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The calcifuge and calcicole character of wild plants has been related to nutrient availability
shortages, including iron (Fe)-deficiency. Surprisingly, just a few studies examined the
relation between root Fe uptake and plant distribution in different soil types. We assessed
the root Fe acquisition efficiency of two Ulmus species with calcareous (UImus minor) and
siliceous (U. laevis) soil distribution patterns in the Iberian Peninsula. Seedlings of both
elm species were grown hydroponically with different Fe concentrations during 6 weeks.
Plant physiological responses to Fe-limiting conditions were evaluated as were the ferric
reductase activity and proton (H™) extrusion capacity of the roots. Iron deprived elm
seedlings of both species were stunted and suffered severe Fe-chlorosis symptoms. After
Fe re-supply leaf chlorophyll concentrations rose according to species-dependent patterns.
While U. minor leaves and seedlings re-greened evenly, U. laevis did so along the nerves of
new growing leaves. U. minor had a higher root ferric reductase activity and HT-extrusion
capability than U. laevis and maintained a better nutrient balance when grown under
Fe-limiting conditions. The two elm species were found to have different Fe acquisition
efficiencies which may be related to their natural distribution in calcareous and siliceous
soils of the Iberian Peninsula.
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INTRODUCTION

Ulmus laevis is a Northern Hemisphere genus of importance in
the ecological context of the Iberian Peninsula (Garcia-Nieto et al.,
2000). The indigenous elm species found in Spain are U. glabra
Huds, U. laevis Pall. and U. minor Mill. The native character of
U. laevis has been recently confirmed by DNA molecular mark-
ers (Fuentes-Utrilla etal., 2014). Despite U. minor being native to
Spain (Richens and Jeffers, 1986; Gil and Garcia-Nieto, 1990),
its natural distribution is not clear since this species has been
extensively planted for over 2,000 years, first for training vines
and later for ornamental purposes (Gil etal., 2004). U. minor can
be found in the whole Iberian Peninsula in azonal flood-plain
forests, linked to shallow water-tables, since it tolerates floods
as well as summer droughts. Nonetheless, it preferentially grows
in Eastern Spain (Figure 1) were there is an abundance of cal-
careous, alkaline soils (Richens and Jeffers, 1986). In contrast,
U. laevis is one of the few European tree species which thrives
in damp soils that are seasonally flooded (Collin etal., 2000).
In Spain its relic populations are scarce, small and fragmented
(Figure 1, Venturas etal., 2013a; Fuentes-Utrilla etal.,, 2014). U.
laevis chiefly grows in acid soils of the Western Iberian Peninsula
as riparian forests, which are subjected to seasonal waterlog-
ging and linked to aquifer discharge areas and/or endorheic
basins.

The distribution of U. laevis and U. minor in the Iberian Penin-
sula may be related to calcifuge versus calcicole characteristics of
each species. Whilst calcicole plants are able to take up nutrients
when grown in calcareous soils (Zohlen, 2002), calcifuge species

growth under high pH, alkaline soil conditions is limited by low
nutrient availability especially phosphorus (P; Tyler, 1992; Zohlen
and Tyler, 2004), iron (Fe; Zohlen and Tyler, 1997, 2000; Zohlen,
2002), and manganese (Mn; Messenger, 1986; Thomas etal., 1998;
Kuster etal., 2013).

Iron is a vital element for plant growth, development and sur-
vival, since it is essential for the proper functioning of multiple
metabolic and physiological processes (Lopez-Milldn etal., 2013;
Sudre etal., 2013; Grillet etal., 2014). The detrimental effect of
lime-induced chlorosis on wild plants grown in calcareous, high
pH soils has been only analyzed in a few eco-physiological stud-
ies (Hutchinson, 1970; Anderson, 1984; Tyler, 1996; Zohlen and
Tyler, 1997; Zohlen, 2002). While different plant strategies and
specific mechanisms for the acquisition and homeostasis of Fe
have been characterized for several agronomic crops (Romheld,
1987; Tagliavini and Rombola, 2001; Kobayashi and Nishizawa,
2012; Roschzttardtz etal., 2013), there is limited information on
the performance of forest species (Gogorcena etal., 2001; Fodor
etal., 2005; Pestana et al., 2012; Kuster et al., 2013).

Despite the ubiquitous presence of Fe in the earth’s crust, the
low solubility of Fe(III) compounds in many soils prevents plant
Fe uptake and induces the development of Fe deficiency symp-
toms (Lindsay, 1984; Lucena, 2006). Iron chlorosis is principally
observed in calcifuge plants growing in calcareous soils, where
CaCOs buffers soil solution pH in the range of 7.5-8.5 (Lind-
say and Schwab, 1982), and in the presence of high bicarbonate
concentrations (Lucena, 2000). According to the specific root
uptake mechanisms for the acquisition of Fe, plants have been
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FIGURE 1 | Ulmus laevis populations (Venturas et al., 2013a)
represented as white dots over an Iberian Peninsula soil pH map
(Rodriguez etal., 2009). Uimus minor is thought to be native east of the
broken line (Richens and Jeffers, 1986), although it grows all over Spain
because this species has been extensively used by humans (Gil etal.,
2004).

classified as (Marschner and Romheld, 1994): Strategy I (dicotyle-
doneous and non-graminaceous monocotyledoneous species) or
Strategy II (restricted to graminaceous species), which are addi-
tionally capable of producing phyto-siderophores. Iron uptake
mechanisms in Strategy I plants may involve metabolic and mor-
phological changes (Rombola etal., 2002; Abadia etal., 2011;
Lopez-Millan etal., 2013), but the major components are: (i) the
occurrence of a Fe-reductase enzyme of the FRO (membrane-
bound ferric reductase) family, (ii) the induction of an IRT (iron
regulated transporter) Fe(II) transporter that belongs to the ZIP
family (ZRT, IRT-like protein), (iii) acidification of the rhizo-
sphere via the excretion protons by a H*-ATPase, and (iv) the
excretion of organic compounds, such as carboxylates, pheno-
lics, and flavonoids, which can affect Fe-availability directly or
indirectly. The relative importance and efficacy of the differ-
ent root Fe uptake mechanisms may vary among plant species,
varieties and populations, which may be associated with the tol-
erance or susceptibility when grown in high pH, calcareous soils
(Dell’Orto etal., 2013).

Information on the root response mechanisms of trees to lime-
induced chlorosis is mostly limited to some fruit species such as
peach (Gogorcena et al.,2000; Jiménezetal.,2011), Annona (Ojeda
etal., 2003), olive, pear, quince (De la Guardia and Alcantara,
2002; Donnini etal., 2011), and to a few forest or woody species
like cork-oak (Gogorcena etal., 2001), poplar (Fodor etal., 2005),
carob and trifoliate orange (Pestana etal., 2012). On the other
hand, the response of some calcicole and calcifuge plants to lime-
induced chlorosis (e.g., Zohlen and Tyler, 1997, 2000; Zohlen,
2002; Donnini etal., 2012) has been principally evaluated on the
basis of tissue Fe determinations.

