par des exsudats racinaires a été déterminée à une gamme de pH variant entre 5,6 et 8,6. Les résultats
ont montré que l’augmentation du pH a entraîné une diminution de la capacité de mobilisation de Fe3+, particulièrement chez
H. vulgare. À pH 8,6, elle a été réduite de 50 % chez H. vulgare et 30 % chez H. maritimum. Ces données suggèrent que les
différences de tolérance des espèces de Poaceae à la déficience ferrique ne sont pas attribuées seulement à la capacité de sécrétion
de PS, mais également, à une distribution adéquate du carbone entre les différents organes, l’efficacité des plantes à utiliser le fer
et la capacité des exsudats racinaires à mobiliser Fe(III). Pour citer cet article : S. Yousfi et al., C. R. Biologies 332 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Iron (Fe) is an essential nutrient for plants, but al-
though abundant in the earth crust, it is not readily
available for plants. Consequently, Fe deficiency often
limits plant growth leading to several agricultural prob-
lems. Indeed, one third of the cultivated area in the
world is made of calcareous soils and is considered as
Fe-deficient lands [1]. Under such tricky environmental
conditions, higher plants have evolved specific mech-
anisms for iron acquisition. Graminaceous (Poaceae)
can enhance Fe uptake from sparingly soluble inorganic
Fe(III) compounds through a release of natural chela-
tors, phytosiderophores (PS). These species widely dif-
fer in their iron deficiency tolerance. In general, plant
species releasing higher quantities of PS are more Fe-
efficient than those releasing lower quantities [2,3].
However, this correlation with released PS quantity is
not always consistent. For instance, in several maize
cultivars, iron deficiency tolerance was reported not to
be related to the total amounts of secreted PS, which
suggests the existence of other factors that control such
a tolerance [4,5]. Other important but less-studied fac-
tors may also be involved in plant responses to iron
deficiency such as root/shoot ratios [6], photoassimilate
distribution, tissue Fe requirements for chlorophyll syn-
thesis [7], Fe use efficiency for growth [8,9], and differ-
ence in PS chemical properties [10] since the chemical
nature of these chelators can differ from one species to
another and even from a cultivar to another [3].

Most studies on Fe deficiency have been carried out
on crop plants and quite little is known about Fe nu-
trition strategies of wild plants that allow their survival
on contrasting soil types. Wild plants are able to grow
under severe environmental conditions although their
growth rate is slower than that of most crops. They
might have specific adaptations which are lacking in
cultivated plants [11]. Hordeum maritimum (Poaceae)
is an annual fodder species frequent in the Mediter-
ranean basin and the European littoral [12]. In Tunisia,
this plant is often found in the salt-affected depressions,
where it significantly contributes to the annual biomass
production [13]. This successful survival of the species
in different ecosystems largely depends on its capacity
to tolerate several environmental constraints.

The aim of the present study was to compare some
traits of the adaptive mechanism to iron deficiency in
wild and cultivated barley. The study was based on
some usual parameters such as biomass production,
root/shoot ratios, chlorophyll concentrations, iron status
within tissues, organic solute accumulation, and PS re-
lease rates. Furthermore, to know whether the difference
in the chemical nature of root exudates has an influence
on the Fe(III) mobilization capacity in the two species,
an iron mobilization test was performed at different pH
values using an insoluble Fe form (Fe-hydroxide).

2. Materials and methods

2.1. Plant material and growth conditions

Seeds of H. maritimum (collected from Soliman Se-
bkha, 30 km south of Tunis, semi-arid stage) and H. vul-
gare were disinfected with calcium hypochlorite and
germinated at 25 ◦C in Petri dishes on filter paper moist-
ened with distilled water. Five-day old seedlings were
then replicated on a Fe-free nutrient solution. Four days
after iron chlorosis appearance in the youngest leaves,
the half of plants was transferred into a Fe-supplied
(100 µM Fe) medium, whereas the remaining ones were
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kept iron-deficient (0 µM Fe). The treatments were ap-
plied over 10 days under controlled growth chamber
conditions (16 h of light at 25 ◦C and 8 h of dark at
22 ◦C and 60–75% of relative humidity).

2.2. Determination of chlorophyll concentration

Chlorophyll concentrations were measured in the
youngest fully-expanded leaf according to the method
described by Arnon [14]. The measurements were per-
formed on days 0, 2, 4, 6, 8, and 10 of treatment, with
three replicates for each treatment.

2.3. Root exudates collections

Root exudates collections were realized, as chloro-
phyll measurements, every 48 h from day 0 to day 10 of
treatment. Two hours after the beginning of the light pe-
riod, rinsed roots were washed for 30 min with aerated
distilled water. Then a 4-hour incubation in 500 ml of
the latter was performed to collect their exudates. An
antimicrobial agent, Micropur (Roth, Karlsruhe, Ger-
many), was then added to the collected root exudates,
followed by a storage at −20 ◦C before the determina-
tion of PS release rate and iron mobilization capacity of
each species.

2.4. Determination of PS release rates

Released PS quantities were indirectly determined
by calculating the amount of Fe(III) mobilized from
Fe(OH)3 with a modified method of Takagi [15]. An
aliquot of 2 ml Fe(OH)3 solution and 100 µl from root
exudates were added to a final volume of 10 ml. The
resulting mixture was shaken for 1 h at room tempera-
ture then filtrated (Blue ribbon No. 5893, Schleicher and
Schüll, Dassel, Germany). Mobilized iron was deter-
mined by ferrozine test. The absorbance measurement at
562 nm was recorded and PS release rates (µmol PS g−1

root FW 4 h−1) were calculated as Fe equivalents.

2.5. Plant harvest and iron content determination

Immediately after root exudates collection, roots
of intact plants were carefully washed with EDTA
(10 mM) solution for 10 min under continuous aeration
to remove the apoplastic iron then rinsed with distilled
water. Thereafter, plants were harvested and cut into
roots and shoots for fresh and dry weight determination
then ground with an agate grinder for nutrient extrac-
tion. The latter was performed by a nitric/H2O2 acid
digestion (4:3, v/v). Fe contents were determined by a
Perkine Elmer AAnalyst 100 Atomic Absorption Spec-
trophotometer.

2.6. Determination of soluble sugar contents

Carbohydrate changes are of particular importance
because of their direct relationship with physiological
processes such as photosynthesis and respiration. For
this reason, we suggested to determine the total soluble
sugar contents using anthrone reagent method accord-
ing to Yemm and Willis [16]. Briefly, plant material
(0.25 mg) was extracted with 80% ethanol solution. The
extract was incubated for 30 min at 70 ◦C then cen-
trifuged at 3000g at 25 ◦C for 30 min. 5 ml anthrone
reagent were added to the supernatant then heated in a
boiling water bath for 10 min. Samples were then ice-
cooled for 10 min and incubated for 20 min at room
temperature (25 ◦C). The optical density (OD) was read
at 640 nm on a spectrophotometer (LABOMED, SPEC-
TRO UVS-2700) after a standard curve was made using
glucose.

2.7. Fe use efficiency calculation

Fe use efficiency (IUE) in shoots and roots was also
considered as a parameter involved in the discrimination
between wild and cultivated barley. It was determined
according to Makmur et al. [17]. This parameter is gen-
erally calculated on the basis of biomass production and
defined as the ratio of shoot or root biomass (g) to its
Fe content (µmol). It can be also calculated on the basis
of chlorophyll biosynthesis as the ratio of shoot chloro-
phyll content (mg) to shoot Fe content (µmol).

2.8. Statistical analysis

Data were subjected to a one-way ANOVA test us-
ing STATISTICA program and means were compared
according to Duncan’s test at 5% level of significance.

3. Results

3.1. Biomass production and leaf area expansion

Under iron deficiency, shoot and root biomass pro-
duction in both species was significantly reduced as
compared to the control (Fig. 1). In H. vulgare, shoot
fresh weight was more reduced than that of roots (50
and 35% less than the control, respectively). More
severe reductions were observed in H. maritimum in
which shoot and root biomass production was decreased
by 54 and 44%, respectively. Iron deficiency induced
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(A) (B)

Fig. 1. Effects of iron availability (+Fe = 100 µM and −Fe = 0 µM) in the medium on shoot and root fresh weights of H. maritimum (A) and
H. vulgare (B). Bars are means of three replicates ±SE. Those with the same letters are not significantly different at p < 0.05 according to Duncan’s
test.

Table 1
Effects of iron availability (+Fe = 100 µM and −Fe = 0 µM) on root/shoot fresh weight, soluble sugar content ratio, soluble sugar allocation
(SS %), and Fe use efficiency calculated on the basis of chlorophyll biosynthesis (mg µmol−1 Fe) and shoot or root biomass production (g µmol−1

Fe) in H. maritimum and H. vulgare. Values are means of three replicates ±SE. Those with the same letters are not significantly different at p < 0.05
according to Duncan’s test.