Therefore, given the markedly different distribution of U. lae-
vis and U. minor in siliceous and calcareous soils of Spain and

as a first approach, a greenhouse study was undertaken to assess
the effect of growing these species under hydroponic, Fe-limiting
conditions. With the aim of comparing the performance of both
elm species under Fe-limiting conditions, we tested the following
hypotheses: (i) Do U. laevis and U. minor differ in their degree
of tolerance to lime-induced chlorosis in relation to growth, defi-
ciency symptom development and nutrient homeostasis?, and (ii)
is U. minor more efficient than U. laevis in acquiring Fe via the
root system as measured by ferric reductase activities and proton
extrusion capacities?

MATERIALS AND METHODS

PLANT CULTURE

Ulmus minor P-VV1 genotype seeds (the code refers to the Spanish
Elm Breeding Program) were collected at Puerta de Hierro nurs-
ery (Madrid, 40°27°N, 3°45’W) conservation plot, and U. laevis
M-VD.R29 genotype seeds (referring to the Spanish Elm Breeding
Program) at Valdelatas forest (Madrid, 40°32°N, 3°40’W). In the
first experimental week, seeds were germinated in 4 L pots filled
with perlite. All the materials used for plant growth (perlite and
pots) were previously washed (two washes in 0.1 M HCI, followed
by a wash in 100 uM ethylenediaminetetraacetic acid disodium
(NaEDTA) and several rinses in pure water) to limit the poten-
tial occurrence of Fe contamination. Seeds were initially irrigated
with distilled water (type II analytical grade, obtained with an Elix
5 apparatus, Millipore, USA) until the development of the first
true leaf (c.a. 3 weeks after seed sowing). Seedlings were subse-
quently grown in % strength nutrient solution (TO0, as described
below) for 1 week, V2 strength for another 2 weeks, and finally
in full-strength solution until the end of the experimental period.
The base nutrient solution without Fe (T0) was changed once per
week and had a composition of: (i) macronutrients (mM): 1.0
Ca(NO3)3, 0.9 KNOs3, 0.3 MgSOy, and 0.1 KH;POy; (ii) EDTA-
buffered metal micronutrients (JuM): 2.5 MnSQy, 1.0 CuSOy, 10.0
7ZnSQOy, 1.0 NiCl,, 1.0 CoSOy, and 115.5 Na,EDTA; and (iii) other
micronutrients (WM): 35 NaCl, 10 H3BO3, and 0.05 Na;MoOy4
(Nadal etal., 2012). The pH of the solution was buffered with
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at
0.1 mM and adjusted to 7.5 with 1.0 M KOH (Nadal etal,
2012). Seedlings were grown in a greenhouse under a 16/8 h
day/night regime and temperatures ranging from 10 to 25°C. A
total of 72 homogeneous seedlings from the two species were
selected and transferred to hydroponic culture 1 month after sow-
ing. Twelve plants from the same species were placed together
in continuously aerated (approximately 100 L of air per hour
and container) 6 L containers filled with full-strength nutrient
solution.

TREATMENT APPLICATION
When seedlings were 2 months old the nutrient solution was
changed for the onset of the different root Fe treatments. When
supplied to the plants, iron was applied as Fe(III)-HBED pre-
viously synthesized in the laboratory by complexing free Fe(III)
supplied as Fe(NO3)3 9H,O with HBED (ADOB PPC, Poznan,
Poland) at 1:1 (Fe:ligand) ratios.

Three different Fe treatments per species were initially added to
the base nutrient solution, namely: 0 M Fe (i.e., TO containing no
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Fe, as described above), 5 WM Fe (T5) and 20 uM Fe (T20). Four
containers per species received 0 uM Fe (T0). Nutrient solutions
were changed once per week until the end of the experimental
period (after 6 weeks). To achieve a Fe-deficiency state similar to
what may occur to Fe-chlorotic field trees and an intermediate
chlorosis level, an additional 1 pM Fe treatment (T1) was given
for 2 weeks to one TO container per species (i.e., to 12 plants).

PLANT PHYSIOLOGICAL RESPONSES

After Fe-resupply, plant heights and SPAD values (measured with
a SPAD 502, Minolta, Osaka, Japan) were determined on a weekly
basis for 6 weeks on 12 plants per treatment and species. For SPAD
index determinations, which give an estimation of leaf chlorophyll
(Chl) concentrations (Nadal et al., 2012), two sub-apical leaves per
plant were measured, with two measurements per leaf. Total Chl
contents were determined by the method of McKinney (1941) and
correlations with SPAD values were established for both species.
In brief, Chl concentrations were measured from fresh tissue after
extraction in 80% acetone and spectrophotometric reading at
664 nm for Chl a and 647 nm for Chl b (7315 Spectrophotometer
Jenway, Bibby Scientific Limited, UK).

Plant tissues were analyzed following standard laboratory pro-
cedures and limiting the risk of Fe contamination by rising the
flasks, test tubes, filter paper, funnels and caps in 0.1 M HCl prior
to use (Nadal etal., 2012). At the end of the experimental period,
all the leaves and stems of the plants were separated and thor-
oughly washed with 0.1% HCI plus 0.05% surfactant (Tween 20,
Sigma Aldrich). They were then rinsed once in tap water and
twice in distilled water (Nadal etal., 2012). The mineral element
composition of Ulmus seeds was also analyzed after separation
of the seeds from the samaras. Plant tissues were subsequently
oven-dried at 70°C for 2 days, weighed and ground prior to min-
eral element determination after dry-ashing. Carbon and N were
measured with an elemental analyser (TruSpec, Leco Corporation,
St. Joseph, MI, USA). The remaining elements were determined
by inductively coupled plasma (ICP, Perkin-Elmer, Optima 3000)
following the UNE-EN ISO/IEC 17025 standards for calibration
and testing laboratories (CEBAS-CSIC Analysis Service, Murcia,
Spain).

ROOT PROTON EXCRETION

To assess the acidification (proton extrusion; Romheld et al., 1984)
capacity of the roots of U. minor and U. laevis, 15 plants (10 weeks
old) per species never supplied with Fe via the root system (i.e.,
belonging to the TO treatment) were selected. Individual plants
were transferred to 250 mL dark, sterile, aerated plastic jars. Each
black lid closing a jar had two different size perforations to allow
insertion of an air dispersion tube, and an elm seedling. Three
treatments without HEPES were applied (five replicates per Fe-
treatment and species): T0, T5, and T20 solutions and adjusting
the pH to 7.0 with 1.0 M KOH. Each jar was filled with 200 mL of
its corresponding nutrient solution. At 1, 2, 3, 4, 7, 8, and 9 days
after the beginning of the treatment (DAT) the jars were first filled
up to 200 mL with pure water, and a 5 mL sample was collected for
titration. Twenty-five mL of pure water were added to each 5 mL
nutrient solution sample. Root H extrusion was subsequently
calculated after titration of the diluted nutrient solution with

0.5 mM NaOH to reach again the initial pH of 7.0 (measurements
carried out with a Micro-pH 2002 pH-meter, Crison Instruments,
Spain). Since solutions were continuously aerated, the contribu-
tion of root respiration to solution acidification was negligible.
Shoot and root fresh weights (FWs) were recorded at the end of
the experimental period. The daily H extrusion per plant (mol
g~ ! root FW day~!) was calculated as the HT increment since the
previous day.

ROOT REDUCTASE ACTIVITY

The method described by Lucena and Chaney (2006) was followed
to assess the root ferric reductase activity (RA) of the plants. Two
days before RA measurement, the 6 L containers were transferred
to a growth chamber (with 30°C/25°C day/night temperatures)
with cool-white fluorescent and incandescent light (200 WEm~2
at plant height during 16 h per day). Two-hundred-and-fifty mL
darkened, sterile plastic jars with black lids were placed in the
growth chamber. Each jar contained 200 mL reductase assay solu-
tion consisting of: macronutrient solution TO as in the growth
period; 100 wM Fe(III)-EDTA used as substrate of the ferric
chelate reductase; 2 mM 2-morpholinoethanesulfonic acid (MES)
to buffer the pH at 6.0; and 300 wM bathophenanthrolinedisul-
fonic acid (BPDS) as an Fe?* trapping and coloring reagent. The
lids had one hole for a plastic gas dispersion tube, another for a
pipette, and a third one to hold one elm seedling. Each solution
was continuously aerated and allowed to reach temperature equi-
librium before plants were transferred. Experiments began 3 h into
the daylight period. Initial 3 mL samples were obtained for each
jar. The roots of plants were washed three times in macronutrient
solution containing 37.5 pM Na;BPDS, and then transferred to
the RA solutions. Seven replicates (14 weeks old plants) were pre-
pared for each treatment (TO, T1, and T20) and species. Four jars
without plants were included in order to correct reduction rates for
slow photo-reduction. Three-mL nutrient solution samples were
withdrawn at 10, 20, 60, and 120 min and the Fe(II)-BPDS con-
centration was subsequently measured at 535 nm, with a V-650
spectrophotometer (Jasco, Easton, MD, USA). Standard Fe(II)-
BPDS solutions were previously prepared and molar absorption
coefficients at 535 nm were determined. For each experimental
plant, the ferric RA activity was determined as the slope of the
curve resulting from plotting the Fe(II) concentration recorded
over time divided by the root FW.

STATISTICAL ANALYSIS

Analyses of variance (ANOVA) were performed for SPAD values,
plant height, root proton extrusion, reductase activity, Chl and tis-
sue mineral element concentrations. The factors considered were
Fe-treatments nested within species. All pairwise comparisons of
mean values were performed using Tukey’s honestly-significant
difference (HSD) multiple range test at a 95% confidence level. All
statistical analyses were performed using STATISTICA 7.0 software
(StatSoft Inc., Tulsa, OK, USA).

RESULTS

PLANT PHYSIOLOGICAL RESPONSES

For the two species, Fe-supply led to a steep Chl concentra-
tion increment during the first 2 weeks (Figure 2), which was
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SPAD value

Measurement week

FIGURE 2 | SPAD evolution for the different treatments during 6 weeks
after Fe-resupply to 2 months-old plants (n = 12, mean + SD; letters
correspond to Tukey’s HSD 95% homogeneous groups). Filled symbols,
U. laevis; empty symbols, U. minor; circles, 20 uM Fe; triangles, 5 uM Fe;
squares, 1 uM Fe; diamonds, 0 wM Fe. The black arrow indicates when the
1 wM treatment was initiated and gray arrows when it was stopped.

maintained until the end of the experimental period. In gen-
eral and for a similar root Fe supply level U. laevis had higher
SPAD values than U. minor leaves, and there were no signifi-
cant differences between the 20 and 5 WM Fe treatments at the
end of the trial. The supply of 1 uM Fe to Fe-deficient seedlings
(indicated with an arrow) in week 3 led to a steep Chl increase
(Figure 2).

Both elm species fully supplied with iron (20 M Fe treatment)
were green, had a healthy appearance and a large size (especially U.
laevis) during the whole experimental period (Table 1, Figure 3).
For this treatment, U. laevisleaves had 37% more total Chl concen-
trations than U. minor (Table 1). Iron-sufficient, U. laevis leaves
also had 34% higher tissue Fe concentrations than U. minor leaves
(Table 1).
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FIGURE 3 | Plant height increment (Week 6 —Week 0) after Fe-resupply
to 2 months-old plants (n = 12, mean + SD, letters correspond to
Tukey’s HSD 95% homogeneous groups).

There were significant differences in SPAD values between
the species and Fe treatments after 6 weeks (P < 0.0001;
Table 1, Figure 2). Both elm species developed strong Fe-chlorosis
symptoms in the lack of Fe. The seedlings subjected to the 0 pM
Fe treatment were stunted and leaves were severely chlorotic with
necrotic spots, chiefly in the case of U. laevis (Figures 3 and
4A,C).Once supplied Fe, the re-greening patterns of seedlings and
leaves were different in both species. The re-greening process in U.
laevis leaves began along the veins of apical leaves and basal leaves
took longer to re-green and never reached a homogeneous green
coloration (Figure 4B). Meanwhile, U. minor re-greened evenly
all over the plant and leaf surface (Figure 4D). Seedlings of the 5
and 20 uM Fe treatments reached their maximum SPAD values
in week 3 (Figure 2). Regarding tree height and for both species,
no significant differences were found between the 5 and 20 uM Fe
treatments, while plants receiving 1 and 0 WM Fe in the nutrient
solution had a stunted growth (Figure 3).

Table 1| SPAD values, leaf chlorophyll (Chl) and iron leaf and stem concentrations of U. laevis and U. minor seedlings 6 weeks after Fe-resupply.

Species Treatment Mean aerial part DW (g) Leaf Stem
A SPAD [Fe] (mg Kg=1) Total [Chi](mg cm~—2) [Fel (mg Kg—")

U. laevis 0 pM Fe 0.10 £0.02 a ~6.4 ab 21.0+04a 0.08 6.2+0.1b

1T uM Fe 0.47 £0.13b 144 c 23.8+5.8ab 1.98 8.1+ 0.2bc

5uM Fe 1.95+0.30¢ 29.6d 370 £ 3.6 bc 2.73 10.8+13¢c

20 uM Fe 2.07+£051¢c 28.4d 60.3+27d 3.01 13.7+1.0cd
U. minor 0 pM Fe 0.23+0.15a ~105a 10.8+0.2a 0.13 43+0.1a

1 uM Fe 0.34 +£0.184a,b “26b 11.9+0.1a 0.70 9.0+02c

5uM Fe 2.81+£157cd 16.3¢ 38.8+23bc 2.12 99+08¢c

20 uM Fe 123+0.35¢ 16.2¢ 449 +15¢ 2.19 15.0+09d

The headings correspond to: mean aerial part dry weight (DW; g), A SPAD (SPAD increment of Week 6 — Week 0, n = 12), total leaf [Chl], and leaf and stem [Fe] (mg
kg~ 1 DW: means + SE; n = 7). Letters correspond to Tukey's HSD 95% homogeneous groups.
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FIGURE 4 | Leaf appearance of Fe chlorotic and Fe-resupplied

3 months-old elm seedlings. U/imus laevis: (A) chlorotic leaves, (B)
re-greening pattern after Fe supply. Uimus minor: (C) chlorotic leaves, (D)
re-greening pattern after Fe-supply.