Treatment (µM Fe) H. maritimum H. vulgare

100 0 100 0

RootFW/shootFW 0.63 ± 0.067c 0.78 ± 0.027d 0.32 ± 0.013a 0.43 ± 0.035b
RootSS/shootSS 0.31 ± 0.025c 0.47 ± 0.034d 0.11 ± 0.024a 0.202 ± 0.03b
Chl (mg µmol−1 Fe) 36.0 ± 1.70d 13.0 ± 0.900c 3.20 ± 0.180b 1.30 ± 0.130a
ShootFW (g µmol−1 Fe) 5.40 ± 0.54c 3.28 ± 0.080a 3.80 ± 0.110b 11.9 ± 0.740d
RootFW (g µmol−1 Fe) 0.96 ± 0.03a 3.77 ± 0.130c 1.94 ± 0.110b 9.50 ± 1.090d
Shoot SS (%) 66 61 90 83
Root SS (%) 34 39 10 17
an increase in iron use efficiency for root growth in
both species (Table 1). This parameter was decreased
in shoots of wild barley and increased in those of cul-
tivated one. Leaf area expansion was reduced by iron
deficiency in both species with a more pronounced ef-
fect in H. maritimum than in H. vulgare (about 75 and
50%, respectively) (Fig. 2).

3.2. Shoot and root soluble sugar contents

Iron deficiency altered shoot and root soluble carbo-
hydrate concentrations in cultivated as well as in wild
barley (Fig. 3). Those of shoots did not discriminate the
two species since both of them showed the same de-
crease percentage (36%). However, a significant differ-
ence was observed in those of roots which were reduced
by 12 and 21%, respectively in H. vulgare and H. mar-
itimum. Such a difference in carbohydrate distribution
within plants was measured as rootSS/shootSS ratio (Ta-
ble 1). This parameter increased under iron deficiency
conditions from 0.31 to 0.47 in H. maritimum and from
0.11 to 0.20 in H. vulgare, showing perfectly the same
tendency of root/shoot fresh weight ratio and indicat-
ing a preferential allocation of photoassimilates towards
roots in both species (Table 1).

3.3. Chlorophyll concentrations

Chlorophyll concentrations in young leaves were
started to be followed up on day 0 of treatment (which
corresponds to day 4 after iron chlorosis appearance)
(Fig. 4). Iron supply on that day gradually alleviated the
chlorophyll status of young leaves in both species. The
comparison between them led to find out some differ-
ences in their behavior towards iron deficiency stress.
Indeed, H. maritimum exhibited slower yellowing rate
(decrease in leaf chlorophyll concentration under iron
deficiency) and slower “regreening” rate (increase in
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Fig. 2. Effect of iron deficiency (+Fe = 100 µM and −Fe = 0 µM) on leaf area expansion (LA) in H. maritimum and H. vulgare.

(A) (B)

Fig. 3. Effects of iron availability (+Fe = 100 µM and −Fe = 0 µM) in the medium on soluble sugar concentrations in shoots and roots of
H. maritimum (A) and H. vulgare (B). Bars are means of three replicates ±SE. Those with the same letters are not significantly different at
p < 0.05 according to Duncan’s test.
leaf chlorophyll concentration after iron supply) over
the first 4 days of iron supply as compared to H. vul-
gare although the latter exhibited much higher biomass
production and leaf expansion. Regardless of the stress,
iron use efficiency for chlorophyll biosynthesis was
higher in wild barley than in cultivated one. Under iron
starvation, this parameter was reduced in both species
(Table 1).

3.4. Seed, shoot, and root iron status

Table 2 illustrates seed Fe concentrations and con-
tents of two species. In terms of concentration, H. mar-
itimum exhibited higher values as compared to H. vul-
gare, but in terms of content, the situation was inversed.
These manifestations should be related to the difference
between seed sizes.
In Fe-sufficient plants, Fe concentrations were higher
in wild than in cultivated barley, especially in roots (17
versus 11 µmol g−1 DW) (Fig. 5, A and B). Under iron
deficiency, a noticeable difference in shoot Fe concen-
trations discriminated H. maritimum and H. vulgare;
while the former maintained a constant Fe concentra-
tion, the latter showed a 66% decrease as compared to
the control. Root Fe concentrations were also reduced
under iron starvation conditions by 81 and 87%, respec-
tively in the two species. Quantitatively speaking, Fe
contents of both organs (µmol plant−1) deceased under
iron deficiency in H. maritimum as well as in H. vul-
gare (Fig. 5, C and D). Nevertheless, obvious differ-
ences were found when comparing root and shoot iron
contents in each species. Indeed, while in H. vulgare,
both organs showed perfectly the same tendency of iron
content reduction, in H. maritimum, roots exhibited a
more pronounced decline than shoots. As a result, iron
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Fig. 4. Effects of iron availability (+Fe = 100 µM and −Fe = 0 µM) in the medium on chlorophyll concentrations in young leaves of H. maritimum
and H. vulgare. Bars are means of three replicates ±SE. Those of each date with the same letters are not significantly different at p < 0.05 according
to Duncan’s test.