ROOT PROTON EXCRETION

The proton extrusion per day was significantly different between
the species (P < 0.0001), but was not found to be significant for
treatments nested within species (P = 0.57). The highest rate of
proton excretion was measured on the first day of the trial when
280 and 97 pmol H ¢! day™! were recorded for U. minor and
U. laevis, respectively. During the following 8 days, root extrusion
values decreased to reach a steady average of 17 (U. minor) and 9
(U. laevis) wmol H ¢! day~ 1.

ROOT FERRIC REDUCTASE ACTIVITY

The root ferric reductase activity was significantly different
between species (P = 0.0004) and treatments nested within species
(P < 0.0001; Figure 5). For the 1 wM Fe and 20 wM Fe treatments,
U. minor had a much higher reductase activity than U. laevis. How-
ever during 2 h of the assay, Fe-deficient (0 wM Fe) plants of both
species had a limited root ferric reductase activation capacity in
the presence of Fe(III) in the nutrient solution (Figure 5).

MINERAL ELEMENT STATUS
The macro- and micro-nutrient concentrations of leaves and stems
in relation to the different treatments are shown in Tables 1-3.
Leaf and stem Fe concentrations decreased under Fe-limiting con-
ditions (Table 1). At the end of the experimental period and as
derived from Figure 3, the aerial part dry weight (DW) gradually
increased with higher root Fe levels for U. laevis. While a similar
trend was observed for U. minor seedlings, the highest mean aerial
plant DW was recorded for the 5 wM Fe treatment, which however,
had a high SD (Table 1). This implies that the highest Fe absorp-
tion rates were achieved by the 20 wM Fe U. laevis and 5 wM Fe U.
minor treated seedlings, suggesting that the later species possibly
reached an optimum when supplied 5 .M Fe via the root system.
For all elements excepting K, Fe, and Zn in leaves and K and Fe
in stems, variations in U. laevis were larger than in U. minor. For

—~ 3.0
< o5 = U. laevis
' mmmm (J. minor
= bc
q) |
o 2.0
€15
3 ab
>
©
@© a
I a & [
o 0.5
IS
0.0 ; . :
0 uM Fe 1 uM Fe 20 uM Fe
FIGURE 5 | Root ferric reductase activity (FQR) of 3 months-old U.
laevis and U. minor plants (n = 7, means =+ SD, letters correspond to
Tukey’s HSD 95% homogeneous groups).

both species, the relative changes followed a similar trend for all
the elements excepting Zn, which increased in U. laevis chlorotic
plants and decreased in U. minor (Tables 2 and 3). Leaf N concen-
trations decreased with lower root Fe supply levels, especially in
U. laevis. On the contrary, stem N concentrations were higher in
seedlings of the 0 LM Fe treatment. Phosphorus tissue concentra-
tions increased in association with lower root Fe doses. Potassium
leaf and stem concentrations were generally lower in 0 wM Fe
treated elm seedlings, which also had the lowest leaf Ca concen-
trations (Table 2). Concerning the micronutrients, approximately
five and eight times higher Mn concentrations were determined in
leaves and stems of Fe-deprived versus 20 wM Fe treated U. laevis
seedlings, indicating the accumulation of Mn under Fe-limiting
conditions. However, in U. minor the lack of Fe in the growing
medium approximately doubled the Mn concentration of leaves
and stems as compared to the 20 uM Fe treatment. Root Fe short-
age also led to the accumulation of B in leaves and of Cu in leaves
and stems while no clear trend was observed for Zn concentra-
tions in leaves and stems in relation to the different Fe treatments
(Table 3).

Individual U. laevis and U.minor seed (extracted from the
samara) weighed an average of 6.9 and 5.4 mg DW, respectively.
Differences between U. laevis and U. minor were only recorded
for the macronutrients (g kg=! DW): N [75.8 versus (vs.) 62.2]
K (11.7 vs. 17.3), Ca (1.0 vs. 2.5), and Mg (1.7 vs. 3.0), and the
micro-elements (mg kg_l DW): Fe (80.3 vs. 37.7) and Zn (76.9 vs.
56.5). Seeds of both elm species had a Mn concentration around
49.3 mg kg~! DW, which provides evidence for the accumulation
of Mn in seedlings during hydroponic culture.

DISCUSSION

In this study we investigated the root response mechanisms under
Fe-limiting conditions of a putative calcicole versus a calcifuge
elm species, based on their natural distribution in the soils of the
Iberian Peninsula. Calcifuge plants and lichens do not occur in
calcareous soils, where their growth and development is largely
limited by Fe and P deficiency (Zohlen, 2002; Zohlen and Tyler,
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Table 2 | Macronutrient leaf and stem concentrations (mean + SE; the same letters within the same tissue and element correspond to Tukey’s
HSD 95% homogeneous groups).

[Macronutrients] (g kg~—! DW)

Tissue Species Treatment N P K Ca Mg
Leaf U. laevis 0 uM Fe 258+ 05a 93+02f 16.8 £ 0.3 ab 53.0+ 1.1d 104+02e
1 uM Fe 30.7 £ 0.3 bc 6.0+02e 1756+ 1.1 ab 384+ 17cd 6.8+02d
5 M Fe 32.1+£3.4bc 2.6+0.1ab 14.0+07a 322+ 2.0abc 50+03¢c
20 uM Fe 401+ 04 ¢ 24 +0.1ab 159+ 0.7 ab 252 +12a 35+02a
U. minor 0 uM Fe 35.3+ 0.7 bc 52 +0.1de 156.0+0.3a 40.0+ 0.8 cd 56+0.1cd
1 uM Fe 343+ 1.6 bc 41+05cd 172 + 1.5 ab 36.8+ 1.0 bc 6.56+0.1d
5uM Fe 374 £ 1.0 bc 24+0.1a 159+ 12 ab 326 + 1.9 bc 46+0.2bc
20 uM Fe 39.7+09c¢ 3.2+0.2bc 193+11b 279+ 15ab 3.6 +£0.3ab
Stem U. laevis 0uM Fe 325+06b 47+0.1d 96+02a 20.1+04c 2.0+ 0.0bc
1 uM Fe 18.0+04a 3.6+0.1cd 124 £ 0.2 ab 14.1 £ 0.3 bc 1.3 £ 0.0 abc
5 1M Fe 195+28a 1.6 +0.1ab 125+ 0.9ab 8.9+ 0.7 ab 1.1+0.1ab
20 pM Fe 16.6 +1.0a 14+0.1a 1.9+ 0.8ab 70+ 06a 09+0.1a
U. minor 0 uM Fe 29.1+06b 33+01¢ 126+ 03a 13.0 £ 0.3 bc 24+00c¢
1 uM Fe 274+05b 42 +0.1cd 240+05¢ 16.0+ 03¢ 40+01d
5uM Fe 172 +12a 1.56+0.1ab 14.7 £ 0.9 ab 73+06a 1.7+01¢
20 uM Fe 194+ 15a 20+0.1a 177 £ 1.5 cd 74 £03a 1.6+ 0.1 bc

Table 3 | Micronutrient leaf and stem concentrations (mean % SE; the same letters within the same tissue and element correspond to Tukey’s
HSD 95% homogeneous groups).

[Micronutrients] (mg kg—! DW)

Tissue Species Treatment Fe B Mn Cu Zn
Leaf U. laevis 0O M Fe 210+ 04 a 96.7+19e 10274 £ 205 ¢ 171 +£03e 91.3+18d
1 uM Fe 23.8+5.8ab 59.1+2.7d 5071 +£13.9d 10.7 +£0.9d 72.2 £3.8bc
5 uM Fe 370+ 3.6 bc 298+ 17a 256.0+55¢c 5.4 £ 0.5 bc 489+ 2.1 ab
20 uM Fe 60.3+2.7d 30.0+18a 2055+ 73b 5.3+ 0.4 bc 776 + 74 cd
U. minor 0 M Fe 10.8+02a 56.8+ 1.1 cd 303.8+6.1¢c 8.7+ 0.2cd 36.5+ 0.7 ab
1 uM Fe 11.9+0.1a 42.4 + 4.4 be 2781+ 12c¢ 70+ 03¢ 274 +26a
5 uM Fe 38.8+23bc 31.0+2.5ab 160.8 + 10.0 a 4.6+0.4ab 49.7 £ 3.6 ab
20 uM Fe 449+ 15¢ 258+ 17a 1678 + 11.1 ab 35+02a 53.0 + 3.7 abc
Stem U. laevis 0 M Fe 6.2+0.1b 13.1£03ab 181.3 £ 3.6¢e 9.1+02c¢ 439+09a
1T uM Fe 8.1+0.2bc 13.0£ 0.3 ab 610+ 12¢ 6.1+ 0.1 bc 26.8+ 0.5ab
5uM Fe 108+ 13¢c 10.2+08a 21.9+20a 3.6+ 04ab 202+ 17a
20 uM Fe 13.7+£1.0cd 98+0.7a 231+ 25ab 32+03a 26.2+2.7ab
U. minor 0 M Fe 43+0.1a 140+ 0.3ab 79.8 £ 1.6 cd 70+0.1¢ 29.7 £ 0.6 ab
1T uM Fe 9.0+02c 206+04b 88.6 £ 1.8d 77+02c 30.1 £ 0.6 ab
5uM Fe 99+08¢c 96+05a 31.7+22b 3.7+02ab 277 £ 1.7 ab
20 uM Fe 15.0£0.9d 10.1+£06a 322+15b 34+02a 322+25b

2004; Paul etal., 2009). Calcicole species however, thrive in
soils containing a high CaCO3 concentration, which implies that
they were able to develop efficient mineral element uptake and
homeostasis mechanisms as an adaptation to such rhizospheric

environment. Since lime-induced chlorosis can sometimes be
observed in wild plants grown in calcareous soils and problems of
tissue Fe immobilization have been previously reported (Zohlen
and Tyler, 1997; Zohlen, 2002), we analyzed for the first time the
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Fe-reducing and acidification capacity of two Ulmus species of
major ecological significance in azonal forests of Spain, which are
naturally distributed in either siliceous (U. laevis) or calcareous
(U. minor) soils.

The existing studies on calcifuge and calcicole species were
always performed by growing plants in calcareous or acid soils
(e.g., Zohlen, 2002; Zohlen and Tyler, 2004) and focused on the
distribution and partition of Fe within the different plant tissues
(Zohlen and Tyler, 2000). However, plant growth in a solid sub-
strate poses some experimental constraints to analyse in detail the
response of roots to Fe-limiting conditions, which led us to carry
out the trials in hydroponic culture. While both species have high
water requirements as compared to other Mediterranean plants
(Galmés etal., 2012; Venturas etal., 2013b), U. laevis may be sub-
jected to prolonged soil flooding periods (Collin etal., 2000) in
contrast to the occasional flooding that U. minor may tolerate
(Garcia-Nieto et al., 2000).

The results show that lack of iron (TO0) severely affected the
growth and development of both elm species. By the end of the
experimental period, seedlings grown without Fe were stunted
and almost completely defoliated. This shows that Fe is essential
and very limiting for Ulmus seedling growth and establishment as
shown previously for other wild species (Hutchinson, 1967, 1970).
Micronutrient contents in leaves and stems of elms grown with no
Fe limitation (T20; Table 3) were within the range described for
other temperate European trees (Hagen-Thorn and Stjernquist,
2005).

Seed nutrient contents may be key for the successful estab-
lishment of seedlings (Tyler and Zohlen, 1998), and we observed
that U. laevis contained twice as much Fe as U. minor seeds, in
accordance with the higher leaf Chl and Fe concentrations mea-
sured in fully expanded leaves. This indicates the higher nutrient
requirements of U. laevis that may compete better than U. minor
under flooding, in siliceous soils and with optimal growing con-
ditions. However, for seedling establishment in calcareous soils, it
will be important that the root uptake mechanisms of a species are
effective for the acquisition of Fe. Our results indicate that under
Fe-limiting conditions U. minor seems to be more Fe-efficient than
U. laevis, and hence more competitive. Furthermore, it is likely
that fitness and recruitment of calcifuge plants growing in calcare-
ous soils is much reduced due to the occurrence of lime-induced
chlorosis. This will yield calcifuge species more susceptible to be
displaced by calcicole plants, following a process of natural selec-
tion. Thereby, observation of Fe-deficiency symptoms in natural
populations is limited to the plants which may be able to withstand
a certain degree of Fe-chlorosis when growing in a calcareous, high
pH soil at the seedling stage, even though such seedlings may not
be competitive.

From the three major root Fe uptake mechanisms characterized
in Strategy I plants, we analyzed the root acidification capacity and
ferric reductase activity of both elm species in relation to different
Fe treatments. Our results suggest that U. minor may be better
adapted to Fe-limiting environments (i.e., high rhizosphere pH
and a lower Fe supply) than U. laevis. This can be concluded
since the root acidification capacity and reductase activity are
higher for U. minor, which will subsequently be more efficient
in solubilizing and taking up Fe from the rhizosphere. We did not

compare the effectiveness of the root ferrous Fe transporter (IRT)
between both species, but the increased tissue Mn concentrations
determined particularly in U. laevis when subjected to Fe-limiting
conditions, may provide indirect evidence for the high activity
of this transporter and for the interactions between Fe and Mn
nutrition (Conte and Walker, 2011; Marschner, 2012).