Table 2
Iron concentrations and contents in seeds of cultivated and wild barley collected from the native field (north–west Tunisia) and Soliman Sebkha
(30 km south of Tunisia, semi-arid stage), respectively. Means of three replicates ±SE. Means followed by the same letters are not significantly
different at p < 0.05 according to Duncan’s test.

Fe concentration (µg/mg seed DW) Fe content (µg/seed)

H. maritimum 0.13 ± 0.020b 0.39 ± 0.079c
H. vulgare 0.03 ± 0.001a 1.13 ± 0.055d
distribution within H. maritimum deficient plants was
changed, whereas it remained practically unmodified
within those of H. vulgare. Expressed as percentage of
the total Fe uptake, shoot amount increased under Fe
deficiency conditions from 20 to 53% and from 60 to
65%, respectively in wild and cultivated barley (Fig. 5,
C and D).

3.5. Phytosiderophore release rates

Under iron deficiency, PS secretion was early stim-
ulated in both species (Fig. 6) and its rates reached at
least 10 times that of the control, especially on day 8.
As a whole, both curves showed the same form, but
that of H. vulgare was constantly higher than that of
H. maritimum. The difference between PS release rates
was significantly high. Thus, one gram of H. vulgare
roots released approximately 2-fold the amount of PS
released by the same biomass of H. maritimum roots
over 4 h.

Iron addition to the nutrient solution gradually inhib-
ited PS release in both species, but its effect was faster
in H. vulgare than in H. maritimum (Fig. 6). In the for-
mer, PS release was stopped on the second day after iron
supply, whereas, in the latter, the 2 days of iron feeding
(100 µM Fe) were not enough to stop the signal of PS
biosynthesis. This was concomitant with the difference
in the rates of “regreening” of young leaves between the
two species, expressed as chlorophyll contents (Fig. 4).

3.6. pH effect on iron mobilization capacity

The amounts of mobilized Fe3+ by 1 ml root wash-
ing of each species (collected by the same way during
4 h as described above) at a pH range of 5.6–8.6 are
represented in Fig. 7. Distilled water was considered
as blank. Over the entire pH range, the blank resulted
in a non-significant mobilization of Fe3+. 1 ml of root
washing collected from H. vulgare was able to mobi-
lize about 3-fold the amount of Fe3+ mobilized by an
equal volume of root washing collected from H. mar-
itimum. This result strongly supports that of PS release
rates which revealed higher values in H. vulgare than
in H. maritimum (Fig. 6). Their mobilization capacities
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(A) (B)

(C) (D)

Fig. 5. Effects of iron availability (+Fe = 100 µM and −Fe = 0 µM) in the medium on Fe concentrations and quantities in shoots and roots of
H. maritimum (A and C) and H. vulgare (B and D). Bars are means of three replicates ±SE. Those with the same letters are not significantly
different at p < 0.05 according to Duncan’s test.

Fig. 6. Effects of iron availability (+Fe = 100 µM and −Fe = 0 µM) in the nutrient solution on phytosiderophores (PS) release rates of H. maritimum
and H. vulgare. Bars are means of three replicates ±SE. Those of each date followed by the same letters are not significantly different at p < 0.05
according to Duncan’s test.
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(A) (B)

Fig. 7. Effects of pH on Fe3+ mobilization from Fe(OH)3 by 1 ml root washing collected from H. maritimum (A) and H. vulgare (B). Bars are
means of three replicates ±SE. Those with the same letters are not significantly different at p < 0.05 according to Duncan’s test.
significantly decreased with the increasing pH (Fig. 7).
However, the reduction as percentage of mobilized Fe3+
at pH 8.6 was higher in H. vulgare than in H. mar-
itimum. Indeed, raising the pH value from 5.6 to 8.6
decreased the Fe mobilization by 5–30% and 12–50%
in H. maritimum and H. vulgare, respectively (Fig. 7).