Iron deficiency changed the nutrient balance of U. laevis and
U. minor seedlings as previously reported for other plant species
(e.g., Ferndndez etal., 2008). We observed that despite growing
under Fe-limiting conditions, U. minor was able to preserve a
better nutrient balance as compared to U. laevis seedlings, which
experienced more remarkable tissue nutrient variations in relation
to Fe deficiency with especial regard to Mn, P, B, and Mg. U. minor
plants supplied 5 pM Fe reached the largest size, tissue DW and
Fe absorption rates, while higher root medium Fe doses improved
growth and increased tissue Fe and leaf Chl concentrations in U.
laevis. This suggests that the calcicole U. minor may be adapted to
lower soil Fe availability levels as commonly found in calcareous,
high pH soils in which the solubility of Fe can be extremely low
(Lindsay and Schwab, 1982). In contrast, U. laevis appeared to
physiologically benefit from receiving a 20 pM Fe concentration
via the root system, which may be linked to the generally higher
availability of Fe in siliceous soils.

Furthermore, after Fe-resupply, U. minor leaves fully re-greened
following a homogeneous pattern in contrast to U. laevis in which
re-greening chiefly occurred on the young leaves. The highest leaf
and stem Fe concentration increments after Fe-resupply were also
recorded for U. minor. Both Chl and tissue Fe results after Fe-
resupply may be due to the lower mobility and symplastic uptake
of Fe in U. laevis as compared to U. minor.

The root Fe uptake efficiency of U. minor and U. laevis may
account for their natural distribution in calcareous and acid soils
of the Iberian Peninsula, respectively. However, calcifuge species
may be affected by the reduced soil availability of other nutrients
such as P or Mn (Larcher, 2003). Additional factors such as water
availability and drought resistance (Venturas etal., 2013b) may
affect the distribution of elms, but our results suggest that the
pollen record found in calcareous areas of Eastern Spain probably
belongs to the calcicole U. minor, since U. laevis is largely restricted
to western Spain likely due to its calcifuge nature. In contrast, it
cannot be a priori concluded whether the pollen record in Western
Spain (non-carbonated soils) exclusively belongs to U. laevis, since
calcicole plants may also thrive in siliceous soils.

Our results provide evidence for the important role of Fe as
an essential element for growth and survival of a potentially cal-
cifuge species (i.e., U. laevis). Phosphorus deficiency of calcifuge
plants growing in calcareous soils has however, been suggested to
be a major physiological problem (Tyler, 1996; Zohlen and Tyler,
2004). Soil pH and nutrient availability may determine the eco-
logical distribution of plant species (Viani et al., 2014) but further
studies correlating soil chemistry, species distribution and phys-
iology shall be performed for clarifying the calcifuge or calcicole
nature of U. laevis and U. minor.

CONCLUSION
The different response of U. laevis and U. minor seedlings
to Fe-limiting conditions enabled us to interpret their natural
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distribution in the soils of the Iberian Peninsula. Results con-
cerning the root ferric reductase activity and proton extrusion
capacity, together with tissue mineral element concentrations and
plant responses to Fe-resupply, provided evidence for the bet-
ter Fe uptake and homeostasis of U. minor as compared to U.
laevis. The development of hydroponic plant nutrition studies
performed with forest species, complemented with field investi-
gations may subsequently prove useful for improving their fitness
and establishment during reforestations, and for characterizing
nutrient absorption and homeostasis mechanisms of wild plants
in relation to their surrounding environment.

ACKNOWLEDGMENTS

We would like to thank Dr. Miguel Quemada (School of Agri-
cultural Engineering, Technical University of Madrid, Spain),
Jorge Dominguez, Eva Miranda, Maria José Gonzalo, Amine
Khouni, Sandra Lopez-Rayo, and Clara Martin for their techni-
cal assistance. This study was supported by the Spanish Ministry
of Economy and Competitiveness (MINECO, Spain), projects
AGL2012-35580 and AGL2010-18048. Victoria Fernandez is sup-
ported by a Ramoén y Cajal contract (MINECO, Spain), co-
financed by the European Social Fund. Martin Venturas and Paula
Guzmdn are supported by a “PIF” grant (Technical University of
Madrid, Spain). Paloma Nadal was supported by a “FPI” pre-
doctoral grant (MINECO, Spain) co-financed by the European
Social Fund.

REFERENCES

Abadia, J., Vizquez, S., Rellén-Alvarez, R., El-Jendoubim, H., Abadia, A., Alvarez-
Fernandez, A., etal. (2011). Towards a knowledge-based correction of iron
chlorosis. Plant Physiol. Biochem. 49, 471-482. doi: 10.1016/j.plaphy.2011.
01.026

Anderson, C. A. (1984). Development of leaf water deficits in detached green and
lime-chlorotic leaves of seedlings from populations of Eucalyptus oblique UH erit.
Plant Soil 77, 171-181. doi: 10.1007/BF02182921

Collin, E., Bilger, L, Eriksson, G., and Turok, J. (2000). “The conservation of elm
genetic resources in Europe,” in The Elms: Breeding, Conservation, and Disease
Management, ed. C. P. Dunn (Boston: Kluwer), 281-293.

Conte, S. S., and Walker, E. L. (2011). Transporters contributing to iron trafficking
in plants. Mol. Plant 4, 464—476. doi: 10.1093/mp/ssr015

De la Guardia, M. D., and Alcéntara, E. (2002). A comparison of ferric-chelate
reductase and chlorophyll and growth ratios as indices of selection of quince,
pear and olive genotypes under iron deficiency stress. Plant Soil 241, 49-56. doi:
10.1023/A:1016083512158

Dell’Orto, M., De Nisi, P,, Vigani, G., and Zocchi, G. (2013). Fe deficiency differen-
tially affects the vacuolar proton pumps in cucumber and soybean roots. Front.
Plant Sci. 4:326. doi: 10.3389/fpls.2013.00326

Donnini, S., De Nisi, P., Gabotti, D., Tato, L., and Zocchi, G. (2012). Adaptive
strategies of Parietaria diffusa (M. & K.) to calcareous habitat with limited
iron availability. Plant Cell Environ. 35, 1171-1184. doi: 10.1111/j.1365-
3040.2012.02481.x

Donnini, S., Dell’Orto, M., and Zocchi, G. (2011). Oxidative stress responses
and root lignification induced by Fe deficiency conditions in pear and quince
genotypes. Tree Physiol. 31, 102—113. doi: 10.1093/treephys/tpq105

Fernandez, V., Del Rio, V., Pumarifio, L., Igartua, E., Abadia, J., and Abadia, A.
(2008). Foliar fertilization of peach (Prunus persica (L.) Batsch) with different
iron formulations: effects on re-greening, iron concentration and mineral com-
position in treated and untreated leaf surfaces. Sci. Hortic. 117, 241-248. doi:
10.1016/j.scienta.2008.05.002

Fodor, F, Gaspar, L., Morales, F, Gogorcena, Y., Lucena, J. J., Cseh, E., etal.
(2005). Effects of two iron sources on iron and cadmium allocation in poplar
(Populus alba) plants exposed to cadmium. Tree Physiol. 25, 1173-1180. doi:
10.1093/treephys/25.9.1173

Fuentes-Utrilla, P., Venturas, M., Hollingsworth, P. M., Squirrell, J., Collada, C.,
Stone, G. N, etal. (2014). Extending glacial refugia for a European tree: genetic
markers show that Iberian populations of white elm are native relicts and not
introductions. Heredity 112, 105-113. doi: 10.1038/hdy.2013.81

Galmés, J., Flexas, J., Medrano, H., Niinemets, U., and Valladares, F. (2012).
“Ecophysiology of photosynthesis in semi-arid environments,” in Terrestrial Hoto-
synthesis in a Changing Environment: A Molecular, Physiological, and Ecological
Approach, eds J. Flexas, F. Loreto, and H. Medrano (Cambridge: Cambridge
University Press), 453—469.