4. Discussion

4.1. Photoassimilates and biomass production

A noticeable iron-deficiency-induced decline in bio-
mass production was observed in both shoots and roots
of the two species. Indeed, Fe absence in the medium
(direct iron deficiency) could not be tolerated even
though the plants exhibited marked responses to en-
hance its availability for their roots. RootFW/shootFW
ratios were increased under −Fe conditions, going up
from 0.32 to 0.43 in H. vulgare and from 0.63 to 0.78
in H. maritimum (Table 1). These results are in agree-
ment with those of Crowley et al. [6] who found that
iron starvation altered shoot/root ratios in different bar-
ley cultivars and suggested this parameter as a crite-
rion for iron-efficient plant selection. Van der Werf and
Nagel [18] proved that when plants are grown at suf-
ficient nutrient availability, they generally invest more
biomass in shoots than roots, whereas at low nutrient
availability, the opposite occurs. In comparison with
H. vulgare and independently of iron concentration in
the medium, H. maritimum exhibited higher root/shoot
fresh weight ratios, which could be considered as a char-
acteristic of this wild species often found in stressful
natural biotopes [13–19]. The variations in Fe use effi-
ciency for growth may support such a result since it was
increased by 3 to 5 times in all organs of treated plants
except H. maritimum shoots in which it was decreased
by 39% (Table 1).

A decrease in soluble sugar concentrations was ob-
served in Fe-deficient plants of both barley species.
Similar decrease was previously reported in Heterosig-
ma akashiwo [20]. Since iron is an essential component
of several Fe–S proteins involved in chloroplast electron
transfer chain [21], one may speculate that this decrease
in soluble sugar concentrations in Fe-deficient plants
could be explained by an alteration in chloroplasts. In
this context, Andaluz et al. [22] found that chloroplast
proteome composition was modified in response to iron
deficiency; the amount of proteins from electron transfer
complexes decreased, whereas that of proteins involved
in carbon fixation increased. Another reason but less im-
portant is that sugar glycolysis increases via the activa-
tion of PEPC (phosphoenolpyruvate carboxylase) which
is stimulated by iron deficiency [23,24] in order to feed
the tricarboxylic acid cycle [25,26]. Besides, Espen et
al. [27] and Rabotti et al. [28] found high carbohydrate
catabolism under iron deficiency stress and attributed it
to the activation of several glycolytic enzymes. Interest-
ingly, organ growth responses were concomitant with
a modification in soluble sugar distribution within the
plant. Indeed, the sugar contents allocated towards the
roots were increased in iron-deficient plants, especially
in wild barley (Table 1), favoring root expansion. These
results suggest that iron deficiency response requires an
overall increase in carbon import to the roots. Besides,
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Crowley et al. [6] found that barley cultivars allocate
significantly more carbon towards roots under moder-
ate iron deficiency, which decreased shoot/root ratios.
Similar results were found by Thimm et al. [29] in
Arabidopsis thaliana and the authors suggested the in-
duction of genes encoding products involved in carbon
(sugars) mobilization and export from shoots to roots
via phloem.

4.2. Chlorophyll concentrations and iron status

According to Shen et al. [30], the seed Fe content
may play a significant role in the early establishment
of iron chlorosis symptoms, especially in iron-deficient
medium. Studying wheat cultivars, these authors found
that seedlings obtained from seeds with low Fe contents
showed earlier iron chlorosis as compared to those ob-
tained from seeds with high Fe contents. In our case,
this can be applicable only before starting treatments
(up to day 0 of treatment). But, after this date, it seems
that the seed iron content was exhausted in the two
species, and therefore, iron chlorosis symptoms began
to be rather dependent on leaf expansion. Indeed, dur-
ing the pretreatment period, H. vulgare exhibited higher
seed Fe content (Table 2) but also higher leaf expansion
than H. maritimum (Fig. 2). This compensation between
the two factors could partially explain why iron chloro-
sis symptoms (Fig. 4) appeared with the same degree
of severity in both species up to day 0 of treatment
(which corresponds to day 4 after iron chlorosis appear-
ance). However, along the period of treatment, the rate
of chlorophyll reduction was higher in H. vulgare than
in H. maritimum, indicating a difference in the pigment
dilution rates which was directly related to the dissimi-
larity in growth rates (leaf expansion) between the two
species. According to Abadìa et al. [31], iron chlorosis
is due to chlorophyll dilution when leaves continue to
grow at a normal rate under iron deficiency conditions.