Garcia-Nieto, M. E., Génova, M., Morla, M., and Rossignoli, A. (2000). “Los olmos
en el paisaje vegetal de la Peninsula Ibérica,” in Los Olmos Ibéricos. Conservacion y
Mejora Frente a la Grafiosis, eds L. Gil, A. Solla, and S. Iglesias (Madrid: Organismo
Aut6nomo Parques Nacionales), 129-158.

Gil, L., Fuentes-Utrilla, P, Soto, A., Cervera, M. T., and Collada, C. (2004). English
elm (Ulmus procera) is a 2,000-year-old Roman clone. Nature 432, 1035. doi:
10.1038/4311053a

Gil, L., and Garcia-Nieto, M. E. (1990). “Paleobotdnica e historia de los olmos de
la Peninsula Ibérica,” in Los Olmos y la Grafiosis en Espaiia, ed. L. Gil (Madrid:
Ministerio de Agricultura, Pesca y Alimentacién, ICONA), 29-65.

Gogorcena, Y., Abadia, J., and Abadia, A. (2000). Induction of in vivo root
ferric chelate-reductase in fruit tree rootstocks. J. Plant Nutr. 23, 9-21. doi:
10.1080/01904160009381993

Gogorcena, Y., Molias, N., Larbi, A., Abadia, ]., and Abadia, A. (2001). Characteriza-
tion of the responses of cork oak (Quercus suber) to iron deficiency. Tree Physiol.
21, 1335-1340. doi: 10.1093/treephys/21.18.1335

Grillet, L., Mari, S., and Schmidt, W. (2014). Iron in seeds — loading pathways and
subcellular localization. Front. Plant Sci. 4:535. doi: 10.3389/fpls.2013.00535

Hagen-Thorn, A., and Stjernquist, I. (2005). Micronutrient levels in some tem-
perate European tree species: a comparative field study. Trees 19, 572-579. doi:
10.1007/s00468-005-0416-5

Hutchinson, T. C. (1967). Lime chlorosis as a factor in seedling establishment
on calcareous soils. I. A comparative study of species from acidic and calcare-
ous soils in their susceptibility to lime-chlorosis. New Phytol. 66, 697-705. doi:
10.1111/j.1469-8137.1967.tb05440.x

Hutchinson, T. C. (1970). Lime chlorosis as a factor in seedling establishment on
calcareous soils. IT. The development of leaf water deficits in plants showing lime-
chlorosis. New Phytol. 69, 261-268. doi: 10.1111/j.1469-8137.1970.tb04058.x

Jiménez, S., Ollat, N., Deborde, C., Maucourt, M., Rellan-Alvarez, R., Moreno, M.
A., etal. (2011). Metabolic response in roots of Prunus rootstocks submitted to
iron chlorosis. J. Plant Physiol. 168, 415—423. doi: 10.1016/j.jplph.2010.08.010

Kobayashi, T., and Nishizawa, N. K. (2012). Iron uptake, translocation, and
regulation in higher plants. Annu. Rev. Plant Biol. 63, 131-152. doi:
10.1146/annurev-arplant-042811-105522

Kuster, T. M., Arend, M., Bleuler, P,, Giinthardt-Goerg, M. S., and Schulin, R.
(2013).Water regime and growth of young oak stands subjected to air-warming
and drought on two different forest soils in a model ecosystem experiment. Plant
Biol. 15, 138-147. doi: 10.1111/j.1438-8677.2011.00552.x

Larcher, W. (2003). Physiological Plant Ecology: Ecophysiology and Stress
Physiology of Functional Groups. Berlin: Springer.

Lindsay, W. L. (1984). Soil and plant relationships associated with iron defi-
ciency with emphasis on nutrient interactions. J. Plant Nutr. 7, 489-500. doi:
10.1080/01904168409363215

Lindsay, W. L., and Schwab, A. P. (1982). The chemistry of iron in soils and its
availability to plants. J. Plant Nutr. 5, 821-840. doi: 10.1080/01904168209363012

Lopez-Millén, A. F, Grusak, M. A., Abadia, A., and Abadia, J. (2013).Iron deficiency
in plants: an insight from proteomic approaches. Front. Plant Sci. 4:254. doi:
10.3389/fpls.2013.00254

Lucena, J. J. (2000). Effect of bicarbonate, nitrate and other environmental fac-
tors on iron deficiency chlorosis: a review. J. Plant Nutr. 23, 1591-1606. doi:
10.1080/01904160009382126

Lucena J. J. (2006). “Synthetic iron chelates to correct iron deficiency in plants,” in
Iron Nutrition in Plants and Rhizospheric Microorganisms, eds L. L. Barton and J.
Abadia. (Dordrecht: Springer), 103-128. doi: 10.1007/1-4020-4743-6_5

Lucena, J. J., and Chaney, R. L. (2006). Synthetic iron chelates as substrates of
root ferric chelate reductase in green stressed cucumber plants. J. Plant Nutr. 29,
423-439. doi: 10.1080/01904160500524886

Marschner, H., and Rombheld, V. (1994). Strategies of plants for acquisition of iron.
Plant Soil 165, 261-274. doi: 10.1007/BF00008069

Frontiers in Plant Science | Plant Nutrition

March 2014 | Volume 5 | Article 104 | 8


http://www.frontiersin.org/Plant_Nutrition/
http://www.frontiersin.org/Plant_Nutrition/archive

Venturas etal.

Root iron uptake of Ulmus

Marschner, P. (2012). Mineral Nutrition of Higher Plants. San Diego: Academic Press.

McKinney, G. (1941). Absorption of light by chlorophyll solutions. J. Biol. Chem.
140, 315-322.

Messenger S. (1986). Alkaline runoff, soil pH and white oak manganese deficiency.
Tree Physiol. 2, 317-325. doi: 10.1093/treephys/2.1-2-3.317

Nadal, P., Garcia-Delgado, C., Herndndez, D., Lépez-Rayo, S., and Lucena, J.
J. (2012). Evaluation of Fe-N,N’-Bis(2-hydroxybenzyl)ethylenediamine-N,N’-
diacetate (HBED/Fe3+) as Fe carrier for soybean (Glycine max) plants grown
in calcareous soil. Plant Soil 360, 349-362. doi: 10.1007/s11104-012-1246-z

Ojeda, M., Shaffer, B., and Davies, F. S. (2003). Ferric chelate reductase activity
in roots of two Annona species as affected by iron nutrition. HortScience 38,
1104-1107.

Paul, A., Hauck, M., and Leuschner, C. (2009). Iron and phosphate uptake explains
the calcifuge—calcicole behavior of the terricolous lichens Cladonia furcata subsp.
furcata and C. rangiformis. Plant Soil 319, 49-56. doi: 10.1007/s11104-008-
9848-1

Pestana, M., Gama, F, Saavedra, T., de Varennes, A., and Correia, P. J. (2012).
The root ferric-chelate reductase of Ceratonia siliqua (L.) and Poncirus trifoliata
(L.) Raf. responds differently to a low level of iron. Sci. Hortic. 135, 65-67. doi:
10.1016/j.scienta.2011.12.018

Richens, R. H., and Jeffers, J. N. R. (1986). Numerical taxonomy and ethnobotany
of the elms of Northern Spain. Anal. Jardin Botdn. Madrid 42, 325-341.

Rodriguez, J. A., Lopez, M., and Grau, J. M. (2009). Metales Pesados, Materia
Orgdnica y Otros Pardmetros de Los Suelos Agricolas y Pastos de Espafia. Madrid:
INIA.

Rombola, A. D., Briiggemann, W., Lépez-Milldn, A. E, Tagliavini, M., Abadia, J.,
Marangoni, B., etal. (2002). Biochemical responses to iron deficiency in kiwi fruit
(Actinidia deliciosa). Tree Physiol. 22, 869-875. doi: 10.1093/treephys/22.12.869

Rombheld, V. (1987). Different strategies for iron acquisition in higher plants. Physiol.
Plant. 70, 231-234. doi: 10.1111/j.1399-3054.1987.tb06137.x

Romheld, V., Miiller, C., and Marschner, H. (1984). Localization and capacity of
proton pumps in roots of intact sunflower plants. Plant Physiol. 76, 603—606. doi:
10.1104/pp.76.3.603

Roschzttardtz, H., Conéjéro, G., Divol, E, Alcon, C., Verdeil, J. L., Curie, C., etal.
(2013). New insights into Fe localization in plant tissues. Front. Plant Sci. 4:350.
doi: 10.3389/fpls.2013.00350

Sudre, D., Gutierrez-Carbonellm, E., Lattanzio, G., Rellin-Alvarez, R., Gaymard,
E, Wohlgemuth, G., etal. (2013). Iron-dependent modifications of the flower
transcriptome, proteome, metabolome, and hormonal content in an Arabidopsis
ferritin mutant. J. Exp. Bot. 64, 2665-2688. doi: 10.1093/jxb/ert112

Tagliavini, M., and Rombola, A. D. (2001). Iron deficiency and chlorosis in
orchard and vineyard ecosystems. Eur. J. Agron. 15, 71-92. doi: 10.1016/S1161-
0301(01)00125-3

Thomas, F. M., Brandt, T., and Hartmann, G. (1998). Leaf chlorosis in pedunculate
oaks (Quercus robur L.) on calcareous soils resulting from lime-induced man-
ganese iron-deficiency: soil conditions and physiological reactions. J. Appl. Bot.
Food Qual. 72, 28-36.

Tyler, G. (1992). Inability to solubilize phosphate in limestone soils — key factor con-
trolling calcifuge habit of plants. Plant Soil 145, 65-70. doi: 10.1007/BF00009542

Tyler, G. (1996). Mineral nutrient limitations of calcifuge plants in phosphate
sufficient limestone soil. Ann. Bot. 77, 649—656. doi: 10.1093/a0b/77.6.649

Tyler, G., and Zohlen, A. (1998). Plant seeds as mineral nutrient resource for
seedlings: a comparison of plants from calcareous and silicate soils. Ann. Bot.
81, 455-459. doi: 10.1006/anbo.1997.0581

Venturas, M., Fuentes-Utrilla, P., Ennos, R., Collada, C., and Gil, L. (2013a). Human
induced changes on fine-scale genetic structure in Ulmus laevis Pallas wetland
forests at its SW distribution limit. Plant Ecol. 214, 317-327. doi: 10.1007/s11258-
013-0170-5

Venturas, M., Lopez, R., Gasco, A., and Gil, L. (2013b). Hydraulic proper-
ties of European elms: Xylem safety-efficiency tradeoff and species distribution
in the Iberian Peninsula. Trees 27, 1691-1701. doi: 10.1007/s00468-013-
0916-7

Viani, R. A. G., Rodrigues, R. R., Dawson, T. E., Lambers, H., and Oliveira,
R. S. (2014). Soil pH accounts for differences in species distribution and leaf
nutrient concentrations of Brazilian woodland savannah and Seasonally Dry
forest species. Persp. Plant Ecol. Evol. Syst. in press. doi: 10.1016/j.ppees.2014.
02.001

Zohlen, A. (2002). Chlorosis in wild plants: is it a sign of iron deficiency? J. Plant
Nutr. 25,2205-2228. doi: 10.1081/PLN-120014071

Zohlen, A., and Tyler, G. (1997). Differences in iron nutrition strategies of two
calcifuges, Carex pilulifera L. and Veronica officinalis L. Ann. Bot. 80, 553-559.
doi: 10.1006/anbo.1997.0493

Zohlen, A., and Tyler, G. (2000). Immobilization of tissue iron on calcareous
soil: differences between calcicole and calcifuge plants. Oikos 89, 95-106. doi:
10.1034/j.1600-0706.2000.890110.x

Zohlen, A., and Tyler, G. (2004). Soluble inorganic tissue phosphorus and calcicole—
calcifuge behaviour of plants. Ann. Bot. 94, 427-432. doi: 10.1093/aob/mch162

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 11 January 2014; accepted: 03 March 2014; published online: 25 March 2014.
Citation: Venturas M, Ferndndez V, Nadal P, Guzmdn P, Lucena J] and Gil L (2014)
Root iron uptake efficiency of Ulmus laevis and U. minor and their distribution in soils
of the Iberian Peninsula. Front. Plant Sci. 5:104. doi: 10.3389/fpls.2014.00104

This article was submitted to Plant Nutrition, a section of the journal Frontiers in Plant
Science.

Copyright © 2014 Venturas, Ferndndez, Nadal, Guzmdn, Lucena and Gil. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

www.frontiersin.org

March 2014 | Volume 5 | Article 104 | 9


http://dx.doi.org/10.3389/fpls.2014.00104
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Nutrition/archive

	Root iron uptake efficiency of ulmus laevis and u. minor and their distribution in soils of the iberian peninsula
	Introduction
	Materials and methods
	Plant culture
	Treatment application
	Plant physiological responses
	Root proton excretion
	Root reductase activity
	Statistical analysis

	Results
	Plant physiological responses
	Root proton excretion
	Root ferric reductase activity
	Mineral element status

	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