Plant Fe content (µg plant−1) was severely deceased
by iron deficiency in H. maritimum as well as in H. vul-
gare. Consequently, a redistribution of this micronutri-
ent within the plant was observed in wild barley. Its
roots, which showed much higher Fe concentrations
than shoots in iron-fed plants, exported a part of their
Fe content to the photosynthetic organs in Fe-deficient
plants. Similar results were recently found in chickpea
varieties [8]. This suggests that iron deficiency tolerance
is extremely related to the aptitude of plants to guarantee
an adequate iron alimentation of their leaves [32]. More-
over, a higher leaf expansion rate was found in H. vul-
gare than in H. maritimum. This led to a pronounced
dilution of the micronutrient within leaf tissues [33] in
the former. Such a phenomenon did not occur in the lat-
ter. Thus, Fe concentration in shoots of H. vulgare was
decreased by 66%, whereas that of H. maritimum was
practically not modified. In addition, the higher values
of Fe use efficiency for chlorophyll biosynthesis (Ta-
ble 1) found in control and treated plants of H. mar-
itimum as compared to those of H. vulgare, indicates
that iron requirement for chlorophyll synthesis is lower
in the former than in the latter. This physiological pa-
rameter was often used as a trait of resistance to iron
chlorosis [8,9].

4.3. Phytosiderophore release and iron mobilization
capacity

PS release was strongly correlated with iron status
within the plant: the presence of iron in tissues inhib-
ited the secretion of these natural chelators and vice-
versa (Fig. 6). Thus, the absence of a modification in
iron concentrations of H. maritimum shoots (Fig. 5)
and their strong reduction in those of H. vulgare un-
der iron deficiency conditions could explain, at least
partially, the difference of PS release capacity between
the two species. As it was suggested for the control of
iron homeostasis in strategy I plants [34], the iron sta-
tus of the plant is monitored by a sensor localized in
the leaves. Under iron deficiency, this sensor triggers
the synthesis and/or transport of a phloem mobile sig-
nal molecules to roots, where it induces PS biosynthesis
and secretion. Although shoot iron concentration in Fe-
deficient H. maritimum plants was equal to that of the
control, PS exudation was not totally inhibited. Indeed,
Schmidt [34] and Schmidt and Steinbach [35] suggested
the presence of a second iron sensor localized in root
cells that modulates the signal received from the shoots
according to the presence of iron in the apoplast.

In principle, chlorosis resistance closely correlates
with quantitative differences in Fe acquisition, which is
associated with several ways among which the amount
of released PS [2,3], root morphology adaptation [6],
Fe–PS uptake mechanism across the plasma mem-
brane [4], and the PS backbone which reflects Fe mo-
bilization capacity [10]. Although H. maritimum pro-
duced very low levels of PS as compared to H. vulgare,
it was found to grow under very severe environmental
conditions. This suggests that H. maritimum has other
traits which make it able to tolerate such constraining
conditions. The rate of PS release could be a useful
index for screening Graminaceous for their Fe defi-
ciency tolerance, but it is not always regular. Indeed,
in the maize mutant ys1, Von Wirén et al. [4] showed
that, although it produced PS, it did not utilize Fe–PS
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complexes due to a defect in their transport mechanism
across the plasma membrane.

Generally, Fe chlorosis that occurs in plants grown
on calcareous soils results from two combined effects:
(1) bicarbonate buffer effect and (2) iron low availabil-
ity. Thus, Fe acquisition under such conditions depends
not only on the amount of Fe-chelators released from
the plant root system but also on their chemical na-
ture. Results of Fe(III) mobilization test (Fig. 7) showed
that H. maritimum iron mobilization capacity was less
sensitive to alkalinity than that of H. vulgare. This dif-
ference may reflect the differential chemical nature of
root exudates components of both species. According
to Römheld and Marschner [3], the chemical nature of
iron chelators can differ between species and even be-
tween cultivars. As reported by Von Wirén et al. [10],
PS structure may influence iron acquisition in three
principal ways: susceptibility to microbial degradation,
affinity for the transport process across the root cell
plasma membrane, or Fe(III) chelating proprieties. Pre-
vious studies neglect the influence of the two first ways
[4,10,36]. The most efficient way which is still consid-
ered as a possible limiting factor causing discrimination
among different PS species is Fe(III) chelating proper-
ties as affinity constants and pH effect on Fe(III) chelat-
ing capacity. Further biochemical studies are needed to
identify the differences in the chemical nature of root
exudates which can be responsible for the differences in
Fe(III) mobilization capacities between the two species.

5. Conclusion

From these results, we can conclude that H. mariti-
mum can probably survive at low iron supply using iron
metabolism efficiency strategy, which is manifested by a
flexibility of organ growth, a fine regulation of photoas-
similate distribution between organs, an iron remobi-
lization from roots and its transport to shoots, and a bet-
ter Fe use efficiency for growth and chlorophyll biosyn-
thesis. In addition, the less sensitivity of its Fe(III) mo-
bilization capacity to alkalinity may guarantee a normal
development on alkaline soils. However, H. vulgare tol-
erance to iron deficiency is especially based on its high
phytosiderophore release capacity. Therefore, the corre-
lation between iron deficiency tolerance and the quan-
tity of released PS is not always consistent and each
species (H. maritimum and H. vulgare) has its own strat-
egy to tolerate iron deficiency.

References

[1] S. Mori, Iron acquisition by plants, Curr. Opin. Plant Biol. 2
(1999) 250–253.
[2] N. Von Wirén, V. Römheld, T. Shioiri, H. Marschner, Competi-
tion between micro-organisms and roots of barley and sorghum
for iron accumulated in the root apoplasm, New Phytol. 130
(1995) 511–521.

[3] V. Römheld, H. Marschner, Genotypical differences among
graminaceous species in release of phytosiderophores and up-
take of iron phytosiderophores, Plant Soil 123 (1990) 147–153.

[4] N. Von Wirén, H. Marschner, V. Römheld, Uptake kinetics of
iron-phytosiderophores in two maize genotypes differing in iron
efficiency, Physiol. Plant. 93 (1994) 611–616.

[5] C.M. Lytle, V.D. Jolley, Iron deficiency stress response of var-
ious C-3 and C-4 grain crop genotypes: strategy II mechanism
evaluated, J. Plant Nutr. 14 (1991) 341–362.

[6] D.E. Crowley, C.L. Wu, D. Gries, S. Brunn, D.R. Parker, Quanti-
tative traits associated with adaptation of three barley (H. vulgare
L.) cultivars to suboptimal iron supply, Plant Soil 241 (2002) 57–
65.

[7] J.M. Ruiz, M. Boghour, L. Romero, Efficiency of the different
genotypes of tomato in relation to foliar content of Fe and the
response of some bioindicators, J. Plant Nutr. 23 (2000) 1777–
1786.

[8] H. Mahmoudi, N. Labidi, R. Ksouri, M. Gharsalli, C. Abdelly,
Differential tolerance to iron deficiency of chickpea varieties and
Fe resupply effects, C. R. Biologies 330 (2007) 237–246.

[9] A. Krouma, C. Abdelly, Importance of iron use-efficiency of
nodules in common bean (Phaseolus vulgaris L.) for iron de-
ficiency chlorosis resistance, J. Plant Nutr. 166 (2003) 525–
528.

[10] N. Von Wirén, H. Khodr, R.C. Hider, Hydroxylated phytosidero-
phore species possess an enhanced chelate stability and affinity
for iron(III), Plant Physiol. 124 (2000) 1149–1158.

[11] A. Zohlen, Chlorosis in wild plants: Is it a sign of iron defi-
ciency? J. Plant Nutr. 25 (2002) 2205–2228.

[12] A. Cuénod, G. Pottier-Alapetite, A. Labbe, Flore analytique et
synoptique de la Tunisie, S.E.F.A.N. Tunis, I, 1954.

[13] C. Abdelly, M. Lachaal, C. Gregnon, A. Soltani, M. Hajji, As-
sociation épisodique d’halophytes stricts et de glycophytes
dans un écosystème hydromorphe salé en zone semi-aride,
Agronomie 15 (1995) 557–568.

[14] D.I. Arnon, Copper in enzymes in isolated chloroplasts polyphe-
noxydase in Beta vulgaris, Plant Physiol. 24 (1949) 1–15.

[15] S. Takagi, Production of phytosiderophores, in: L.L. Bartonn,
B.C. Hemming (Eds.), Iron Chelation in Plants and Soil Mi-
croorganisms, Academic Press, New York, 1993, pp. 111–125.

[16] E.W. Yemm, A.J. Willis, The estimation of carbohydrates in
plant extracts by anthrone, J. Biochem. 57 (1954) 508–514.

[17] A. Makmur, C.G. Gerloff, W.H. Gabelman, Physiology and
inheritance of efficiency in k+ utilization in tomatoes grown
under k+ stress, J. Am. Hort. Sci. 103 (1978) 545–549.

[18] A. Van der Werf, O.W. Nagel, Carbon allocation to shoots and
roots in relation to nitrogen supply is mediated by cytokinins
and sucrose: Opinion, Plant Soil 185 (1996) 21–32.

[19] C. Hafsi, A. Lakhdhar, M. Rabhi, A. Debez, C. Abdelly, Z.
Ouerghi, Interactive effects of salinity and potassium availabil-
ity on growth, water status, and ionic composition of Hordeum
maritimum, J. Plant Nutr. Soil Sci. 170 (2007) 469–473.

[20] D. Li, W. Cong, Z. Cai, D. Shi, F. Ouyang, Some physiological
and biochemical changes in marine eukaryotic red tide alga Het-
erosigma akashiwo during the alleviation from iron limitation,
Plant Physiol. Biochem. 41 (2003) 295–301.

[21] J.F. Briat, G. Vert, Acquisition et gestion du fer par les plantes,
Cahiers Agric. 13 (2004) 183–201.



S. Yousfi et al. / C. R. Biologies 332 (2009) 523–533 533
[22] S. Andaluz, A.F. Millan, J. De las Rivas, E.M. Aro, J. Abadìa,
A. Abadìa, Proteomic profiles of thylakoid membranes and
changes in response to iron deficiency, Photosynth. Res. 89
(2006) 141–155.

[23] G. Zocchi, Metabolic changes in iron-stressed dicotyledonous
plants, in: L.L. Barton, J. Abadia (Eds.), Iron Nutrition in Plants
and Rhizospheric Microorganisms, Springer, 2006, pp. 359–
370.

[24] A.D. Rombolà, Y. Gogorcena, A. Larbi, F. Morales, E. Balde,
B. Marangoni, M. Tagliavini, J. Abadía, Iron deficiency-induced
changes in carbon fixation and leaf elemental composition of
sugar beet (Beta vulgaris) plants, Plant Soil 271 (2005) 39–45.

[25] G.W. Welkie, G.W. Miller, Plant iron uptake physiology by
non-siderophore systems, in: L.L. Barton, B.C. Hemming (Eds.),
Iron Chelation in Plants and Soil Microorganisms, Academic
Press, San Diego, 1993, pp. 345–369.

[26] G.W. Miller, A. Shigematsu, G.W. Welkie, N. Motoji, M.
Szlek, Potassium effect on iron stress in tomato: the effects
on CO2-fixation and organic acid formation, J. Plant Nutr. 13
(1990) 1355–1370.

[27] L. Espen, M. Dell’Orto, P. De Nisi, G. Zocchi, Metabolic
responses in cucumber (Cucumis sativus L.) roots under Fe-
deficiency: a 31P-nuclear magnetic resonance in vivo study,
Planta 210 (2000) 985–992.
[28] G. Rabotti, P. De Nisi, G. Zocchi, Metabolic implications in the
biochemical responses to iron deficiency in cucumber (Cucumis
sativus L.) roots, Plant Physiol. 107 (1995) 1195–1199.

[29] O. Thimm, B. Essigmann, S. Kloska, T. Altmann, T.J. Buckhout,
Response of Arabidopsis to iron deficiency stress as revealed by
microarray analysis, Plant Physiol. 127 (2001) 1030–1043.

[30] J. Shen, F. Zhang, Q. Chen, Z. Rengel, C. Tang, C. Song, Geno-
typic difference in seed iron content deficiency in wheat? J.
Plant Nutr. 25 (2002) 1631–1643.

[31] J. Abadìa, F. Morales, A. Abadìa, Photosystem II efficiency in
low chlorophyll, iron-deficient leaves, Plant Soil 215 (2000)
183–192.

[32] V. Nenova, I. Stoyanov, Physiological and biochemical changes
in young maize plants under iron deficiency. Concentration and
distribution of some nutrient elements, J. Plant Nutr. 22 (1999)
565–578.

[33] R. Munns, M. Tester, Mechanisms of salinity tolerance, Ann.
Rev. Plant Biol. 59 (2008) 651–681.

[34] W. Schmidt, Iron homeostasis in plants: Sensing and signaling
pathways, J. Plant Nutr. 26 (2003) 2211–2230.

[35] W. Schmidt, S. Steinbach, Sensing iron: a whole plant approach,
Ann. Bot. 86 (2000) 589–593.

[36] J.F. Ma, G. Kuzano, S. Kimura, K. Nomoto, Specific recognition
of mugineic acid–ferric complex by barley roots, Phytochem-
istry 34 (1993) 599–603.


	Iron deficiency tolerance traits in wild (Hordeum maritimum)  and cultivated barley (Hordeum vulgare)
	Introduction
	Materials and methods
	Plant material and growth conditions
	Determination of chlorophyll concentration
	Root exudates collections
	Determination of PS release rates
	Plant harvest and iron content determination
	Determination of soluble sugar contents
	Fe use efficiency calculation
	Statistical analysis

	Results
	Biomass production and leaf area expansion
	Shoot and root soluble sugar contents
	Chlorophyll concentrations
	Seed, shoot, and root iron status
	Phytosiderophore release rates
	pH effect on iron mobilization capacity

	Discussion
	Photoassimilates and biomass production
	Chlorophyll concentrations and iron status
	Phytosiderophore release and iron mobilization capacity

	Conclusion
	References


